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Foreword
It is a pleasure to write the foreword for the third volume
of the Series on Nanomedicine, titled Immune Aspects of
Biopharmaceuticals and Nanomedicines. I have had the pleasure
of knowing Dr. Raj Bawa, as a friend and colleague, for more than
a decade and have seen firsthand his leadership in the legal,
business, translational, and regulatory matters of nanomedicine.
These are at the forefront of a global effort to see nanoformulations
deployed in the diagnosis and therapy of human disease for the
betterment of humankind and the focus of the current volume.
The chapters herein and my own research are congruent
as both focus on how the immune system may be harnessed to
influence nanomedicine treatment outcomes. My journey in the field
centers on harnessing immunity to improve the delivery of
biopharmaceuticals. While innate “nonspecific” immunity provides
a first line of defense against foreign microbes, cancer, and a
spectrum of particulates, nanoparticles potentiate such activities
by inciting inflammatory responses. These affect the function and
control of neutrophils and macrophages in their fight against a
spectrum of diseases. However, it is the size, shape, and charge of
the nanoparticles that affect their positive control over immune
responses. Thus, as is highlighted in this book, preclinical safety
tests for therapeutic nanoparticles need to include the assessment
of immune control. A principal part of this control revolves
around complement activation, which affects dynamic interactions
between the nanoparticle surface composition and the clearance
and safety of the formulations themselves. Nanoparticles
stimulate immunity and can mimic what is seen by the bacterial
lipopolysaccharide. These all can affect the delivery and depot
formations of the nanoparticle containing drug, protein, or
nucleic acid as well as alter the adverse outcomes of immunebased toxicological assessments. For example, nanoparticles
themselves, in severe cases, can induce adverse cardiopulmonary
distress. In this instance, the complement system and reactive
macrophages become the common effectors. Rapid macrophage
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clearance of nanoparticles is the known mediator of these
adverse cardiopulmonary reactions and as such delays particle
macrophage recognition and attenuates adverse reactions.
Indeed, the immune system facilitates the controlled release of
drugs to the site of disease or injury and is helped by specific
nanocarriers that enable drug efficiency in disease or injury.
Interestingly, it is the macrophage that acts as the conductor
of immune repair. It has been my lifelong quest to understand and
apply the role of the immune system, specifically the macrophage,
in combating disease. Many believe that the macrophage leads
the orchestra that makes up various components of innate and
adaptive immunity. The macrophage is a versatile cell. This
versatility is realized by its abilities to sense its environment,
engulf toxic tissue products and microbes, and rid the body of
all of them. The elimination of harmful factors occurs in tandem
with a cell’s abilities to maintain the tissue microenvironment.
This is made possible through the secretion of bioactive products
enabling the continuance of general homeostatic functions.
Macrophages perform specific adaptive activities and serve also as
the major body armor protecting it against infectious, cancerous,
and chemical insults. The past decade has seen a realization that
macrophage function could be harnessed for biopharmaceuticals
and nanomedicines to promote drug delivery and to sustain drug
depots. Moreover, the cell’s mobility function enables it to carry
payloads of active biopharmaceuticals to action sites to curb
microbial growth or sustain tissue and neighboring cell function.
Receptor-based targeting facilitates drug-carried nanoparticles
resulting in improved outcome measures. All are made possible
through high loading capacity, reduced toxicity, and nanoparticle
drug stability when comparisons are made against native
medicines. Macrophages serve as therapeutic carriers, facilitate
tissue repair, and rid the body of cancer, toxic cells, debris, and
proteins. All are anchored to nanotherapeutics and create
a footprint for pharmaceutical developments. Indeed, state-ofthe-art “instruments,” including functionalizing ligands and
targeting modalities, serve to facilitate cell-based delivery.
Nanotechnology promotes cell-to-cell interactions improving a
diseased microenvironment, an especially important outcome for
cancer treatment.
This volume, forged by experts in the field, demonstrates that
whether it is cell-based delivery or direct targeting of cells by
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biomaterials, harnessing immune control for nanomedicines is
promising for diagnostic and therapeutic gain. This, at the end of
the day, is a singular goal of all nanoscientists engaged in health
care. However, the immune system may prove to be friend or foe
in such an effort. As a friend, it serves to facilitate the actual
formulations and their development, is used as a drug carrier,
enables probes for imaging, improves targets for chemotherapy,
serves as a means to modulate immune responses after vaccines
to prevent infections, or repairs disease-associated tissue
injuries. Nanocarriers serve as the enablers of improved drug
distribution that occurs by slow effective release of bioactive
agents at specific disease sites either by altering the hydrolysis
of drug or by serving as particle-drug depots. Drugs or bioagents
most amenable for drug action are by definition poorly soluble
and evolve through improved bioavailability and lipophilicity. The
cells’ membranes are penetrated by nanoparticles and as such
can overcome a lack of drug specificity. Drug specificity can be
improved by nanoparticle decoration, by extending drug
circulation time, by altering dissolution rates, or by encasing
prodrugs into particles and affecting hydrolysis. All this can result
in improved outcomes for the immune clearance of infectious
agents and tumor cells. The foe, of course, are the harmful effects
that occur as a result of immune engagement of the particles
themselves. Particles will nearly always engage the innate immune
system and stimulate this function resulting in tissue injuries.
This can also lead to the blockade of functionalized particles
to specific parts of the immune system that would otherwise
metabolize and destroy them. Allergic reactions may also occur as
a result of the particles. Thus, to act as immune stimulators or to
facilitate adaptive immune responses, a balance is struck between
the clearance of infectious and tumor agents and the generalized
immune dysfunction. This could preclude therapeutic outcomes
if the balance between help and harm is not achieved.
The process of simulating an infectious agent to aid in the
clearance of infectious agents and for cancer and other diseases
typifies the positive aspects of nanotechnology and medicine.
Without question, nanoparticles can provide successful vaccination
outcomes with virus-like particles mimicking natural infection
and are able to elicit effective immune responses. The events
linked to immune control not only improve drug biodistribution
and drug action but can affect their rapid polymer degradation.
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Such polymers can also enable such active proteins to assemble
at appropriate times and under specified biological conditions
by using the nanocarrier as a delivery vehicle and shield of the
protein of interest. Proteins may serve as adjuvants for vaccines,
maintain tissue homeostasis, and stimulate the conversion of
somatic cells to inducible pluripotential stem cells (iPSCs). The
iPSC technology has been aided greatly by nanomedicines and
currently is undergoing a renaissance strongly dependent on
the use of recombinant proteins for cell growth, differentiation,
and replacement. The enablers are proteins that provide the
required growth factors, and as such nanomaterials hold numerous
prospective applications and therapeutic opportunities, including a
plethora of anti-infective and anti-cancerous medicines.
On balance, vaccine approaches have had considerably less
success for latent microbial infections. Organisms that are latent
or that can change their molecular coat are singled out as they
are much less effectively eliminated by the immune system. These
include, but are not limited to, the human immunodeficiency
virus, protozoal infections, and tuberculosis. Underlying the
lack of pathogen clearance is the capability of the innate and
adaptive immune systems. For example, macrophages often
become reservoirs of such infections, and replication can continue
unabated or the organisms can be stored with subcellular
organelles. Alternatively, B and T cells, while producing large
amounts of antibodies and cytotoxic T cells, become ineffective
in their responses to antigens. Neutralizing antibodies and
cytotoxic effector cells mounted against the invading pathogens
fall short of eliminating them. While neutralizing antibodies
elicit protective immunity, later microbial exposures fail to curtail
disease symptoms. Moreover, during these types of chronic
infections and notably in cancer, the host fails to be protected,
as the spectrum of antigens changes and antibody affinity is not
adequate to clear the organism or the cancerous cells. There
is simply no protective immunity against individual pathogen
strains, and any re-exposure leads to disease and, in the more
severe cases, death. There are numerous explanations for the lack
of protective immunity, and many of them could be overcome
through the use of novel nanoparticle strategies for antigen
delivery. Apart from the traditional and conjugate vaccines,
recombinants were developed where genetically engineered
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nucleic acid encodes a specific antigen. This antigen is used to elicit
specific immunological responses. DNA-induced immunity results
from dendritic cell induction of cytotoxic lymphocytes through
MHC and enhances specific adaptive immunity. Nanoparticles
have proved to be helpful in vaccine development based on
improved delivery and in the generation of potent immune
responses. Increased antigen stability and immunogenicity
with improved delivery to dendritic cells can be accomplished
through nanoformulations. Once the nanocarrier is delivered in
polymeric, liposomal, virus-like nanoparticles it can deliver the
antigen in conjunction with the MHC II complex and facilitates
effector T cell activation. This leads to humoral and cell-mediated
immunity responses. Therapeutic nanoparticle vaccines are also
being developed to target tumor cells as well as to suppress those
elements of the immune system (innate or adaptive) that affect
potent immune activities against cancer cells.
Micro- and nanoparticles have also been developed to improve
diagnostic endpoints. For example, paramagnetic microparticles,
when coated with specific antigens, can enhance magnetic
resonance imaging and can be used for precise cancerous
or microbial diagnoses. Rapid detection methods are being
developed with antibody-immobilized fluorescent nanoparticles
for point-of-care diagnostics. Positron emission tomography and
single-photon emission computed tomography imaging have led
to the development of new nanoparticle drug delivery systems,
and at the same time, afford new diagnostic and therapeutic
radiopharmaceuticals. These particles offer diagnostic and
therapeutic (theranostic pharmaceuticals) approaches for
delivering drugs, ferrite, and radionuclides and can be completed
using the identical biological and pharmacological mechanisms.
The discovery and development of innovative nanomedicines
will certainly improve the delivery of therapeutic and diagnostic
agents. The “next generation” therapies will deliver drugs,
therapeutic proteins, and recombinant DNA to focal areas of
disease or to tumors to maximize clinical benefits while limiting
untoward side effects. The use of nanoscale technologies to
design novel drug delivery systems and devices in biomedical
research promises breakthrough advances in immunology and cell
biology. All are facilitated by the engagement of the innate
immune system.
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In summary, the scholarly chapters presented in this book
represent a rich undertaking of the roles by which nanoparticles
can engage the immune system to improve health as well as
cautionary notes for notable untoward reactions. The work is
both comprehensive and well written and surely will occupy a
place for experts and students alike seeking to better understand
the consequences of the immune control of nanotechnologies.
Hearty congratulations to the editors and the contributors for
a job well done.


Howard E. Gendelman, MD
Margaret R. Larson Professor of Infectious Diseases and Internal Medicine
Professor and Chair
Department of Pharmacology and Experimental Neuroscience
Editor-in-Chief, the Journal of Neuroimmune Pharmacology
University of Nebraska Medical Center, Omaha, Nebraska, USA

Howard E. Gendelman is Margaret R. Larson
Professor of Internal Medicine and Infectious
Diseases, and Chairman of the Department of
Pharmacology and Experimental Neuroscience at
the University of Nebraska Medical Center. He is
credited for unraveling how functional alterations
in brain immunity induce metabolic changes and ultimately lead
to neural cell damage for a broad range of infectious, metabolic,
and neurodegenerative disorders. These discoveries have had
broad implications in developmental therapeutics aimed at
preventing, slowing, or reversing neural maladies. He is also the
first to demonstrate that AIDS dementia is a reversible metabolic
encephalopathy. His work has led to novel immunotherapy
and nanomedicine strategies for Parkinson’s and viral diseases
recently tested in early clinical trials. Dr. Gendelman obtained his
bachelor’s degree in natural sciences and Russian studies
with honors from Muhlenberg College and his MD from the
Pennsylvania State University-Hershey Medical Center, where he
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was the 1999 Distinguished Alumnus. He completed a residency
in internal medicine at Montefiore Hospital, Albert Einstein
College of Medicine, and was a clinical and research fellow
in Neurology and Infectious Diseases at the Johns Hopkins
University Medical Center. He occupied senior faculty and
research positions at the Johns Hopkins Medical Institutions,
the National Institute of Allergy and Infectious Diseases, the
Uniformed Services University of the Health Sciences Center,
the Walter Reed Army Institute of Research, and the Henry
Jackson Foundation for the Advancement in Military Medicine
before joining the University of Nebraska Medical Center faculty
in March 1993. He retired from the US Army as a lieutenant
colonel. Dr. Gendelman has authored over 450 peer-reviewed
publications, edited 11 books and monographs, holds 12
patents, is the founding editor-in-chief of the Journal of
Neuroimmune Pharmacology, and serves on many editorial boards
international scientific review and federal and state committees.
He has been an invited lecturer to more than 250 scientific
seminars and symposia and is a recipient of numerous honors,
including the Henry L. Moses Award in Basic Science, the CarterWallace Fellow for Distinction in AIDS Research, the David T.
Purtilo Distinguished Chair of Pathology and Microbiology,
the UNMC Scientist Laureate, NU Outstanding Research and
Creativity, the 2013 UNMC Innovator of the Year, the 2014
Outstanding Faculty Mentor of Graduate Students, the 2016
Pioneer in Neurovirology, the 2017 Humanitarian of the Year from
the Jewish Federation of Omaha, and the Joseph Wybran
Distinguished Scientist. Dr. Gendelman was named a J. William
Fulbright Research Scholar at the Weizmann Institute of Science
in Israel. In 2001, he received the prestigious Jacob Javits
Neuroscience Research Award from the National Institute of
Neurological Disorders and Stroke and the Career Research Award
in Medicine from the Department of Internal Medicine, UNMC.
He is included among a selective scientific group listed on
http://hcr.stateofinnovation.com/ as one of the top cited scientists
in his field. He has trained more than 50 scientists and his
leadership is credited with the growth of the department to be
among the top-like ranked and federally funded departments (top
seven) nationwide—a particularly noted feat as its position was
89 when he assumed its leadership.
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My Life with Biologicals and Nanodrugs:
A Twenty-Year Affair
Twenty years now
Where’d they go?
Twenty years
I don’t know
Sit and I wonder sometimes
Where they’ve gone
Twenty years ago, as Primary Examiner at the US Patent Office,
I reviewed and granted many US patents on biotechnology-based
drug products and nanoparticulate drug formulations, a small
fraction of which were approved by drug regulatory agencies2
and eventually commercialized. Most of these first-generation,
early drug products are still on the market. Since then, I have been
involved in all aspects of biotherapeutics and nanomedicines—
research, patent practitioner, professor, journal editor,
FDA regulatory filings, conference organizer, keynote speaker,
and advisor to the drug industry. I have seen the evolution of
anything and everything “biotherapeutic” and “nanomedicine.”
I have marveled at the cutting-edge discoveries and inventions
in these emerging fields. I have also stood up to criticize inept
governmental regulatory policies, spotty patent examination at
patent offices, hyped-up press releases from eminent university
professors taunting translation potential of their basic research
and development (R&D), inadequate safety policies, and inaccurate
Copyright © 2018 Raj Bawa. All rights reserved. The copyright holder permits
unrestricted use, distribution, online posting, and reproduction of this article or
excerpts therefrom in any medium, provided the author and source are clearly
identified and properly credited.

1This is an excerpt from the classic song titled Like A Rock by music legend Bob
Seger, in which the aging songwriter laments the loss of his youth once filled with
vim and vigor and wonders where time went.
2The primary drug agencies are the European Medicines Agency (EMA), the US
Food and Drug Administration (FDA), Health Canada (HC), and the Japanese
Pharmaceuticals and Medical Devices Agency (PMDA).
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depiction of these drug products by scientists, media, government
agencies, and politicians.
Twenty years later, there is a wave of “newer” therapeutics
sweeping the world of medicines. Specifically, there is a rapid
introduction of two somewhat distinct but overlapping categories
of drugs into the pharmaceutical landscape: (1) biotherapeutics
(“biologics,” “biologicals,” “biological products,” “biopharmaceuticals,”
“biomolecular drugs,” or “protein products”)3 and (2)
nanomedicines (“nanodrugs,” “nanoparticulate drug formulations,”
or “nanopharmaceuticals”).4 For example, biotherapeutics alone
have grown from 11% of the total global drug market in 2002 to
around 20% in 2017.5 I estimate that there are over 225 approved
biotherapeutics and around 75 approved nanomedicines for
various clinical applications. Similarly, by my estimate, hundreds
of companies globally are engaged in nanomedicine R&D; the
majority of these have continued to be startups or small- to
medium-sized enterprises rather than big pharma.

3Biologicals, including those made by biotechnology, are a special category of “drugs”
or medicines. They differ from conventional small-molecule drugs derived by
chemical means in that they are derived biologically from microorganisms (generally
engineered) or cells (often mammalian, including human cells). In other words,
these are human health products generated or produced by modern molecular
biological methods, and differ from traditional biological products that are
directly extracted from natural biological sources such as proteins obtained from
plasma or plants. Most biologicals are large, complex molecules as compared to
small-molecule pharmaceuticals. Slight variations between manufactured lots of
the same biological product are normal and expected within the manufacturing
process. As part of its review, the FDA assesses this and the manufacturer’s strategy
to control within-product variations. See: Walsh, G. (2002). Biopharmaceuticals
and biotechnology medicines: an issue of nomenclature. Eur. J. Pharm. Sci., 15,
135–138: “A biopharmaceutical is a protein or nucleic acid-based pharmaceutical
substance used for therapeutic or in vivo diagnostic purposes, which is produced
by means other than direct extraction from a native (non-engineered) biological
source.”
4There is no formal or internationally accepted definition for a nanodrug. The
following is my definition (see: Bawa, R. (2016). What’s in a name? Defining “nano”
in the context of drug delivery. In: Bawa, R., Audette, G., Rubinstein, I., eds. Handbook
of Clinical Nanomedicine: Nanoparticles, Imaging, Therapy, and Clinical Applications,
Pan Stanford Publishing, Singapore, chapter 6, pp. 127–169): “A nanomedicine is
() a formulation, often colloidal, containing therapeutic particles (nanoparticles)
ranging in size from –,000 nm; and (2) either (a) the carrier(s) is/are the therapeutic
(i.e., a conventional therapeutic agent is absent), or (b) the therapeutic is directly
coupled (functionalized, solubilized, entrapped, coated, etc.) to a carrier.”
5Data from the IMS Institute for Healthcare Informatics.

My Life with Biologicals and Nanodrugs

This book will focus on those biologics, biotechnology products,
nanomedicines, nanodrug products, and nanomaterials that are
employed for medicinal purposes for humans. Many terms used
in this book are definitions that come from specific regulations
or compendia, but others are being defined as they are used here.
The terms “product,” “drug formulation,” “therapeutic product,” or
“medicinal product” will be used in the manner the FDA defines a
“drug,” encompassing both small-molecule pharmaceutical drugs,
biologicals, and nanomedicines in the context of describing the
final “drug product.”6 Some of the terms will be used synonymously.
For example, biotherapeutics, biologicals, biological products, and
biologics are equivalent terms. Similarly, nanomedicines, nanodrugs,
nanopharmaceuticals, nanoparticulate drug formulations, and
nanotherapeutics are the same.
Although there are major benefits touted for these “newer”
therapeutics, including a reduction in unwanted side effects, their
use does not guarantee the absence of side effects. For example,
studies have shown that these therapeutic agents can interact
with various components of the immune system to various
immunological endpoints, interactions that are fast, complex, and
poorly understood. These interactions with the immune system
play a leading role in the intensity and extent of side effects
occurring simultaneously with their therapeutic efficacy. In fact,
when compared to conventional small-molecule pharmaceutical
drugs, both biologics and nanomedicines have biological and
synthetic entities of a size, shape, reactivity, and structure that
are often recognized by the human immune system, sometimes
in an adverse manner. This obviously can negatively
affect their effectiveness and safety, and thereby limit their
therapeutic application.7 Some of the undesired immune responses

6Branded drugs are referred to as “pioneer,” “branded” or “reference” drugs. Small
molecule drugs approved by the FDA are known as New Chemical Entities (NCEs)
while approved biologics are referred to as New Biological Entities (NBEs). As a
result, a new drug application for an NCE is known as a New Drug Application (NDA),
whereas a new drug application for an NBE is called a Biologic License Application
(BLA). Note that prior to the 1980s there were very few marketed biologics, so
the very term “pharmaceutical” or “drug” implied a small molecule drug.
710–20% of the medicinal products removed from clinical practice between 1969
and 2005 were withdrawn due to immunotoxic effects. See: Wysowski, D. K.,
Swartz, L. (2005). Adverse drug event surveillance and drug withdrawals in the
United States, 1969–2002: The importance of reporting suspected reactions.
Archiv. Intern. Med., 165(12), 1363–1369.
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include complement activation, tissue inflammation, leucocyte
hypersensitivity and formation of antibodies associated with
clinical conditions. This has highlighted the critical need to
evaluate, assay, and devise strategies to overcome adverse
immunogenicity of both biotherapeutics8 and nanotherapeutics9.
8Early

developers of biologics assumed that as many of these drugs were based
on human genes and proteins, the human immune system would not treat them
as foreign and not produce antidrug antibodies (ADAs). However, this optimistic
view has turned into alarm as some biologics elicit a vigorous immune response
that may sometimes neutralize, block, or destroy them. Also, most biotherapeutics
are engineered to enable dual or multiple binding sites (e.g., conjugated proteins,
functionalized antibodies)—all of which could lead to them being recognized as
foreign and therefore immunogenic. Specifically, ADAs may (i) neutralize the activity
of the biotherapeutic, (ii) reduce half-life by enhancing clearance, (iii) result in
allergic reactions, and/or (iv) cross-react with endogenous counterparts to result
in “autoimmune-like” reactions. Such effects are rarely observed with conventional
small-molecule drug products. For example, some studies have shown that
AbbVie’s HUMIRA® (adalimumab) does not work in ~20% of patients. Similarly, in
2016, Pfizer had to withdraw a promising anticholesterol biologic (bococizumab)
after testing it in more than 25,000 persons. In 2016, the Netherlands Cancer
Institute reported that >50% of the anticancer biologics in 81 clinical trials
worldwide were generating ADAs, although they could not confirm that this always
negatively affected the drug candidate being tested.
Another issue with some biologics is that they show a concentration-dependent
propensity for self-association. This can induce adverse immune responses in
patients that may affect drug safety and efficacy. See: Ratanji, K. D., Derrick,
J. P., Dearman, R. J., Kimber, I. (2014). Immunogenicity of therapeutic proteins:
influence of aggregation. J. Immunotoxicol., 11(2), 99–109.
9Clinical application of nanomedicines and nanocarriers is also dogged by safety
and nanotoxicity concerns (undesirable adverse effects), especially about their
long-term use. In the case of nanomedicines, therapeutic particles are engineered to
break tissue physiological barriers for entry and to escape immune surveillance,
thereby persisting in body fluids and delivering their active pharmaceutical
ingredients (APIs) to the right tissue site. However, this persistence in the body
may trigger immune responses. Novel “immune-toxicity” from nanomedicines
may result from the unique combinations of shape, size, surface charge, porosity,
reactivity, and chemical composition—all aspects to which the immune system
may not have adapted to. Often, intravenously administered nanomedicines
prime the immune system, leading to adverse reactions and/or loss of efficacy of
the drug product. For example, it is now well established that intravenous
administration of nanomedicines and nanocarriers may provoke “hypersensitivity
reactions” (HSR) or “anaphylactoid reactions” that are referred to as complement
(C) activation-related pseudoallergy (CARPA). See: Szebeni, J. (2005). Complement
activation-related pseudoallergy: A new class of drug-induced acute immune
toxicity. Toxicology, 216, 106–121 and Szebeni, J. (2018). Mechanism of nanoparticleinduced hypersensitivity in pigs: complement or not complement? Drug Discov.
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Not all biotherapeutics, nanoformulations, and nanomaterials
are created equal. Given this scientific fact, the risks for
immunogenicity should be assessed on a case-by-case basis. In fact,
while some biologics, particularly glycoproteins, cause the body
to produce antidrug antibodies (ADAs),8 few elicit immunogenicity
in a manner that induces any clinically relevant reaction. Similarly,
the diversity of nanomedicines makes it impossible to extrapolate
or generalize the immunologic findings from one class of
nanomedicines (e.g., nanoliposomes, solid nanoparticles, carbon
nanotubes) to another. Nevertheless, the degree of risk for eliciting
immune responses from biotherapeutics, nanoformulations,
or nanomaterials is considered a major issue during drug R&D
and administration to patients. It is now well established that
any biotherapeutic, nanoformulation, or nanomaterial can
potentially exert an immunogenic effect (“immunogenicity risks”)
depending on a patient’s immunologic status, prior history, route/
dose/frequency of delivery and unique characteristics of the
administered therapeutic product. Therefore, regulatory agencies,
particularly the FDA and the EMA, recommend that drug developers
employ a risk-based approach to evaluate and reduce adverse
immune events related to the administration of these therapeutics
that could affect safety and efficacy. These must be carefully
evaluated at the earliest stages of drug formulation/development
as well as throughout the product lifecycle, including during
phase IV. Biotherapeutic drug products containing a nonbiologic nanomaterial component are on the rise and may have
different immunogenic properties compared with those that
contain the biologic alone. Consequently, it is also important that
immunogenicity aspects and risks of biotherapeutic drug products

Today, 23(3), 487–492. These hypersensitivity reactions typically occur directly at
first exposure to the nanocarriers without prior sensitization, and the
symptoms usually lessen and/or disappear on later treatment. That is why
these reactions are labelled as “pseudoallergic” or “nonspecific hypersensitivity.”
Nanomedicines causing CARPA include radio-contrast media, liposomal drugs
(Doxil®, Ambisome® and DaunoXome®, Abelcet®, Visudyne®), micellar solvents
(e.g., Cremophor EL, the vehicle of Taxol®), PEGylated proteins and monoclonal
antibodies. Drug products other than biologics and nanomedicines such as
nonsteroidal anti-inflammatory medicinal products, analgesics and morphine can
also trigger CARPA. Also, see: Szebeni, J, Bawa, R. (2018). Immunological issues
with medicines of nano size: The price of dimension paradox. In: Bawa, R., et al.,
eds. Immune Aspects of Biopharmaceuticals and Nanomedicines, Pan Stanford
Publishing, Singapore, chapter 2, pp. 83–122.
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containing non-biologic nanomaterial components be assessed
with a focus on whether the nanomaterial components possess
adjuvant properties. Similarly, carriers may exhibit inherent
immunologic activity that is not related to the loaded active
pharmaceutical ingredient (API); this could also affect the safety
and effectiveness of the drug product. Another important issue
involves the approval of follow-on versions of both biologics and
nanomedicines.10 I wonder how often cost considerations drive
the approval process. I suspect that there are enormous pressures
on drug regulatory agencies (e.g., the Trump administration’s
FDA) to grant these drug products. It is no secret that in certain
countries these follow-on versions are the preferred drug
products and driven by government-controlled healthcare
programs. However, it is critical that immune aspects of these
so-called “biosimilars” and “nanosimilars” be transparently
evaluated and reported during the drug approval process:
Lower drug prices should not supplant patient safety and efficacy.
The recent FDA approval of follow-on versions of Copaxone®
is an example that highlights this troubling trend. I believe that
accelerating the approval of follow-on versions of biologics
and nanomedicines should be science-based and undertaken on
a case-by-case basis.11
10Since

the replication of biologics is complex and less precise as compared to
small molecule drug products, the term generic has been deemed inappropriate.
11See: Conner, J. B., Bawa, R., Nicholas, J. M., Weinstein, V. (2016). Copaxone® in
the era of biosimilars and nanosimilars. In: Bawa, R., Audette, G., Rubinstein, I.,
eds. Handbook of Clinical Nanomedicine: Nanoparticles, Imaging, Therapy, and
Clinical Applications, Pan Stanford Publishing, Singapore, chapter 28, pp. 783–826;
Bawa, R. (2018). Immunogenicity of biologics and nanodrugs: An overview.
In: Bawa, R., Szebeni, J., Webster, T. J. and Audette, G. F. eds. Immune Aspects of
Biopharmaceuticals and Nanomedicines, Pan Stanford Publishing, Singapore,
chapter 1, pp. 1–82.
Copaxone® is a non-biologic (synthetic) complex drug (“NBCD”) and can be
considered a first-generation nanomedicine. It is composed of an uncharacterized
mixture of immunogenic polypeptides in a colloidal solution. The complexity of
glatiramer acetate is amplified by several aspects: (1) the active moieties in glatiramer
acetate are unknown; (2) the mechanisms of action are not completely elucidated;
(3) pharmacokinetic testing is not indicative of glatiramer acetate bioavailability;
(4) pharmacodynamic testing is not indicative of therapeutic activity and there
are no biomarkers available as surrogate measures of efficacy; and (5) small
changes in the glatiramer acetate mixture can change its immunogenicity profile.
There is one aspect of Copaxone® that raises special safety and effectiveness
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In our rapidly changing yet interconnected and globalized
world, biologics and nanomedicines will continue to surprise
and expand. There are numerous second- and third-generation
biologics and nanomedicines at the basic research stage. Hopefully,
despite enormous bottlenecks, we will find a greater number of
these translated into practical patient applications. In the
meantime, we need to temper our expectations yet continue to
hope for paradigm-shifting advances in the bio-nano world.
Against this backdrop, the editors felt that enormous advances
in the past 20 years in immunology of biologics and nanomedicines
warranted an authoritative and comprehensive reference
resource that can be relied upon by immunologists, biomedical
researchers, clinicians, pharmaceutical companies, formulation
scientists, regulatory agencies, technology transfer officers, venture
capitalists, and policy makers alike. Hence, this volume aims to
provide a broad survey of theoretical and experimental knowledge
currently available and presents a framework that is readily
applicable to develop strategies for clinical applications. Each
chapter contains key words, tables and figures in color, future
predictions, and an extensive list of references. The focus is on
the current, most relevant information, all accomplished in a
user-friendly format.
Assorted topics pertain to the immune effects of biologics
and nanomedicines, both beneficial and adverse. A thorough
understanding of immunology, therapeutic potential, clinical
applications, adverse reactions and approaches to overcoming

concerns that merit heightened vigilance with respect to the approval of any
potentially interchangeable follow-on glatiramer acetate product: Glatiramer
acetate is an immunomodulator. In other words, Copaxone® is intended to achieve
its therapeutic effects by interacting with and modulating a patient’s immune
system over an extended period. For this reason, Copaxone®’s package insert
warns that chronic use has the potential to alter healthy immune function as
well as induce pathogenic immune mechanisms, although no such effects have
been observed with Copaxone®. Due to the complexity and inexorable link
between the manufacturing process and quality, any follow-on product almost
certainly will differ from Copaxone®’s structure and composition of active
ingredients because it will be made using a different manufacturing process
than that developed by the branded product developer (Teva). Although it is not
possible to fully characterize and compare these complex mixtures, differences
are revealed via sophisticated analytical techniques. Despite these immunological
concerns, the FDA in 2017 approved so-called follow-on versions of Copaxone®.

xliii

xliv
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immunotoxicity of biologics and nanomedicines is presented.
For instance, chapters are devoted to immune stimulatory and
suppressive effects of antibodies, peptides and other biologics,
as well as various nanomedicines. The state of the art in
therapeutic and preventive vaccines along with their potential
molecular mechanisms underlying immunogenicity is also
highlighted. Adverse immune effect of certain biologics and
nanomedicines, namely, complement (C) activation-related
pseudoallergy (CARPA), is discussed in unprecedented detail in
terms of occurrence, prediction, prevention, and mechanism.
Furthermore, critical, yet often overlooked topics such as immune
aspects of nano-bio interactions, current FDA regulatory guidance,
immunogenicity testing of therapeutic protein products, and
engineering bio/nanotherapeutics to overcome barriers to
immunotherapy are also covered.
I express my sincere gratitude to the authors, coeditors, and
reviewers for their excellent effort in undertaking this project
with great enthusiasm. I thank my father, Dr. S. R. Bawa, for
meticulously reviewing various chapters of this book. Finally,
I also thank Mr. Stanford Chong and Ms. Jenny Rompas of
Pan Stanford Publishing for commissioning me to edit this volume.
Mr. Arvind Kanswal of Pan Stanford Publishing and my staff at
Bawa Biotech LLC are acknowledged for their valuable assistance
with publication coordination.

Raj Bawa, MS, PhD
Series Editor
Ashburn, Virginia, USA
June 7, 2018*

*The day my beloved Washington Capitals ice hockey team won the Stanley Cup
for the first time in franchise history!

Chapter 1

Current Immune Aspects of Biologics
and Nanodrugs: An Overview

Raj Bawa, MS, PhD
Patent Law Department, Bawa Biotech LLC, Ashburn, Virginia, USA
The Pharmaceutical Research Institute,
Albany College of Pharmacy and Health Sciences, Albany, New York, USA
Department of Biological Sciences,
Rensselaer Polytechnic Institute, Troy, New York, USA

Copyright 2018 Raj Bawa. All rights reserved. As a service to authors and
researchers, the copyright holder permits unrestricted use, distribution, online
posting and reproduction of this article or unaltered excerpts therefrom, in
any medium, provided the author and original source are clearly identified and
properly credited. The figures in this chapter that are copyrighted to the author
may similarly be used, distributed, or reproduced in any medium, provided the
author and the original source are clearly identified and properly credited. A copy
of the publication or posting must be provided via email to the copyright holder
for archival.

Immune Aspects of Biopharmaceuticals and Nanomedicines
Edited by Raj Bawa, János Szebeni, Thomas J. Webster, and Gerald F. Audette
Copyright © 2018 Raj Bawa
ISBN 978-981-4774-52-9 (Hardcover), 978-0-203-73153-6 (eBook)
www.panstanford.com



Current Immune Aspects of Biologics and Nanodrugs

Keywords: biotherapeutics, biologics, biologicals, biological
products, biopharmaceuticals, biomolecular drugs, protein products,
nanomedicine, nanodrugs, nanoparticulate drug formulations,
nanopharmaceuticals, nanotechnology, nanomaterial, nanoscale,
patents, commercialization, research and development (R&D),
US Food and Drug Administration (FDA), European Medicines
Agency (EMA), drug delivery systems (DDS), site-specific delivery,
nanoparticles (NPs), protein aggregation, small-molecule drug,
New Chemical Entities (NCEs), New Biological Entities (NBEs),
New Drug Application (NDA), Biologic License Application (BLA),
Bayh–Dole Act, Hatch–Waxman Act, Biologics Price Competition
and Innovation Act (BPCI Act), immunotoxic effects, complement
activation, immunogenicity, antidrug antibodies (ADAs), antibody–
drug conjugates (ADCs), adverse drug reaction (ADR), conjugated
proteins, functionalized antibodies, Federal Food, Drug, and
Cosmetic Act (FD&C Act), target mediated drug disposition
(TMDD), pharmacodynamic (PD), Public Health Service (PHS)
Act, pharmacokinetics (PK), Humira®, protein aggregates, active
pharmaceutical ingredient (API), hypersensitivity reactions
(HSR), anaphylactoid reactions, complement activation-related
pseudoallergy (CARPA), Doxil®, Ambisome®, DaunoXome®,
Abelcet®, Visudyne®, Cremophor EL, PEGylated proteins,
monoclonal antibodies (mABs), Humulin®, PEGylated liposomes,
accelerated blood clearance (ABC), reticuloendothelial system
(RES), immune complexes (ICs), biosimilar, generic drugs,
bioequivalent, interchangeable product, nanosimilars, nonbiologic
complex drug (NBCD), NBCD similar, glatiramer acetate, Copaxone®,
immunomodulator,
clinical
trials,
immunopharmacology,
immunomodulatory effects, iTope™, TCED™, Epibase®, EpiMatrix™,
EpiScreen™, immunogenic epitopes, artificial intelligence (AI),
single-cell genomics, user fees, druggable genome, cryo-electron
microscopy (cryo-EM), epitope mapping analysis, bench-to-bedside,
translation, drug-like molecule, CRISPR-Cas9

Introduction

1.1

Introduction

A wave of “newer” therapeutics is sweeping the drug world.
Specifically, there is a rapid introduction of two somewhat
distinct yet overlapping classes of drugs into the pharmaceutical
landscape: (1) biologics1 and (2) nanodrugs.2 Biologics have
already entered an era of rapid growth due to their wider
applications, and in the near future they will replace many existing
organic based small-molecule drugs. According to one drug analysis
firm, biologics have grown from 11% of the total global drug
market in 2002 to around 20% in 2017.3 On the other hand,
nanodrugs have sputtered along a somewhat diﬀerent trajectory
with greater challenges to their translation [1–3]. I estimate that
since the approval of the first recombinant biologic (recombinant
human insulin, in 1982), there are over 225+ marketed biologics
and at least 75 nanodrugs for various clinical applications
approved by various regulatory agencies.4 According to the
Pharmaceutical Research and Manufacturers of America (PhRMA)
website, as of 2013, there are over 900 biologic medicines and
vaccines in development. I estimate that hundreds of companies
globally are engaged in nanomedicine research and development
(R&D), the clear majority of these have continued to be startups
or small- to medium-sized enterprises rather than big pharma.
Despite immature regulatory mechanisms, follow-on versions
of these two drug classes, namely biosimilars and nanosimilars,
respectively, have also started to trickle into the marketplace.
According to the US Food and Drug Administration (FDA),
the products it regulates represent around 20% of all products
sold in the United States, representing more than $2.4 trillion.
The FDA regulates products according to specific categories: food,
dietary supplements, cosmetics, drugs, biologics, medical devices,
veterinary products, and tobacco. The Center for Biologics
1Analogous terms include biotherapeutics, biologicals, biological products,
biopharmaceuticals, biomolecular drugs, therapeutic protein product (TPP), and
protein products.
2Analogous terms include nanomedicines, nanoparticulate drug formulations, and
nanopharmaceuticals.
3Data from the IMS Institute for Healthcare Informatics.
4My estimate for nanodrugs is based on my broader definition of a nanodrug that
appears in Section 1.3.
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Evaluation and Research (CBER) regulates what are often referred
to as traditional biologics, such as vaccines, blood and blood
products, allergenic extracts, and certain devices and test kits.
CBER also regulates gene therapy products, cellular therapy
products, human tissue used in transplantation, and the tissue
used in xenotransplantation—the transplantation of nonhuman
cells, tissues, or organs into a human. On the other hand, the Center
for Drug Evaluation and Research (CDER) regulates branded and
generic drugs, over-the-counter (OTC) drugs, and most therapeutic
biologics (Fig. 1.1a). Food, dietary supplements, and cosmetics
fall under the jurisdiction of the Center for Food Safety and
Nutrition (CFSAN). Since dietary supplements are intended to
supplement the diet, they are classified under the “umbrella” of
foods and do not require premarket authorization from the
FDA. Cosmetics containing sunscreen components are regulated
as drugs. In these cases, the products must be labeled as OTC
drugs and meet OTC drug requirements. Tobacco products are
subject to a unique regulatory framework as they only pose risks
without providing any health benefits. They are regulated by the
Center for Tobacco Products (CTP). Medical devices are regulated
by the Center for Devices and Radiological Health (CDRH), and
veterinary products by the Center for Veterinary Medicine (CVM).
Drugs that have high potential for abuse with no accepted medical
use are illegal and cannot be imported, manufactured, distributed,
possessed, or used. The Drug Enforcement Administration (DEA)
is the US agency tasked with overseeing these dangerous products
and enforcing the controlled substances laws. The Office of
Combination Products (OCP) has authority over the regulatory
life cycle of combination products. Combination products are
therapeutic and diagnostic products that combine drugs, devices,
and/or biological products. As technological advances continue
to merge product types and blur the historical lines of separation
between various FDA centers, I expect that more products in
the near future will fall into the category of combination products.
Naturally, this will present unique regulatory, policy, and review
management challenges.
The main law that governs various products in the United
States is the Federal Food, Drug, and Cosmetic Act (FD&C Act).
It was established in 1938 and has been amended numerous
times since. The laws are passed as Acts of Congress and
organized/codified into United States Code (USC). Of the 53 titles
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in the USC, title 21 corresponds to the FD&C Act. To operationalize
the law for enforcement, federal agencies, including the FDA,
are authorized to create regulations. The Code of Federal
Regulations (CFR) details how the law will be enforced. The CFR
is divided into 50 titles according to subject matter. Therefore,
there are three types of references for regulatory compliance:
FD&C Act, 21USC, and 21CFR. The FD&C Act provides definitions
for the diﬀerent product categories along with allowable claims.
For example, drugs, biologics, and medical devices can make
therapeutic claims like “treatment of a particular disease” or
“reduction of symptoms associated with a particular disease.”
Therapeutic claims also include implied statements like “relieves
nausea” or “relieves congestion.” It is illegal for nonmedical
products like pharma-cosmetics, dietary supplements, and
cosmetics to make therapeutic claims. Even if a product lacks
any therapeutic ingredient, its intended use may cause it to be
categorized as a drug.
This chapter focuses on those biologics, biotechnology
products, nanomedicines, nanodrug products, and nanomaterials
that are used for medicinal purposes in humans. Many biologics
(e.g., monoclonal antibodies or drug–protein conjugates) are of
nanoscale and hence can also be considered to be nanodrugs.
Conversely, many nanodrugs are biologics according to standard
definitions (Sections 1.2 and 1.3). For example, Copaxone®
(Section 1.7) is a biologic (Section 1.2) but also falls within the
definition of a nanodrug (Section 1.3). Many terms used here
are definitions that come from specific regulations or compendia.
The terms “product,” “drug formulation,” “therapeutic product,”
or “medicinal product” will be used in the manner the FDA defines
a “drug,” encompassing pharmaceutical drugs, biologics, and
nanomedicines in the context of describing the final “drug product.”
Some of the terms will be used synonymously. For example,
biotherapeutics, protein drugs, biologicals, biological products,
and biologics are equivalent terms.1 Similarly, nanomedicines,
nanodrugs,
nanopharmaceuticals,
nanoparticulate
drug
formulations, and nanotherapeutics are the same.2 Branded drugs
are referred to as “pioneer,” “originator,” “branded,” or “reference”
drugs. Small-molecule drugs approved by the FDA are known
as New Chemical Entities (NCEs) while approved biologics
are referred to as New Biological Entities (NBEs) (Fig. 1.1a,
Table 1.1, and Box 1.1). As a result, a new drug application for an
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Data courtesy of the FDA and various drug companies. For more information about the approved drugs in 2017 and
for their complete risk information, refer to the drug approval letters and FDA-approved labeling at Drugs@FDA. Also see
CDER’s Novel Drug Approvals for 2017 on the FDA website for the approval dates, nonproprietary names and what each drug is
used for: https://www.fda.gov/Drugs/DevelopmentApprovalProcess/DrugInnovation/ucm537040.htm.
Figure is courtesy of the FDA while the legend is by the author.

In rare instances, it may be necessary for the FDA to change a drug’s NME designation or the status of its application as a new
BLA. This applies to all references to NMEs/BLAs in this figure. For instance, new information may become available which
could lead to a reconsideration of the original designation or status. Note that approvals by the Center for Biologics Evaluation
and Research (CBER) are excluded from this figure. Since applications are received and filed throughout a calendar year, the
filed applications in a given calendar year do not necessarily correspond to approvals in the same calendar year. Certain
applications are within their 60-day filing review period and may not be filed upon completion of the review. Original BLAs that
do not contain a new active ingredient are excluded.

CDER approves novel drugs, either as New Molecular Entities (NMEs) under New Drug Applications (NDAs), or as New Biological
Entities (NBEs) under Biologics License Applications (BLAs). In recent years, many products were known more for their breathtaking
price tags and rapidity of approval rather than innovation. The FDA defines “novel drugs” as innovative products that serve previously
unmet medical needs or otherwise significantly help to advance patient treatments and the active ingredient or ingredients in a
novel drug have never before been approved in the United States.

Figure 1.1a Drug filings and approvals by the FDA’s Center for Drug Evaluation and Research (CDER) since 1993. Overall,
new drugs approved by the FDA have risen in recent years. Strong numbers were posted in 2017, rebounding from a steep drop in
2016. In fact, the 2017 bounty of 46 new drugs was only second to the peak of 59 drugs approved in 1996. Emphasizing its focus
on orphan drugs, the FDA approved 18 drugs with orphan designation, 7 potential blockbusters candidates, 12 cancer drugs, and
17 products with breakthrough designation.
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Biologics

generally large and high MW; MW >700 Da;
complex structure

numerous critical process steps; highly
susceptible to slight alterations in production
process; lengthy and complex purification;
great possibility of contamination and
detection/removal often impossible

protein-based; amino acids; heterogenous
mixture that may include variants; may
involve post-translational modifications

isolated from living cells or recombinantly
produced

more consistent with exaggerated pharmacology
than oﬀ-target toxicity; much greater contact
surface area for binding allows access to a much
wider range of protein targets as well as a more
specific binding interaction, decreasing the
potential for oﬀ-target eﬀects

Property

Size and MW

Manufacturing

Composition

Origin

Toxicity

Table 1.1 Properties of biologics versus small-molecule drugs

drug product or metabolites that are generated can be
toxic; target binding results in the small-molecule drug
being nearly completely buried within a hydrophobic
pocket of the protein target to maximize hydrophobic
contact plus create a more stable complex, thereby
eﬀectively limiting targets to those that possess
solvent accessible pockets

chemical synthesis

chemical-based; synthetic organic compound(s);
homogenous drug substance (single entity)

fewer critical process steps; not aﬀected by slight
alterations in production process; easy to purify;
contamination can generally be avoided and
detection/removal easy

generally small and low; MW <700 Da; simple and defined
structure

Small-Molecule Drugs

8
Current Immune Aspects of Biologics and Nanodrugs

rapid

(Continued)

variable; sensitive to environmental conditions
(heat and shear)

Storage and
Handling Risk

relatively stable

regulatory or enzyme activity to replace/augment antagonistic/agonistic activity on intracellular and
cell action; may target cell surface to induce action; extracellular targets
binding to cell-surface receptors and other markers
specifically associated with or overexpressed;
limited to extracellular and cell surface interactions

often “oﬀ-target” eﬀects

Off-target Action rare; mostly “on-target” eﬀects

Mode of Action

possible and many examples; metabolic and/or PD related

Drug–Drug
rare or few examples, mostly pharmacodynamic
Interaction (DDI) (PD)-related

high, often extremely high

generally low

slow

Clearance

variable; mostly shorter half-life (hours to days)

Cost

variable; longer half-life (hours, days, weeks)

Half-Life

greater dosing frequency

mostly linear PK; nonlinearity from saturation of
metabolic pathways; rapid entry into systemic circulation
via capillaries; distributed to any combination of organ/
tissue

increased blood circulation time can allow far less
frequent dosing

Dosing
Frequency

Small-Molecule Drugs

Pharmacokinetic target can aﬀect PK behavior (TMDD); larger
(PK) and
molecule(s) and hence reach blood via lymphatics;
Distribution
subject to proteolysis during interstitial and
lymphatic transit; distribution generally limited to
plasma and/or extracellular fluid

Biologics

Property
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licensed under the provisions of both the FD&C
Act and the PHS Act (for exceptions see Box 1.1);
biologics approved by the FDA are referred to
as New Biological Entities (NBEs); a new drug
application for an NBE is called a Biologic License
Application (BLA) (see Fig. 1.1a)

FDA Approval

licensed under the FD&C Act; small-molecule drugs
approved by the FDA are known as New Molecular Entities
(NMEs); a new drug application for an NCE is known as a
New Drug Application (NDA) (see Fig. 1.1a)

specific toxicity

short; hours

receptor-mediated toxicity

long; days to weeks

Duration of
Action

general practitioner or retail pharmacies

Toxicity

physicians (often specialists) or hospitals

Dispensed By

various routes; generally oral

often non-antigenic and hence low to none

generally parenteral (e.g., IV and SC)

Delivery

precisely defined structure (or structures, e.g., racemic
mixtures)

Immunogenicity low to high; usually antigenic and hence potential
exists

may or may not be precisely elucidated or known;
inherent variability due to complex manufacturing

Structure

low

can be fully characterized

high

Contamination
Risk

Small-Molecule Drugs

Characterization less easily characterized; cannot always be fully
characterized

Biologics

Property

Table 1.1 (Continued)
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Purple Book published by the FDA lists biologics,
their biosimilars and interchangeable generic
equivalents

biosimilars (see Section 1.6); high barriers to entry;
follow-ons will not be identical to the reference
innovator product; preclinical and clinical (i.e.,
safety/efficacy) studies are needed to demonstrate
comparability

patent prosecution and litigation are often more
complex; patents and legal exclusivities may delay
the FDA approval of applications for biosimilars

high species selectivity (affinity/potency)

multiple target binding

Compilation

Follow-on
Versions

Patent Issues

Selectivity

Targets

mostly a single or few targets

generally low species selectivity

patent prosecution and litigation generally less complex;
patents and legal exclusivities may delay the FDA approval
of applications for generics

generics (see Section 1.6); preclinical analytical methods
can be used to validate and demonstrate comparability;
full clinical studies not needed; follow-ons have identical
API(s), strength, dosage form, route, and purity

Orange Book published by the FDA lists drugs and their
generic equivalents

Small-Molecule Drugs

Abbreviations: BLA, Biologic License Application; Da, Daltons; DDI, drug–drug interaction; FD&C Act, Federal Food, Drug, and Cosmetic
Act; IV, intravenous; MW, molecular weight; NBE, New Biological Entity; NME, New Molecular Entity; NDA, New Drug Application; TMDD,
target mediated drug disposition; PD, pharmacodynamic; PHS Act, Public Health Service Act; PK, pharmacokinetic; SC, subcutaneous;
API, active pharmaceutical ingredient. Copyright 2018 Raj Bawa. All rights reserved.

Biologics

Property
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NCE is known as a New Drug Application (NDA) while a new drug
application for an NBE is known as a Biologic License Application
(BLA). Note that prior to the 1980s, there were very few marketed
biologics, so the very term “pharmaceutical” or “drug” implied
a small-molecule drug. Although biologics are subject to federal
regulation under the Public Health Service (PHS) Act, they also
meet the definition of “drugs” and are considered a subset of
drugs. Hence, biologics are regulated under the provisions of both
PHS Act and FD&C Act. Table 1.2 shows the diﬀerent regulatory
routes for therapeutic products.
Table 1.2 FDA regulatory routes for therapeutic products
Medical Devices

Drugs

Biologics

FDA Center Jurisdiction CDRH

CDER

CBER/CDER

Regulatory Route(s)

OTC
ANDA
NDA

BLA

IND

IND

510(k) waived
510(k) notification
PMA

Clinical Trial Initiation IDE

Abbreviations: CBER, Center for Biologics Evaluation and Research; CDER,
Center for Drug Evaluation and Research; CDRH, Center for Devices and
Radiological Health; NDA, New Drug Application; BLA, Biologic License
Application; OTC, over-the-counter; ANDA, Abbreviated New Drug
Application; PMA, Premarket Approval Application; IND, Investigational
New Drug; IDE, Investigational Device Exemption. Copyright 2018 Raj Bawa.
All rights reserved.

As the boundaries between big pharma and biotech companies
have further blurred, big pharma has adapted its operational
strategy, employing outside collaborations with respect to
research, technology, workforce, and marketing. Obviously,
big pharma’s evolving role has resulted partly from the “biotech
boom” and the “genomics boom,” where enormous advances
resulted from molecular biology and DNA technology, but also from
advances in information and computer technology. In addition,
two important pieces of legislation in the 1980s have had a major
impact on the drug industry in the United States. The first was the
Bayh–Dole (or Patent and Trademark Law Amendments) Act of
1980, which allowed universities, hospitals, nonprofit organizations
and small businesses to patent and retain ownership arising from
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federally funded research [4]. The second was the Hatch–Waxman
(or Drug Price Competition and Patent Term Restoration) Act of
1984, which established abbreviated pathways for the approval of
small-molecule drug products [5]. It set up the modern system of
generic drug regulations in the United States by amending the
FD&C Act. Section 505(j) of the Hatch–Waxman Act, codified
as 21 USC § 355(j), outlines the process for pharmaceutical
manufacturers to file an Abbreviated New Drug Application (ANDA)
for approval of a generic drug by the FDA.
In addition to the Bayh–Dole Act and Hatch–Waxman Act, the
more recent Biologics Price Competition and Innovation Act of
2009 (BPCI Act), which is included in the Patient Protection and
Aﬀordable Care Act signed into law by President Obama in 2010,
pertains specifically to biologics. This Act created an abbreviated
approval pathway for biologics proven to be “highly similar”
(biosimilar) to or “interchangeable” with an FDA-licensed reference
biologic product [6]. In concept, the goal of the BPCI Act is similar
to the Hatch–Waxman Act.
The prohibitive costs of most biologics and some smallmolecule drugs has led to increased scrutiny in understanding
the US government’s role in the development of costly novel drug
products. For example, for almost all of the biosimilars approved by
the FDA so far, the associated brand-name drug (among the topselling drugs in the world) was originally formulated by scientists at
public-sector research institutions. Hence, like most US tax payers,
I question the logic behind allowing sky-rocketing drug prices,
especially for branded biologics. Should there be more robust
governmental controls on this front? Should the US taxpayer have
significant leverage to aﬀect the process? Based on two recent
US Court of Appeals for the Federal Circuit (CAFC) decisions and
imperfections in the BPCI Act itself, some argue that the law impairs
the potential for a flourishing generic market for biologics [7a].
Moreover, since around 90% of the global biosimilar sales come
from the European Union (EU), compared to just 2% from the United
States, some have questioned whether the US biosimilar industry is
falling behind [7b]. The global biosimilars market in 2017 was
$4.49 billion and is expected to grow with a compound annual
growth rate (CAGR) of 31.7% to $23.63 billion by 2023. 5 Biosimilars
are discussed in Section 1.6. Figures 1.1b and 1.1c represent the
FDA drug approval process.
5Data

from MarketsandMarkets.com
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Drug sponsor develops a
new drug compound and
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The sponsor submits an
Investigational New Drug
(IND) application to FDA
based on the results from
intial testing that include,
the drug’s composition and
manufacturing, and
develops a plan for testing
the drug on humans.

seeks to have it approved
by FDA for sale in the
United States.
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LUATIO
EVA
N

SE
D RE ARCH
AN

ER FOR D
NT
RU
CE

G

FDA’s Center for Drug
Evaluation and Research
(CDER) evaluates new drugs
before they can be sold.

The center’s evaluation not only prevents quackery, but also
provides doctors and patients the information they need to
use medicines wisely. CDER ensures that drugs, both
brand-name and generic, are effective and their health
bene½ts outweigh their known risks.

Sponsor must test new
drug on animals for
toxicity. Multiple species
are used to gather basic
information on the safety
and ef½cacy of the
compound being
investigated/researched.

IND REVIEW
FDA reviews the IND to assure
that the proposed studies,
generally referred to as clinical
trials, do not place human
subjects at unreasonable risk of
harm. FDA also verifies that
there are adequate informed
consent and human subject
protection.

Figure 1.1b Drug sponsor’s discovery and screening phase (preclinical).
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20 - 80
The typical number of healthy volunteers used in Phase 1; this phase
emphasizes safety. The goal here in this phase is to determine what the
drug's most frequent side effects are and, often, how the drug is
metabolized and excreted.

100’s
The typical number of patients used in Phase 2; this phase emphasizes
effectiveness. This goal is to obtain preliminary data on whether the drug works
in people who have a certain disease or condition. For controlled trials, patients
receiving the drug are compared with similar patients receiving a different
treatment--usually a placebo, or a different drug. Safety continues to be
evaluated, and short-term side effects are studied.

At the end of Phase 2, FDA and sponsors discuss how large-scale studies in Phase 3 will be done.
DRUG
SPONSOR
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3

1000’s
The typical number of patients used in Phase 3. These studies gather more
information about safety and effectiveness, study different populations and
different dosages, and uses the drug in combination with other drugs.

Figure 1.1c Drug sponsor’s clinical studies/trials.
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Box 1.1 The FDA’s view of biological products
(courtesy of the FDA, with modifications by the author)
1. What is a biological product?
Biological products, like other drugs, are used for the treatment,
prevention, or cure of disease in humans. In contrast to chemically
synthesized small-molecular-weight drugs, which have a welldefined structure and can be thoroughly characterized, biological
products are generally derived from living material—human,
animal, or microorganism—are complex in structure, and thus
are usually not fully characterized. Section 351 of the Public
Health Service (PHS) Act defines a biological product as a “virus,
therapeutic serum, toxin, antitoxin, vaccine, blood, blood
component or derivative, allergenic product, or analogous product,
… applicable to the prevention, treatment, or cure of a disease
or condition of human beings.” FDA regulations and policies
have established that biological products include blood-derived
products, vaccines, in vivo diagnostic allergenic products,
immunoglobulin products, products containing cells or
microorganisms, and most protein products. Biological products
subject to the PHS Act also meet the definition of drugs under
the Federal Food, Drug and Cosmetic Act (FDC Act). Note that
hormones such as insulin, glucagon, and human growth hormone
are regulated as drugs under the FDC Act, not biological products
under the PHS Act.
2. What Center has the regulatory responsibility for
therapeutic biological products?
Both the FDA’s Center for Drug Evaluation and Research (CDER)
and Center for Biologics Evaluation and Research (CBER) have
regulatory responsibility for therapeutic biological products,
including premarket review and oversight. The categories of
therapeutic biological products regulated by CDER (under the FDC
Act and/or the PHS Act, as appropriate) are the following:
• Monoclonal antibodies for in vivo use.

Introduction

• Most proteins intended for therapeutic use, including cytokines
(e.g., interferons), enzymes (e.g., thrombolytics), and other
novel proteins, except for those that are specifically assigned
to the Center for Biologics Evaluation and Research (CBER)
(e.g., vaccines and blood products). This category includes
therapeutic proteins derived from plants, animals, humans, or
microorganisms, and recombinant versions of these products.
Exceptions to this rule are coagulation factors (both recombinant
and human plasma derived).
• Immunomodulators (non-vaccine and non-allergenic products
intended to treat disease by inhibiting or down-regulating a
pre-existing, pathological immune response).
• Growth factors, cytokines, and monoclonal antibodies
intended to mobilize, stimulate, decrease, or otherwise alter the
production of hematopoietic cells in vivo.
3. Are the biologic development requirements different from
the requirements for a new drug product?
Biological products are a subset of drugs; therefore, both are
regulated under provisions of the FDC Act. However, only
biological products are licensed under section 351 of the PHS
Act. (As previously noted, some therapeutic protein products
are approved under section 505 of the FDC Act, not under the
PHS Act.) Following initial laboratory and animal testing that
shows that investigational use in humans is reasonably safe,
biological products (like other drugs) can be studied in clinical
trials in humans under an investigational new drug application
(IND) in accordance with the regulations at 21 CFR 312.
If the data generated by the studies demonstrate that the product
is safe and eﬀective for its intended use, the data are submitted
as part of a marketing application. Whereas a new drug application
(NDA) is used for drugs subject to the drug approval provisions
of the FDC Act, a biologics license application (BLA) is required
for biological products subject to licensure under the PHS Act.
FDA form 356h is used for both NDA and BLA submissions.
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FDA approval to market a biologic is granted by issuance of a
biologics license (see Fig. 1.1a).
4. What are the requirements for licensing a biologic?
Issuance of a biologics license is a determination that the
product, the manufacturing process, and the manufacturing
facilities meet applicable requirements to ensure the continued
safety, purity, and potency of the product. Among other things,
safety and purity assessments must consider the storage and
testing of cell substrates that are often used to manufacture
biologics. A potency assay is required due to the complexity and
heterogeneity of biologics. The regulations regarding BLAs for
therapeutic biological products include 21 CFR parts 600, 601,
and 610.
5. What does safety mean?
The word safety means the relative freedom from harmful eﬀects,
direct or indirect, when a product is prudently administered,
taking into consideration the character of the product in relation
to the condition of the recipient at the time.
6. What is purity?
Purity means relative freedom from extraneous matter in the
finished product, whether or not harmful to the recipient or
deleterious to the product. Purity includes but is not limited
to relative freedom from residual moisture or other volatile
substances and pyrogenic substances.
7. What is potency?
The word potency is interpreted to mean the specific ability or
capacity of the product, as indicated by appropriate laboratory
tests, to yield a given result.
8. Does FDA issue license certificates upon approval of a
BLA?
Approval to market a biologic is granted by issuance of a biologics
license (including US license number) as part of the approval
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letter. The FDA does not issue a license certificate. The US License
number must appear on the product labeling.
9. Why are biologics regulated under the PHS Act?
As mentioned above, biologics are subject to provisions of both
the FD&C Act and the PHS Act. Because of the complexity of
manufacturing and characterizing a biologic, the PHS Act
emphasizes the importance of appropriate manufacturing
control for products. The PHS Act provides for a system of controls
over all aspects of the manufacturing process. In some cases,
manufacturing changes could result in changes to the biological
molecule that might not be detected by standard chemical
and molecular biology characterization techniques yet could
profoundly alter the safety or efficacy profile. Therefore, changes
in the manufacturing process, equipment, or facilities may
require additional clinical studies to demonstrate the product’s
continued safety, identity, purity, and potency. The PHS Act
also provides authority to immediately suspend licenses in
situations where there exists a danger to public health.
10. How is the manufacturing process for a biological product
usually different from the process for drugs?
Because, in many cases, there is limited ability to identify the
identity of the clinically active component(s) of a complex
biological product, such products are often defined by their
manufacturing processes. Changes in the manufacturing
process, equipment, or facilities could result in changes in the
biological product itself and sometimes require additional
clinical studies to demonstrate the product’s safety, identity,
purity, and potency. Traditional drug products usually consist of
pure chemical substances that are easily analyzed after
manufacture. Since there is a significant diﬀerence in how
biological products are made, the production is monitored by
the agency from the initial stages to make sure the final product
turns out as expected.
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11. What is comparability testing of biologics?
A sponsor may be able to demonstrate product comparability
between a biological product made after a manufacturing change
and a product made before implementation of the change through
diﬀerent types of analytical and functional testing without
additional clinical studies. The agency may determine that the
two products are comparable if the results of the comparability
testing demonstrate that the manufacturing change does not
aﬀect safety, identity, purity, or potency. For more information,
see Chapter 17, titled “Immunogenicity Assessment for
Therapeutic Protein Products” (FDA), and Chapter 18, titled “Assay
Development and Validation for Immunogenicity Testing of
Therapeutic Protein Products” (FDA).
12. Where can I find additional information about therapeutic
biologics?
There are several guidances that may be helpful:
• “Changes to an Approved Application for Specified
Biotechnology
and
Specified
Synthetic
Biological
Products” (PDF-33 KB) (http://www.fda.gov/downloads/
Drugs/GuidanceComplianceRegulatoryInformation
/Guidances/UCM124805.pdf)
• “Content and Format of INDs for Phase I Studies of Drugs
Including Well Characterized, Therapeutic, Biotechnology-Derived
Products” (PDF-42 KB) (http://www.fda.gov/downloads/
Drugs/GuidanceComplianceRegulatoryInformation/Guidances/
UCM071597.pdf)
• “Providing Clinical Eﬀectiveness of Human Drugs and Biological
Products”
(http://www.fda.gov/BiologicsBloodVaccines/
GuidanceComplianceRegulatoryInformation/Guidances/
default.htm)
• “Points to Consider in the Manufacture and Testing of
Monoclonal Antibody Products for Human Use” (PDF-140 KB)
(http://www.fda.gov/downloads/BiologicsBloodVaccines/
GuidanceComplianceRegulatoryInformation/OtherRecommendationsforManufacturers/UCM153182.pdf)

Biologics versus Small-Molecule Drugs

Pharmaceutical versus Biotechnology Companies
The demarcations between pharmaceutical and biotechnology
(and between branded and generic) companies are no longer that
clear. For example, Genentech (owned by Roche) and Medimmune
(owned by AstraZeneca), although operate independently, are
technically part of big pharma. Many biotechs are developing
therapeutics that are traditional small-molecule drugs rather
than biotech products. Conversely, big pharma is developing
biotech products along with traditional small molecules. Often,
branded companies are developing generics and vice versa.
Currently, there is a symbiotic relationship between all these
diverse players. For example, big pharma (which is well versed
in clinical trials and commercialization) often turns to biotech
companies (that are generally low on funds, lack a robust sales
force or lack regulatory expertise) to license compounds or to
develop platform technologies with the promise to yield multiple
molecules.

1.2

Biologics versus Small-Molecule Drugs

Biologics are a distinct regulatory category of drugs that
diﬀer from conventional small-molecule drugs by their
manufacturing processes (i.e., biological sources vs. chemical/
synthetic manufacturing). They are biologically derived from
microorganisms (generally engineered) or cells (often mammalian,
including human). In other words, biologics are drugs produced
via modern molecular biological methods, and they are distinguished
from traditional biological products that are directly extracted
from natural biological sources (such as proteins derived from
plasma or plants). Biologics include a diverse range of therapeutics,
including blockbuster monoclonal antibodies (mAbs) (e.g.,
Avastin® (bevacizumab) and Humira® (adalimumab)), Fc fusion
proteins, anticoagulants, blood factors, hormones, cytokines,
growth factors, engineered protein scaﬀolds, and cell-based gene
therapies (e.g., chimeric antigen receptor T-cell therapy (CAR-T))
to treat various diseases—cancers, rheumatoid arthritis (RA),
multiple sclerosis (MS), inflammatory bowel disease (IBD),
hemophilia, anemia, etc. Most biologics are large, complex molecules
as compared to small-molecule drugs (Fig. 1.2) and are often more
difficult to characterize than small-molecule drugs (Table 1.1).
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(a) Insulin (~5,800 Daltons)

(b) Aspirin (180 Daltons)

(c) Monoclonal Antibody (~150,000 Daltons)

Figure 1.2 Comparing biologics to small-molecule drugs. The
molecular model of two biologics (insulin and monoclonal antibody) and
the molecular structure of a small-molecule drug (acetylsalicylic acid or
aspirin) are shown to demonstrate the diﬀerences in size and molecular
complexity associated with these two overlapping drug classes. The
molecular weight (MW) of insulin is ~5,800 Daltons and that of a
monoclonal antibody is ~150,000 Daltons. The MW of aspirin is 180
Daltons. Structures shown are not to scale. (a) The left side is a space-filling
model of the insulin monomer, believed to be biologically active. Carbon
atoms are shown in green, hydrogen in gray, oxygen in red, and nitrogen
in blue. On the right side is a ribbon diagram of the insulin hexamer,
believed to be the stored form. A monomer unit is highlighted with the
A chain in blue and the B chain in cyan. Yellow denotes disulfide
bonds, and magenta spheres are zinc ions (courtesy of Wikipedia).
(b) Ball-and-stick model of the aspirin molecule. (c) X-ray crystallographic
structure of a monoclonal antibody shown as a space-filling model
(courtesy of the FDA).

Biologics versus Small-Molecule Drugs

The FDA’s statutory definition of a “biological product” is
listed in Box 1.1.6 This definition has important regulatory and
commercial ramifications as it determines which regulatory
pathway governs the approval/licensure of an innovator product
and any subsequent follow-on competitor products (i.e., biosimilars,
see Section 1.6) that seek to rely on that product’s approval.
Note that some protein drug products (hormones such as insulin
and human growth hormone) are regulated by the FDA as drugs
under the FD&C Act, not biological products under the PHS Act.
In fact, when human insulin (Humulin®) was approved as the
world’s first recombinant protein therapeutic in 1982, it was
approved under the FD&C Act. This bizarre dichotomy continues
today, with some proteins licensed under the PHS Act and some
approved under the FD&C Act. Thankfully, this mess is set to clear
up in March 2020, when an approved application for a biological
product under section 505 of the FD&C Act “shall be deemed to be
a license for the biological product under section 351 of the PHS
Act.”7
Growth of Biologics: Technological Drivers
Advances built on two seminal technologies (recombinant DNA
technology and hybridoma technology) have been the driving
forces behind the expansion of biologics. Specifically, the
development of recombinant DNA technology in the 1970s
revolutionized the production of biologics. In 1982, human
insulin (brand name Humulin® and manufactured by Genentech
in partnership with Eli Lilly) was the first recombinant protein
therapeutic approved by the FDA. Since Humulin® was fully human
and produced via genetically engineered Escherichia coli, issues
with immunogenicity were minimized. In the 1980s, modified
biologics joined recombinant versions of natural proteins as
a major new class of biologics. In 1975, Köhler and Milstein’s
hybridoma technology established a continuous immortal
culture of cells secreting an antibody of predefined specificity
(monoclonal antibody (mAb)) by fusing antibody-producing B
cells with myeloma cells.
6In December 2017, the FDA formally announces rulemaking to amend the
definition of a biologic to conform to the statutory definition (21 U.S.C. 262) adopted
in the Biologics Price Competition and Innovation Act of 2009. See: Definition
of the Term “Biological Product.” Available at: https://www.reginfo.gov/public/do/
eAgendaViewRule?pubId=201710&RIN=0910-AH57 (accessed on May 1, 2018).
7Federal Register (2016). Notices, vol. 81, no. 49, p. 13373, Docket No. FDA–2015–
D–4750.
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Below appears a well-accepted definition of a biologic [8]:
“A biopharmaceutical is a protein or nucleic acid-based
pharmaceutical substance used for therapeutic or in vivo
diagnostic purposes, which is produced by means other than direct
extraction from a native (non-engineered) biological source.”
Since most biologics are very complex molecules and cannot be
fully characterized by existing scientific technologies, they are often
characterized via their manufacturing processes. However, due to
their structural complexity, the manufacturing processes are also
often complex, very sensitive, and proprietary. In fact, minor
variations in temperature or other production factors can
profoundly change the final biologic drug product. Naturally,
this can aﬀect product performance and patient safety. Hence,
even minor alterations in the manufacturing process or facility
may require clinical studies to demonstrate safety (including
immune-related), purity, and potency of the synthesized biologic.
According to the FDA [9], “[t]he nature of biological products,
including the inherent variations that can result from the
manufacturing process, can present challenges in characterizing
and manufacturing these products that often do not exist in the
development of small-molecule drugs. Slight diﬀerences between
manufactured lots of the same biological product (i.e., acceptable
within-product variations) are normal and expected within the
manufacturing process.”

1.3

What Are Nanodrugs?

Optimists tout nanotechnology as an enabling technology, a
sort of next industrial revolution that could enhance the wealth
and health of nations. They promise that many areas within
nanomedicine (nanoscale drug delivery systems, theranostics,
imaging, etc.) will soon be a healthcare game-changer by oﬀering
patients access to personalized or precision medicine. Pessimists,
on the other hand, take a cautionary position, preaching instead a
go-slow approach and pointing to lack of sufficient scientific data
on health risks, general failure on the part of regulatory agencies
to provide clearer guidelines and issuance of patents of dubious
scope by patent offices. As usual, the reality is somewhere between

What Are Nanodrugs?

such extremes. Whatever your stance, nanomedicine has already
permeated virtually every sector of the global economy. It continues
to evolve and play a pivotal role in various industry segments,
spurring new directions in research, product development, and
translational efforts [1–3].
Nano Frontiers: Dreams, Hype and Reality
The rush to celebrate “eureka” moments is overshadowing the
research enterprise. Some blame the current pervasive culture
of science that focuses on rewarding eye-catching and positive
findings. Others point to an increased emphasis on making
provocative statements rather than presenting technical details
or reporting basic elements of experimental design. “Fantastical
claiming” is nothing new to academia and start-ups where
exaggerated basic research developments are often touted as
revolutionary and translatable advances. Claims of early-stage
discoveries are highlighted as confirmation of downstream novel
products and applications to come. Even distinguished professors
at reputable universities are guilty of such hype. In this context,
nano’s potential benefits are also often overstated or inferred to
be very close to application when clear bottlenecks to commercial
translation persist.
In the nanoworld, many have desperately and without
scientific basis thrown around the “nano” prefix to suit their
selfish purpose, whether it is to obtain research funds, gain
patent approval, raise venture capital, run for public office, or
seek publication of a manuscript. Sadly, many fall prey to such
outrageous hype and are even willing to provide venture funds.
An extreme example of this is the recent Theranos case where
the blood-testing company concocted fantastical claims of
doing hundreds of tests from a single drop of human blood and
raised billions in the process (market valuation of $9 billion).
See: Carreyrou, J. (2018). Bad Blood: Secrets and Lies in a Silicon
Valley Startup, Alfred A. Knopf, New York. There are also a few
cautionary tales from the world of nanomedicine. Consider,
for example, the recent demise and bankruptcy of BIND
Therapeutics Inc. See: WTF happened to BIND Therapeutics?
Available
at:
https://www.nanalyze.com/2017/08/wtfhappened-bind-therapeutics/ (accessed on August 5, 2018).
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Obviously, the Holy Grail of any drug delivery system, whether
it is nanoscale or not, is to deliver to a patient the correct dose of an
active agent to a specific disease or tissue site while simultaneously
minimizing toxic side eﬀects and optimizing therapeutic benefit.
This is mostly unachievable via conventional small-molecule
formulations and drug delivery systems. However, the potential
to do so may be greater now via nanodrugs. The prototype of
targeted drug delivery can be traced back to the concept of a
“magic bullet” that was postulated by Nobel laureate Paul Ehrlich
in 1908 (magische Kugel, his term for an ideal therapeutic agent)
wherein a drug could selectively target a pathogenic organism
or diseased tissue while leaving healthy cells unharmed [10].
Half a century later, this concept of the magic bullet was realized
by the development of antibody–drug conjugates (ADCs) when in
1958 methotrexate was linked to an antibody targeting leukemia
cells wherein the antibody component provided specificity for a
target antigen and the active agent portion conferred cytotoxicity.
(Technically, ADCs are nanodrugs.) Half a century since ADCs,
various classes of nanoscale drug delivery systems are in early
development though first-generation nanodrugs have been
commercialized (Fig. 1.3). However, the arrival of revolutionary
nanodrugs are just promises at this stage. There are many
second- and third-generation nanodrugs at various stages of
R&D (Fig. 1.3). Obviously, advanced nanodrugs will be (i) those
that can specifically deliver active agents to target tissue, specific
cells or even organelles (site-specific drug delivery); or
(ii) oﬀer simultaneous controlled delivery of active agents with
concurrent real-time imaging (theranostic drug delivery).
Data obtained from industry and the FDA show that most of the
approved or pending nanodrugs are oncology-related and based
on protein–polymer conjugates or liposomes. The first FDA-approved
nanodrug was Doxil® (doxorubicin hydrochloride liposome
injection) in 1995 while AmBisome® (amphotericin B liposome
injection) was the first one approved by the EMA in 1997. The
first protein-based nanodrug to receive regulatory approval was
albumin-bound paclitaxel (Abraxane®), approved by the
FDA in 2005. However, note that a nanoparticulate iron
oxide intravenous solution that was marketed in the 1960s and
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certain nanoliposomal products that were approved in the 1950s
should, in fact, be considered true first-generation nanodrugs.
Polymer–drug conjugates (with a short peptide spacer between
the two that prolonged release) were also prepared back in
the 1950s, when a polyvinylpyrrolidone–mescaline conjugate
was produced.
Nanodrugs: Relabeling of Earlier Terms?
“The new concept of nanomedicine arose from merging
nanoscience and nanotechnology with medicine. Pharmaceutical
scientists quickly adopted nanoscience terminology, thus
“creating” “nanopharmaceuticals.” Moreover, just using the
term “nano” intuitively implied state-of-the-art research and
became very fashionable within the pharmaceutical science
community. Colloidal systems reemerged as nanosystems.
Colloidal gold, a traditional alchemical preparation, was turned
into a suspension of gold nanoparticles, and colloidal drug-delivery
systems became nanodrug delivery systems. The exploration
of colloidal systems, i.e., systems containing nanometer sized
components, for biomedical research was, however, launched
already more than 50 years ago and eﬀorts to explore colloidal
(nano) particles for drug delivery date back about 40 years. For
example, eﬀorts to reduce the cardiotoxicity of anthracyclines
via encapsulation into nanosized phospholipid vesicles
(liposomes) began at the end of the 1970s. During the 1980s,
three liposome-dedicated US start-up companies (Vestar in
Pasadena, CA, USA, The Liposome Company in Princeton, NJ,
USA, and Liposome Technology Inc., in Menlo Park, CA, USA)
were competing with each other in developing three diﬀerent
liposomal anthracycline formulations. Liposome technology
research culminated in 1995 in the US Food and Drug
Administration (FDA) approval of Doxil®, “the first FDA-approved
nanodrug”. Notwithstanding, it should be noted that in the
liposome literature the term “nano” was essentially absent until
the year 2000.”
Source: Weissig, V., Pettinger, T. K., Murdock, N. (2014).
Nanopharmaceuticals (part 1): Products on the market. Int. J.
Nanomed., 9, 4357–4373.
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Figure 1.3 Nanoscale Drug delivery system platforms (nanodrug products). Schematic representation of selected engineered
nanoparticles (NPs) used in drug delivery that are either approved by regulatory bodies, are in preclinical development or are in clinical
trials. In most cases shown above, they are considered as first or second generation multifunctional engineered NPs, ranging in average
diameter from one nanometer (1 nm) to a micron (1000 nm). Active bio-targeting of the NP is often achieved via conjugating ligands or
functional groups (antibodies, peptides, aptamers, folate, hyaluronic acid). These molecules are tagged to the NP surface with or without
spacers/linkers such as PEG. Many nanodrugs depicted above (e.g., metal-based NPs, f-CNTs, NMOFs, etc.), although extensively advertised
for drug delivery, will pose enormous drug approval and commercialization challenges and will not appear in the clinic this century. Nonengineered antibodies, biological motors (e.g., sperms), engineered nanomotors, and naturally occurring NPs (natural protein nanotubes)
are specifically excluded here. Antibody–drug conjugates (ADCs) are encompassed by the cartoons labeled “Polymer-Polypeptide
Conjugate” or “Drug-Polymer Conjugate.” Therapeutic monoclonal antibodies (TMAbs), polymer-polypeptide conjugates, and aptamers
shown above are classic biologics but they are also nanodrugs as they fall within the widely accepted standard definition of nanodrugs. The
list of NPs depicted here is not meant to be exhaustive, the illustrations do not reflect precise three-dimensional shape or configuration,
and the NPs are not drawn to scale. Abbreviations: NPs, nanoparticles; PEG, polyethylene glycol; GRAS, Generally Recognized As Safe; C
dot, Cornell dot; API, active pharmaceutical ingredient; ADCs, antibody–drug conjugates; NMOFs, nanoscale metal organic frameworks;
f-CNTs, functionalized carbon nanotubes; siRNA, small interfering ribonucleic acid; USPION, ultrasmall superparamagnetic iron oxide
nanoparticle. Copyright 2018 Raj Bawa. All rights reserved.
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In 2011, drug shortages were such a pressing issue in the
United States that an executive order from the President was
issued directing the FDA to streamline the approval process for
new therapeutics that could fill the voids. One of the major drugs
whose supply was deficient in the United States was Doxil®, and
to curb this shortage, the FDA on February 21, 2012, authorized the
temporary importation of Lipodox® (doxorubicin hydrochloride
liposome injection, Sun Pharmaceutical Industries Ltd., India),
a generic version of Doxil®. Following this, the FDA evaluated
and approved Lipodox® within a year on February 4, 2013, in
roughly one-third of the time it takes for an average generic to
receive premarket regulatory approval. Hence, Lipodox®
became the first generic nanodrug (i.e., nanosimilar) approved
in the United States. Obviously, this helped alleviate the Doxil®
shortage and reduced the cost of care (Fig. 1.4). However, a recent
study [11] concluded that “the data available from this study
and in the peer-reviewed literature are compelling suggesting that
Lipodox for treatment of recurrent ovarian cancer does not appear
to have equal efficacy compared to Doxil. It raises many concerns
how to balance the challenges of drug shortages with maintaining
the standards for drug approval. A prospective clinical study to
compare the two products is warranted before Lipodox can be deemed
equivalent substitution for Doxil.”
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Figure 1.4 Cost for treatment of AIDS-related Kaposi sarcoma (KS)
from January 2008 to September 2014.
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What Is Nanotechnology?
My definition of nanotechnology omits any strict size limitation.
See: Bawa, R. (2007). Patents and nanomedicine. Nanomedicine
(London), 2(3), 351–374: “The design, characterization, production,
and application of structures, devices, and systems by controlled
manipulation of size and shape at the nanometer scale (atomic,
molecular, and macromolecular scale) that produces structures,
devices, and systems with at least one novel/superior characteristic
or property.”
This flexible definition has four key features: (i) It recognizes
that the properties and performance of the synthetic, engineered
“structures, devices, and systems” are inherently rooted in their
nanoscale dimensions. The definition focuses on the unique
physiological behavior of these “structures, devices, and systems”
that is occurring at the nanoscale; it does not focus on any
shape, aspect ratio, specific size or dimension; (ii) it focuses on
“technology” that has commercial potential, not “nanoscience”
or “basic R&D” conducted in a lab setting; (iii) the “structures,
devices, and systems” that result from or incorporate nano
must be “novel/superior” compared to their bulk/conventional
counterparts; and (iv) the concept of “controlled manipulation”
(as compared to “self-assembly”) is critical.
The prefix “nano” in the SI measurement system denotes 10−9
or one-billionth. There is no firm consensus over whether the
prefix “nano” is Greek or Latin. While the term “nano” is often
linked to the Greek word for “dwarf,” the ancient Greek word
for “dwarf” is spelled “nanno” (with a double “n”) while the
Latin word for dwarf is “nanus” (with a single “n”). While
a nanometer refers to one-billionth of a meter in size
(10−9 m = 1 nm), a nanosecond refers to one billionth of a
second (10−9 s = 1 ns), a nanoliter refers to one billionth of a
liter (10−9 l = 1 nl) and a nanogram refers to one billionth of a
gram (10−9 g = 1 ng). The diameter of an atom ranges from about
0.1–0.5 nm, a DNA molecule about 2–3 nm, and a gold atom
about 1/3rd of a nm.
Given that this specific example of generic approval is a
problem, I believe that while the development of generics is
important to facilitate patient access to vital medications at a
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reasonable price, generic approvals should be science-based,
data-driven, and reported transparently. Another example of the
issuance of generics is discussed in detail in Section 1.7.
There is no formal or internationally accepted definition
for anything “nano.” In this regard, a harmonized definition and
nomenclature is urgently needed. For example, there is no standard
definition for a nanodrug. The following is my definition for a
nanodrug [12]:
“A nanodrug is: (1) a formulation, often colloidal, containing
therapeutic particles (nanoparticles) ranging in size from
1–1,000 nm; and (2) either (a) the carrier(s) is/are the
therapeutic (i.e., a conventional therapeutic agent is absent), or
(b) the therapeutic is directly coupled (functionalized, solubilized,
entrapped, coated, etc.) to a carrier.”
Nanodrugs cannot merely be defined by their size. Nanodrugs
may have unique properties (nanocharacter) that can be beneficial
for various clinical applications but there is no specific size
range or dimensional limit to which superior properties are
confined to. In fact, size limitation below 100 nm, frequently
recited in journals and talks as well as touted as the definition
of anything “nano” by US federal agencies like the National
Nanotechnology Initiative (NNI), cannot serve as an arbitrary
basis of novel properties of nanodrugs [12]. For instance,
such a bizarre definition falls on its face in all these scenarios:
Larger materials may contain nanostructures with sizespecific properties; nanomaterials may be employed during a
manufacturing step but not found in the final finished product;
or nanoparticles may aggregate/dissociate in a dynamic
equilibrium state and therefore the formulation may contain a
mixed population of size ranges. In conclusion, viable sui generis
definition of nanodrugs having a bright-line size limit below
100 nm has no scientific or legal basis.

1.4

Are Biologics and Nanodrugs Adversely
Immunogenic?

Almost all small-molecule drug-induced allergic reactions may
be easily classified into one of four classic Gell and Coombs
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hypersensitivity categories.8 However, many others with an
immunologic component, including biologics and nanodrugs,
are difficult to classify in such a manner because of a lack of
mechanistic information [13]. Adverse clinical events (sometimes
referred to as Adverse Drug Reactions or ADRs) can not only occur
due to primary factors such as oﬀ-target toxicity or exaggerated
pharmacologic eﬀects, but also due to secondary drug eﬀects
such as immune reactions to the drug product. While approximately
80% of human adverse drug reactions are directly related
to an eﬀect of the drug or a metabolite, around 6–10% are
immune-mediated and unpredictable [13]. One study showed
that 10–20% of the medicinal products removed from clinical
practice between 1969 and 2002 were withdrawn due to
immunotoxic eﬀects [14]. Some claim that the actual number
of serious adverse events like hospitalizations and death from
FDA-approved drugs, vaccines, and medical devices is grossly
underreported by the FDA [15].9 Suspected ADRs can be reported to
the FDA at 1-800-FDA-1088 or www.fda.gov/medwatch.
Immune-mediated side eﬀects of small molecules are
unpredictable. Most small molecules that have a MW <1 KDa do
not elicit an immune response in their native state, becoming
immunogenic only when they act as a hapten, bind covalently to
high-molecular-weight proteins, and undergo antigen processing
and presentation. On the other hand, “newer” larger molecule
drugs can be inherently immunogenic. For example, protein-based
biologics and nanodrugs can be digested and processed for
presentation by antigen-presenting cells (APCs); this can sometimes
cause ADRs. The very untested nature of these therapeutics that
make them so revolutionary in some respects also makes them
problematic and potentially dangerous. For example, major benefits
touted for nanodrugs—a reduction in unwanted side eﬀects,
increased specificity, fewer oﬀ-target eﬀects, generation of fewer
harmful metabolites, slower clearance from the body, longer
8Gell and Coombs developed their widely accepted classification of hypersensitivity
reactions in the context of deleterious connotation. See: Gell, P. G. H., Coombs,
R. R. A. (1963). The classification of allergic reactions underlying disease.
In: Coombs, R. R. A., Gell, P. G. H., eds., Clinical Aspects of Immunology, Blackwell
Science.
9Also, see the FDA Death Meter: http://www.anh-usa.org/microsite-subpage/fdadeath-meter/.
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What Is Immunogenicity?
Immunogenicity is the ability of an antigen or epitope to provoke
an immune response, i.e., to induce a humoral and/or cellmediated immune response. Put diﬀerently, it is the propensity
of a therapeutic (e.g., biologic or nanodrug) to generate immune
responses to itself and to related products. These responses
can either (i) induce immunologically related nonclinical
eﬀect(s); (ii) provide beneficial or protective eﬀect(s); or (iii)
result in adverse clinical events (Adverse Drug Reactions or
ADRs). Immunogenicity can be one of two types: (a) wanted or
(b) unwanted. Wanted immunogenicity is typically related
to vaccines where the injection of the vaccine (the antigen)
stimulates an immune response against a pathogen. On the
other hand, unwanted immune responses are adverse events
(i.e., ADRs). The meaning of immunogenicity in this chapter is
the latter, namely, an adverse immune response to the therapeutic.
The detection of antidrug antibodies (ADAs) (Section 1.4.1(a))
has generally been equated as a measure of immunogenicity.
ADAs may neutralize a therapeutic and inhibit its efficacy or
cross-react to endogenous counterparts, leading to loss of
physiological function. An example of unwanted immunogenicity
is the generation of neutralizing antibodies against recombinant
erythropoietin (EPO) in patients receiving EPO for chronic
kidney disease (CKD) and resulting pure red cell aplasia (PRCA)–
related anemia due to the neutralization of the endogenous
EPO. Immunogenicity associated with protein drugs was first
observed more than a century ago in 30% of diphtheria patients
treated with antitoxin administered in whole horse serum. See:
Weaver, G. H. (1900). Serum disease. Arch. Intern. Med. (Chic.),
5, 485–513.
duration of eﬀect, reduced intrinsic toxicity, etc.—do not guarantee
the absence of adverse immune side eﬀects: An inherent risk of
introducing these drug products into the human body is the potential
to provoke an unwanted immune response. Thus, managing their
immunogenicity profile is critical during drug R&D and later.
Studies have shown that these drug products can interact
with various components of the immune system to various
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immunological endpoints, interactions that are fast, complex,
and poorly understood. These interactions with the immune
system play a leading role in the intensity and extent of side
eﬀects occurring simultaneously with their therapeutic efficacy.
In fact, when compared to conventional small-molecule drugs,
both biologics and nanodrugs have biological and synthetic
entities of a size, shape, reactivity, and structure that are often
recognized by the human immune system, sometimes in an adverse
manner. This can obviously negatively aﬀect their eﬀectiveness
and safety, and thereby, limit their therapeutic application.
This also poses challenges for regulatory agencies and patent
offices, all serving as bottlenecks to eﬀective translation of these
therapeutics.
Multiple risk factors influencing the immunogenicity of
biologics and nanodrugs include patient-, clinical use-,
manufacturing-, and product-related factors (Fig. 1.5). Some of
the ADRs include complement activation, tissue inflammation,
leucocyte hypersensitivity, and formation of antibodies associated
with clinical conditions. However, detailed mechanisms and
causal linkages between various risk factors and immunogenicity
induction onset as shown in Fig. 1.5 have yet to be fully
elucidated. This is primarily due to the limited amount of data
from mechanistic studies, a lack of multi-factorial analysis and a
lack of standard immunogenicity assessment methods.

1.4.1

Immune Aspects of Biologics

(a) Antidrug Antibodies (ADAs) and Immune Complexes (ICs)
Early developers of biologics assumed that as many of these drugs
were based on human genes, the human immune system would
not treat them as foreign and not produce antibodies. However,
this optimistic view has turned into alarm as some biologics can
elicit a vigorous immune response that may sometimes neutralize,
block or destroy the administered biologic. Also, most biologics
are engineered to enable dual or multiple binding sites (via
conjugated proteins, functionalized antibodies, etc.) — all of which
could result in them being recognized as foreign and therefore
immunogenic. In most cases, immunogenicity manifests itself
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Figure 1.5 Key risk factors contributing to adverse immunogenicity of biologics and nanodrugs. Abbreviations: DEHP,
di-(2-ethylhexyl) phthalate; ADAs, anti-drug antibodies; CD4 +T cell, cluster of diﬀerentiation 4 T cell; MHC, major histocompatibility complex.
Copyright 2018 Raj Bawa. All rights reserved.
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as the generation of polyclonal neutralizing and non-neutralizing
antidrug antibodies (ADAs) directed against the biologic,
rendering it less eﬀective. The detailed mechanisms leading to
ADA formation are still not fully understood and characterized.
Examples of ADA formation against biologics observed in
clinical practice include the treatment of Crohn’s disease and
rheumatoid arthritis (RA) with anti-TNF adalimumab (Humira®),
hemophilia A treatment with recombinant Factor VIII and multiple
sclerosis (MS) patients receiving interferon-beta therapy, although
the incidence rate of ADA varies among studies, even while using
the same drug. Some studies have shown that Humira® does not
work in ~20% of patients (the extensive warning list for
Humira® includes “immune reactions, including a lupus-like
syndrome”). Similarly, in 2016, Pfizer had to pull a promising
anticholesterol biologic (bococizumab) after testing it in more
than 25,000 persons. In six trials, ~50% of those who received
the formulation developed ADAs, spelling doom for the drug
candidate. According to Pfizer, this potential biologic was “not
likely to provide value to patients, physicians or shareholders” [16].
In 2016, the Netherlands Cancer Institute reported that >50% of
the anticancer biologics in 81 clinical trials worldwide were
generating ADAs, although they could not confirm that this
always negatively aﬀected the drug candidate being tested.
Specifically, ADAs may (i) neutralize the activity of the
biologic drug product, (ii) reduce half-life by enhancing clearance,
(iii) result in allergic reactions, (iv) alter the drug’s pharmacokinetic
profile, (v) abrogate the pharmacological activity of the drug,
and/or (vi) cross-react with endogenous counterparts to result in
“autoimmune-like” reactions. Furthermore, antibody responses
can potentially aﬀect the interpretation of toxicology studies. As
indicated earlier, such eﬀects are much less frequently observed
with conventional small-molecule drug products (Table 1.1).
Most biologics are administered to patients as repeated doses.
This can elicit ADAs that can form antidrug immune complexes
(ICs) with the biologic, which in turn can drive more ADA
formation. In general, formation of ICs is a normal immunologic
process. For example, binding of antibodies to their respective
antigens forms ICs. Most formed ICs, even those that develop
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due to ADAs, are small and cleared from circulation. It is only when
systems to clear or degrade ICs are impaired, clinical or immune
consequences may be observed. The role of ADAs is relevant to a
discussion of ICs [17]: “ADAs can be elicited in vivo to a therapeutic
and their detection has generally been equated as a measure of
immunogenicity. The detection, reporting, and characterization
of the ADA are done in a tiered manner after careful consideration
of immunogenic risk factors. Most adverse effects consequential
to ADA formation, such as pharmacological abrogation, impact
on therapeutic exposure, or hypersensitivity reactions, are a
consequence of formation of immune complexes (ICs) between the
ADA and therapeutic protein. Their levels, kinetics of interaction,
size, polyclonal diversity, distribution, and Fc-mediated physiological
effects can be potentially translated to clinically observable adverse
effects. This leads to the paradigm of immunogenicity where
therapeutic exposure leads to ADA generation that in turn forms
ICs that mediate adverse effects related to immunogenicity. While
the detection of such therapeutic specific IC from in vivo samples
has remained analytically challenging, there are other biomarkers
that mediate the interplay of the innate and adaptive immune
responses and are potentially amenable to analysis. Such markers
can reflect either the formation or the downstream effects of ICs…
Clinical consequences of ADA make a compelling case for early IC
formation that is an important consideration whether or not a
long-lasting, pharmacologically meaningful ADA response will form.
With the advent of personalized treatment, there will be a greater
need to monitor underlying differences between individuals who are
reactive to a therapeutic and how they impact either their response
to treatment or their manifestation of any immunological adverse
effects. Clinical decisions in routine practice rarely make use of
information on the patient’s immune response to a therapeutic as
a basis to understand poor therapeutic response or an unexpected
adverse effect; to some extent, this has been due to limitations to
identify the right dose of the drug required to neutralize the target
in the presence of ADA, challenges in ascertaining total amount
of ADA, and a general lack of immunogenicity assessments in
patients to investigate failure of response after a drug has been
approved for market.”
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Immunotoxicology of Biological Response Modiϔiers
“[F]or human biopharmaceuticals, the immune system is often
the intended target of the therapy and the immunotoxicity
observed may be exaggerated pharmacology. The intended
eﬀects of biotherapeutics on the immune system can be classified
as immunopharmacology or as immunomodulatory eﬀects.
Adverse events can result from the intended immunomodulatory
mechanism of action. For example, excessive downregulation of
the immune system can result in recrudescence of a previously
inactive virus. Immunotoxicity, on the other hand, refers to adverse
immune eﬀects that occur with products that are not targeting the
immune system or with unintended eﬀects on the immune system.
These eﬀects include inflammatory reaction at the injection site
and autoimmunity due to altered expression of surface antigens.
Although immunogenicity is an immune response of the animal to
a foreign protein, it is not viewed as immunotoxicity per se.”
Source: Bussiere, J. L. (2016). Immunotoxicology of biological
response modifiers. Reference Module in Biomedical Sciences.
Elsevier.
The immunogenicity risk profile of a biologic is characterized
by measurement of ADA levels in patients and correlation with
therapeutic outcomes. An immune response to a biologic can
occur in animal species, in clinical trial subjects or in patients.
This is well recognized by regulatory agencies and hence it is
mandatory to test immunogenicity of biologicals in clinical trials
as well as to monitor patients after drug approval. This minimizes
an unnecessary safety risk for the patient while saving time,
resources and eﬀort. It is imperative that drug and biotechnology
companies develop both novel tools as well as improve upon
existing ADA-testing technologies to look for ADAs before and
during clinical trials of biologics. In fact, multiple assay formats,
technology platforms and sample preparation protocols are
available to measure ADA responses including the enzymelinked immunosorbent assay (ELISA), pH-shift anti-idiotype
antigen-binding test (PIA), surface plasmon resonance (SPR),
radioimmunoassay (RIA), electrochemiluminescence assay (ECLA),
and homogenous mobility shift assay (HMSA). Obviously, the
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incidence of such reactions and their action on drug efficacy and
patient safety must be transparently and promptly reported.
(b)

Species Origin of Biologics

The species origin of biologics has been identified as a significant
factor in determining immunogenicity. For example, nonhuman
proteins tend to elicit a prolonged and more pronounced immune
responses than biologics developed from human or humanized
molecules (Fig. 1.5). This may be because of amino acid sequence
and glycosylation diﬀerences in the proteins such that the immune
system sees them as self versus non-self [18]. Glycosylated proteins
are generally less immunogenic than nonglycosylated proteins,
possibly due to fewer exposed antigenic sites on the protein’s
tertiary structure. The greater the structural and amino acid
sequence homology of the biologic with native human protein(s),
the lesser the immunogenic potential. However, induction of
antibody responses has been observed with biological products
that are identical or nearly identical to native human proteins.
This shows that other factors (Fig. 1.5) may be involved.
(c) Aggregation of Biologics
Another issue with some biologics is that they show a concentrationdependent propensity for self-association, which often leads to
the formation of aggregates that range in size from nanometers
(oligomers) to microns (subvisible and visible particles).
Aggregation10 can occur throughout the life cycle of a biologic
product: during upstream and downstream processing, during
shipping, shelf-storage, and during handling in the clinic. The
presence of aggregates in biologic drug products can induce
adverse immune responses in patients that may aﬀect drug safety
and efficacy, cause infusion reactions, cytokine release syndrome,
anaphylaxis, or even death [19, 20]. Hence, just like ADAs and ICs
discussed above, aggregates are of concern to manufacturers,
clinicians, patients, and regulatory agencies. Aggregation of
biologics is a challenging phenomenon to mitigate due to knowledge
gaps of the molecular mechanisms underlying aggregation as well
as a lack of standard and reliable aggregation prediction tools.
10Many

diseases are characterized by protein aggregation in vivo, including
Alzheimer’s disease, prion disorders, amyotrophic lateral sclerosis (ALS), Huntington’s
disease and Parkinson’s disease.
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However, in recent years, regulators and drug industry experts
have spearheaded development of novel techniques to detect
and characterize aggregates, increase research into the role of
protein aggregates of all sizes in immunogenicity, aid in revising
pharmacopoeia monographs to improve subvisible particle
testing, and clarify terminology like “practically” or “essentially
free of particles.”

1.4.2

Immune Aspects of Nanodrugs

The clinical application of nanodrugs and nanocarriers is dogged
by safety and toxicity concerns, especially about their long-term use.
As discussed earlier (Fig. 1.5), immunogenicity of nanodrugs may
result from a unique combination of physicochemical properties,
such as shape, size, surface charge, porosity, reactivity, and
composition. Many nanodrugs are engineered to break tissue
physiological barriers for entry and to escape immune surveillance,
thereby persisting in body fluids and delivering their active
pharmaceutical ingredients (APIs). However, this persistence in
the body may trigger immune responses.
(a) A well-studied but poorly understood immune issue
with nanodrugs is the formation of the so-called “protein corona”
(Fig. 1.6) at the interface between nanodrugs and blood (bio-nano
interface). Protein corona refers to the adsorption of proteins
onto the nanodrug surface, thereby reducing their stability
and facilitating their rapid in vivo clearance. Obviously, this
phenomenon has important implications on immune safety,
biocompatibility, and the use of nanodrugs in medicine [21, 22].
This formation of protein corona may be one factor that has
contributed to the inefficient accumulation of nanodrugs (<10%
accumulation [23]) in diseased tissues despite the oft-highlighted
advantages of “targeted” nanodrug delivery. However, this area
of research has suﬀered from a mechanistic understanding of the
bio-nano interface.
(b) Since the surface area-to-volume ratio is very high at the
nanoscale [12], the surface properties of nanodrugs dictate their
interactions with the bioenvironment. This enormous surface
area of nanoparticles can in turn cause increased biological
activity, including immunogenicity. Adverse eﬀects can lead to
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either suppressed or stimulated immune functions and they can
involve various blood and immune cells (Fig. 1.7). Evaluation of
the interaction of nanodrugs with blood components (Fig. 1.8)
is, therefore, critical as most administered nanodrugs will end
up being distributed by the bloodstream [24]. Hence, experimental
techniques for the analysis of nanodrug interaction with
biological components are critical [24].

Figure 1.6 Protein Corona. A nanoparticle gains a new biological identity
upon its dynamic interactions with biological fluids, giving rise to the
protein corona (shown as adsorbed green, blue, and cyan globules), which
consequently influences drug delivery and targeting of the functionalized
nanoparticle (illustrated as aqua blue fibrils). Reproduced with permission
from [22]. Copyright 2017 American Chemical Society.
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Figure 1.8 Schematic representation of possible interactions of some nanosystems with biological components, namely
cells and proteins. Courtesy of Dr. Cristina Fornaguera, Sagetis-Biotech, Barcelona, Spain.
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(c) Often, intravenously administered therapeutics (certain
nanodrugs, biologics, NBCDs, etc.) prime the immune system,
leading to adverse reactions and/or the loss of efficacy of the
drug product. It is now well established that these therapeutics
may provoke “hypersensitivity reactions” (HSRs), also known as
“infusion” or “anaphylactoid” reactions. Due to the association of
complement activation with many of these adverse reactions, the
term “complement activation-related pseudoallergy” (CARPA)
was coined in the late 1990s [25–27] (Tables 1.3 and 1.4). CARPA
was based on pig studies involving intravenously administered
liposomes; the model is now known as the “porcine CARPA
model” (Fig. 1.9).
These hypersensitivity reactions typically occur directly at
first exposure to the drug without prior sensitization, and the
symptoms usually lessen and/or disappear upon later treatment.
The rapidly arising symptoms, namely, shortness of breath, facial
redness and swelling, chest pain, back pain, flashing, rash, chills,
panic, and fever are also typical of acute or Type 1 hypersensitivity.
However, a role of IgE has not been implicated in most of these
reactions. Therefore, these HSRs are labeled as “pseudoallergic”
or “nonspecific hypersensitivity.” Nanodrugs causing CARPA
(Table 1.3) include radio-contrast media, liposomal drugs (Doxil®,
Ambisome®, DaunoXome®, Abelcet®, Visudyne®), nanoparticulate
iron, micellar solvents (Cremophor EL, the vehicle of Taxol ®),
PEGylated proteins, and monoclonal antibodies (mABs).11
Drug products other than nanodrugs such as nonsteroidal antiinflammatory drugs (NSAIDs), analgesics, and morphine can
also trigger CARPA (Table 1.3). Now, CARPA is a well-established
cornerstone of pharmacotherapy and liposomal chemotherapy.
The clinical relevance of CARPA is highlighted by notes in industry
guidances issued by the FDA and the EMA. The FDA recommends
detection of complement activation by-products in animals showing
signs of anaphylaxis [28a], while the EMA refers to CARPA tests as
11Monoclonal

antibodies (mABs) (Fig. 1.2) are the largest group of biologics. They
include in their names the type of target (immune system, renal system, cancer,
cardiovascular system, bone) and their origin (chimeric, humanized, human).
Classification for diﬀerent biologics includes the prefix of the name (generally
provided by the pharmaceutical company), and the suffix defines the type of biologic,
namely, a monoclonal antibody (mab), a soluble receptor (cept), or a kinase inhibitor
(inib).
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a potentially useful preclinical safety test for liposomal drug R&D
[28b]. The World Health Organization (WHO) also emphasizes
evaluating complement binding and activation for biologics [29]:
“Unless otherwise justified, the ability for complement-binding and
activation, and/or other effector functions, should be evaluated even
if the intended biological activity does not require such functions.”
The FDA has approved a few drugs for inhibiting various
complement proteins, while many others are in preclinical and
clinical stages of drug development (Table 1.4).
(d) Hemodynamics + EKG

(b)
(c)

(a) Anesthesia
PAP tracing

(e) Respiration
(f) O2 saturation, pulse
(g) Temperature
(i) Plasma
TXB2

(h) Blood cell analysis

Figure 1.9 Instruments and parameters measured in the porcine
CARPA model. (a) anesthesia machine; (b) Swan–Ganz catheter;
(c) blood pressure wave forms directing the passage of the tip of the
Swan–Ganz catheter via the right atrium (RA), right ventricle (RV)
and pulmonary artery (PA) until being wedged into the pulmonary
capillary bed; (d) computerized multiple parameter hemodynamic
monitoring system tracing the systemic and pulmonary pressures, heart
rate, and the EKG; (e) capnograph connected to the tracheal tube to
measure respiratory rate (RR), etCO2 and inCO2; (f) pulse oximeter
(fixed on the tail) measures O2 saturation in blood and pulse rate;
(g) temperature is measured with a thermometer placed in the rectum;
(h) veterinary hematology analyzer measuring all blood cell counts and
WBC diﬀerential; (i) enzyme-linked immunosorbent assay (ELISA) for
measuring biomarkers of allergic/inflammatory reactions, e.g., TXB2,
histamine, leukotrienes, adenosine, tryptase, PAF and C3 levels, etc. Courtesy
of Dr. János Szebeni, Semmelweis University School of Medicine, Hungary.

Cyclosporine

Elitec

Etoposide

Fasturec

Taxol

Taxotere

Vumon

Abelcet

AmBisome

Amphotec/
Amphocyl

DaunoXome

Doxil, Caelyx

Myocet

Visudyne

Protamine
Urokinase
Zevalin

Ioxaglate
Ioxilan
Magnevist
Metrizamide
SonoVue

Rituxan
Vectibix
Xolair

Plenaxis

Neupogen

Neulasta

Fasturtec

Ioversol

Avonex

Aldurazyme

Activase

Actimmune

ACH

Abbokinase

Iothalamate

Iopromide

Iopamidol

Iohexol

Iodixanol

Iodipamide

Diatrizoate

Enzymes/Proteins/
Contrast Media Peptides

Remicade

Oncaspar,
Pegaspargas

Neulasta

Adagen

Pegylated
Proteins

Mylotarg

Muronomab

Inﬂiximab

Herceptin

Erbitux

Campath

Avastin

Micelle-Solubilized
Drugs
Antibodies

Liposomal
Drugs

Table 1.3 Drugs linked to CARPA.

Miscellaneous

Vancomycin

Salicylates

Orencia

Opiates

Intralipid

Eloxatin

Cycloﬂoxacin

Corticosteroids

Copaxone

Cancidas

Aspirin

AR blockers

ACE inhibitors
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Eculizumab

Alexion

C5

Target

LFG 316

Norvartis

Amyndas,
Compstatin
Apellis, Potentia analogues

Alexion (Taligen) TT30

C1 esterase
inhibitor:
recombinant

Pharming-Salix

C3/C3b

C5

C3
convertase

C1 esterase

ViroPharma, CSC C1 esterase
C1 esterase
Behring
inhibitor:
plasma derived

Drug/Class

Company/
Reference

Cyclic peptide/
Phage display

mAb

Factor H-CR2
fusion

Protein analogue,
produced in
rabbits

Human protein

Humanized
monoclonal
antibody

Structure/
Derivation

Intravitreal,
IC50 = 62 nM, Kd for
Subcutaneous, C3b = 2.3 nM
Inhaled

Intravenous/
Intravitreal

Kd = 120 pM

Biochemical Data

Intravenous/ IC50 = 0.5 μm
Subcutaneous

Intravenous

Intravenous

Intravenous

Route

Table 1.4 FDA-approved complement inhibitors and new drugs under development

(Continued)

Human studies

Human studies

Human studies

FDA approved
for hereditary
angioedema

FDA approved
for hereditary
angioedema

FDA approved for
PNH and aHUS

Stage
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Mini factor H

3E7/H17

Amyndas

Lindofer et al.

ALN-CC5

C5

C3b

C5 RNA

Cyclic peptide

mAb

RNAi conjugate

Derived from factor H

Peptide/tick saliva

Structure/
Derivation

Preclinical
studies

Preclinical
studies

Preclinical
studies

100% blockage of lysis Preclinical
at 1 μM
studies

Subcutaneous Kd = 2.6 nM, IC50 = 8.1
nm (% RBC lysis)

Subcutaneous

IC50 = 0.22 μM (for C3
deposition)

Human studies

Stage

Kd < 1 nm,
Preclinical
IC50 = 17 nm (protease studies
inhibition)

Biochemical Data

Subcutaneous Maximal inhibition at
10 μg/mL

Route

Abbreviations: aHUS, atypical hemolytic uremic syndrome; IC50, half maximal inhibitory concentration; Kd, dissociation constant;
PNH, paroxysmal nocturnal hemoglobinuria; RBC, red blood cell.

Source: Reprinted with permission from [20]. Copyright (2018) Elsevier.
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Table 1.4 (Continued)
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(d) Another immunologic issue specific to PEGylated liposomes
is referred to as the accelerated blood clearance (ABC) phenomenon
[30–31] (Fig. 1.10). Liposomes are the most widely used nanodrugs
and PEGylation is a common strategy involved in designing
stealth liposomes to shield them from reticuloendothelial system
(RES) uptake. However, a repeated-dose injection of PEGylated
liposomes aﬀects their clearance rate and bioavailability. The
delivery of the first dose of PEGylated liposomes (“priming the
system”) accelerates subsequent dose elimination as compared
to the initial dose, mainly mediated through specific anti-PEG
IgM. This finding is clinically significant as well as concerning if
PEGylated liposome therapy is involved because it decreases the
therapeutic efficacy upon repeated administration. Therefore,
repeated-dosage PK studies are critical to prevent immunogenicity
of PEGylated liposome drug products without hampering their
efficacy or safety. Table 1.5 lists some PEGylated nanodrugs that
have adverse immune eﬀects.

1.5

Immunogenicity Assessment of Biologics
and Nanodrugs

There is a crucial need to evaluate, assay, and devise strategies to
overcome adverse immunogenicity aspects of both biologics and
nanodrugs. Not all biologics and nanodrugs are created equal.
Given this scientific fact, the risks for immunogenicity should be
assessed on a case-by-case basis. Contrary to widely held belief,
few ADAs elicit any clinically relevant issues. In fact, while some
biologics, particularly glycoproteins, cause the body to produce
ADAs, the safety and efficacy of most is unaﬀected during clinical
use. Similarly, the diversity of nanodrugs makes it impossible
to extrapolate or generalize the immunologic findings from one
class of nanodrugs to another. Nevertheless, the degree of risk
for eliciting immune responses from biologics and nanodrugs
is considered a major issue during drug R&D and use in
patients. Any biologic or nanodrug can potentially exert an
immunogenic eﬀect depending on a patient’s immunologic status,
prior history, route/dose/frequency of delivery and unique
characteristics of the administered therapeutic product (Fig. 1.5).
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Therefore, regulatory agencies, particularly the FDA and the
EMA, recommend that drug developers employ a risk-based
approach for immunogenicity evaluation and reduction of adverse
immune events related to the administration of these therapeutics.

Stimulation

Spleen

SL
(First injection)

Association of
anti-PEG IgM
SL
(Second injection)
Complement

IgM-mediated
complement
activation

Liver
Liver
Complement-receptor
mediated endocytosis
by liver macrophages
Figure 1.10 Mechanism of the ABC phenomenon. Courtesy of
Dr. Tatsuhiro Ishida, Tokushima University, Japan.

Liposome
Enzyme: asparaginase
Protein (GCSF)
Aptamer (anti-VEGF)
Protein (EPO)
Fab of anti-TNF mAb

Doxil®/Caelyx®
Oncaspar®
Neulasta®
Macugen®
Mircera®
Cimzia®

PEGylated liposomal doxorubicin

Pegaspargase

Pegfilgrastim

Pegaptanib

Mono-mPEG-epoetin-β

Certolizumab pegol

Enzyme: Urate oxidase
Peptide (EPO-mimetic)

Krystexxa®
Omontys®/Hematide®
Revolixys kit

Pegloticase

Peginesatide

Pegnivacogin+Anivamersen

F-IXa blocker RNA aptamer +
reverse agent

Peptid (somatotropin
antagonist)

Somavert®

Pegvisomant

Withdrawn from the market

Api or Vehicle

Trade Name

Generic Name

Table 1.5 PEGylated nanodrugs with documented adverse immune effects

Regado/Tobira

Aﬀymax/Takeda

Horizon Pharma

Pfizer

UCB, Inc., Smyrna

Hoﬀmann-LaRoche

Eye Tech/Pfizer

Amgen

Enzon

ALZA/Janssen

Company
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These must be carefully evaluated at the earliest stages of drug
formulation/development as well as throughout the product
lifecycle, including phase IV. Biologic drug products containing a
nonbiologic component or nanomaterial component are on the
rise and may have diﬀerent immunogenic properties compared
with those that contain the biologic alone. Consequently, it is also
important that immunogenicity aspects and risks of these biologics
be assessed with a focus on whether the nonbiologic component
or nanomaterial component possesses adjuvant properties. Also,
immunogenic potential of drug carriers and other adjuvants
cannot be overlooked either as these drug components may
exhibit inherent immunologic activity unrelated to the loaded API.
Immunogenicity could be measured by experimental
approaches or predicted via mathematical models and in vitro/
in vivo/in silico assays. Therefore, few tools have been developed
to access potential immunogenicity of biologics and nanodrugs
(Table 1.6). The key methods for preclinical measurement of
immunogenicity use in silico, in vitro, and in vivo models to predict
CD4+ T cell responses as well as conventional mouse models,
immune-tolerant transgenic mice, HLA-immune-tolerant transgenic
mice, and nonhuman primate models (Table 1.6).
The immunogenicity for biologics has been primarily
assessed by monitoring the presence and amount (titer) of ADA
responses and in vitro neutralizing ability of ADA following
biologic administration. Such assessment strategies are often
driven by indication-specific, product-specific or risk assessment/
performance-based goals.
On the other hand, the immunogenicity assessment of
nanodrugs is less well developed. There are very few detailed
regulatory guidance documents specifically dedicated to evaluating
immunogenicity. In fact, immunogenicity or immunotoxicity
assessment of nanodrugs is often performed based on existing
guidelines for conventional therapeutic drug products. However,
due to various unique properties of nanodrugs as compared to
conventional therapeutic drug products, the currently prescribed
set of tests or assays may provide insufficient information
for an adequate evaluation of potential immunogenicity or
immunotoxicity of nanodrugs.

Immunogenicity Assessment of Biologics and Nanodrugs

Table 1.6 Standard industry immunogenicity prediction tools and
models
In silico

In vitro

iTope™
EpiScreen™—Ex vivo assessment of
TCED™
immunogenicity
Epibase®
EpiScreen™ time course T cell
assay
EpiMatrix™
EpiScreen™ DC:T cell assay
EpiScreen™ T Cell Epitope
Mapping
EpiScreen™ MAPPS—MHC
Class II—Associated Peptide
Proteomics
Epibase®
REVEAL®

In vivo
conventional mouse
models
immune-tolerant
transgenic mice
HLA-immune-tolerant
transgenic mice
nonhuman primate
models

Abbreviations: DCs, dendritic cells; MHC, Major Histocompatibility Complex;
MAPPS, MHC Class II Associated Peptide Proteomics; TCED™, T Cell Epitope
Database; HLA, human leukocyte antigen.
Note: Although these tests are widely used for biologic immunogenicity
prediction, they could pertain to both biologics and nanodrugs because of
considerable overlap in their definitions (Sections 1.2 and 1.3). Copyright
2018 Raj Bawa. All rights reserved.

Although the complex field of immunogenicity assessment
is still evolving, numerous hurdles persist. One major issue is
the so-called “immunogenicity testing dilemma” for biologics
and nanodrugs due to the recognized fact that the phylogenetic
distance between laboratory animals and humans limits the
predictive value for testing. For example, immune responses to
biologics in conventional animal models has been rarely predictive
of the response in humans. This fact is critical when evaluating
human immunogenicity due to pronounced species-specific
diﬀerences in antigen recognition, in immune reactivity of
nonlymphoid/lymphoid cells, and in the systemic immunity at
the organ level. Eﬀorts to overcome this immunogenicity testing
dilemma have not been particularly successful. For example,
employing a broad spectrum of 2D in vitro assays in conventional
culture plates based on suspension or matrix-assisted human
immune cell cultures for evaluation of immunogenicity prior to
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human testing is fraught with problems and still not an industry
standard. Similarly, overprediction of immunogenicity risk via
in silico methods may occur as these models depend heavily on
how well computational algorithms have been created in the first
place. However, some tests are slowly gaining ground and may
become standard in due course. For instance, the fact that CARPA
(Section 1.4.2(c)) is a major immunologic issue with intravenous
nanodrug formulations, has recently prompted the FDA to list
testing for complement activation in vitro and/or in vivo as one
of the immunotoxicology tests [28a].

1.6
1.6.1

Entering the Era of Biosimilars
What Are Biosimilars?12

A biosimilar (Fig. 1.11) is a biological product that is “highly similar”
to and has no clinically meaningful diﬀerences from an existing
FDA-approved reference product. A “reference product” is the
single biological product, already approved by the FDA, against
which a proposed biosimilar product is compared (Fig. 1.12).
A reference product is approved based on, among other things, a
full complement of safety and eﬀectiveness data. A proposed
biosimilar product is compared to and evaluated against a
reference product to ensure that the product is highly similar
and has no clinically meaningful diﬀerences.
Biosimilars and generic drugs are versions of brand name
drugs and may oﬀer more aﬀordable treatment options to patients.
Biosimilars and generics are each approved through diﬀerent
abbreviated pathways that avoid duplicating costly clinical trials.
But biosimilars are not generics, and there are crucial diﬀerences
between biosimilars and generic drugs. For example, the active
ingredients of generic drugs are the same as those of brand name
drugs. In addition, the manufacturer of a generic drug must show
that the generic is bioequivalent to the brand name drug. By
contrast, biosimilar manufacturers must demonstrate that the
biosimilar is highly similar to the reference product (Fig. 1.12),
except for minor diﬀerences in clinically inactive components.
12This

US perspective on biosimilars was kindly provided by the FDA. The figures
in this section have been modified by the author.

Figure 1.11 Official global definitions for biosimilars.

World Health Organization - A biosimilar is a biotherapeutic product which is similar in
terms of quality, safety and efficacy to an already licensed
reference biotherapeutic product.

United States Food and Drug Administration - A biosimilar is a biological product that is
highly similar to a US licensed reference biological product notwithstanding minor differences
in clinically inactive components, and for which there are no clinically meaningful differences
between the biological product and the reference product in
terms of safety, purity and potency of the product.

European Medicines Agency - A biosimilar is a biological medicine that is developed to be
similar to an existing biological medicine (the ‘reference
medicine’). When approved, a biosimilar’s variability
and any differences between it and its reference
medicine will have been shown not to affect safety or
effectiveness.
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Reference
Product

Biosimilar
Product

Interchangeable
Product

Reference Product
A reference product is the single biological
product, already approved by FDA, against
which a proposed biosimilar product is
compared.

Biosimilar Product
A biosimilar is a biological product that is
highly similar or has no clinically meaningful
differences from an existing FDA-approved
reference product.

Interchangeable Product
An interchangeable product is a biosimilar
product that meets additional
requirements.

Figure 1.12 FDA Terminology regarding biosimilars.

Biosimilar manufacturers must also prove that there are no
clinically meaningful diﬀerences between the biosimilar and the
reference product in terms of safety and eﬀectiveness.
A manufacturer developing a proposed biosimilar demonstrates
that its product is highly similar to the reference product by
extensively analyzing (i.e., characterizing) the structure and function
of both the reference product and the proposed biosimilar. Stateof-the-art technology is used to compare characteristics of the
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products, such as purity, chemical identity, and bioactivity. The
manufacturer uses results from these comparative tests, along
with other information, to demonstrate that the biosimilar is
highly similar to the reference product.
Minor diﬀerences between the reference product and the
proposed biosimilar product in clinically inactive components are
acceptable. For example, these could include minor diﬀerences in
the stabilizer or buﬀer compared to what is used in the reference
product. As mentioned above, slight diﬀerences (i.e., acceptable
within-product variations) are expected during the manufacturing
process for biological products, regardless of whether the
product is a biosimilar or a reference product. For both reference
products and biosimilars, lot-to-lot diﬀerences (i.e., acceptable
within-product diﬀerences) are carefully controlled and monitored.
A manufacturer must also demonstrate that its proposed
biosimilar product has no clinically meaningful diﬀerences from
the reference product in terms of safety, purity, and potency (safety
and eﬀectiveness). This is generally demonstrated through human
pharmacokinetic (exposure) and pharmacodynamic (response)
studies, an assessment of clinical immunogenicity, and, if needed,
additional clinical studies (Fig. 1.13).

$GGLWLRQDO&OLQLFDO6WXGLHV
&OLQLFDO3KDUPDFRORJ\
$QLPDO6WXGLHV
$QDO\WLFDO
(the foundation)

Figure 1.13 The FDA’s review for licensure of a biosimilar product.

When considering licensure of a biosimilar product, the
FDA reviews the totality of the data and information, including
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the foundation of detailed analytical (structural and functional)
characterization, animal studies if necessary, then moving on to
clinical pharmacology studies and, as needed, other comparative
clinical studies (Fig. 1.13).
An “interchangeable product” (Fig. 1.12) is a biosimilar product
that meets additional requirements outlined by the BPCI Act
(Section 1.1). As part of fulfilling these additional requirements,
information is needed to show that an interchangeable product
is expected to produce the same clinical result as the reference
product in a patient. A manufacturer of a proposed interchangeable
product will need to provide additional information to show that
an interchangeable product is expected to produce the same clinical
result as the reference product in any given patient. Also, for a
product that is administered to a patient more than once, a
manufacturer will need to provide data and information to
evaluate the risk, in terms of safety (including immunogenicity)
and decreased efficacy, of alternating or switching between the
products. As a result, a product approved as an interchangeable
product means that the FDA has concluded it may be substituted
for the reference product without consulting the prescriber. For
example, say a patient self-administers a biological product by
injection to treat their RA. To receive the biosimilar instead of the
reference product, the patient may need a prescription from a
health care prescriber written specifically for that biosimilar.
However, once the FDA approves a product as interchangeable,
that patient may be able to take a prescription for the reference
product to the pharmacy and, depending on the state, the pharmacist
could substitute the interchangeable product for the reference
product without consulting the prescriber. Note that pharmacy laws
and practices vary from state to state.

1.6.2 FDA Challenges Regarding Biosimilar Approval
According to a 2018 speech13 by the FDA commissioner, about
a third of new drugs approved by the FDA are now biologics
while they account for about 40% of all US drug spending, and
70% of spending growth from 2010–2015. Developing a generic
13Gottlieb,

S. (2018). Capturing the benefits of competition for patients. Available
at: https://www.fda.gov/NewsEvents/Speeches/ucm599833.htm (accessed on July
14, 2018).
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version of a small-molecule drug can cost ~$10 million. Due
to the complexity of manufacturing and testing biosimilars,
more significant outlays by sponsors are required: typically,
$100–$250 million per program.
Since 2007, 31 biosimilar products have been approved by
the EMA while 5 have been refused or withdrawn. On the other
hand, the FDA has struggled with biosimilar approval. Since the
passage of the BPCI Act, as of May 2018, the FDA has licensed
only nine biosimilar products. The FDA has been justifiably
criticized for the slow entrance of biosimilars into the US market.
It is obvious to me that the steep cost (~$150+ million) and
lengthy development (~7–9 years) of biosimilars are untenable
and need urgent addressing, possibly via appropriate regulatory
adjustments. Table 1.7 lists suggested modifications to the FDA’s
current biosimilar guidelines.
Table 1.7 Recommendations to the FDA for faster development and
licensing of biosimilar products14

• The FDA should remove the current default requirements of conducting
bridging studies between a US-licensed product and a non-US
approved comparator to establish biosimilarity.

• The FDA should present clear and open scientific views to the public,
more particularly, to the prescribers that a biosimilar product has
“no clinically meaningful diﬀerence” from the originator product
and thus suitable for naïve patients.

• The FDA should encourage the development of in vitro immunogenicity
testing methods to reduce exposure of test subjects on ethical grounds.

• The FDA should revise some of the specific statistical testing
methodologies in establishing analytical similarity to remove certain
contradictions in the guidance.

• The FDA should take a fresh look at the clinical relevance of the protocols
and statistical methods used to establish PK/PD similarity, and to make
these studies more clinically relevant while reducing their cost.
14Based

on the Citizen Petition (CP) of Dr. S. K. Niazi of the University of Illinois
College of Pharmacy to the FDA (dated May 11, 2018; docket number FDA-2018P-1876) that focuses on reducing human testing to establish bioequivalence.
It was accepted by the FDA and as of June 2018 was under the comment period.
In the past, I have filed CPs on behalf of Teva pertaining to Copaxone®.
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1.7

Immune Aspects of Biosimilars and
Nanosimilars: The Copaxone® Example

Many veteran drug industry experts, including this author, believe
that there are enormous pressures on drug regulatory agencies
to approve follow-on versions (i.e., generic equivalents) of both
biologics and nanodrugs. Frankly, judging from the rapid pace
of biosimilars that were approved in the past year, the Trump
administration seems to be pushing for an increase in biosimilar
approvals at the FDA. Concurrently, the increase in the number of
drug companies targeting generic opportunities and seeking US
market exclusivity for generic versions of major branded products
is on the rise. There are many factors for this, including
governmental drug policy, price pressures, and statutes. However,
it is critical that immune aspects of these follow-on versions
of branded products be transparently evaluated in a sciencebased context and reported during all phases of drug R&D (from
preclinical to post-marketing): Lower drug prices, a priority for
the Trump Administration,15 should not supplant patient safety
and drug efficacy.
The following discussion regarding biosimilar therapeutic
monoclonal antibodies (TMAbs) highlights the fact that such followon biologic approval by a regulatory agency must be carefully
evaluated on a case-by-case basis for clinical data based on the
“totality-of-evidence” [32]:
“By contrast with generic small-molecule drugs, clinical
performance of a biologic pharmaceutical is a function of its
structural complexity and higher-order structure (HOS).
Biomanufacturing controls of such complex products cannot
fully ensure chemical similarity between an innovator product
and putative biosimilar because minor differences in chemical
modifications and HOS can significantly alter a product’s safety
and efficacy. Therefore, to substantiate claims of clinical
functionality, a demonstration of bioequivalence is inadequate
for biosimilar pharmaceuticals. This is different from regulatory
approval for generic drugs, in which bioequivalence demonstration
is adequate. The overall challenge in approving biosimilar
pharmaceuticals is to enable scientific inference of similarity
15Sterling,

J. (2018). President reveals plan to cut drug prices. Genet. Eng. Biotechnol.
News, 38(12), 1, 30.
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in safety and efficacy for a new biologically derived product
compared with an innovator without repeating burdensome
clinical studies…. So although they are helpful, biological and/
or functional assays may not fill a gap in analytical assay
sensitivity to detect minor conformational differences between
biosimilar TMAbs and innovator products. It is important to
note that no analytical test or combination for HOS has yet
been sufficiently validated for analytical testing as a substitute
for clinical studies in the development of a biosimilar TMAbs drug
substance.”
In this context, the recent FDA approval of multiple generic
versions of Copaxone® is an example that merits discussion as it
highlights this problematic issue [33]. Copaxone® is a nonbiologic
complex drug (NBCD) [34] but can also be considered a nanodrug
(Section 1.3). However, it also shares features with biologics
and given the loose definition of biologics (Section 1.2), it can be
classified as a biologic as well. In this chapter, it will be considered
a NBCD, a nanodrug, and a biologic. Owing to the complexity of
NBCDs and nanodrugs, showing equivalence is more challenging
for their follow-on versions. Therefore, the interchangeability
or substitutability of nanosimilars and their listed reference
product(s) cannot be taken for granted. In the past, nanosimilars
have been approved via generic pathways but diﬀerences in clinical
efficacy and safety have been reported in the scientific literature
following approval [35].
What Is a Nonbiologic Complex Drug (NBCD)?
“A medicinal product, not being a biological medicine, where
the active substance is not a homomolecular structure, but
consists of diﬀerent (closely) related and often nanoparticulate
structures that cannot be isolated and fully quantitated,
characterized, and/or described by physicochemical analytical
means. It is also unknown which structural elements might
aﬀect the therapeutic performance. The composition, quality,
and in vivo performance of NBCDs are highly dependent on
the manufacturing processes of both the active ingredient
and the formulation. Examples of NBCDs include liposomes,
iron-carbohydrate (iron-sugar) drugs, and glatiramoids.”
Source: [35]

63

64

Current Immune Aspects of Biologics and Nanodrugs

Copaxone® is composed of an uncharacterized mixture of
immunogenic polypeptides in a colloidal solution. The active
ingredient in Copaxone®—glatiramer acetate—is a heterogeneous
synthetic mixture of polypeptides comprising four amino acids
found in myelin basic protein (L-glutamic acid, L-alanine, L-lysine,
and L-tyrosine) in a defined molar ratio. Glatiramer acetate has
immunomodulatory eﬀects on innate and acquired immunity and
is indicated for the treatment of patients with relapsing forms of
multiple sclerosis (MS). Copaxone® is not a single molecular entity
but a heterogenous mixture of potentially millions of distinct,
synthetic polypeptides of varying lengths, some containing
up to 200 amino acids with structural complexity comparable
to that of proteins, or even more complex than proteins. It is
presently impossible to isolate and identify its pure components
even via the most technologically sophisticated multidimensional
separation techniques. The complexity of glatiramer acetate
is amplified by several aspects: (1) The active moieties in
glatiramer acetate are unknown; (2) the mechanisms of action
are not completely elucidated; (3) pharmacokinetic testing is not
indicative of glatiramer acetate bioavailability; (4) pharmacodynamic testing is not indicative of therapeutic activity and there
are no biomarkers available as surrogate measures of efficacy;
and (5) small changes in the glatiramer acetate mixture can
change its immunogenicity profile. There is one aspect of
Copaxone® that raises special safety and eﬀectiveness concerns
that merit heightened vigilance with respect to the approval of
any potentially interchangeable follow-on glatiramer acetate
product: Glatiramer acetate is an immunomodulator [33]. In other
words, Copaxone® is intended to achieve its therapeutic eﬀects
by interacting with and modulating a patient’s immune system
over an extended period. For this reason, Copaxone®’s package
insert warns that chronic use has the potential to alter healthy
immune function as well as induce pathogenic immune
mechanisms, although no such eﬀects have been observed with
Copaxone®.
For small-molecule drugs, regulatory approval of generic
versions is based on factors like molecular identity of the
active ingredient, identity in strength, purity and quality, and
bioequivalence. In other words, a demonstration of bioequivalence
can result in regulatory approval of a small-molecule generic
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without having to conduct the full set of clinical trials that
prove clinical safety and efficacy. However, this strategy cannot
be followed for biologics like Copaxone®. Even if a biosimilar
were to have the exact same primary amino acid sequence as
the innovator, the innovator’s manufacturing process is usually
proprietary and not in the public domain. Hence, biosimilars are,
by definition, manufactured using different processes than the
innovator (Section 1.6). Obviously, these differences in manufacturing
process, no matter how subtle, can generate unique heterogeneities
within a potential biosimilar product as compared to the branded
product. This can have different pharmacologic effects or adverse
immune effects on the patient. Therefore, biosimilars necessitate
careful consideration for safety and efficacy. With this backdrop,
it is clear that due to the complexity and inexorable link
between the manufacturing process and quality, any Copaxone ®
biosimilar almost certainly will diﬀer from Copaxone®’s structure
and composition of active ingredients because it will be made
using a diﬀerent manufacturing process than that developed
by the branded product developer (Teva Pharmaceutical
Industries Ltd., Israel) [33]. Although it is not possible to fully
characterize and compare these complex mixtures, diﬀerences
are revealed via sophisticated analytical techniques. In the past
few years, purported generic glatiramer acetate follow-on
versions have been approved in India, Argentina, and Mexico.
More recently, the FDA has also approved substitutable generic
glatiramer acetate formulations.16 A variety of physicochemical
tests performed by Teva have been done on these generic
products and they have been proven to be similar to Copaxone ®
in some basic features [33]. However, they are diﬀerent in the
bulk composition of constituents when analyzed via methods for
analysis of complex closely related molecules [33]. In this regard,
a widely used analytical tool for characterization of complex
mixtures of biologics in the context of biosimilars is ion mobility
mass spectrometry (IMMS). The ion mobility method applies
multidimensional separation techniques based on size, shape,
charge, and mass of the molecules in the sample mixture and can
16Teva

Pharmaceuticals USA, Inc. v. Sandoz, Inc., 574 U.S.___(2015), is a landmark
Supreme Court patent law case pertaining to Teva’s Copaxone® patent. Available
at: https://www.supremecourt.gov/opinions/14pdf/13-854_o7jp.pdf (accessed on
June 21, 2018).
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separate isomeric peptides that chromatographic techniques
cannot. The analysis produces a three-dimensional “heat map” to
highlight intensity diﬀerences of peptides at various mass/charge
ratios and drift times. The diﬀerence between the intensities of
heat maps for the generics tested by Teva as compared to
Copaxone® (result of subtraction of generic heat map from
that of Copaxone®) show highlighted areas indicating diﬀerent
polypeptide populations compared to those of Copaxone® lots
tested. Clearly, these results indicate a profound diﬀerence
in size, shape, and charge of the constituent polypeptides in
Copaxone® as compared to the purported generic products
tested by Teva [33].
What does this mean in the context of immune aspects of
Copaxone®? Because Copaxone® is an immunomodulator, a
follow-on product characterized by diﬀerent constituent population
could have significant and unpredictable diﬀerences from
Copaxone® in its immunological mechanisms, raising major
safety and efficacy concerns. The potential risks associated with
such follow-on products include increased immunogenicity,
immunotoxicity, induction of additional autoimmune disorders,
lack of efficacy, and exacerbation of the MS disease processes.
Moreover, because of the nature of both RRMS and Copaxone ®,
these risks may not develop for months or years and, once apparent,
may be irreversible. Since the active amino acid sequences in
the glatiramer acetate mixture responsible for its efficacy are
unknown, it is impossible to predict whether already-approved
and future follow-on products will have the same efficacy as
Copaxone®. They could have a weaker anti-inflammatory eﬀect
and/or enhance a pro-inflammatory environment, further
exacerbating MS pathogenic processes. A reduced anti-inflammatory
eﬀect may provide less eﬀective control of MS relapses, which
would be difficult to detect in the post-marketing environment
because MS relapses and progression of disability are not
completely abolished by any MS therapy. On the other hand,
creation or amplification of a pro-inflammatory environment
would likely increase relapse rate and progression of disability
or worse (e.g., have a profound encephalitogenic eﬀect).
Finally, the potential for the development of cross-reactive
neutralizing antibodies must be assessed before any regulatory
authority approves any follow-on glatiramer acetate product
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intended to be used interchangeably with Copaxone®. Switching
between two complex polypeptide products with subtle
diﬀerences in structure and/or composition may increase the
chance of cross-reactivity, a phenomenon that has been observed
with interferon beta products. Upon switching from Copaxone ®
to a follow-on product or using them interchangeably, antibodies
formed against Copaxone® may neutralize the activity of the
proposed generic product and vice versa. If this were the case,
patients would be left without any eﬀective treatment. Again,
there is no evidence that progression of neurologic disability
associated with untreated MS can ever be reversed.
It is thus critical to ensure that any proposed follow-on product
has a long-term immunogenicity profile that is comparable to
Copaxone®’s before approval. This can only be done based upon
data from appropriate clinical testing.17 Surprisingly, despite these
immunological concerns, the FDA recently approved so-called
generic versions of Copaxone®.

1.8
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Immune regulation is mediated by a highly complex network of
cells and signaling pathways, massive and dynamically interacting
gene networks, host–pathogen interactions, and nutrition–
microbiota–host interplay. Therefore, dysregulation of immune
pathways (i.e., when immunoregulatory mechanisms deviate
or fail) is central to many diseases. In fact, immune-mediated
diseases are often multifactorial, exhibit enormous patient-topatient variability, and are often hard to treat via traditional
therapies. There continues to be a lack of understanding of the
physicochemical determinants underlying immune mechanisms
as they relate to biologics and nanodrugs. Despite enormous
advances in medicine in the last hundred years, there exist major
17Tyler,

R. S. (2013). The goals of FDA regulation and the challenges of meeting
them. Health Matrix, 22(2), 423–431: “[W]ith respect to drugs, there is no substitute
for a well-controlled clinical trial to establish a drug’s safety and effectiveness
and conducting such a trial is beyond the competence of individual consumers.
Consumers, unprotected by regulations requiring such trials, are unable to judge
the safety and effectiveness of a drug…Nevertheless, the regulatory framework is
unsettled and there are now, as there have been in the past, demands in Congress
and elsewhere to change the laws under which FDA operates.”
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gaps in our current understanding of immunological responses
and immune mechanisms. We are on a steep learning curve
with respect to fully comprehending the extremely complex
mechanisms, side reactions, and interactions of various immune
cells.
Unwanted immunogenicity of biologics and nanodrugs is
a major safety and efficacy concern during drug development
and clinical use. Hence, assessment of immunogenicity remains
a key element during drug R&D. Unfortunately, extensive
testing during drug development does not guarantee that the
approved product will be free of immune issues, including
immunogenicity, that could adversely aﬀect drug eﬀectiveness
and patient safety. There are basic underlying reasons responsible
for this unpredictability. For example, the medical and/or
scientific concepts related to immunogenicity are incompletely
understood. The pressure to develop eﬀective and safe drugs for
disease states with unmet medical needs adds another wrinkle
to the mix.
Pharmacovigilance is, therefore, critical for biologics and
nanodrugs. Due to unpredictability of their immunogenicity profile,
managing it is essential not only during the drug R&D phases but
all the way to postmarketing surveillance (PMS). In this context, a
multidisciplinary approach is called for to better understand and
minimize immune issues associated with biologics and nanodrugs.
The assessment of unwanted immunogenicity can be improved
by using immuno-prediction tools, optimizing immunoassays,
and monitoring patients receiving these drug products. In fact,
routine immunogenicity and drug level assessment in patients
receiving biologics and nanodrugs should become a healthcare
standard to better understand their underlying immune
mechanisms. Basically, we need to identify various modulating
factors that could reduce drug immunogenicity below clinically
significant levels. An early indicator of a potentially highly
immunogenic drug, before it enters clinical phase testing, will avoid
an unnecessary safety risk to patients and save time and resources.
Although the etiology of immunogenicity is still not fully understood
for these drug products, advances in approaches to mitigate
immunogenicity that are currently underway involve rigorous
immunogenicity characterization, advances in animal models, and
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in silico, in vitro, and in vivo prediction tools. Future biomedical
research must expand and standardize analytical methods.
Another broader problem impacting immunogenicity
assessment is that there are many defects in the current drug
research environment. The “evidence” from clinical studies of
drug eﬀects, including immune potential, and why such evidence
might fail in the prediction of the clinical utility of drugs is an issue
of much concern to me. Although the standards used by
the regulatory agencies have evolved and expanded over the
past two decades, serious concerns persist with the current
approach [36]:
“Problems in clinical studies are an indication of missed
opportunities to successfully define the real-world effectiveness
and safety of drugs. Driven largely by commercial interests,
many clinical studies generate more noise than meaningful
evidence to guide clinical decision making. Greater involvement of
nonconflicted bodies is needed in the design and conduct of clinical
studies, along with more head-to-head comparisons, representative
patient populations, hard clinical outcomes, and appropriate
analytical approaches. Documenting, registering, and publishing
study protocols at the outset and sharing participant-level data
at study completion would help ensure transparency and enhance
public trust in the clinical research enterprise. Such an approach
is needed to generate evidence that is better suited to the tasks
of predicting the clinical utility of drugs and providing the
information needed by patients and clinicians. Future efforts
should focus on engaging the industry, researchers, regulators,
clinicians, patients, and other decision makers in discussions
to develop transformative ideas with the aim of tackling the
numerous defects in the current research environment. Emerging
ideas should be piloted and subjected to scientific scrutiny
before they are widely implemented and touted as solutions.”
Many concerned experts highlight another key issue that
aﬀects the entire pharma enterprise. It is referred to as the
“institutional corruption of pharmaceuticals” and is due to an
interplay of key players with often-serious conflicts of interest:
physicians, Congress, and the drug industry. Naturally, this
jeopardizes the safety and eﬀectiveness of all drug products, not
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only biologics and nanodrugs. One apparent consequence for
patients are serious ADRs [37]:
“Institutional corruption is a normative concept of growing
importance that embodies the systemic dependencies and informal
practices that distort an institution’s societal mission. An extensive
range of studies and lawsuits already documents strategies by
which pharmaceutical companies hide, ignore, or misrepresent
evidence about new drugs; distort the medical literature;
and misrepresent products to prescribing physicians… First,
through large-scale lobbying and political contributions, the
pharmaceutical industry has influenced Congress to pass
legislation that has compromised the mission of the Food and
Drug Administration (FDA). Second, largely as a result of industry
pressure, Congress has underfunded FDA enforcement capacities
since 1906, and turning to industry-paid “user fees” since 1992
has biased funding to limit the FDA’s ability to protect the public
from serious adverse reactions to drugs that have few offsetting
advantages. Finally, industry has commercialized the role of
physicians and undermined their position as independent, trusted
advisers to patients.”
Advances in immune aspects of biologics and nanodrugs over
the past decade have created tremendous opportunity to accelerate
the discovery and development of these novel therapeutic agents
to treat devastating human diseases. However, despite enormous
advances, wide gaps persist. So, what to expect in the next decade
in this vast field regarding efforts to blunt adverse immune reactions
and design safer biologics and nanodrugs? What tools, techniques,
and analytical methods will be leveraged? Will these advances to
come leave us poised on a threshold of innovation?
I expect that in the next decade there will be an intense
competition for targets, introduction of second- and thirdgeneration biologics and nanodrugs, more follow-on versions on
validated targets, expiration of blockbuster patents, spotty patent
examination at patent offices, nomenclature confusion, poor
regulatory guidelines from regulatory agencies, third-party payor
pressures, sky-rocketing prices of biologics, and governmental
pricing pressures—all impacting and reshaping the drug industry
landscape. I also expect that due to limited current experience
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with the evaluation of biologics and first-generation nanodrugs,
manufacturers, regulatory agencies, clinicians, patients, and patent
offices will face challenges not only regarding second- and thirdgenerations of these two drug classes but also on the biosimilars,
nanosimilars, and NBCD similars front.
Immunogenic eﬀects are likely to be especially challenging
to evaluate for highly complex biologics, combination products
such as theranostics, and later generation nanoformulations. So,
for the time being (this decade), immune reactions to biologics
and nanodrugs will be common and regulatory agencies will
continue to approve drugs based on an analysis of the risk–
benefit ratio that changes significantly depending on the treatment
modality. However, as more drug products are developed,
information will accumulate on the structure and function of
biologics and nanodrugs. As a result, the description and
understanding of these drug products and their functionality will
be revised, as applicable, and supported with characterization
data. Moreover, as the intricacies of the human immune system
are further elucidated, we will learn more about the interactions
of these therapeutics with immune cells. In the meantime, all
medicinal products, including biologics and nanodrugs, will
continue to be evaluated by regulatory agencies on a case-by-case
basis.
Academic immunology research is generally lagging industry
and other medical research fields in incorporating modeling
approaches. Due to the high failure rates, long time line (10–17
years), high attrition rate, and enormous R&D costs (estimated
at $2.6 billion total)18 involved in the approval of a new drug,
pharma has increasingly turned to computational and
mathematical modeling at all levels—modeling drug–receptor
interactions, PK and pharmacodynamic (PD) modeling, in silico
clinical trials. Given this trend, I predict that we will glean greater
information regarding the immune aspects of biologics and
nanodrugs as we expand our arsenal of both in vitro, in silico,
and in vivo analytical methods as well as instrumentation to
evaluate potential immunotoxic eﬀects. Computer-driven
computational methods followed by in vitro and/or in vivo
18DiMasi, J. A., Grabowski, H. G., Hansen, R. W. (2016). Innovation in the pharmaceutical

industry: New estimates of R&D costs. J. Health Econ., 47, 20–33.
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testing of any potentially immunogenic epitopes will help in
minimizing immune responses. In future, due to the great cost and
time needed for comprehensive animal studies, researchers will
increasingly develop various ex vivo mimics of in vivo biological
environments to study the interactions of these drug products
with the immune system. Artificial intelligence (AI) is expected
to change the drug discovery process as machine learning and
other technologies are likely to make the hunt for new drugs
quicker, cheaper and more eﬀective [38]. Specifically, AI will be
employed in this arena to analyze large data sets from clinical
trials, health records, gene profiles, and preclinical studies.
Technically, a sufficiently large medicinal chemistry database of
transformations could provide novel approaches to improving
drug discovery [39].
Drug Discovery Technologies: Current and Future Trends
“[D]rug discovery remains perhaps the most challenging applied
science largely due to the complexity of human biology, the
vastness of chemical space, the discontinuous impact of functional
group changes on molecular properties, and the inability to
optimize a single variable (potency, selectivity, permeability,
metabolic stability, solubility) without having simultaneous
and sometimes detrimental eﬀects on other critical parameters.
For these reasons, a successful drug discovery campaign often
emerges after investigating dozens of pharmacological targets,
with each one requiring thousands of chemical hits to be triaged
and hundreds of close-in synthetic analogues to be evaluated.
A recent 2016 publication based on 106 new drugs from 10
pharmaceuticals firms estimated that the overall investment in
discovery and clinical development approaches $2.6 billion for
each successful launch…Technologies that enable more eﬀective
selection of productive biomolecular targets provide novel ways
to engage targets, or appropriately guide design to the most
eﬀective regions of chemical space will lead to transformative
improvements in drug discovery efficiency.”
Source: Noe, M. C., Peakman, M-C. (2017). Drug discovery
technologies: Current and future trends. In: Chackalamannil, S,
Rotella, D, Ward, S, eds. Comprehensive Medicinal Chemistry III,
vol. 2, pp. 1–32, Elsevier.
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Single-cell genomics involving cell capture and accurate
analysis of DNA, RNA, and protein of single cells will certainly
transform our understanding of the immune system. Single-cell
genomic analysis of blood samples or biopsies will be routine
in the next decade, and the entire immune composition of
patients will be analyzed and compared with all known healthy
and diseased states [40].
I am not a fan of the various accelerated approaches currently
underway and on the rise at global regulatory agencies, primarily
at the FDA, EMA, and PMDA. For serious or life-threatening
disease, the FDA can approve drugs through its accelerated
approval review track based on surrogate end-points (rather than
hard clinical end-points) that are “reasonably likely to predict
clinical benefit.” This pathway was designed in the early 1990s
to speed drug development. Various accelerated approaches
include breakthrough therapy designation, accelerated approval,
and conditional marketing authorization—collectively referred to
as “facilitated regulated pathways” (FRPs). A greater uncertainty
is introduced into the regulatory approval process via FRPs.
This could translate into unwanted immunogenicity.
A comprehensive map of molecular drug targets is currently
lacking. Gaps and opportunities need to be identified to shed
light on the so called “druggable genome”—the subset of genes
(~3,000 of the ~20,000 total protein-coding genes in the human
genome) encoding proteins that could bind drug-like molecules. 19
In fact, out of ~3,000 of these druggable genes, less than
700 are currently targeted by FDA-approved drugs [41]. This
is because big pharma focuses on relatively well-characterized
proteins as targets for drug development to mitigate risk. However,
19The

phrase “drug-like molecule” implies that certain properties of a chemical
compound (drug candidate) confer on it a greater propensity to become a
successful drug product. The standard method to evaluate “druglikeness” or to
determine if a chemical compound with a certain pharmacological or biological
activity has chemical properties and physical properties that would make it a likely
orally active drug in humans is to check compliance of “Lipinski’s Rule of Five”
that covers certain features or properties of the compound: the numbers of
hydrophilic groups, molecular weight, and hydrophobicity. See: Lipinski, C. A.,
Lombardo, F., Dominy, B. W., Feeney, P. J. (1997). Experimental and computational
approaches to estimate solubility and permeability in drug discovery and
development settings. Adv. Drug Deliv. Rev., 23(1–3), 3–25.
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it is hard to fault it for following this path: There is a lack of
consolidated information on the druggable genome and also a
scarcity of high-quality technologies to characterize the function
of protein family members. Hence, there is a critical unmet
need to expand our basic knowledge of the druggable genome
and to increase our catché of potential drug targets by studying
druggable gene families [42]. This will aid in determining the
relevance of drug targets to human health and disease as well
as in the identification of off-target effects of existing drugs and
drug candidates. An important long-term outcome of this would
be the development of new drugs for immune targets. Also, rapid
and precise gene editing technologies, including CRISPR-Cas9,20 can
be applied to build systems of greater physiological relevance and
disease significance.
The impact of noncrystalline single-particle cryoelectron microscopy (cryo-EM) on structural biology cannot
be understated in the context of immunogenicity. Although,
cryo-EM has been used to determine the structure of biological
macromolecules and assemblies, its potential for application in
drug discovery has been limited by two issues: the minimum size
of the structures that can be used to study and the resolution of
the images [43]. However, recent technological advances,
including the development of direct electron detectors and
improved computational image analysis techniques, are leading
to high-resolution structures of large macromolecular assemblies
[43]. These improvements should further enable structural
determination for “intractable” targets that are still not accessible
to X-ray crystallographic analysis. Therefore, negative staining
techniques and cryo-EM, which have both been employed
previously for both linear and conformational epitope mapping
analysis, should further enable epitope mapping for designing
novel biologics and nanodrugs as well as for determining epitopes
at the amino acid level that are critical to immune aspects of these
therapeutics. This could also aid in anti-ADA vaccine design in
future.
20What

are genome editing and CRISPR-Cas9? U.S. National Library of Medicine.
Available at: https://ghr.nlm.nih.gov/primer/genomicresearch/genomeediting
(accessed on July 7, 2018).
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In the coming years, the study of immune complex (IC)
biology specific to biologics will shed more light on the role and
relationship of ADA to clinical outcome measures. The formation
and contribution of ICs (Section 1.4.1(a)) is central to most of the
downstream sequelae that are seen following development of
ADA [17]. IC formation and corresponding risks could persist if
the same treatment continues unabated even with symptomatic
remediation of adverse eﬀects. One central question for now is:
Why do some individuals develop clinically significant ADA titers
while others do not? Attention is also warranted to address
the discrepancies currently seen when measuring ADAs with
diﬀerent assays. This can lead to biased clinical interpretation
and treatment modalities. Hence, accurate immunogenicity
measurement, as reflected by the presence and magnitude
(titre) of ADAs, is essential towards assessing, predicting, and
mitigating unwanted immunogenicity in a clinical setting.
Ultimately, this can lead to safer and more eﬀective drug products.
Compared to conventional small-molecule drugs, further
understanding will be essential about the interactions of biologics,
nanodrugs and their carriers with biological tissues. Even if
these drug products are declared nontoxic according to standard
regulatory assays, more robust testing of their interaction with
the immune system needs to be performed. Specifically, the
impact of intrinsic (e.g., disease, age, sex) and extrinsic factors
(e.g., co-administered drugs, presence of impurities, dosing
frequency, disease state of the patient) exposure and response,
the role of enzymes and transporters in their disposition and
their immunogenic potential will be essential to advancing the
safe use of these drug products (Fig. 1.5). In future, drug companies
will need to increasingly prove to regulators that neither their
manufacturing processes nor later use of the final drug product
generates CARPA, immunogenicity, ADAs, or ICs in a manner that
causes adverse reactions impacting safety or efficacy. Regulatory
agencies must hold biologics and nanodrugs to strict safety and
efficacy standards now so that corresponding follow-on versions
later (biosimilars, nanosimilars, NBCD similars [34, 35, 44–46])
are also safe and efficacious. The FDA and the EMA, in particular,
should formulate regulatory pathways that are science-based
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and follow the “totality-of-the-evidence approach” for highly complex
drugs like biologics and nanodrugs.
The ever-expanding landscape of innovative technology,
techniques, and assays makes it critical for immunologists,
protein chemists, drug formulators, nanotechnologists, medicinal
chemists, analytical chemists, structural biologists, screening
biologists, and computational scientists to expand and integrate
their eﬀorts into cross-disciplinary collaborations and to become
more familiar with a multitude of areas outside their expertise.
Only then can we provoke transformative change in this complex
field and address issues regarding immune aspects of biologics
and nanodrugs. Ultimately, developing biologics and nanodrugs
that have minimal, or no adverse immune aspects, will only be
addressed in a comprehensive manner with firm commitment
and cooperation between all stakeholders—the public, researchers,
pharmaceutical and biotechnology companies, government
policymakers, patients, and regulatory agencies. After all, our
common mission of building a bridge from “bench-to-bedside”
is quite simple: enhancing translation of biologics, nanodrugs
as well as their follow-on versions.
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opsonization, anaphylactic shock, thromboxane, macrophages, pulmonary
intravascular macrophages (PIM) cells, histamine, opsonins, C3a, C3b, C5a,
cardiac anaphylaxis, polystyrene nanoparticles

2.1

Adverse Immune Effects of Nanodrugs

While there are thousands of nanotechnology-related products in
the marketplace, nanodrugs (“nanomedicines,” “nanoparticulate
drug formulations,” or “nanopharmaceuticals”) are gradually
entering the drug landscape (Fig. 2.1). In fact, they have sputtered
along a slower trajectory with greater challenges to their
translation and commercialization [1–2]. This is partly due to
scarcity of venture funds, toxicity concerns, gaps in regulatory
guidance, disagreements over nomenclature (Box 2.1), and
issuance of patents of dubious scope [1–8]. The comparison
of nanodrugs is often made to biologics, a distinct category of
therapeutics. However, in comparison to nanodrugs, biologics
are entering an era of rapid growth and are expected to
overtake small-molecule drugs in global sales in the near future.
Despite bottlenecks and challenges, follow-on versions of both
biologics and nanodrugs, namely biosimilars and nanosimilars,
respectively, are also trickling into the marketplace.
Most small-molecule drug-induced allergic reactions may be
easily classified into one of four classic Gell and Coombs
hypersensitivity categories.2 However, many others with an
immunologic component, including biologics and nanodrugs,
cannot be classified in such a manner because of a lack of
mechanistic information [9]. Adverse clinical events (sometimes
referred to as adverse drug reactions, or ADRs) can occur not only
due to primary factors such as oﬀ-target toxicity or exaggerated
pharmacologic eﬀects, but also due to secondary drug eﬀects,
such as immune reactions to the drug product [10, 11]. While
approximately 80% of human ADRs are directly related to an eﬀect
of the drug or a metabolite, around 6–10% are immune-mediated
and unpredictable [9]. One study showed that 10–20% of the
medicinal products removed from clinical practice between
1969 and 2005 were withdrawn due to immunotoxic eﬀects [12].
2Gell and Coombs developed their widely accepted classification of hypersensitivity
reactions in the context of deleterious connotation. See: Gell, P. G. H., Coombs,
R. R. A. (1963) The classification of allergic reactions underlying disease. In:
Coombs, R. R. A., Gell, P. G. H., eds., Clinical Aspects of Immunology, Blackwell Science.

Adverse Immune Effects of Nanodrugs

Some claim that the actual number of serious adverse events
such as hospitalizations and death from US Food and Drug
Administration (FDA)-approved drugs, vaccines, and medical
devices is grossly under-reported by the FDA [13].3
Studies have shown that nanodrugs can interact with
various components of the immune system, interactions that are
fast, complex, and poorly understood. These interactions with
the immune system play a leading role in the intensity and extent
of side eﬀects occurring simultaneously with their therapeutic
efficacy. Compared with conventional small-molecule drug
products, nanodrugs have biological and synthetic entities of
a shape, size, surface charge, porosity, reactivity, chemical
composition, and topology that are often recognized by the
human immune system, sometimes in an adverse manner. This
can obviously negatively aﬀect their eﬀectiveness and safety,
thereby limiting their therapeutic application.
Most small molecules of molecular weight (MW) <1 KDa
usually are not able to elicit an immune response in their native
state, only becoming immunogenic when they act as a hapten, bind
covalently to high-MW proteins, or undergo antigen processing
and presentation. On the other hand, “newer” large molecule drugs
like biologics, nanodrugs, non-biologic complex drugs (NBCDs),
biosimilars, and nanosimilars can be inherently immunogenic.
For example, protein-based biologics and nanodrugs can be
digested and processed for presentation by antigen-presenting
cells (APCs); this can sometimes cause ADRs.
The very untested nature of nanodrug products that make
them so revolutionary in some respects also makes them
problematic and potentially dangerous. The major benefits touted
for nanodrugs—a reduction in unwanted side eﬀects, increased
specificity, fewer oﬀ-target eﬀects, generation of fewer harmful
metabolites, slower clearance from the body, longer duration of
eﬀect, reduced intrinsic toxicity, etc.—does not guarantee
the absence of adverse immune eﬀects. In fact, some of these
perceived advantages may contribute to immune reactivity and/or
immunogenicity (defined in Section 2.1.1). For example, the fact
that nanodrugs are engineered to break down physiological
barriers to entry and escape immune surveillance for longer
persistence may also trigger adverse immune responses.
3Also, see the FDA Death Meter: http://www.anh-usa.org/microsite-subpage/fdadeath-meter/.
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Figure 2.1 Nanoscale Drug delivery system platforms (nanodrug products). Schematic representation of selected engineered
nanoparticles (NPs) used in drug delivery that are either approved by regulatory bodies, are in preclinical development or are in clinical
trials. In most cases shown above, they are considered as first or second generation multifunctional engineered NPs, ranging in average
diameter from one nanometer (1 nm) to a micron (1000 nm). Active bio-targeting of the NP is often achieved via conjugating ligands
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aptamers shown above are classic biologics but they are also nanodrugs as they fall within the widely accepted standard definition of
nanodrugs. The list of NPs depicted here is not meant to be exhaustive, the illustrations do not reflect precise three-dimensional shape or
configuration, and the NPs are not drawn to scale. Abbreviations: NPs, nanoparticles; PEG, polyethylene glycol; GRAS, Generally Recognized
As Safe; C dot, Cornell dot; API, active pharmaceutical ingredient; ADCs, antibody–drug conjugates; NMOFs, nanoscale metal organic
frameworks; f-CNTs, functionalized carbon nanotubes; siRNA, small interfering ribonucleic acid; USPION, ultrasmall superparamagnetic
iron oxide nanoparticle. Copyright 2018 Raj Bawa. All rights reserved.
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2.1.1

What Is Immunogenicity?

We define immunogenicity as the ability of an antigen or epitope
to provoke an immune response, i.e., to induce a humoral and/
or cell-mediated immune response. Put diﬀerently, it is the
propensity of a therapeutic to generate immune responses
to itself or to related drug products. These responses can
either (i) induce immunologically related nonclinical eﬀect(s)
or (ii) result in ADRs. Immunogenicity can be one of two types:
(a) wanted or (b) unwanted. Wanted immunogenicity is typically
related to vaccines where the injection of a vaccine (the antigen)
stimulates an immune response against a pathogen. On the
other hand, unwanted immune responses are adverse events
(i.e., ADRs).4
At the molecular level, immunogenicity manifests itself as
the generation of antidrug antibodies (ADAs) directed against
the drug product, though the detailed mechanisms leading to
ADA formation are poorly understood and characterized. ADAs
may (i) neutralize the activity of the therapeutic, (ii) reduce
half-life by enhancing clearance, (iii) result in allergic reactions,
(iv) alter the therapeutics’s pharmacokinetic profile, (v) abrogate
its pharmacological eﬀect, and/or (vi) cross-react with endogenous
cell components to result in “autoimmune-like” reactions.
Furthermore, ADAs can potentially aﬀect the interpretation of
toxicology studies. Factors such as contamination with endotoxin
or with synthetic chemicals, incompletely characterized
nanomaterials, nanoparticle aging eﬀects, assay interference by
nanoparticles, or batch-to-batch variability between nominally
identical particle preparations may all contribute to immunogenicity.
Immunogenicity is less often observed with conventional
small-molecule drugs but more frequently with biologics and
sometimes nanodrugs, particularly those of biologic origin.
Immunogenicity associated with protein drugs was first seen
more than a century ago in diphtheria patients treated with
antitoxin horse serum.
4An example of unwanted immunogenicity is the generation of neutralizing antibodies
against recombinant erythropoietin (EPO) in patients receiving EPO for chronic
kidney disease (CKD) and resulting pure red cell aplasia (PRCA)–related anemia due
to neutralization of endogenous EPO.

Adverse Immune Effects of Nanodrugs

2.1.2

Formation of Protein Corona

A well-studied but poorly understood immune issue is the
formation of the so-called “protein corona” at the interface between
nanodrugs and blood. Protein corona refers to the adsorption
of proteins onto nanodrugs, thereby reducing their stability and
facilitating their fast in vivo clearance. Obviously, this phenomenon
has important implications on immune safety, biocompatibility,
and the use of nanodrugs in medicine [14–16]. This may be one
factor that has contributed to the inefficient accumulation of
nanodrugs (<10% accumulation [17]) in diseased tissues despite
the oft-highlighted advantages of “targeted” nanodrug delivery.
However, this area of research has suﬀered from a lack of
mechanistic understanding of the bio–nano interface.

2.1.3

The Accelerated Blood Clearance (ABC)
Phenomenon

Another immunologic phenomenon observed with PEGylated
nanoliposomes is referred to as the “accelerated blood clearance
(ABC) phenomenon” [18, 19] (Fig. 2.2). Liposomes are the most
widely used nanodrugs and PEGylation is a common strategy
involved in designing stealth liposomes to shield them from
reticuloendothelial system (RES) uptake. However, repeateddose injection of PEGylated liposomes aﬀects their clearance rate
and bioavailability: The delivery of the first dose of PEGylated
liposomes (“priming the system”) accelerates later dose elimination
as compared to the initial dose, mainly mediated through
specific anti-PEG IgM. This finding is clinically significant if
PEGylated nanoliposome therapy is involved because it decreases
the therapeutic efficacy upon repeated administration. Therefore,
repeated-dosage pharmacokinetic (PK) studies are critical
to prevent immunogenicity of these drug products without
hampering their efficacy or safety. Table 2.1 lists some PEGylated
nanodrugs that have adverse immune eﬀects.
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Figure 2.2 Mechanism of the ABC phenomenon. Courtesy of Dr. Tatsuhiro
Ishida (Tokushima University, Japan).
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Table 2.1 PEGylated nanodrugs with documented adverse immune eﬀects

Regado/Tobira

Aﬀymax/Takeda

Horizon Pharma

Pfizer

UCB, Inc., Smyrna

Hoﬀmann-LaRoche

Eye Tech/Pfizer

Amgen

Enzon

ALZA/Janssen

Company
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2.1.4

Aggregation of Biologic Nanodrugs

An issue seen with some biologic nanodrugs is that they show a
concentration-dependent propensity for self-association, which
often leads to the formation of aggregates ranging in size from
a few nanometers (oligomers) to microns (subvisible and visible
particles). Aggregation can occur throughout the life cycle of
a nanodrug product: during manufacturing, shipping, storage,
reconstitution, and delivery in the clinic. Potential immunogenicity
of such nanoaggregates has been implicated in triggering adverse
immune responses in patients that may aﬀect drug safety and
efficacy and cause infusion reactions, cytokine release syndrome,
anaphylaxis, or even death. Hence, just like ADAs and anti-drug
immune complexes (ICs), nanodrug aggregates are of concern to
manufacturers, clinicians, patients, and regulators. Yet, aggregation
of nanodrugs remains a challenging phenomenon to mitigate
due to knowledge gaps in molecular mechanisms underlying
aggregation, and a lack of standard and reliable aggregation
prediction tools. However, in recent years, regulators and drug
industry experts have spearheaded development of novel
techniques and assays to detect and characterize aggregates,
increase research into the role of aggregates in immunogenicity,
aid in revising pharmacopoeia monographs to improve subvisibleparticle testing and clarify terminology like “practically” or
“essentially free of particles.”

2.1.5

Complement-Mediated Hypersensitivity

The complement (C) system is an ancient and conserved network
of ~40 blood and cell surface proteins [20, 21]. Its limited and
highly coordinated cascadic proteolysis plays a critical role in
host defense even in invertebrates that are incapable of adaptive
immune response [22]. In the 1880s, factors involved in the
host-defense mechanism to pathogens were placed into two
categories based on sensitivity to heat: (a) a heat-stable component
(i.e., antibody) that was “specific” for the invading pathogens and
also arose following immunization; and (b) a heat-labile (>56°C)
fraction (“the complement system”) that acted in a “nonspecific”
manner to “complement” the antibody-mediated pathogen lysis.

Adverse Immune Effects of Nanodrugs

In addition to its lytic role, the complement system serves
several other functions: (i) clearance of targeted pathogens via
opsonization; and (ii) inflammatory processes due to the release
of small peptide fragments from complement proteins. These
peptides cause mast cell degranulation, smooth muscle
contraction, and chemotaxis of motile cells to inflammatory sites.
Eleven complement proteins (C1q, r, s, and C2 to C9) circulate in
blood in an inactive form, and their engagement in a proteolytic
chain, known as complement activation, was thought until
recently to proceed via three pathways: classical, alternative, and
lectin. However, now a fourth pathway is recognized and called
“extrinsic” pathway (Fig. 2.3) [20]. Although all four activation
pathways depend upon different molecules for initiation,
they converge to generate identical effector molecules, most
importantly C3a and Ca anaphylatoxins and Cb-9, the membrane
attack complex (MAC) [23a].
Often, intravenously administered nanodrugs (as well as
many other biologics and NBCDs) prime the immune system,
leading to adverse reactions and/or the loss of efficacy of the
drug product. It is now well proven that these agents may
provoke “hypersensitivity reactions” (HSRs), also known as
“infusion” or “anaphylactoid” reactions [23b]. Based on the
association of complement activation with many of these adverse
reactions, the term “complement activation-related pseudoallergy”
(CARPA) was coined. CARPA is discussed in detail in Section 2.3.
This chapter will relate solely to nanodrugs and not biologics or
small-molecule drugs per se.
Various immune issues discussed in Section 2.1 pose serious
challenges with respect to developing and delivering nanodrug
products. In effect, they serve as bottlenecks to effective translation
of nanodrugs [1–8]. The bottom line is this: An inherent risk of
introducing nanodrugs into the human body is the potential to
provoke an unwanted adverse immune response.

Opsonization (from the Greek opsōneîn, to prepare for eating) is the process by
which a pathogen is coated (marked for destruction) that enhances phagocytosis
via tissue macrophages and activated follicular dendritic cells (FDCs), as well as
binding by receptors on peripheral blood cells.
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Classical Pathway

Alternative Pathway

Lectin Pathway

Extrinsic Pathway

Terminal Pathway
Figure 2.3 The four pathways of C activation. Note that the distinction
of the fourth pathway in addition to the three “canonical” pathways is
relatively recent. It involves direct cleavage of C3 and C5 by proteases in the
coagulation cascade, such as thrombin, factor IXa, factor Xa, factor XIa,
and plasmin. FXa can also promote membrane attack complex (MAC)
formation and cell lysis. Reprinted with permission from [20]. Copyright
2018 American Chemical Society.

2.2

Issues of Terminology

Many biologics are on the nanoscale and hence can also be
considered nanodrugs. For example, monoclonal antibodies or
drug–protein conjugates are biologics, but they also fall within the
definition of nanodrugs (Fig. 2.1). Conversely, many nanodrugs
are biologics according to standard definitions (Box 2.1).

Issues of Terminology

Box 2.1 Standard Nomenclature
“A nanodrug is: (1) a formulation, often colloidal, containing therapeutic
particles (nanoparticles) ranging in size from 1–1,000 nm; and (2) either
(a) the carrier(s) is/are the therapeutic (i.e., a conventional therapeutic
agent is absent), or (b) the therapeutic is directly coupled (functionalized,
solubilized, entrapped, coated, etc.) to a carrier.”
Source: Bawa, R. (2016). What’s in a name? Defining “nano” in the context of
drug delivery. In: Bawa, R., Audette, G., Rubinstein, I., eds. Handbook of Clinical
Nanomedicine: Nanoparticles, Imaging, Therapy, and Clinical Applications, Pan
Stanford Publishing, Singapore, chapter 6, pp. 127–169.

“A biopharmaceutical is a protein or nucleic acid-based pharmaceutical
substance used for therapeutic or in vivo diagnostic purposes, which
is produced by means other than direct extraction from a native
(non-engineered) biological source.”
Source: Walsh, G. (2002). Biopharmaceuticals and biotechnology medicines: An
issue of nomenclature. Eur. J. Pharm. Sci. 15, 135–138.

A small-molecule drug (SMD) is a chemically synthesized pharmaceutical
compound of precise structure and low molecular weight (<700 Daltons)
used for therapy or in vivo diagnosis, that lacks immunogenicity in the
patient but may produce off-target effects.
Source: Raj Bawa, unpublished Work, 2018.

A non-biologic complex drug (NBCD) is “[a] medicinal product, not
being a biological medicine, where the active substance is not a
homomolecular structure, but consists of different (closely) related and often
nanoparticulate structures that cannot be isolated and fully quantitated,
characterized, and/or described by physicochemical analytical means. It
is also unknown which structural elements might affect the therapeutic
performance. The composition, quality, and in vivo performance of NBCDs
are highly dependent on the manufacturing processes of both the active
ingredient and the formulation. Examples of NBCDs include liposomes,
iron–carbohydrate (iron–sugar) drugs, and glatiramoids.”
Source: Astier, A., Pai, A. B., Bissig, M., Crommelin, D. J. A., Flühmann, B., Hecq, J.-D.,
Knoeﬀ, J., Lipp, H.-P., Morell-Baladrón, A., Mühlebach, S. (2017). How to select a
nanosimilar. Ann. N.Y. Acad. Sci., 1407(1), 50–62.

Nanotechnology is “[t]he design, characterization, production, and application
of structures, devices, and systems by controlled manipulation of size
and shape at the nanometer scale (atomic, molecular, and macromolecular
scale) that produces structures, devices, and systems with at least one
novel/superior characteristic or property.”
Source: Bawa, R. (2007). Patents and nanomedicine. Nanomedicine (London), 2(3),
351–374.
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Another drug class has gained prominence in the literature
in recent years: NBCDs, which have properties of biologics but
are also considered to be nanodrugs (Box 2.1). An example of an
NBCD is the blockbuster drug, Copaxone® [24]. Furthermore, just
as the demarcations between pharmaceutical and biotechnology
(and between branded and generic) companies are becoming
increasingly blurred, it is hard to always place a specific drug
product into a regulatory-based therapeutic category (i.e., smallmolecule drug versus biologic). Both the FDA and the European
Medicines Agency (EMA) review nanodrugs on a case-by-case
basis on preexisting drug laws and not as a separate drug
category with any specific nano-characteristic.

2.3

Adverse Immune Effects of Nanodrugs: The
Dimension Paradox

As discussed in considerable detail in Section 2.1, nanodrugs,
like all drugs in human therapy, can have adverse eﬀects on the
immune system (Fig. 2.4). However, these adverse eﬀects are
caused not because nanodrugs are very small (which explains
their unique physicochemical characteristics), but because
they are too large compared to the traditional small-molecule
drugs. This represents a “dimension paradox” in the sense that
the uniqueness of nanodrugs lies in their smallness, yet their
adverse eﬀects are due to their relatively large size. In fact, most
nanodrugs happen to be in the size range or dimension of
pathogenic viruses (i.e., 40–300 nm) (Fig. 2.5), against which the
immune system has eﬀective clearing mechanisms developed
over millions of years of biological evolution.

2.3.1

Complement Activation-Related Pseudoallergy
(CARPA)

Focusing on acute immune stimulation, intravenously (I.V.)
administered nanodrugs (as well as many other biologics and
non-biologic complex drugs, NBCDs) can “prime” the innate
immune system, leading to adverse reactions and/or the loss of
efficacy of the drug product. The adverse events, also known as
“hypersensitivity” or “infusion” reactions (HSRs, IRs) are often
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All Immune
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Macrophage
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Figure 2.4 Adverse immune eﬀects of nanodrugs, classified according to their impact and time course. Abbreviations: ABC, accelerated
blood clearance; ADA, antidrug antibodies; CARPA, complement activation-related pseudoallergy.
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Figure 2.5 Size range of pathogenic virus strains in the 40–300 nm range.

non-IgE-mediated, and are therefore called “pseudoallergies.”
Pseudoallergic HSRs are often associated with complement
activation, rationalizing the term “complement activation-related
pseudoallergy” (CARPA). The following section focuses only on
the latter phenomenon, i.e., abnormal induction of nonspecific
immune response via complement activation, resulting in specific
physiological changes known as CARPA syndrome. Table 2.2
lists various drug categories and drugs within them that are
known to cause CARPA.
The term CARPA was introduced in the late 1990s [25, 26]
in the context of pig experiments pursued to understand
the adverse physiological eﬀects of I.V. liposomes. A niche in
immune toxicology model systems, the phenomenon in pigs,
and to lesser extent in other species, represents a unique overstimulation of the humoral and cellular arms of innate immunity
by certain nanoparticles directly exposed to blood. It involves
an unprecedented cross talk between the immune and other
major organ systems, most importantly the cardiovascular
system. Strong reactions along the latter, immune-cardiovascular
axis can lead to lethal anaphylaxis, making CARPA a safety
issue, an increasingly recognized cornerstone of nanodrug
pharmacotherapy. To illustrate these unique features of CARPA,
Fig. 2.6 puts the phenomenon on a map of clinically relevant
nanotoxicities categorized according to particle source, route
of exposure, organ involvement, and immune abnormality [27].
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Table 2.2 Drugs linked to CARPA

protamine
Urokinase
Zevalin

Ioxaglate
Ioxilan
Magnevist
Metrizamide
SonoVue

Rituxan
Vectibix
Xolair

Plenaxis

Neupogen

Neulasta

Fasturtec

Ioversol

Avonex

Aldurazyme

Activase

Actimmune

ACH

Abbokinase

Vancomycin

Salicylates

Orencia

Opiates

Intralipid

Eloxatin

Cycloﬂoxacin

Corticosteroids

Copaxone

Cancidas

Aspirin

AR blockers

ACE inhibitors

Enzymes/proteins/
peptides
Miscellaneous

Iothalamate

Iopromide

Iopamidol

Iohexol

Iodixanol

Iodipamide

Diatrizoate

Contrast
media

Remicade

Oncaspar,
Pegaspargas

Neulasta

Adagen

PEGylated
proteins

Mylotarg

Muronomab

Inﬂiximab

Herceptin

Erbitux

Campath

Avastin

Antibodies

Adverse Immune Effects of Nanodrugs
99

100

Immunological Issues with Medicines of Nano Size

1DQRSDUWLFOHV

&HOOV2UJDQV
$IÀLFWHG

$FFLGHQWDO(QYLURQPHQWDO

1DWXUDO9ROFDQLF'XVW6PRNH
(QJLQHHUHG
 ,QGXVWULDO
 ż&DUERQ%DVHG
 ż2[LGHV
 ż0HWDOV
 ż/XEULFDQWV
 &RVPHWLFV
 0HGLFLQDO3URGXFWV
 ż,QVWUXPHQWV
 ż3KDUPDFHXWLFDOV
  ƒ'&16V
   ±/LSRVRPHV
   ±0LFHOOHV
   ±3RO\PHUV
  ƒ6/13V
  ƒ&17V
  ƒ'HQGULPHUV
  ƒ)XOOHUHQHV
  ƒ1DQRJHOV
  ƒ3RO\PHULF9HVLFOHV
  ƒ&RPSRVLWH0HWDOV
 ż'LDJQRVWLFV
  ƒ4'RWV)H2[LGHV
 ż3URWHLQ&RQMXJDWHV3(*\ODWLRQ
 (QYLURQPHQWDO3ROOXWDQWV

5RXWHRI([SRVXUH

/XQJV/LYHU6NLQ.LGQH\*XW
$GUHQDOV6SOHHQ%RQHV%RQH
0DUURZ,PPXQH6\VWHP

  ,QKDODWLRQ
  7UDQVGHUPDO
  2UDO

,QWHQWLRQDO0HGLFLQDO

&$53$
6WLPXODWLRQ
 $FFXWH
  ż,QÀDPPDWRU\
   ƒ/HXNRF\WHV
  ż3VHXGRDOOHUJLF
   ƒ'LUHFW0DVW&HOO6WLPXODWLRQ
    &RPSOHPHQW$FWLYDWLRQ
 &KURQLF
  ż$XWRLPPXQH&DQFHURJHQLF

  ,QKDODWLRQ
  7UDQVGHUPDO
  2UDO
  ,QWUDYHQRXV

,PPXQH(IIHFWV
6XSSUHVVLRQ
 $FFXWH
  ż0DFURSKDJHV
 &KURQLF
  ż0DFURSKDJHV
  ż%&HOOV
  ż7&HOOV

Figure 2.6 Niche position of CARPA on a map of nanotoxicity determinants.
The scheme shows diﬀerent variables that determine the toxic eﬀects
of nanoparticles. Variables in the same categories are placed in boxes of
diﬀerent colors, with the best recognized CARPAgenic entries shown in
red. Abbreviations: DCNSs, drug carrier nanosystems; SLNPs, solid lipid
nanoparticles; CNTs, carbon nanotubes; Q-dots, quantum dots. Modified
from the author’s original in [27].

The clinical relevance of CARPA is highlighted by notes in
industry guidances issued by the FDA and the EMA. The FDA
recommends detection of complement activation by-products
in animals showing signs of anaphylaxis [28], while EMA refers
to CARPA tests as a potentially useful preclinical safety tests for
liposomal drug R&D [29]. The World Health Organization (WHO)
also emphasizes evaluating complement binding and activation
for biologics [30]: “Unless otherwise justified, the ability for
complement-binding and activation, and/or other effector functions,

Eculizumab

Alexion

C5

Target

Amyndas,
Compstatin
Apellis, Potentia analogues

C3/C3b

C5

LFG 316

Norvartis

C1 esterase

C3
convertase

C1 esterase
inhibitor:
recombinant

Alexion (Taligen) TT30

Pharming-Salix

C1 esterase
ViroPharma, CSC C1 esterase
Behring
inhibitor:
plasma derived

Drug/class

Company/
reference

Cyclic peptide/
Phage display

mAb

Factor H-CR2
fusion

Protein analogue,
produced in
rabbits

Human protein

Humanized
monoclonal
antibody

Structure/
derivation

Human studies

IC50 = 62 nM, Kd for
Intravitreal,
Subcutaneous, C3b = 2.3 nM
Inhaled

(Continued)

Human studies

Human studies

Intravenous/
Intravitreal

Intravenous/ IC50 = 0.5 μm
Subcutaneous

FDA approved
for hereditary
angioedema

Intravenous

FDA approved
for PNH and
aHUS
FDA approved
for hereditary
angioedema

Kd = 120 pM

Intravenous

Stage

Intravenous

Biochemical data

Route

Table 2.3 FDA-approved complement inhibitors and new drugs under development
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Source: Reprinted with permission from [20]. Copyright (2018) Elsevier.
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should be evaluated even if the intended biological activity does not
require such functions.” CARPA caused by nanodrugs represents
a double harm in that it hurts not only the patient in whom it
develops but also the drug, in the sense that the hyper-reactive
nanoparticles undergo rapid clearance from blood and therefore
lose their therapeutic benefit. The FDA has approved a few
drugs for inhibiting various complement proteins, while many
others are in preclinical and clinical stages of drug development
(Table 2.3).

2.3.2

The Porcine CARPA Model: Features and Human
Relevance

The first detailed [26] as well as later studies addressing various
aspects of CARPA describe pigs as being extremely sensitive
to adverse hemodynamic and other toxic eﬀects of liposomes
and various I.V.-administered nanodrugs (Fig. 2.7) [31–38].
The symptoms in pigs resemble the clinical picture of druginduced HSRs in patients; they also proved to be consistent
and quantitatively reproducible. These facts led to the proposal
that pigs may be used as a model of nanodrug-induced HSR
in humans, enabling preclinical assessment of safety [38].
The latter claim, i.e., that normal healthy pigs provide a
disease model, namely, allergy to nanodrugs, is important to
recognize, as critics of the model [39, 40] point to its overt
sensitivity leading to false overestimation of HSR risk in humans.
In fact, while reactogenic liposomal and other drugs cause HSR
in essentially all pigs, the frequency of such reactions in humans
is in the 2–10% range. While recognizing the danger of overkill,
the discrepancy in reaction frequency can also be considered as
a uniquely fortunate condition, since a few animals can provide
important information about a rare, hardly reproducible acute
illness. There is no need to use a large number of pigs to obtain
statistically analyzable experimental data. Note that the conclusions
obtained in pigs have to be applied only to hypersensitive
patients and not to normal individuals [38].
When comparing the HSRs in humans and pigs, the symptoms
in both species arise within minutes after intravenous infusion of
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reactogenic nanoparticles (i.e., reactive NPs) and the reactions
subside within 15–60 min, depending on severity. The reactions
typically arise at first exposure to the nanodrug without prior
exposure, and the symptoms usually lessen and/or disappear
on later treatment [26, 31–38]. Table 2.4 shows the symptoms
of CARPA in humans involving diﬀerent organ systems.
Figure 2.8 illustrates the typical symptoms of severe HSRs in
pigs involving major hemodynamic (panel A), blood cell (B),
plasma thromboxane A2 (C), and skin changes (D) [36].

(d) Hemodynamics + EKG

(b)
(c)

(a) Anesthesia
PAP tracing

(e) Respiration
(f) O2 saturation, pulse
(g) Temperature
(i) Plasma
TXB2

(h) Blood cell analysis

Figure 2.7 Parameters measured and equipment used in the porcine
CARPA model: (a) Anesthesia machine; (b) Swan–Ganz balloon catheter,
used for the measurement of pulmonary arterial pressure; (c) blood
pressure wave forms during passage of the tip of the Swan–Ganz
catheter via the right atrium, right ventricle, and pulmonary artery
until being wedged into the pulmonary capillary bed; (d) computerized
hemodynamic monitoring system tracing the systemic and pulmonary
pressures, heart rate, and the EKG; (e) capnograph measuring the
respiratory rate (RR) and end-tidal carbon dioxide (EtCO2); (f) pulse
oximeter measuring oxygen saturation and pulse rate; (g) rectal
temperature probe; (h) blood cell analyzer; and (i) enzyme linked
immunosorbent assay for measuring plasma mediators, such as TxB2.
Reprinted with permission from [36].
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Table 2.4 Symptoms of pseudoallergy

Adverse Immune Effects of Nanodrugs
105

Figure 2.8 The main symptoms of CARPA in pigs: the “porcine CARPA tetrad.” (A) Hemodynamic changes, involving rise of PAP
(red), drop of SAP (blue), ECG changes (green, purple, and dark blue). Real-time readings. PAP and SAP mean (bottom second
and third curves) show averaged PAP and SAP readings, while HR (bottom) is the heart rate, beats/min). Typical readings
during an AmBisome® reaction. (B) Typical hematological changes during infusion of PEGylated liposomes. (C) Rise of TXB2
during a liposome reaction, showing remarkable correlation with the rise of PAP. (D) A skin reaction, observed 2 min after
bolus injection of liposomes. Reproduced with permission from [36].
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In addition to reproducing the severe, life-threatening
cardiovascular symptoms and skin alterations, what makes the
pig model relevant to human HSRs is that the dose eliciting the
reaction is identical or very similar to the doses that trigger
life-threatening reactions in humans. This statement is based
on calculations that the bolus dose of PEGylated liposomal
doxorubicin (Doxil®) triggering pulmonary hypertension in pigs
is identical to the amount of Doxil® reaching the circulation of
reactive patients within the first 10–20 seconds of infusion, the
earliest time when symptoms can start [41]. Although similar
calculations have not been made for other reactive nanoparticles
(NPs), the reactogenic dose of phospholipid-containing reactive
NPs is in the 0.01–0.1 mg/kg concentration range on a phospholipid
weight basis, a value that may guide similar calculations
for other liposomal drugs. In rats and mice hemodynamic
changes are triggered only by doses that are orders of magnitude
larger [42].
Another unique property of the pig model is tachyphylaxis,
i.e., self-induced tolerance arising to certain reactogenic NPs
after repetitive administration. Typically, the reactions caused by
PEGylated liposomes are tachyphylactic [35], while those caused
by multilamellar dimyristoyl phosphatidylglycerol (DMPG)containing liposomes [26] or AmBisome® [34] are not. This
implies that when testing tachyphylactic drugs, only the first
administration will reflect the response of a hypersensitive
individual, and the rest of the injections will underestimate the
drug’s reactivity. In contrast, if the agent is non-tachyphylactic,
the model enables quantitation of multiple injections over
hours, enabling dose–eﬀect relationship and inhibition studies
in individual animals.

2.3.3

Hemodynamic Alterations in CARPA

Focusing on the initial hemodynamic changes and their likely
mechanism, the transient but significant rise of PAP is the most
reproducible measure of adverse immuno-circulatory response
to reactogenic NPs, which we quantify as the primary endpoint
of an HSR. Interestingly, while the PAP almost always rises, the
extent and direction of changes of SAP are highly variable. The HR

107

108

Immunological Issues with Medicines of Nano Size

usually increases, or it does not change, while the most intense
reactions may entail paradoxical bradycardia [32].
Pulmonary hypertension is most likely due to the release of
TxA2, a known pulmonary vasoconstrictor eicosanoid. This
assumption is supported by the remarkable parallelism between
the rises of PAP and TxB2, the stable metabolite of TxA2
measured by enzyme linked immunosorbent assay (ELISA), and
the observation that indomethacin, a cyclooxygenase blocker of
TxA2 release, inhibits both processes [26].
As for the source of TxA2, the primary suspects are
pulmonary intravascular macrophages (PIM cells), such as
resident macrophages adhered to the endothelium of pulmonary
capillaries. The abundant presence of PIM is observed only in a
few species, such as sheep, cattle, horse, and cat [43]. Their
function is to screen the blood from particulate pathogens [43].
PIM cells express anaphylatoxin C5a receptors (ATR, C5aR) on
their surface as well as Fc, toll-like and C receptors (CR1, CR3,
and CR4) and can secrete vasoactive mediators, including TxA2,
histamine, leukotrienes, PAF, interleukin-6, IL-8, and IL-1β. The
combination of diﬀerent vasoactivity of all secretion products
explains the versatility of systemic blood pressure changes in
CARPA). However, TxA2 and many of these mediators may also be
released by other ATR+ cells, including mast cells, leukocytes, and
activated platelets [44]. The relative contribution of these cells
to TxA2 production in pig CARPA has not yet been clarified.
The key role of PIM cells in the cardiopulmonary distress of
pigs following reactogenic NP administration was supported by
a recent study showing close parallelism of the time courses of
pulmonary hypertension caused by spherical polystyrene NPs
(PS-NPs), their clearance from blood in mice, and their uptake
by cultured macrophages [37]. Although rapid phagocytosis of
PS-NPs by PIM cells was considered to be the main mechanism of
the pigs’ pulmonary response independent of C activation [39]
a follow-up review [45] and a recent study [46] argued against
the premature exclusion of the role of the complement. It was
pointed out that the in vitro ELISA results conducted in whole
blood [37] could not provide adequate evidence for the absence
of C activation in vivo, and the question needs to be further
studied [45]. In doing so, we found that other methodical
approaches, namely FACS analysis of NP-bound C fragments
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(C5b-9 and iC3b) and Western blot detection of C3 degradation
to C3dg, did indicate C activation in pig serum by PS-NPs in vitro
[46]. Since the detected iC3b and C3dg are potent opsonins, and
opsonization is a well-known trigger for enhanced phagocytic
uptake, it is very likely that C activation played a role in the
rapid clearance and “robust” uptake of PS-NPs by macrophages
via its opsonic ability. Whether or not the increased opsonization
of NPs by C3b byproducts is “complemented” by concurrent
C3a/C5a production and stimulation of cell via anaphylatoxin
receptors is not yet clear, but in any case, these data emphasize
the complexity of CARPA, and the existence of two or more
activation mechanisms (“double hit”) [35, 38, 45–47] rather than
rapid phagocytosis representing an alternative mechanism of
HSRs, competing with CARPA [39]. On top of advancing this
academic debate, the latter study [46] highlighted that 500 nm
PS-NPs are the most potent inducers of HSR in pigs studied to
date, possibly due to their high negative surface charge and
hydrophobicity. Also, despite the difficulties in projecting in vitro
C assay data to in vivo physiological changes, the study presented
significant correlation between C activation by diﬀerent sized
PS-NPs in human serum and pulmonary hypertensive eﬀect of
these NPs in vivo [46], providing strong support for the CARPA
background of PS-NP reactions in pigs.

2.3.4

The Complex Mechanism of CARPA

CARPA is not limited to the immune system but involves many
diﬀerent cells from diﬀerent organ systems in a highly coordinated
manner. The multilevel signaling among these organ systems
from the molecular recognition of nanomedicines to clinical
symptoms is illustrated in Fig. 2.9.
Regarding the role of allergy mediator secretory cells, the
double-hit theory mentioned above proposes that NPs can induce
HSRs by simultaneous stimulation of anaphylatoxin receptors
(mainly C5aR, CD88) and other surface receptors on PIM cells,
which can be linked to release reactions directly or indirectly.
Potential receptors include pathogen recognition receptors, also
known as pathogen-associated molecular pattern receptors,
mannose-binding lectin receptor, C receptors (CR2 and CR3 and
Fc receptors) and many others typically present on the surface of
mast cells [38].
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Figure 2.9 Multilevel signaling among cells of diﬀerent organ systems in CARPA: Double-hit theory. The hypothetical scheme
illustrates the steps and interactions among cells and mediators involved in CARPA. Abbreviations: AR, anaphylatoxin receptors;
Mast C, mast cells; sMF, secretory macrophages; WBC, white blood cells; PL, platelets; CR2 and CR3, C receptors, FcR, Fc receptor;
PRR, pathogen recognition receptors; EC, endothelial cells; SMC, smooth muscle cells. The diﬀerent types of systems, cells,
mediators, and eﬀects are color coded. Modified from the author’s original figure in [47].
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CARPA as Blood Stress

These diﬀerent activation pathways are likely to represent
diﬀerent degrees of stimulation, and exhaustion of one or more
pathways upon repetitive exposures might explain tachyphylaxis.
It also follows from the above “multiple hit” concept that if one or
the other activation pathway is sufficiently strong, or dominates,
they alone might trigger the release reaction. For example, in case
of very strong C activation, the C5aR (or C3aR)-mediated
anaphylatoxin “pathway” might dominate, while direct stimulants
of mast cells, such as opioids, neuromuscular blocking agents,
quinolones, compound 48/80, or physical stimuli of cold and
trauma might induce pseudoallergy directly, without C activation.
Such reactions can be referred to as C-independent pseudoallergies
[38, 45].

2.4

Vicious Cycle between Specific and
Nonspecific Immune Responses to
Nanodrugs

It should be pointed out that the specific and non-specific immune
responses to nanoparticles can act in a vicious cycle (Fig. 2.10),
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Figure 2.10 Vicious cycle between specific and nonspecific immune
responses to nanodrugs. The numbers indicate diﬀerent steps in the cycle.
Abbreviations: ABC, accelerated blood clearance; CARPA, complement
activation-related pseudoallergy; ADA, antidrug antibody.
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inasmuch as C activation enhances immunogenicity at the level
of antigen presentation and B cell maturation, while antibody
formation and binding to nanoparticles is one of the most efficient
mechanisms of their C activation [27].

2.5

CARPA as Blood Stress

An unconventional perception of CARPA is that it is a homeostatic
defense mechanism fighting “blood stress” [47]. The proposal is
based on the fact that the types of symptoms (cardiovascular/
pulmonary, skin, hematological, and blood chemistry) are
essentially the same in all animals, with, of course, species and
drug-dependent qualitative and quantitative diﬀerences. The
Doxil® and AmBisome® reactions in pigs are very similar to the
reactions obtained after I.V. bolus injections of a large variety
of nanoparticulate drugs or agents, including other types of
liposomes, micelles, polymers, dendrimers, solid lipid and metal
nanoparticles, carbon nanotubes, microbubbles, etc. [36]. Although
the composition, inner and outer constituents, the presence of
surface ligands or conjugates, and the method of administration
have a major influence on the reaction, the basic phenomenon
(transient physiological derangement) starting within minutes
remains the same in most cases. This inter- and intra-species
uniformity of alarm reaction to particulate agents exposed to blood
is remarkably similar to the classic stress reaction to physical
and psychologic harms described in detail in [48]. The theory
was based on the finding that injection of a variety of organ
extracts in mice produced the same symptoms (swelling of the
adrenal cortex, atrophy of the thymus, gastric and duodenal
ulcers), which János Selye called the “general adaptation syndrome,”
the common response to “noxious agents” or stressors [48].
Table 2.5 presents a comprehensive comparison of CARPA
with classical stress, leading to the suggestion that CARPA may
be considered a “blood stress,” and that the stress theory may
be expanded with another axis of uniform self-defense. An
important diﬀerence is that while classic stress proceeds on the
hypothalamic-pituitary-adrenal axis (HPA axis), CARPA proceeds
on the C-blood and immune secretory cell-bronchopulmonary/

CARPA Testing

cardiovascular autonomic regulatory cell axis. In other words,
it represents a crosstalk between the immune and cardiovascular
systems, also aﬀecting many other organs and vegetative functions.
CARPA may be perceived as a misguided immune defense with the
difficult-to-understand biological sense that acute hemodynamic
changes (“cardiovascular distress”) and other allergic changes
Table 2.5 Comparison of CARPA with classic stress

Stress

Similarities

Differences

• Homeostatic function

• Function: fighting physical and
psychical harm

• Rapid response

• Noxious agents: physical harm,
emotional stress

• Nonspecific response
to variable stimuli

• Time course: from hyperacute to
chronic

• Leads to adaptation

• Mediators: neurotransmitters,
hormones (ACTH, cortisol)

• Mediators are secretory
products

• Adverse impact: adrenal swelling,
thymus atrophy, ulcers
• Organs involved: neuroendocrine,
cardiovascular, muscle

CARPA • Can lead to death

• Axis: hypothalamo-pituitaryadrenal (HPA axis)

• Function is to fight
harmful impacts

• Function: fighting infections,
contributes to blood clearance

• Error-prone, causing
adverse eﬀects

• Noxious agents: viruses,
intravenous drugs and agents

• Stages: Alarm 
• Time course: from hyperacute to
resistance  exhaustion
subacute
• Mediators: anaphylatoxins,
allergomedins, cytokines
• Adverse impact: HSRs, anaphylaxis,
CARPA tetrad
• Organs involved: cardiovascular
system, skin, blood
• Axis: C system-mast cell/
cardiovascular-macrophage system
(CMC axis)
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would help in antimicrobial defense. Thus, CARPA may represent
an evolutionarily ancient, basic physiological reaction whose
biological sense needs to be understood. The pig CARPA model
will hopefully give a clue in this regard.

2.6 CARPA Testing
Considering the increased attention to CARPA by drug regulatory
authorities discussed earlier, the development of standard,
validated in vitro and in vivo tests for the quantitation and prediction
of CARPA is an important goal in experimental toxicology. The C
assays mandated by regulatory agencies for the approval of medical
devices (e.g., endovascular grafts, shunts, rings, patches, heart
valves, balloon pumps, stents, pacemakers, hemopheresis filters)
are not applicable for CARPA without adaptation for (nano)particle
dispersions. In an attempt to fill this gap, a decision tree was
suggested (Fig. 2.11) [47] that may guide the development of
CARPA free drug candidates. According to this scheme, the test
agent (drug candidate) is first incubated with a few NHS to explore
possible major C activation. If the result is positive, the agent is
likely to carry an elevated risk for CARPA in vivo. As for the
threshold for considering C activation as “major,” an activation
factor (for example a rise of sC5b-9 above baseline over 20–30 min
incubation at 37°C) of 5–10-fold may be a realistic predictor of
a clinical reaction, as such increases (of sC5b-9) were shown to
correlate with clinical symptoms of patients treated with
Doxil® [49]. However, the correlation between C activation by a
drug in vitro and the clinical symptoms it causes in vivo remains
to be established in the future with higher precision. If the in
vitro C assay in NHS is not showing C activation, based on the
substantial individual variation of C response, testing in a
much larger number of NHS (in the range of 10–100) can be
recommended.
The reactogenicity of test agents in the porcine CARPA model
can be quantitated, among others, by using the cardiac abnormality
score (CAS) [32]. This score combines all symptoms of CARPA into
one parameter, i.e., CAS, whereupon the scores represent categories
of associated symptoms of increasing severity on a 0–5 scale [32].
In case of low reactogenicity (CAS score 1–2), the test agent may
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carry a small but not negligible risk for CARPA in a small
percentage of hypersensitive individuals. In case of strong reactivity
(CAS = 3–5), the risk of CARPA is great(er). If none of the highly
sensitive animal models indicate reactivity to any therapeutically
relevant bolus doses, or the test drug does not cause C activation in
many NHS, it may be considered as possessing low or minimal
risk for CARPA, although obviously the experimental conditions
need to be relevant and the tests technically valid. However,
even if bolus administration leads to HSR in the animal model, or
C is activated in NHS, desensitization, premedications, and
inhibition of C activation can be considered and used to
decrease the risk of clinical reactions [21]. Alternatively, slow
administration protocols can be developed that secure safe
human use of (mild C activator) drug candidates. The ultimate
decision needs the consideration of other contraindications
of the therapeutic application of CARPAgenic drugs, as certain
conditions (e.g., atopic constitution, heart disease, autoimmune
processes) represent risk factors for aggravated reactions.
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Figure 2.11 Decision tree for CARPA testing. NHS, normal human sera;
C ELISA, ELISA of C activation byproducts (C3a, C5a, sC5b-9, Bb, C4d).
The blue entries are tests. The + and – symbols mean major reaction and
no reaction, respectively, where major is defined in the text; >n, large
number of human NHS. SAFE means that the tested drug candidate is
unlikely to cause CARPA, while “slow infusion” means the possibility to
develop a safe administration protocol by slow infusion. STOP means
high risk for CARPA in sensitive large animals (pig and/or dogs) with
bolus administration.
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3.1

Introduction

The human immune system has evolved to recognize antigenic
properties of pathogens and initiate an immune response resulting
in the restriction of the pathogen from entering the body or in
the clearance of the pathogen after infection. Among the signals
leading to an activation of the immune system are the pathogen’s
surface properties, its size, and its shape. It is therefore not
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surprising that the general paradigm of vaccine development
demands the preparation of vaccines combining both antigen
and adjuvant in the same—particulate—formulation. Vaccine
development today, though, is fraught with the failure to achieve
the required sufficient level of protection, possibly due to the
lack of appropriate adjuvants—especially for mucosal vaccines—
and delivery systems (Doroud and Rafati, 2011). However, and
unfortunately, there is a bias between current knowledge on
specific immune activation and its translation into real products.
Whereas groundbreaking discoveries in the field of pathogenic
pattern recognition by dedicated receptor families have been
made over the last decades, only few ligands specifically interacting
with these receptors have been introduced into clinical studies.
One reason for this pause in vaccine development may have been
the reluctance of manufacturers to introduce these novel adjuvants
into the pipeline; another lies in the fact that they need to be
presented to the cells of the immune system in an appropriate way
to exploit their full potential. It may even be necessary to include
combinations of novel adjuvants in one vaccine formulation to
achieve synergistic eﬀects.
Nanotechnology may oﬀer the possibility to design novel,
more eﬀective vaccines. The nanoparticulate carrier systems
should be of appropriate size, have favorable surface parameters
for immune recognition, be targeted to antigen-presenting cells
(APCs), and be suitable for the inclusion of the respective antigen.
In addition, such novel vaccines may prove to have enhanced shelflife stability, rendering refrigeration unnecessary, and to be
applicable by mucosal pathways, allowing for the avoidance of
needles for injection and the health risks related.
This chapter discusses the current influence of nanotechnology
on the development of vaccines.

3.2

The Immune System

Vaccines are meant to elicit an immune response and to create
long-lasting immune memory against a pathogen-specific antigen
by staging an “artificial” infection. To rationally design novel vaccines

The Immune System

it is essential to understand the function of the immune system
itself. The vertebrate immune system consists of the innate and
adaptive branches that cooperate to protect against infection
and subsistence of pathogenic agents in the host. How both arms
of the immune response are orchestrated is described in the
following sections and illustrated in Fig. 3.1.

Figure 3.1 The role of the innate and adaptive immune responses
following vaccination with a pathogen-specific antigen. Antigenpresenting cells (APCs), which activate naive T cells through antigen
presentation, activate the adaptive immune system and induce T
cell diﬀerentiation. Activated CD4+ T helper cells of type 1 activate
macrophages and cytotoxic T lymphocytes (CTLs) through proinflammatory
cytokine release. Type 2 helper T cells activate B cells to release
specific antibodies against the antigen. Additionally to those antigenspecific B and T cells spread as eﬀector cells, long-lived clones of
memory cells are produced that form the immunological memory.

3.2.1

The Innate Immune System

When pathogens overcome the barriers formed by the skin and
the mucosae and gain access to the body’s soft tissues, the innate
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immune system detects the invading agent and is activated as a
fast and early-stage immune response. Innate immunity provides
immune surveillance and immediate defenses that are always
available and do not improve with repeated exposure to the
same antigen. The immune system has to identify danger signals
related to the pathogen by detecting antigenic properties or
patterns of a pathogen in the absence of prior immune recognition
(first infection). Such danger signals are, for example, the
recognition of pathogen-associated molecular patterns (PAMPs)
by pattern recognition receptors (PRRs), missing components, or
“missing self” signals distinguishing between bacterial cells and
healthy human cells, tissue damage caused by pathogens, and
alarm signals such as the release of certain cytokines. Upon
recognition, complement activation is triggered, consisting in a
system of plasma proteins and cell surface molecules that mark
pathogens for destruction. These interactions assist resident
macrophages to phagocytose the microbiological invaders, as
well as to induce macrophages to secrete inflammatory cytokines
that in turn attract neutrophils and natural killer (NK) cells to the
site of infection (Parham, 2000) (Fig. 3.1).

3.2.2

The Adaptive Immune System

Under normal conditions, the adaptive immune system is silent
and is only called into action directly when pathogens evade or
overcome the innate immune defense. Thus, the adaptive immune
response is initiated only if the innate immune system is activated
and signals the presence of a pathogen. It “adapts” to the presence
of a pathogen by activating, proliferating, and creating potent
mechanisms to neutralize and/or eliminate pathogens.
Two types of adaptive immune responses are to be
distinguished. Humoral immunity is mediated by antibodies,
also known as immunoglobulins (Igs), which are produced by B
lymphocytes. The most abundant isotypes are IgG, found in blood
serum and lymph, and IgA, as the main eﬀector of the mucosal
immune system. Ratios of IgG2/IgG1 subclasses >1 are associated
with type 1 helper (Th1) responses, whereas any ratio <1
corresponds to type 2 helper (Th2)-biased immune responses.
Simultaneously cell-mediated immunity is induced, mediated by
T lymphocytes. The main diﬀerence between these lymphocyte
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subtypes is that Ig receptors of B cells bind whole molecules and
intact pathogens, whereas T cells recognize only short peptide
antigens (Kumar et al., 2012b), the so-called T cell epitopes. At
the site of infection APCs internalize, process, and present T cell
epitopes by the major histocompatibility complex (MHC or CD1)
molecules expressed at the cell surface. These cells subsequently
migrate to the draining lymph nodes (LNs), a collection point
where APCs interact with naive T cells. The T cell receptor (TCR)
recognizes peptide antigens presented at the surface of these
immune cells and, thus, activates the T cell (Von Andrian and
Mackay, 2000). Antigen structures from intracellular infections
are presented by MHC class I molecules and antigens from
extracellular pathogens by MHC class II molecules. Depending
on these two classes, T cells diﬀerentiate into one of two types of
eﬀector T cells: T helper cells (CD4+ cells) to fight oﬀ extracellular
pathogens and cytotoxic T cells (CD8+ cells) to eliminate infected
cells. The CD4+ T helper (Th) lymphocytes are commonly divided
into Th1 and Th2 subtypes. Th1 cells release pro-inflammatory
cytokines to activate macrophages and cytotoxic T lymphocytes
(CTLs) that are a part of the cellular immune system. Th2 cells
help B cells to maturate to antibody-producing plasma cells,
thereby supporting humoral immunity (Fig. 3.1).

3.2.3

Immunological Memory

In the course of the adaptive immune response to infection, clones
of pathogen-specific B and T cells spread as eﬀector cells.
Additionally, long-lived clones of memory T cells that form the
immunological memory are produced. Subsequent immune
responses to the same pathogen will be faster and stronger, since
memory cells are more quickly activated than naive cells. Unlike
naive T cells, memory T cells can patrol nonlymphoid tissues, such
as mucosae, and detect infection at an earlier stage. The greater
power of a secondary immune response supports the generation
of vaccine-mediated protection. By applying antigenic structures
of the pathogen to the body without inducing the disease,
immunological memory is elicited. Additionally, Th1- and Th2polarizing adjuvants may be introduced to direct the desired
immune response (Parham, 2000; Plotkin et al., 2013).
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3.3
3.3.1

Nanotechnology in Vaccines
Particle Characteristics Interacting with the
Immune System

In the following section some of the key parameters of nanoparticles
suitable for targeting to specific cells of the immune system will
be discussed. Nanoparticles are of great scientific interest as they
are eﬀectively a bridge between bulk materials and atomic or
molecular structures (Pignataro, 2010). To design an optimal
vaccine carrier, physicochemical properties of nanoparticles such
as size, surface charge, functional material(s) and their composition,
hydrophilicity/hydrophobicity, and biodegradability have to be
taken into consideration. Nanoparticles activate APCs, which
phagocytose them and travel from the application site, that is, lung,
skin, or nose, to the LNs where immune reactions are initiated.

3.3.1.1

Particle size

3.3.1.1.1 Size-dependent uptake
Particle size is a critical parameter that influences uptake by
phagocytic immune cells via either direct penetration through
the cell membrane (i.e., energy-independent mechanism) or
by endocytosis (i.e., energy-dependent mechanism). Various
types of endocytosis have been identified: virus-sized particles
(20–200 nm) are taken up by clathrin-dependent endocytosis
(particles < 150 nm), through caveolae-mediated endocytosis
(particles within 50–80 nm), or via clathrin- and caveolaeindependent pathways. Endocytosis of bacteria and largersized particles (>0.5 μm) occurs mainly via macropinocytosis
and phagocytosis, eﬀected only by macrophages and immature
dendritic cells (DCs) (Xiang et al., 2006). It was verified in vitro
that APCs are able to ingest particles up to 5 μm (Tabata and Ikada,
1988). Although nanoparticles’ size seems to deeply influence
the uptake mechanisms inside the cells, many reported data are
still controversial. Some studies have shown that the most efficient
uptake is achieved for particles in the nanosize range (Joshi et al.,
2012; Yue et al., 2010), other studies have demonstrated a similar
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or even preferred internalization of microparticles of a size of up
to 5 μm (Chua et al., 2011; Kobiasi et al., 2012).
It has been suggested that the immune system has evolved to
react to particles on the scale of viruses (<0.5 μm) and bacteria
(>0.5 μm) (Fifis et al., 2004). Uptake and immunostimulating
mechanisms of nanoparticles and microparticles may be related to
their similarity in size to these pathogens, and the immune system
reacts to particles that fall within this size range (Chua et al., 2011).
In vivo, either the particles are phagocytosed by macrophages at
the site of application and transported to the LNs or they diﬀuse
to the LNs by interstitial flow where they become phagocytosed
by LN-resident APCs. Studies have shown that only nanoparticles
below 100 nm were taken up into the lymphatic system directly
and activated LN-resident APCs more efficiently than nanoparticles
of larger sizes (Reddy et al., 2006, 2007; Xie et al., 2009). This
size dependency of absorption into the LNs is likely to be related
to the process of particle transport through the interstitium.
Large particles (>100 nm) will penetrate the interstitium less
easily and will remain at the site of injection, targeting peripheral
rather than LN-resident APCs (Oussoren and Storm, 2001).
Manolova et al. reported on the impact of particle size on the
specific targeting of distinct DC populations. Whereas small
nanoparticles (20 nm) were found in LN-resident APCs, larger
particles (500–2000 nm) were mainly associated with DC at the
injection site. This size-dependent manner of transport to the LNs
implicates a delayed appearance of nanoparticles > 500 nm in
the LNs after subcutaneous injection and is consistent with the
active transport of these particles by skin-resident DCs. Small
particles of 20 nm were detected in the LNs within two hours
after injection and taken up by LN-resident APCs, suggesting free
drainage (Manolova et al., 2008). This explains the findings in
other studies, where a more rapid appearance of chitosan
nanoparticles in the LNs compared to chitosan microparticles after
subcutaneous injection was observed (Chua et al., 2011, Kobiasi
et al., 2012). From these findings it can be concluded that both
nano- and microparticles are internalized by cells at comparable
efficiency, but nanoparticles are transported to LNs much faster.
These results, however, do not necessarily implicate an
increased immunogenicity for nanoparticles. Besides investigation
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of particle uptake into the LNs, their ability to elicit immune
responses was examined. Both nano- and microparticles showed
the ability to induce antigen-specific antibody responses.
Polystyrene particles of 40 nm were found in more LN cells and
induced higher levels of interferon gamma (IFN-γ) and antibody
titers in mice than other smaller or larger-sized beads (Fifis
et al., 2004). Particles of 1 μm elicited higher serum IgG levels than
smaller particles (Gutierro et al., 2002). Some studies revealed
no significant diﬀerences in IgG production between diﬀerentsized particles after parenteral administration (Chua et al., 2011;
Gutierro et al., 2002; Nagamoto et al., 2004). However, it has to
be mentioned that nanoparticles up to 1 μm applied intranasally
elicited a significantly higher production of mucosal IgA when
compared to microparticles (Nagamoto et al., 2004). Intranasal
immunization with 200 nm nanoparticles enhanced CD4+ T cell
responses in the lungs compared to 30 nm nanoparticles (Stano
et al., 2012). Regarding the route of administration, following
intranasal application, higher serum IgG2a/IgG1 ratios were found
for 500 nm poly(lactic-co-glycolic) acid (PLGA) nanoparticles
than for 200 nm particles, indicating a Th1 polarized response
(Gutierro et al., 2002).
In general, these findings suggest that local immunization
may be preferably induced by nanoparticles at a size range between
200 and 1000 nm. However, there is not always a clear size
dependency with regard to particle uptake and immunogenicity.
Extent and type of immune responses are presumably also
associated with other physicochemical properties of the particles,
the various materials used, the antigen type transferred, and the
route of administration, as well as the vaccination regimen (Chua
et al., 2011; Kobiasi et al., 2012).

3.3.1.1.2 Nanoparticle size and Th response
The concept of immune activation can be further extended by
investigating the type of immune response induced. Particle size
may influence Th cell diﬀerentiation, whereas Th1 cells are mainly
developed following infections by intracellular bacteria and some
viruses. Th1 cells produce cytokines that activate macrophages
and are responsible for cell-mediated immunity and phagocyte-
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dependent protective responses. Th2 cells are predominant in
responding to large extracellular pathogens and are responsible
for antibody production and activation of eosinophils (Romagnani,
1999).
Seen the conflicting data available in the literature, it is
difficult to accurately predict particle size ranges that will induce
a Th1 or a mixed Th1/Th2 immune response outcome (Oyewumi
et al., 2010). Some data are suggesting that nanoparticles
promote cellular immune responses. For instance, codelivery of
the hepatitis B viral protein HBcAg and monophosphoryl lipid A
(MPLA) in the copolymer PLGA nanoparticles of around 300 nm
promoted antigen-specific Th1 immune responses, including IFN-γ
production (Chong et al., 2005). In a diﬀerent study, mice
vaccinated with 300 nm sized PLGA particles loaded with a model
antigen (ovalbumin, OVA) generated the highest fraction of OVAspecific CTLs. They also induced more than a 50-fold increase in
the IgG2a/IgG1 ratio compared to microparticles, suggesting
polarization toward a Th1-type immune response (Joshi et al.,
2012).
Unlike these observations, Henriksen-Lacey et al. described
how DDA:TDB liposomes, regardless of their size, stimulated a
characteristic Th1 immune response with production of IgG2
antibodies and IFN-γ (Henriksen-Lacey et al., 2011). Other
reports showed that 200–600 nm particles favored induction of
Th1 responses associated with higher levels of IFN-γ production,
whereas microparticles of 2–8 μm in size promoted interleukin4 (IL-4, a cytokine that induces diﬀerentiation of naive helper T
cells (Th0 cells) to Th2 cells) secretion inducing humoral immunity
(Kanchan and Panda, 2007).
It has also been reported that as the particle size increases
from the nanometer to the micrometer range, antibody titers
increase, as well. Gutierro et al. showed that 1 μm particles elicited
higher total serum IgG levels than nanoparticles. IgG2a/IgG1 ratios
typical for a Th1 response, on the other hand, were similar for
all particle sizes (Gutierro et al., 2002). In addition, according to
Katare et al., microparticles in the size range of 2–8 μm elicited
the highest antibody titers, whereas decreasing the particles size
resulted in lower-peak antibody titers (Katare et al., 2005).
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Table 3.1 List of representative studies demonstrating the eﬀects of particle size on immune responses
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By contrast, subcutaneous application of several particle types
present in the environment led to diﬀerent results. Diesel exhaust
particles below a size of 500 nm increased the production of IgE
and IgG1 antibodies as indicators for Th2-like responses, while
IgG2a titers remained low. Carbon black particles, on the other
hand, induced a mixed Th1/Th2 response, and the larger silica
particles (1–5 μm) induced a Th1 bias (van Zijverden and
Granum, 2000). In addition, data from Samuelsen et al. applying
polystyrene particles of diﬀerent diameters intratracheally,
as well as from Mann et al. using orally applied bile salt stabilized
vesicles (named bilosomes), showed that larger particles (≥1 μm)
generated stronger Th1 responses than nanoparticles (Mann
et al., 2009; Samuelsen et al., 2009).
Not only nanoparticle size as a parameter has been determined
to initiate immunostimulatory reactions through mediating
release of pro-inflammatory cytokines, but also the surface charge
and the material used for nanoparticles production itself may
modulate immune responses.
The studies described here are listed in Table 3.1 summarizing
the eﬀects of particle size on the resultant immune responses.

3.3.1.2 Charge
Charged nanoparticles have been shown to be more likely taken
up by phagocytes than neutral particles of the same size.
Polyethylene glycol (PEG)-modified neutral nanoparticles had
the lowest percentage of uptake when compared to particles with
cationic or anionic surface charges (Dobrovolskaia et al., 2008;
Zahr et al., 2006). Nanoparticles rendered negatively charged,
for example, by adsorption of mucus components after mucosal
administration, again may interact to a much lesser extent with
the negatively charged cell membrane surface. Consequently, it
is more likely that positively charged particles are internalized
by immune cells and induce mucosal immune responses, which
was confirmed in a study showing a positive correlation between
particle uptake and increasing zeta potential (Kwon et al., 2005).
Usually particles displaying a cationic surface charge are thought
to be more toxic, since they can penetrate into cells more easily.
However, some studies revealed a higher uptake of negatively
charged particles compared to cationic ones, which was explained
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by nonspecific binding and clustering of the particles at cationic
cell membrane domains and subsequent endocytosis (Verma and
Stellacci, 2010). Another possibility in this case would be that these
positively charged particles become neutralized by adsorption
of negatively charged components of the mucus to their surface
and thus reduced in their targeting ability (Rajapaksa and Lo,
2010).
Not only surface charge, but also surface charge density is
crucial for interactions between nanoparticle surface and proteins,
that is, opsonins. Nanoparticles have been shown to be covered
with serum proteins in the bloodstream shortly after injection.
This process is called opsonization and enables macrophages to
recognize and subsequently phagocytose foreign particles. How
diﬀerent coating patterns of particles may change the pathway of
opsonization (classic, alternative, lectin mediated) has recently
been described by Moghimi et al. (2011, 2012). Particles of
neutral surface potential may have slower opsonization kinetics,
a much lower opsonization rate, and very possibly a diﬀerent
opsonization pattern than charged particles (Nie, 2010). Such
particles avoiding opsonization are used when a “stealth eﬀect”
for prolonged circulation in the bloodstream and reduced
immunogenicity is desired. Serum proteins bound to charged
particles, on the other hand, have been shown to activate immune
cell receptors upon unfolding of the protein (Deng et al.).
Last but not least, surface charge may also have an eﬀect on
the intracellular transport and processing following phagocytosis.
As shown, for instance, by Harush-Frenkel et al. (2008), anionic
nanoparticles are targeted to the degradative lysosomal route,
whereas cationic particles, bound to the transcytotic pathway, are
not found in lysosomes suggesting a longer intracellular residence
time.

3.3.1.3

Immunogenicity of nanoparticle materials

Nanoparticles are classified as transport vehicles and their adjuvant
activity is mainly related to enhanced delivery of antigens to APCs
or to the LNs. However, mere transport function and interaction
with target cells determining overall eﬀect cannot be separated
for these complex systems. Diﬀerent types of bulk materials used
for nanoparticle preparation may induce cytokine release, as
has been shown in several studies (Plotkin et al., 2013). Materials
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used for nanoparticle preparation include (bio)polymers (e.g.,
PLGA and chitosan), lipids, and metals, of which certain substances
have been shown to be immunogenic and/or have adjuvant
properties themselves.

3.3.1.3.1 Polymers
Response to polymeric particles is characterized by mild
inflammation, diﬀerentiation of immune cells, and degradation
of the particles. (Chakravarthi et al., 2007). Biomaterials used
in nanoparticulate vaccines have the potential to control the
host response in order to reduce or enhance immune responses.
Babensee et al. investigated the eﬀect of biomaterial-induced
DC phenotype changes and observed diﬀerential levels of DC
maturation, depending on the biomaterial used. PLGA or chitosan
films induced maturation of DCs, as seen in augmentation of proinflammatory cytokine production and expression of costimulatory
molecules, such as CD86, providing increased interaction with
T cells. By contrast, this eﬀect was not observed when DCs were
treated with alginate or agarose films, and was even inhibited
by hyaluronic acid (Babensee, 2008; Rogers and Babensee, 2011;
Yoshida et al., 2007).
In addition, a diﬀerent eﬀect on TNF-α secretion by the
shape of biomaterials was observed, showing stronger eﬀects for
particles than for films of the same material (Yoshida et al.,
2007). PLGA is considered to be safe and biocompatible at low
immunogenicity, and is therefore approved by the US Food and
Drug Administration (FDA). However, several studies exhibited
the induction of weak inflammatory responses to PLGA, which
in vaccine carriers could lead to an adjuvant eﬀect enhancing the
overall immunogenicity of the vaccine. After tracheal application
of PLGA, an acute inflammatory response was demonstrated by
the increase of neutrophils when compared with animals treated
with saline solution. By contrast, the inflammatory response seen
in animals instilled with saline and polystyrene was similar. This
suggests that polystyrene under these conditions behaves as an
inert material and does not induce a sustained inflammatory
response in the airways (Avital et al., 2002; Springer et al., 2005).
Fiore et al. suggested that the degradation of PLGA into
acidic by-products could be responsible for its potential to induce
inflammatory responses. Having assessed macrophage and
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lymphocyte numbers, PLGA-treated lungs of mice displayed a
slight increase in inflammation. By contrast, upon intratracheal
administration of polyketal particles, which degrade into neutral
compounds, no significant inflammatory reactions were detected
(Fiore et al., 2010).
The adjuvant properties of chitosan, a biodegradable
biopolymer, have also been subjected to investigations. Chitosan
potently activated the NLRP3 (NOD-like receptor family, pyrin
domain containing 3) inflammasome (a multiprotein oligomer that
is a component of the innate immune system) in a phagocytosisdependent manner. Chitosan is the deacetylated derivative of chitin,
which was shown to be relatively inert, suggesting the influence
of charge on the immunostimulatory properties of chitosan
because of the presence of a secondary amino group (Bueter et al.,
2011). Also Tokura et al., who studied the immunological aspects
of chitin and chitin derivatives administered to animals, pointed
out that chitosan itself, as an adjuvant, can induce polarized
Th2 responses (Borchard et al., 2012; Tokura et al., 1999). Whether
this activation is based on the interaction of chitosan with PRRs
in a lectin-like fashion is still under discussion.

3.3.1.3.2 Lipids
Lipid-based delivery systems have been subjected to investigation
as vaccine adjuvants, as well. It is generally assumed that
hydrophobic surfaces of particles enhance their phagocytosis
(Thiele et al., 2003). Among lipid-based vaccine deliver systems,
such as solid lipid nanoparticles (SLNs), liposomes, polymerized
and nonpolymerized liposomes, and new classes of lipid drug
carriers such as immune-stimulating complexes (ISCOMs) and
multilamellar vesicles (Alonso-Romanowski et al., 2003; Cai et
al., 2011; Moon et al., 2011; Wilson et al., 2012), oil-in-water
emulsions are the most extensively studied particulate vaccine
carriers. In Europe, nanoscale emulsion-based adjuvants are
licensed for influenza vaccines, containing MF59 (Novartis; 1997)
or AS03 (GlaxoSmithKline; 2009). AF03 (Sanofi Pasteur) is another
emulsion containing squalene, a naturally occurring intermediate
metabolite of cholesterol. AF03 has been tested in humans, but
is not yet licensed for use in humans (Montomoli et al., 2011;
Salvador et al., 2011). The potential to improve vaccine performance
has been shown, yet the mechanism of adjuvanticity of these oil-
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in-water emulsions remains unknown or undisclosed. However, as
described above, several studies suggest that these nanoemulsions
do not act only as antigen delivery systems but also as immune
modulators.
In a study on the influence of squalene-based nanoemulsions
on the activation of the innate immune system, it was hypothesized
that changes in lipid metabolism and innate immunity are
closely linked. Uptake of squalene-based nanoemulsions induced
accumulation of neutral lipids that have been shown to have proinflammatory properties (Kalvodova, 2010; Lorentzen, 1999; Prieur
et al., 2010). Other findings show that the nonionic surfactant
polysorbate 80, used in the above-mentioned emulsions, may have
an immunomodulatory eﬀect, inducing Th2 responses (Kozutsumi
et al., 2006). The systemic expression of IL-5 is in agreement
with the Th2 immune response elicited by the polysorbate
80–containing nanoemulsion MF59 (Mosca et al., 2008). The
contribution of vitamin E to the overall adjuvanticity in AS03
was investigated by Morel et al. (2011), where higher antibody
responses with the inclusion of α-tocopherol than with the plain
squalene-in-water emulsion were observed.

3.3.1.3.3 Inorganic materials
As an alternative to organic compounds, inorganic materials such
as metals and metal oxides are also known to form nanoparticles.
Due to their rigid nondeformable shape and much smaller size, they
exhibit many distinct biological properties compared to polymeric
or lipid nanoparticles (Huang et al., 2010). Being nonbiodegradable,
these nanoparticles remain at the site of injection for extended
periods of time, resulting in long-lasting presentation and thus
enhanced immunogenicity (Maquieira et al., 2012). Among the
most widely used metal nanoparticles, gold, silver, or copper and as
magnetic metals iron or cobalt is taken into consideration for drug
delivery; however, few attempts have been made to develop solid
inorganic nanoparticles as vaccine platforms (Bhattacharyya et al.,
2011; Pusic et al., 2012).
The main advantage of this type of nanoparticles is that they
can be manufactured in fine-tunable sizes between 5 and 100
nm. In addition, they show a high affinity for sulfhydryl groups,
which facilitates the binding of various biomolecules through
chemisorption of thiol residues onto the metal nanoparticles
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(Algar et al., 2011; Cruz et al., 2012). Gold, silver and copper are
known for being antimicrobial materials, probably due to their
ability to react with the –SH groups of enzymes and hence
inactivating these proteins (Bhattacharya and Mukherjee, 2008;
Yoon et al., 2007). As an example, inhibitory eﬀects on HIV-1 infection
in CD4+MT-2 cells (human T cell leukemia [HTLV-1] virus carrier
cell line) and cMAGI HIV-1 reporter cells (HeLa cell clone expressing
human CD4 and HIV-long terminal repeat-coupled genes) due to
the interaction of silver nanoparticles with the virus was reported
by Elechiguerra et al. (2005).
Furthermore, the inflammatory potential of metals could be
of interest in vaccine development. Goebel et al. (1995) showed
that the T cell response in mice treated with gold(I) compounds
for 12 weeks is directed against the oxidized gold(III), which is a
metabolite generated in vivo by macrophages. In another study
the inflammatory potential of colloidal silver on macrophages
was evaluated through assessing the release of IL-8, cell viability,
and induction of oxidative stress. While reactive oxygen species
(ROS) are generated as part of the normal oxidative metabolism,
their overproduction can lead to cell death. Early-stage oxidative
stress, on the contrary, can stimulate inflammatory responses,
and the generated ROS were found to trigger the release of IL-8 in
macrophages (Park et al., 2011). While diﬀerent types of metallic
nanoparticles without any specific antigen loading reportedly
exert antimicrobial activity, other studies revealed a compromise
of innate immune response and clearance of bacterial pathogens
after exposure. Shevedova et al. suggested that elimination of
microbes depends to a larger extent on nitric oxide production
than ROS from the oxidative burst (Nathan and Hibbs Jr., 1991;
Shvedova et al., 2008). This could explain the controversial findings
of decreased pulmonary bacterial clearance in mice after exposure
to copper nanoparticles, despite induction of robust inflammatory
responses (Kim et al., 2011).
Also metal oxide nanoparticles and their soluble ions were
investigated with regard to their immunostimulatory/inflammatory
eﬀects. In vitro, nanoparticles made of nickel, copper, and zinc
oxide all showed toxic eﬀects, but only zinc and copper oxide
nanoparticles induced IL-8 production and activation of
transcription factors. Aqueous extracts of Zn and Cu oxide
nanoparticles showed similar profiles of cytotoxicity and
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inflammatory eﬀects, whereas nickel ions did not induce any
cytotoxicity or immune responses. The inflammatory response
assessed in rats given by nanoparticles was also diﬀerent to
the aqueous extracts, with zinc and copper oxide nanoparticles
leading to the recruitment of eosinophils but not their soluble ions
(Cho et al., 2012b).

3.3.2 Immune Receptor Targeting and AnƟgen Delivery
Currently, intense research eﬀorts are aimed at the development
of novel formulations and delivery systems for vaccines. By the use
of nanoparticles, antigens are expected to be adequately presented
to the immune system to elicit immune responses appropriate
for sufficient protection against infectious diseases. Ideally, the
nanoparticulate vaccine carrier system should have sufficient
antigen- and adjuvant-loading capacity, through either incorporation
or surface adsorption.
Formulation strategies can facilitate the capture by and the
entry of the antigen into APCs. T cell antigens, in the form of
peptides, proteins, plasmid DNA, or RNA formulated into
nanoparticles appear to increase CTL responses in vivo. Such
particulate formulations significantly increase efficiency as
compared to the soluble antigen alone, as they are in general
readily recognized as antigenic and ingested by immune cells, which
subsequently leads to antigen processing and presentation to other
cells of the immune system (Moingeon et al., 2002). Ligands of
APC-specific PRRs, such as Toll-like receptors (TLRs), can be grafted
onto the surface of particle-based vaccines to increase specific
delivery to immune cells (Heuking and Borchard, 2012).
Application of vaccines in particulate form not only allows
moving the antigen within the tissue to individual cells, it also
facilitates its penetration through the cell membrane. This
transfection process is a major requirement for making use of
intracellular mechanisms, such as signaling pathways and antigen
processing, to activate the immune system. Many biomolecules,
used as antigens for vaccines, are not able to diﬀuse within tissues
and through the plasma membrane, due to their size and other
physicochemical properties. Particle-based strategies to overcome
this problem have been developed for genetic vaccination relying
on chemical materials used as carriers and physical treatment. In
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the “gene gun technique” DNA is coated on gold particles, energy
is transferred to the DNA carriers to accelerate and propel the
particles into the cells (Villemejane and Mir, 2009). This method
is limited to low-depth penetration of particles in tissues but is
sufficient for skin DNA vaccination (Luz Garcia-Hernandez et al.,
2008). Magnetic nanoparticles have attracted attention because
of their potential use for direct targeting to diseased tissues and
organs by applying an external magnetic field. “Magnetofection”
describes a technique of gene transfection involving naked
plasmid DNA or DNA vectors associated to the surface of magnetic
nanoparticles. Superparamagnetic iron oxide nanoparticles
(SPIONs) are applied for magnetofection by delivering genes to the
target cells, hence increasing their local concentration (Al-Deen
et al., 2011; Vasir and Labhasetwar, 2007). Application of an
external alternating magnetic field leads to the production of
energy in the form of heat. Hyperthermia has been demonstrated to
stimulate the innate immune response through the release of heatshock proteins that activate neighboring immune cells (Baronzio
et al., 2006; Colombo et al., 2012). As such, SPIONs may have
adjuvant properties activating the immune system in a nonspecific
manner. These two methods are still under investigation. Although
a few clinical trials have already been performed or are in progress,
long-term safety and potential risks have not been sufficiently
evaluated (Villemejane and Mir, 2009). Another approach is
impalefection by functionalizing nanoscale carbon fibers with
DNA to impale cells. It is a useful tool for exploring gene delivery
in vitro but has yet to be used in the therapeutic field (Pearce et al.,
2013).
The types of eﬀective immune responses against infectious
diseases depend on the localization of the pathogens after infection.
Generally, extracellular pathogens are combated by antibodies
mediated by humoral immune responses, whereas protection
against intracellular pathogens depends on cell-mediated immunity
via CD4+ Th1 cells. In addition, CD8+ CTLs play an important
role in the protection against these pathogens by directly killing
infected cells (Nagata and Koide, 2010). Antigen recognition by
T lymphocytes depends on the ability of APCs to process protein
antigen into peptides and to present them via MHC molecules at
the cell surface. The MHC I presentation pathway allows CD8+ T
cells to identify and eliminate cells infected by intracellular
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pathogens. By contrast, MHC II and CD1 molecules present peptides
derived from captured exogenous antigens to CD4+ T cells and NK
cells (Paul, 2008) (Fig. 3.1).

3.3.3

Current Nanoparticle Vaccines on the Market
and in Clinical Studies

Nanotechnology is enabling novel vaccines to enter clinical trials
that often show superiority of the particulate systems over
traditional vaccine types. We will discuss here several examples
of nanoparticle-based vaccines.
On the basis of antigen presentation by DCs and innate immune
system stimulation via TLRs, a vaccine against melanoma was
designed. Melanoma-specific peptide Melan-A/Mart-1 was linked
to virus-like nanoparticles (VLPs) loaded with CpG oligonucleotides
as activators of TLR 9 located in the endosomal compartment of
target cells (Speiser et al., 2005). Already vaccination of HLA-A2
transgenic mice in preclinical studies showed strong Melan-Aspecific CD8 T cell responses. A phase I/II study in stage II–IV
melanoma patients confirmed good tolerability of the vaccine
and ex vivo T cell responses. Increased activated Melan-A-specific
CD8 T cell populations were detected directly ex vivo as well
as cytokine production of INF-γ, TNF-α, and IL-2, and LAMP-1
expression by vaccine-induced T cells. Furthermore, a central
memory phenotype of those specific T cells was frequently
observed and an enhancement of T cell responses was achieved by
subsequent vaccination with the peptide emulsified in incomplete
Freund’s adjuvant (Speiser et al., 2010). Other vaccines using
nanotechnology based on VLPs have already been licensed for
the prevention of cervical and anogenital infections, that is, by
GlaxoSmithKline (Engerix® and Cervarix®) and Merck and Co.
(Recombivax HB and Gardasil®) (Buonaguro and Buonaguro,
2013). These products are noninfectious viral subunit vaccines
with proteins of the respective pathogens assembled in nanosized
VLPs, structures resembling the virus itself and thus recognized
as antigens but lacking the genetic repertoire necessary for
replication.
A novel liposomal influenza subunit vaccine is currently
under clinical investigation. It consists of liposomes containing
the viral surface proteins hemagglutinin (HA) and neuraminidase
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(NA) derived from various influenza strains (Babai et al., 2001). An
IL-2-supplemented liposomal formulation injected intramuscularly
has proven to be both safe and eﬀective in inducing strong
anti-HA and anti-NA antibody responses in mice and humans
(Ben-Yehuda et al., 2003).
DNA vaccines with one specific or even several pathogenic
antigenic epitopes encoded by the plasmid are known to drive
cellular and humoral immune responses at least in the animal
model. To increase transfection efficiency, and to enhance and
direct immune responses to DNA vaccines, particle-based delivery
systems have been explored (Bivas-Benita et al., 2004, 2009).
FDA-controlled phase I studies to assess safety and
immunogenicity of particle-mediated DNA vaccines against
influenza and hepatitis B viruses (HBVs) have been completed
only for microparticles. These studies were a part of the clinical
development of a particle-mediated epidermal delivery (PMED)
DNA vaccine or “gene gun” based on a dry powder formulation
with DNA plasmid adsorbed onto microscopic gold particles
(PowderMed, 2007, 2008). Particle-mediated DNA administration
permits the use of small quantities of DNA and application via the
skin as an immunological active tissue increases the efficacy of
the vaccine. HBV-specific protective antibody responses of at
least 10 mIU/mL and antigen-specific CD8+ cells were detected.
Hepatitis B surface antigen–specific IFN-γ-secreting Th cells
were measured in the majority of individuals treated, indicating
Th1-biased responses. Current data demonstrate that particlemediated DNA administration with this needle-free method
of administration was safe and well tolerated. Since Th1 and
CD8+ T cell responses are associated with resolution of HBV
and other chronic viral infections, the results reported suggest a
potential for particle-mediated DNA vaccine delivery (Roy et al.,
2000).
Another topical vaccine, DermaVir Patch for skin delivery
of the DNA vaccine, has already entered clinical trials for the
treatment of HIV infections (Immunity, 2013). Treatment of
HIV-1/AIDS requires a vaccine to induce robust and long-lasting
HIV-1-specific T cells to control viral replication. A plasmid DNA
encoding the majority of HIV-1 genes has been chemically formulated
into polyethylenimine mannose (PEIm), a cationic polymer
that forms nanoparticles with the negatively charged plasmid
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through condensation. The mannose moiety targets the vaccine to
receptors on the surface of APCs (Lisziewicz et al., 2007).
On the basis of the potent induction of Gag, Tat, and Rev antigenspecific memory T cells, it is assumed that DermaVir boosts T cell
responses specific to all the 15 HIV antigenic epitopes expressed
by a single plasmid applied. Furthermore, a dose-dependent
expansion of HIV-specific memory T cells with high proliferation
capacity was detected (Lisziewicz et al., 2012).
Just recently a phase II clinical trial evaluated the safety and
immunogenicity of a respiratory syncytial virus fusion (RSVF)
protein vaccine, formulated as nanoparticles. The protein was
extracted and purified from insect cell membranes and assembled
into 40 nm nanoparticles composed of multiple RSVF oligomers
arranged in the form of rosettes (Smith et al., 2012). The primary
immune response measured confirmed the vaccine to be a potent
antigen eliciting immune responses at levels that would be
predicted to protect infants through maternal immunization
(AZoNano, Novavax, 2013). A study using a polypeptide vaccine
against malaria that self-assembles into spherical nanoparticles,
displaying repetitive epitopes of the Plasmodium falciparum
circumsporozoite protein, showed promising results in preclinical
testing. The outcome was high-titer, long-lasting protective
antibody and long-lived central memory CD8+ T cells and could
provide sterile protection against a lethal challenge of the transgenic
parasites in mice (Kaba et al., 2012).
From a soluble type of chitosan, Viscosan, a hydrogel was
formed, which was further mechanically processed into gel
particles. This so-called ViscoGel was mixed with a commercial
vaccine against Haemophilus influenza type b (Act-HIB). ViscoGelAct-HIB with a tenth of the vaccine dose is as efficient in eliciting a
humoral response in mice as the high-dose vaccine alone (NeimertAndersson et al., 2011).
Mixing saponin, cholesterol, and phospholipid under controlled
conditions, 40 nm spherical negatively charged ISCOMs of the
ISCOMATRIX® adjuvant are formed. A range of ISCOMATRIX®
vaccines have been tested in clinical trials, generating both
antibody and T cell responses. The adjuvant has been combined
with influenza viral proteins or recombinant antigens for two
cancer/neoplasia vaccines and one hepatitis C virus (HCV) vaccine
to be tested in humans. Higher and faster antibody responses
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compared to conventional influenza vaccines and virus-specific
CTL responses were observed. Furthermore, strong virusspecific humoral and cellular immune responses were detected in
vaccinated subjects of the two types of human papilloma virus
(HPV) and of the HCV core ISCOMATRIX® vaccines (Pearse and
Drane, 2005).

3.4 Conclusions
Prevention is better than treatment. Preventing a pathogen
from gaining access to the body is better than to fight it oﬀ after
infection. Antibiotics are failing, occurrence of multidrug resistance
is on the rise, and new pathogens are emerging: we are in dire need
of novel vaccines that elicit long-lasting and protective immune
responses. By our growing understanding of how adjuvants may
work, the “dirty little secrets” of vaccinologists may be no more, and
through nanotechnology we may have the opportunity to design
vaccine delivery systems as nature intended them to be.
In practical terms, which antigens would be good candidates
to be used in a novel (nanoparticulate) formulation, possibly using
novel adjuvants? Using known antigens, for which successful
vaccines already exist, might not be a good choice: the danger of
nonacceptance by regulatory authorities and/or the public may
be too high. Therefore, one would choose novel antigens that are
being identified through sequencing of pathogen genomes, or a
combination thereof. The concept of “new formulations for new
vaccines” might rightfully apply, as tolerance toward undesired
side eﬀects is certainly higher for first-in-man vaccines than for
new formulations of vaccines that have been tried and tested. The
use of adjuvants, on the other hand, is fraught with their sometimes
difficult handling; the skepticism of regulatory authorities toward
new, not well-defined excipients/active principles; and the ongoing
discussion in a public that remains often closed to scientific
argumentation.
The way out of this dilemma would, in our opinion, be to enhance
the immunogenicity of protein and peptide vaccines themselves, to
use particulate systems to better target and present the antigen to
the immune system, and to finally use well-characterized smallmolecular-weight entities of a defined mechanism of action and
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known toxicity. These avenues are followed in modern vaccine
development and will result in highly eﬀective vaccines against
old and new threats to our health. Nanotechnology is playing a
prominent part in this endeavor.
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4.1

Introduction

Therapeutic antibodies have become a major class of biologics
in treating many challenging diseases, including cancer. Due to
their high specificity and affinity, monoclonal antibodies have
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less oﬀ-target side eﬀects compared to small-molecular-weight
compounds. Currently, many monoclonal antibodies are under
accelerated clinical developments [1]. It was predicted that by
2020 about 70 of them will be approved by regulatory agencies
and used in clinics in treating patients [2]. Besides the traditional
immunoglobulin G (IgG), many diﬀerent antibody formats are
being developed to enhance therapeutic efficacy, such as antibody–
drug conjugates (ADCs) and bispecific antibodies [3–11]. ADCs
contain both antibody and coupled cytotoxins or chemotherapeutic
drugs. They combine the advantages of high affinity and specificity
related to antibody with those of small molecular drugs, such as
the high penetration toward intracellular targets for inducing
apoptosis.
As one of the targeted therapies or the “magic bullet” proposed
by Paul Ehrlich more than a century ago [12], the ADC is
the targeted delivery of a highly cytotoxic drug for selective
(as opposed to systemic) chemotherapy, resulting in an improved
therapeutic index and enhanced efficacy relative to traditional
chemotherapies or naked monoclonal antibodies. Thus, this
unique format would allow the use of certain chemotherapeutic
drugs that are too potent or toxic to be applied systemically.
Since these cytotoxins need to be delivered into the tumor cells
targeting intracellular microtubules or DNA, the chemotherapeutic
drugs carrying antibodies should be efficiently internalized into
lysosomes once binding to the antigen on the tumor surface
(Fig. 4.1). Within the lysosome, cytotoxins would be efficiently
released from antibodies through proteolytic cleavage or disulfide
reduction before they diﬀuse into the cytoplasm for cytotoxicity.
Although the ADC idea has been around for decades, the
medicine used in clinics was not available until 2000 with the
regulatory approval of the first ADC, gemtuzumab ozogamicin
(anti-CD33 ADC). Currently, four ADCs have been approved by
regulatory agencies for cancer treatment: gemtuzumab ozogamicin
(anti-CD33 ADC) for acute myelogenous leukemia (AML),
brentuximab vedotin (anti-CD30 ADC) for treating anaplastic large
cell lymphoma/Hodgkin’s lymphoma, trastuzumab emtansine
(Anti-HER2 ADC) for advanced HER2 (human epidermal growth
factor receptor 2)-positive breast cancer, and inotuzumab
ozogamicin (anti-CD22 ADC) for the treatment of relapsed or
refractory acute lymphoblastic leukemia (ALL) [13–22].

Introduction

ADC
Tumor antigen

Cytotoxin

Microtubule
DNA

Lysosome

Tumor cells
Figure 4.1 Binding and internalization of an antibody–drug conjugate
(ADC) followed by the release of its cytotoxins inside the cell.

All these ADCs are prepared using conventional conjugation
methods that couple antibodies through either surface-exposed
lysines (~70 to 90) or cysteines from interchain disulfides
(8 in IgG1) after partial reduction. These lysine and cysteine
methods generate heterogeneous products with varied numbers
of drugs coupled across several possible sites although the
average drug-to-antibody ratio (DAR) appears around 4 to 6,
creating significant challenges for process consistency and product
characterization [23–25]. There is also limited understanding
of the relationships between the site/extent of drug loading
and ADC attributes such as efficacy, safety, pharmacokinetics,
and immunogenicity. The non-specific conjugation would also
result in more oﬀ-target side eﬀects, leading to relatively low
maximum tolerated dose. To improve the technology aiming
for homogeneous molecules with higher therapeutic index, several
site-specific ADC technologies have been developed as nextgeneration methods [26].
In contrast to the conventional conjugations through lysines
or cysteines, which are abundant in an antibody, the site-specific

157

158

Site-Specific Antibody Conjugation for ADC and Beyond

conjugations couple the antibodies with cytotoxins through
the unique and defined sites based on antibody engineering.
There are four major categories of methods based on the
conjugation sites in the antibody molecules: specific amino
acids, unnatural amino acids, short peptide tags, or glycans (Fig. 4.2
and Table 4.1).
Table 4.1 The four categories of the site-specific antibody–drug conjugation
(ADC)
Specific
Unnatural
Technologies amino acids amino acids Glycans

Short peptide
tags

Conjugation
sites

C, Q

pAcF, pAMF,
Sec, etc.

SA, Gal, Fuc, LLQG, LCxPxR,
etc.
etc.

Cell line
engineering

–

+

–

±

Metabolic
labeling

–

+

±

−

In vivo protein +
engineering

+

−

+

In vitro
enzymatic
modification

±

±

+

±

Chemical
modification

+

−

±

−

Selected
references

[27, 28, 29,
30, 31, 32,
33, 34, 35]

[36, 37, 38,
39, 40, 41]

[42, 43, 44,
45, 46, 47,
48, 49]

[50, 51, 52, 53]

Cytotoxin
Speciﬁc amino acids (C, Q)
Unnatural amino acids (pAcF, pAMF)
Short pepde tags
Glycans (Fuc, SA, GalNAc, Gal)

GlcNAc Man
Gal
Fuc

SA

A monoclonal anbody IgG
Figure 4.2 The categories of the site-specific ADC with cytotoxin coupled
at unique and defined sites in an antibody molecule.

Site-Specific ADC through Specific Amino Acids

4.2

Site-Specific ADC through Specific Amino
Acids

Several native or engineered amino acids, including cysteines and
glutamines, are selected as the sites for conjugation.
The unpaired cysteine-mediated conjugation was the first
described site-specific ADC as THIOMAB or TDC [27]. A cysteine
residue was engineered into diﬀerent positions of the antibody
heavy chain (HC) or light chain (LC) for coupling. Since engineered
cysteines are always capped with glutathione or something else
during expression, the antibodies need to be partially reduced to
remove the cap. The uncapped cysteines were then coupled with
thiol-reactive linkers containing cytotoxins, such as monomethyl
auristatin E (MMAE), using thiol-maleimide chemistry. The ADCs
generated through drug-linker conjugation at the cysteine residue
(HC-A114C) appeared to be nearly homogeneous conjugates
with an improved therapeutic index. The anti-MUC16 TDC displayed
a twofold improved in vivo efficacy in a mouse xenograft model
of ovarian cancer over the same MMAE containing ADC prepared
using the conventional cysteine method at an equivalent drug
(or cytotoxin) dose, while both TDC (DAR at 1.6) and conventional
ADC (DAR at 3.1) had similar efficacy at an equivalent antibody
dose. The TDC was tolerated at higher doses in rats and cynomolgus
monkeys than the conventional ADC. Similar results were obtained
with anti-HER2 TDC prepared with another tubulin inhibitor
containing the drug-linker, mertansine (DM1), compared to the
same DM1 containing ADC prepared using the conventional lysine
method [28]. In a safety study with cynomolgus monkey, the TDC
was tolerated at a higher antibody dose than the conventional
ADC (48 mg/kg vs. 30 mg/kg). The THIOMAB approach was also
applied to other antibodies, such as anti-CD70, with a cytotoxic
DNA cross-linking pyrrolobenzodiazepine (PBD) linker coupled
at an engineered cysteine (S239C) in HC [29]. The TDC showed
low aggregation, high stability in plasma, and strong in vivo and
in vitro antitumor activities.
Moreover, cysteine insertion was also described in the
antibody before and after the selected sites in either IgG HC or
LC, including LC-V205, HC-A114, and HC-S239 [30]. There was no
diﬀerence in conjugation efficiency between cysteine-inserted

159

160

Site-Specific Antibody Conjugation for ADC and Beyond

and cysteine-substituted antibodies in coupling to a PBD druglinker. The ADCs prepared with a drug-linker coupled through
the cysteine-insertion after site HC-S239 of anti-5T4 (trophoblast
glycoprotein, an oncofetal antigen on a breast tumor) demonstrated
potent dose-dependent antitumor activity in a mouse xenograft
model [30].
In addition to conjugation through unpaired cysteine, thiol
bridge methods were developed to conjugate a bifunctional druglinker to both cysteines from each of the interchain disulfide,
instead of conjugation of drug-linker to only one cysteine using
the conventional method, after partial reduction and re-oxidation
[31, 32]. Thus, four drugs were coupled to eight cysteines from
four interchain disulfides in IgG1 with low heterogeneity. In a
method developed, a reduction bis-alkylation approach was
applied to rebridge the reduced interchain disulfide bonds in the
antibody [31]. Anti-HER2 was conjugated with bisAlk-vc-MMAE
with DAR at 4 as a major product. There was improved stability of
the ADC prepared using this approach compared to the ADC
prepared using the conventional cysteine method. The ADC also
showed higher in vivo antitumor efficacy than trastuzumabDM1 prepared using the conventional lysine approach. Behrens
et al. reported the conjugation of the antibody with a bifunctional
dibromomaleimide (DBM) linker instead of a conventional
maleimide linker [32]. They found ~70% of the DBM-MMAF
derivative cross-linked both cysteines from interchain disulfides,
while 30% of the drug-linker was half of the antibody conjugate due
to intrachain cross-linking of cysteines originally from interchain
disulfides. The ADCs demonstrated improved pharmacokinetics
and reduced toxicity in vivo compared to analogous conventional
cysteine ADCs. Anti-HER2 ADC prepared using this method showed
better in vivo efficacy than the ADC generated using conventional
cysteine conjugation. It significantly delayed the tumor growth,
while treatment with the conventional ADC did not result in any
significant inhibition at a similar dose in a mouse xenograft model
of ovarian cancer.
The site-specific conjugation through glutamine was also
reported [33, 34]. Instead of using reducing and oxidizing reagents,
the method was designed by using microbial transglutaminase
(mTG) to transfer an amine containing drug-linker or a reactive
spacer into HC-Q295 in a deglycosylated antibody. The conjugation
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was optimized using a two-step chemoenzymatic approach
whereby a reactive spacer containing a bioorthogonal azido or
thiol functional linker was attached to the antibody by mTG and
subsequently reacted with either dibenzocyclooctynes (DBCO)
or maleimide containing MMAE. By using strain-promoted azidealkyne cycloaddition (SPAAC) or thiol-maleimide chemistry,
homogeneous ADCs were generated with DAR at ~2. The
Anti-HER2-MMAE showed strong in vitro potency against tumor
cells.
The site-specific conjugation through unpaired cysteine is
relatively simple and scalable. The drug coupling is done without the
need of special reagents. The method has been applied to prepare
multiple site-specific ADCs for preclinical or clinical developments.
As described above, the ADCs prepared through site-specific
cysteines showed twofold stronger in vivo antitumor activities
and were better tolerated than the conventional conjugates.
However, the stability of the conjugate generated through unpaired
cysteine varied depending on where the cysteine was introduced
in an antibody molecule [35]. It appears that the TDC prepared
with conjugation at highly solvent-accessible sites in a relatively
neutral environment (HC-S396C) rapidly lost the drug in plasma
due to maleimide exchange with other reactive thiols, such as
albumin, glutathione, or cysteine. The TDC prepared by conjugating
drug-linker to a partially accessible site with a positively charged
environment (LC-V205C) showed the least thiol maleimide
exchange, while the conjugate at the site with partial solventaccessibility and neutral charge (HC-A114C) displayed the
intermediate drug stability in plasma.

4.3

Site-Specific ADC through Unnatural Amino
Acids

The coupling of drug-linker to unnatural amino acid residues in
the antibody is another approach for site-specific conjugation [36].
An orthogonal amber suppressor tRNA/aminoacyl-tRNA synthetase
(aaRS) pair from Methanococcus jannaschii was expressed in the
cells to site-specifically incorporate p-acetylphenylalanine (pAcF)
in response to an amber nonsense codon engineered in the
antibodies. The keto group of pAcF was then selectively coupled
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to a drug-linker with aminooxy functionality. The pAcF-containing
anti-HER2 was produced from Chinese hamster ovary (CHO)
cells co-expressing antibody with an amber codon at the heavy
chain (HC-A121) and an orthogonal amber suppressor tRNA/aaRS
pair. The pAcF residue was coupled with a non-cleavable
auristatin linker, which is a potent tubulin inhibitor, through
oxime chemistry with DAR at ~2. The anti-HER2 ADC showed
strong in vitro and in vivo antitumor activities. The method
was further optimized, and a stable CHO cell line was generated
to express an orthogonal amber suppressor tRNA/aaRS
pair [37]. Multiple pAcF containing antibodies, including anti-5T4,
anti-EGFR (epidermal growth factor receptor), anti-HER2, and
anti-PSMA (prostate-specific membrane antigen), were expressed
in the cell line with titers over 1 g/L in fed-batch processes.
The unnatural amino acid was introduced into diﬀerent sites in
these antibodies, such as HC-S115 for anti-5T4 or HC-A114 for
anti-HER2. It was then conjugated with the drug-linker, aminooxy
containing monomethyl auristatin D (MMAD), with DAR at ~2.
Interestingly, the ADC prepared with this site-specific technology
showed superior in vivo antitumor efficacy compared to the ADC
prepared using either conventional conjugation through hinge
disulfides or site-specific conjugation through unpaired cysteine
as described above. Although all three ADCs caused complete
regression of the tumor at 3 mg/kg dose, only anti-HER2 HCA114pAcF ADC showed complete tumor regression at 1 mg/kg in
a mouse tumor xenograft established from breast cancer cell lines
[37, 38].
CHO cells expressing the pyrrolysyl-tRNA synthetase (pylRS)
and its cognate tRNA (tRNA pyl) were also generated to genetically
encode an unnatural amino acid containing an azido moiety in
response to an amber stop codon [39]. Anti-HER2 antibodies
were expressed from the engineered cells to contain N6-((2azidoethoxy)carbonyl)-L-lysine at four diﬀerent positions in
either the heavy or light chain for DAR at 2 and a combination of
two sites in both the heavy and light chains for DAR at 4.
The azido group introduced at position HC-H274 of the antibody
enabled click cycloaddition chemistry that generated a stable
heterocyclic triazole linkage of the toxin auristatin F or PBD
with over 95% conjugation efficiency. The ADCs were potent
and specific in in vitro cytotoxicity assays. They demonstrated
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stability in vivo and a PBD containing ADC with DAR of 1.8 showed
similar efficacy in the sustained regression of tumor growth in a
mouse tumor xenograft model compared to the ADC with DAR
of 3 prepared using conventional cysteine conjugation.
In addition, a cell-free expression system was established to
produce ADCs through site-specific incorporation of the optimized
unnatural amino acid, p-azidomethyl-L-phenylalanine (pAMF)
[40]. A novel variant of the Methanococcus jannaschii tyrosyl tRNA
synthetase (TyrRS) was discovered through library screening
with a high activity and specificity toward pAMF. The site-specific
incorporation of pAMF at HC-S136 of anti-HER2 facilitated near
complete conjugation of a DBCO-PEG-monomethyl auristatin
F (DBCO-PEG-MMAF) through SPAAC using copper-free click
chemistry. The resultant ADCs showed in vitro antitumor potency.
The ADC was also site-specifically generated using
selenocysteine (Sec) residues engineered at the C-terminus of the
antibody with iodoacetamide containing monomethyl auristatin
F (MMAF) [41]. In eukaryotes, Sec is encoded by the stop codon
UGA, and its translational incorporation requires the presence
of a Sec incorporation sequence (SECIS) in the UTR of the mRNA.
Since the selenol group of Sec is more nucleophilic than the
thiol group of cysteine, the antibody was conjugated under mildly
acidic and reducing conditions without the antibody re-oxidation
required for THIOMAB conjugation. The ADC showed strong
antitumor activities in vitro and in vivo. Significant tumor growth
inhibition and regression were observed for the anti-HER2 scFv-FcSec conjugate. Four of the five mice treated with the ADC at a high
dose were tumor free at six weeks after the last treatment.
The ADCs prepared through conjugation of drug-linkers to
the unnatural amino acids were more efficacious in vivo than
the conjugates generated using conventional or THIOMAB
methods. The unnatural amino acid–containing antibodies
were expressed in a bioreactor at the gram scale, and the
conjugates were stable. However, cell line engineering is required
for optimal expression of an orthogonal amber suppressor tRNA/
aaRS pair in addition to antibody engineering. The potential
immunogenicity of these unnatural amino acids containing the
antibody in a human is currently unknown.
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4.4

Site-Specific ADC through Glycans

The glycan-mediated conjugation provides a unique site-specific
method by conjugating the drug-linker to N297 glycans located
on the CH2 domain instead of coupling the relatively hydrophobic
cytotoxins directly into amino acid residues. Since there are several
diﬀerent monosaccharides present at the non-reducing terminus
of the glycans, various approaches were developed to conjugate
the drug-linkers to these sugars, including fucose, galactose,
N-acetylgalactosamine (GalNAc), N-acetylglucosamine (GlcNAc),
and sialic acid (SA). It was reported by Okeley et al. that 6-thiofucose,
a fucose analogue, could be metabolically incorporated into
anti-CD30 or anti-CD70 antibodies. The thiofucose in the antibodies
was then conjugated with a maleimide containing MMAE druglinker with DAR at ~1.3 [42]. The ADCs generated through the
thiofucose maintained good plasma stability and showed strong
in vitro antitumor activity.
The galactose or GalNAc analogues were also introduced
in vitro by a mutant galactosyltransferase, GalT (Y289L) which
was discovered by Qasba et al. [43, 44], for preparing site-specific
ADCs with a DAR close to 2. The ADC, which was generated
using C-2 keto galactose labeling and conjugation with aminooxy
containing auristatin F, showed strong in vitro antitumor potency
[45]. The same enzyme, GalT (Y289L), was also used to introduce
azido-GalNAc to core GlcNAc exposed after pre-treatment of
antibodies with endoglycosidases, such as endo F3, endo S, or endo S2,
which release most of N-297 glycans except for the innermost
GlcNAc [46]. The drug-linkers, such as bicyclononyne (BCN)
containing MMAE, MMAF, maytansine, or doxorubicin, were
efficiently conjugated to the introduced azido-GalNAc through
SPAAC using copper-free click chemistry. The process was scaled
up for preparing 5 g ADCs with excellent homogeneity. The
anti-HER2 ADCs prepared using this method with BCN containing
maytansine or MMAF showed better in vivo antitumor efficacy
than the anti-HER2 coupled with DM1 using a conventional lysine
conjugation approach. In a breast cancer xenograft mouse model,
anti-HER2 glycoconjugate containing a cleavable or noncleavable
maytansine linker demonstrated complete tumor regression,
while both the MMAE containing glycoconjugate and conventional
lysine conjugate showed partial tumor suppression.

Site-Specific ADC through Short Peptide Tags

Moreover, sialic acid (SA) was also used as a site for conjugation.
SA was first transferred to the antibody before being oxidized with
periodate for conjugation to aminooxy-containing drug-linkers
[47]. Several diﬀerent antibody ADCs were prepared with two
diﬀerent drug-linkers. Anti-HER2 ADC prepared using this
approach showed strong in vitro and in vivo antitumor activities.
A similar method was developed by transferring C9-azidomodified SA into an antibody for conjugation with DBCO containing
doxorubicin using copper-free click chemistry [48]. Finally, a
report showed the use of a mutant endoglycosidase in preparing
site-specific ADC containing homogeneous glycans [49].
The glycoengineering approach is unique in that the druglinkers are coupled to glycans without a need to engineer the
amino acid sequence and they are coupled far away from the
amino acid residues. It was demonstrated in a study as described
above that the ADC made through glycoconjugation was
more efficacious in vivo than conventional lysine conjugate.
However, the method needs special reagents and enzymes for
glycoengineering.

4.5

Site-Specific ADC through Short Peptide
Tags

There are several site-specific conjugation methods being
developed through coupling of cytotoxins to specific short peptide
tags that contain four to six amino acid residues.
Strop et al. engineered a glutamine tag (LLQG) into an antibody
molecule, so the glutamine in the tag can be recognized by mTG
for transferring an amine containing drug [50]. Twelve out of 90 sites
in an anti-EGFR antibody were found to be efficiently conjugated
with mTG. They demonstrated that the drug-linker, MMAD,
was efficiently transferred by the enzyme to the glutamine tags,
including LLQGA in the C-terminal heavy chain or GGLLQGA in the
C-terminal light chain. The ADCs generated were homogeneous
with DAR at ~2 and they showed strong in vitro and in vivo
antitumor activities. Interestingly, the ADC with the drug conjugated
at the antibody light chain had better pharmacokinetics and
serum stability than those at the heavy chain in a species-dependent
manner probably due to a diﬀerent mechanism other than the
chemical instability associated with cysteine conjugates.
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Another conjugation platform was also reported by using
sortase A-mediated transpeptidation reaction, generating ADCs
with cytotoxins coupled to pre-defined sites [51]. This method
includes C-terminal modification of antibody heavy and light
chains with sortase A recognition motif, LPETG, which make
them suitable substrates for sortase A-mediated transpeptidation
of a pentaglycine peptide containing either MMAE or maytansine.
Anti-CD30 ADC containing MMAE and anti-HER2 ADC containing
maytansine were generated with sortase A from S. aureus.
The ADCs displayed strong in vitro and in vivo antitumor
activities similar to the ADCs generated using the conventional
approaches.
Wu et al. described a site-specific antibody conjugation
using a genetically encoded aldehyde tag [52, 53]. A short peptide
tag, LCxPxR, which was recognized by formylglycine-generating
enzyme (FGE), was inserted into the N or C terminal region of
the antibodies. After co-expression of the antibody with FGE,
the cysteine in the short peptide tag was oxidized by the enzyme
inside the cells to aldehyde-bearing formylglycine, which can
be coupled with aminooxy-functionalized reagents. Although
the efficiency of conversion of cysteine to formylglycine varied
among diﬀerent locations of the inserted short peptide tag (44%
to 91%), the site-specific conjugation was found to be efficient
when the tag was introduced in either the N or C terminus
of the antibodies.
The methods in this category rely on introducing unique
short peptide tags into antibodies for enzyme modification either
in vivo or in vitro. They allow specific amino acids in the peptide
tags to be functionalized and coupled to the drug-linkers. Although
the approaches are straightforward, the potential immunogenicity
of these short peptide tags located at diﬀerent regions of antibodies
is currently unknown, nor the scalability.

4.6

Site-Specific Antibody Conjugation for
Diagnosis

The recent technical advancements in positron emission
tomography (PET) and optical imaging (OI) resulted in great
interest in the development of multimodal PET/OI probes that
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can be employed during the diagnosis, staging, and surgical
treatment of cancer [54]. The combination of PET/OI agents with
antibodies using site-specific conjugations would enhance both the
sensitivity and selectivity (Fig. 4.3). A chemoenzymatic strategy
for the construction of multimodal PET/OI and radiolabeled
immunoconjugates was developed by the site-specific labeling of
antibody through N297 glycans [55–57]. The method includes the
removal of terminal galactose, followed by enzymatic incorporation
of azido-GalNAc using GalT (Y289L). Instead of being coupled to
cytotoxins as described above, the azido sugar in the antibodies
was conjugated with chelator- or chelator plus fluorophore–
modified DBCO through SPAAC before the antibodies were
radiolabeled. In one study, an anti-PSMA antibody was sitespecifically conjugated with the chelator desferrioxaminemodified DBCO through antibody glycans using copper-free click
chemistry [55]. The chelator-modified antibody was then
radiolabeled with the position-emitting radiometal 89Zr. The
radiolabeled antibody displayed high selective tumor uptake and
tumor-to-background contrast in mice bearing PSMA expressing
tumor. In another study, a colorectal cancer–targeting antibody
was GalT (Y289L) modified with azido-GalNAc, which was then
conjugated with two reporters [56]. These reporters include
DBCO-containing near-infrared fluorescent dye Alexa Fluor 680
and DBCO containing desferrioxamine, which subsequently
reacted with the positron-emitting radiometal 89Zr. In in vivo
PET and fluorescence imaging experiments, a hybrid 89Zr-and
Alexa Fluor 680-labeled antibody conjugate displayed high levels
of specific uptake in the tumor in mouse xenograft models.
The data suggest that the site-specific conjugation strategy is robust
and reproducible, producing well-defined immunoconjugates.
An antibody was also site-specifically conjugated with PET,
near-infrared fluorescent (NIRF), and dual-modal (PET/NIRF)
imaging agents [57]. The N297 glycans of anti-CA19.9 (a tumor
associated carbohydrate antigen) was remodeled and incorporated
with azido-GalNAc using GalT (Y289L). The azido sugar was then
coupled using copper-free click chemistry with DBCO-containing
desferrioxamine for 89Zr radiolabeling for PET imaging used in
noninvasive whole-body imaging and/or a NIRF dye for guided
delineation of surgical margins. The antibodies conjugated with
single or dual imaging agents showed specific uptake and contrast

167

168

Site-Specific Antibody Conjugation for ADC and Beyond

in antigen-positive tumors with negligible nonspecific uptake in
antigen-negative tumor in a mouse xenograft model using human
pancreatic cancer cell lines.

Fab
Speciﬁc amino acids (C, Q)
Unnatural amino acids (pAcF, pAMF)
Short pepde tags
Glycans (Fuc, SA, GalNAc, Gal)

GlcNAc Man
Fuc
Gal

SA

Radioisotope

Compounds

A monoclonal anbody IgG

Figure 4.3 The application of the site-specific ADCs in coupling an antibody
with a small protein, radioisotope, and non-cytotoxic compounds.

In another study, a colorectal cancer-targeting antibody
was conjugated with trans-cyclooctene through N297 glycans
[58]. The immunoconjugate was injected into human colorectal
carcinoma xenografts after the administration of a pretargeted PET
imaging agent, 64Cu-labeled tetrazine radioligand. The antibody
and radioligand reacted in vivo in mice via strain-promoted
azide-alkyne click chemistry. PET imaging and biodistribution
studies revealed that this strategy clearly delineated tumor tissue,
producing images with excellent contrast and high tumor-tobackground ratio.
Kazane et al. developed a site-specific DNA-antibody conjugation
method for specific and sensitive immuno-polymerase chain
reaction (PCR) used as diagnosis and imaging [59]. An unnatural
amino acid, pAcF, was introduced into the anti-HER2 antibody
Fab at LC-K169 or LC-S202 and it was coupled with an aminooxymodified ssDNA primer (32 nt) to produce the oligobody. After
antigen binding of the Fab, the oligonucleotide was amplified,
ligated, and hybridized with complementary fluorophore, which
was detected with either a fluorescence or confocal microscope.
The immunoconjugates were tested in immuno-PCR assays to
detect HER2 expressing tumor cells. They showed greater
sensitivity and specificity as well as a lower background signal
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than nonspecifically coupled fragments and could detect extremely
rare tumor cells in a complex cellular environment. Thus, the
site-specific antibody-oligonucleotide conjugates should provide
sensitive and specific reagents for diagnostics.
The use of site-specific conjugation for radiolabeling or
coupling of an antibody with fluorescence/oligonucleotides could
potentially improve sensitivity and specificity. It could reduce
false positive outcomes in cancer diagnosis. However, there is no
in vivo data yet that demonstrates its superior selectivities
compared to the immunoconjugates prepared using conventional
methods.

4.7

Site-Specific Antibody Conjugation for
Other Therapeutic Applications

The site-specific conjugation approaches have also been applied
to other small-molecular-weight proteins or compounds in addition
to cytotoxins or radioisotopes (Fig. 4.3) [60].
Antibody fragments have been coupled using a site-specific
method as bispecific antibody Fab conjugates. In one study, a
bispecific antibody Fab conjugate was generated using genetically
encoded unnatural amino acids with orthogonal chemical reactivity
as described above for cytotoxin containing ADC [61]. A tRNA/aaRS
pair derived from Methanococcus jannaschii was co-expressed
to site-specifically incorporate pAcF at defined sites in each of
two Fab fragments in response to an amber nonsense codon.
The unnatural amino acids were incorporated into LC-S202 of the
Fab fragment of anti-HER2 and subsequently conjugated with a PEG
linker containing azide, while pAcF was incorporated in the HCK138 of a Fab fragment of anti-CD3 before being conjugated with a
PEG linker containing BCN. Both Fab fragments were subsequently
coupled using copper-free click chemistry. In an in vitro cytotoxicity
assay, the bispecific antibody Fab conjugate efficiently recruited
T cells from human peripheral blood mononuclear cells (PBMCs)
to kill tumor cells at picomolar concentrations. Moreover, the
same site-specific antibody conjugation approach was applied
to prepare bispecific antibody Fab conjugates against both
CD3 and C-type lectin-like molecule-1 (CLL1) as well as both
CD3 and CD33 [62]. CLL1 and CD33 are cell surface antigens
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overexpressed in acute myeloid leukemia, and the antibody Fab
fragments were coupled to either azido-PEG3-aminooxy or BCNPEG3-aminooxy linkers, respectively. The bispecific antibody Fab
conjugate against CD3 and CLL1 displayed strong in vitro and in
vivo antitumor activity compared to the Fab conjugate against CD3
and CD33. In addition to use of a PEG linker for coupling, either
oligonucleotides or peptide nucleic acids of defined sequences
were site-specifically conjugated to unnatural amino acids
introduced in an antibody for the preparation of bispecific antibody
Fab conjugates or multimeric antibody Fab conjugates [63].
As described above, pAcF was incorporated into HC-K138 of antiCD3 Fab, while pAcF was introduced into LC-S202 of anti-HER2.
Complementary peptide nucleic acid strands were then coupled
to both Fab fragments, respectively. The bispecific Fab conjugates
were self-assembled based on Watson-Crick base pairing properties
of oligonucleotides. They were shown to recruit cytotoxic T cells
to kill cancer cells in vitro. Tetrameric Fab conjugates were also
generated using a similar approach.
Besides the bispecific antibody Fab conjugation, chemically
programmed bispecific antibody conjugation is another strategy
for site-specifically preparing a bispecific antibody. Kim et al.
reported the generation of a bispecific small molecule-antibody
conjugate for targeting prostate cancer [64]. They incorporated
an unnatural amino acid, pAcF, into diﬀerent locations of the antiCD3 Fab that are distal to the antigen-binding site based on the
crystal structure. The unnatural amino acid in the Fab was
conjugated to a synthetic small molecule ligand, 2-[3-dicarboxy
propyl]-ureido] pentanedioic acid (DUPA), that selectively
binds PSMA with high affinity. A bivalent Fab was also prepared
by introducing pAcF in two diﬀerent positions (LC-S202 and
HC-K138) and subsequently coupled with two DUPA ligands to
a single Fab. The anti-CD3 DUPA conjugate showed potent in
vitro cytotoxicity against prostate cancer cells and strong in vivo
efficacy in mouse xenograft models. Cui et al. also reported
another approach in preparing chemically programmed bispecific
antibodies [65]. A C-terminal selenocysteine (Sec) was
cotranslationally introduced into the anti-CD3 antibody Fab. The
Sec containing Fab was conjugated with maleimide containing
LLP2A, a high affinity ligand for integrin α4β1 overexpressed in
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malignant B cells, or maleimide-containing folate, a high affinity
ligand for folate receptor α overexpressed in many cancer cells.
The bispecific small molecule-antibody conjugates showed potent
and specific in vitro and ex vivo cytotoxicity against tumor cell
lines and primary tumor cells in the presence of T cells. In another
study, a diabody containing both anti-hapten and anti-CD3
Fv (disulfide linked polypeptides containing either variable heavy
or variable light chains) was coupled with hapten-derivatized
small molecule folate through a reactive lysine introduced in
one of the polypeptides of anti-hapten [66]. The chemically
programmed diabody demonstrated high selectivity and potency
against folate receptor α-expressing ovarian cancer cells both
in vitro and in vivo.
Lehar et al. reported the generation of a novel antibodyantibiotic conjugate (AAC) using the THIOMAB approach [67].
They found a virulent subset of bacteria Staphylococcus aureus that
can establish infection even in the presence of antibiotics such as
vancomycin. They prepared an AAC in which an anti-S. aureus
antibody was conjugated to highly efficacious antibiotics such
as rifalogue, which is activated only after being released in the
lysosome. A cysteine residue was engineered at the V205 position
of the anti-bacteria antibody light chain and the thiol containing
antibody was conjugated to MC-vc-PAB-rifalogue. The AAC was
superior to vancomycin for the treatment of bacteremia in vivo.
A site-specific antibody–polymer conjugation (APC) approach
was also reported [68]. An unnatural amino acid, pAcF, was
introduced into anti-HER2 Fab (LC-S202) or IgG (HC-Q389) using
an evolved orthogonal tRNA/aaRS pair. The engineered ketonecontaining unnatural amino acid was conjugated with aminooxyderivatized cationic block copolymer. The cationic polymer on
the antibody specifically delivered siRNAs to HER2-positive tumor
cells and mediated potent gene silencing at both the mRNA and
protein levels in vitro.
The site-specific antibody conjugation has been applied
for preparing immunoconjugates against other diseases such
as autoimmune diseases and atherosclerosis. A highly potent
phosphodiesterase 4 (PDE4) inhibitor, GSK256066, was sitespecifically coupled to a human anti-CD11a through an unnatural
amino acid, pAcF, introduced at HC-A122 with DAR at ~2
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[69]. PDE4 is a cAMP phosphodiesterase widely expressed in
a variety of cells and some small molecule PDE4 inhibitors
showed wide-ranging preclinical efficacy in autoimmune diseases
with a few being approved by regulatory agencies for the treatment
of some moderate to severe inflammatory conditions. However,
dose-limiting side eﬀects have impeded their broader therapeutic
application. The site-specific conjugation of pan-immune cell
targeting human anti-CD11a with GSK256066 resulted in an
immunoconjugate that was rapidly internalized into immune
cells and suppressed lipopolysaccharide (LPS)-induced TNFα
secretion in primary human monocytes. In another study, a liver
X receptor (LXR) agonist was site-specifically conjugated to pAcF
at HC-A122 of anti-CD11a [70]. Liver X receptor agonists have
been explored as potential treatments for atherosclerosis and
other diseases based on their ability to induce reverse cholesterol
transport and suppress inflammation. However, this therapeutic
potential has been limited by on-target adverse eﬀects in the liver
mediated by excessive lipogenesis after the interaction of the
ligand with LXR-α. To prevent the adverse eﬀect, the aminoooxymodified LXR agonist was coupled to pAcF in anti-CD11a for
selective delivery of the agonist to monocytes/macrophages
while sparing hepatocytes. The anti-CD11a IgG-LXR agonist
immunoconjugate induced LXR activation specifically in human
THP-1 monocyte/macrophage cells in vitro with EC50 at nM range,
but had no significant eﬀect in hepatocytes, indicating that the
payload delivery was CD11a-mediated. This approach represents
a fundamentally diﬀerent strategy that uses tissue targeting to
overcome the limitations of LXR agonists for potential use in
treating atherosclerosis.
As next-generation technologies, the site-specific antibody
conjugations are likely to be applied to diﬀerent therapeutic areas
for preparing homogeneous immunoconjugates. The combination
of therapeutic antibodies with a wide variety of small-molecularweight proteins or drugs could potentially expand the current
treatment options for many challenging diseases. Although it is
unknown which methods are superior to others, each category
of these methods may have their unique advantages related to
the in vivo and in vitro properties of the conjugates.

Conclusions

4.8 Conclusions
Site-specific antibody drug conjugation technologies have been
developed by coupling the cytotoxins to engineered specific
amino acids, unnatural amino acids, short peptide tags, or N297
glycans. As next-generation methods, these approaches generated
homogeneous ADCs with a high therapeutic index compared to
the conventional conjugations. Some of the site-specific ADCs
even showed better antitumor efficacy in vivo than the ADCs
prepared using conventional methods. Moreover, there are trends
in applying these site-specific antibody conjugations to other
therapeutic areas or diagnosis. All those studies have provided
promising results that suggest the usefulness of the nextgeneration methods in the coupling of small proteins, smallmolecular-weight compounds, DNAs, and RNAs. It is not
surprising that these new technologies will lead to important
therapeutic platforms for many unmet medical needs.
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5.1 Introduction
The immune system’s function in the maintenance of tissue
homeostasis is to protect the host from environmental agents such
as microbes or chemicals, and thereby preserve the integrity of
the body. This is done through eﬀective surveillance and elimination
of foreign and abnormal self cells and structures from the body.
It is well known that certain environmental contaminants and
xenobiotics, as well as other drugs, may alter the immune system’s
normal function. Therefore, screening for immunotoxicity is a
generally accepted step in toxicological research related to both
environmental factors and pharmaceutical products (Luebke, 2012).
The interactions between nanoparticles and various
components of the immune system have become an active area of
research in bio- and nanotechnology because the benefits of using
nanotechnology in industry and medicine are often questioned
over concerns regarding the safety of these novel materials. The
past decade of research has shown that, while nanoparticles
can be toxic, nanotechnology engineering can modify these
materials to either avoid or specifically target the immune system.
Avoiding interaction with the immune system is desirable when
the nanoparticles are being used for medical applications not
intended to stimulate or inhibit the immune system, as well as
when they are used for industrial and environmental applications.
Specific targeting of the immune system, on the other hand,
provides an attractive option for vaccine delivery, as well as
for improving the quality of anti-inflammatory, anticancer, and
antiviral therapies (Mallipeddi and Rohan, 2010; GonzalezAramundiz et al., 2012; Zaman et al., 2013; Tran and Amiji, 2015).
Moreover, nanotechnology-based carriers can be used to reduce
the immunotoxicity of traditional drugs (Libutti et al., 2010).
Some nanomaterials, metal colloids and liposomes, for example,
were in use more than a decade ago (Gregoriadis et al., 1974).
However most active research in this field began in early 2000,
fueled by the attention paid by regulatory agencies, such as the
United States Environmental Protection Agency (EPA) and the U.S.
Food and Drug Administration (FDA), to the rapidly growing
number of applications containing various types of engineered
nanomaterials. The increase in submissions was expected since
innovative research in this area had been progressing for years,

Introduction

culminated by the establishment of several breakthrough
technologies that led to the discovery of fullerenes (Benning et al.,
1992), carbon nanotubes (Ramirez et al., 1994), dendritic polymers
(Tomalia, 1991; Newkome et al., 2002), and quantum dots
(Takagahara, 1987). In 2005–2006, many worldwide initiatives
were launched to improve the understanding of nanoparticle
safety and included, among others, the establishment of the
Nanotechnology Task Force by the FDA (http://www.fda.gov/
ScienceResearch/SpecialTopics/Nanotechnology/ucm2006658.
htm), several nanotechnology research programs by the EPA
(http://www2.epa.gov/chemical-research/research-evaluatingnanomaterials-chemical-safety), the E56 committee by the
American Society for Testing and Materials (ASTM) International
(http://www.astm.org/COMMITTEE/E56.htm), and the TC229
Nanotechnologies Technical Committee by the International
Organization for Standardization (ISO) (http://www.iso.org/iso/iso_
technical_committee?commid=381983). In addition to these eﬀorts,
the U.S. National Cancer Institute established the Nanotechnology
Characterization Laboratory (NCL) to accelerate the translation of
nanotechnology-based concepts intended for medical applications
in the area of cancer diagnosis and therapy from bench to
bedside (http://ncl.cancer.gov/). One of the initial goals of the
NCL was to support the nanotechnology community by developing
a so-called assay cascade that would include, among other tests,
a battery of immunological assays. This assay cascade contributed
to the initial understanding of the interactions between
nanoparticles and the immune system and created a framework
for stimulating discussions in the area of nano-immunotoxicology
(Dobrovolskaia and McNeil, 2007; Marx, 2008; Dobrovolskaia
et al., 2009a; Pantic, 2011; Smith et al., 2013). Recently, the
European Commission has established the European Nanomedicine
Characterization Laboratory (EU-NCL), which shares several
objectives with those of the NCL (https://ec.europa.eu/jrc/en/
news/eu-ncl-launched).
The rapid growth of this field becomes obvious when
one compares the number of publications searchable in PubMed
using the key words “nanoparticles” and “immune system” between
years 2000 and 2015 (Fig. 5.1). Reviewing these data reveals
many advances, as well as disappointments. Moreover, delving
into the mechanisms of nanoparticle immunotoxicity uncovered
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many challenges in material characterization. Due to the wide
variety of nanomaterials available, the characterization of their
physicochemical properties is directed toward addressing
parameters specific to certain type of particles (e.g., porosity
is applicable to silicon nanoparticles, but is not informative for
liposomes and dendrimers). The grand challenge in the particle
characterization that precedes immunotoxicity studies relates
to the estimation of immunoreactive contaminants, such as
synthesis byproducts (e.g., iron catalysts in carbon nanotubes,
cetyltrimethylammonium bromide [CTAB] in gold nanorods),
and bacterial endotoxins, as well as excipients (e.g., Cremophor
EL, polysorbate 80), and linkers (e.g., certain linkers used to
attach poly(ethylene glycol) [PEG] to the nanoparticle surface)
(Crist et al., 2013).

Figure 5.1 Publications statistics. The PubMed data base was searched
using the keywords “nanoparticles” and “immune system” for the years
2000–2015. The data for 2015 were excluded from the analysis because the
publication year was incomplete at the time of the search. Each bar shows
the total publication number per year.

The challenges related to the physicochemical characterization
(Clogston and Patri, 2013) and estimation of endotoxin
contamination have been recently reviewed elsewhere (Crist et al.,
2013; Dobrovolskaia, 2015).
The immunotoxicity of environmental materials has also
been reviewed elsewhere (Kagan et al., 2010b).

Figure 5.2 Achievements, disappointments, and lessons learned from the characterization of engineered nanomaterials over the past
decade. This diagram outlines achievements (left circle) and disappointments (right circle) based on the studies dedicated to investigating
nanoparticle immunotoxicity over the past decade. The overlapping area shows the lessons learned from these studies. API, active
pharmaceutical ingredient; NP, nanoparticles; PCP, physicochemical properties; CARPA, complement activation-related pseudoallergy;
ICH, International Conference on Harmonization.
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Herein, we focus on the most prominent pieces of the
nanoparticle-immune system puzzle, discussing what worked,
what didn’t, and what has been learned over the past 15 years of
research on nanomaterials engineered for biomedical applications.
A summary of achievements, disappointments, and lessons learned
is presented in Fig. 5.2, and is further discussed below.

5.2 Achievements
5.2.1 Structure–Activity Relationship
The physicochemical properties of nanoparticles determine their
interactions with proteins in biological matrices (e.g., blood plasma
and alveolar fluid) and with the immune cells. The structure–
activity relationships between the most prominent physicochemical
properties of nanoparticles and their eﬀects on the immune
system that lead to the most common types of immunotoxicity
are summarized in Fig. 5.3. Below, we review several examples.
Nanoparticles with cationic surfaces, or those that carry cationic
ligands, interact with biological membranes electrostatically.
This leads to cellular damage, which triggers hemolysis, platelet
activation, and aggregation, and to the induction of leukocyte
procoagulant activity (PCA) and disseminated intravascular
coagulation (DIC) (Greish et al., 2012; Jones et al., 2012a; Jones et al.,
2012b; Ziemba et al., 2012). For example, cationic dendrimers
of diﬀerent architecture and size (generation five [G5] and
generation four [G4] poly (propylene imine) [PPI] dendrimers
[Bhadra et al., 2005; Agashe et al., 2006], G4 polyamidoamine
[PAMAM] dendrimers [Bhadra et al., 2003; Asthana et al., 2005],
generation three [G3] PAMAM and G3 PPI dendrimers [Malik
et al., 2000], as well as G4 poly-L-lysine [PLL] dendrimers
[Agrawal et al., 2007]) were shown to be hemolytic both
in vitro and in vivo. The in vitro percent hemolysis varied from
14 to 86% in whole blood from human donors and various
animal species, and was dependent on the density of the surface
groups. Likewise, cationic PAMAM dendrimers, but not their
anionic and neutral counterparts, altered key platelet functions
and perturbed plasma coagulation, which culminated with DIC
(Greish et al., 2012; Jones et al., 2012a; Jones et al., 2012b).
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Figure 5.3 Structure–activity relationship summary. Shown are the
structure–activity relationships between nanoparticles and their eﬀects on
the immune system. Each block listed in the bottom (structure) part of the
figure is color-coded. To find what toxicity is related to the given structure
block, please find the block in the top (activity) part of the figure marked
with the color matching that of the structure block. PCA, procoagulant
activity; DIC, disseminated intravascular coagulation; CARPA, complement
activation-related pseudoallergy; MPS, mononuclear phagocytic system, IL,
interleukin; PEG, polyethylene glycol; NP, nanoparticle; DXR, doxorubicin;
API, active pharmaceutical ingredient; DNA, deoxyribonucleic acid.
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The particle size, surface charge, and conformation of the polymer
coating are important determinants of particle clearance by the
mononuclear phagocytic system (MPS) in that smaller particles
(100–200 nm) with unprotected surfaces and surfaces coated
with a hydrophilic polymer in a “mushroom” configuration are
primarily cleared by Kupﬀer cells in the liver; larger particles
are eliminated by red pulp macrophages in the spleen. The
addition of a hydrophilic polymer coating in a “brush” configuration
protects particles from immune recognition, while increasing
the particle size above 300 nm provides no protection, regardless
of the polymer conformation (Gbadamosi et al., 2002). Exposure
to high aspect ratio particles (e.g., carbon nanotubes, titanium
nanobelts, cellulose nanofibers), as well as certain metallic
particles (e.g., Si), results in inflammasome activation and the
induction of proinflammatory cytokine interleukin (IL)-1β. These
particles, as well as certain cationic and carbon-based particles,
can exaggerate endotoxin-mediated inflammation (Baron et al.,
2015).
The immunotoxicity of a nanoparticle is also influenced
by the therapeutic payload it carries. For example, the induction
of cytokines and type I interferons, the inflammatory reaction,
the prolongation of plasma coagulation time, and complement
activation are common dose-limiting toxicities of therapeutic
nucleic acids (Levin, 1999). These toxicities are also commonly
observed with nanoformulated nucleic acids, and this limits their
translation into clinical use (Dobrovolskaia and McNeil, 2015a;
Dobrovolskaia and McNeil, 2015b). Cytotoxic DNA-intercalating
drugs used to treat cancer (e.g., doxorubicin, daunorubicin, and
vincristine) are known to induce PCA and DIC (Wheeler and Geczy,
1990; Swystun et al., 2009; Kim et al., 2011). Formulating these
drugs using nanotechnology carriers may help in avoiding the
toxicity. However, if overcoming these toxicities is not considered
during the design and optimization of nanoformulated versions
of these drugs, both PCA and DIC may not be resolved.

5.2.2 Application of Nanoparticles to Improve
Vaccine Efficacy
The efficacy of nanoparticle-based vaccines depends on the
interactions between the particles and the target cells, and is
determined by the physicochemical properties of the particles
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(size, shape, and surface functionalities) because these properties
play a key role in particle recognition by the antigen-presenting
cells (APCs). The type of nanocarrier is generally selected based
on the type of immune response desired from the vaccine.
Nanoparticles have been shown to provide a wide variety of
advantages over conventional adjuvants. They can improve
the solubility of hydrophobic antigens; provide controlled and
sustainable release of antigens, therefore reducing the number
of required immunizations; target antigens to specific cells and
tissues, thus reducing side eﬀects; prevent antigen degradation
and deliver multiple antigens concurrently (reviewed in [Xiang
et al., 2008; Xiang et al., 2010]). As of today, a wide variety of
engineered nanomaterials from diﬀerent classes (polymeric,
chitosanic, magnetic, latex, gold, silica, and polystyrene) have been
used successfully as antigen carriers and vaccine adjuvants (Tighe
et al., 1998; Pavelic et al., 2001; Weiss et al., 2002; Walsh et al.,
2003; Fifis et al., 2004a; Fifis et al., 2004b; Minigo et al., 2007;
Mottram et al., 2007).
Depending on their size, particles are internalized by APCs
via diﬀerent pathways, including both pino- and phagocytosis
(O’Hagan et al., 2001; Fifis et al., 2004a). Moreover, macrophages
utilize multiple routes to take up the same types of nanoparticles
(Franca et al., 2011). Several studies reported that smaller particles
(20–200 nm) elicit stronger immune responses than their larger
counterparts (O’Hagan et al., 2001; Fifis et al., 2004a; Fifis et al.,
2004b; Minigo et al., 2007; Mottram et al., 2007; Manolova et al.,
2008). For example, Plebanski and her group conducted a series
of studies to demonstrate that 40–50 nm polystyrene particles
induce potent CD4+ and CD8+ T-cell responses and do so more
efficiently than their larger (>500 nm) counterparts. In contrast,
particles >500 nm in size were more active in inducing interferon
(IFN)-γ and antibody responses (Fifis et al., 2004a; Fifis et al.,
2004b; Minigo et al., 2007; Mottram et al., 2007). Several studies
demonstrated that small (<100 nm) nanoparticles quickly travel
to the draining lymph nodes (LNs) after intradermal injection and
eﬀectively target LN-resident dendritic cells (DCs), B-cells, and
macrophages (Manolova et al., 2008; Reddy et al., 2007b). These
data suggested that large particles depend on interactions with
and uptake by tissue-resident APCs, while smaller particles utilize
both cell-associated migration and lymphatic drainage, thus
providing better antigen presentation (Manolova et al., 2008).
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Manipulation of nanoparticle size, shape, surface chemistry, and
charge is generally employed to maximize antigen delivery to DCs.
For example, small (<100 nm) nanoparticles were shown to be
taken up more efficiently by DCs, while large (1 μm) particles were
preferentially internalized by macrophages (Fifis et al., 2004a).
Several other studies have also reported that ~50 nm is the optimal
nanoparticle size for uptake by DCs (Aoyama et al., 2003; Nakai
et al., 2003; Wang et al., 2011).
Particle size was also reported as a primary factor in
determining the immunostimulatory profiles of vaccine
formulations in that smaller particles (~220 nm) were more
potent in inducing IFN-α responses, while their larger counterparts
(~1200 nm) induced tumor necrosis factor (TNF)-α (Rettig et al.,
2010). This diﬀerence was attributed to the type of the cells that
internalized these particles: plasmacytoid DCs engulfed smaller
particles, while macrophages preferred larger particles. Moreover,
particle size was also suggested to be a key factor in determining
the type of immunity induced. For example 40 nm nanoparticles
promoted Th1 and CD8+ T-cell responses, while 100 nm particles
induced Th2 responses (Fifis et al., 2004a; Fifis et al., 2004b;
Mottram et al., 2007).
Tuning particle zeta potential is another approach that has
been explored in vaccine design. For example, positively charged
particles demonstrate greater uptake by DCs (Thiele et al., 2003;
Foged et al., 2005; Villanueva et al., 2009) and induction of DC
maturation (Thiele et al., 2001; Jilek et al., 2004; Little et al., 2004;
Jilek et al., 2005; Reddy et al., 2007a). Cationic poly(D,L-lactic-coglycolic) (PLG) particles improved the delivery of DNA adsorbed
on the particle surface to APCs and induced greater cytotoxic
T-lymphocyte responses compared to plain DNA antigen (Singh
et al., 2000). More comprehensive coverage of this subject is
available elsewhere (Fesenkova, 2013; Xiang et al., 2013).

5.2.3

Application of Nanoparticles for Delivery of
Antiretroviral, Immunosuppressive and
Anti-Inflammatory Drugs

5.2.3.1 Antiretroviral
Antiretroviral drug delivery has many assorted challenges, some
of which are being eﬀectively overcome using nanotechnology-
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based carriers. In addition to improving the solubility of
antiretroviral drugs, nanoparticles are considered as a means to
improve drug delivery to tissues and cells serving as viral reservoirs.
When antiretroviral drugs are administered using conventional
routes and formulations, the concentrations of these drugs in
the plasma are usually higher than the concentrations found
in the lymphoid tissue, which serves as a major depot for
the virus (Fletcher et al., 2014). HIV can replicate in the lymphatic
tissue even when the viral load in the peripheral blood is low;
therefore, the need to enhance drug delivery into lymphoid
tissue is recognized by many as an eﬀective way of targeting
HIV both in systemic circulation and at its depot sites (Fletcher
et al., 2014).
The physicochemical properties of nanoparticles that
influence lymphatic delivery are: size, charge, molecular weight,
lipophilicity, and surface ligands (surfactants, PEG, hyaluronic acid,
biotin, peptides, antigens, and lectins) (Cho and Lee, 2014; Singh
et al., 2014). Several antiretroviral drugs have been formulated
using a wet-bead milling process and showed good stability
and the desired tissue distribution. These examples include
rilpivirine solid drug nanoparticles (Verloes et al., 2008; Baert
et al., 2009) and a cabotegravir (S/GSK1265744) nanocrystal
formulation (Spreen et al., 2013). Other approaches focusing
on the use of nanoformulations for oral delivery of these drugs
are in progress in order to address another problem related
to poor patient adherence to antiretroviral therapy (Prinapori
and Di Biagio, 2015). A more comprehensive review of this subject
is available in a recent review by Liptrott et al. (2016).

5.2.3.2

Immunosuppressive and anti-inflammatory

Nanoparticles can be immunosuppressive per se or used to
deliver immunosuppressive drugs. For example, inhaling carbon
nanotubes was shown to suppress humoral immune response via
a mechanism involving the production of transforming growth
factor beta (TGF-β) by alveolar macrophages and subsequent
prostaglandin production by spleenocytes leading to the systemic
immunosuppression (Mitchell et al., 2009). Other examples of
nanoparticles displaying immunosuppressive activities without
bearing a therapeutic payload include the imaging agent Resovist,
a single intravenous administration of which resulted in
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suppression of the antibody response to the model antigen (Shen
et al., 2011). The water-soluble fullerene derivative polyhydroxy
C60 was shown to inhibit type I hypersensitivity reactions to
allergens, both in vitro and in vivo (Ryan et al., 2007). Likewise,
allergen-loaded poly(D,L-lactic-co-glycolic) acid (PLGA) particles,
chitosan, poly(lactic acid) (PLA), poly [methyl vinyl ether-comaleic anhydride) nanoparticles, and dendrosomes were used to
suppress type I and type II reactions to environmental and food
allergens (Roy et al., 1999; Scholl et al., 2004; Balenga et al.,
2006; Gomez et al., 2007; Gomez et al., 2008), while synthetic
peptide dendrimers were reported to block experimental allergic
encephalomyelitis (Wegmann et al., 2008).
Other studies have shown the benefits of using nanoparticles
for the targeted delivery of immunosuppressive and antiinflammatory drugs, and to prevent the undesirable
immunosuppression of small-molecule drugs (Stinchcombe et al.,
2007). For example, using PLGA nanoparticles formulated to
deliver glucocorticoids to inflamed joints in the mouse model
of arthritis resulted in complete remission of the inflammatory
response. The improved efficacy was due to the targeted and
controlled release of steroids from the nanocarrier (Higaki et al.,
2005). Liposomes loaded with clodronate were used to specifically
eliminate macrophages in a swine model to protect animals from
endotoxin-mediated lung injury (Gaca et al., 2003). Liposomal
and polymeric nanoparticle reformulation of cyclosporine was
reported to reduce oﬀ-target side eﬀects (e.g., nephrotoxicity)
(Freise et al., 1994; Italia et al., 2007). Tacrolimus delivery using
lipid nanoparticles resulted in improved skin penetration and
tissue deposition, as well as a reduction in side eﬀects (Pople
and Singh, 2012). Polylactide nanoparticles were used for ex vivo
delivery of cyclosporine A into DCc (Azzi et al., 2010). Reinjection
of these drug-loaded DCs into the footpads of mice improved
drug delivery to the lymph nodes, where released cyclosporine
suppressed T-cell proliferation (Azzi et al., 2010). Delivery of
rapamycin by elastin-like polymeric nanoparticles resulted in
reduced nephrotoxicity and injection site reactions, while
demonstrating comparable efficacy (Shah et al., 2013).
The activity of liposomal formulations of glucocorticoids
provides another example of how nanoparticles can alter a drug’s
tissue distribution so that it provides additional beneficial eﬀects.
In this example, the free drug aﬀects T-lymphocytes, while its
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liposomal counterpart targets macrophages and induces an
alternatively activated M2 phenotype, leading to the expression
of anti-inflammatory cytokines and, consequently, reduced
inflammation (Schweingruber et al., 2011). Nanotechnology
is used not only to deliver single drugs, but also to co-deliver
anti-inflammatory agents with diﬀerent mechanisms of action.
For example, dexamethasone-loaded PLGA nanoparticles can be
combined with siRNA-targeting COX-2 to suppress inflammatory
responses (Park et al., 2012). More examples illustrating the
benefits of delivering immunosuppressive and anti-inflammatory
drugs using nanoparticles have been recently reviewed elsewhere
(Ilinskaya and Dobrovolskaia, 2014).

5.2.4

Application of Nanoparticles for Cancer
Immunotherapy

Cancer immunotherapy is another rapidly growing branch of
nanomedicine. Drugs used for cancer immunotherapy vary both in
structure and by mechanism of action. For example, Iipilimumab
(anti-CTLA4) directly interacts with and activates immune cells
by removing co-inhibitory signal, while GVAX (GM-CSF tumor
vaccine) improves tumor recognition by making the tumor more
immunostimulatory (Ali and Lee, 2015; Lipson et al., 2015).
A recent study by Fiering et al. demonstrated the use of iron
oxide nanoparticles and an alternating magnetic field to induce
local hyperthermia in melanoma. Interestingly, besides heatmediated tumor ablation, this treatment resulted in a potent
CD8+ T-cell–dependent response against the tumor, preventing
the recurrence of tumor growth (Toraya-Brown et al., 2014).
Another study demonstrated that tumor-associated myeloidderived suppressor cells (MDSCs) characterized by high levels
of oxidative reactions may be responsible for the degradation
of chemotherapeutic drugs in the tumor environment, and that
this degradation could be significantly reduced by drug loading
onto functionalized carbon nanotubes (Seo et al., 2015). This
example oﬀers an eﬀective way to prolong drug function in the
tumor environment by using a nanodelivery approach. Other
recent examples include using poly (ethyleneimine) nanoparticles
for the delivery of antiPD-1 siRNA (Teo et al., 2015), branched
polyethyleneimine-superparamagnetic iron oxide nanoparticles
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for the enhancement of Th1 cell polarization of DCs (Hoang
et al., 2015), 6-thioguanine-loaded polymeric micelles for the
depletion of MDSCs (Jeanbart et al., 2015), and a CD4-targeted,
oil-in-water emulsion for the co-delivery of IL-2 and TGF-β (McHugh
et al., 2015).

5.2.5

Understanding the Role of the Immune
System in Nanoparticle Biodegradation

The therapeutic use of biodegradable nanoparticles is accompanied
by fewer safety concerns than those of durable nanomaterials.
Not surprisingly, the majority of currently marketed nanomedicines
are represented by biodegradable, lipid-based materials (Etheridge
et al., 2013). Macrophages are known to play an active role
in internalizing and degrading these nanocarriers (Song et al.,
2012).
The use of nonbiodegradable nanoparticles is often associated
with concern regarding their bioaccumulation and long-term
toxicity. In this context, recent studies demonstrating the unique
role of activated neutrophils in the enzymatic digestion of
durable nanoparticles are very encouraging. Specifically, activated
neutrophils were reported to participate in the biodegradation of
carbon nanotubes. Myeloperoxidase (MPO)-reactive intermediates
and hypochlorous acid (HClO) generated by MPO are believed to
contribute to the biodegradation process (Kagan et al., 2010a;
Bianco et al., 2011; Shvedova et al., 2012), and the existence of
this mechanism was confirmed in vivo using MPO-deficient mice
(Shvedova et al., 2012). MPO was also found to have a role in
the oxidative biodegradation of single-wall carbon nanotubes
activated human neutrophils (Kagan et al., 2010a). Moreover,
additional research suggests that peroxynitrite (ONOO–)-driven
oxidation, resulting from the enzymatic activities of NADPHoxidase/inducible nitric oxide synthase (iNOS), functions as
another carbon nanotube biodegradation pathway in activated
macrophages (Vlasova et al., 2012; Bhattacharya et al., 2014;
Farrera et al., 2014; Kagan et al., 2014). Recent data demonstrated
that tumor-associated MDSCs expressing high levels of arginase,
iNOS, NADPH oxidase, and MPO were also able to biodegrade
carbon nanotubes via oxidative pathways. These MDSC properties
were recently utilized for an interesting nanodelivery approach
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in which nitrogen-doped carbon nanotube cups (NCNCs) were
loaded with therapeutic cargo (paclitaxel), sealed via conjugation
with gold nanoparticles (GNPs), and opened by enzymatic oxidative
processes within, or in the immediate proximity of, MDSCs. This
mechanism was proposed to enhance antitumor immune responses
by targeting and inactivating MDSCs using their own highly
expressed oxidative enzymatic machinery (Zhao et al., 2015).

5.2.6

Application of Nanoparticles to Reducing the
Immunotoxicity of Traditionally Formulated Drugs

In addition to their use as carriers of novel drugs, engineered
nanomaterials are also increasingly being used to reformulate
traditional drugs (low-molecular-weight drugs, therapeutic
proteins, therapeutic antibodies, and nucleic acids). Reformulation
of traditional drugs using nanotechnology has been shown to
improve drug solubility and pharmacokinetics, as well as to
reduce undesirable side eﬀects. Below, we review several
examples demonstrating how reformulation of traditional drugs
using nanotechnology resulted in reduced immunotoxicity.
The traditional formulation of the cytotoxic oncology drug
paclitaxel relies on the polyethoxylated castor oil excipient
Cremophor-EL®, which is known to induce anaphylaxis in sensitive
individuals. The anaphylactic reaction to Cremophor-EL is mediated
by its ability to activate the complement system (Weiszhar et al.,
2012). Due to this side eﬀect, the Cremophor-EL formulation
of paclitaxel (Taxol®) has to be administered via slow infusion,
and after patient premedication with immunosuppressive drugs.
In contrast to Taxol, the nanoalbumin formulation of paclitaxel
(Abraxane®) is administered via push injection, and does not require
premedication (Gradishar et al., 2005). Likewise, TNF-α failed in
clinical trials because it induces systemic immunostimulation,
resulting in fever and hypotension. However, TNF-α immobilized
on the surface of PEGylated colloidal gold nanoparticles (Cyt6091)
has successfully passed a Phase I trial (Libutti et al., 2010).
Therapeutic protein immunogenicity, which leads to the formation
of antibodies that neutralize the drug and, in some cases,
endogenous proteins, is a common reason for the discontinuation
of such drugs (Rosenberg et al., 2012). Liposomes were shown to
reduce the immunogenicity of recombinant coagulation factor
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FVIII and to protect encapsulated protein from the antibodies
formed in response to the traditional formulation of this
therapeutic protein (Ramani et al., 2008).
Other success stories demonstrating the reduction of
immunotoxicity by reformulation of a traditional drug using
nanotechnology-based carriers include the encapsulation of
therapeutic antisense oligonucleotides into liposomes to prevent
activation of the complement system (Klimuk et al., 2000) and to
reduce cytokine-mediated toxicities (Yu et al., 2013), as well as the
reformulation of the small-molecule oncology drug 5-fluorouracil,
using chitosan nanoparticles to decrease its hematotoxicity
(Giacalone et al., 2013; Cheng et al., 2014).

5.2.7

Understanding the Applicability of the Existing
Regulatory Framework for Immunotoxicity
Analysis of Nanoformulations

Several nanotechnology-formulated drugs have already reached
the market. Examples include solid lipid nanoparticles (e.g.,
Leunesse®), liposomes (e.g., Doxil®), protein-based nanoparticles
(e.g., Abraxane), as well as nanocrystals (e.g., Emend®). Regulatory
experience gained from working with these formulations, along
with data from preclinical reports, has helped to develop a
better understanding of how to apply the regulatory framework
established and used for small-molecule and macromolecular
therapeutics to complex nanotechnology formulations (Tyner and
Sadrieh, 2011; Bancos et al., 2013; Cruz et al., 2013; Tyner et al.,
2015). The properties shared by nanotechnology-based carriers
that have already reached the market are biodegradability (e.g.,
emulsions and liposomes) and the ability to quickly dissolve in the
body (e.g., nanocrystals). Durable nanoparticles (e.g., metals and
metal colloids) are expected to accumulate in the body and, as
such, raise immunological safety concerns. These concerns stem
from the notion that durable materials tend to distribute to the
MPS (Sadauskas et al., 2009; Di Gioacchino et al., 2011; Moon et al.,
2011; Umbreit et al., 2012). Accumulation of these materials in
the MPS may aﬀect the normal function of this system, and
therefore this concern should not be ignored.
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The FDA applies the same regulatory framework established
for all small-molecule and macromolecular therapeutics to the
regulation of complex nanotechnology products (Bancos et al.,
2013). The manufacture, characterization, and non-clinical safety
evaluation of combination products containing nanotechnology
platforms have also been covered in several recent regulatory
documents, which recommend conducting studies relevant to
each component of the complex formulation (CDER, 2006;
CDER, 2008). For example, the International Conference on
Harmonization (ICH) S8 and S6 guidelines are consulted to
estimate the immunotoxicity of small-molecule and macromolecular
components, respectively, of any nanotechnology-formulated
combination product (CDER, 2001; Bancos et al., 2013).

5.3 Disappointments
5.3.1

Harmonization of Testing Is Still in Progress

Ten years ago, international standards development organizations
ASTM International and ISO established the E56 and TC229
committees, respectively, to lead the development of standard
test methods for nanomaterials. This eﬀort resulted in the
development of three standardized test methods—ASTM E562524-08(2013), ASTM E56-2525-08(2013), and ISO 29701:2010—
for the analysis of the hemolytic properties of nanoparticles,
the eﬀects of nanoparticulate materials on the formation of
mouse colony-forming unit granulocyte/macrophage colonies, and
of potential endotoxin contamination in nanomaterials, respectively
(http://www.astm.org/COMMIT/SUBCOMMIT/E5603.htm;
http://www.iso.org/iso/iso_catalogue/catalogue_tc/catalogue_tc_
browse.htm?commid=381983). While these harmonized methods
are important to support immunotoxicity studies, they are obviously
insufficient to address the broad spectrum of end-points that
are indicative of nanoparticle immunotoxicity. Despite global
eﬀorts, there is no harmonization in the following areas: dose
selection, dose metrics, assay format, cell species, and matrices.
Recently, an integrated approach was proposed to estimate
relevant in vitro doses of tested nanomaterials in terms of total
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mass, surface area, and particle number (Cohen et al., 2014).
While the results of this study are encouraging, adaptation of
this approach by other laboratories and harmonization eﬀorts
are needed.

5.3.2

Lack of Nanoparticle Reference Standards for
Immunotoxicity Studies

Reference standards are well-characterized materials with
known properties. These materials can be used to validate
toxicology protocols and ensure the quality of measurements
specific to a given protocol measuring given end points. It is
generally acknowledged that the lack of nanoparticle reference
standards limits the validation of instruments, protocols, and
materials used to assess exposure to nanomaterials and understand
their biocompatibility. While many types of nanomaterials have
been linked to certain types of immunotoxicity (e.g., cationic
dendrimers are thrombogenic; PEGylated liposomes induce
anaphylaxis), there are no standard reference materials to use for
these and other types of immunotoxicity studies. Stefaniak et al.
conducted a literature review and identified 25 nanomaterials that
were considered to be candidate nanoparticle reference materials
by standards development organizations worldwide (Stefaniak
et al., 2013). Interestingly, this study found a limited consensus
regarding the types of candidate nanoparticles between various
organizations involved in the development of reference materials:
the U.S. National Metrology Institute, the U.S. National Institute
of Standards and Technology, the REFNANO project funded by
the UK government, the Organization for Economic Cooperation
and Development, and several NanoImpactNet projects
(NanoImpactNet, NanoSustain, and NanoValid) funded by the
European Commission (Stefaniak et al., 2013).
In the absence of consensus on and availability of relevant,
well-characterized reference materials, immunotoxicity studies
are conducted using traditional positive controls, such as
lipopolysaccharide for cytokine induction, phytohemagglutinin
for leukocyte proliferation, Triton X-100 for hemolysis, and cobra
venom factor for complement activation (Dobrovolskaia, 2015).
Preclinical studies often rely on nanomedicines with known
clinical immunotoxicities (e.g., Doxil or Taxol for complement
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activation and anaphylaxis tests) (Dobrovolskaia, 2015). Despite
the thorough characterization of their physicochemical properties,
the main limitation in using these products as reference materials
is their expense and limited accessibility to the nanotechnology
research community.

5.3.3

Examples of Nanoformulations Demonstrating
Reduced Immunotoxicity of Traditionally
Immunotoxic APIs Are Fewer Than Expected

Despite clear examples demonstrating the potential of
nanotechnology for reducing the immunotoxicity of traditional
active pharmaceutical ingredients (APIs), the systemic
administration of many nanoformulations to patients still requires
immunosuppressive and/or antipyretic premedication. For
example, the complexing of therapeutic nucleic acids with a
nanocarrier is commonly based on electrostatic interactions.
As such, the lipid and polymeric carriers used to formulate
therapeutic nucleic acids tend to be cationic. As discussed
earlier, cationic particles are known to be cytotoxic to a variety of
immune cells, induce cytokine secretion, exaggerate endotoxinmediated toxicities, activate complement, bind plasma proteins,
trigger pro-coagulant activity, and may also aﬀect protein
conformation and function (Pantic, 2011; Boraschi et al., 2012;
Dobrovolskaia and McNeil, 2013a). These data raise safety
concerns. Indeed, several studies have demonstrated that base
modifications were insufficient to reduce the immunostimulatory
activity of certain nucleic acids (e.g., siRNA). Furthermore, lipid
nanocarriers were shown to contribute to the drug’s
immunostimulation (Abrams et al., 2010). Examples of
immunostimulatory lipids used to prepare nanocarriers for
therapeutic nucleic acids include 2-(4-[(3β)-cholest-5-en-3yloxy]butoxy)-N,N-di-methyl-3-[(9Z,12Z)-octadeca-9,12-dien-1yloxy]propan-1-amine (CLinDMA) and PEG-dimyristoylglycerol
(Abrams et al., 2010), protamine (Li et al., 1999), trimethyl
ammonium propane-cholesterol (Kim et al., 2007), and 1,3dioleoyl-3-trimethylammonium propane (DOTAP) (Li et al.,
1999; Vasievich et al., 2011). Clinical studies investigating the
safety of such formulations are often designed to prevent adverse
reactions by premedicating patients with immunosuppressive
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cocktails
containing
immuno-suppressive
agents
(e.g
dexamethasone), antipyretic agents (e.g acetaminophen), histamine
H1 receptor blockers (e.g., diphenhydramine), and histamine H2
receptor blockers (e.g., ranitidine) (Coelho et al., 2013). It is clear
that the advantages of tuning the physicochemical properties of
nanoparticles for the purpose of reducing drug immunotoxicity
have not yet been fully explored. The continuing evolution of
the framework for evaluating nanoparticle immunotoxicity is
the likely reason for this observation.

5.3.4

The Mechanisms of Nanoparticle
Immunotoxicity Are Largely Unknown

The majority of studies reported in the past decade were focused
on understanding the structure–activity relationship between the
physicochemical properties nanoparticles and immunotoxicity.
Uncovering the mechanisms of nanoparticle immunotoxicity is
still a work in progress. Several interesting mechanisms have
been recently described. For example, the inhibition of
phosphoinositol-3-kinase (PI3K) by cationic PAMAM dendrimers
has been suggested to contribute to the exaggeration of
lipopolysaccharide (LPS)-induced leukocyte PCA in human
peripheral blood mononuclear cells by these particles (Ilinskaya
et al., 2014). The activation of mitogen-activated protein kinase
(MAPK) p38 by gold nanoparticles functionalized with α-lipoylω-methoxy poly (ethylene glycol) was proposed as a mechanism
for exaggeration of LPS-triggered nitric oxide and IL-6 secretion
in murine macrophages (Liu et al., 2012). The binding of colloidal
gold nanoparticles to high-mobility group B-1 was implicated
in the attenuation of nuclear factor-kappaB (NF-kB) signaling,
the phosphorylation of JNK, and the secretion of TNF-α
triggered by TLR9 activation by CpG oligonucleotides (Tsai et al.,
2012).
The induction of oxidative and nitrosative stress by zinc
oxide nanoparticles was described as a mechanism through
which these particles activate redox-sensitive NF-κB and MAPK
signaling pathways, leading to an inflammatory response in
human monocytes (Senapati et al., 2015). The oxidative stress
induced by the nanoemulsion Cremophor-EL was also suggested
to trigger IL-8 production by human monocytes via a mechanism
that bypasses gene expression (Ilinskaya et al., 2015).
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It is also important to note that the eﬀects of nanomaterials
on immune cells may result in both suppression of the
immune eﬀector cells and activation of the immune regulatory
(immunosuppressive) cells. Therefore, any discussion of
nanoparticle immunotoxicity should consider specific immune cell
subsets. For instance, airborne carbon nanotubes have recently
been reported to induce rapid accumulation of pulmonary MDSCs
in mice, which was associated with the accelerated growth of
lung carcinomas in vivo (Shvedova et al., 2013). Further analysis
of the mechanism revealed that carbon nanotubes may
presensitize MDSCs to produce the immunosuppressive cytokine
TGF-β, which contributes to the observed immunosuppression
and, as a consequence, tumor growth (Shvedova et al., 2013).
Thus, both uncovering the immunomodulatory properties of
nanomaterials and understanding the molecular and cellular
mechanisms of their activities are important for the clinical
translation of these materials and potential minimization of any
undesirable immunoreactivity.
Further research is clearly needed to uncover additional
mechanisms and to link them to the physicochemical properties
of nanoparticles.

5.3.5

Accidental Nanoparticulate Contaminants
Contribute to the Immunogenicity of
Therapeutic Proteins

The observation that particulate materials between 0.1 and 10 μm
in size can contaminate recombinant protein therapeutics and
contribute to their immunogenicity has generated increasing levels
of concern (Carpenter et al., 2010). The mechanism by which this
occurs has not been fully investigated; however, several factors,
such as nanoparticle-triggered protein aggregation (Mire-Sluis
et al., 2011; Van Beers et al., 2012); the adsorption of proteins
on the particle surface, leading to the formation of highly
immunogenic repeated-protein structures (Mire-Sluis et al., 2011;
Van Beers et al., 2012); and the exaggeration of inflammatory
responses triggered by trace amounts of endotoxin (Dobrovolskaia
et al., 2016) may play a role. For example, tungsten microparticles
originating from the tungsten pins used in the manufacturing
process were shown to induce protein aggregation and increase
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the immunogenicity of a recombinant protein product (Liu et al.,
2010).
Another study suggested that hydrophobic metal, glass, and
polystyrene particulates adsorb proteins on the particle surface
and contribute to protein aggregation and immunogenicity (Van
Beers et al., 2012). Several other materials were named among
common particulates found to contaminate therapeutic proteins,
including cellulose and glass fibers, silicon oil, rubber, stainless
steel, fluoropolymers, and plastics (Carpenter et al., 2010; Liu
et al., 2010; Van Beers et al., 2012). Cellulose fibers were shown
to exaggerate the production of endotoxin-induced proinflammatory cytokines (Dobrovolskaia et al., 2016). Gowns and
other materials used in clean rooms during the manufacturing
of therapeutic proteins—closures, filling pumps, containers, vial
stoppers, etc.—serve as sources of these particulate contaminants
(Carpenter et al., 2010). These data led regulatory agencies
to require the detection and characterization of particulate
materials that can contaminate therapeutic proteins; however,
there is no general agreement as to what methods should be used
(Carpenter et al., 2010). The major challenge in understanding
the mechanism of therapeutic protein immunogenicity in the
presence of contaminating particles is the limited quantities of
these particulate materials. Even when a particulate contaminant
is detected and isolated from the protein product, the quantity
of the isolate is usually insufficient to conduct a follow-up
mechanistic study (Carpenter et al., 2010). It is obvious that
more research is needed to address this important issue.

5.4 Lessons Learned
5.4.1 Nanoparticles’ Physicochemical Properties Are
the Keys to Determining Particle Interaction
with the Immune System
It is now well established that nanoparticles can be engineered
to either avoid or specifically interact with the immune system.
The tuning of nanoparticles to attain desirable attributes can
be achieved by manipulating the physicochemical properties
(size, charge, hydrophobicity, shape) of the particle that determine
its interaction with plasma proteins and immune cells. This

Lessons Learned

subject has been extensively reviewed elsewhere (Smith et al.,
2013). We have also discussed many examples underlining this
point in the achievement section of this paper.

5.4.2

Chemical (e.g., Synthesis Byproducts) and
Biological (e.g., Endotoxin) Impurities Can
Contribute to NanoparƟcle Toxicity

It is very important to distinguish nanoparticle-mediated
immunotoxicities from those triggered by chemical and biological
impurities. The presence of traces of CTAB used as a stabilizing
agent in the synthesis of gold nanorods was implicated in the
cytotoxicity of these particles (Leonov et al., 2008). Iron and
nickel used to catalyze reactions involved in the synthesis of
carbon nanotubes were shown to trigger inflammatory reactions
in response to nanotube exposure (Madani et al., 2013). Bacterial
endotoxin is a common biological impurity aﬀecting over 30% of
preclinical-grade nanomaterials (Crist et al., 2013; Dobrovolskaia
and McNeil, 2013b). If not properly identified in and eliminated
from nanoformulations, endotoxin can confound the results of
both nanoparticle immunotoxicity and efficacy studies. The
elimination of endotoxin from nanoparticles was shown to reduce
their immunotoxicity (Vallhov et al., 2006). Moreover, some
nanomaterials, while not inflammatory themselves, were able to
potentiate endotoxin-mediated inflammation. Silica- and carbonbased nanomaterials, as well as some metal oxides, have been
shown to exaggerate endotoxin-mediated inflammation in the
lungs (Inoue et al., 2006; Inoue et al., 2007; Shi et al., 2010;
Inoue, 2011; Inoue and Takano, 2011), while cationic PAMAM
dendrimers were reported to exaggerate endotoxin-induced
leukocyte PCA (Dobrovolskaia et al., 2012; Ilinskaya et al., 2014).
Strategies for endotoxin detection have been discussed elsewhere
(Dobrovolskaia, 2015).

5.4.3 Thorough Physicochemical Characterization
Is Needed Prior to Nanoparticle Analysis
in Immunological Assays
Since the physicochemical properties of nanoparticles are the
keys to determining particle interaction with the immune
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system, thorough particle characterization is needed prior to
immunotoxicity studies (Clogston and Patri, 2013). Several
examples have shown that instability of particle surface coatings
results in inflammatory reactions, yet partial loss of the surface
coating is undetectable by dynamic light scattering and zeta
potential analysis, traditionally used for particle characterization
(Clogston and Patri, 2013; Crist et al., 2013). Certain processes
and reagents commonly involved in nanoparticle research (e.g.,
sterilization procedures and inhibitors used for signal transduction
studies) may also aﬀect nanoparticle integrity (Zheng et al.,
2011; Dobrovolskaia et al., 2016). Missing such details may lead
to misinterpretation of the study results and faulty conclusions.
Another important lesson has been learned from using nanoparticles
for drug delivery: drug conjugation to a nanotechnology-based
carrier may change the drug’s original properties. For example,
celastrol conjugated to a dendrimer carrier retained its ability
to suppress LPS-induced nitric oxide release, but lost its ability
to inhibit production of pro-inflammatory cytokines (Boridy et al.,
2012).

5.4.4

Total Protein Binding Serves as Good Indicator
of Nanoparticle Stealthiness and Its Distribution
to the MPS

Proteins bind to a nanoparticle surface instantaneously upon
entry of the particle into the bloodstream. Some of these proteins
stay on the surface as long as the particles circulate in the
bloodstream, while others dissociate from the particle surface
or get replaced by proteins with a higher binding affinity. Protein
binding was shown to aﬀect nanoparticle hydrodynamic size and
charge (Dobrovolskaia et al., 2009b), and was also suggested to
influence the way cells and tissues interact with and process the
particles, ultimately guiding cellular uptake, clearance route, and
tissue distribution (Goppert and Muller, 2005; Michaelis et al.,
2006; Nagayama et al., 2007; Zensi et al., 2009). It is now well
established that total protein binding can serve as an indicator
of particle “stealthiness.” Stealthy particles tend to stay in
circulation longer. In contrast, particles with proteins bound to
their surface are cleared by the cells of the MPS.
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5.4.5

Composition of Protein Corona Is Insufficient
to Predict Nanoparticle ImmunocompaƟbility

In contrast to total protein binding, the composition of the protein
corona has less predictive value. Complement and fibrinogen
are abundant plasma proteins, and they have been reported as
part of the so-called “protein corona” for many engineered
nanomaterials. However, the presence of these proteins on the
particle surface per se does not mean that the function of
these proteins will be activated (Salvador-Morales et al., 2006;
Salvador-Morales et al., 2008; Deng et al., 2009; Deng et al., 2011;
Deng et al., 2012a; Deng et al., 2012b). The particle concentration
needed to deplete these proteins to a level that would aﬀect
their function must be very high. Achieving such concentration
in vitro is possible for some, but not all, nanoparticles. Moreover,
protein levels in vivo vary from donor to donor, and even within
the same donor, due to homeostasis. Therefore, the identification
of the composition of a nanoparticle’s protein corona cannot
reliably serve as a predictor of particle immunotoxicity (SalvadorMorales et al., 2006; Salvador-Morales et al., 2008; Deng et al.,
2009; Deng et al., 2011; Deng et al., 2012a; Deng et al., 2012b;
Dobrovolskaia et al., 2014).

5.4.6

Common Markers of Nanoparticle
Immunotoxicities Halting Clinical
Translation of Nanomedicines

The toxicities that represent the most common safety concerns
and reasons for nanoparticle failure in the preclinical stage
include erythrocyte damage, thrombogenicity (platelet aggregation,
plasma coagulation, DIC, and leukocyte PCA), cytokine-mediated
inflammation and cytokine storming, pyrogenicity (mainly due to
bacterial endotoxin contamination), and anaphylaxis and other
complement activation-mediated reactions, as well as recognition
and uptake by the cells of the MPS (Dobrovolskaia, 2015). As
such, screening for these toxicities early in preclinical development
helps in eliminating potentially toxic candidates. Figure 5.3 can
be consulted as a guide to selecting the most appropriate
screening method based on the immunotoxicity endpoint, which
can be suggested by nanoparticle physicochemical properties.
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5.5 Conclusions
The past decade has been full of exciting discoveries: unraveling
trends in nanoparticle immunocompatibility, understanding the
role of particle characterization, and finding therapeutic
applications for a variety of nanocarriers. Since the mechanisms
of nanoparticle immunotoxicity are not completely understood,
the next decade of research should focus on identifying
mechanisms and mapping them to the physicochemical properties
of nanoparticles.
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6.1

Introduction

New biomarkers with improved sensitivity and specificity are
required to improve disease diagnosis and prognosis. Furthermore,
to realize the concept of personalized medicine, new challenges of
patient stratification and development of companion diagnostics
need to be addressed. Consequently, biomarkers with diagnostic
and prognostic value for cancer and autoimmune diseases will
become more and more important. Auto-antibodies are a class
of analytes that have attracted attention over the last years. They
are directed against certain human proteins and induced by
immune system activity in response to disease processes, e.g.,
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in neurodegenerative diseases, cancer, or classical autoimmune
diseases.
Here, we review the use of auto-antibody/antigen interactions
for diagnostic assays and drug development strategies, which
overcomes the technical problems and limitations of other
proteomic markers found in the last decades. Diﬀerent technology
platforms are described enabling the discovery and validation of
biomarkers as well as the development of diagnostic assays based
on novel auto-antibody/antigen interactions.

6.2

Auto-antibodies as Biomarkers

Auto-antibodies are a class of biomarkers suitable for risk assessment, screening, prognosis, disease stratification, and therapy
monitoring. Auto-antibodies, i.e., antibodies directed against
certain human proteins, are induced by immune system activity in
response to a disease process. Auto-antibody production reflects
the immune response to a continuous remodeling of cells or tissues
caused by protein turnover and chronic disease processes. In this
context, the immune system fails to properly distinguish between
self and nonself, and attacks its own cells and tissues. However, in
so-called autoimmune diseases, the auto-antibodies present in
blood are indicative for the clinical symptoms and the state of
the disease. Prominent examples of autoimmune diseases are
rheumatoid arthritis (RA), multiple sclerosis (MS), coeliac disease,
diabetes mellitus type 1, systemic lupus erythematosus (SLE),
Sjogren’s syndrome, inflammatory bowel disease, and Hashimoto’s
thyroiditis.
Beyond classical autoimmune diseases, also in several cancer
indications, the presence of auto-antibodies has been shown and was
correlated to the disease state. Auto-antibodies against autologous
tumor-associated antigens (TAAs) have been described (Anderson
and LaBaer 2005). Most of them are altered, which renders them
into an immunogenic form. They can be mutated (p53) (Soussi,
2000), overexpressed (NY-ESO-1) (Schubert et al., 2000), aberrantly
degraded, or glycosylated (MUC-1) (von Mensdorﬀ-Pouilly et al.,
2000). Also, aberrant localization as described for cyclin B1 may
provoke an immune response (Suzuki et al., 2005). It is speculated
that the humoral response against TAAs is triggered by aberrant
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tumor cell death due to defective apoptosis or necrosis leading to
the release of intracellular modified proteins with immunogenic
potential. Tumor cell death also releases proteases that would
generate cryptic self-epitopes.
Historically, the immune system was separated into two
branches: humoral immunity and cellular immunity. The protective
function of humoral immunization could be found in cell-free
bodily fluids or serum and is mediated by secreted antibodies
produced by activated B-lymphocytes. In contrast, the cell-mediated
immunity does not involve antibodies but requires the activation
of macrophages, natural killer cells, antigen-specific cytotoxic
T-lymphocytes, and the release of diﬀerent cytokines in response
to an antigen. However, both systems are linked together by the
activation of naïve B-cells in a T-cell-dependent manner. During
T-cell-dependent activation, an antigen-presenting cell such as
a macrophage or dendritic cell has digested the immunogenic
antigen to peptides and presents this processed antigen to a
helper T-cell (Th-cell), which is then primed to this antigen. When
a B-cell processes and presents the same antigen to the primed
Th-cell, the T-cell secretes several cytokines, which trigger the
B-cell to proliferation and diﬀerentiation into plasma cells.
Up to now it has been quite difficult and time consuming to
identify reliable serum markers, especially proteins and peptides,
for the diagnosis of a certain disease. A particularly important
reason is that such diagnostic markers are present in patient
samples often only in minute and highly variable concentrations
and have a limited stability. In contrast to this, the use of autoantibodies as diagnostic markers has proven to be highly eﬀective.
Such antibodies can be detected by presenting their corresponding
autoantigens in well-established assay formats, e.g., enzymelinked immunosorbent assay, western blot, protein arrays, etc.
A particular feature is their specific structure and high stability.
They are present in serum or plasma in high concentrations
and are not subjected to circadian rhythms or other short-term
changes in physiological states. This means that sampling can
occur any time because results are not influenced by the time of
day of sampling or nutritional status. Due to their specificity
and high affinity binding to their corresponding autoantigen,
no enrichment or elaborated sample preparation is required.
Enrichment occurs automatically during analysis by the binding
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of the auto-antibodies to the autoantigen. Potentially, autoantibodies can also be used for the development of prognostic tests.
Studies with SLE patients in the United States have shown that
certain auto-antibodies could be detected as long as 10 years prior
to the onset of the disease (Arbuckle et al., 2003). This highlights
that assessing the immune response by measuring auto-antibodies
is the most stable and efficient way of analyzing biomarkers
for diagnostics. Several auto-antibodies are already established
diagnostic markers (Table 6.1).
Table 6.1 Examples of established auto-antibody biomarkers and their
corresponding antigens
Antigen
SS-A
Ro-52

Disease
systemic lupus erythematosus
systemic lupus erythematosus

Antibody Scaffold
IgG
IgG

CCP

rheumatoid arthritis

IgG

SS-B
Sm
Scl-70

systemic lupus erythematosus
systemic lupus erythematosus
systemic sclerosis

IgG
IgG
IgG

Jo-1

polymyositis

IgG

SLA
LKM1
AMA M2

autoimmune liver disease
autoimmune liver disease
autoimmune liver disease

IgG
IgG
IgG

Sp100

autoimmune liver disease

IgG

gp210
LBR

autoimmune liver disease
autoimmune liver disease

IgG
IgG

As indicated in Table 6.1, several disease-specific antibodies
are known and used in established diagnostic test systems. The
presence of many of these antibodies is associated with more than
one autoimmune disease. For example, the detection of Ro-52 is
typical for neonatal lupus erythematodes, Sjogren’s syndrome,
and SLE. This shows that the detection of just one antibody will
be insufficient for the diagnosis of a disease. On the contrary, 116
diﬀerent target antigens have been described in the literature for
SLE patients (Sherer et al., 2004). Thus, the relatively small panel
of target antigens/antibodies that are routinely measured does
not probably assess the full heterogeneity of the disease. It is
reasonable to assume that taking more disease-specific target
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antigens/antibodies into account will increase sensitivity and
specificity of diagnosis.
Consequently, recent approaches measure a multitude of
putative antibodies followed by data analysis using clustering or
classification algorithms (Quintana et al., 2003; Li et al., 2007;
Hueber et al., 2005). Due to cost eﬀectiveness, the need for small
sample volumes, and laborious procedures, the multiplex antigen
array technology has become more and more accepted in this
field (Robinson, 2006). This technology can be applied to improve
diagnosis and used for the prediction of disease onset, classification
of subjects into disease subgroups, as well as efficacy assessment
of therapy regiments (Lueking and Cahill, 2006; Sharp and Utz,
2007).

6.3

Auto-antibodies for Companion Diagnostics
Enabling Personalized Medicine

Auto-antibody signatures detected by blood screening can not only
be useful for the diagnosis of a disease, but can also be used for
patient stratification, i.e., divide patient populations into diﬀerent
groups, such as drug responders and nonresponders (Fig. 6.1).
This is very desirable for the following reason: It is well
established that for any disease, not all patients respond equally
well to a standard drug treatment. On the contrary, in many cases
a significant proportion of patients will either not respond at all or
even show adverse eﬀects as a result of the drug treatment.
Ineﬀective drug treatments put an enormous cost burden on
pharmaceutical companies during drug development and the
health care insurance providers. Therefore, in recent years both
the scientific community as well as regulatory agencies (Food
and Drug Administration, European Medicines Agency) started
recommending the development of diagnostic markers, assays,
and tools to establish so-called companion diagnostics. They
should enable a more targeted therapy to either specifically select
the eligible patient population for a standard treatment or define
a specific dosing scheme based on a specific molecular patient
profile. This approach provided a rational basis of personalized
medicine.
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A prominent example is the monoclonal IgG1-λ antibody
belimumab (Benlysta; GlaxoSmithKline, UK), which binds to the
soluble human BLyS thereby inhibiting its biological activity.
BLyS inhibits B-cell apoptosis and stimulates the diﬀerentiation
of B-cells into immunoglobulin-producing plasma cells. In SLE,
rheumatoid arthritis, and certain other autoimmune diseases,
elevated levels of BLyS are believed to support the production
of auto-antibodies, which may contribute to the destruction of
healthy tissue. It has been shown in a phase II dose-ranging study
that belimumab was only eﬀective in patients with serologically
active SLE patients (Wallace et al., 2009). Subgroup analysis
revealed that the clinical end points were successfully reached in
this large subgroup. Therefore, only seropositive patients
were enrolled in the subsequent clinical phase III, in which the
eﬀectiveness of belimumab was proven. In 2010, the Food and
Drug Administration approved Benlysta as the first novel SLE
treatment in about 50 years. Sales are estimated to reach the
$1 billion blockbuster threshold rather soon (according to
Datamonitor Product Profile SLE, June 2011). The yearly treatment
costs are in the range of $30,000 per patient, illustrating the high
potential for any SLE drug, although a small percentage of SLE
patients are responding to the drug.
Patient group

Non-diseased

Responder
Diseased
Non-responder

Adverse effect
Figure 6.1 Use of biomarkers in diagnosis and personalized medicine.
Diagnosis of a disease is based on the discriminative power of biomarker(s).
Response or adverse eﬀects of a patient to a drug can be predicted by
biomarkers before or early during treatment.

Biomarker Discovery Strategies

Therefore, auto-antibodies in combination with their
corresponding autoantigens have the potential to be used as
companion diagnostics in this context, because they may enable
classification of patients into diﬀerent groups as indicated in
Fig. 6.1.

6.4 Biomarker Discovery Strategies
The development of diagnostic markers comprises several phases
from discovery to clinical assay development. Typically, the
discovery process starts with high numbers of analytes tested
against a low number of serum samples of cases and controls.
Multiple rounds of verification and validation are carried out until
the number of biomarkers is significantly decreased. Subsequently,
four to ten biomarkers enter the phase of clinical assay development,
whereas up to a few thousand samples are analyzed (Rifai et al,
2006).
Several techniques for autoantigen discovery are currently
in use and encompass serological screening of cDNA expression
libraries, phage display libraries, two-dimensional western blots,
and diﬀerent formats of protein arrays, such as planar or beadbased protein microarrays, peptide arrays, tissue arrays, and
carbohydrates arrays.
The proteomics-based approach termed serological proteome
analysis (SERPA9) combines two-dimensional electrophoresis,
western blotting, and mass spectrometry (Klade et al., 2001).
Proteins from tumor tissues or cell lines were separated by twodimensional gel electrophoresis, transferred onto membranes,
and incubated with serum samples from healthy people and
patients. The auto-antibody signatures were compared and patientassociated protein spots were analyzed by mass spectrometry.
Although the time-consuming construction of cDNA libraries is
avoided and post-translational modifications are accessible for
the screening approach, this technology has the major drawbacks
of low reproducibility, low automation grade, and low sample
throughput.
In the phage display approach, a cDNA library is constructed
using tumor tissue, a cancer cell line, or short synthetic DNA
sequences leading to peptides or proteins displayed on the
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phage surface. Auto-antibody screening in patient samples is
done by a biopanning procedure involving succeeding rounds
of immunoprecipitation and amplification/enrichment of
auto-antibody-binding phages. However, the analysis of large
numbers of patient and control samples as well as the quantitative
analysis of the identified antigens or peptide epitopes requires
further techniques such as protein microarrays.
The serological analysis of tumor antigens by recombinant
cDNA expression cloning (SEREX) applies a cDNA expression
library obtained from autologous tumor tissue (Sahin et al, 1995).
By SEREX, several TAAs have been identified in various types
of cancers, including lung, liver, breast, ovarian, prostate, and
renal cancers (Tan et al., 2009). Proteins derived from aberrant
transcripts highly specific for tumor activity can be detected.
However, a general bias toward antigens that are highly expressed
in the tumor tissue is found. Since often these libraries are cloned
in a λ gt11 system, SEREX is time consuming, labor intensive,
not amenable for automation, and therefore not suitable for the
analysis of large patient numbers.
Protagen applied the UNIarray® technology platform, which
enables a systematic approach to auto-antibody discovery in
a unique way. The basis is founded in the availability of a large
collection of recombinant human proteins. The company owns five
tissue-specific recombinant human protein expression libraries
(Escherichia coli expression, His-tag fusion proteins) enabling a
high degree of automation in the downstream workflow. The largest
library from human fetal brain represents >10,000 recombinant
human protein expression products, i.e., potential autoantigens.
Therefore, approximately 50% of the human genome can be
currently accessed by the Protagen technology platform. More
than 5,000 human-purified proteins are available for screening
purposes. The interaction of auto-antibodies from patient samples
with these potential autoantigens can be detected very fast with a
high efficiency. Applying a hypothesis-free strategy, novel biomarker
candidates can be identified and validated by miniaturized
multiparameter assays such as planar or bead-based protein
microarrays (Fig. 6.2). Using this approach, Protagen has identified
(almost) exclusively novel, indication-specific sets of autoantigens
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in multiple sclerosis, rheumatoid arthritis, prostate cancer, and,
in collaboration with academic partners, in Parkinson’s disease,
alopecia areata, dilated cardiomyopathy, and SLE (Lueking et al.,
2005; Horn et al., 2006; Beyer et al., 2011; Massoner et al., 2011).
In all indications studied so far, it became clear that for a precise
diagnosis or diﬀerential diagnosis, multiple diagnostic marker
panels will always be required.
An alternative strategy for the production of protein
microarrays uses DNA as template immobilized onto a surface
combined with an in vitro transcription and translation step.
These approaches called nucleic-acid programmable protein
array or DNA array to protein array (DAPA) (Sibani and LaBaer,
2011; He and Taussig, 2001) have the advantages that eﬀorts
for protein production can be circumvented and toxic proteins
may be expressed in vitro. However, multiple process steps
such as plasmid preparation, spotting of the DNA, and in vitro
transcription and translation reactions are error prone and lead
to considerable inter- and intra-batch diﬀerences, which may
negatively aﬀect the statistical and bioinformatical analysis.
Alternatively to recombinant proteins (derived from clonal
expression and purification), the reverse phase protein microarray
approach couples multidimensional liquid phase protein
fractionation of localized and metastatic cancer tissue lysates to
protein microarrays and subsequent antigen identification by
mass spectrometry (Taylor et al., 2008). The analysis of the
immunoreactive profile of these protein fractions is difficult, as
each of the fractions consists of a number of diﬀerent proteins and
proteins may be represented by adjacent or diﬀerent fractions.
However, this platform enables the analysis of native antigens
concerning post-translational modifications and presented linear
and structural epitopes.
Tissue microarrays are not involved per se in biomarker
discovery approaches but have a strong impact on the validation
of discovered biomarkers. The analysis of miniaturized collections
of arrayed tissues from pathologically evident tumor biopsies at
the DNA, RNA, or protein level enables the linkage of molecular data
with various tumor and patient data, such as clinicopathological
information, survival, and treatment responses.
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Figure 6.2 UNIarray® strategy shown as process chain for the discovery and validation of diagnostic relevant biomarkers based on
antigen/auto-antibody interactions.
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Antigen/Auto-antibody Interactions as Biomarker Candidates

Peptide microarrays represent overlapping epitopes of short
amino acid sequences from selected (predefined) antigens pointing
to a hypothesis-driven approach. Recently this was extended to
a hypothesis-free strategy by applying several thousand oligo-Nsubstituted glycines as unnatural synthetic molecules (so-called
peptoids) to discover ligands that bind antibodies in the serum
of patients with Alzheimer’s disease (Reddy et al., 2011). Due to
the synthetic unnatural design of the peptoids, it is expected that
artificial “mimotopes” are represented, which may allow binding
of antibodies directed against glycostructures or citrullinated
antigens. However, as these peptoids represent a collection of
artificial molecular shapes, a direct link to the native antigen is
missing.
Interactions between proteins and carbohydrates are essential
for various biological processes as the carbohydrates contained
in glycoproteins, glycolipids, and proteoglycans are involved
in recognition processes such as cell adhesion, migration, and
signaling. To profile such interactions, carbohydrate microarrays
containing polysaccharides, natural glycoconjugates, and monoand oligosaccharides coupled to carrier molecules have been
developed and used for the detection of serum auto-antibodies
(Oyelaran and Gildersleeve, 2009). However, this technology is in
its beginning and its impact on lead or therapeutic target discovery
is, as yet, unclear.
Bead-based assays coupled with flow cytometry detection are
a new and emerging technology platform in diagnostics allowing
a high grade of multiplexing. The multiplex assay contains a set of
diﬀerent polystyrene beads, which can be diﬀerentiated by their
diﬀerent specific fluorescent color code. Each fluorescence-coded
bead can be coupled to a specific target antigen following the
quantitative determination of serum-contained auto-antibodies by
flow cytometry detection. The auto-antibody–antigen interactions
are measured with high accuracy and reproducibility at very high
sensitivity.

6.5

Antigen/Auto-antibody Interactions as
Biomarker Candidates

The autoimmune profile of the human covers a huge number of
auto-antibodies, which display an enormous resource to identify
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novel marker candidates for diagnostic purposes. With access to
protein collections covering the human proteome and to protein
array technology, the systematic exploration of alterations in
autoimmune profiles triggered by the onset or progression of
diseases is feasible.
The first attempts using protein microarrays to characterize
diagnostic relevant auto-antibodies were carried out in the field
of autoimmune diseases. For rheumatoid arthritis, patterns of
diﬀerential antigen recognition were found to be associated with
a clinical subtype of rheumatoid arthritis. Autoreactivity directed
against human cartilage gp39 and type II collagen was linked to
less severe rheumatoid arthritis and against citrullinated epitopes
to severe rheumatoid arthritis (Hueber et al., 2005). Using
microarrays with a content of 70 autoantigens, Li and colleagues
(Li et al., 2007) showed that serum samples of patients suﬀering
from SLE and incomplete lupus erythematous displayed diﬀerent
autoimmune profiles.
Applying a strategy that uses thousands of antigens derived
from a cDNA expression library to profile the humoral autoimmune
repertoire, new putative autoantigens have been identified for
diﬀerent diseases such as dilated cardiomyopathy and alopecia
areata (Lueking et al., 2005; Horn et al., 2006). Particularly, the
two-step approach, including a discovery and a verification phase,
resulted in the identification of eight antigen–auto-antibody
interactions depicting a highly disease-specific autoimmune
response by alopecia areata.
In contrast to proteomic studies, a hypothesis-driven approach
was carried out by Quintana and colleagues (Quintana et al.,
2008) to identify biomarker candidates for multiple sclerosis.
Thereby, microarrays were produced, which contained 64 lipids
and 268 protein fragments covering 40 proteins associated with
the central nervous system (CNS) or the heat-shock response.
Serum samples of diﬀerent subtypes of multiple sclerosis such as
relapse-remitting multiple sclerosis (RRMS), secondary progressive
multiple sclerosis, and primary progressive multiple sclerosis
were analyzed. All three subtypes were characterized by unique
patterns of reactivity to CNS, whereas auto-antibodies against
heat-shock proteins were only detected in RRMS serum samples.
This suggested that auto-antibody signature links pathologic
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subtypes of multiple sclerosis and appears to reflect immune
processes in the CNS.
Cerebrospinal fluid (CSF) of multiple sclerosis patients
is characterized by the presence of immunoglobulin. The
immunoglobulin is detected as oligoclonal bands in CSF and
support current diagnosis. However, a common identity of OCB
reactivity is not yet known and could be of great value to develop
a diagnostic test. In a study by Beyer and colleagues (Beyer et al.,
2011), samples of OCB-positive CSF of 20 patients with RRMS
were compared to CSF of sex- and age-matched controls using
the UNIarray® technology platform of Protagen AG. Interestingly,
the functional annotation of the top 100 identified antigens
results in a strong linkage to diabetes and the insulin signaling
pathway. It has been reported that the prevalence of type 2
diabetes was higher in multiple sclerosis patients, perhaps caused
by muscle degradation due to neuron degeneration or use of
high dose methylprednisolone pulse (Hussein and Reddy, 2006).
Several investigators have found some metabolic disorders linking
both diseases, such as abnormalities in fat, calcium, and vitamin D
metabolism.
In the last two decades, protein arrays have also been used
to investigate the autoimmune profile of cancer patients and
identify TAAs. Most of the TAAs have been identified in a discovery
approach but have not been further validated to develop a diagnostic
test (Casiano et al., 2006). For ovarian cancer, protein microarrays
were employed to screen 30 serum samples of cancer patients
and controls, respectively. Ninety-four antigens were identified
that exhibit enhanced reactivity from serum samples of cancer
patients relative to control serum samples (Hudson et al., 2007).
For validation, specific antibodies against identified antigens
were subjected to tissue microarray and antibodies against Lamin
A/C, SSRP1, and RALBP1 were recognized to produce a robust
signature of cancer. However, the three antigens were prevalent
not only in ovarian cancer but also in tissues of many types of
cancer and a subset of healthy tissue. Therefore, the diagnostic
value of the candidate tissue markers remains elusive.
In the study of Anderson and colleagues (Anderson et al.,
2011) three subsequent rounds of screening approaches,
including discovery and verification phases, were carried out
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to identify biomarkers for the early detection of breast cancer.
High-density custom protein arrays were used to analyze three
cohorts of breast cancer case and control serum samples.
In total, 285 serum samples were investigated and 28 TAAs were
identified to react with auto-antibodies arising with the onset of
breast cancer. Using these antigens, the discrimination of cases
and controls achieved an area under the curve value of 0.756. The
study design and validation of the identified TAAs indicate that
these auto-antibody biomarkers have a high potential to enter the
development of a clinical-grade assay.
In the study by Massoner and colleagues (Massoner et al.,
2011), the autoimmune profile of prostate cancer patients was
investigated. Using the UNIarray® strategy (Fig. 6.2), 160 serum
samples of patients diagnosed with prostate cancer or benign
diseases as well as healthy control individuals were investigated
to identify autoimmune profile characteristics of each group.
In the discovery screen, 408 proteins were identified as TAAs
in serum samples of prostate cancer patients. In the validation
screen, these 408 proteins were used to investigate whether the
autoimmune profile of each group is discriminative and can be used
by classification algorithms. After statistical analysis, 15 proteins
were useful to yield an area under the curve value of 0.71, indicating
a diverging autoimmune profile of prostate cancer and benign
disease patients. Among these proteins, TTLL12 had been
associated with prostate cancer, and six other proteins (RPIA,
NOVA2, MAP2, HSPH1, RASSF7, and RBM15) had been described
as relevant for other cancers. Thus auto-antibodies in serum
samples of prostate cancer patients are directed against known
cancer-associated proteins and novel proteins and they are stable
among diﬀerent patients.

6.6

Diagnostic Assays Based on
Antigen/Auto-antibody Interactions

Following discovery, qualification, and verification, the successfully
validated biomarker(s) is/are subjected to the development of a
diagnostic assay. Currently in clinical laboratories, an increasing
number of auto-antibodies are measured employing a broad

Conclusion

spectrum of techniques and methods. The main techniques
involving functionalized surfaces for multiplexed measurements
are line-blot immunoassays, bead-based assays with flow cytometry
detection, and antigen microarrays.
As an example for line immunoblot assays, the recomLine
ANA/ENA (Mikrogen, Martinsried, Germany) allows the multiplex
analysis of 14 antigens (RNP68, RNPA, RNPC, SmB, SmD, SSA60,
SSA52, SSB, PO, PCNA, CEN-B, Scl70, Jo-1, and histones) in a single
procedure. With the exception of histones, all antigens have a
recombinant origin. Generally, line-blot assays are widely distributed
and easy to use, but limited to a low number of analytes.
Currently, several companies supply commercial kits for
the simultaneous measurement of diﬀerent auto-antibodies by
bead-based assays. ENA/ANA analysis based on this technology
platform is supplied, for example, by Inova Diagnostics (San Diego,
USA), Bio-Rad (Hercules, USA), BMD (Marne la Vallie, France),
and Zeus Scientific (Raritan, USA).
Antigen microarrays may contain up to a thousand proteins
immobilized to the surface resulting in a high multiplex grade.
Companies supplying commercial kits based on protein
microarrays include Randox (Belfast, United Kingdom) and Thermo
Fisher Scientific (Phadia, Uppsala, Sweden). SQI Diagnostics
(Toronto, Canada) combines the microtiter format with the protein
microarray technology by spotting antigen panels into each well
of a microtiter plate. Diﬀerent in vitro diagnostic products for the
diagnosis of autoimmune diseases such as rheumatoid arthritis,
SLE, or celiac disease are commercially available. However, the
number of antigens is in the range of tens to hundreds.

6.7 Conclusion
A large tool box is available for biomarker discovery. However,
the reduction of a large panel of identified biomarkers to a small
panel and transfer of these biomarker(s) to a clinical test remain
as a future challenge. The access to disease-specific reference
serum samples and a pipeline with defined benchmark data for
validation will help to develop clinically relevant biomarkers.
The hunt for innovative diagnostics and prognostic biomarkers
as well as biomarkers indicating drug failure before therapies
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are applied as gains of an increasing scientific and commercial
importance. It is anticipated that companion diagnostics will have
a widespread use in the pharmaceutical market as they promise
to make drug development faster and clinical trials smaller. As a
consequence, the time to market for a drug is shorter, peak sales
are higher, and patent protection is longer. Also, existing drugs
may more easily enter into new indications as shown for
belimumab. As the use of such companion diagnostic assays can be
integrated very early in clinical and even pre-clinical development,
they can generate sales prior to achieving regulatory approval.
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7.1

Introduction

PEGylation refers to the conjugation of polyethylene glycol
(PEG), and it has been extensively applied in the pharmaceutical
industry, particularly in the field of drug delivery, in order to
improve the pharmacokinetic behavior of PEGylated therapeutics
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[1]. The crucial role of PEGylation derives mainly from the ability
of PEG, a hydrophilic polymer, to attract water molecules,
which results in a significant increase in the hydrodynamic size,
and thereby, attenuates a rapid renal clearance of PEGylated
products [2]. In addition, the steric stabilization that is imparted
by the formation of a hydration zone around a PEGylated
substance protects the PEGylated product against enzymatic
degradation and against the surface binding of certain serum
proteins (opsonins) that interact with the immune system [3, 4].
Consequently, PEGylation efficiently evades the recognition of
PEGylated products by the mononuclear phagocyte system (MPS),
which is an obstacle that has hindered the therapeutic efficacy
of many non-PEGylated products.
However, despite the immunogenicity of PEG, there has
been little attention paid to PEG in the past few decades until
recently, when an increasing number of reports emphasized the
potential negative side eﬀects of PEG in drug delivery systems
and/or protein therapeutics [5–8]. Several research groups have
shown that anti-PEG antibodies, produced in response to a first
dose of PEGylated liposome, are associated with the rapid clearance
of subsequent doses of PEGylated liposomes, which is referred to as
the accelerated blood clearance (ABC) phenomenon [9–11].
Surprisingly, the ABC phenomenon has not been restricted only
to PEGylated liposomes. Remarkably, this phenomenon has been
recognized upon repeated administration of other PEGylated
nanocarriers, including nanoparticles [12], micelles [13], and
microemulsions [14] and even with PEGylated proteins [15].
In addition, several animal studies and clinical observations
concerning the use of Doxil® (a PEGylated liposomal formulation of
the cytotoxic agent doxorubicin (DXR)) have shown that PEGylated
liposomes can activate the complement system and potentially
induce hypersensitivity reactions [7, 16, 17]. Consequently, since
PEGylation of nanocarriers/protein therapeutics is currently
considered to be one of the most favorable approaches in enhancing
the in vivo fate of these products due to the reduction in their
immunogenicity, the existence of anti-PEG antibodies, as well as
the implications for the induction of the ABC phenomenon, is of
clinical concern and requires thorough investigation.

Mechanism of ABC Phenomenon

7.2

Mechanism of ABC Phenomenon

Since the first observations of pharmacokinetic irregularities
(the ABC phenomenon) upon repeated administration of
PEGylated liposomes by Dams et al. [8], many reports have
focused on explaining the underlying mechanism of the ABC
phenomenon [10, 18–20]. Laverman et al. [10] identified two
phases of the ABC phenomenon: the induction phase, in which the
biological system is “primed” by the first injection of PEGylated
liposomes, and, the eﬀectuation phase, following the second, or
subsequent, administration in which the PEGylated liposomes are
rapidly opsonized and cleared from systemic circulation, by the
macrophages of the MPS.
We previously reported that in rats and mice, the ABC
phenomenon is mediated by a soluble serum factor, mainly IgM
(anti-PEG IgM) and that the extent of the induction of the ABC
phenomenon is strongly correlated with the level of anti-PEG
IgM produced in response to a single injection of PEGylated
liposomes [21–23]. Further studies have emphasized the vital role
of the spleen in the production of anti-PEG IgM [24]. Splenectomy
was found to significantly attenuate the production of antiPEG IgM and consequently alleviate the induction of the ABC
phenomenon following the administration of PEGylated liposomes
[25]. In addition, although the follicle region in the spleen is the
main compartment for B cells, recent studies have shown that
PEGylated liposomes trigger its immune response via stimulation of
the marginal zone B cells (MZ B cells) [5]. We [5] have emphasized
the crucial contribution of MZ B cells over the follicular cells in
the spleen, in anti-PEG IgM production, and in the recognition of
PEGylated nanoparticles. Pre-treatment with cyclophosphamide
has significantly suppressed the anti-PEG IgM production via
the depletion of IgM-high cells in the MZ, particularly MZ B cells.
These results provide strong evidence that the splenic MZ B cells
are responsible for anti-PEG IgM production.
Furthermore, Semple et al. [26] reported that the ABC
phenomenon was observed in BALB/c nu/nu (T cell-deficient)
mice, but not in BALB/c SCID (T and B cells-deficient) mice. That
study also showed that the extent of anti-PEG IgM antibody
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production following stimulation with PEGylated liposomes was
substantially increased in the BALB/c nu/nu mice, but not in
the BALB/c SCID mice. We also reported a similar finding [27].
These results provide strong evidence that the T cell-independent
B cell response plays a crucial role in the induction of the ABC
phenomenon.
T-cell independent (TI) antigens (or Thymus independent
antigens) are known to activate B cells and to be responsible for
the production of IgM antibodies in the early stages of immunization
[28]. TI antigens generally fall into two classes (TI-1 or TI-2) and
activate B cells by two diﬀerent mechanisms. TI-1 antigens, at a
lower concentration, are capable of specifically activating B cells
and thus eliciting a specific antibody response. At higher
concentrations, however, TI-1 antigens act as potent B-cell (mature
and immature) mitogens, resulting in non-specific, polyclonal
activation of B cells, and thereby, polyclonal IgM production [29, 30].
In contrast, TI-2 antigens only activate mature B cells and can
induce an immunological response by extensively cross-linking
the cell surface immunoglobulins of B cells, resulting in massive
secretion of neutralizing antibodies, including IgM and IgG [28–30].
Roffler and colleagues [31, 32] have emphasized that
anti-PEG IgM produced selectively following immunization with
PEGylated β-glucuronide recognizes the repeating –O-CH2-CH2subunits of PEG. This provides the evidence that a PEG polymer
in PEGylated nanoparticles/materials acts as a TI-2 antigen and
that the repeating subunit may act as the immunogenic epitope
of PEG and a binding site for the derived anti-PEG IgM. Based on
the aforementioned data, we therefore envisage the following
mechanism to explain the ABC phenomenon (Fig. 7.1): Once the
PEGylated liposomes reach the spleen after the first injection, they
bind/cross-link to surface immunoglobulins on reactive B-cells
in the splenic marginal zone and consequently trigger the
production of anti-PEG IgM antibody in a T-cell independent
manner. Upon subsequent administration of PEGylated liposomes,
the secreted IgM, in response to the first dose, selectively attaches to
the PEG on these liposomes, and subsequently activates the
complement system resulting in opsonization of the liposomes by
C3 fragments and an enhanced uptake of the liposomes by the
Kupﬀer cells in the liver.

Mechanism of ABC Phenomenon

Stimulation
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Complement‐receptor
mediated endocytosis
by liver macrophages
Figure 7.1 Sequence of events leading from anti-PEG IgM induction to the
accelerated blood clearance of PEGylated liposomes.

Despite the fact that the spleen and anti-PEG IgM are involved
in the ABC phenomenon, we [25] have reported that splenectomy
failed to completely reverse the rapid clearance and increased
hepatic accumulation of PEGylated liposomes to control values.
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Therefore, we cannot exclude the involvement of another factor(s)
and/or tissue(s) in the ABC phenomenon. A recent report by
Deng and coworkers [33] revealed the occurrence of the ABC
phenomenon following the subcutaneous administration of
PEGylated solid-lipid nanoparticles (SLNs). They speculated that
PEGylated SLNs drained from the subcutaneous injection site into
the lymphatic network were phagocytosed in the lymph nodes,
and they initiated the immune response with the production of
anti-PEG IgM. Collectively, the immune response after repeated
injections of PEGylated liposomes seems to be a complicated
process, for which further studies must be conducted in order to
clearly elucidate all the contributing factors and/or tissues.

7.3

Correlation Between Complement
Activation and ABC Phenomenon

To date, with respect to the ABC phenomenon, researchers have
focused mainly on the induction of anti-PEG IgM that is produced
in response to a first dose of PEGylated nanoparticles in order to
predict the magnitude of the ABC phenomenon. IgM antibodies
alone, however, are unable to directly promote phagocytosis
because IgM is not an opsonizing antibody due to the absence of
Fc receptors for IgM on the surface of macrophages [34].
Alternatively, the binding of IgM can trigger the opsonization of
complement components by complement activation via the classic
pathway that subsequently promotes phagocytosis by Kupﬀer
cells bearing complement receptors [34, 35].
Several studies have established the role of the complement
system in the accelerated clearance of PEGylated liposomes from
systemic circulation [20, 36, 37]. Dams et al. [8] showed that rats
transfused with serum from rats pre-treated with PEGylated
liposomes rapidly cleared the dose when they were treated
with PEGylated liposomes for the first time. In addition, this
accelerated clearance of the PEGylated liposomes was abolished
by pre-heating the serum at 56°C for 30 min before transfusion,
the temperature at which the complement is inactivated. In the
same context, by using a single-pass liver perfusion technique,
we showed that a first dose of PEGylated liposomes did not
enhance the intrinsic phagocytic activity of the Kupﬀer cells. On

Correlation Between Complement Activation and ABC Phenomenon

the other hand, the serum obtained from rats pre-treated with
PEGylated liposomes enhanced the hepatic uptake of a test dose of
PEGylated liposomes. Furthermore, this serum-dependent uptake
of a test dose by the liver was completely abolished by pretreatment of the serum at 56°C for 30 min, which inhibited the
complement activity [16]. These results strongly clarify the major
role of anti-PEG IgM-mediated complement activation in initiating
the accelerated blood clearance of PEGylated liposomes upon
multiple administrations.
In a series of our studies [16, 23, 24], we reported that
considerable IgM binding and complement consumption upon
incubation with PEGylated liposomes has been observed only
in sera from rats displaying a rapid clearance of the second dose.
Yang et al. [37] also determined the residual complement activity
in rat serum that was pre-treated with PEGylated liposomes. They
demonstrated that a considerable portion of the complement
was consumed when incubated with PEGylated liposomes in a
phospholipid dose-dependent manner; the lower the injected
dose, the greater the complement activation. Taken together, the
presence of serum anti-PEG IgM and the subsequent binding
of anti-PEG IgM to the PEGylated products are not necessarily
related directly to the enhanced clearance of the products. Instead,
it appears that subsequent complement activation following
anti-PEG IgM binding is the most important rate-limiting step in
dictating the in vivo fate of PEGylated products.
In addition to the crucial role of the complement system
in the ABC phenomenon, several studies have verified that
PEGylated products can activate the complement system after
a first dose resulting in the induction of a PEGylated liposomerelated hypersensitivity syndrome called C activation-related
pseudoallergy (CARPA) [38–41]. Szebeni et al. [42] described
how complement activation is responsible for infusion reactions
observed in up to 25% of patients treated with Doxil ®. ChananKhan et al. [43] also demonstrated that Doxil® therapy activated
complement in the majority of patients and induced moderate
to severe hypersensitivity reactions in about 50% of cancer
patients infused with Doxil® for the first time. Serum complement
terminal complex (SC5b-9) levels were elevated relative to the
baseline in 80% of the patients who developed hypersensitivity
reactions, suggesting that complement activation plays a casual
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role in hypersensitivity reactions caused by Doxil®. However, it
remains unclear whether complement activation in response to a
first dose is able to induce phagocytosis besides the generation of a
hypersensitivity reaction.

7.4

Factors That Affect the Magnitude of the
ABC Phenomenon

Several reports have emphasized the contribution of diﬀerent
factors on the incidence and magnitude of the ABC phenomenon.
These factors include the physicochemical properties (particle
size, surface charge, PEG-chain length, and degree of PEGylation),
dosing intervals, the lipid dose used, and the nature of the
encapsulated payload of the initially injected liposome.

7.4.1

Effect of Particle Size and Surface Charge

We [44] investigated the surface charge and liposomal size in
the first injection for its eﬀect on the induction of the ABC
phenomenon. PEGylated liposomes with three diﬀerent surface
charges (+13.5, –46.15, and –1.51 mV) and three diﬀerent
sizes (100, 400, and 800 nm) were prepared. All the prepared
liposomes, given as a first dose, aﬀected the blood concentration
and hepatic accumulation of subsequently injected mPEG2000liposomes in a comparable manner. Consequently, those results
revealed that the charge and size of liposomes in the first dose
were not critical for the induction of the phenomenon. On the
contrary, Koide et al. [13] have indicated that the repeated
injections of PEGylated polymeric micelles caused the ABC
phenomenon in a size-dependent manner. They demonstrated
that the pre-treatment of mice with 50.2 nm polymeric micelles
significantly triggered the enhanced clearance and preferential
hepatic accumulation of a subsequently injected test dose of
PEGylated liposomes. On the other hand, smaller polymeric micelles
(9.7 and 31.5 nm) failed to induce the accelerated clearance of
a test-dose of PEGylated liposomes. They assumed that small
polymeric micelles (31.5 nm or less) could escape the recognition
by immune cells, while larger particles would be easily recognized

Factors That Affect the Magnitude of the ABC Phenomenon

by immune cells, presumably in the spleen, and thus would
activate the immune system.

7.4.2

Effect of PEG-Surface Density and PEG-Chain
Length

Despite the fact that the surface modification of colloidal particles
with PEG markedly reduced their recognition by the cells of
MPS and conferred them with long circulating characteristics
when administered intravenously, many studies have reported
that PEGylated nanocarriers might induce a T-cell-independent
anti-PEG immune response and that PEG might act as an antigenic
epitope [23, 45]. Consequently, the extent of the ABC phenomenon
is thought to be related to both PEG-lipid concentration and PEG
chain length [12, 46–48]. We have reported that liposomal surface
modification with 5 mol% mPEG2000-DSPE induced a maximal
ABC eﬀect in rats. Either decreasing or increasing the PEG density
at the liposome surface beyond 5 mol%, however, attenuated
the accelerated clearance of a subsequently injected dose rather
than inducing it. We anticipated that mPEG2000-DSPE at lower
concentrations (<5 mol%) would fail to activate the splenic B cells,
while excessively higher concentrations (>5 mol%) would result
in a decrease in splenic B cells reactivity [47].
Contrary to our findings, Li et al. [49] reported that despite
the similar anti-PEG IgM levels produced in response to the
intravenous administration of liposomes modified with either
3% or 9% PEG, the latter formulation induced a more severe ABC
phenomenon compared with that of the 3% PEG formulation.
Li et al. emphasized that the 9% PEG formulation showed a much
higher affinity to anti-PEG IgM and thus was easily recognized by
the anti-PEG IgM produced in response to the first dose, compared
with the 3% PEG formulation. Zhao et al. [46] also reported that
solid lipid nanoparticles (SLNs) containing 10 mol% PEG produced
a higher elimination rate and more splenohepatic uptake of the
second dose than 5 mol% PEG-SLNs. They assumed that the
magnitude of the ABC phenomenon was strongly correlated to
the diﬀerent circulation times of the initial dose imparted by
the diﬀerent PEG surface densities. Regarding 5 mol% PEGSLNs, when the circulation time was only slightly prolonged, this
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allowed inefficient contact of the PEGylated SLNs with splenic
B cells and resulted in the secretion of tiny amounts of anti-PEG
IgM. On the other hand, 10 mol% PEG-SLNs exhibited a more
extended circulation time, which allowed a more efficient degree of
interaction with splenic B cells and a subsequent induction of
larger amounts of anti-PEG IgM. This led to a more rapid clearance
by comparison with the 5 mol% PEG-SLNs.
In addition to PEG surface density, several studies have
indicated that the PEG chain length/molecular weight is also a
crucial factor for the induction of the ABC phenomenon. We
[44] reported that the injection of mPEG5000-liposomes led to a
significantly lower hepatic accumulation of subsequently injected
liposomes relative to the injection of mPEG2000-liposomes. On the
contrary, in another study we [9] showed that PEG30000-bovine
serum albumin (PEG30000-BSA) induced a higher anti-PEG IgM
response and greater complement activation than PEG2000-BSA.

7.4.3 Eﬀect of PEG Terminal Group
Despite the increasing number of reports emphasizing the eﬀect
of PEG-surface density and PEG-chain length on the incidence/
magnitude of the ABC phenomenon, little is known about the
eﬀect that PEG-DSPE terminal groups exert on the induction of
the ABC phenomenon. Wang et al. [50] have recently investigated
the fate of intravenously injected PEG-coated emulsions (DE)
that were prepared using PEG terminated with a hydroxyl (OH),
methoxy (OCH3), carboxy (COOH), amino (NH2), and thiol (SH)
groups in rats. They demonstrated that DE-OCH3 showed the
longest circulation time after a single intravenous injection,
followed by DE-SH and DE-COOH, while, DE-OH and DE-NH2
showed the shortest half-lives. In addition, after multiple
administrations, they correlated the incidence/magnitude of
the ABC phenomenon to the circulation time of initially injected
PEG-coated emulsions. They revealed that DE-SH triggered the
fastest clearance of the subsequent dose of DE-OCH 3, while
DE-NH2 and DE-OH barely aﬀected the clearance of the second
dose. The unexpected increased immunogenicity of DE-SH over
DE-OCH3 was attributed to the presence of a thiol group, which
presumably stimulated the proliferation and diﬀerentiation of
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B cells either by inducing the synthesis of the cell membrane and
cytosolic proteins or by reacting with follicular dendritic cells.

7.4.4 Time Interval
Previous reports on PEGylated nanoparticles have confirmed that
the time interval between subsequent administration is a key
factor in eliciting the ABC phenomenon [6, 8, 51]. These reports
strongly correlated the production pattern of anti-PEG IgM to the
incidence/magnitude of the ABC phenomenon. Production of antiPEG IgM occurs in a wave pattern, meaning that after the first
injection of PEGylated liposomes, anti-PEG IgM titers increase at
day 3, peak at day 5, and then gradually decrease until they are
undetectable by day 28 [9, 52].
Goins et al. [53] have previously reported unchanged pharmacokinetics of PEGylated liposomes following their sequential
administration to rabbits in 6-week intervals. Oussoren and Storm
[51] also reported similar pharmacokinetics for four doses of
PEGylated liposomes in rats when they were administered in 24
or 48 h intervals. By contrast, in a series of our studies we showed
that a prior administration of PEGylated liposomes in mice and
rats triggered the rapid clearance and the preferential hepatic
accumulation of a subsequently injected dose when administered
within a time interval of 4 to 7 days (Fig. 7.2) [6, 19, 54].
Recently, Saadati et al. [55] investigated the pharmacokinetic
behavior of PEGylated polymeric nanoparticles administered in
rats at various time intervals after the first injection (3, 5, 7, 14,
and 28 days), the ABC phenomenon was most pronounced at
the time interval of 7 days between the first and the second
injections, but the phenomenon was not so apparent at a time
intervals of 3 or 14 days. On the other hand, when the time interval
was extended to 28 days, the plasma concentration-time profile
of the second dose was comparable to that of the control.
Furthermore, Li et al. [56] have also demonstrated that the ABC
phenomenon could only be induced in beagles following the
intravenous administration of PEGylated liposomes when a second
dose was administered within a 3-week time interval. A second
dose administered 4 weeks after the first dose of PEGylated
liposomes was not rapidly cleared from blood circulation. That
study verified that the ABC phenomenon was mediated by the
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innate immune system via the production of anti-PEG IgM rather
than by the adaptive immune system, because no immune memory
was established.
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Figure 7.2 Accelerated blood clearance of a second dose of PEGylated
liposomes. Rats were pre-treated with PEGylated liposomes (0.001 μmol
phospholipids/kg). Then, a second dose of radio-labeled PEGylated
liposomes (5 μmol phospholipids/kg) was injected at diﬀerent time
intervals. Each value represents the mean ± S.D. (n = 3). Modified from
the author’s original work [54].

7.4.5

Effect of Lipid Dose

Many reports have emphasized the critical role that a lipid dose
of PEGylated nanocarriers plays on the induction of anti-PEG
IgM and the subsequent accelerated clearance of PEGylated
liposomes [19, 57]. In our earlier studies [19], we verified the
strong inverse relationship between the lipid dose of the first
injected dose of PEGylated liposomes and the magnitude of the
ABC phenomenon within a range of 0.001–5 μmol phospholipid/kg.
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The ABC phenomenon was significant when low phospholipid
doses (0.001–0.1 μmol phospholipid/kg) of PEGylated liposomes
were intravenously administered as the first dose. On the other
hand, higher phospholipid doses (>5 μmol phospholipid/kg)
significantly attenuated the incidence of the ABC phenomenon.
These results clearly indicate that optimal PEGylated liposomes
dosing (i.e., optimal amount of TI-2 antigens) is a prerequisite for
the optimal priming of the immune system and the subsequent
induction of the antibody response. It is postulated that at a
low dose of PEGylated liposomes, the extent of B-cell receptor
cross-linking might efficiently activate the cells and promote
the production of anti-PEG IgM. On the other hand, when a high
dose is first administered, the density of TI-2 antigens is too high,
which causes splenic MZ B cells to induce an immune tolerance,
which is referred to as anergy. In addition, continuous antigen
binding and subsequent receptor signaling are known to be
essential for the maintenance of anergy with B cells [58]. Therefore,
a prolongation of the circulation time of PEGylated liposomes via
the administration of a higher dose is assumed to extend the
exposure of splenic MZ B cells to PEGylated liposomes, and thereby,
to contribute to the induction of anergy. These observations agree
with the clinical findings that emphasize the absence of the ABC
phenomenon in patients treated with a clinically recommended
dose of Doxil® (>15 μmol phospholipid/kg) [57, 59].
Metronomic chemotherapy, the frequent and continuous use
of sequentially low-dose chemotherapeutics, has been advocated
recently as a novel chemotherapeutic regimen with unique
advantages in attenuating the multi-drug resistance of tumor cells
[60, 61]. Nevertheless, based on the aforementioned data, the
clinical application of PEGylated nanocarrier-based metronomic
chemotherapy is assumed to be substantially compromised by the
induction of the ABC phenomenon. Yang et al. [37] investigated
the anti-tumor efficacy of epirubicin-containing PEGylated
liposomes in S180 tumor-bearing mice following sequential lowdose injections. They demonstrated that the treatment efficacy
disappeared after the sixth day of repeated injections, accompanied
by an increased level of anti-PEG IgM and decreased residual
complement activity in mouse serum. They speculated that the
anti-PEG IgM-mediated accelerated clearance of subsequently
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injected doses of PEGylated epirubicin liposomes was strong
evidence for an impairment of the therapeutic efficacy.

7.4.6

Effect of Third Dose

Many reports have emphasized the role of a first dose of PEGylated
nanocarriers on priming the immune system against a sequentially
administered second dose with the subsequent induction of the
ABC phenomenon. Nevertheless, studies into the eﬀect of an
injection of more than two doses on the ABC phenomenon have
been scarce. Dams et al. [8] demonstrated that the ABC
phenomenon was less pronounced after a third or fourth dose in
rats receiving weekly injections of empty PEGylated liposomes.
We [62] also demonstrated that upon sequential administrations
of DXR-containing PEGylated liposomes in Beagle dogs, the ABC
phenomenon was pronounced after the second dose, but not after
a third dose. We speculated that the toxic eﬀect imparted by the
large fraction of the second dose of DXR-containing liposomes
accumulated in the spleen B cells would impair the production of
anti-PEG IgM and thus result in a gradual recovery of
pharmacokinetics following the administration of a third dose.
Recently, Sadaati et al. [55] reported that, despite the elevated serum
levels of anti-PEG IgM following the sequential administration
of etoposide-loaded polymeric PEGylated nanoparticles, the
pharmacokinetic behavior of a third dose was similar to that of
the first dose. They postulated that the saturation of the MPS cells
by the second dose of PEGylated nanoparticles might hinder the
efficient uptake of a third dose, thereby resulting in a prolonged
circulation time for the third dose.

7.4.7 Nature of Encapsulated Payload
7.4.7.1

Effect of encapsulating cytotoxic agents

Despite the fact that induction of the immune response upon
repeated administration of PEGylated nanocarriers represents a
tremendous impediment to clinical applications, it is amazing that
the ABC phenomenon has not hindered the clinical application of
PEGylated products containing cytotoxic drugs.
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Laverman et al. [10] showed that repeated injections of
Caelyx® (a commercial product of PEGylated DXR liposomes) did
not induce the ABC phenomenon in a murine model, while empty
PEGylated liposomes did. La-Beck et al. [59] demonstrated that
the clearance of Doxil® does not change over a dose range of 10
and 60 mg/m2. We also reported that encapsulation of DXR
within liposomes significantly reduced the production of antiPEG IgM and thus abrogated the immune response against
PEGylated liposomes [20]. We postulated that DXR released from
liposomes accumulating in the spleen inhibits B cell proliferation
and/or kills proliferating B cells, and consequently impairs the
production of PEG-specific IgM resulting in an abrogation of the
accelerated clearance of a second dose of PEGylated liposomes.
This postulation was supported by our finding that free DXR did
not abrogate the induction of the ABC phenomenon by empty
PEGylated liposomes [62]. Furthermore, we reported that repeated
administration of oxaliplatin (l-OHP)-containing PEG-coated
liposomes did not induce a significant anti-PEG IgM response,
indicating that l-OHP encapsulated in PEG-coated liposomes was
efficient in abrogating the ABC phenomenon [63]. Cui et al. [64] also
reported that PEGylated mitoxantrone liposomes did not induce
the ABC phenomenon. These results promoted the general
assumption that the ABC phenomenon could occur only when
empty or non-cytotoxic drug-containing PEGylated liposomes are
repeatedly injected and thus lack the clinical implications upon
repeated administration of PEGylated nanocarriers containing
cytotoxic anti-neoplastic agents.
Nevertheless, Deng and coworkers [49, 65] recently showed
that, unlike DXR and mitoxantrone, repeated injections of PEGylated
liposomal topotecan could still induce a strong ABC phenomenon
in Wistar rats, Beagle dogs, and mice. They attributed the induction
of the ABC phenomenon, on the one hand, to the poor retention
and rapid release of the encapsulated drug from liposomes with
the formation of empty vesicles or vesicles containing a limited
amount of the drug. On the other hand, they assumed that topotecan,
a topoisomerase I inhibitor, is a cell-cycle phase-specific drug
that can only inhibit the population of B cells in the splenic
marginal zone occupying the S phase of the cell cycle. Accordingly,
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when compared with cell-cycle non-specific anticancer drugs, the
toxic eﬀect of topotecan on B cells may be potentially attenuated,
with the result that a first injection of topotecan liposomes can
still induce a strong ABC phenomenon for a second dose. In the
same context, Saadati et al. [55] have evaluated the efficacy
of etoposide, a cytotoxic drug, encapsulated within PEGylated
polymeric nanoparticles on the induction of ABC in rats. They
emphasized that drug incorporation did not aﬀect the systemic
clearance of subsequently injected doses. They suggested that
etoposide, like topotecan, is a cell-cycle-specific drug that only
aﬀects the B cells in the G2/M phase. Thus, drug-loaded
nanoparticles failed to inhibit the entire B cell population in the
splenic marginal zone, which was confirmed by the production
of a high level of IgM, and thereby, the induction of the ABC
phenomenon.
Surprisingly, in a recent study, we [62] found that empty
PEGylated liposomes as well as DXR containing PEGylated
liposomes (Doxil®) caused anti-PEG IgM production, and thereby,
induced a rapid clearance of subsequent doses in Beagle dogs in a
Doxil® inverse-dose dependent manner. In that study, a lower dose
(less than 2 mg DXR/m2) induced the phenomenon, while a higher
dose (20 mg DXR/m2) did not. It was assumed that the limited
amount of DXR released from tiny amounts of Doxil® might
activate these immune cells rather than impairing the function of
B lymphocytes, and in turn induce the production of anti-PEG IgM,
which would finally elicit an enhanced clearance of subsequently
injected Doxil®. On the other hand, at a high dose of Doxil®, DXR
released in the spleen inhibited the proliferation of splenic B cells,
thus impairing anti-PEG IgM production. In a similar manner,
we further [52] reported that a lower dose of l-OHP-containing
PEGylated liposomes (0.023 μg l-OHP/kg), rather than higher doses
(2.3–2300 μg l-OHP/kg), retains the potency to induce a potent
anti-PEG IgM response.
Collectively, the nature of the encapsulated drug, the
concentration of drugs in the splenic marginal zone, and the
time required for drugs to exert their eﬀect on the B cells in the
splenic marginal zone may all have marked eﬀects on B cell
proliferation, accordingly leading to diﬀerent degrees of the ABC
phenomenon.

Factors That Affect the Magnitude of the ABC Phenomenon

7.4.7.2 Effect of encapsulating nucleic acid
Gene therapy represents a promising therapeutic modality for
the treatment of genetic and acquired disorders. As an alternative
to viral vectors, cationic liposomes have been introduced as
promising carriers with low toxicity profiles and well-controlled
gene delivery [66–68]. However, due to a low degree of in vivo
transfection efficiency, multiple administrations are required in
order to achieve the desirable therapeutic outcome. Hence, the
ABC phenomenon encountered upon repeated administration of
PEGylated liposomes may represent a potential barrier against
the efficacy and/or safety of PEGylated cationic liposome,
particularly when they carry immune-stimulating nucleic acids
such as plasmid DNA (pDNA) or small interfering RNA (siRNA).
Semple et al. [26] verified the induction of a severe immune
response in mice receiving repeated administrations of PEGylated
liposomes carrying oligonucleotides (ODN), pDNA or RNA
ribozyme, resulting in accelerated blood clearance and an
increase in the mortality rate. Judge et al. [69] also reported that
PEGylated lipid nanoparticles encapsulating pDNA triggered the
abundant production of anti-PEG IgM, compared with empty
PEGylated lipid nanoparticles, resulting in a severe reduction
in gene expression relating to the encapsulated pDNA in tumor
tissue following a second injection. A similar phenomenon was
also observed after repeated injections of PEG-modified pDNAlipoplexes [70]. Encapsulation of pDNA containing CpG motifs
in PEG-coated cationic liposomes was found to further facilitate
the induction of anti-PEG IgM production, resulting in a rapid
clearance of a subsequently injected dose of PEG-coated lipoplex
from blood circulation. Furthermore, the use of CpG-free pDNA
instead of pDNA containing CpG motifs has significantly attenuated
the immunogenic response against PEGylated cationic liposomes
[70]. Given that the CpG motif in pDNA is a representative TLR9
agonist [71, 72], stimulation of the TLR9 signaling pathway by
the CpG-motif in pDNA in immune competent cells is assumed
to play a crucial role in the activation of innate immune systems
with the subsequent induction of potent antibody responses to
PEG-coated pDNA-lipoplexes.
In a recent study, we [73] investigated the contribution of a
Toll-like receptor (TLR), exclusively TLR9, to the enhancement
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of anti-PEG IgM production following intravenous injection of
pDNA-containing PEG-coated lipoplex (PDCL) in mice specifically
lacking either myeloid diﬀerentiation primary-response protein
88 (MyD88), which is essential for most TLR signaling (except
for TLR3), or TLR9, which recognizes CpG motifs in DNA [73].
PDCL injected into either MyD88 knock out (KO) or TLR9 KO mice
failed to trigger a remarkable anti-PEG IgM response, compared
with the wild type. This observation was attributed to the
suppressed induction of cytokines such as IL-6, TNFα and IFNs in
both MyD88 and TLR9 KO mice, which are known to participate
in the induction of IgM production [74]. These results emphasized
the crucial role of the MyD88/TLR9 signaling pathway in the
induction of the antibody response, anti-PEG IgM production,
following the injection of pDNA-containing PEG-coated lipoplex.
In the case of siRNA, we investigated the eﬀect of siRNA
encapsulation within PEGylated lipid nanoparticles (known as
PEGylated wrapsome, PEG-WS) as well as the eﬀect of the siRNA
sequence on anti-PEG IgM production and promotion of the ABC
phenomenon [75]. A PEGylated wrapsome (PEG-WS) was prepared
by wrapping a core-lipoplex consisting of DC-6-14/POPC
(50/50 molar ratio) with a neutral lipid layer of POPC containing
a PEGylated lipid; PEG2000-DSPE. Encapsulation of siRNA within
PEG-WS was found to significantly attenuate the adjuvant eﬀect
of siRNA on the production of anti-PEG IgM, compared with
siRNA in conventional PEGylated lipoplexes. In addition, chemical
modification, such as 2′-O-methylation, of siRNA efficiently
attenuated the production of anti-PEG IgM following the injection
of PEGylated siRNA-lipoplex, presumably via rendering the
siRNA less activator for TLR7 [76]. However, the exact contribution
of TLR7 activation to the enhanced production of anti-PEG IgM
in response to PEGylated siRNA-lipoplex was not completely
elucidated.
Recently, by employing Toll-like receptor 7 knock out (TLR7
KO) mice and TLR7-deficient splenic B cell reconstituted SCID
mice, we investigated how PEGylated siRNA-lipoplex activates
the innate immune system through TLR7 and consequently
enhances anti-PEG IgM production [77]. We found that the antiPEG IgM production levels were much higher in wild type mice
than in TLR7 KO mice, revealing the contribution of TLR7 activation
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in the robust production of anti-PEG IgM with a subsequent
induction of the rapid clearance of subsequently injected PEGylated
liposomes. In addition, we discriminated the contribution of
direct activation of splenic B cells via intrinsic TLR7 from that of
indirect activation of B cells by type 1 interferons secreted via
the activation of TLR7 on plasmacytoid dendritic cells (pDCs) on
the induction of anti-PEG IgM in response to PEGylated siRNAlipoplex [79]. We further revealed that the induction of an
anti-PEG IgM response was completely abolished in SCID mice
reconstituted with the TLR7-deficient B cells, while the SCID
mice reconstituted with wild type splenic B cells did produce
an anti-PEG IgM response. These results confirm that direct
activation of B cell-intrinsic TLR7, rather than activation of non
B cell-extrinsic TLR7, plays a predominant role in robust anti-PEG
IgM production.

7.4.8

Effects of Route and Manner of Administration

Recently, many reports have emphasized the contribution of the
manner/route of drug administration to the magnitude of the
ABC phenomenon. Li et al. [49] reported that, in Beagle dogs,
the administration of PEGylated liposomes via slow intravenous
infusion, with a total lipid dose of 12.5 μmol phospholipids/kg,
instead of an intravenous bolus injection, with a total lipid dose of
50 μmol phospholipids/kg, was liable to result in the ABC
phenomenon. They demonstrated that the rate of liposomal
presentation to the systemic circulation would dictate the incidence
and/or magnitude of the ABC phenomenon. They assumed that,
following a slow intravenous infusion, the anti-PEG IgM levels
produced in response to the first dose would be in excess of the
PEGylated liposomes, and would thus facilitate the binding of
antibodies to liposomal surface with a subsequent rapid clearance
of liposomes from circulation. On the other hand, if a large dose of
liposomes were rapidly injected into an animal, the IgM levels might
not be sufficient to trigger the accelerated clearance of such a high
dose of liposomes, which could subsequently lead to significant
alterations in the pharmacokinetic profiles.
Interestingly, Zhao et al. [33] investigated the eﬀect of diﬀerent
anatomical sites of injection on the pharmacokinetic behavior of
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subsequent intravenous (i.v.) injections of PEGylated SLNs. They
demonstrated that after subcutaneous (s.c.) administration, the
clearance of subsequent i.v. injections of PEGylated SLNs were
accelerated. Moreover, by comparison with the initial i.v. injection,
the subcutaneous route seemed to be more prone to induce a
markedly accelerated clearance of the test dose. In a similar
manner, Wang et al. [50] recently verified the occurrence of the
ABC phenomenon following the repeated s.c. administration of
PEG-coated emulsions. They emphasized the contribution of
regional lymph nodes in the maintenance of an eﬀective immune
response against PEG-coated emulsions. These results clearly
suggest a contribution of the manner/route of drug administration
to the incidence of the ABC phenomenon following the sequential
administration of PEGylated products.

7.4.9

Effect of Structure of Nanocarriers

Despite the fact that the ABC phenomenon is well recognized with
PEGylated liposomes, many reports have revealed the elicitation
of this phenomenon by pre-treatment with other PEGylated
nanocarriers such as polymeric micelles [13], nanoparticles
[12], microemulsions [14], and even PEGylated proteins [15].
Furthermore, several reports have shown that a single injection of
PEG polymer does not induce the production of anti-PEG IgM [5].
This observation suggests that the induction of an immunogenic
response only occurs against PEG conjugates in a haptenic manner;
meaning that PEG itself cannot independently stimulate a sufficient
immune response except after being conjugated [11, 78]. These
results show that the colloidal structure of nanocarriers could
substantially participate in the induction of the ABC phenomenon.
Koide et al. [13] demonstrated that pre-treatment of mice
with empty polyethylene glycol-poly(β-benzyl L-aspartate) (PEGPBLA) polymeric micelles significantly triggered the accelerated
clearance of subsequently injected PEGylated liposomes. On the
contrary, Ma et al. [79] reported that a weekly administration of
gadolinium (Gd)-containing PEG-poly(L-lysine)-based polymeric
micelles (Gd-micelles) did not cause the accelerated clearance of
a second dose. In that study, the ABC phenomenon of the second
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dose of the Gd-containing PEGylated liposome (Gd-liposome)
was induced by the first dose of both the Gd-liposome and the
empty PEGylated liposome, but not by the first injection of the
Gd-micelle. Such contentious results might be ascribed to
the diﬀerences in the structures of the nanocarriers. From a
structural perspective, the Gd-micelle has no hydrophobic portion.
By contrast, the PEG-PBLA micelle, like PEGylated liposomes,
consists of both a hydrophilic part, PEG, and a hydrophobic part,
PBLA. Consequently, those researchers suggested that the presence
of a hydrophobic core in the nanocarrier is a key factor influencing
the induction of the ABC phenomenon.
In the same context, Shiraishi et al. [80] recently investigated
the eﬀect of the colloidal structure of PEGylated polymeric micelles
on the induction of the ABC phenomenon. They employed 2 types
of PEG-containing polymeric micelles: a micelle with a hydrophilic
inner core (PEGP(Lys-DOTA-Gd)), and a micelle with a hydrophobic
inner core (PEG-PBLA). They found that micelles with a hydrophilic
inner core (PEGP(Lys-DOTA-Gd)) induced neither an anti-PEG IgM
response nor the ABC phenomenon. By contrast, micelles with a
hydrophobic inner core (PEG-PBLA) induced a pronounced ABC
phenomenon. These results clearly confirmed the assumption
that, despite the presence of a PEG outer shell, the presence of a
hydrophobic core is a prerequisite for the induction of the ABC
phenomenon.
Interestingly, Hara et al. [81] recently reported the occurrence
of the ABC phenomenon following multiple administrations of
lactosomes, despite the lack of a PEG moiety. Lactosome is a
polymeric micelle composed of a hydrophilic poly-sarcosine block
and a hydrophobic poly (L-lactic acid) block. They speculated that
the hydrophilic polymer chain surrounding the hydrophobic core
might act as a TI antigen, and thus, could induce an immune reaction
against lactosomes upon repeated administration. In a further
study, they [82] demonstrated that increasing the local density of
the hydrophilic poly (sarcosine) chains around the hydrophobic
core (surface density > 0.3 chain/nm2) significantly prevented
the polymeric micelle from interacting with B-cell receptors, and
thereby, abrogated the induction of the ABC phenomenon upon
repeated administration.
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7.5

Strategies to Abrogate/Attenuate Induction
of the ABC Phenomenon

PEGylation is extensively applied in the pharmaceutical industry,
particularly for drug delivery systems (DDS) in order to improve
their in vivo fate following systemic administration. However, the
induction of the ABC phenomenon upon repeated administration
of PEGylated nanocarriers poses a tremendous challenge to their
clinical application. Accordingly, many researchers are currently
extending great eﬀorts to find applicable strategies to abrogate/
attenuate the induction of the ABC phenomenon. In this section,
we will focus on some of these strategies.

7.5.1 Manipulation of Physicochemical Properties of
PEGylated Nanocarriers
Manipulation of the physicochemical properties of PEGylated
nanocarriers, such as particle size, has been used to efficiently
alleviate induction of the ABC phenomenon. Koide et al. [13]
demonstrated that decreasing the size of polymeric micelles to
less than 30 nm, could efficiently abrogate the induction of the ABC
phenomenon. In the same context, Zhang et al. [83] demonstrated
the impact of the size of PEGylated uricases on triggering the ABC
phenomenon in the treatment of hyperuricemic disorders [84].
Those researchers speculated that 40–60 nm is the lower size limit
that can trigger the ABC phenomenon. Therefore, they revealed
that removal of the uricase aggregates could successfully alleviate
the ABC phenomenon for 5 kDa mPEG-modified uricase. These
results show that controlling the size of the PEGylated products
may be a viable means to abrogate the induction of the ABC
phenomenon. However, preparing liposomal formulations with a
particle size lower than 30 nm would be technically difficult and
could potentially compromise the efficiency of encapsulating the
payload.

7.5.2

Modification of PEG Moiety

Among the diﬀerent strategies employed for abrogating/attenuating
the immunogenicity of PEGylated products upon repeated
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administration, modification of the PEG moiety has received
a great deal of attention. This strategy is aimed at conserving
the potential of the PEG moiety for enhancing the circulation
characteristics of the modified nanocarrier while imparting a
PEG moiety less recognizable by the cells of the immune system.
Ambegia et al. [85] and Webb et al. [86] have demonstrated that
the in vivo fate and/or immunogenic response against liposomes
could be adjusted by using a dissociable PEG-lipid with a diﬀerent
alkyl chain length. They revealed that surface modification of
liposomes with easily dissociable PEG-lipids with shorter alkyl
chains could efficiently attenuate the ABC phenomenon, compared
with liposomes modified with conventional PEG-lipids, such as
mPEG-DSPE and mPEG-CHOL. In a similar manner, Judge et al.
[69] and Semple et al. [26] employed PEGylated lipids with smaller
C14 lipid anchors in the preparation of PEGylated liposomes to
alleviate the immunogenicity caused by repeated administration.
However, this lipid exchange can result in defects in the membranes
of the liposomes, which could induce a premature release of the
encapsulated payload.
Another attempt has focused on the use of cleavable PEGlipid derivatives via manipulating the linkage between lipids and
the PEG moiety. Xu et al. [87] showed how the surface modification
of liposomes with cleavable PEG-lipid derivatives, namely PEGCHMC and PEG-CHEMS, which are linked via a single ester bond,
could lessen/eliminate the occurrence of the ABC phenomenon
in Wistar rats. They emphasized that the prompt cleavage of the
ester bond in either PEG-CHMC or PEG-CHEMS by an esterase
enzyme in blood circulation not only abrogated/attenuated the
ABC phenomenon, but it also did not induce membrane defects
in the liposomes. However, the capacity of PEG-CHMC or PEGCHEMS with a single ester bond is still insufficient to provide
liposomes with long-circulating characteristics, compared with
non-cleavable PEGylated liposomes. Chen et al. [88] designed a
double-smart mPEG-Hz-CHEMS-modified liposome in an attempt
to reduce the occurrence of the ABC phenomenon. They employed
a novel cleavable PEG-lipid derivative, mPEG-Hz-CHEMS, wherein
the PEG moiety was linked to cholesterol by 2 ester bonds and
1 pH-sensitive hydrazone (Fig. 7.3). They speculated that the
chemical bond (ester bonds) would gradually be cleaved in serum
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by the esterase enzyme, and in the low pH environment of a
tumor tissue, the PEG moiety would be detached from the
liposome surface allowing liposomal internalization/uptake by
the tumor cells. This strategy is expected to evade the occurrence
of the ABC phenomenon while not compromising the in vivo fate
of the administered PEGylated liposomes.

Attenuation of the
ABC phenomenon
Blood vessel

Tumor cell

Endosome

Cleavage

Esterase

pH
Ester

Chol

hz Ester
PEG

mPEG-Hz-CHEMS
Figure 7.3 The strategy for double-cleavable smart mPEG-Hz-CHEMSmodified liposomes. Modified from the author’s original work [88].

7.5.3 Use of Alternative Polymers
Although PEG represents the gold standard for the steric stabilization
of nanocarriers, several attempts have used alternative polymers
to alleviate/abrogate the incidence of the ABC phenomenon, while
conserving the long-circulating characteristics of the modified
nanocarrier. Polymers such as poly[N-(2-hydroxypropyl)meth-
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acrylamide)] [89], poly(hydroxyethyl L-glutamine), poly(hydroxyl
ethyl L-asparagine) [90], poly(N-vinyl-2-pyrrolidone) (PVP) [91],
and L-amino-acid-based biodegradable polymer-lipid conjugates
[92] have been tested for their potential in abrogating the
immune response towards an administered nanocarrier. Despite
the fact that these polymers induced little, if any, immunogenic
response, to date none has proven superior to PEG.
Recently, we employed a polyglycerol (PG)-derived lipid, as
an alternative to PEG, to attenuate the immune response towards
injected liposomes [93, 94]. We demonstrated that surface
modification with PG elicits neither an anti-polymer immune
response nor the ABC phenomenon upon repeated administration,
resulting in enhanced accumulation of the prepared liposomes in
tumor tissue. We postulated that the hydroxymethyl side group
in the repeating –(O-CH2-CH(CH2OH))n– subunit of PG sterically
hinders the interaction and eﬀective binding to surface
immunoglobulins on reactive splenic B-cells, and thus, prevents
the direct stimulation of splenic B cells (Fig. 7.4). This could
aﬀord the attenuation of anti-PG IgM production, which may be
responsible for eliciting the ABC phenomenon [93].
In a subsequent study [94], we confirmed that surface
modification of lipoplex with PG efficiently attenuated the ABC
phenomenon that is encountered upon repeated administrations of
nucleic acids containing PEG-coated liposomes. We demonstrated
that the absence of an immunogenic response against PG-coated
pDNA-lipoplex enabled the efficient accumulation of the second
dose in the tumor tissue of a tumor-bearing mouse model in a
manner similar to the first dose. On the contrary, PEG-coated pDNAlipoplex significantly elicited a strong immune response, which
hindered the efficient intra-tumoral accumulation of a subsequently
injected second dose.
Recently, Li et al. [95] developed a zwitterionic polymer
poly(carboxy-betaine) (PCB) as an alternative to PEG. They
demonstrated that cationic liposomes modified with DSPEPCB20 polymer showed a higher efficiency of siRNA encapsulation,
cellular uptake and endosomal/lysosomal escape abilities, which
in turn led to a significant release of siRNA into the cytoplasm.
Furthermore, the PCBylated lipoplexes efficiently evaded the
ABC phenomenon, which extended the plasma circulation time
and resulted in a preferential intra-tumor accumulation of siRNA
following multiple administrations.
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Figure 7.4 The possible mechanism underlying the diﬀerences in antipolymer IgM production in response to (A) PEG-coated pDNA-lipoplex
(PEG-DCL) or (B) PG-coated pDNA-lipoplex (PG-DCL). Modified from the
author’s original work [94].

Clinical Implications of ABC Phenomenon

7.5.4

Changing Administration Regimen

Many reports have emphasized the strong correlation between
anti-PEG IgM production and the occurrence of the ABC
phenomenon. Because anti-PEG IgM production occurs in a wave
pattern following the first injection of PEGylated formulation
[12, 22], a prolongation of the time interval between injections
might be considered a simple means for reducing the magnitude
of the ABC phenomenon [36]. However, this strategy might
interfere with the optimal administration regimen for the
encapsulated drugs, thereby limiting their therapeutic efficacy.

7.6

Clinical Implications of ABC Phenomenon

Polyethylene glycol (PEG) is recognized as a bio-inert, non-toxic
and non-immunogenic material. These characteristics of PEG
have led to its FDA approval as a vehicle or a modified material in
foods, cosmetics, and pharmaceuticals. In addition, PEGylation,
surface modification of nanocarriers and/or proteins with PEG,
represents a milestone breakthrough in the field of drug delivery
systems. PEGylation oﬀers long-circulating characteristics to the
modified nanocarriers, along with reduced recognition by the
cells of MPS [3, 4]. In fact, PEGylated products such as peginteron®
(a PEGylated interferon used in the treatment of hepatitis C virus)
and Doxil® benefit from these characteristics and have been
approved for use in clinical settings.
Notably, the first report revealing the immunogenicity of PEG
was published in 1983 by Richter and Akerblom [96], who correlated
the enhanced clearance of a second dose of PEGylated ovalbumin
in mice to an elevated level of anti-PEG IgM antibodies. One year
later, the authors emphasized the induction of anti-PEG IgM
production in humans in response to treatment with PEGylated
honeybee venom and PEGylated ragweed extract [78]. Despite
the elevated levels of anti-PEG IgM in the serum of the patients in
that study, no changes in response rates were observed. These
findings contributed to a large extent in establishing the perception
that PEG is non immunogenic.
Nevertheless, the immunogenicity of PEG has recently
gained increased attention, particularly after PEGinesatide, an
erythropoietic agent, was withdrawn from the market due to severe
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hypersensitivity reactions with even fatal consequences, which
were presumably related to PEG [97, 98]. Furthermore, besides
reports declaring that the immunogenicity of PEG might
influence the safety of PEGylated products, several studies
have implied that the ABC phenomenon of PEGylated products,
mediated via the induction of anti-PEG IgM, could substantially
attenuate the therapeutic potential of PEGylated products
[8, 10, 21, 63]. Consequently, such immunogenicity of PEG-coated
nanocarriers might represent a potential impediment against their
development and use in clinical settings since the establishment
of an antibody response can severely compromise both the safety
and efficacy of an associated drug payload such as DNA, RNA or
proteins.

7.7 Conclusion
PEGylation is being increasingly employed in the pharmaceutical
field because of its promising properties for prolonging halflives in vivo via increases in the hydrodynamic size and shielding
against immunogenic epitopes by means of steric hindrance
against the immune system. However, the immunogenicity
encountered upon the administration of PEGylated nanocarriers/
proteins seems to hamper the complete deployment of PEG.
Anti-PEG IgM antibodies induced by a first dose of PEGylated
nanocarriers such as liposomes are known to enhance the clearance
of a subsequent dose injected a few days later, which is known as
the “accelerated blood clearance” phenomenon. Furthermore,
the ability of anti-PEG IgM, produced in response to a first dose of
PEGylated nanocarriers, to induce hypersensitivity reactions has
been confirmed clinically. As a result, the FDA has recently updated
their guidelines to screen for anti-PEG antibodies during clinical
trials of PEGylated therapeutics [99].
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8.1

Introduction

Polyethylene glycol (PEG) is one of the most widely used “stealth”
polymers in the field of pharmaceutics for protein and drug
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carriers [1, 2]. PEGylation is the covalent coupling of polyethylene
glycol (PEG) to peptides and proteins in order to significantly
extend their biological half-life, reduce toxicity, and mask both
humoral and cellular immunogenicity while sustaining therapeutic
eﬀectiveness [3, 4]. The covalent attachment of PEG to liposomes
and colloidal nanocarriers can also suppress protein adsorption
onto their surfaces, thereby rendering them invisible to the cells
of the mononuclear phagocyte system (MPS), which extends
their circulation time in the body and improves their overall
therapeutic efficacy [5–7].
However, in contrast to the general perception that PEG is
non-immunogenic, a growing body of literature has emerged
claiming PEG to be immunogenic. Many reports have demonstrated
that PEGylated substances can elicit antibody responses against
PEG (anti-PEG) limiting the therapeutic efficacy and/or reducing
the tolerance of PEGylated therapeutics [8, 9]. In addition, we
and other research groups have demonstrated that anti-PEG
antibodies are associated with the accelerated clearance of
subsequently administered doses of PEGylated nanocarriers,
which is referred to as “the accelerated blood clearance (ABC)”
phenomenon [10–13].
Of interest, an emerging body of evidence is emphasizing the
existence of naturally occurring anti-PEG antibodies in normal
individuals who have never received PEGylated therapeutics
systemically [14–16]. Armstrong et al. [14] revealed that these
naturally occurring anti-PEG antibodies could prime the host
immune system against administered PEGylated therapeutics,
resulting in compromised therapeutic efficacy. Therefore, to claim
PEG to be immunogenic and antigenic could be a disappointment,
particularly with an increasing number of PEGylated products,
such as PEGylated proteins and nanocarriers, anticipated to enter
the market over the coming few years. Accordingly, a deep
understanding of the prevalence and clinical implications of
anti-PEG immunity is a prerequisite for the continual clinical
application of PEGylated therapeutics.

8.2

PEG Immunogenicity in Animal Models

8.2.1

Anti-PEG Response to PEGylated Proteins

In animal models, PEG is generally believed to be immunologically
inert, which may in part be due to the rapid renal clearance of
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the unconjugated polymer. Therefore, the immunogenicity of
PEGylated substances was previously tested directly against a
primary substance, rather than against covalently coupled PEG.
However, a strong anti-PEG immunological response, manifested
by the robust induction of antibodies to PEG, was observed
upon conjugating this hydrophilic polymer to some proteins,
particularly ovalbumin (OVA) [15] and uricase [17]. These findings
potentially contradict the basic concept that PEG is a bio-inert, nonimmunogenic substance. The first study demonstrating the
induction of antibodies to PEG in vivo was conducted by Richter
and Akerblom in 1983 [15], which was less than a decade after
the introduction of protein PEGylation. They emphasized the
induction of a strong anti-PEG immune response in rabbits following
either intramuscular or subcutaneous injections of diﬀerent
PEGylated proteins in complete Freund’s adjuvant. They showed
that PEG, administered alone under similar conditions, elicited a
weak and transitory immune response. Recently, we also confirmed
the induction of an anti-PEG antibody response (mainly anti-PEG
IgM) following a single intravenous injection of either PEGylated
OVA or PEGylated bovine serum (BSA), similar to that observed
with PEGylated liposomes, despite the fact that a single
administration usually does not induce specific neutralizing
antibodies to either OVA or BSA [8]. These results led to the
assumption that the production of antibodies only occurs against
PEG conjugates in a manner wherein PEG acts as a hapten. A hapten
is a non-immunogenic small molecule that triggers an immune
response only when conjugated to a large carrier such as a protein.
This haptentic character of PEG is assumed to be dependent on
the molecular weight and the immunogenicity of the conjugated
protein, and on the presence of adjuvants [18–20].
Importantly, despite the increasing number of reports
studying the anti-PEG antibody-mediated immunogenicity of
PEGylated proteins in animals, only a few studies have verified
the ability of the elicited anti-PEG antibodies to induce the rapid
clearance of a subsequent dose of PEGylated protein products,
such as a phenomenon observed upon sequential administration
of PEGylated IFN β-1a in Rhesus monkeys [21]. This might be
attributed, on the one hand, to the weak immunogenicity of the
anchoring protein for PEG or, on the other hand, to the lack of a clear
discrimination between anti-PEG antibodies and anti-anchoring
protein antibodies.
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8.2.2

Anti-PEG Response to PEGylated Nanocarriers

Despite the fact that PEGylation imparts the conjugated product
with a prolonged circulation time in vivo, many reports have
claimed that anti-PEG antibodies, produced in response to the
first dose, may harmfully trigger the rapid systemic clearance
of subsequently injected doses of PEGylated substances—the
so-called “accelerated blood clearance (ABC)” phenomenon.
In 1997, Moghimi and Gray [22] demonstrated that repeated
administration of PEG-modified polystyrene particles to rats in
3–4-day intervals significantly triggered an accelerated clearance
of the particles from systemic circulation by the cells of the
MPS. Similarly, we and other research groups have revealed that
“empty” PEGylated liposomes also elicit a strong immune response
that results in an enhancement of systemic clearance with a
corresponding preferential hepatic accumulation of subsequently
administered doses of PEGylated liposomes in mice, rats, rabbits,
dogs, and monkeys [23–25]. A mounting body of evidence has
confirmed that anti-PEG antibodies, mainly anti-PEG IgM, elicited
in response to PEGylated liposomes is likely to be responsible
for such unexpected pharmacokinetic alterations. In our earlier
study, we reported that the serum of pre-treated rats showed
greater antibody adsorption onto PEGylated liposomes, compared
with that of naïve animals, suggesting that anti-PEG antibodies
were the prevailing serum factor responsible for the ABC
phenomenon [26, 27]. Soon afterwards, we revealed that pretreatment with “empty” PEGylated liposomes substantially
triggered the production of anti-PEG antibodies, mainly anti-PEG
IgM, which dictates the extent of the ABC phenomenon induction
[23]. Other research groups [28–30] have also emphasized the
correlation between the production levels of anti-PEG antibodies
and the magnitude of the ABC phenomenon. The observed
anti-PEG response has predominantly been that of IgM [23, 29, 31],
although the development of anti-PEG IgG has also been
reported [25, 32].
In further studies, we emphasized the vital role of anti-PEG
IgM-mediated complement activation in the induction of the
ABC phenomenon upon repeated administration of PEGylated
liposomes. We demonstrated that serum from rats displaying an
ABC response showed complement activation upon incubation
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with PEGylated liposomes [33]. In addition, by using a single-pass
liver perfusion technique, we confirmed that heat-treatment of
this serum alleviated the substantial hepatic clearance of PEGylated
liposomes via the inhibition of the complement activity [34].
On the basis of our results [27, 31], we proposed the following
tentative mechanism for the cause of this phenomenon. AntiPEG IgM, which is produced in the spleen in response to the
first dose, selectively binds to the PEG upon the second dose of
liposomes injected several days later and subsequently activates
the complement system, and, as a consequence, the liposomes are
taken up by the Kupﬀer cells in the liver.
It is noteworthy that the induction of anti-PEG IgM and its
implications on the pharmacokinetics of subsequently injected
doses are not only restricted to PEGylated liposomes. Other classes
of PEGylated nanocarriers, such as polymeric nanoparticles [35],
micelles [36] and microemulsions [37], also elicit the response.
Furthermore, diﬀerent factors that include the lipid dose used,
physicochemical properties (particle size, surface charge, PEG-chain
length, and degree of PEGylation), the nature of the encapsulated
payload of the initially injected liposome, and dosing intervals,
can significantly aﬀect the incidence and magnitude of the ABC
phenomenon, as recently established in our previous publication
[38].

8.3

PEG Immunogenicity in Humans

Despite the fact that PEGylation is used to introduce several
therapeutic agents in both pre-clinical and clinical settings, including
liposomal doxorubicin, uricase, interferon alpha (IFNα), and many
other proteins, a growing body of literature clearly suggests that
the induction of an anti-PEG antibody response is possible in
humans [39–41]. However, in contrast to most animal studies, the
anti-PEG antibody response in humans is more skewed toward
IgG isotype antibodies [39, 42]. In addition, many reports have
emphasized the natural existence of anti-PEG antibodies in the
sera of normal donors despite the absence of treatment with
PEGylated therapeutics [14]. Accordingly, both pre-existing
and induced anti-PEG antibodies might represent a tremendous
challenge to the future clinical application of PEGylated
therapeutics [6, 42].
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8.3.1

Pre-Existing Anti-PEG Antibodies in Normal
Donors

In 1984, Richter and Akerblom first reported the pre-existence
of anti-PEG antibodies, mostly anti-PEG IgM, in 0.2% of healthy
normal subjects and in 3.3% of untreated allergy patients [19].
Almost 2 decades later, Armstrong et al. [14] reported the
prevalence of higher anti-PEG antibodies titers, reaching up to
25%, in healthy blood donors. Such variations clearly reflect a
significant increase in the prevalence of pre-existing anti-PEG
antibodies in normal subjects over time. Both studies utilized
passive hemagglutination of PEG-modified RBCs to detect PEGspecific antibodies, so the diﬀerences are unlikely to be caused
by the method of detection. Since PEG has been classified by
the FDA under the category of products that are Generally
Recognized As Safe (GRAS), it has become commonly used in
cosmetics, processed foods, and pharmaceuticals. In addition, PEGcontaining surfactants, as well as PEG itself, are found in a vast
majority of household and hygiene products (e.g., soap, shampoo,
toothpaste, lotion, detergent). Therefore, it is easy to imagine that
frequent exposure to PEG in daily use products could lead to the
predictable formation of anti-PEG antibodies. However, the
exact mechanism by which pre-existing anti-PEG antibodies
are generated in individuals who have never received any
previous treatment with PEGylated therapeutics has yet to be
elucidated. Recently, Yang et al. [45] have postulated the following
tentative mechanism: the human body is frequently subjected
to certain conditions such as abrasions, ulcerations, and skin
tears that may result in local inflammatory responses and
recruitment of immune cells. Upon exposure to PEG in the daily
use of common products, PEG is likely introduced to sites of
inflammation and to come into close proximity to highly active
immune cells, which in turn may be sufficient to drive the
induction of anti-PEG antibodies. Accordingly, subsequent
persistent exposure to PEGylated therapeutics may further induce
a robust memory immune response to the polymer.
Besides the reports by Richter and Akerblom [19], as well
as by Armstrong et al. [14], the prevalence of pre-existing antiPEG antibodies has been further reported in both healthy donors
and untreated controls during clinical trials. Tillmann and
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coworkers [40] observed the occurrence of relatively low levels of
anti-PEG antibodies in healthy individuals (7–8%), whereas a
high frequency of anti-PEG antibodies (up to 44%) was detected
in patients with hepatitis C. However, these elevated levels of
anti-PEG antibodies exerted no compromising eﬀect on the
therapeutic efficacy of PEGylated interferon used for the treatment
of this chronic disease. Hershfield et al. [43] also reported the
pre-existence of up to 19% of anti-PEG antibodies in the sera of
control subjects prior to treatment with pegloticase, a PEGylated
form of urate oxidase used in the treatment of refractory gout.
As a result, the FDA has recently updated their guidelines to
screen for anti-PEG antibodies during clinical trials of PEGylated
therapeutics [44].

8.3.2

Impact of Anti-PEG Antibodies on the Efficacy
of PEGylated Therapeutics

Despite the fact that the immunogenicity of PEG is well reported
in animal models [8, 15, 17], early studies in humans on PEGylated
therapeutics indicated the absence of an anti-PEG antibody
response or a lack of clinical implications. In 1984, Richter et al.
[19] first reported the induction of anti-PEG IgM production in
humans during hyposensitization with methoxy-PEG-modified
honeybee venom and PEGylated ragweed extract. In that study,
however, the occurrence of anti-PEG antibodies did not appear
to prime further immune responses, and thereby, no change in
response rates was observed. Later on, in a clinical trial of PEGmodified bovine adenosine deaminase (PEG-ADA) in patients
with adenosine deaminase deficiency, Chaﬀee et al. [45] reported
the induction of an anti-PEG-ADA antibody response, mainly IgG,
in 59% of treated patients. However, competitive ELISAs using
ADA and diﬀerent PEGylated proteins suggested that these
antibodies were formed against ADA rather than the PEG moiety.
Recently, Tillmann and colleagues [40] also evaluated the
development, frequency and impact of anti-PEG antibodies in
hepatitis C patients before and after treatment with PEG-INF-α.
They revealed that despite the high prevalence of anti-PEG
antibodies (44%) in the sera of patients with hepatitis C, which
was significantly higher than the 6.9% in healthy controls, the
presence of pre-existing anti-PEG antibodies did not appear to aﬀect
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the efficacy of antiviral PEG-interferon therapy. The contribution
of immune impairment and hepatic damage caused by HCV to the
apparent lack of anti-PEG antibody eﬀects were not elucidated.
Collectively, these findings played an integral role in establishing
the perception that anti-PEG antibody response has no clinical
implications for the therapeutic efficacy of PEGylated therapeutics
in humans.
Interestingly, unlike most clinical studies that have indicated
the development of anti-PEG antibody responses in only a subset of
patients, in a phase I dose-escalation study, Longo et al. [41] reported
the development of anti-PEG antibodies in all phenylketonuria
patients within 6 weeks following a subcutaneous injection of
PEGylated phenylalanine ammonia lyase (PEG-PAL). However,
neither pre-existing nor induced anti-PEG antibodies appeared to
aﬀect the therapeutic efficacy of a single dose of PEG-PAL. Notably,
two patients from this study later suﬀered severe adverse reactions
to intramuscular injections of medroxyprogesterone acetate,
in which free PEG and polysorbate were included as excipients.
However, the correlation between pre-dosing with PEG-PAL and the
severe adverse reactions was not investigated.
In contrast to the aforementioned data, clinical studies have
recently emphasized the contribution of the anti-PEG antibody
response to the reduced therapeutic efficacy of PEGylated drugs
and/or the development of severe side eﬀects. PEGinesatide,
an erythropoietic agent, was approved by the FDA in December
2011 for the treatment of anemia associated with chronic kidney
disease (CKD) in adult patients on dialysis [46, 47]. However, soon
after its approval, the drug was blamed for the induction of severe
hypersensitivity reactions (HSR), which were fatal in 0.02% of
patients within 30 min of the start of their first intravenous infusion
leading to its withdrawal from the market in February 2013 [48].
Despite the fact that all HSR occurred upon the first exposure,
and despite the lack of immunogenicity data, the contribution of
cross-reactive antibodies in these patients cannot be overlooked.
Armstrong et al. [14] reported that when pediatric acute
lymphoblastic leukemia patients were treated with PEGylated
asparaginase (PEG-ASNase), 32% of them developed anti-PEG
antibodies, which was mainly IgM. The presence of anti-PEG IgM
was significantly correlated with the rapid clearance of PEG-ASNase,
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which in turn limited its therapeutic efficacy. Surprisingly, antiPEG IgM was also detected in the sera of 13% of patients treated
with unmodified ASNase, but no correlation was observed between
serum ASNase activity and anti-PEG IgM levels.
The therapeutic efficacy of PEGylated uricase (Pegloticase),
a drug used for the treatment of refractory gout, is also limited by
the anti-PEG antibody response. In a phase III clinical trial, antiPEG antibodies were detected in 89% of patients with refractory
gout who had been treated with Pegloticase. This elevated level
of anti-PEG antibodies triggered a rapid clearance of the drug,
thereby compromising its therapeutic efficacy, particularly upon
repeated administration [39]. In addition to rapid Pegloticase
clearance, anti-PEG antibody-positive subjects also demonstrated
an increased rate of infusion reactions [39, 43, 49], but the
contribution of anti-PEG antibodies to adverse reactions to
Pegloticase remains unclear.

8.3.3 Non-Antibody-Mediated Hypersensitivity
ReacƟons
Besides the slow specific immunogenic response manifested
in antibody formation against PEGylated liposomes, a growing
body of literature has verified that the immune reaction against
intravenously administered PEGylated liposomes may also
involve rapid inflammatory-like hypersensitivity reactions, also
known as infusion reactions, that do not involve IgE but arise as
a consequence of activation of the complement C system [50, 51].
These anaphylactoid reactions can be distinguished within the Type
I category of hypersensitivity reactions as “C activation-related
pseudoallergy” (CARPA), a term that highlights the mechanism
of the reaction [52–55] [38–41]. The first direct evidence for the
causal relationship between C activation and hypersensitivity
reactions (CARPA) to PEGylated liposomes was provided by
Brouwers et al. [50], who reported three severe hypersensitivity
reactions out of nine patients obtaining 99mTc-labeled pegylated
liposomes for scintigraphic detection of bowel inflammation. Later
on, extensive research by Szebeni et al. [51, 52, 54, 56] has shown
that complement activation is responsible for infusion reactions
observed in up to 25% of patients treated with Doxil®, which
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were non IgE-mediated. In addition, they have shown that these
reactions can occur after a first administration, which implies
that Doxil® can directly activate the complement system by the
alternative pathway. Chanan-Khan et al. [57] also demonstrated
that Doxil® therapy activated complement in the majority of
patients and induced moderate to severe hypersensitivity
reactions in 45% of cancer patients infused with Doxil ® for the first
time, regardless of sex or age of the patients. Importantly, Doxil®
caused C activation, as manifested by the significant elevations
of serum complement terminal complex (SC5b-9), in 21 out of 29
patients (72%) following infusion of the drug. Collectively, these
data strongly suggested that C activation might be causal or a key
contributing, but not rate-limiting factor in liposome-induced
CARPA.

8.4

Properties of Anti-PEG Antibody Epitope

Many reports have highlighted the contribution of anti-PEG
antibodies to the accelerated clearance of PEGylated therapeutics.
However, the antigenic determinant of the PEG polymer remains a
mystery. Based on its highly repetitive structure, PEG is acceptably
classified as a class-2 thymus-independent (TI-2) antigen. TI-2
antigens are composed of identical repeating epitopes that act by
cross-linking the cell-surface immunoglobulins of specific B cells
leading to a significant and prolonged activation of B cells without
co-stimulation by T cells [58]. In an earlier study, Richter and
Akerblom [15] observed the inhibition of anti-PEG antibody
precipitation with PEG300, suggesting that the antigenic determinant
of PEG may be a sequence of 6 to 7 -CH2-CH2-O- units. Cheng and
his colleagues [59] found that the monoclonal anti-PEG antibody
(IgM) generated by immunization with PEGylated β-glucuronide
recognizes the repeating sequence -(O-CH2-CH2)n- subunit
(16 units) of PEG. Saifer et al. [60] later reported that triethylene
glycol (MW 150–160) was bound by anti-PEG antibodies in direct
and competitive ELISAs. These data suggest that the minimum
epitope recognition by anti-PEG antibodies could range from
three to four repeated oxyethylene units.
Nevertheless, in several studies, a single injection of PEG
polymer alone did not elicit an anti-PEG response. On the other
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hand, PEG conjugated to proteins and/or nanocarriers will
induce an anti-PEG immune response. Accordingly, the antigenic
determinant for anti-PEG antibodies is assumed to occur at the
linkage between PEG and other materials. Shiraishi et al. [29]
observed cross-reactivity between anti-PEG IgMs elicited by
hydrophobic PEGylated micelles and liposomes, but hydrophilic
PEGylated micelles would induce neither an anti-PEG IgM
response nor the ABC phenomenon. Accordingly, they proposed
that the anti-PEG antibody epitope is the interphase between a
hydrophobic core and conjugated PEG groups [30]. Furthermore,
owing to the diﬀerence in the immune responses between free
PEG and PEGylated therapeutics, PEG is projected to function as
a hapten, which is a non-immunogenic small molecule that can
elucidate an immune response only when conjugated to a larger
carrier [6, 61].

8.5

Strategies to Avert Anti-PEG Antibody
Responses

Based on the improved understanding of the prevalence and
clinical implications of anti-PEG immunity in humans, many
researchers are currently extending great eﬀort to the development
of applicable strategies to avert/attenuate the anti-PEG antibody
responses.

8.5.1

Modification of the PEG Moiety

All currently approved PEGylated therapeutics contain
methoxypoly(ethylene glycol) (mPEG). The use of mPEG in PEG
conjugates of proteins and non-protein therapeutic agents has
led to the recognition that the polymer components of such
conjugates can induce anti-PEG antibodies that may accelerate
the clearance and reduce the efficacy of the conjugates. These
considerations have motivated the development of other forms
of PEG. In a series of studies [62, 63], Sherman et al. assessed the
role of the methoxy group in the immune responses to mPEG
conjugates and the potential advantages of replacing mPEG
with hydroxy PEG (HO-PEG) (Fig. 8.1). They employed rabbits
immunized with either mPEG or HO-PEG conjugates of human
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serum albumin, human interferon-α, or porcine uricase as adjuvant
emulsions [63]. They demonstrated that hydroxyl PEG (HO-PEG)
represents a potentially less immunogenic and less antigenic
alternative to mPEG. Accordingly, they suggested that using
monofunctionally activated HO-PEG instead of mPEG in preparing
conjugates for clinical use might decrease anti-PEG-mediated
undesirable eﬀects. However, since previous studies have revealed
an avidity of both pre-existing and induced anti-PEG antibodies
to the PEG backbone (repeated oxyethylene subunits),
modifications of the terminal group of the PEG moiety might
only have a moderate eﬀect on abrogating the anti-PEG antibody
response against PEGylated therapeutics.

O

O

CH3

H

Figure 8.1 Partial structure of methoxyPEG and hydroxyPEG. R designates
the rest of the polymer. The domains that may serve as epitopes for the
formation of anti-PEG antibodies, namely, the distal terminal groups, are
confined within the ovals.

8.5.2

Use of Alternative Polymers Instead of
PEGylation

The use of alternative stealth polymers such as polyglycerol,
Poly(carboxybetaine), XTEN peptide, PAS peptide, etc., have
also received great attention. These polymers are less common
in everyday household items and, therefore, may not represent
the problem of pre-existing antibodies. Recently, Schellenberger
et al. [64] developed an alternative technology based on new
unstructured, hydrophilic polypeptides, called XTEN, which can be
fused to the proteins or peptides imparting them with prolonged
blood circulation. The XTEN technology has been shown to be safe
and poorly immunogenic in many animal studies leading to their
introduction in Phase I trials with two products: exenatide-XTEN
fusion construct (VRS-859) for the treatment of type II diabetes

Conclusion

and a growth hormone-XTEN fusion construct (VRS 317) for
growth hormone deficiency.
Schlapschy et al. [65] developed conformationally disordered
polypeptide chains with expanded hydrodynamic volume
comprising the small residues proline, alanine, and serine (PAS).
Because PAS showed stability in serum and lacked toxicity or
immunogenicity in mice, PASylation technology is currently being
adapted to typical biologics, such as the use of interferon and
growth hormone to prolong circulation and boost bioactivity
in vivo.
PolyXen® is an enabling platform technology for protein
drug delivery. It uses the natural polymer polysialic acid (PSA) to
prolong the drug’s half-life and potentially improve the stability of
therapeutic peptides and proteins [66]. PolyXen® technology
has introduced two drug products into clinical trials: ErepoXen,
an erythropoietin-PAS fusion construct, and SuliXen, a PAS-insulin.
It is noteworthy that antibodies against various natural and
synthetic polymers have also been reported [67, 68], suggesting
that such alternative polymers may also induce an immunogenic
response upon repeated administration in humans.

8.6 Conclusion
In contrast to the general assumption that PEG is biologically
inert, many reports have clearly underscored the potency and
impact of anti-PEG immunity, which represents a particularly
important concern in light of the increasing number of PEGylated
therapeutic proteins and nanomedicines that are FDA-approved
or are currently under clinical development. Therefore, patients
should be pre-screened and monitored for anti-PEG antibodies
prior to and throughout a course of treatment with PEGylated
therapeutics. Furthermore, a deep understanding of the exact
mechanism by which anti-PEG antibodies develop and are able to
bind to the polymer is urgently needed, along with strategies to
avert the challenges of PEG-specific immunity.
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9.1 Introduction
Advances in materials science have made a variety of novel
therapeutic devices possible. Prominent among them are
nanoparticles that can target specific cells and tissues with imaging
agents and drug payloads [1]. The physical nature of nanoparticles,
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in comparison to that of small molecules commonly employed
as drugs or contrast media, raises additional safety issues: Unlike
small molecules, nanoparticles are subject to the scrutiny of the
immune system. Immune reactions arising from the interactions of
nanoparticles with intended targets, blood-borne components or
oﬀ-target tissues can result in unwanted consequences [2].
The complement system presents a rapid-acting, firstline defense of the intravascular space and other biological
compartments from foreign invaders and facilitates the safe
removal of apoptotic cells, immune complexes and cellular debris
[3]. Complement (C) recognizes potential targets and marks them
for clearance and/or lysis and initiates powerful inflammatory
reactions. While fluid phase and membrane C regulators can
mitigate limited C activation, robust systemic or local activation
can overwhelm the regulatory process and pose dangerous
health risks. This chapter summarizes the C response to biological
targets and clarifies some of the important complement-related
issues faced by nanotechnologists as they design next-generation
therapeutics.

9.2 C Activation Pathways and Downstream
Effectors
Complement activation is mediated by three major pathways
(Fig. 9.1) [3, 4]. Each pathway responds to a diﬀerent set of
activators, ensuring that a wide range of dangerous agents are
recognized: The classical pathway (CP) is triggered by antibody:
antigen complexes, and the lectin pathway (LP) responds to
specific carbohydrate moieties. The alternative pathway (AP)
operates spontaneously at low levels and is further activated by
a range of microbial surfaces. Each activation pathway results in
the assembly of the C3 convertases, the central enzymes of the C
cascade, which cleave the fluid phase protein C3, producing C3a
and C3b. Nascent C3b can bind covalently to the target surface and
mediate clearance by the mononuclear phagocytic system
(MPS). Target-bound C3b can amplify C activity by providing an
assembly point for additional AP convertases (the amplification
loop). C3b can also form a complex with preformed C3 convertase
to generate C5 convertase, a protease that cleaves C5 into C5a

C Activation Pathways and Downstream Effectors

and C5b. C5b initiates the complement terminal pathway,
culminating in the assembly of the membrane attack complex
(MAC) in the plasma membrane. The MAC promotes cell lysis by
disrupting membrane integrity. C3a and C5a, the anaphylatoxins,
recruit immune cells that promote further inflammatory
reactions [5, 6]. C3d, a C3 derivative, in complex with antigen,
provides an adjuvant eﬀect leading to the generation of higher
antibody titer [7].

Complement Cascade
Classical Pathway

Lectin Pathway

Alternative Pathway

Ag-Ab Complexes

Lectin binds mannose on
pathogens

Pathogens or injured tissue

C1

, C
4

MASPs

, C
2

C3
P
D,
,F
FB

C4
C2

C3 Convertase
•C3a (Inflammation)

C3
C3b

•C3b (Opsonization)
•Amplification Loop

C5 Convertase

C5
Terminal Pathway

•C5a (Inflammation)

C5b

•C5b (Initiates MAC)

Membrane Attack Complex
sC5b-9
C5b 9

Figure 9.1 The complement cascade. Three activation pathways merge at
the step of C3 activation (3, 4). The classical pathway is initiated by the
binding of antibody to antigen and the lectin pathway by the binding of
lectin to a carbohydrate. The alternative pathway turns over continuously
and is further amplified in the presence of pathogens or injured tissue.
Activation of the complement system leads to inflammation (release of
anaphylatoxins C3a and C5a), opsonization (the coating of targets with
C3b or C4b), and formation of the membrane attack complex (MAC).
Abbreviations: MASP, mannose-binding lectin (MBL)-associated serine
protease; FB, Factor B; FD, Factor D; P, properdin. Modified with permission
from: Liszewski, M. K., Atkinson, J. P. (2016). Complement pathways.
UpToDate, Post TW (Ed), UpToDate, Waltham, MA. For more information
visit http://www.uptodate.com (accessed on October 6, 2016.) Copyright
© 2016 UpToDate, Inc.
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Complement activation can be rapid and robust: Antibodyinitiated CP activation can mediate the deposition of 2 × 10 7 C3b
molecules on a cellular target within 5 min [8]. The C cascade
is normally held in check on host surfaces by the regulators
of C activation (RCA) that inhibit convertase activity and MAC
assembly [9]. These include fluid phase proteins Factor H (FH)
and C4-binding protein (C4BP) as well as the membrane proteins
CD46 (membrane cofactor protein, MCP), decay accelerating factor
(DAF) and complement receptor 1 (CR1, CD35). These proteins
inhibit C activation via two critical mechanisms: (1) They inhibit
convertase activity directly by dissociating the convertase
complexes (decay accelerating activity), and (2) they inhibit
convertase formation by serving as cofactor for the cleavage of C3b
and C4b by the fluid phase protease Factor I (FI) (cofactor activity).
In addition, CD59, a membrane-bound non-RCA protein, protects
host tissue by blocking the assembly of the MAC. These regulators,
plus the intracellular pathways that respond to membrane
perturbation [10], normally prevent the lysis of nucleated cells.

9.3
9.3.1

Role of C in Human Health and Disease
Complement Roles in Fighting Infection

The C system plays a critical role in the recognition and elimination
of pathogenic microorganisms [11]. Individuals who lack C3, the
central C protein, are at risk for infection by several major pathogens
including Streptococcus pneumonia, Neisseria meningitidis, and
Haemophilus influenza [12]. Complement activation directs the
removal of invasive bacteria through two major mechanisms:
(1) the clearance of opsonized bacteria by phagocytes and
(2) the disruption of bacterial cell wall integrity by the MAC, leading
to bacterial lysis.
Bacteria are divided into two taxonomic groups that diﬀer
markedly in their cell wall structures, the Gram-positive and Gramnegative bacteria [13]. In Gram-positive bacteria, the cytoplasmic
membrane is immediately surrounded by a layer of peptidoglycan,
a thin sheet of parallel glycan chains connected together with
peptide crosslinks. The peptidoglycan sheet is in turn surrounded
by a thick outer layer of acidic polysaccharides called teichoic
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acids. While this outer layer is subject to antibody (Ab)-dependent
and Ab-independent CP activity, it is resistant to the assembly and
function of the MAC. Therefore, the primary C-dependent host
defense against Gram-positive pathogen such as S. pneumonia is via
C3 opsonization followed by phagocytic clearance [14].
The cell envelope of Gram-negative bacteria contains two
membranes, an inner cytoplasmic membrane and an outer
membrane. Between them resides the peptidoglycan in a region
known as the periplasm. The outer membrane contains a layer of
lipopolysaccharides, or LPS, which extends into the cell exterior.
The eﬀect of C on Gram-negative bacteria is modulated by
variations in these outer structures. Most Gram-negative bacteria
can engage the CP and/or the AP and are subject to clearance by
the MPS, but some, like N. meningitidis, the agent of meningococcal
disease, are particularly vulnerable to the MAC. Those deficient
in C alternative and terminal pathway components are highly
prone to repeated infection by N. meningitidis [12].

9.3.2 Complement Regula on and Tissue Injury
Complement activity fluctuates between activation and regulation:
When C recognizes a target, it ramps up its activity, clears and/
or destroys the target, and then damps down to its basal level.
Complement activity is generally limited to the target area, held
in check by the RCA proteins. Complement regulatory failure
can lead to serious consequences. Atypical hemolytic uremic
syndrome (aHUS) is a severe kidney condition triggered by acute
cell-based injury [15]. It is characterized by microangiopathic
hemolytic anemia (red blood cells are fragmented as they flow
through small blood vessels), thrombocytopenia (platelets are
consumed in the microthrombi) and renal failure (fibrin-rich clots
form in the renal glomerulus). aHUS is associated with an acute
mortality rate of up to 25% and the development of permanent
kidney damage requiring long-term dialysis in ~50% of patients.
It occurs most often in individuals carrying a rare loss-offunction mutation in one of the AP regulatory proteins: FH, CD46
or FI. These individuals are haplo-insufficient (i.e., they are
deficient in only one of two alleles), suggesting a tight and
delicate balance between C activity and C regulation.
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Complement activation has also long been implicated in
immune complex-mediated diseases such as systemic lupus
erythematosus (SLE) and various forms of vasculitides [16].
Although autoantibody-antigen-mediated tissue damage via the
CP plays a major role in the pathogenesis of SLE, the AP and LP are
increasingly recognized as important players in vasculitides [16],
suggesting that the excessive activation of any of the C pathways
may pose significant health risk.

9.4

Complement Activation by Biomaterials

Prior to the emergence of nanomedicine, numerous clinical
procedures were in place that interfaced manufactured materials
(“biomaterials”) with biological tissues and/or fluids. Some of
the outcomes have relevance to current nanomedicine design:
Biomaterials generally lack the C regulatory capacity of cells
and tissues and in many cases biomaterials have been shown to
activate C [17]. During hemodialysis (HD), for example, patient
blood exposed to a large surface area of dialysis membrane can
result in profound C activation [18, 19]. The anaphylatoxins that
are produced then engage receptors on neutrophils, mast cells,
monocytes and other cells of myeloid origin, setting in motion
multiple downstream events, including the release of potent
pro-inflammatory cytokines and chemokines [5, 6]. The resulting
chronic inflammation contributes to numerous adverse conditions,
including increased risk for atherosclerosis and myocardial
infarction [20], and strongly correlates with mortality in end-stage
renal disease [21].
Although it is not fully understood how biomaterials trigger
C activation, it is generally regarded to require the CP, with the
AP serving to amplify the initial signal [22–24]. While the CP system
utilizes specific antibody:antigen interactions and specialized
pattern recognition mechanisms to identify native macromolecules,
a biomaterial may activate the CP by a more complex route.
For example, when a biomaterial surface such as polystyrene is
exposed to the blood components it is immediately coated
with a thin (~8 nm) film composed of a monolayer of plasma
proteins that trigger C activation and convertase formation [22].

Nanomedicine-Mediated C Activation

It has been proposed that interactions with artificial biomaterial
surfaces (i.e., stents or implantable pumps) induce conformational
changes or lead to the denaturation of plasma proteins. The
composition and conformation of these altered adsorbed proteins,
and not simply the biomaterial itself, trigger C [25]. Complementdependent target recognition is mediated by conformational
changes in its key recognition molecules (C1, C3, C4, antibody). It
is possible that similar functional conformations are promoted
when these molecules incorporate in the primary film or bind to
the primary film on biomaterials.

9.5

Nanomedicine-Mediated C Activation

Some of the first indications that nanoparticles can activate
C came from the clinical use of the anti-cancer drug Doxil®, a
PEGylated liposomal formulation of doxorubicin (reviewed by
Szebeni [26]). A fraction of clinical patients exhibited signs of
cardiopulmonary distress that developed immediately after the
start of infusion, including dyspnea, tachypnea, tachycardia,
hypotension, chest pain, and back pain. Unlike IgE-mediated
allergic reactions, the symptoms occurred within minutes upon
first exposure to the drug, arguing against an adaptive (i.e.,
humoral) immune response. These non-IgE, “pseudoallergic”
symptoms were also observed in rats and pigs used to investigate
hemoglobin-containing liposomes as a potential red blood
cell substitute [27, 28]. That C activation is the cause of these
pseudoallergic reactions is supported by the close correlation
of Doxil® dosage with severity of symptoms and evidence of C
consumption, coinciding with a rise in the plasma concentration
of C activation products [29]. Moreover, it was shown in pigs
that C-specific inhibitors largely suppress the pseudoallergic
symptoms further confirming that C activation plays a causal role
in this response, also known as C activation-related pseudoallergy
or CARPA [27, 30]. Since that time, the spectrum of reagents that
cause pseudoallergic symptoms has been broadened to include
micelle-solubilized drugs, certain antibodies, PEGylated proteins,
contrast media and additional liposomal drugs [26].
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9.5.1

Aspects of Nanomedicines That
Activate/Modulate C

The C system employs several proteins to distinguish its biological
targets. Many of these same recognition molecules and their
respective activation pathways, including antibody and C1 (CP),
mannose-binding lectin (MBL) (LP), and C3 (AP), have been shown
to direct NP-dependent C activation. In general, the mechanisms
that underlie NP recognition have not been fully clarified. It has
been speculated that the polymers on the surface of liposomes, for
example, may present pattern recognition receptors (PRRs) that
serve as binding ligands for C protein [31]. Alternatively, as with
other biomaterials, once introduced into a biological space
nanoparticles are rapidly coated with a “corona” of adsorbed
proteins, C proteins and antibodies among them. Fortuitous
association of a recognition molecule to surface charge or chemical
group could promote conformational changes that initiate the C
cascade. Indeed, surface charge is known to play a critical role in
the interaction of NPs with C: Nanoparticles bearing high surface
charge, either positive or negative, strongly activate C, while those
near neutrality have less activity. This can be an important issue
because NPs are often designed with a positive or negative net
overall surface charge in order to reduce self-aggregation. Other
factors that modulate NP:C activity include particle size and
curvature (reviewed by Szebeni [32]).
Much eﬀort has been devoted to making “stealth” NPs that
would travel “under the radar” of the immune system. NP coatings
that can resist protein adsorption have been developed for this
purpose. Many existing therapeutics are coated by covalently
attached PEG chains, treatment that markedly extends NP
circulation half-life. PEG eﬀects on protein adsorption are
dependent on numerous factors (reviewed by Salvador-Morales
and Sim [33]). Briefly, at low surface chain density, PEG chains
arrange in a “mushroom” conformation that provides low coverage
of the underlying NP structure. At high surface chain density, PEG
chains can take on a “brush” conformation that provides greater
coverage [34]. The greater coverage aﬀorded by the PEG brush
conformation confers greater circulation lifetime, due to reduced
uptake by the MPS, but it does not preclude C activation and may
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interfere with NP function. In principle, PEG terminal hydroxyl
groups may present sites for covalent attachment to nascent C3b,
leading to C activation in a non-Ab-mediated mechanism. Some
investigations have introduced modified PEG chains or diﬀerent
polymers in their NP designs in order to reduce C activation. In
some cases these alterations have reduced C activity [35, 36],
while in other instances, these modifications induced a switch in
the operating activation pathway [37]. Further, studies have
shown the occurrence of anti-PEG antibodies, usually IgM, in
patients without previous exposure to PEGylated therapeutics,
that may trigger C activation [38]. The presence of these anti-PEG
antibodies may be related an a priori exposure to PEG through daily
commodities such as cosmetics and food products [39].

9.6
9.6.1

Current Methods to Measure
Nanomedicine-Mediated C Activation
In vitro Assays

Use of Serum and Plasma. The activation of complement on a NP
surface leads to the assembly of surface-bound C3 convertases
that cleave C3 producing the C3a and C3b fragments. Most of the
nascent C3b will diﬀuse into the fluid phase where it initiates
the assembly of fluid phase convertases or is processed by FH/
FI to soluble iC3b. A smaller fraction of nascent C3b will bind to
the NP surface where it initiates the assembly of surface-bound
convertases or is processed to surface-bound iC3b. These and
other NP:C interactions have routinely been evaluated in vitro [40]
by monitoring the generation of C activation products or the loss
of C functional capacity when NPs are incubated in serum or
plasma. Several important points must be kept in mind when
designing these experiments (see the detailed discussion by
Lachmann [41]). Among them:
(1) Human serum should be stored frozen at –80°C or lower and
is best not thawed more than once.
(2) Serum depleted of one or more C components, produced
in house or procured commercially, is often used to
determine which C pathway is active. In these instances, the
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recovery of full C activity must be demonstrated when the
depleted serum is supplemented with the purified missing
component(s).
(3) If plasma or whole blood is used, clotting should be inhibited
with Hirudin or its derivatives, and not heparin, a C inhibitor.
(4) Mouse CP activity is extremely unstable and cannot be
preserved with frozen serum. Best practice is to keep fresh
mouse serum on ice to be used as soon as possible on the
same day of collection.
(5) Mouse C proteins exhibit gender diﬀerences, with higher
levels in males compared to females. Additionally, there are
marked strain diﬀerences in C activity, C4 in particular.
ELISA. Many investigations have used commercially available
ELISA kits to assay for the presence of C activation products
following exposure to NPs in vitro [35, 37, 42–44]. In principle,
C3a should be an excellent marker of in vitro NP-dependent C
activity, since it is a highly amplified end-product of the cascade [8].
In practice, however, it is well established that in vitro incubation
of serum or plasma produces a non-specific release of C3a due
to the constant turnover of the AP. C3a generated in vitro is not
cleared, as it is in vivo, and accumulates over the course of the
reaction. The magnitude of the non-specific C3a release can be
quite substantial.
During the course of our investigations of C activity associated
with functionalized phospholipid nanoparticles, we observed
spontaneous release of C3a within 15 min equivalent to the
turnover of ~30% of all available C3 [45]. The NP-independent
C3a “background” was indeed due to AP turnover during the
incubation period. It was dependent on Factor B, an essential
AP protein, and was not observed with heat-inactivated serum
or with fresh serum. The non-specific C3a release resulted in a
maximum signal that was 2–3 folds above background, thus greatly
limiting assay sensitivity. Non-specific release assayed with the
C4d ELISA was not observed, which was anticipated since C4
cleavage does not occur during spontaneous C3 turnover.
Because C4d is not produced by NP-dependent AP activity, the
use of C4d generation cannot provide a complete representation
of C activity.
The terminal pathway provides an alternative ELISA target,
soluble C5b-9 (sC5b-9, a nonfunctional byproduct of C5 convertase
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activity [46]), which has been regarded as more reliable than C3a
as a marker of NP-dependent C activity. It is formed in the fluid
phase by the association of the soluble C5b-7 complex with
Vitronectin (Protein S) and subsequently with C8 and C9. However,
in our experience the sensitivity of the sC5b-9 ELISA is also
hampered by non-specific sC5b-9 production [45]. Importantly,
two distinct examples of functionalized phospholipid NPs were
studied that yielded little sC5b-9 production; yet they were highly
C reactive using several other assays [45]. These data, which
included C4d and C5a ELISA, PAGE Western blot analysis, hemolysis
assays (see below), and mouse in vivo assays, indicated that
in these two examples the CP was engaged, CP C3 convertases
were assembled, much C3 was cleaved, but little C5 convertase
activity occurred. These findings suggest that the functionalized
phospholipid NP surfaces may not readily support C5 convertase
assembly.
Hemolytic assay. Nanoparticle-dependent C activation can be
evaluated indirectly by measuring the diminished C activity of
NP-treated serum. The hemolysis assay has been used for decades
to measure the C activity of human serum [47]. As such it has been
of clinical importance in the recognition of C deficiencies. In
practice, it is a titration procedure that defines the serum dilution
that results in 50% lysis of Ab-sensitized sheep red blood cells
(the CH50 metric) [47]. Several investigations have adapted the
hemolysis assay to assess in vitro nanoparticle-dependent C
activity [45, 48–50]. Hemolysis is dependent on the classical and
terminal pathway proteins, including C1 through C9 (Fig. 9.1).
The activation of C by NPs via any of the three activation C
pathways will cause irreversible loss of C3, and C5 through
C9, resulting in diminished residual hemolytic capacity. Since
many of the C proteins that facilitate hemolysis are depleted by
NP-dependent C activation, the pre-incubation of a serum sample
with a C-reactive NP will diminish the subsequent hemolytic
activity of that serum.
We developed a modified hemolysis assay to evaluate NP:
C activation [45, 51]. The technique sensitivity was optimized to
conform to parallel in vivo findings. A validation procedure with
control particles and control reactions was established and new
metric to quantify NP-dependent C activation was introduced. The
non-specific background signal was relatively low, possibly because
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many of the critical CP proteins (C1, C2, C4) are not depleted by
spontaneous AP turnover. The resulting assay was more sensitive
in our experience than the ELISAs [45]. The hemolysis assay,
however, had some disadvantages:
(1) Instability of the Ab-sensitized sheep erythrocytes
necessitates use within 2 weeks following preparation.
(2) The C sensitivity of Ab-sensitized sheep erythrocytes varies
from batch to batch and diminishes with prolonged storage.
While these factors were addressed with proper controls, they
may still present challenges for normalizing and standardizing
inter-lab assays.
PAGE/Western blot. Following the incubation of NPs with
serum or plasma, NPs and/or supernatant fractions can also be
examined by PAGE and Western blot for the presence of C3 and
its activation fragments, especially iC3b [40, 51]. This method
can be used to examine reaction kinetics or it can be adapted to
animal models. The PAGE/Western blot approach is not generally
conducive to precise quantitation and so the data obtained by this
method are of a qualitative nature. Moreover, the PAGE/Western
blot analysis of the supernatant fraction is also limited by fluid
phase C3 fragments produced by spontaneous NP-independent
AP activation (see above). The method is attractive, however,
because the C3 fragments are identified by both Ab specificity and
by relative migration rate. Moreover, concurrent analysis of the
NP and the supernatant fractions derived from the same reactions
can provide additional information.
Further obstacles to in vitro assays. In vitro C assays have
well-understood intrinsic shortcomings, as discussed above. Some
NPs, however, may be incompatible with certain assays, a situation
that may be difficult to recognize. For example, if C3a is adsorbed
to a specific NP, those assays that quantify C3a in the fluid phase
will underestimate C activity. Conversely, NPs may support C
activation but resist events further downstream [45, 50]. Beyond
early screening, the complete assessment of NP:C interactions
for those nanomedicine agents considered for clinical translation
is best addressed with a panel of independent assay methods.
Moreover, correlation with in vivo models (below) may be
especially important in determining the extent of NP-mediated C
activation.
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9.6.2
9.6.2.1

In vivo Assays
Species selection for in vivo evalua on of
NP-mediated C activation

When considering the use of animals to evaluate nanomedicine
agents, the strengths and weaknesses of preclinical models must
be considered in depth. Although the gross organ features of
large- and small-animal models may reasonably resemble the
human body, underlying diﬀerences in microscopic anatomy
and function can have profound and unanticipated influence on
the data acquired and its interpretation. Beyond the concerns of
small-molecule medicines, which primarily exert their toxicity
based on the biodistribution, metabolism, and biochemical activity
of a drug and its metabolites, nanoparticles also include a physical
aspect that diﬀers among animal species and must be considered
in the context of healthy and disease states within each species.
For example, in the mid-1970s, nuclear radiologists
appreciated and reported that lung uptake during liver scanning
with 99mTc sulfur colloid was substantially increased in patients
with liver disease from a nominal 1–2% background level [52].
Under physiological conditions guinea pigs and toads had minimal
pulmonary uptake of the nuclear colloid, but after substantial
dosing with estrogens, markedly increased vascular lung uptake
was appreciated. This alternative redistribution of nuclear signal
was attributed to the emergence of pulmonary intravascular
macrophages (PIMs). The authors suggested that the estrogenic
compounds stimulated the reticuloendothelial system and induced
monocyte proliferation and redistribution into the lung along with
the particle clearance function of the liver. Many years later, other
investigators performed biliary ligations to induce severe liver
cholestasis in rats and showed that the decrease in liver particle
clearance functionality was compensated for by the emergence
of PIMs, which they suggested also led to increased sensitivity to
endotoxin [53, 54]. PIMs are not normally present in human and
rat pulmonary vasculature, but research dating into the 1980s has
shown that the species of the order Artiodactyla (even-toed
ungulates) naturally and abundantly harbor PIMs. These species
utilize the lung as a primary clearance organ for bacteria and
particles rather than the liver and spleen. In 1986, the biodistribution
of radiolabeled colloidal gold and magnetic iron oxide nanoparticles
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in rats and calves was studied following intravenous injection. In
rats, the particles were cleared from circulation predominantly
by the liver, as expected, but in calves, the particle localized
predominantly into the lungs. Extending the experiment to goats
revealed similar findings. Electron microscopic studies localized
the iron oxide particles in the calf lung to PIMs. From these initial
data, the authors hypothesized that ruminants, unlike rodents and
man, cleared particles from circulation predominantly through
a PIM-mediated process as opposed to the spleen and liver MPS.
The presence of PIMs and their confirmation and characterization
as a clearance mechanism in ruminants were further extended to
sheep and horses [55–63].
During the early 1990s, particles were under development to
address compelling unmet medical needs. One such particle was
Albunex®, the first successful gas-filled microbubble capable of
intact pulmonary transit. Albunex® and subsequent microbubbles
revolutionized cardiac ultrasound imaging by improving the
definition of the endocardial blood border, which facilitated more
sensitive and specific assessments of myocardial wall motion
than had been previously possible [64]. In monkeys and rabbits,
Albunex® provides cardiac acoustic enhancement with negligible
side eﬀects. In pigs, however, exposure to microbubbles markedly
induced acute pulmonary hypertension. Pulmonary artery
pressures increased in 22 s from a baseline of 17 mmHg to 42 mmHg
with corresponding declines in blood pressure. The investigators
suggested that the acute pulmonary hypertension in pigs was
mediated by thromboxane A2 (TXA2) released from PIMs.
Similar work in swine involved Oxygent™, a fluorocarbon
emulsion that was studied as an artificial blood substitute [65]. In
anesthetized and conscious pigs given Oxygent™, mean pulmonary
pressures increased acutely to 38 mmHg with associated skin
flushing. The acute increase in pulmonary hypertension was
attributed to TXA2, whereas the “niacin-like” flushing was suggested
to result from the release prostaglandins. Both are vasoactive
arachidonic acid derivatives from cyclooxygenase metabolism,
capable of eliciting pulmonary artery and venous constriction.
Nonsteroidal anti-inflammatory drugs, such as ibuprofen and highdose dexamethasone, were shown to blunt this acute pulmonary
response, while anti-histamines, typically used for allergic and
anaphylactoid immune responses, were ineﬀective [65]. In contrast
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to the muscular left ventricle, which can withstand increases in
systemic blood pressure of 20 to 40 mmHg without secondary
adverse eﬀects on the cardiac stroke volume, similar acute
increases in pulmonary hypertension can lead to a rapid failure of
the thin-walled right ventricle [66]. Such extreme hemodynamic
fluctuation may activate compensatory stress mechanisms that
potentially induce a cytokine storm.
The pig model of CARPA is highly sensitive and remarkably
reproducible [67, 68]. Although pigs and rats both respond to
reactogenic liposomes with massive hemodynamic changes,
data suggest that rats are 2–3 orders of magnitude less sensitive
to liposomal-induced pseudoallergy than pigs. In addition, the
changes in pulmonary vascular pressures in response to certain
liposomes, such as AmBisome (liposomal amphotericin-B), remain
remarkably similar in pigs [67, 68]. Soluble C receptor type 1
(sCR1), a known inhibitor of C, can completely block while anti-C5
antibody partially inhibits the pseudoallergic response, strongly
suggesting that C activation is at least partially responsible for the
observed acute and dramatic hemodynamic changes. The exquisite
sensitivity of pigs to reactogenic liposomes points to a potential
involvement of PIMs, which are present in large number in pigs [69].
These firmly attached, residential pulmonary cells express PRRs
that may recognize repeating patterns found in PEG and polymers
on the surface of liposomes and other particles, leading to a rapid
release of inflammatory mediators, including TXA2 [70, 71].
Although rodents are more similar to humans with regard to the
influence of PIMs on in vivo nanoparticle assessments, they diﬀer
substantially in systemic particle clearance, which can influence
the dosimetry of pharmacokinetic and safety assessments. Bulte
et al. [72] recently reported the transit of large (250 nm)
paramagnetic perfluorocarbon nanoparticles rapidly into the bile
and gut in rats, which he imaged beginning 5 min post intravenous
injection as an MRI cholangiogram (Fig. 9.1). While the MR
imaging of this bioelimination route for intact NP had never
been previously envisioned, the scientific appreciation of this
excretion phenomena in rodents occurred decades ago. In 1958,
Hampton [73] reported that colloidal particles (8% HgS in 500 μL
or 25% ThO2, Thorotrast) injected intravenously localized to the
liver and spleen with transmission electron microscopy (TEM).
Thorotrast particles were found in Kupﬀer cells, hepatocytes,
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and the biliary tree. Particles phagocytosed by Kupﬀer cells were
retained indefinitely, but particles endocytosed by hepatocytes
were transported rapidly into the biliary system as seen by
Bulte et al. [72] by MRI. To eliminate the potential influence
of systemic protein coating or corona on the handling of the
particles within the liver, biliary retrograde infusions of Thorotrast
colloidal particles were employed. TEM revealed that the biliary
infused particles transited in reverse through hepatocytes into
the space of Disse. Although some of the Thorotrast particles
sequestered into Kupﬀer cells, much passed directly into the
circulatory system. Similar subsequent evidence of NP excretion
into rodent bile and feces includes silica particles from 50 to
200 nm [74], citrate-coated silver particles (~8 nm) [75], and
iron oxide core high-density lipoproteins (~10 nm) [76]. In
contrast to rodents, Juhlin reported in 1960 [77] that fluorescent
spherical hydrophilic particles of methyl methacrylate injected
intravenously in rabbits did not transit eﬀectively into the bile,
similar to the human result. Intravenous injection of particles
(20 to 110 nm) produced a minimal biliary concentration and
those over 60–140 nm were not appreciated in the bile. Particles
in the range of 200–800 nm in diameter were not found in the
bile despite a ~10-fold increase in systemic dose.
Rodents are frequently used to characterize the
pharmacokinetics, pharmacodynamics, biodistribution, and
bioelimination of nanomedicines for basic science and IND
regulatory purposes. While rodent models oﬀer a wealth of
research opportunity, the data achieved with their use in NPmediated responses must be viewed with an appreciation for
the potential impact that rapid biliary clearance of particles may
contribute. Rapid biliary excretion in rodents lowers the toxicity
burden of particles that would otherwise be retained, leaving a
better impression of biosafety than exists. Moreover, allometric
scaling [78] to project NP pharmacokinetic, pharmacodynamics,
and toxicity data from rodents to man may be compromised,
since the concept of shape scaling implies that the physiological
pathways are conserved. Indeed, all research with NP in preclinical
animal models must be considered with regard to the potential
influences of PIM density in the pulmonary vasculature and the
rapid biliary clearance of large NP from the circulation into the
gut, neither of which is prevalent in man.
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9.6.2.2

NP:C interactions in the mouse model

The mouse is an often-studied animal model of C activation and
regulation and there are several examples in which the mouse
model system has been instrumental in elucidating the
involvement of C in disease pathogenesis. While mice have
not been shown to be good models of human C-mediated
pseudoallergic reactions (see above), they still provide valuable
insights into NP:C events, including NP-dependent C activation, NP
opsonization, and NP uptake by the MPS, that may trigger profound
physiological responses in humans. Recent investigations have
shown remarkable similarities at these levels between the mouse
and the human C response [45, 51, 79].
There are several advantages of using mouse models as
investigative tools to elucidate NP:C eﬀects. Soluble C activation
products generated in vivo (i.e., iC3b, C3a) can be detected ex vivo by
ELISA or PAGE/Western Blot without the non-specific background
and potential adsorption issues that can complicate the in vitro
assays [45, 51]. In some cases, NPs and phagocytic cells can be
recovered from treated animals and NP opsonization and uptake
can be examined ex vivo [79]. Numerous C-deficient mouse lines
and neutralizing antibodies are available to facilitate investigations
that focus on the C proteins that underlie NP:C interactions.
On that note, mouse strains lacking B cells (the source of Ab)
have been used to elucidate the contribution of natural Ab to
NP-mediated C activation [51]. The parallels between mouse and
human C, while considerable, do have their limits: Of particular
note, the mouse lacks the classical pathway/lectin pathway C5
convertase [80]; failure to detect NP-dependent sC5b-9 and C5
cleavage products in mouse may not be generalized to other
species. Also, the repertoire of mouse C regulators diﬀers from
that of humans although their regulatory mechanisms, decay
acceleration activity, and cofactor activity are similar [81].

9.6.2.3 Individual diﬀerences
While NP:C interactions are dependent on the physical parameters
of the NP, they also vary in intensity with the individual recipient.
Chanan-Khan et al. [29], in their study of hypersensitivity
reactions (HSR) to Doxil® treatment, demonstrated a wide variation
in plasma sC5b-9 levels in cancer patients that correlated to HSR
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intensity. Variations in NP:C activity have also been observed
in vitro [82, 83]. Using a hemolysis assay of NP:C interactions in
a relatively small number of sera derived from healthy donors,
we found some individual sera reacted much more vigorously to
specific NPs than other serum samples. Moreover, significant
variations in NP-dependent C activity between individuals of
diﬀerent race, gender, and age were observed [45].
The basis for NP:C variations are not generally understood,
but several factors would likely play a part. Individual Ab repertoire
would be expected to play an important role. There is also wellestablished variation in the potency of the C activation pathways
and C regulators: Serum levels of the highly polymorphic LP
recognition protein MBL can vary over 100-fold within the general
population [84]. There are common and rare loss-of-function FH,
FI, and CD46 genetic variants and gain-of-function FB and C3
genetic variants that would result in greater NP-dependent C
activation and/or tissue vulnerability. An individual’s state of
health must be taken into account when the consequences of NP:C
activity are considered. Chronic inflammation associated with NP:
C interactions could exacerbate numerous pathologic conditions
[5] and recent studies have indicated that C anaphylatoxins may
promote tumorigenesis [85].

9.7 Conclusions
Unlike small molecules, NPs are subject to the scrutiny of the
immune system. The activation of C, a major defender of the
biological spaces, results in rapid target opsonization and uptake by
the MPS, assembly of lytic factors, and the release of inflammatory
mediators that can result in detrimental consequences. The
mechanisms that underlie the activation of C by nanomaterials
are not well defined and depend on both the NP structure and
individual factors. In vitro and in vivo assays of NP:C interactions
are valuable investigative and diagnostic tools, but all have
drawbacks. When considering the use of animals to evaluate
nanomedicine agents, the strengths and weaknesses of preclinical
models must be considered in depth. Major challenges include
the design of next-generation “stealth” NPs that can avoid C
interactions and the development of strategies to safely identify
individuals vulnerable to atypical NP:C activity.
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10.1

Introduction

Intravenous immunoglobulin (IVIG) is derived from a pool of
plasma donors and consists of purified IgG molecules (>95%) and
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a vehicle that prevents immunoglobulin aggregation. It belongs to
the group of therapeutic proteins referred to as biologicals, but based
on the size of molecules (in the 8–15 nm), and the fact that its
therapeutic application requires human processing (pooling,
concentration, and filtration), by definition IVIG can be considered
as a nanomedicine. It is a replacement therapy for patients with
primary immunodeficiencies (PID) and is increasingly being used
to treat (auto)immune conditions due to its immunomodulatory
and anti-inflammatory properties. Its safety record is proven;
almost all side eﬀects are mild and are due to the rapid infusions of
larger than recommended doses [1]. In a fraction (1%) of patients
infused with IVIG, a temporary relationship with the occurrence
of thromboembolic events is claimed to exist [2]. No evidence of
a cause-and-eﬀect relationship has been provided so far, while
a significant body of evidence exists to support the opposite
eﬀect of IVIG: protection against thrombosis. In this chapter, the
pathogenesis of three thromboembolic conditions—atherosclerosis,
antiphospholipid syndrome and sickle cell anemia, characterized
by tissue and organ damage induced by hypercoagulation and
thrombus/emboli formation—is reviewed in light of their
pathogenesis by complement-mediated inflammation and its
modulation by IVIG. The data suggest that IVIG exerts protective,
rather than an enhancing eﬀect on coagulation/thrombus formation
(Table 10.1).
Table 10.1 Thrombogenic activity/eﬀects of complement fragments
C′ Fragment Action

Cell Type

Effect

C5a

*Expression of
MMP-1 and MMP-9

Macrophages Extracellular matrix
degradation and
plaque destabilization

**Synthesis and
degranulation
of PAI-1

Mast cells

Prothrombotic
phenotype

Chemotaxis

T-Ly and
monocytes

Enhanced
inflammation

Production of IL-6,
IL-1β, and TNFα

Leukocytes

Augmented
inflammatory
response

Atherosclerosis

C′ Fragment Action

Cell Type

Effect

C5b-9

Endothelial
cells

Activation of
coagulation and
thrombin formation

Production of TF
and Secretion of
vWF

C3a

Expression of
Endothelial
E-selectin, P-selectin, cells
ICAM-1, VCAM-1

Proinflammatory
phenotype

Expression of
L-selectin and
integrins

Leukocytes

Adhesion to
endothelial cells,
initiation of
inflammation

NLRP3
activation

Monocytes

Sustained
inflammation

Same eﬀect as
C5a, but in higher
concentrations
*Increases.
**Promotes.

10.2 Atherosclerosis
Atherosclerosis is the major risk factor associated with the onset of
cardiovascular disorders such as stroke and myocardial infarction.
It is recognized as a typical chronic inflammatory condition
in which inflammation, triggered by complement activation,
plays a fundamental role in the development and progression of
atherosclerotic lesion formation, plaque rupture, and thrombosis
[3].

10.2.1

Phases in Atherosclerotic Pathogenesis

(a) Endothelial cell dysfunction/activation is a crucial step in
atherosclerotic pathogenesis that leads to proinflammatory,
provasoconstrictive, and prothrombotic cell phenotype. It
involves the following:
• Up-regulation of endothelial adhesion molecules such
as E-selectin, P-selectin, ICAM-1, and VCAM-1
• Up-regulation of leukocyte adhesion molecules—Lselectin, integrins, and platelet-endothelial cell-adhesion
molecule 1
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• Increased endothelial permeability to lipoproteins and
plasma proteins
• Leukocyte migration into the artery wall mediated by
oxidized LDL, monocyte chemotactic protein 1 (MCP-1),
IL-8, platelet-derived growth factor (PDGF), and
macrophage colony-stimulating factor (M-CSF)
(b) Fatty streaks are formed by lipid-loaded monocytes and
macrophages, so-called foam cells, along with T lymphocytes
and smooth muscle cells (SMC) whose migration is
stimulated by PDGF, fibroblast growth factor 2 (FGF-2), and
TGFβ. T cell activation is the next step in this process, mediated
by tumor necrosis factor α (TNFα), interleukin 2 (IL-2), and
granulocyte-macrophage colony stimulating factor. Oxidized
LDL, M-CSF, TNFα and IL-1 mediate foam cell formation,
while platelet adherence and aggregation are induced by
P-selectin, integrins, thromboxane A, and tissue factor (TF).
(c) Advanced complicated lesion
As fatty streaks advance, they form a fibrous cap that walls oﬀ
the lesion from the lumen, representing a fibrous response to
the injury. The cap covers a mixture of leukocytes, lipids and
debris that together form a necrotic core due to apoptosis,
necrosis and lipid accumulation. These lesions expand
by continued leukocyte adhesion and entry. Macrophage
accumulation is mediated by M-CSF, MCP-1 and oxidized
LDLs. A fibrous cap is the result of PDGF, TGFβ, IL-1, and
TNFα activation as well as a decrease in connective tissue
degradation.
(d) Unstable fibrous plaques and their rupture
Rupture or ulceration of fibrous cap leads rapidly to
thrombosis; thinning of the fibrous cap is induced by
macrophages that secrete protelolytic enzymes such as
metalloproteinases causing bleeding from the lumen of the
artery, thrombus formation, and occlusion of the artery.
(e) Thrombosis
Exposure of subendothelial collagen and vWF to circulating
platelets causes their adhesion, activation and aggregation;
lesion-associated tissue factor binds to factor VII that
triggers the coagulation cascade and thrombin generation.
Further, thrombin promotes more platelet activation,

Atherosclerosis

cleavage of fibrinogen to form fibrin, activation of factor XIII
(leading to the generation of platelet-rich cross-linked fibrin
clot resistant to mechanical pressure and proteolytic
degradation). Fibrin formation is countered by the fibrinolytic
system involving tissue-type plasminogen activator (tPA)
that cleaves plasminogen to form serine protease plasmin,
which degrades fibrin to limit the extent of thrombus
formation. Fibrinolytic inhibitors like plasminogen activator
inhibitor (PAI-1) and thrombin-activated fibrinolysis
inhibitor (TAFI) ensure that the fibrinolytic process is
regulated and does not result in inappropriate dissolution
of the thrombus [4].

10.2.2

Role of Complement in Atherosclerosis

Complement activation and subsequent generation of activated
fragments, particularly C5a and C5b-9, influence many phases in
the development and progression of atherosclerotic lesions, as well
as thrombosis through the activation of platelets, promotion of
fibrin formation, and impairment of fibrinolysis. The participation
of the complement system in inflammation is consistent with the
physiological role of the complement system that provides instant
protection following the invasion of microorganisms. However,
in the context of cardiovascular disorders, these same processes
are detrimental and lead to the development of atherosclerosis,
plaque rupture, and thrombosis [5].
Macrophages, which are localized in the rupture-prone
shoulder regions of coronary plaques, are considered to play a
major role in plaque destabilization and rupture through the
production of matrix metalloproteinases (MMPs). The complement
fragment C5a, present in human coronary lesions in vivo where it
colocalizes with MMP-1 and MMP-9, increases MMP-1 and MMP-9
mRNA and antigenic levels in human macrophages in vitro.
These eﬀects were blocked by antibodies against the receptor C5aR/
CD88 [6]. C5a exerts potent chemotactic and proinflammatory
eﬀects that mediate many phases of plaque formation such as
up-regulation and endothelial expression of E, P selectins and
ICAM-1 and VCAM-1 molecules, recruitment of monocytes and T
lymphocytes and leukocyte synthesis of IL-1beta, IL-6 and TNFα
to enhance an inflammatory response [7]. In addition, C3a and C5a
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promote mast cell synthesis and the release of PAI-1 leading to a
prothrombotic phenotype [8]. When cultured and incubated with
C5a, human monocyte-derived macrophages (MDM) and human
plaque macrophages up-regulated PAI-1 via NF-kappaB activation,
which could favor thrombus development and stabilization
in vivo [9].
C5b-9 is present in atherosclerosis from the earliest to
advanced lesions along with complement regulators such as
Factor H, indicating active contribution to arterial inflammation
[7]. C5b-9 induces endothelial cell TF expression and secretion
of vWF that trigger the coagulation cascade, thrombin formation
and platelet activation and adhesion. C5b-9 induces the formation
of platelet microparticles from activated platelets and also
induces the exposure of binding sites for factor VIIa and factor
Va on platelet and microparticle membranes leading to tenase
and prothrombinase complex formation promoting thrombin
formation on the platelet surface. Platelets are capable of intrinsic
production of complement components, suggesting a localized
production of C5b-9. Complement activation on the surface of
platelets generates C3a, C5a, and C5b-9, inducing platelet
activation and alfa-granule release and aggregation. Altogether
this brings a positive feedback loop for the activation of platelets
and complement. C5b-9, therefore, stimulates platelet activation
and aggregation, promotes thrombin production on the platelet
surface, and favors fibrin formation, all of which indicates that
complement activation is important for the consolidation of a
forming thrombus. In addition, C5b-9 stimulates PAI-1 secretion
by macrophages and mast cells, which inhibit fibrin degradation
and enable the progression of the plaque. The activation of the
alternative complement pathway gives rise to fibrin clots that
are denser and lyse more slowly [10].

10.2.3

Use of IVIG in Animal Models of Atherosclerosis

Apolipoprotein E and low-density lipoprotein (LDL)-receptordeficient mice develop accelerated atherosclerosis and
atherosclerotic plaques that contain large numbers of T cells and
macrophages [11]. Employing this model, several studies have
been performed to demonstrate the efficacy of IVIG in the prevention
and/or reduction of the atherosclerotic phenomena.

Antiphospholipid Syndrome

IVIG therapy was also eﬀective when given in the later stages
of atherosclerosis, 11 weeks after the onset of a high-fat diet
containing 0.3% cholesterol. Fatty streak lesions were significantly
reduced and their macrophage and CD4+ T cell accumulation
suppressed [12]. It was determined that IVIG reduces atherosclerotic
lesions via neutralizing/activated complement fragments by
demonstrating reduced lesion area in IVIG-treated complementsufficient mice, while the size of the lesions in C3-/- mice was not
aﬀected [13]. Pre-treatment with IVIG had an eﬀect on intimal
thickening (induced by placement of a periadventitial cuﬀ over
the right femoral artery) in a model of murine arterial injury.
IVIG-treated mice (10 mg/mouse intraperitoneally for five
consecutive days starting 1 day prior to cuﬀ placement) showed
significantly suppressed intimal thickening in comparison to
control animals that received human serum albumin in the same
dosage regimen and route of administration [15]. Considering the
animal data as well as the potent anti-inflammatory eﬀect of IVIG,
it is highly likely that IVIG infused into atherosclerotic patients
would exert an antithrombotic eﬀect rather than induce
thromboembolic (TE) events.

10.3 Antiphospholipid Syndrome
Antiphospholipid syndrome (APS) is an autoimmune,
hypercoagulable state caused by antibodies to negatively charged
phospholipids (aPL). APS is characterized by thrombosis in both
arteries (myocardial infarction, stroke) and veins (deep vein
thrombosis, pulmonary embolism) as well as pregnancy-related
complications such as miscarriage, stillbirth, preterm delivery,
or severe preeclampsia. In rare cases, APS leads to rapid organ
failure due to generalized thrombosis; this is termed “catastrophic
antiphospholipid syndrome” (CAPS) and is associated with a high
mortality rate [15].

10.3.1

Role of Complement in APS

There is growing evidence obtained from both animal and human
studies that the activation of the complement pathway may
contribute to the pathogenesis of APS. Studies using models of
induced thrombosis suggested that aPL antibodies against
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cardiolipin β2GPI required the presence of terminal complement
components to induce thrombus formation, and mice deficient in
C3 or C5 were found to be resistant to aPL-induced thrombosis.
The infusion of human IgG antiphospholipid antibodies induced
fetal loss in pregnant mice, an eﬀect that was abrogated by the
concurrent administration of a C3 convertase inhibitor [16].
Injection of mice with aPL antibodies induces significant adhesion
of leukocytes to endothelial cells and an increase in thrombus size.
Mice lacking complement components C3 and C5 were resistant
to thrombosis and endothelial cell activation induced by aPL
antibodies. Inhibition of C5 activation using anti-C5 monoclonal
antibodies prevented the thrombogenic eﬀect of aPL antibodies.
These data suggest that complement activation mediates two
important eﬀector functions of aPL antibodies: induction of
thrombosis and endothelial activation [17]. Complement component
C5 (and particularly its cleavage product C5a) and neutrophils are
identified as key mediators of fetal injury. Antibodies or peptides
that block C5a-C5a receptor interactions prevent pregnancy
complications [18]. The fact that F (ab′)2 fragments of APL
antibodies do not mediate fetal injury and that C4-deficient mice
are protected from fetal injury suggests that activation of the
complement cascade is initiated via the classical pathway. Studies
in factor B-deficient mice, however, indicate that the alternative
pathway activation is required and amplifies complement activation
[19]. Based on the aforementioned findings, it has been suggested
that heparin prevents fetal loss in APS by inhibiting complement
activation rather than by its anticoagulant eﬀect. Treatment with
heparin (unfractionated or low molecular weight) prevented
complement activation in vivo and in vitro and protected mice
from pregnancy complications induced by aPL antibodies. Other
anticoagulants, such as hirudin and fondaparinux failed to
prevent complement activation or pregnancy loss, suggesting that
anticoagulation therapy alone is not sufficient to protect against
miscarriage in APS [20]. Hypocomplementemia is common in
patients with primary APS, reflecting complement activation and
consumption, and was correlated with anticoagulant activity,
suggesting that APL antibodies may activate monocytes and
macrophages via anaphylatoxins produced in complement
activation [21]. In in vivo experimental models, the thrombogenic
activity of APL antibodies is associated with proinflammatory and

Antiphospholipid Syndrome

procoagulant endothelial phenotypes. In addition, complement
activation is required by aPL antibodies to display their
thrombogenic activity in in vivo models. Blocking of complement
activation as well as TNFα neutralization protect animals from
aPL-induced fetal losses [19]. Studies using mice deficient in
complement components and specific inhibitors to complement
have demonstrated that activation of complement contributes to
fetal loss, growth restriction and thrombosis. Inhibition of
complement activation can prevent these complications. Use of a
specific complement inhibitor to C5 has been used successfully in
a patient with catastrophic APS undergoing renal transplantation
[22].

10.3.2

Use of IVIG in Experimental APS

The animal model of APS is induced by passive transfer of anticardiolipin-β2GP1 antibodies into naïve mice resulting in APScharacteristic findings such as fetal loss, impaired embryonic
implantation and endothelial dysfunction, and thrombogenesis.
The results of pre-clinical studies in which IVIG was used indicate
decreased mortality, inhibition of thrombosis, reduced fetal
resorption, improved pregnancy outcomes, and amelioration of
endothelial cell inflammatory and thrombogenic phenotypes.
There were no drug-related thromboembolic (TE) events.
IVIG treatment inhibited APL-induced endothelial cell
activation and enhancement of thrombosis in mice passively
infused with human APL-containing IgG, and this was associated
with a decrease in APL levels. Similarly, IVIG lowered APL levels
and inhibited thrombogenesis in mice immunized with
β2GPI. Both recombinant and natural human Fc fragments of
heterogeneous IgG against human anti-β2-GP1 antibodies were
used as treatment in a mouse APS model. Both Fc fragments
significantly decreased the levels of serum anti-β2-GP1 antibodies
and exerted an anticoagulation eﬀect by inhibiting thrombus
formation and decreased mortality [23].

10.3.3

Use of IVIG in Human APS Studies

In human APS, IVIG has been used mainly for recurrent pregnancy
loss and some other clinical manifestations of the syndrome.
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In 20 studies involving 252 patients and over 3000 individual
IVIG infusions, immunoglobulin therapy was not associated with
thromboembolic complications. In addition, it was eﬀective in
preventing recurrent thrombosis when compared to conventional
therapy. Other beneficial eﬀects were the increase of live-birth
rates, reduced antepartum complications (pre-eclampsia, fetal
growth restriction, fetal distress due to placental insufficiency), and
amelioration of autoimmune thrombocytopenia, hemolytic anemia
and uretroplacental thrombosis.
A small cohort of patients with APS was treated with IVIG
in addition to anticoagulant therapy. No arterial or venous
thrombosis occurred in IVIG-treated patients, while in the
control group that received conventional treatment, two patients
developed acute cerebral ischemic attacks and one deep vein
thrombosis [24]. In a pilot study, intravenous immune globulin
did not improve pregnancy outcomes beyond those achieved
with a heparin and low-dose aspirin treatment. Although not
statistically significant, the findings of fewer cases of fetal growth
restriction and neonatal intensive care unit admissions among the
IVIG-treated pregnancies warrant a larger multicenter treatment
trial [25]. Four out of five patients treated with IVIG at 400 mg/kg
for 5 days monthly delivered healthy infants at term and one at 32
weeks with a diagnosis of fetal distress. The results suggest that
immunoglobulin treatment may improve pregnancy outcomes
beyond those observed with heparin and aspirin. Immunoglobulin
treatment was not associated with major side eﬀects [26]. A
prospective, two-center trial study included 82 women with
recurrent abortions of which 29 were treated with prednisone
and low dose aspirin (LDA) in one center, and 53 received IVIG in
the other center. Live-birth rates were the same between groups.
Mean birth weight was higher in the IVIG group than in the
prednisone plus LDA group. In the prednisone- plus LDA-treated
patients, gestational hypertension and diabetes were significantly
more frequent than in the IVIG-treated group (14 vs. 5% and
14 vs. 5%, respectively) [27].
Several case, small series, and large clinical studies in human
aPL concluded that IVIG treatment significantly improved
pregnancy outcome and complication rates. Neither preeclampsia
nor fetal intrauterine growth retardation was observed. The

Sickle Cell Disease

immunoglobulin therapy was not associated with major side
eﬀects.

10.4

Sickle Cell Disease

Sickle cell disease (SCD) is an example of hyperviscosity and
hypercoagulable conditions. A point mutation in hemoglobin
gene comprises the molecular basis of anemia that ultimately, by
involving multiple pathogenic factors, causes activation of
endothelial cells and coagulation. The hallmark of the disease
is thrombotic vaso-occlusion that can lead to multiple organ
infarctions, including the brain, lung, spleen, kidney, and liver,
caused by abnormally shaped erythrocytes captured by leukocytes
adherent to endothelial cells [28]. Sickle cell vaso-occlusion is a
complex multistep process likely involving interactions among
sickle erythrocytes, leukocytes, and endothelial cells. Circulating
activated monocytes have been detected in sickle cell patients.
Activated monocytes secrete proinflammatory cytokines that
can in turn induce endothelial cells to express ligands for sickle
adhesion receptors, as well as tissue factor, thereby providing a
link between sickle cell-mediated vascular occlusion and activation
of blood coagulation. Markers of ongoing platelet activation,
such as P-selectin expression on circulating platelets, increased
plasma concentrations of platelet factor 4 and β-thromboglobulin,
and increased numbers of circulating platelet microparticles,
have been detected in patients with sickle cell anemia in both the
absence and the presence of vaso-occlusive crises [29].

10.4.1

Complement in SCD

Previous studies documented complement activation in sickle
cell disease patients and suggested that this contributes to an
increased risk of infection. Alternative pathway activation is
initiated by membrane phospholipid changes, which occur in sickled
erythrocytes. Complement activation products in serial samples
from sickle cell anemia patients were compared at baseline and
during hospitalization for painful crisis to examine the correlation
between complement activation and disease activity. Plasma
concentrations of Bb, C4d, and C3a were measured as well as C3
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bound to erythrocytes. Patients were subdivided into those with
continuous pain and those with intermittent painful episodes.
In patients with intermittent pain, there was little evidence
of complement activation at baseline and increased plasma
concentrations of Bb and C3a during painful crisis. Elevated C3a
and C4d levels were observed in patients with continuous pain
regardless of hospitalization status, suggesting a continuous
underlying inflammatory process in these patients [30].
Complement activation is tightly regulated on the membrane of the
normal erythrocyte; therefore, defective complement regulation
by the sickle cell would be necessary for complement-dependent
hemolysis to occur. A defect in the regulation of membrane attack
complex (C5b-9) formation in sickle erythrocytes was detected,
particularly in the densest cells. The defect is characterized
by increased binding of C5b-7 and of C9 to denser sickle cells,
which results in increased susceptibility of sickle cells to C5b-9mediated lysis initiated by either C5b-6 or activated cobra venom
factor. Among the densest sickle cells, irreversibly sickled cells are
especially sensitive to reactive lysis. The similarity of this defect to
that previously described in a patient with paroxysmal nocturnal
hemoglobinuria suggests that complement-induced anemia could
play a role in anemia associated with SCD [31].
Patients with sickle cell anemia and normal individuals
were investigated with respect to plasma concentrations of the
inflammatory markers lysozyme and myeloperoxidase and the
complement activation marker C3d. The SCD patients showed
significantly increased levels of myeloperoxidase and C3d, but
not lysozyme, compared with the controls. The concentrations of
myeloperoxidase and C3d in plasma showed a significant inverse
correlation with the hemoglobin concentration. Myeloperoxidase
and C3d showed a significant positive correlation. This suggests
a role for the neutrophil and the complement system in the
pathophysiology of sickle cell disease [32].

10.4.2

IVIG in Experimental Sickle Cell Disease

In sickle-cell mice, IVIG treatment reduced the number of adherent
neutrophils and subsequently improved microcirculatory blood
flow and survival of sickle cell animals. Furthermore, it was
demonstrated that IVIG altered adhesion pathways and allowed an

Mechanism of IVIG Modulation of Vaso-Occlusive Disorders

increase in neutrophil rolling as documented by digital fluorescence
videomicroscopy [33]. Recent data using intravital microscopy
in a sickle cell mouse model suggest that adherent leukocytes
in postcapillary venules play a critical role in vaso-occlusion by
capturing circulating sickle RBCs. In the course of studies to
investigate the adhesion receptors mediating sickle RBCWBC interactions, it was determined that control nonspecific
immunoglobulin G (IgG) preparations displayed significant
inhibitory activity. The eﬀects of commercial IVIG preparations
were studied and it was found that they inhibit RBC-WBC
interactions in cremasteric venules in a dose-dependent
manner. IVIG of at least 200 mg/kg dramatically reduced these
interactions, even after TNF-α stimulation, and not only increased
microcirculatory blood flow but also improved survival of sickle
cell mice. These data raise the possibility that IVIG may have a
beneficial eﬀect on sickle cell-associated vaso-occlusion [34].

10.4.3 IVIG Use in Patients with SCD
IVIG has been used in humans to treat hyperhemolytic crises. The
conclusion from 11 case and small series reports was that IVIG
corrected anemia and resolved hemolysis without additional
blood transfusions. There were no serious side eﬀects of IVIG
therapy in any of the studies. A clinical trial is currently under
way to examine the eﬀect of IVIG in patients with sickle cell pain
crises.

10.5

Mechanism of IVIG Modulation of
Vaso-Occlusive Disorders

Atherosclerosis, APS, and SCD have common pathogenic
mechanisms and similar clinical manifestations underlined by
endothelial cell proinflammatory and thrombogenic phenotypes.
They are triggered by inappropriate (exaggerated) inflammation
leading to acute thrombotic events in which the complement
system plays a crucial role. Activated complement fragments such
as C3a, C5a and the sublytic form of the terminal membrane complex
C5b-9 mediate endothelial dysregulation, leukocyte adhesion,
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chemotaxis, synthesis of proinflammatory cytokines, platelet and
coagulation activation, and induce synthesis of endothelial and
leukocyte adhesion molecules (E and P selectin, VCAM-1, ICAM-1),
proinflammatory cytokines (Il-1, Il-6 and TNF-α), and chemokines
(MCP-1). In addition, these fragments mediate thrombogenesis at
multiple levels by up-regulating endothelial cell tissue factor and
von Willebrand factor with subsequent activation of the coagulation
cascade, platelet activation and aggregation, formation of platelet
microparticles, promotion of thrombin production on platelet and
microparticle membranes and by exposing binding sites for factor
VIIa and factor Va. Furthermore, C3a, C5a, and C5b-9 stimulate the
production and secretion of PAI-1 by macrophages, mastocytes,
and basophils. PAI-1 inhibits fibrin degradation and favors the
progression of the thrombus.
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Figure 10.1 Evidence of covalent binding between anaphylatoxins C3a
(Panel A) and C5a (Panel B) and F (ab′)2 immunoglobulin fragment.
Purified C3a/C5a alone (Lanes 1 in both panels), C3a/C5a incubated with
Fc fragments of immunoglobulin molecules (Lanes 2), C3a/C5a incubated
with human albumin (Lanes 3), and C3a/C5a incubated with F (ab′)2
(Lanes 4) were subjected to SDS electrophoresis and subsequent
Western blotting using corresponding monoclonal anti-anaphylatoxin
antibodies. Both C3a and C5a bound covalently to F (ab′)2 fragments (as
evidenced by the band shift to the molecular weight marker that represent
the sum of the two molecules’ weight) but not to Fc fragments or albumin.

4

Summary and Outlook

IVIG exerts a potent anti-inflammatory and antithrombogenic
eﬀect due, in part, to its ability to scavenge potentially harmful
complement fragments. In doing so, immunoglobulin molecules
engage diﬀerent structural regions—constant domain of the
Fab fragment binds and neutralizes C3a and C5a ([35], Fig. 10.1),
while the Fc region captures large fragments C3b and C4b, both
of which are early precursors of the C5b-9 complex ([36],
Fig. 10.2).

Pre-IVIG

Pre-IVIG

Figure 10.2 Staining for C3b-neo antigen in muscle biopsies of
dermatomyositis (DM patients). Muscle biopsies from confirmed cases of
DM were stained for C3b (neo) antigen before (Pre-IVIG) and 3 days after
IVIG infusion (Post-IVIG). In baseline biopsies, C3b is seen between and
within occasional muscle fibers. After IVIG treatment, no C3b staining
is observed in corresponding biopsies, suggesting its removal from the
circulation by infused immunoglobulin molecules.

10.6

Summary and Outlook

IVIG treatment of animals and humans with atherosclerosis, APS,
and SCD was not associated with a high rate of thromboembolic

355

356

IVIG at the Borderline of Nanomedicines and Biologicals

events as would be expected if there was a cause-and-eﬀect
relationship between IVIG infusion and thrombogenesis. Animal
models of these hypercoagulable and prothrombotic states would
be perfect models in which to test the thrombotic potential of IVIG.
Instead of confirming the IVIG-induced thromboembolic theory,
the use of IVIG in these conditions proved the opposite eﬀect—that
IVIG is in fact antithrombogenic. Since anaphylatoxins C3a and
C5a and the C5b-9 complex mediate most of the biological events
underlying thrombogenesis (Table 10.1) it is plausible that their
inhibition via immunoglobulin scavenging is the mechanism
of anti-thrombogenic eﬀect of IVIG. IVIG reduced vascular
inflammation, improved blood flow, reduced plaque formation
and progression, and improved clinical outcomes in atherosclerosis.

Disclosures and Conflict of Interest
Dr. Basta is the founder and president of BioVisions, Inc., Potomac,
Maryland. The corporation focuses its scientific activities on
pathogenic mechanisms (complement activation) shared by a wide
range of diseases that represent major global health problems.
No writing assistance was utilized in the production of this
chapter and the author has received no payment for its preparation.

Corresponding Author
Dr. Milan Basta
Biovisions, Inc.
9012 Wandering Trail Dr
Potomac, MD 20854, USA
Email: Basta.Milan@gmail.com

About the Author
Milan Basta obtained his MD, MS, and PhD
degrees from the University of Belgrade Medical
School, Serbia. After his residency in pediatric
surgery at the University Children’s Hospital
(Mother & Child Health Institute) in Belgrade, he
pursued his postdoctoral training in immunology
and complementology at several distinguished

References

laboratories of the National Institutes of Health in Bethesda,
Maryland. Over the ensuing years, he focused his research interest
on the attenuation of complement-mediated immunopathology.
Dr. Basta has achieved national and international recognition as
a leader in the field of immunoglobulin-complement fragment
interactions and the scavenging mechanism of the antiinflammatory eﬀect of high-dose intravenous immunoglobulin
(IVIG). Dr. Basta has over 20 years of experience in complement
research, specifically in the area of animal models of complementmediated diseases and pre-clinical studies on the eﬀectiveness
of complement-attenuating therapeutics. He is the founder and
president of BioVisions, Inc., located in Potomac, Maryland.
The corporation focuses its scientific activities on pathogenic
mechanisms (complement activation) shared by a wide range
of diseases that represent major global health problems. The
attenuation of complement may represent an eﬀective therapeutic
approach in many diﬀerent, seemingly unrelated, pathologies. The
company specializes in designing pre-clinical studies involving
animal models of complement-mediated diseases for testing
complement-modulating therapeutics. Its main strategy, both
scientific and business, is the expansion of the use of existing
plasma products (IVIG and C1-INH) to life-threatening and
debilitating complement-mediated diseases.

References
1. Katz, U., Shoenfeld, Y. (2005). Review: Intravenous immunoglobulin
therapy and thromboembolic complications. Lupus, 14, 802–808.
2. Basta, M. (2014). Intravenous immunoglobulin-related thromboembolic events—an accusation that proves the opposite. Clin. Exp.
Immunol., 178(Suppl 1), 153–155.
3. Ross, R. (1999). Atherosclerosis—an inflammatory disease. N. Engl. J.
Med., 340, 115–126.
4. Furie, B., Furie, B. C. (2008). Mechanisms of thrombus formation.
N. Engl. J. Med., 359, 938–949.
5. Torzewski, J., Bowyer, D. E., Waltenberger, J., Fitzsimmons, C. (1997).
Processes in atherogenesis: Complement activation. Atherosclerosis,
132, 131–138.

357

358

IVIG at the Borderline of Nanomedicines and Biologicals

6. Speidl, W. S., Kastl, S. P., Hutter, R., Katsaros, K. M., Kaun, C., Bauriedel,
G., Maurer, G., Huber, K., Badimon, J. J., Wojta, J. (2011). The complement
component C5a is present in human coronary lesions in vivo and
induces the expression of MMP-1 and MMP-9 in human macrophages
in vitro. FASEB J., 25, 35–44.
7. Carter, A. M. (2012). Complement activation: An emerging player
in the pathogenesis of cardiovascular disease. Scientifica (Cairo),
2012, 402783.
8. Wojta, J., Kaun, C., Zorn, G., Ghannadan, M., Hauswirth, A. W., Sperr,
W. R., Fritsch, G., Printz, D., Binder, B. R., Schatzl, G., Zwirner, J.,
Maurer, G., Huber, K., Valent, P. (2002). C5a stimulates production of
plasminogen activator inhibitor-1 in human mast cells and basophils.
Blood, 100, 517–523.
9. Kastl, S. P., Speidl, W. S., Kaun, C., Rega, G., Assadian, A., Weiss, T. W.,
Valent, P., Hagmueller, G. W., Maurer, G., Huber, K., Wojta, J. (2006).
The complement component C5a induces the expression of
plasminogen activator inhibitor-1 in human macrophages via NF-B
activation. J. Thromb. Haemost., 4, 1790–1797.
10. Hertle, E., van Greevenbroek, M. J., Stehouwer, C. D. (2012). Complement
C3: An emerging risk factor in cardiometabolic disease. Diabetologia,
55, 881–884.
11. Persson, L., Borén, J., Nicoletti, A., Hansson, G. K., Pekna, M. (2005).
Immunoglobulin treatment reduces atherosclerosis in apolipoprotein
E-/- low-density lipoprotein receptor-/- mice via the complement
system. Clin. Exp. Immunol., 142, 441–445.
12. Okabe, T. A., Kishimoto, C., Shimada, K., Murayama, T., Yokode, M.,
Kita, T. (2005). Eﬀects of late administration of immunoglobulin on
experimental atherosclerosis in apolipoprotein E-deficient mice.
Circ. J., 69, 1543–1546.
13. Nicoletti, A., Kaveri, S., Caligiuri, G., Bariéty, J., Hansson, G. K. (1998).
Immunoglobulin treatment reduces atherosclerosis in apo E knockout
mice. J. Clin. Invest., 102, 910–918.
14. Keren, G., Keren, P., Barshack, I., Pri-Chen, S., George, J. (2001). The
eﬀect of intravenous immunoglobulins on intimal thickening in a
mouse model of arterial injury. Atherosclerosis, 159, 77–83.
15. Cervera, R., Bucciarelli, S., Plasín, M. A., Gómez-Puerta, J. A., Plaza,
J., Pons-Estel, G., Shoenfeld, Y., Ingelmo, M., Espinos, G. (2009).
Catastrophic antiphospholipid syndrome (CAPS): Descriptive analysis
of a series of 280 patients from the “CAPS Registry”. J. Autoimmun., 32,
240–245.

References

16. Samarkos, M., Mylona, E., Kapsimali, V. (2012). The role of
complement in the antiphospholipid syndrome: A novel mechanism
for pregnancy morbidity. Semin. Arthritis Rheum., 42, 66–69.
17. Pierangeli, S. S., Vega-Ostertag, M., Liu, X., Girardi, G. (2005).
Complement activation: A novel pathogenic mechanism in the
antiphospholipid syndrome. Ann. N. Y. Acad. Sci., 1051, 413–420.
18. Girardi, G., Berman, J., Redecha, P., Spruce, L., Thurman, J. M., Kraus,
D., Hollmann, T. J., Casali, P., Caroll, M. C., Wetsel, R. A., Lambris, J. D.,
Holers, V. M., Salmon, J. E. (2003). Complement C5a receptors and
neutrophils mediate fetal injury in the antiphospholipid syndrome.
J. Clin. Invest., 112, 1644–1654.
19. Cavazzana, I., Manuela, N., Irene, C., Barbara, A., Sara, S., Orietta, B. M.,
Angela, T., Francesco, T., Luigi, M. P. (2007). Complement activation
in anti-phospholipid syndrome: A clue for an inflammatory process?
J. Autoimmun., 28, 160–164.
20. Girardi, G., Redecha, P., Salmon, J. E. (2004). Heparin prevents
antiphospholipid antibody-induced fetal loss by inhibiting
complement activation. Nat. Med., 10, 1222–1226.
21. Oku, K., Atsumi, T., Bohgaki, M., Amengual, O., Kataoka, H., Horita,
T., Yasuda, S., Koike, T. (2009). Complement activation in patients
with primary antiphospholipid syndrome. Ann. Rheum. Dis., 68,
1030–1035.
22. Lim, W. (2011). Complement and the antiphospholipid syndrome.
Curr. Opin. Hematol., 18, 361–365.
23. Xie, W., Zhang, Y., Bu, C., Sun, S., Hu, S., Cai, G. (2011). Anti-coagulation
eﬀect of Fc fragment against anti-β2-GP1 antibodies in mouse models
with APS. Int Immunopharmacol. 11, 136–140.
24. Tenti, S., Guidelli, G. M., Bellisai, F., Galeazzi, M., Fioravanti, A. (2013).
Long-term treatment of antiphospholipid syndrome with intravenous
immunoglobulin in addition to conventional therapy. Clin. Exp.
Rheumatol., 31, 877–882.
25. Branch, D. W., Peaceman, A. M., Druzin, M., Silver, R. K., El-Sayed,
Y., Silver, R. M., Esplin, M. S., Spinnato, J., Harger, J. (2000). A multicenter,
placebo-controlled pilot study of intravenous immune globulin
treatment of antiphospholipid syndrome during pregnancy. The
Pregnancy Loss Study Group. Am. J. Obstet. Gynecol., 182, 122–127.
26. Spinnato, J. A., Clark, A. L., Pierangeli, S. S., Harris, E. N. (1995).
Intravenous immunoglobulin therapy for the antiphospholipid
syndrome in pregnancy. Am. J. Obstet. Gynecol., 172, 690–694.

359

360

IVIG at the Borderline of Nanomedicines and Biologicals

27. Vaquero, E., Lazzarin, N., Valensise, H., Menghini, S., Di Pierro, G.,
Cesa, F., Romanini, C. (2001). Pregnancy outcome in recurrent
spontaneous abortion associated with antiphospholipid antibodies:
A comparative study of intravenous immunoglobulin versus
prednisone plus low-dose aspirin. Am. J. Reprod. Immunol., 45,
174–179.
28. Hoppe, C. C. (2014). Inflammatory mediators of endothelial injury
in sickle cell disease. Hematol. Oncol. Clin. North. Am., 28, 265–286.
29. De Franceschi, L., Cappellini, M. D., Olivieri, O. (2011). Thrombosis
and sickle cell disease. Semin. Thromb. Hemost., 37, 226–236.
30. Mold, C., Tamerius, J. D., Phillips, G. Jr. (1995). Complement activation
during painful crisis in sickle cell anemia. Clin. Immunol. Immunopathol.,
76, 314–320.
31. Test, S. T., Woolworth, V. S. (1994). Defective regulation of complement
by the sickle erythrocyte: Evidence for a defect in control of
membrane attack complex formation. Blood, 83, 842–852.
32. Mohamed, A. O., Hashim, M. S., Nilsson, U. R., Venge, P. (1993).
Increased in vivo activation of neutrophils and complement in sickle
cell disease. Am. J. Trop. Med. Hyg., 49, 799–803.
33. Chang, J., Shi, P. A., Chiang, E. Y., Frenette, P. S. (2008). Intravenous
immunoglobulins reverse acute vaso-occlusive crises in sickle cell
mice through rapid inhibition of neutrophil adhesion. Blood, 111,
915–923.
34. Turhan, A., Jenab, P., Bruhns, P., Ravetch, J. V., Coller, B. S., Frenette,
P. S. (2004). Intravenous immune globulin prevents venular vasoocclusion in sickle cell mice by inhibiting leukocyte adhesion and
the interactions between sickle erythrocytes and adherent
leukocytes. Blood, 103, 2397–2400.
35. Basta, M., Van Goor, F., Luccioli, S., Billings, E. M., Vortmeyer, A. O.,
Baranyi, L., Szebeni, J., Alving, C. R., Carroll, M. C., Berkower, I.,
Stojilkovic, S. S., Metcalfe, D. D. (2003). F(ab)′2-mediated neutralization
of C3a and C5a anaphylatoxins: A novel eﬀector function of
immunoglobulins. Nat. Med., 9, 431–438.
36. Basta, M., Dalakas, M. C. (1994). High-dose intravenous immunoglobulin exerts its beneficial eﬀect in patients with dermatomyositis
by blocking endomysial deposition of activated complement
fragments. J. Clin. Invest., 94, 1729–1735.

Chapter 11

Lessons Learned from the Porcine
CARPA Model: Constant and Variable
Responses to Different Nanomedicines
and Administration Protocols
Rudolf Urbanics, MD, PhD,a,b Péter Bedőcs, MD, PhD,c and János
Szebeni, MD, PhDa,b
aNanomedicine

Research and Education Center,
Semmelweis University, Budapest, Hungary
bSeroScience Ltd., Budapest, Hungary
cUniformed Services University of the Health Sciences,
Bethesda, Maryland, USA

Keywords: anaphylatoxins, anaphylaxis, animal models, arrhythmia
blood cells, CARPA, complement, hemodynamic changes, hypersensitivity
reactions,
hypertension,
hypotension,
inflammatory
mediators,
nanomedicines, pigs, porcine model, pseudoallergy, tachyphylaxis, stress
reaction, adverse drug reactions, drug toxicity, allergy, innate immunity,
C3a, C5a, liposomes, nanoparticles

11.1

Introduction: CARPA as an
Immune-Mediated Stress Reaction in
Blood Triggered by Nanomedicines

Nanotechnology has achieved remarkable success in improving
the therapeutic index of numerous drugs and agents by the use

Immune Aspects of Biopharmaceuticals and Nanomedicines
Edited by Raj Bawa, János Szebeni, Thomas J. Webster, and Gerald F. Audette
Copyright © 2018 Pan Stanford Publishing Pte. Ltd.
ISBN 978-981-4774-52-9 (Hardcover), 978-0-203-73153-6 (eBook)
www.panstanford.com

362

Lessons Learned from the Porcine CARPA Model

drug carrier nanosystems (nanocarriers) that carry and target
the active pharmaceutical ingredient (API) to its site of action
and/or control its ADME properties. However, the resulting
increase of efficacy or decrease of toxicity is in some cases not
without a price, as many of such nanodrugs or agents can cause
adverse eﬀects that the API alone would not do. We refer to
them as reactogenic nanomedicines (RNMs). One of such
adverse eﬀects is complement (C) activation, which can lead to a
syndrome called C activation-related pseudoallergy (CARPA). It is
an acute and reversible immune reaction, also known as infusion
reaction (or anaphylactic/anaphylactoid or idiosyncratic reaction),
or non-immune allergy, whose symptoms, clinical significance,
mechanism and many other properties were detailed previously
in numerous reviews [1–8]. An apparently trivial observation
20 years ago that C activation underlies the major hemodynamic
disturbance in rats following the infusion of liposomes [9], launched
the progress of the CARPA concept, whose latest milestone is a
broad claim that CARPA is a manifestation of a chemical stress
on blood [8]. More explicitly, it is a universal defense process
against the “threat” of nanomedicines, that can occur in any
organism that has blood and C proteins therein, which falsely
perceive the nanoparticles as pathogenic viruses. It is a stress
reaction because just like in classical stress, an external harm
(“pseudovirus”) triggers a nonspecific, standard battery of
physiological changes via a multiorgan “axis,” namely the “immunocardiovascular” axis, which corresponds to the “hypothalamopituitary-adrenal” axis involved in classical stress [8]. Depending
on the features of RNMs, their administration speed and the use
of anti-allergic premedication, the prevalence of CARPA in man
can reach 30–40% with mostly transient and mild symptoms.
The reaction usually occurs unpredictably at the first use of the
drug, as there is no known laboratory or any clinical test that
could estimate the risk of a reaction. Because in rare cases CARPA
may be severe, even fatal, the phenomenon is getting increasing
regulatory attention. For example, the European Medicines
Agency’s latest guidance on generic liposome development
recommends CARPA assays for preclinical safety testing [10].
However, it has not solidified to date which CARPA tests are
appropriate, or best for regulatory purposes, which parameters
need to be measured and under what conditions? In general,

Animal Models of Immune Toxicity

the use and utility of CARPA tests are in an early stage of
scientific evaluation.

11.2

In vitro Tests for CARPA

In vitro testing of CARPA can be non-cellular and cellular. The
non-cellular testing is based on the measurement of C activation
by the RNM in serum, plasma or whole blood, using C split
product ELISAs. There are many C split products that serve as
activation marker and have commercially available pathway
specific ELISAs, the best known being C3a, C5a, iC3b, C4d, Bb and
SC5b-9. One issue in this regard is the inter-laboratory variation
of test results, which problem has been addressed recently
by eﬀorts to produce international C standards [11–13]. The
information that these in vitro assays provide on the risk of
CARPA is limited, since they report only on the activity of aﬀerent
arm of CARPA, the extent of anaphylatoxin formation. The eﬀerent
arm, the body’s response to anaphylatoxins, remains unknown.
The most relevant cellular assays that can measure anaphylatoxin
sensitivity are various basophil assays, which quantitate basophil
leukocyte activation and/or secretion to model the mast cells’
response to allergens or other RNMs [14–16]. We reported some
preliminary, promising results with a basophil assay measuring
CD203c upregulation as a predictor of liposomal CARPA [6],
however, a study dedicated for the evaluation of the predictive
value of the basophil test in pseudoallergy remains to be done.

11.3

Animal Models of Immune Toxicity:
Which Is Good for CARPA Evaluation?

Animal models represent a major tool for the study of mechanisms
in virtually all biomedical research. Hypersensitivity reactions
result from a complex combination of genetic, environmental
and temporal factors as well as complex interactions between
the immune and other organ systems and the drug, making
these reactions uniquely diverse. As delineated above, in vitro
systems are unlikely able to mimic such complexity. There is
a consensus in the field that HSRs can only be tested in whole
animal models [17–19]. The critical question in this regard
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whether the standard, already accepted tests are appropriate
for CARPA evaluation, or not.
Among the established animal models of immune toxicity,
some can a priori be ruled out as CARPA test, based on their
mode of operation. These include the mouse popliteal lymph
node assay (PLNA) [20–22], the mouse ear-swelling test [23–25],
the guinea pig (GP) maximization test (GPMT), the GP occluded
patch test (Buehler’s test) [26, 27] and the murine local lymph
node assay (MLLA) [26]. In fact, the standard guinea pig assays
were shown to be useless in predicting systemic hypersensitivity
[28]. The measurement of blood lymphocyte counts and lymph
node weight or assaying B, T or other immune cell proliferation
or function evaluate long-term immune toxicity, and not CARPA,
which is a short term toxicity. Taken together, to our best
knowledge, none of the regulatory standard animal tests may
be appropriate to assess CARPA.

11.4

Non-Standard Immunotoxicity Tests
of CARPA in Different Animals

As pointed out, CARPA may be considered as a universal stress
reaction, which implies that it may be present in most, if not all
levels of mammalian evolution. Accordingly, there are a great
number of reports in the literature on C activation and its
consequences in various animals, including rats [9, 29–33], mice
[33], dogs [34–37], rabbits [38, 39] nonhuman primates [40–49]
and pigs [50–55]. Among these experimental systems, it is the
pigs’ response to C activator liposomes that best mimics the
human infusion reactions to liposomes in terms of kinetics and
spectrum of symptoms and the conditions of reaction induction
(Table 11.1). For Doxil, for example, it was calculated that the
drug dose that triggers CARPA in pigs corresponds to the
dose that triggers infusion reactions in hypersensitive man [56].
These facts, taken together with the favorable ethical and financial
aspects of working with pigs rather than dogs or primates,
rationalize the use of pigs as a CARPA model. Thus, CARPA adds
to the list of diseases that are successfully studied in pigs, as
discussed below.

Non-Standard Immunotoxicity Tests of CARPA in Different Animals

Table 11.1 Identities, similarities, and diﬀerences between CARPA in
men and pigs
Symptoms
Comparison Abnormalities

Human

Identical

Some
cardiopulmonary
and
hemodynamic
alterations

Difficulty of
breathing,
hypo- or
hypertension,
arrhythmia,
tachycardia,
bradycardia, edema

Body
temperature

Fever

Blood cell
changes

Leukopenia/
leukocytosis,
thrombocytopenia

Skin changes

Erythema, rash

Range of
minimum
reactogenic
phospholipid
dose in infusion
or bolus

1–10 μg/kg/s

Blood reaction
markers

Rise of SC5b-9

Cardiopulmonary
and
hemodynamic
alterations

Shortness of breath, Rise of PAP, fall
of SAP
fatigue, dizziness,
fainting, swelling of
the ankles, abdomen
or legs, cyanosis,
chest pain, passing
out or dizziness

Time course

Symptoms start
within 10 min after
infusion and subside
within 30–60 min

PAP rise between
3 and 10 min,
returns to normal
within 30–60 min

Reaction
frequency

< 10%

> 90%

Similar

Diﬀerent

Pig

Rise of TXB2
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11.5

The Use of Pigs as Disease Models

Pigs are widely used as large animal models in biomedical
research [57–61], particularly in studies on cardiovascular diseases
[62–67], trauma [68–71], sepsis [72–76], drug intoxications
[54, 55], and, since 1999 [53], CARPA. As described in many
previous experimental studies [50–53, 77] and a recent review
[7], the porcine CARPA model represents a highly sensitive
and reproducible model for the most serious, life threatening
HSRs in man caused by RNM.

11.6

Technical Details of the Porcine CARPA
Model

Figure 11.1 illustrates the setup and instruments used in the
model. In brief, domestic pigs (usually 2–3 months old) or
miniature pigs are initially sedated (with Calypsol/Xilazine)
and, after tracheal intubation, anesthetized with isoflurane
while breathing spontaneously. The animals thereafter undergo
surgery to place multiple catheters into their circulation for the
measurement of diﬀerent hemodynamic parameters, administration
of test drugs and blood sampling. Namely, a Swan-Ganz catheter
is placed to the pulmonary artery wedge, for the measurement of
pulmonary arterial pressure (PAP), and (optionally) central venous
pressure (CVP) and cardiac output (CO). Additional catheters
are placed into the femoral artery to record the systemic arterial
pressure (SAP) and, (optionally), left ventricular end-diastolic
pressure (LVEDP). The left femoral vein is canulated for blood
sampling, and the external jugular vein for the administration of
test articles and to maintain a slow drop infusion of saline
(~3 mL/kg/h). For more sophisticated hemodynamic analysis
to measure systemic vascular resistance (SVR) and pulmonary
vascular resistance (PVR), additional catheters are placed and
measurements and calculations are carried out. The hemodynamic,
EKG and respiratory parameters are measured continuously,
while blood cell counts, O2 saturation, blood analytes (inflammatory
and vasoactive mediators) and temperature are measured at
predetermined times, usually in 10–20 min intervals. EKG leads
I-III are placed at the standard Einthoven positions.

The Symptom Tetrad
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(d) Hemodynamics + EKG

(b)
(c)

(a) Anesthesia
PAP tracing

(e) Respiration
(f) O2 saturation, pulse
(g) Temperature
(i) Plasma
TXB2

(h) Blood cell analysis

Figure 11.1 Instruments and endpoints measured in the porcine CARPA
model. (a) anesthesia machine; (b) Swan-Ganz catheter; (c) blood pressure
wave forms directing the passage of the tip of the Swan-Ganz catheter
via the right atrium (RA), right ventricle (RV) and pulmonary artery (PA)
until being wedged into the pulmonary capillary bed; (d) computerized
multiple parameter hemodynamic monitoring system (1000 Hz sampling
rate). From the continuous recording of SAP and PAP signals online
averaging is performed and recorded, together with the heart rate,
derived from SAP signal; (e) capnograph connected to the tracheal tube
to measure respiratory rate, etCO2 and inCO2; (f ) pulse oximeter (fixed on
the tail) measures O2 saturation in blood and pulse rate; (g) temperature
is measured with a thermometer placed in the rectum; (h) veterinary
hematology analyzer measuring all blood cell counts and WBC diﬀerential;
(i) ELISA for measuring biomarkers of allergic/inflammatory reactions,
e.g., TXB2, histamine, leukotrienes, adenosine, tryptase, PAF and C3 levels,
etc.

11.7 The Symptom Tetrad
Figure 11.2 illustrates the four types of symptoms observed during
CARPA in pigs: hemodynamic (a), hematological (b); laboratory
(c) and skin (d) changes. Among the hemodynamic symptoms,
the rise of PAP is the most prominent and reproducible measure
of CARPA in the porcine model, which is invariably present with
all RNMs. The transient, massive pulmonary hypertension is
most likely due to the presence of pulmonary intravascular
macrophages (PIM cells) in the lung of pigs, a theory based on

Figure 11.2 The symptom tetrad of CARPA in pigs. The hemodynamic (A) hematological (B), blood chemistry (C) and skin
(D) changes are characteristic of porcine CARPA. Reproduced with permission, from [6, 7].
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the speed (seconds) and prominence (maximal possible) of
pulmonary changes in this species taken together with the
known properties and functions of PIM cells [78]. Namely, PIM
cells are directly exposed to blood and their function is to screen
out from blood particulate pathogens. They can be activated
both by anaphylatoxins and via particle binding to their surface
receptors, and they respond to activation with massive secretion
of vasoactive mediators [78]. These features are necessary and
at the same time enough to explain the characteristic changes
of PAP during CARPA in pigs.
The changes of SAP are more variable; it can drop, rise,
display no change or undulate. The hematological changes
typically include initial leukopenia followed by protracted
leukocytosis and thrombocytopenia: among these, the leukopenic
eﬀect is the most frequent. Among the laboratory changes the
rise of TXB2 is measured most often as it was found to show
massive alterations in CARPA [53]. The exploration of changes
of further allergy and inflammatory mediators (e.g., tryptase,
leukotrienes, PAF, chemokines, cytokines) represents an unmet
need in this field. Finally, the skin changes are rare and variable;
they are seen only in case of very strong reactions.

11.8

Uniqueness of the Porcine CARPA Model

The uniqueness of the pig CARPA model lies in the identity,
or close similarities of symptoms to the human CARPA reactions
(Table 11.1) and the quantitative nature and reproducibility
of measured endpoints, most significantly the rise of PAP. It
should be stressed here again that the high reproducibility
applies to the reactions to the same RNMs in diﬀerent pigs, and
NOT to the reactions to diﬀerent RNMs.

11.9

Invariable Parameters of Porcine CARPA

As mentioned, the rise of PAP to i.v. bolus injection of certain
RNMs is remarkably constant and reproducible if the dose
and administration schedule is the same in all animals. This
statement is demonstrated in Table 11.2, which summarizes the
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rise of PAP to 3 diﬀerent RNMs in numerous independent
experiments performed over 5 years.
Table 11.2 Inter-experimental variation of pulmonary hypertensive
responses to (first) bolus administration of reactogenic liposomal
nanomedicines and to zymosan
1st PAP change (% of baseline ± S.E.M.)

n

Zymosan

368.9 ± 57.32

15

AmBisome

236.81 ± 100.91

7

Doxil

233.11 ± 91.79

12

Note: Data collected from n diﬀerent experiments performed over years.

Yet another remarkable constancy of the model is the rise
of PAP in the same animal, upon repetitive administration of a
non-tachyphylactic RNM, such as large multilamellar liposomes
(MLV) consisting of dimyristoyl phosphatidylcholine, dimyristoyl
phosphatidylglycerol and cholesterol (50:5:45 mole ratios).
Figure 11.3 illustrates this constancy: repeated injection of
5 mg lipid containing MLV in a pig at 30 to 60 min intervals
eight times raised the PAP with negligible (6%) coefficient of
variation [53].
60
Mean PAP, mm Hg
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Figure 11.3 PAP responses to repetitive liposome injections. A pig was
injected intravenously with 5 mg lipid-containing liposome boluses at
indicated time points, and changes in PAP were recorded. Arrows indicate
time points of injections. Reproduced from [53], with permission.
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11.10

Variable Parameters of Porcine CARPA

11.10.1 Reaction Kinetics
The standard pulmonary reaction in porcine CARPA, observed
immediately after bolus injection of RNMs consists of a rapid rise
of PAP within 2–5 min after the bolus, a plateau reached in
5–15 min and decline to baseline or near baseline within 15–60 min
(Fig. 11.2A and 11.5). However, there are unpublished examples
for delayed start and/or protracted reactions as well, which
we obtained with bolus administration of a surface conjugated
liposomal nanomedicine (Fig. 11.4A) and upon stepwise infusion
of a PEGylated liposomal drug candidate (Fig. 11.4B).

A

PAP

200

40

150

30

100

20

50

10

0

0
40 min

80 min

B

PAP, mm Hg

SAP, mm Hg/HR (beat/min)

A

90
40
60

30
20

30
10
0

0
5 min

185 min

15 min

Figure 11.4 Examples of delayed and or protracted pulmonary hypertension
caused by reactogenic nanomedicines. Excerpts from experiments
performed in our laboratory, in collaboration with the suppliers of
RNMs, which were conjugated (A) and PEGylated (B) small unilamellar
liposomes (SUV). Blue, red and green indicate PAP, SAP and heart rate
curves registered continuously. Unpublished data.
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Figure 11.5 Variation of PAP and SAP waveforms. Panels were redrawn from diﬀerent experiments wherein the CARPAgenic potential
of nanoparticulate drugs or drug carriers were tested in pigs. Minutes indicate the times pan of reactions. Blue, red and green are PAP,
SAP and heart rate curves respectively. Changes are shown in % of baseline. Abbreviations only here: com, commercial; prep, selfprepared; lpd, lipophilic prodrug-containing liposomes [79]; PEI25, 25 kD pegylated poly(ethylene imine) [80]; G4 dendrimer, 4th
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In the former experiment, testing the reactogenicity of a
surface-conjugated SUV (Fig. 11.4A), the rise of PAP started only
40 min after bolus administration of the sample and the curve
showed 3 progressively diminishing peaks over ~1.5 h. This
observation remains to be understood, just as the late start of a
protracted pulmonary hypertension observed during stepwise
infusion of a PEGylated SUV drug candidate (Fig. 11.4B). After
the initial, usual sharp and rapid reaction another reaction started
at 30 min, the PAP peaked at 110 min and returned to normal
after 180 min. These complex curves reflect complex interactions
underlying the reactions, whose understanding will require a
lot more work. It should be noted though that in clinical practice
reactions can also start late, even hours after the infusion, and may
also extend over hours.

11.10.2

Blood Pressure Wave Forms

Another feature of porcine CARPA is that the relative intensities
and waveforms of PAP and SAP show substantial variation among
diﬀerent reaction inducers. Figure 11.5 shows a selection of
diﬀerent PAP/SAP/heart rate (HR) curves that were registered
following bolus injection of diﬀerent RNMs specified in the
legend. The combination of diﬀerent changes appears random
at this time, as no known particle property can be associated
with any particular time course or kinetic variables of PAP or
SAP or HR. Nevertheless one observation can be explained: the
initial splicing of PAP arises most likely from the coincidence of
pulmonary hypertension with systemic hypotension, best
discernible in Fig. 11.5A. The example shown for extended
reaction is in Panel E, wherein a highly negative SUV formulation
of an anticancer lipophilic (pro)drug was tested. The rollercoaster swings of PAP extended over 1.5 h, which may be
attributed to metabolism or short-term physiological eﬀects of
the liposomes or the released drug leading to varying blood levels
of diﬀerent vasoactive mediators.

11.10.3 Tachyphylaxis
Yet another property of CARPA showing significant variation
depending on the RNM is the presence/absence, and duration
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of tachyphylaxis, i.e. self-induced tolerance. The importance of
tachyphylactic CARPA lies in the capability it oﬀers for tolerance
induction, i.e. to develop safe administration protocols for RNMs.
In tachyphylactic CARPA the first dose of the RNM induces tolerance
to the second or later administration of the same RNM, and if
the first tolerogenic dose is made harmless, the hypersensitivity
reactions (HSRs) can be entirely prevented. The utilization of
tachyphylaxis for the prevention of HSR was first described for
Doxil, wherein the HSR could be prevented by prior slow infusion
with Doxebo [81] (Fig. 11.6A), a doxorubicin-free (placebo) Doxil
that retains the tachyphylaxis-causing, self-tolerogenic eﬀect of
Doxil without causing major HSR [81]. However, not all RNMs
can cause full tachyphylaxis, as it is a variable and structuredependent property of RNMs; and it can also be absent (like in
Fig. 11.3), partial (Fig. 11.6B) or biphasic (Fig. 11.6C).
To date, the absence of tachyphylaxis was observed with
MLV (Fig. 11.3), zymosan (Fig. 11.6A), Ambisome [50], some PEI
polymers [80] and, in general, highly charged nanoparticles
(unpublished observations). Partial tachyphylaxis occurs more
frequently with liposomes and it is a dose dependent phenomenon.
The biphasic tachyphylaxis shown in Fig. 11.6C, wherein a
section of nontachyphylactic responses switches to another
nontachyphylatic section with smaller, but equal peaks, was
observed for SAP after repetitive administration of the same
dose of zymosan [7].
The mechanism of full or partial tachyphylaxis is not
understood; based on its rapid appearance (minutes), it is most
likely a passive phenomenon rather than an immune learningbased, cell-mediated active process. One theory, referred to as
“double hit” hypothesis, points to allergy-mediating cells (mast
cells, basophils, PIM cells) as anatomic sites of tachyphylaxis, and
suggests that tachyphylactogenic RNMs trigger CARPA both via
C activation and via direct binding to these allergy mediating
cells, and the two signals together trigger these cells to release
vasoactive mediators. If one of these mechanisms is not working
for some reason at the time of repeated treatments, because a
mediator gets consumed or a signal transduction pathway gets
exhausted, tachyphylaxis will ensue [7, 78].

Summary and Future Directions

A

B

C

Figure 11.6 Full, partial and biphasic tachyphylaxis. (A) First 3 injections:
repeated bolus administration of 0.01, 0.01 and 0.05 mg/kg Doxil, followed
by 2 injections of 0.5 mg/kg zymosan. Figure shows the PAP (Blue), SAP
(red) and HR (green) values as % of baseline. x-axis: minutes. Reproduced
from [81]. (B) Repeated bolus administration of comparable doses of
another PEGylated reactogenic liposome preparation, containing an
anti-inflammatory steroid. Unpublished data. (C) Repeated bolus
administration of 0.01 mg/kg zymosan in a pig, Y values are SAP, mm Hg.
Reproduced from [7], with permission.
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11.11

Summary and Future Directions

This review provided background information for placing the
porcine CARPA model on the map of preclinical immunotoxicological
tests for CARPA. It also focused, for the first time, on the constant
and variable features of CARPA symptoms in pigs, particularly
those seen in the hemodynamic response. The inter-animal
and inter-experimental stability of PAP changes in response to
a certain type of RNM, and switch to another type of response
with another type of RNM represent remarkable, yet illunderstood features of the model that reflect the involvement
of highly regulated, complex immunological and physiological
processes.
Figure 11.7 illustrates this complexity by providing an overall
scheme of molecular and cellular interactions in CARPA [8].
It shows the involvement of several organ systems, numerous
cells and highly active biomolecules and mediators and multiple
redundant pathways in both the aﬀerent (triggering of allergymediating cells) and eﬀerent arms (mediation of trigger signal
to the eﬀector cells) of CARPA.
Figure 11.8 provides further glimpses into the complex
picture of CARPA pathogenesis, by highlighting the vicious cycle
of hemodynamic and other organ derangements that may lead
to the worst outcome of this immune toxicity; anaphylactic
shock with circulatory collapse.
In summary, the constant and, at the same time highly
variable symptoms of CARPA in pigs reflect the simplicity and
at the same time the complexity of a “stress reaction in blood”
[8], a novel immune phenomenon brought to light by the
introduction of nanotechnology in pharmacotherapy. Further
studies on the porcine CARPA model will hopefully reveal more
details of the phenomenon and more understanding of its clinical
use in the safety evaluation of novel nanomedicines.
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Figure 11.7 Aﬀerent and eﬀerent arms of CARPA. The hypothetical scheme illustrates the steps and interactions among a
great number of cells and mediators involved in CARPA. AR, anaphylatoxin receptors; Mast C, mast cells; sMF, secretory
macrophages; WBC, white blood cells; PL, platelets; EC, endothelial cells; SMC, smooth muscle cells. Diﬀerent types of systems,
cells, mediators and eﬀects are color coded. Modified from [8], with permission.
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Figure 11.8 The vicious cycle of physiological changes in CARPA. The scheme
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changes that entail the activation of the CARPA cascade. The entries on
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Introduction

Anaphylatoxins, key mediators of complement activation-related
pseudoallergy (CARPA), can activate white blood cells (WBCs) and
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platelets (PLs). This activation can lead to the binding of these
cells to each other and also to capillary endothelial cells, entailing
microthrombus formation and circulatory blockage mainly in
the pulmonary and coronary microcirculation.
CARPA, as its name implies, is a non-Ig-E-mediated (pseudoallergic) hypersensitivity reaction (HSR) that is triggered by C
activation, or at least C activation plays a major contributing
role. CARPA is best known in the context of nanotoxicity, since
nanomedicines, i.e., particulate drugs and agents in the nanoscale
range (10–9–10–6 m) often cause such reactions. As reviewed
earlier [1–8], and also discussed in other papers of this volume,
the phenomenon represents an immune barrier to the clinical
use of many promising nanomedicines. In essence, CARPA may
be perceived as a chemical stress on blood that arises as a
consequence of the similarity of nanomedicines to viruses,
between which the immune system cannot make diﬀerence [8].
The entailing acute inflammatory reaction may have triple harm
via (1) causing rapid clearance of the drug and, thus, reducing
or eliminating its efficacy; (2) causing an acute illness in
the host whose most severe manifestation is anaphylaxis; and
(3) leading to immunogenicity, which turns drugs into vaccines
and thus abolishes their therapeutic use [9, 10].

12.2

Blood Cell Changes in CARPA: Human
and Animal Data

12.2.1 Human Studies
The best know HSRs whose pathomechanism is likely to involve
CARPA are triggered by anticancer drugs administered in micellar
solvents, like Taxol or Taxotere, liposomal drugs, like Doxil and
AmBisome and radio-contrast agents, like iodine-containing
contrast media. Clinical reports on hematological changes caused
by the above drugs often list thrombocytopenia and leukopenia,
but usually these changes represent cytotoxic, rather than the
immune eﬀects of reactogenic drugs. However, in the case
of radiocontrast media, early association of leukopenia has
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been attributed to the immune reactivity of the contrast agent
[11, 12].

12.2.2

Studies in Pigs

Figure 12.1a,b shows the platelet and white blood cell (WBC)
changes observed in pigs that were treated with bolus injection
of large multilamellar liposomes (MLV) [13]. It shows 10–30%
drop of platelets and WBC counts within 30 min after injection
in 6 of 8 animals. It is also seen that the individual variation of
changes is substantial. Further studies in pigs analyzing blood
cell changes during long-term infusion of PEGylated small
unilamellar liposomes (SUV) showed initial leukopenia followed
by leukocytosis, i.e., typical roller-coaster pattern of anaphylatoxininduced WBC changes [14–16].

Figure 12.1 Liposome-induced changes in platelet (a) and white blood
cell (WBC, b) counts in pigs. Cell counts were determined before injection
of MLV and at diﬀerent times thereafter, as indicated. Diﬀerent symbols
designate individual pigs. Reproduced from [13], with permission.
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12.2.3

Studies in Rats

Liposomes and other C activators cause CARPA in rats, too,
which phenomenon was first described and analyzed in detail
by Rabinovici et al. in a series of studies starting in the late
1980s [17–19]. They injected liposome-encapsulated hemoglobin
(LEH), a red cell substitute, along with appropriate controls, in
conscious, normovolemic or exsanguinated rats and studied the
hemodynamic and hematological consequences of treatment. LEH,
as well as the carrier liposomes, caused thrombocytopenia, whose
extent depended on the mode of LEH administration, namely,
a 10% top load [17], 50% exchange transfusion [18] and
10% top load with lyophilized LEH [19] led to 60%, 40%, and
24% thrombocytopenia, respectively. Also in rats the above
thrombocytopenia was associated with a rise, rather than drop
of WBC count [17–19].

Figure 12.2 Hematologic eﬀects of i.v. bolus administration of zymosan
and AmBisome in rats. Values shown are mean ± SE (N = 8 rats in
each group). *, **, ***: p < 0.05, 0.01, 0.001 vs. the time 0 value. The
zymosan and AmBisome doses were 10 and 22 mg/kg, normalized
to phospholipid amount in case of AmBisome. Modified from [20],
with permission.
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Consistent with the above reports 20 years ago, the rat studies
in our laboratory using zymosan and liposomal amphotericin B
(AmBisome) as reaction inducers, led to 30 and 60% drop in
platelet counts between 1 and 3 min after i.v. injection of zymosan
(Fig. 12.2a) and AmBisome (Fig. 12.2b), respectively. Also, we
observed 50% leukopenia with zymosan (Fig. 12.2c) and 20%
leukopenia with AmBisome (Fig. 12.2d), with the WBC counts
reaching minimum around 4–5 min. In case of AmBisome, the WBC
started to rise over baseline after 10 min (Fig. 12.2d), implying
the start of reactive leukocytosis [20]. This study confirmed the
huge diﬀerence between rats and pigs in sensitivity to reactogenic
liposomes, as the reactogenic doses in these experiments were
100–1000-fold higher than that reported for pigs [20].
Regarding the destiny of platelets during thrombocytopenia
in rats, Phillips et al. isolated and labeled rat platelets with 111In,
then re-infused the cells into the same animal [21]. Fifteen minutes
later the animals were infused with a 10% top load of LEH,
as well as carrier liposomes or free bovine hemoglobin (Hb). LEH,
but not the controls, caused a transient 50% decrease in 111In
platelet activity 2–5 min post-infusion, which returned to baseline
levels by 15 min. Tracing of labeled platelets with a gamma
scintigraphic camera showed them to be sequestered in the lungs
and liver [21].

12.3

Platelets and Their Role in CARPA

12.3.1

Platelets: The Mimosa of Blood Cells

Just like the plant mimosa, platelets are known to be very
sensitive and fragile cells that rapidly respond to changes in
their milieu. Besides their fundamental role in coagulation, they
actively participate in inflammatory reactions and in the
pathogenesis of prominent diseases, like hypertension [31–33],
hypercholesterolemia with atherosclerosis [34], thrombosis,
asthma [35, 36], complications of diabetes [37, 38] angina pectoris,
myocardial infarction and stroke [39]. Other than injury, platelet
activation can occur as a consequence of a variety of abnormal
stimuli, e.g., shear stress, physical activity, major alterations in
endocrine homeostasis. Figure 12.3 shows that the activation
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of platelets results in shape and surface changes that greatly
expand the surface of these cells interacting with each other
as well as with endothelium and circulating leukocytes. In
addition, stimulated platelets release several soluble mediators,
including PF4, PDGF, IL-1β, tissue factor and CD40L. The next
sections will highlight details of platelet aggregation and its
molecular and cellular interactions during CARPA.

Resting platelets

Activated platelets

Figure 12.3 Electron micrographs of resting and activated platelets.

12.3.2

The Vicious Cycle of Platelet and Complement
Activation

Resting platelets do not express anaphylatoxin receptors [28, 40],
only activated platelets do so. When expressed, the binding of
C3a and C5a to these receptors accelerate cell activation, thus
linking inflammation to thrombosis [41–46]. Along this line,
Patzelt et al. have shown that the expression of both anaphylatoxinreceptors on platelets strongly correlated with their state of
activation, measured by the expression of activation markers
P-selectin and SDF-1 [40]. On the other hand, activated platelets
not only express anaphylatoxin receptors, but many other
molecules that themselves activate C, and therefore accelerate
C action. Thus, activated platelets have an intrinsic capacity to
activate C, both the classical and alternative pathways. This has
been shown when activated platelets were exposed to normal
plasma or serum, and C activation was proportional to the extent
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of platelet activation and depended on the activator [41–45].
Platelets can activate C via diﬀerent mechanisms, which have been
proven for both adherent and activated platelets in suspension.
In these processes, receptor for the globular head of C1q
(gC1qR/p33), chondroitin sulfate and P-selectin were shown to
play key roles [43]. In addition, the deposition of the terminal
complex (C5b-9) on the platelet membrane also contributes
the ensuing cellular changes, such as elevated surface P-selectin
expression, transient membrane depolarization, granule secretion,
translocation of phosphatidylserine to the outer membrane leaflet,
enhanced platelet procoagulant activity and generation of platelet
microparticles (PMP) [51–55].
Regarding the latter phenomenon, a unique feature of PMP
is that they express 50- to 100-fold higher procoagulant activity
compared to activated platelets [56]. They present glycoproteins
Ib, IIb/IIIa, and P-selectin on their surface ready to interact with
leukocytes and the vascular endothelium [57–59]. Furthermore,
in a vicious cycle with C-induced PMP formation, PMP support
in situ C activation via the classical and alternative pathways,
leading to C3b and C5b-9 deposition [43]. These processes are
held under control by C regulatory proteins (C1 inhibitor (C1-INH),
CD55 and CD59 also expressed on PMP [43].
One example of a role of C in platelet activation is the
thrombogenic action of certain bacteria, whereupon the binding
of both C proteins and fibrinogen to Gp IIb/IIIa are needed for
activation [60]. Another clinically relevant example of C activation
by platelets is CARPA, wherein platelet activation is a key step in
causing symptoms, most importantly pulmonary hypertension,
which is due to microcirculatory blockade in the lung following
WBC and platelet activation, aggregation, capillary margination
and microthrombus formation.

12.3.3

The CARPA Cascade

Figure 12.4 shows the coupling of cellular and molecular
interactions in CARPA, while Fig. 12.5 delineates the complex
intertwining of diﬀerent physiological processes leading to the
typical symptoms of CARPA, specified in the red-shaded boxes
of Fig. 12.5.
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Figure 12.4 The CARPA cascade. The hypothetical scheme, sketched on the basis of collective information in refs. [2–4, 22–27],
illustrates the steps and interactions among cells and reaction mediators. ATR, anaphylatoxin receptors; Mast C, mast cells; sMF,
secretory macrophages; WBC, white blood cells; PL, platelets; EC, endothelial cells; SMC, smooth muscle cells. Reproduced from [8],
with permission.
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Figure 12.5 Inter-relations among the diﬀerent abnormalities during CARPA, leading to clinical symptoms. Hypothetical scheme
delineated on the basis of collective information in refs. [2–4, 22–27]. The physiological changes and clinical symptoms are boxed
with yellow and blue background, respectively. Reproduced from [8] with permission.
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Figure 12.6 Molecular and cellular interactions underlying pulmonary hypertension during CARPA. The steps are described in the
text. Abbreviations: SMC, smooth muscle cells; Mon, monocytes; PL, platelets; aPL. Activated platelets; C5aR, C5a receptor; L-PL
aggr, leukocyte-platelet aggregates, PRR, patter recognition receptors, Lip, liposomes (Doxil).
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Mediators in CARPA-Associated Blood Cell Changes

These symptoms, in order of increasing severity, include
headache, chills, fever, tachycardia, pruritus, rash, flushing,
hypotension, hypertension, shortness of breath, apnea, facial
swelling, chest pain, back pain, tightness in the chest and throat,
arrhythmias, bradyarrhythmia, cyanosis, syncope, anaphylactic
shock, myocardial infarction, cardiac arrest, death [2–4]. The blood
cell changes, manifested in leukopenia followed by leukocytosis,
thrombocytopenia, may include granulopenia and/or lymphopenia,
and usually remain subclinical. In CARPA pathogenesis they are
caused mainly by C activation-related anaphylatoxinemia, and
they lead to dyspnea, due to blockage in the lung microcirculation
[22–27]. Figure 12.6 illustrates the latter process, the cellular
interactions leading to circulatory blockage in the pulmonary
arterioles.

12.4 Zooming on Interactions, Receptors and
Mediators in CARPA-Associated Blood
Cell Changes
12.4.1

The Effects of Anaphylatoxins

The role of C3a and C5a in C-activation-related blood cell
changes have been studied for a long time [22–27]. It was shown,
among others, that C5a binds to monocytes/macrophages and
neutrophils in a concentration-dependent, saturable process,
which, in the case of neutrophils, leads to myeloperoxidase release,
an index of degranulation, i.e., release of multiple vasoactive
substances [28]. Nonmyeloid cells that express anaphylatoxin
receptors include endothelial and epithelial cells and smooth
muscle cells, responding to anaphylatoxin binding with increased
permeability and contraction, respectively [22, 23]. There is,
furthermore, ample direct experimental evidence for the causal
role of anaphylatoxins in CARPA and associated blood cell
changes, such as the inhibitory eﬀect of an anti-porcine C5a
antibody (GS1) [29] on liposome-induced porcine CARPA [13],
and the prevention of LEH-induced thrombocytopenia in rats
by decomplementing the animals [30]. The latter experiment
showed that in C-depleted rats the platelet counts did not
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change following injection of LEH, while in control rats 40%
thrombocytopenia developed within 4 min after treatment.
This was followed by gradual return of platelet counts to
normal levels over 60 min. The drop in circulating platelets was
correlated with a rapid redistribution of 111In-platelets from
the circulation to the lungs and liver, whereas C-depleted rats
showed no sequestration of PLs into these organs.

12.4.2

Leukocyte-Platelet Aggregation

Leukocytes and platelets are known to interact dynamically in a
variety of physiological and pathophysiological processes. These
interactions are initiated by activation of one of the participating
cells and lead to aggregation and consequent microthrombus
formation—as well as to further activation of the participating
cells with consequent cytokine release.
The most potent initiator of heteroaggregate formation is
platelet activation, which occurs in a variety of diseases from mild
homeostatic changes to acute life-threatening events. Platelets,
when activated, promptly bind to each other and circulating
leukocytes. They are especially attracted to monocytes; therefore,
monocyte-platelet aggregation has been identified as the most
sensitive marker of platelet activation. Activated platelets then
rapidly attach to the endothel or to circulating leukocytes, forming
heteroaggregates. Similarly, to platelets, activated leukocytes
express adhesive receptors that are involved in both leukocyteplatelet and leukocyte-endothel interactions. Accordingly,
monocytes adhering to the endothelial surface were shown to have
attached platelets as well on the surface. When coupled, platelets
and leukocytes interact and further activate each other to have
greater affinity to adhere to endothelial surfaces, especially in
small vessels. Among many surface receptors key players in these
interactions are platelet P-selectin and leukocyte Mac-1, securing
relatively long attachment of these cells to each other and to the
endothel, eliminating leukocytes and leukocyte-platelet aggregates
from the circulation. These intercellular interactions also lead to
the liberation of soluble factors, e.g., P-selectin and Mac-1 adhesion
lead to the release of mediators that further upregulate their
expression. Nevertheless, these processes are reversible in case
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the trigger stimulus disappears, and the participating cells soon
re-enter the blood flow as normal cells. This explains the
findings of animal and clinical data on transient leukopenia and
thrombocytopenia as symptoms of adverse drug reactions.

12.4.3 Surface Receptor-Ligand Interactions in
Leukocyte-Platelet Aggregation
As mentioned, activated platelets bind to leukocytes, above all
to monocytes. As a consequence, elevated monocyte-platelet
heteroaggregate levels were found in many conditions resulting
platelet activation, e.g., high shear, endocrine disorders, diabetes,
atherosclerosis, hypertension etc. Platelets attach to monocytes
in a two-step process, mediated by selectins and integrins. As
a first step, P-selectin is connected to the leukocyte P-selectin
glycoprotein ligand (PSGL-1). This connection is then stabilized
by the ligation of the leukocyte integrin Mac-1. On the platelet,
GpIba has been shown to interact with Mac-1. Platelet integrin
GpIIb/IIIa also contributes to the stabilization of the complex
by Mac-1, when fibrinogen or other ligands, e.g., CD40L are
present. This is very similar to the formation of platelet-platelet
aggregates when GpIIb/IIIa receptors are connected via fibrinogen.
Figure 12.7 shows the receptors and ligands involved in
platelet-monocyte interactions, as well as the inflammatory and
thrombogenic mediators that liberate during their binding, namely,
IL-1, CD40L from platelets and IL-8, MCP-1, TNF-α and PGE2
from monocytes. It should also be mentioned that the attachment
of platelets to monocytes induces CD16 upregulation on CD14+
CD16− monocytes resulting in a phenotype change and a higher
pro-inflammatory activity.

12.4.4

P-Selectin: A Linker between Platelet and
C Activation

P-selectin is a well-known adhesive protein on platelets that
binds to PSGL-1 on vascular endothelium and leukocytes as a
consequence of platelet activation. It is stored in the alpha granules
of platelets and becomes translocated to the surface membrane
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rapidly upon activation, therefore its expression is a classical
marker of platelet activity. The molecular structure of P-selectin
contains 9 C binding domains, one of which has been identified
as a C3b binding site. Hence, when P selectin gets to the surface
of platelets upon activation, a binding site for C3b gets exposed in
order to clear the C3b generated during concurrent C activation.
Interestingly, the pathway of platelet activation-related C activation
turns from C1Q-mediated classical into alternative as the
secretory products of a granules, C1 inhibitor and factor D—that
cleaves factor B to its active form—starts to act [43, 46].

Figure 12.7 Platelet-monocyte adhesive interactions and inflammatory
reactions following complement triggered activation. Platelet-monocyte
heteroaggregation is initiated by the ligation of P-selectin to PSGL-1 on
monocytes. As a result, integrin Mac-1 gets upregulated, and inflammatory
mediators are released. Monocyte-platelet complex is then stabilized
by Mac-1, which interacts with GpIb and GpIIb/IIIa on the platelet.
Stabilization via GpIIb/IIIa and Mac-1 needs a soluble ligand present
in the plasma or originating from the activated platelet such as
fibrinogen or CD40L. CD40L also further increases inflammatory
reactions of the monocyte.
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12.4.5 The C1q Receptor
The receptor for the globular head of C1q (gC1qR) is expressed
on the surface of adherent platelets and PMP. Collagen binding
induces enhanced surface expression of the receptor, while other
agonists fail to exhibit such function. The gC1qR molecule has
been shown to interact not only with C1q but also with a variety
of structurally distinct ligands, such as proteins of the blood
coagulation system (HMW kininogen, factor XII). This molecule
(gC1qR) also contributes to in situ classical pathway C activation
[43, 47]. Chondroitin sulfate has been shown to be stored in
platelet alpha granula and is exposed on the surface of platelets
rapidly in response to a variety of agonists, including ADP, collagen,
adrenalin and thrombin. As other glucosaminoglycans, chondroitin
sulfate facilitates the binding of soluble proteins on the surface.
C1q has been shown to bind to chondroitin sulfate in high amounts,
while C activation was abolished in the absence of C1q. Following
activation with thrombin receptor activating peptide (TRAP),
chondroitin sulfate is expressed and C1q, C4, C3 and C9 are bound
to the platelet surface [48]. As it has been demonstrated recently,
C4BP and factor H also bind to platelet chondroitin sulfate-A.
The chondroitin sulfate present in the alpha granules of platelets
is fully sulfated [48]. In a clinical observation, injection of an
over-sulfated form of chondroitin sulfate has been shown to
cause fatal anaphylactoid reactions by activating both the C and
the contact systems [49].

12.4.6

Complement Activation and Blood Cell
Changes: The Whole Picture

Figure 12.8 attempts to give a comprehensive picture on C activation
and cellular and molecular changes in blood, taking together
all discussed facts and relationships. Thus, activation of surface
adherent, as well as circulating platelets can be triggered by
agonists or shear [44]. When platelets are activated, C1q, C3b, C4
and C5-9 are deposited on their surface. However, C activation is
strictly regulated on platelets, therefore, binding of C elements on
the platelet surface does not always result in activation. Platelet
activation and consequent C activation may participate in several
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physiological and pathophysiological processes. Shear induces
platelet activation and, in turn, C activation via the classical pathway.
Activation of platelets by platelet agonists induces C activation
mainly by the alternative pathway. This may result from the
mechanism of platelet activation when it results in alpha granule
release, which contains C1 inhibitor reducing the classical
pathway activation. In this process, weak agonists such as ADP
were found to induce less, and thrombin to induce more intense
activation of the C cascade.

Figure 12.8 Promoters and inhibitors of a vicious cycle of platelet,
WBC and C activation. Platelet activators and shear induce deposition of
complement elements on platelet surface. Activation by C1q deposition,
C3 or sublytic concentrations of C5b-9 lead to alpha granule secretion,
release of PMP and activation of platelets. Secreted chemokines attract
leukocytes to the site of activation. Activated platelets and PMP attach to
leukocytes forming leukocyte-platelet aggregates. Both activated platelets
and heteroaggregates further enhance complement activation, leading
to an activation circle. However, this circle is limited by soluble and platelet
surface complement inhibitors, e.g., CD55, CD59, C1-inhibitor or surfacebound factor H. PLT: platelet, aPLT: activated platelet, PMP: platelet
microparticle.
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As a consequence of platelet mediated C activation, activation
of the clotting cascade can lead to the generation of C3a and
C5a. Beside further activation of platelet functions in a positive
feedback cycle, these anaphylatoxins invite leukocytes to the
site of platelet activation and activate them [50]. This activation
may result in the induction of inflammatory pathways as well
as formation of heteroaggregates, which further enhances the
functions of leukocytes and platelets. In the studies of Yin et al.
[43], platelet mediated C activation was associated with generation
of physiologically relevant levels of inflammatory peptides, C3a,
C4a and C5a, which support recruitment of leukocytes and
increase vascular permeability [46].

12.4.7

Complement and Monocyte-Platelet Aggregates

Despite data suggesting parallel functions of platelet-leukocyte
interactions and C activation, the role of leukocyte-platelet
aggregate formation in anaphylactoid reactions is not clear.
Namely, pulmonary hypertension is one of the life-threatening
side eﬀects of excessive C activation. In anaphylactoid reactions,
obstruction of pulmonary vessels by immune precipitates and
aggregates of PMN leukocytes and platelets was observed. It
also has been stated that (the second, protracted phase of)
anaphylactoid reactions are less intense in leukopenic animals
[64]. The hypotension observed during anaphylaxis was also
more marked in normal than in leukopenic animals.
The administration of C1q inhibitor not only inhibited C,
but also leukocyte and platelet activation in a pig to human
transplantation model [65]. C1q INH also binds to E-and P-selectins
and interferes with leukocyte adhesion. Leukocytes and platelets
are activated also when pig kidney is perfused with human blood.
In this experiment the C system was activated and significant
leukocyte and platelet activation was observed. Administration of
C1-INH/C1 inhibition significantly reduced leukocyte and platelet
aggregation [65].
Figure 12.9 shows that C elements activate platelets and
leukocytes, which is followed by the interaction of these cells.
Activated platelets attach to leukocytes, and this interaction
enhances prothrombotic and proinflammatory processes. Soluble
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mediators derived from this interaction, such as fibrinogen and
CD40L stabilize heteroaggregates by ligation of the fibrinogen
receptors of both cell types while leukocyte and platelet activation
amplify C activation. These processes also lead to the liberation of
proinflammatory and prothrombotic mediators and expression of
adhesion molecules: P-selectin, GpIIb/IIIa, Mac-1-heteroaggregate
formation.

Figure 12.9 Scheme of interactions between leukocytes, platelets and C
proteins. Activation of the C system has been associated with prelesional
stages of atherosclerosis and the progression of the disease. Complement
elements are deposited in atherosclerotic lesions [66]. In endothel
C5b-9 promotes the secretion of vWF and elevated expression of
P-selectin, E-selectin, intracellular adhesion molecules (ICAM), TF,
MCP-1, IL-b, and IL-8 promoting leukocyte adhesion. Complement is
also activated in ischemia-reperfusion injury [67].

12.4.8

Leukocyte and Platelet Counts in Anaphylaxis

In anaphylaxis leukocyte-platelet aggregates are rapidly cleared
from circulation primarily because their entrapment in the
pulmonary circulation [64]. Consequently, interruption of
leukocyte-platelet interactions may have important therapeutic

Conclusions

consequences to prevent complications of anaphylactoid reactions.
One of these possibilities is the administration of GpIIb/IIIa
inhibitor abciximab as it not only inhibits the fibrinogen
receptor of platelets but also aﬀects Mac-1, thereby (possibly)
preventing the stabilization of leukocyte-platelet aggregates.

12.5 Conclusions
Nano-carriers represent a new, promising method for the
treatment of serious, life-threatening diseases by delivering the
drugs to specific cells. However, nano-sized drug-delivery systems
also carry the possibility of serious, life-threatening side eﬀects.
Nanoparticles are in the size range of viruses; therefore, in
contrast to chemical agents, they represent a challenge for the
immune system. As a first-line of defense of the body, the C
system may be activated when nano-materials get into the blood
stream resulting in a non-IgE mediated immune-response: the C
activation-related pseudoallergy (CARPA). In severe cases, the
symptoms of CARPA mimic those observed in IgE mediated
type I hypersensitive reactions, e.g., angioedema, bronchospasm,
chest pain, dyspnea, choking, flush, fever, headache, hypotension,
pulmonary hypertension etc.
The clinical relevance of CARPA lies in the rare, but severe,
life-threatening reactions that cannot be predicted and may cause
death in an occasional patient [1–8]. Such risk can be tolerated
in case of life-saving (mostly anti-cancer) nanomedicines, but
not in the case of diagnostic or non-life saving therapeutics.
The CARPA concept has been developing over 20 years since
the recognition of C activation as the underlying cause of
hemodynamic side eﬀects of liposome-encapsulated hemoglobin
(LEH) [69]. It was suggested to represent a stress reaction in
blood [8].
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13.1

Introduction

Complement activation-related pseudoallergy (CARPA) is a
hypersensitivity reaction to the intravenous (i.v.) administration
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of nanoparticle-containing medicines (nanomedicines) in patients
with occasionally serious consequences [1–4]. The details of
CARPA and its mechanisms are described in other chapters of this
Special Issue. New nanomedicines should be tested in animals
prior to human administration in order to avoid toxicity, including
CARPA. Currently the porcine model of CARPA is the best to predict
potential safety concerns of nanomedicines as the pig is highly
sensitive to i.v. treatment with liposomes and other nanoparticles,
as the resulting physiological changes can be extrapolated to
humans with high certainty [5]. However, new, less expensive
models are also needed to advance the testing of nanomedicineinduced CARPA. Complement (C) activation can be easily
tested in vitro, which is an inexpensive and rapid evaluation of
potential safety risk [6, 7]. Such in vitro tests can be tailored to
fulfill species specificity requirements. However, the problem
with in vitro-based systems is that the eﬀector arm of immune
response, most importantly the cardiovascular system, is not
present [8]. Therefore, reliable prediction of immunotoxicity
requires a battery of tests which includes both in vitro and in vivo
models [9]. Rodents are especially suitable for this purpose as
a huge amount of information is available concerning the
pathophysiology of C activation in rodent species. However,
rodents seem to be much less sensitive to nanomedicines than
pigs [10, 11]. The aim of the current review is to summarize the
available information on CARPA in rodents to get an insight into
various C activation mechanisms elicited by nanomedicines that
may be present in various rodent species.

13.2

The CARPAgenic Effects of CVF, Zymosan
and LPS in Rodents and Their Modulation
with Complement Antagonists

Cobra venom factor (CVF) is a rapid activator of the complement
system, and intravenous treatment of rodents with CVF is a model
of acute respiratory distress syndrome, a severe illness due, in
part, to C activation. Some of the physiological changes caused
by CVF in the presence or absence of C inhibitors include the
following observations. Pretreatment of anesthetized rats

The CARPAgenic Effects of CVF, Zymosan and LPS in Rodents

i.v. or p.o. with AcF-[OP(D-Cha)WR], a C5a receptor (C5aR)
antagonist, markedly attenuated CVF-induced (4 IU/kg) drop
in polymorphonuclear (PMN) cell count and the long-lasting
hypotension, but it did not alter the transient increase in blood
pressure. On the other hand, N(2)-[(2,2-diphenylethoxy)acetyl]L-arginine, a C3a receptor (C3aR) antagonist, caused neutropenia
on its own, which was similar to that caused by CVF. It also
attenuated CVF-induced transient hypertension but did not alter
hypotension. Inhibition of both C3 and C5 convertases by rosmarinic
acid [12] inhibited all of the above responses. The increase in
pulmonary vascular permeability was inhibited most by the
C5aR antagonist. Rosmarinic acid was less eﬀective, and the C3a
receptor antagonist was the least eﬀective in this respect. All
three antagonists diminished the increases in plasma TNFα
levels that peaked at 60 min after CVF administration [13].
A part of endotoxin (LPS) shock can be attributed to C activation
as plasma levels of both C3a and C5a are markedly elevated in LPStreated rats [14]. The underlying physiological changes include
systemic hypotension and increased hematocrit, along with
decreases in the leukocyte (PMN), monocyte, and platelet counts.
Prior administration of a rat anti-C5a antibody failed to alter
the hematologic changes and pulmonary edema caused by LPS,
while the decrease in mean arterial pressure and the increase of
hematocrit was partly prevented.
Zymosan is a ligand found on the surface of fungi, like yeast, and
it is widely used to activate the alternative pathway of complement.
It is a glucan with repeating glucose units connected by β-1,3glycosidic linkages, which activates nuclear factor-κB (NF-κB)
signaling in resident macrophages via toll-like receptors [15].
Damas et al. performed a series of studies to explore the
hemodynamic, pulmonary and hematologic eﬀects of zymosan in
rats, and reported the following changes [16–21]. Intravenous
treatment with zymosan reduced serum C hemolytic activity and
caused leukopenia, thrombocytopenia, as well as decreased blood
pressure and increased hematocrit as a result of extravasation
of extracellular fluid in various vascular beds [16–21]. Most
importantly, zymosan increased right ventricular systolic pressure
and respiratory rate [18], which is also a key finding in pigs after
liposome administration [22]. WEB 2086, a PAF antagonist,
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prevented the decreases in blood pressure and right ventricular
systolic pressure, while indomethacin decreased the tachypnea
and pulmonary hypertension but enhanced the drop in blood
pressure and right ventricular systolic pressure. The vascular
permeability change in the lung was abolished by indomethacin,
and no plasma extravasation was found in rats made leukopenic
by rabbit anti-neutrophil serum. On the other hand, WEB 2086,
the antihistamine mepyramine, or the non-selective serotonin
antagonist methysergide did not aﬀect the vascular permeability
response to zymosan in the lung. The zymosan-induced paw edema
was prevented by pretreatment with the histamine H2 receptor
antagonists, cimetidine and metiamide [19].

13.3

CARPA in Pregnancy

The potential C activation-related harmful eﬀects of nanomedicines
can be even more serious in pregnancy, as sustained C activation
is suspected to contribute to the development of gestational
complications and preeclampsia [23, 24]. Hypertension was
induced in pregnant rats using the reduced uterine perfusion
pressure (RUPP) model, and the animals were treated daily with
the C5a receptor antagonist (C5aRA), PMX51 (acetyl-F-[Orn-P-(DCha)-WR]), the C3a receptor antagonist (C3aRA), and SB290157
(N2-[(2,2-diphenylethoxy) acetyl]-L-arginine) on gestational days
14–18. Both C3aRA and C5aRA partially reversed hypertension
on gestational day 19, while only the C5aRA lowered tachycardia
and attenuated the impaired endothelium-dependent relaxation
in the mesenteric artery [25]. However, neither antagonist altered
the decrease in plasma VEGF concentration or fetal retardation,
but the C5aRA decreased the number of circulating neutrophils.

13.4

Characteristics of Liposome-Induced
CARPA in Rats

The syndrome called later as CARPA was first demonstrated
in conscious rats by Rabinovici et al. (1989) [26], who studied
the hemodynamic, hematologic and blood chemistry eﬀects of
liposome-encapsulated hemoglobin (LEH), a potential red blood

Characteristics of Liposome-Induced CARPA in Rats

cell substitute [26]. The intravenous injection of LEH induced a
transient, but relatively long lasting ( < 120 min) hypertension and
tachycardia that was accompanied by increases in hematocrit and
white blood cell count, while platelet count decreased. Plasma
thromboxane B2 (TXB2, the stable metabolite of TXA2) levels
increased in inverse correlation with platelet count. Injection of
the hemoglobin-free liposome vehicle caused hypotension and
tachycardia, increased hematocrit, white blood cell count and
plasma TXB2 levels but decreased platelet count [26, 27]. In a
subsequent study LEH was prepared using synthetic distearoyl
phosphatidylcholine instead of hydrogenated soy lecithin. This
change in formulation reduced the eﬀects on heart rate and
plasma TXB2 levels, while the administration of lyophilized LEH
had no detectable hemodynamic, biochemical or hematologic
eﬀects [27, 28]. These results established that the size and
compositions of liposomes are key modifiers of the hemodynamic
and hematologic changes. The same authors also showed that
pretreatment of rats with BN 50739, a platelet-activating factor
(PAF) blocker prevented the LEH-induced CARPA, suggesting
that PAF is a key mediator of CARPA in rats [29].
Treatment with LEH and, to a lesser extent, hemoglobinfree liposomes reduced plasma hemolytic C activity within a few
minutes that came together with a reciprocal increase of plasma
TXB2 levels in rats [30]. In an attempt to explore the mechanism
of C activation, LEH was incubated in rat serum in the presence of
EGTA/Mg++, which inhibits C activation via the classical pathway,
or the serum was preheated to 50°C, which inhibits C activation
via the alternative pathway. Since heating alone prevented C
consumption by LEH, it was concluded that LEH activated the
alternative pathway [30]. Furthermore, administration of soluble
C receptor type 1 (sCR1), or C depletion using cobra venom
(CVF) factor prevented the LEH-induced increase in plasma TXB2
levels. These results established a causal relationship between
LEH-induced C activation and the release of TXB2 [31]. In a
later study it was revealed in conscious rats that treatment
with liposome vesicles containing anionic phospholipidmethoxypolyethylene glycol (mPEG) conjugates decreased serum
hemolytic C activity and increased plasma TXB2 levels, while
the nonionic, methylated phospholipid-mPEG was free of such
eﬀects. Therefore, C activation was due to the zwitterionic
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phospholipid head-groups that should be avoided in order to
produce safer vesicles for site-specific drug delivery [32].
Another research group packed contrast agents in liposomes
of various lipid compositions in order to prevent glomerular
filtration of the contrast agents, and thereby lengthening their
circulation time. As to the high dose of contrast agents to be
administered, the amount of liposomes was also high. Not
surprisingly, 300 mg/kg i.v. hydrogenated soy phosphatidylcholine
(HSPC) or 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)
induced drastic hypotension, decreased total peripheral resistance
(TPR) and cardiac contractility [33]. On the other hand, soy
phosphatidylcholine (SPC) or the addition of cholesterol to DSPC
reduced the hemodynamic eﬀects of liposomes at the same
dose. However, C activation parameters were not followed. In a
subsequent study, liposomes were injected i.v. in either maleic
acid/NaOH, or Na2-EDTA (pH 6.65), or Tris-HCl buﬀer (pH 7.33)
and also contained 300 mg/kg iopromide at a 1 to 1 lipid-to-drug
ratio. The acidic preparation induced hypotension, decreased TPR
and cardiac contractility, while the buﬀered preparation was much
less eﬀective. Acetylsalicylic acid prevented the hemodynamic
eﬀects [34]. The authors concluded that the size, electric charge,
and composition of liposomes were of major importance to elicit
cardiovascular responses [34, 35].
In our laboratory we have applied the rat model of CARPA
to investigate the immunological and hemodynamic responses
to intravenous bolus injections of liposomes diﬀering in surface
properties. Systemic arterial blood pressure (SAP) and heart rate
(HR) were continuously recorded in anesthetized male Wistar
rats, and blood samples were taken to measure blood cell count
and plasma TXB2 levels, as well as to determine total C activation
using the classical C hemolytic (CH50) assay. The small unilamellar
vesicles used in these studies, i.e., commercial Ambisome and
a synthetic saturated PC (DPPC) and cholesterol-containing
PEGylated liposome formulation wherein 2K-PEG is conjugated
to cholesterol (Chol-PEG), had nearly an identical size and
polydispersity, but had very diﬀerent surface properties that
represented two frequently applied surface modification. Namely,
AmBisome is a surface conjugate-free, highly anionic (negatively
charged) liposome, while Chol-PEG liposomes are neutral,
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surface-stabilized stealth vesicles (Table 13.1). To induce CARPA,
zymosan was utilized for direct C activation, while AmBisome and
2K-PEG-Chol (Chol-PEG), as mentioned above, served as liposomal
C activators.
Table 13.1 Characteristics of liposomes applied in the study by Dézsi et al.
[11], reproduced with permission

Name

Character Lipid composition Mole ratios

AmBisome Anionic,
no PEG
Chol-PEG

Zeta
Size,
potential,
nm PDI mV

HSPC/Chol/DSPG/ 49:23:18:0.3:9 98
Vit-E/Amph-B

NeutralDPPC/DSPE/Chol/ 62:5:28:5
PEGylated 2k-PEG-Chol

97

0.12 –53.5
0.05 0.49

We have measured and compared the hemodynamic and
hematologic eﬀects of these liposomes in comparison with those
caused by zymosan that served as a positive control. The eﬀects
of zymosan administration at 10 mg/kg i.v. are shown in Fig. 13.1.
A gradual decrease in SAP by 40% after 10 min (Fig. 13.1A) could
be observed, while HR (Fig. 13.1B) did not change. We have also
seen significant leukopenia by 50% at 5 min that was restored
by 30 min (Fig. 13.1C), which was associated with significant
thrombocytopenia by 30% after 1 min (Fig. 13.1D). There was
a severe reduction (by 60%) in hemolytic activity (Fig. 13.1E),
while plasma TXB2 exhibited a significant, 4-fold rise (Fig. 13.1F).
AmBisome, calculated on its phospholipid (PL) content, was
applied to rats at 22 mg PL/kg i.v. Administration of this lipid
vesicle lead to a gradual decrease in SAP by 40% after 5 min
(Fig. 13.2A), while no change in HR (Fig. 13.1B) was found.
However, significant initial leukopenia by 50% was observed at
5 min, switching to leukocytosis by 10 min (Fig. 13.2C). This
change paralleled the thrombocytopenia by 60% after 3–5 min
(Fig. 13.2D). At this high dose, we have seen a reduction in
hemolytic activity by 40% (Fig. 13.2E), however, plasma TXB2
rose only minimally (Fig. 13.2F). Except for somewhat diﬀerent
hematologic (Fig. 13.2C,D) and less TXB2 (Fig. 13.2F) changes, the
eﬀect of 22 mgPL/kg AmBisome was essentially identical to that
seen with 10 mg/kg zymosan.
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Figure 13.1 Pathophysiological changes in rats injected with 10 mg/kg
i.v. zymosan. Dézsi et al. [11], reproduced with permission. Values shown
are Mean±SE (n = 8). The curves were constructed from the 0, 1, 3,
5, 10 and 30 min readings of SAP and HR after injection, as well as of
other parameters measured from blood samples taken at the same
time points. *, **, ***: p < 0.05, 0.01, 0.001, respectively vs. the time 0 value.

Zymosan, being a well-known C activator, the practical
identities of the measured physiological eﬀects and C activation by
AmBisome and zymosan provides strong support for C activation
underlying the observed hemodynamic and hematologic changes.

Characteristics of Liposome-Induced CARPA in Rats

Figure 13.2 Pathophysiological changes in rats injected with 22 mg PL/kg
i.v. AmBisome (n = 8). Dézsi et al. [11], reproduced with permission.
Similar experiments to that of Fig. 13.1.

Finally, the efficacy of the two types of liposomes with diﬀerent
surface characteristics was compared. Chol-PEG liposomes at
the dose of 60 mg PL/kg i.v. caused no changes in the measured
parameters. Then, the eﬀects of a 5-fold higher dose (300 mg
PL/kg Chol-PEG) were tested that also resulted only in minor
changes. There was a relatively small, although significant decrease
in SAP (by 16%), while HR did not change. In parallel, we have
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found moderate leukopenia (but no leukocytosis), as well as
thrombocytopenia (both 30%). A slight decrease in hemolytic
activity and a small rise in plasma TXB2 could also be observed.
Thus, Chol-PEG liposomes turned out to be substantially less
eﬀective C activators in rats compared with AmBisome or zymosan.
This study confirmed previous claims that rats are less
sensitive to liposome-induced reactions than pigs. For example,
the eﬀective AmBisome dose to induce a similar drop in SAP was
2200-fold higher in rats than in pigs, since a 0.01 mgPL/kg i.v.
was already eﬀective in pigs. Another notion is that there could be
huge diﬀerences between test agents of similar kind based on their
physical characteristics. These figures provide strong evidence
that the rat is not a sensitive model for immune toxicity screening
or quantitative evaluation of the risk of CARPA. However, because
the physiological changes in rats are essentially the same as
those seen in pigs and humans, rats still provide a good model
to study the reaction mechanisms of CARPA.

13.5

Effects of Complement Components
C3a and C5a in the Guinea Pig

Complement C3a and C5a have distinct hemodynamic eﬀects.
Administration of porcine C5a or C5a des-Arg caused an
immediate and short lived fall in blood pressure followed by
a longer hypertensive response lasting for a few minutes in
anesthetized guinea-pigs. Only the hypertensive eﬀect was
attenuated upon repeated administration, i.e., showed tachyphylaxis
[36]. Bronchoconstriction followed the same time-course as
hypotension, but the reaction was also tachyphylaxic [36]. The
hypertensive eﬀect was similarly, but only partly, reduced by
pretreatment with histamine or alpha-adrenoceptor blockers,
suggesting that C5a caused catecholamine liberation through
the release of histamine. The second, hypertensive phase of the
C5a eﬀect is specific for the guinea pig as C5a causes mainly
hypotension in other species. Administration of C5a des-Arg
induced hypotension that lasted for more than 10 min, and was
prevented by indomethacin pretreatment. Later studies extended
the above findings by demonstrating that indomethacin, the

Effects of Complement Components C3a and C5a in the Guinea Pig

thromboxane synthetase inhibitor U-63557A and the thromboxane
receptor antagonist SQ 29,548 all attenuated, but the LTD4
antagonist L-649,923 failed to alter the C5a or C5a des-Arginduced hypertension in anesthetized guinea-pigs. In summary,
the tachyphylactic histamine and catecholamine release and the
consequent hypertensive response induced by C5a was mediated
by thromboxane. Contrary to the above findings, pyrilamine, a H1
antagonist did not alter, but phentolamine, an alpha-adrenergic
antagonist inhibited the hypertensive eﬀect. Treatment with
C5a also decreased PMN and platelet counts. The C5a or C5a desArg-induced blood pressure rise was diminished after depleting
the animals’ platelets and white blood cells, while depleting the
circulating PMN only had similar eﬀects [37, 38].
The pulmonary response in anesthetized guinea-pigs to
intravenous recombinant human C5a (rhC5a) was a reduction
in dynamic lung compliance and an increase in pulmonary
resistance. Similar to previous studies [39], bronchoconstriction
followed the same time-course as hypotension, and it was also
tachyphylaxic. Bronchoconstriction was not altered by pyrilamine
despite an increase in plasma histamine levels. SQ 29,548, a
selective thromboxane antagonist decreased the peak response
only, while the superoxide dismutase and TXA2 inhibitor U-63557A
altered the time course of the bronchoconstrictor response [39].
The time course and magnitude of bronchoconstriction was not
aﬀected by selective depletion of PMN, platelets or both. However,
pyrilamine inhibited the bronchoconstriction after depletion
of both circulating PMN and platelets [38]. Thus, similar to the
hypertensive response, an increased pulmonary resistance due
to bronchoconstriction was most likely mediated by the eﬀect
of thromboxane, while granulocytes and platelets were less
important.
Similarly to C5a, treatment with the C3a-peptide (the last 21
amino acids of guinea pig C3a) caused a huge increase in
pulmonary resistance and a decrease in dynamic lung compliance
in guinea pigs [40]. The C3a-peptide also induced a transient
systemic hypotension, followed by a longer hypertension lasting for
about 5 min, and then blood pressure decreased for an additional
10–15 min. All these responses were absent in the C3a receptordeficient (C3aR-) guinea pigs. Administration of recombinant
human C5a (rhC5a) evoked almost the same responses to the C3a-
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peptide with similar magnitude and time course in normal
and C3aR-guinea pigs. The ovalbumin-induced increase in
pulmonary resistance and decrease in dynamic lung compliance
was slightly delayed but was not attenuated in C3aR-vs. normal
guinea pigs. On the other hand, the triphasic blood pressure
response was altered in C3aR-guinea pigs in such a way that
the hypertensive eﬀect was aggravated and delayed and the late
hypotensive eﬀect was attenuated, suggesting a minor role of
C3aR in the anaphylactic response in guinea pigs [40].

13.6

Effects of Complement Components C3a
and C5a in the Rat

Treatment with C5a desArg (5 μg/rat) decreased mean arterial
pressure and PMN, monocyte and platelet counts but did not alter
the hematocrit in rats [14]. Administration of rhC5a induced an
almost immediate hypotension lasting for more than 2 h, and
resulted in a shorter, < 30 min drop of circulating PMN cell counts
in rats [41]. On the other hand, treatment with rhC3a caused a
rapid, dose-dependent hypertension that lasted for a maximum of
5 min. The hypertensive eﬀect was slightly potentiated by
pretreatment with carboxypeptidase N inhibitor but was
abolished by indomethacin. Administration of rhC3a elevated
PMN cell counts with a delay of about 90 min at low doses, while at
high doses it similarly elevated PMN cell counts that was preceded
by a small neutropenia lasting for about 60 min, but this early
response failed to reach the level of statistical significance.
Pretreatment with carboxypeptidase N inhibitor abolished the
delayed increase in PMN cell count that was caused by the low
dose of rhC3a, but elicited an early and small neutropenia that was
similar to that induced by the high dose of rhC3a [41].
One of two short peptide C5a agonists bound to C5aR on
both PMN and macrophages while the other had affinity only
for the macrophage C5aR. As a consequence, both C5a agonists
decreased blood pressure of anaesthetized rats, while only
the agonist with affinity for the granulocyte C5aR caused
neutropenia [8]. These results gave an insight into the mechanism
of the various eﬀects of C activation, and raise the possibility of
selectively altering various consequences of CARPA.

Eﬀects of Complement Components C3a and C5a in the Rabbit, Hamster and Mouse

There are only a few studies on the eﬀects of C in the
pulmonary vasculature in rats. Therefore it is an important
observation that the infusion of the 21-carboxy-terminal peptide
of C3a (C3a57-77) caused an immediate pulmonary vasoconstriction
lasting for 10 min in isolated, crystalloid buﬀer-perfused
rat lungs. There was a parallel increase in lung-effluent TXB2 level,
which was directly responsible for the pulmonary vasoconstriction
as both indomethacin and the thromboxane synthetase inhibitors
CGS 13080 and U63,357 inhibited the pulmonary arterial pressor
response [42]. These results call the attention to the fact that
the rat lung can be a direct target organ of CARPA despite the
absence of pulmonary intravascular macrophages (PIM cells),
which cells seem to have a pivotal role in making the lungs the
primary responder organ in the highly CARPA sensitive pigs [11].

13.7 Eﬀects of Complement Components
C3a and C5a in the Rabbit, Hamster
and Mouse
In anesthetized rabbits, treatment with C5a induced a systemic
hypotension lasting for about 10 min, a fall in white blood cell
count, and an increase in plasma histamine, PGE2, TXB2 and
prostacyclin levels, while heart rate, cardiac contractility,
hematocrit and platelet count did not change [43]. PMN cells
almost fully disappeared from the blood, while lymphocyte cell
counts decreased by about 50%. Central venous pressure increased
in parallel with hypotension. All eﬀects remained the same upon
repeated administration of C5a. Pretreatment with indomethacin
abolished the hemodynamic and prostaglandin responses but
leukopenia reappeared. In contrast, the H1-receptor antagonist
pyrilamine, and the thromboxane synthetase inhibitor dazoxibene
failed to alter the hemodynamic responses, while the H2-receptor
antagonist cimetidine attenuated the blood pressure drop and the
elevations in plasma prostaglandin levels [43].
A detailed study evaluated leukopenia and subsequent
leukocytosis activity of human C5a in a rabbits. Neutrophil,
monocyte, eosinophil, and basophil counts all rapidly dropped
upon intravenous treatment with human C5a, suggesting
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C5a-activated leukocytes which become adherent, leading to
sequestration, and depletion of cells from the circulation. However,
C5a seemed to mobilize bone marrow causing a huge increase in
monocyte, eosinophil, and basophil counts starting at 10–20 min
after treatment. Indomethacin failed to alter the eﬀects of C5a.
Epinephrine, dexamethasone, lipopolysaccharide, and the
prostanoid 15(S)-15-methyl PGF2α produced a diﬀerent profile
of leukocyte mobilization than that of C5a. It was hypothesized
that C5a was directly responsible for the leukocitosis without
the involvement of secondary mediators [44].
The hamster cheek pouch is a suitable model for studying
the microvascular eﬀects of C3a and C5a. Topical application of
C3a (10 nM) caused local vasoconstriction, platelet aggregation,
and increased vascular leakage of fluorescein-labeled dextran.
Higher doses of C5a (20 or 100 nM) had the same eﬀects and also
resulted in accumulation of PMN. Pretreatment with mepyramine,
a histamine H1 receptor blocker, partially inhibited the early
phase (up to 5 min) of complement-induced extravasation, which
was also partly due to the recruitment of PMN [45].
Liposome-induced CARPA was rarely evaluated in mice
in vivo but the result from a number of excellent in vitro tests have
been published, among others, a study by Banda et al., showed
that iron-containing nanoparticles can activate complement
in mouse serum via the lectin and alternative pathways [46].
A recent in vivo study has shown that intravenous treatment
with a polyethoxylated castor oil-free, liposome-based paclitaxel
formulation or paclitaxel-free liposomes caused hypersensitivity
reactions after treatment, including shortness of breath and
dyspnea. The paclitaxel formulation induced pulmonary edema,
and increased serum sC5b-9 and lung histamine, i.e., caused C
activation [47]. These results suggest that in mice also the lung
seems to be the primary target organ similarly to pigs [22].
The role of zymosan causing plasma extravasation was widely
investigated in the zymosan-induced peritoneal inflammation
model in mice. Zymosan increased vascular permeability and
caused peritoneal inflammation in Balb/c mice. The role of mast
cells was found to be crucial in the zymosan-induced peritonitis,
which was mediated via histamine receptors [48]. Other authors
have found that leukotriene C4 synthase (LTC4S) mediates an

Conclusions

increased vascular permeability [49]. These eﬀects were lacking
in mast cell-deficient WBB6F1 Balb/c mice and LTC4S-/- C57BL/6
mice [48, 49].
Although we consider the liposome-induced CARPA as a
side-eﬀect due to C activation, liposomes can activate PMN
leukocytes that can lead to a therapeutic eﬀect. In fact, empty
liposomes were similarly eﬀective to liposomal amphotericin B in
alleviating invasive pulmonary aspergillosis in a non-neutropenic
murine model [50].
Characteristic changes of in vivo observed parameters in
various rodent models of CARPA are summarized in Table 13.2.
Table 13.2 Symptoms of CARPA in diﬀerent rodent species
Symptoms

Rat

Mouse Guinea pig

Rabbit

Rise of PAP (dyspnea)

+ [18]

+ [47]

+ [36, 39, 51] + [52]

Hypo/hypertension

+ [11]

+ [53]

+ [36]

+ [43, 54]

Hemoconcentration
(rise of Hct)

+ [14, 26] + [53]

?

?

Leukopenia/leukocytosis + [11]

+ [55]

+ [38]

+ [43, 54]

Thrombocytopenia

+ [11]

+ [56]

+ [38]

+ [54]

Rise in TXB2

+ [11]

?

?

+ [43, 54]

Note: The presence of specified symptoms are shown with +mark, with
corresponding references in brackets. ? means lack of information.

13.8 Conclusions
Although the eﬀects of treatment with nanoparticle-containing
carrier systems and medicines have not been fully explored in all
rodent species, the collective results unequivocally prove that all
major characteristics of CARPA are present in rodents including
respiratory, hemodynamic and hematologic eﬀects. The current
information clearly shows that rodents represent appropriate
models to study the reaction mechanisms of CARPA, as well as
rodents are suitable for safety prediction of side eﬀects of
nanomedicines in humans, although at a much lower level of
sensitivity.
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14.1 Background
RNA interference (RNAi) is an evolutionary conserved pathway
by which double-stranded RNA (dsRNA) molecules mediate
sequence-specific, post-transcriptional gene silencing in cells [1].
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Andrew Fire and Craig Mello discovered the pathway in their
Nobel Prize-winning studies in Caenorhabditis elegans published
in 1998 [2]. It has since been shown to be a crucial mechanism
found in many eukaryotes, responsible for regulating gene
expression in response to unfavourable environmental stimuli,
and a part of the cellular innate defence against transposons
and infection by RNA viruses [3]. The pathway has attracted
immense research interest due to the therapeutic potential of
harnessing it to manipulate expression of disease-associated
genes, eﬀectively oﬀering a universal approach for treatment of
genetic and viral diseases [4].
Various dsRNA molecules trigger RNAi, e.g., long dsRNAs,
small interfering RNAs (siRNAs), short hairpin RNAs (shRNAs)
and micro RNAs (miRNAs). The following will focus on exogenous
siRNAs, as they circumvent limitations posed by other dsRNAs
and thus currently hold the greatest promise as therapeutic
agents. For example, in contrast to long dsRNAs, siRNAs do not
elicit an interferon response [5]. Similarly, unlike miRNAs, siRNAs
require perfect base pairing with mRNA to mediate target-specific
gene silencing [6]. Exogenous siRNA molecules consist of a 19–21
base pair (bp) core duplex, followed by UU or TT 3′ dinucleotide
overhangs on each strand, necessary for recognition by the RNAi
machinery. The 5′ ends are phosphorylated, while the 3′ ends are
hydroxylated (Fig. 14.1). The mechanism by which RNAi arrests
de novo protein synthesis has been reviewed elsewhere [7, 8].
Briefly, siRNA targeting a specific gene is transfected into cells.
In contrast to the longer dsRNA, siRNA is not cleaved by the
endoribonuclease Dicer due to the smaller molecular size.
Instead, synthetic siRNA is loaded directly into the RNA-induced
silencing complex (RISC). The siRNA molecule is subsequently
unwound, and the passenger strand is degraded, resulting in
activation of RISC [9]. The remaining single RNA strand, usually
the antisense strand, functions as a guide strand, which binds with
perfect base complementarity to the target mRNA [7]. Binding
activates argonaute 2 (AGO2) of the RISC complex, which in turn
cleaves the mRNA phosphodiester backbone between nucleotides
10 and 11, relative to the 5′ end of the guide strand [10]. Cleavage
of the mRNA induces its degradation by exonucleases, eﬀectively
preventing translation [5].

Background

Figure 14.1 Gene silencing mechanism of siRNA. (1) siRNA is transfected
into the target cell. (2) The RISC protein complex assembles, and (3) siRNA
is loaded. (4) The siRNA is unwound into its constituent strands in an
ATP-dependent process. (5) The passenger strand is degraded, and (6)
the siRNA guide strand is bound to RISC, which is then activated. (7) The
target gene in the nucleus is transcribed to mRNA, (8) which is exported
to the cytosol. (9) The guide strand binds to the mRNA with perfect base
complementarity, and (10) the mRNA is subsequently cleaved by AGO-2
and (10) degraded. (11) The activated RISC complex can bind to additional
mRNA molecules, eventually amplifying the RNAi eﬀect.

14.1.1

Hurdles to siRNA Delivery

Utility of siRNA therapeutics is entirely reliant on the ability to
deliver siRNA molecules to their site of action, namely the cytosol
of the target cells. The numerous delivery hurdles faced by siRNA
can be broadly categorized into physical, chemical and biological
barriers. The physicochemical properties of siRNA, e.g., the
anionic phosphate backbone, hydrophilicity, and relatively large

443

444

Immune Reactions in the Delivery of RNA Interference-Based Therapeutics

Figure 14.2 Biological barriers to siRNA delivery. (1) Systemically
administered siRNA is injected into the blood circulation, where it is
subjected to (2) endogenous nuclease degradation, (3) hepatic clearance
and (4) renal clearance. Once in the liver, siRNA is phagocytosed by cells of
the mononuclear phagocytic system. The siRNA remaining in the systemic
circulation is passively transported to organs, (5) where siRNA may enter
the interstitium, and undergoes further degradation by endonucleases
and phagocytes during passive diﬀusion to the target cell. In contrast,
(6) locally administered siRNA is delivered directly to the target tissue,
(7) and is thus only subject to endonucleases and phagocytes located
there. (8) Subsequently, siRNA may be internalized, primarily through
endocytosis. (9) The resulting endocytic vesicles fuse with early
endosomes, (10) which mature into late endosomes, (11) prior to
fusing with lysosomes, where siRNA is degraded. To avoid degradation,
(12) siRNA must undergo endosomal escape into the cytosol after
which (13) siRNA is available for binding to the RNAi machinery.

molecular weight (approx. 13 kDa), advocate unfavourable cell
uptake. In addition, biological barriers impede both extracellular
and intracellular trafficking of siRNA (Fig. 14.2). The main
extracellular challenges faced by systemically administered siRNA
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are (i) endogenous nuclease degradation, (ii) phagocytosis by the
mononuclear phagocytic system (MPS), and (iii) renal clearance,
collectively ensuing a plasma half-life of less than 10 min [11].
At the cellular level, siRNA has to overcome the hydrophobic cell
membrane and enter the cytosol. If taken up via endocytosis,
endosomal escape represents the major challenge to avoid
lysosomal degradation [12].
By direct delivery of siRNA to the target by local administration,
some of the extracellular hurdles encountered upon systemic
delivery are bypassed, including the need to evade renal excretion
and navigate the circulatory system, while simultaneously
improving siRNA biodistribution to target cells. The large
percentage of clinical trials employing local, rather than systemic
delivery, is a reflection of this [13]. However, exploring systemic
administration in the long term is essential to transfect difficult
to reach cells, and realize the full potential of RNAi.

14.2

Overview of Approaches for Efficient
Intracellular Delivery of siRNA

A number of highly diverse strategies have been explored to
overcome siRNA delivery hurdles and translate RNAi therapy
towards the clinic. The approaches can broadly be categorized into
(i) chemical modification of siRNA, (ii) conjugation of siRNA with
biomolecules, (iii) siRNA complexation, and (iv) encapsulation
of siRNA in nanoparticles. At present, siRNA modification and
siRNA encapsulation have been the most fruitful strategies in
terms of reaching clinical trials, each with nine drug candidates in
comparison to only two conjugation-based candidates [14]. The
potentials and limitations of each approach are discussed in the
following section, with specific focus on how delivery barriers are
overcome and the associated side effects, drawing on the most
widely applied examples of each.

14.2.1 Chemical Modification

The most straightforward delivery approach is chemical
modification of siRNA molecules. Strategically positioned
modifications can alter interactions between siRNA and cellular
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proteins, providing a means to overcome siRNA delivery barriers,
including nuclease degradation and immunostimulation.

Figure 14.3 Examples of chemical modifications of siRNA molecules. The
structure of unmodified siRNA is presented at the top. Modifications that
reduce nuclease degradation and immunostimulation are presented to
the left and right of the Venn diagram, respectively. The intersection
represents modifications that simultaneously reduce nuclease degradation
and immunostimulation.

Due to the presence of a hydroxyl group at the 2 position of
each nucleotide, siRNA molecules are highly susceptible to RNasecatalysed hydrolysis. Early chemical modification analysis showed
that the 2 hydroxyl groups are not involved in RISC binding and
therefore not required to induce RNAi [15]. As a result, extensive
modifications of the 2 position have been tested with the aim of
minimizing RNase degradation, while maintaining siRNA activity.
Two of the most commonly used modifications are addition of
methyl or flouro groups (Fig. 14.3, left), which both decrease RNase
recognition, and these modifications are well-tolerated throughout
the duplex [15]. More bulky modifications, e.g., 2-O-methoxyethyl-RNA (MOE) and 2-O-allyl-RNA (Fig. 14.3) also reduce
RNase degradation, but compromise RNAi potency, because these

Overview of Approaches for Efficient Intracellular Delivery of siRNA

these modifications disrupt the siRNA A-form helical structure,
limiting their application to siRNA termini [15]. Additionally, while
the 2-O-Me modification is naturally occurring, the others are
not, thus potential toxic side effects must be considered.
Alternatively, the phosphate backbone can be modified. Replacement
of a non-bridging oxygen with boron (boranophosphate), sulphur
(phosphorothioate), nitrogen (phosphoramidite) or methyl groups
(methylphosphonate) (Fig. 14.3), is compatible with RNAi activity,
and hinders nuclease degradation [16]. However, these modifications
can be cytotoxic and some, like boranophosphate, are challenging
to synthesize. A final modification worth mentioning is end cap
modification. Exonuclease attack occurs at the 3-overhang of siRNA
and progresses in the 35 direction. Addition of an inverted-dT
base or other non-nucleotide groups to the 3 end (Fig. 14.3), offers
a strategy for protection against this exonuclease attack. While
promising, such end cap modifications are immunostimulatory
[17], and can only be added to the passenger strand termini without
disturbing the RNAi process.
Chemical modification can also be harnessed to address
immunostimulation, which is another key hurdle to RNAi therapy
(Fig. 14.3, right). The innate immune system is activated when
siRNA molecules are recognized by toll-like receptors (TLRs), e.g.,
TLR3, TLR7 and TLR8. The 2-O-Me, 2-F and phosphorothioate
modifications discussed above are multifunctional in nature,
because they also impede TLR recognition. Incorporation of as
few as two 2-O-Me nucleotides is sufficient to abrogate TLR
recognition of an entire siRNA molecule [18]. Mechanistically,
2 methyl groups act as competitive inhibitors of TLR7 thereby
protecting them in trans [15]. Other modifications, which prevent
immunostimulation in naturally occurring RNA molecules, can
be incorporated in synthetic siRNAs to achieve a similar effect.
These include incorporation of pseudouridine and N6-methylatedadenosine (Fig. 14.3), respectively, inhibiting binding to TLR7
and TLR3. Incorporation of N6-methyladenosine specifically
evades immune stimulation by destabilizing the duplex structure,
recognized by TLR3. However, pseudouridine and N6-methylatedadenosine modifications are utilized to a limited extent due to
the success of other modifications, in particular 2-O-Me [19].
Finally, 2-deoxynucleotides (Fig. 14.3) have recently been reported
to impede immune recognition, particularly dU and dT bases [20].
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Unlike other modifications, this modification is exceptionally
versatile with the possibility for incorporation in the entire
passenger strand and the 5′ end of the guide strand without
aﬀecting RNAi potency [21].
Evidently, various modifications can be employed to
reduce siRNA instability and immunostimulation. The discussed
modifications have been found to increase siRNA half-life a
thousand fold in human serum, and duplexes 90% modified
with 2′-O-Me, 2′-F and DNA residues were shown to have no
detectable eﬀects on cytokine and interferon levels, while
unmodified siRNA caused considerable immune induction [17].
However, the negative impact on RNAi potency and oﬀ-target
eﬀects associated with siRNA modifications limit their usefulness.
A solution is to identify the most vulnerable positions in the
duplex and modify only these specific positions.

14.2.2 ConjugaƟon of siRNA to Biomolecules
An alternative strategy comprises conjugation of siRNA to a
biomolecule. Depending on the specific type of conjugate, this
approach may (i) enable target-specific delivery, (ii) improve
serum stability and (iii) increase transfection efficiency (Table
14.1). Conjugation is primarily performed via cleavable linkages
(e.g., acid-labile and reducible bonds) at the 3′ or 5′ termini of
the sense strand, to facilitate intracellular release of siRNA and to
ensure that the 5′ antisense terminus, essential for RNAi initiation,
remains intact [22]. Below, focus will be on the first conjugate
system to demonstrate in vivo efficacy, i.e., cholesterol–siRNA
conjugates, and the more recent clinically tested conjugate system
N-acetylgalactosamine (GalNAc)-siRNA conjugate.
Conjugation to cholesterol introduces hydrophobicity to the
otherwise hydrophilic siRNA, enabling binding to serum albumin
and lipoproteins, which improves siRNA pharmacokinetics.
The siRNA half-life is extended from less than 10 min for the
unconjugated siRNA to approx. 95 min for the conjugate,
because ultrafiltration in the kidneys is reduced [23]. In addition,
cellular uptake is enhanced via lipoprotein receptor-mediated
endocytosis [24]. These two mechanisms have been shown to
increase in vivo silencing by 73% [25]. However, repeated high
doses (50 mg/kg) are required to eﬀectuate knockdown, and the
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eﬀect is restrained to lipoprotein-receptor expressing cells. Possible
improvements involve identifying other lipophiles that interact
more favourably with lipoproteins, or preassembling cholesterol–
siRNA conjugates with lipoproteins prior to administration.
Table 14.1 Overview of selected siRNA conjugates and their associated
therapeutic eﬀects and drawbacks
Therapeutic effects and
drawbacks

Conjugates
Small
molecule
based-

Receptor
ligand
based-

Lipophiles
(Cholesterol, fatty
acids and bile acids)

Improved serum stability
Enhanced transfection efficiency
Repeated high doses required

Cell-penetrating
peptides (CPPs)

Efficient cellular uptake
May elicit immune responses and
no improvement in serum stability

Polyethylene
glycol (PEG)

Increased serum stability
Longer half-life due to increased
hydrodynamic volume

Antibodies

Improved cell specificity and
minimized oﬀ-target eﬀects
Form multimeric aggregates
High-cost

N-acetyl
galactosamine
(GalNAc)

Facilitated hepatocyte delivery and
rapid cell uptake
Improved stability profiles and
long-lasting silencing
Reduced toxicity and
immunostimulation

Aptamers

Cell-type specific delivery
Low molecular weight facilitates
interstitial transport
Not all aptamers are efficiently
internalized by cells

Recently, there has been a major shift away from lipophilic
conjugates towards ligand conjugates that directly bind to cellsurface receptors [26]. An example is GalNAc conjugates that bind
to hepatocyte asialoglycoprotein receptors, triggering clathrinmediated endocytosis. Three GalNAc molecules are linked to one
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siRNA to increase receptor affinity. This type of siRNA conjugate
has been shown to have extended half-life, rapid hepatocyte
uptake and a wide therapeutic window, showing no immune
activation at doses up to 300 mg/kg [14]. The most clinically
advanced GalNAc–siRNA conjugate system is Alnylam’s TTRsc,
currently in phase III. However, the long-term safety and efficacy
of siRNA–GalNAc conjugates remain to be determined.

14.2.3 Complexation of siRNA
Another, less clinically advanced delivery approach involves siRNA
complexation with cationic lipids or polymers, forming lipoplexes or
polyplexes, respectively. The complexes are formed by self-assembly
via attractive electrostatic interactions between the anionic
siRNA and the cationic molecules [27]. While showing improved
transfection efficiency, siRNA complexes generally display low
colloidal stability in physiological medium and significant toxicity,
resulting in very few in vivo studies.
At present, a wide number of lipids have been tested for siRNA
delivery. Lipoplexes promote cellular siRNA uptake by increasing
hydrophobicity and facilitating endosomal escape [28]. However,
most lipoplexes have failed in clinical trials due to excessive
cationic charge, resulting in rapid clearance in first pass organs,
hepatic elimination, immune activation and hence low transfection
efficiency [29]. Ionizable and titratable lipids have been designed
to overcome these limitations. At low pH, ionizable and titratable
lipids are charged, enabling efficient complex formation. However,
they are neutral at physiological pH, circumventing undesired
side effects [29].
Polyplexes have also been extensively studied for siRNA
delivery. Cationic polymers, including chitosan, polyethyleneimine
(PEI) and poly-l-lysine (PLL), assemble with siRNA into polyplexes.
They protect siRNA from enzymatic degradation, enhance
transfection efficiency and facilitate endosomal escape, which
may occur via the so-called proton sponge effect [28]. On the
other hand, cationic polymers and linear PEI in particular, exhibit
high cytotoxicity [30]. Employing hyperbranched polymers like
polyamidoamine (PAMAM) and triazine to form dendriplexes
provides an alternative. In comparison to polyplexes, dendrimers
have been shown to form relatively more stable siRNA complexes
with reduced cytotoxicity [31]. Modification, like PEGylation,
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is promising for shielding the cationic charge and mitigate
cytotoxicity of polymer-based complexes [32]. While the solutions
presented mask the underlying limitations of each system, it is
clear that a better understanding of the delivery mechanisms,
including internalization routes and immune activation is
required to optimally design delivery systems [29].

14.2.4 Nanoparticle-Based Approaches

Nanoparticles, formed by encapsulation of siRNA, constitute
another siRNA delivery approach, currently under extensive
investigation. Nanoparticles encapsulating siRNA can be categorized
into three groups; lipid-based, polymer-based and inorganic
nanocarriers [33]. Generally, nanoparticles promote delivery by
protecting siRNA from degradation, facilitating cell membrane
permeation and enabling target-specific delivery through surfacebound ligands [34]. The following will focus on lipid- and polymerbased nanoparticles.
Lipid-based nanoparticles constitute the most widely used
and clinically advanced delivery approach. These nanoparticles
are usually composed of cationic lipid, with a neutral lipid, like
cholesterol, to stabilize the particles and prevent excessive cationic
charge [29]. While effective in vitro, these nanocarriers have
drawbacks in vivo due to interaction with opsonins, resulting in
rapid elimination from the bloodstream [26]. Innovative solutions
to these problems have therefore been developed for systems,
which have reached clinical trials. An example are stable nucleic
acid-lipid particles (SNALPs), in which the cationic lipids have been
optimized by altering their pKa value; they are charged at the low
pH in endosomes, but net neutral in the systemic circulation [35].
Likewise, biodegradable linkers have been employed to reduce
cytotoxicity [26]. PEGylation of SNALPs reduces interaction with
opsonins, which increases the circulation time. Collectively, this
has contributed to significant improvements in siRNA delivery,
with siRNA doses as low as 5 µg/kg capable of inducing in vivo
gene silencing with concurrent low toxicity [36]. A recent report
further suggested that SNALPs comprising novel lipid-like material
[epoxide-derived lipidoid (C12-200)] enter cells via pinocytosis,
bypass the endosomal route and thus evade immunostimulatory
effects of loaded siRNAs [37].
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Polymeric nanoparticles are less clinically developed. Initial
investigations were performed using anionic biocompatible
polymers, e.g., poly(lactic-co-glycolic acid) (PLGA) [26]. Since
then, additional systems have been developed, with cyclodextrinbased nanoparticles being the most clinically advanced [14]. These
nanoparticles are composed of polycationic cyclodextrin oligomer,
as well as adamantane-PEG (AD-PEG), adamantane–PEG–transferrin
(AD–PEG–Tf) and conjugated transferrin, to stabilize the cyclodextrin
core, shield the cationic charge and improve cellular uptake by
targeting the transferrin receptor CD71, respectively [38]. The
documented efficacy of cyclodextrin polymer-based nanoparticles
emphasises the benefits of multifunctional systems, and points
towards prospective developments within siRNA delivery, involving
these more complex systems to realize the full RNAi potential.
Yet another class of nanoparticles, referred as lipid-polymer
hybrid nanoparticles (LPNs) have been explored for siRNA
delivery [39]. Such an approach effectively mitigates the limitations
of polymeric nanoparticles and liposomes [40]. The principle
advantages associated with LPNs include (i) mechanical strength
provided by the polymeric core, (ii) superior biocompatibility
of the lipid coat, (iii) capability to load different types of active
pharmacutical ingredients for co-delivery applications, (iv) efficient
cellular uptake and membrane fusion characteristics, and (v)
flexibility to develop tailor-made particles by attaching ligands
for specific receptors [41].

14.3

Immune Reactions Elicited during
RNAi Therapy

Over the course of evolution, the immune system has developed
to recognize danger signals, i.e., pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns
(DAMPs), via pattern-recognition receptors (PRRs) [42–44].
Components of RNAi therapeutics, e.g., siRNA, cationic lipids
and polymers, may also be recognized by PRRs, which are either
membrane-bound, i.e., TLRs and C-type lectin receptors (CLRs),
or cytoplasmic receptors viz. NOD-like receptors (NLRs) and RIGI-like receptors (RLRs) [44]. The following section focuses on
the immunological reactions that can occur during RNAi therapy.

Immune Reactions Elicited during RNAi Therapy

14.3.1 Immune Reactions Stimulated by siRNA
Immunological responses may be elicited by siRNA under normal
course of exposure. The innate immune system recognizes dsRNA
and mediates a series of responses by induction of the secretion
of interleukins (ILs) and interferons (IFNs) [45]. The interleukins,
e.g., IL-1, IL-6, IL-12 and TNF-α, are secreted as first line of
defence leading to strong inflammatory responses, which may
be followed by activation of the adaptive immune system. The
innate immune system comprises a variety of cell types. Mast cells
residing in connective tissues and mucous membranes recognize
danger signals and recruit other members of the innate immune
system. Phagocytic cells of the innate immune system comprise
macrophages, neutrophils and dendritic cells (DCs). Neutrophils,
along with basophils and eosinophils, secrete a variety of toxic
substances to combat the foreign invaders. These cell types
recognize danger signals via PRRs. The adaptive immune system
comprises specialized lymphocytes, i.e., B cells and T cells. These
lymphocytes are initially primed by antigen-presenting cells (APCs),
primarily DCs and macrophages, which link the innate and adaptive
immune system. The adaptive immune system is highly specific
and is characterized by having immunological memory. The B
lymphocytes encountering known invaders secrete antigenspecific antibodies and in conjunction with T cells leads to their
neutralization. Upon activation, CD8+ T lymphocytes may proliferate
and differentiate into cytotoxic T cells (CTLs), which in collaboration
with phagocytic cells are responsible for clearance of pathogens. The
release of IFN-α and IFN-β by stimulated plasmacytoid DCs imparts
antiviral response, further recruiting additional CTLs, and a signalling
cascade is initiated. The PRRs play a pivotal role in initiating such
signalling cascades (Fig. 14.4). The siRNA is specifically recognized
by the horseshoe-shaped ectodomain of TLR3 thereby resulting
in formation of a stable homodimer mediated by C-terminal
bringing the juxtamembrane region into close proximity for signal
transduction [46]. The observations have been further corroborated
by various studies in TLR3-deficient mice [47]. In addition, TLR7
recognizes ssRNA in a sequence-dependent manner. However, the
in vivo stimulation of IFN-α secretion in TLR7-deficient mice was
only possible when immunostimulatory RNA was complexed with
cationic liposomes [48]. The results suggest a significant influence
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Figure 14.4 Mammalian TLR signalling pathways. TLR signalling is initiated
by ligand-induced dimerization of receptors. Subsequently, the Toll–
IL-1-resistance (TIR) domains of TLRs engage TIR domain-containing
adaptor proteins [either myeloid differentiation primary-response protein
88 (MYD88) and MYD88-adaptor-like protein (MAL), or TIR domaincontaining adaptor protein inducing IFNβ (TRIF) and TRIF-related adaptor
molecule (TRAM)]. TLR4 translocates from the plasma membrane to the
endosomes to switch signalling from MYD88 to TRIF. Engagement of the
signalling adaptor molecules stimulates downstream signalling pathways
that involve interactions between IL-1R-associated kinases (IRAKs) and
the adaptor molecules TNF receptor-associated factors (TRAFs), and that
lead to the activation of the mitogen-activated protein kinases (MAPKs)
JUN N-terminal kinase (JNK) and p38, and to the activation of transcription
factors. Two important families of transcription factors that are activated
downstream of TLR signalling are nuclear factor-κB (NF-κB) and the interferon-regulatory factors (IRFs), but other transcription factors, such as cyclic
AMP-responsive element-binding protein (CREB) and activator protein
1 (AP1), are also important. A major consequence of TLR signalling is the
induction of pro-inflammatory cytokines, and in the case of the endosomal
TLRs, the induction of type I interferon (IFN). dsRNA, double-stranded RNA;
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IKK, inhibitor of NF-κB kinase; LPS, lipopolysaccharide; MKK, MAP kinase;
RIP1, receptor-interacting protein 1; rRNA, ribosomal RNA; ssRNA, singlestranded RNA; TAB, TAK1-binding protein; TAK, TGFβ-activated kinase;
TBK1, TANK-binding kinase 1. Reproduced with permission from [52].

of the delivery system on the overall immunological response
towards therapeutic cargos. Furthermore, TLR8 can also recognize
ssRNA in a sequence-specific manner with preference towards
ssRNA containing GU-rich domains [49].
The cytoplasmic receptors additionally responsible for
initiation of the signalling cascade include dsRNA-activated protein
kinase (PKR) and retinoic acid-inducible gene-I (RIG-I). Approx.
11 bp of dsRNA have been shown to bind to the N-terminal of the
dsRNA-binding domain (dsRBD) of PKR in a sequence-independent
manner, resulting in autophosphorylation [50]. The activation of
PKR leads to the phosphorylation of translation initiation factor,
which subsequently inhibits translation of mRNA and release of
IFNs. Interestingly, different structural motifs, i.e., conventional
siRNA (containing two bp overhangs at the 3¢ end of each strand)
and blunt siRNA (no over hangs), did not show any discrepancy in
the activation of PKR, being moderate in both cases [45]. On the
other hand, RIG-I recognizes either ssRNA or dsRNA. However,
the recognition is dependent on the sequence, motif length, and
capping of the 5¢ triphosphate group. An uncapped dsRNA of less
than 300 bp (and as few as 10 bp), rich in poly-U/UC motif and
with no overhangs, is perfectly recognized by RIG-I [51].

14.3.2 Immunogenic Potential of Functional
Excipients Used in RNAi Therapy
The activation of PRRs initiates signalling cascades of immune
reactions, and they recognize a series of molecular patterns (or
structural motifs) of the pathogenic ligands. Hence, reasonable
efforts have been made to understand the structure-activity
relationship (SAR) of individual functional excipients, e.g.,
cationic lipids, as a function of their activation of the intracellular
signalling pathways (viz. pro-inflammatory- and pro-apoptotic
pathways) and subsequent toxicity (e.g., associated with
membrane destabilizing effects) [53]. The cationic lipids per se can
activate a series of inflammatory mediators, e.g., reactive oxygen
species (ROS), cytokine secretion and induction of DC maturation,
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leading to initiation of signalling cascades. In addition, release of
intracellular calcium ions is also triggered, further intensifying the
deleterious effects of cationic lipids on homeostasis [54]. The SAR
of cationic lipids suggests that activation of the signalling cascade
and/or subsequent toxicity is dependent on (i) the type of
hydrophilic headgroup, (ii) hydrophobic chains, and (iii) linker
moieties [55]. Cationic phospholipids with saturated C12 or C14 fatty
acid moieties showed higher DC activation, evident from CD80/86
upregulation, as compared to their longer counterparts with
saturated C16 or C18 and unsaturated C18 fatty acid moieties [56].
A major concern attributed to the use of cationic lipids
includes inhibition of protein kinase C leading to alterations in the
normal function of the immune system. These effects of cationic
lipids have been executed by series of either nuclear factor-κB
(NF-κB)-dependent pathways [MYD88 pathway or Toll-interleukin
receptor-domain-containing adapter-inducing interferon-β (TRIF)
pathway] and/or the NF-κB independent pathway [TLR4
independent nuclear factor of activated T-cells (NFAT) pathway).
Irrespective of the signalling pathway, a series of kinases, e.g.,
mitogen activating protein kinases (MAPKs), c-Jun N-terminal
kinases (JNKs), and extracellular signal regulated kinases (ERKs)
are activated, along with proteases, e.g., caspases, ultimately resulting
in inflammation and apoptosis (Fig. 14.4) [53].
PEI remains the most studied example of a cationic polymer
used for RNAi and it is highly effective and versatile [57].
The principle toxicity concerns associated with PEI includes
membrane disruption associated with pore formation, initiation
of cell death pathways [58], complement activation [59] and
induction of inflammatory responses [60]. The cationic polymers,
dendrimers, and cyclodextrins all activate the complement system,
thereby resulting in hypersensitivity reactions and immunological
responses [58].

14.4

Recent Advancements in Predicting
Immunological Complications

Recently, regulatory agencies have laid emphasis on the critical
assessment of immunogenicity assays and associated strategies
[61–64]. A series of guidelines and white papers have also been
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published on various aspects of bio-therapeutic products, including
quality, safety and efficacy. Although these recommendations
largely apply to the biotechnology-derived therapeutic proteins,
the principles may also apply to RNAi-based drugs. Careful
consideration of immunogenicity-related issues is necessary, as
potential immune reactions cannot be foreseen until advanced stages
of clinical development. In this context, yet another anticipated
challenge includes careful selection of controls. A three-step
approach is usually recommended, which comprises (i) screening
assays, which are sensitive yet with high throughput capabilities, (ii)
confirmatory assays, and (iii) bioassays [61]. A variety of screening
assays are envisaged. Various aspects of these assays have been
recently reviewed and are therefore not described further [65].

14.4.1 Reporter Cell Lines for Testing TLR Activity

During the past couple of decades, the knowledge has been expanded
for design and development of PRR reporter cell lines. The primary
uses of these cell lines include studies of (i) genetic functionalities,
(ii) signalling pathways, (iii) screening of ligands for various
types of PRRs, and (iv) up/down regulation of specific mediators,
e.g., cytokines. Such cell-based reporter systems are obviously
advantageous because they are quite simple, fast and provide
reliable and reproducible information. In the current scenario, two
different types of approaches are employed, viz. over-expressing cell
lines and knock-out cell lines [66]. In the former case, the cells are
engineered to express an inducible secreted reporter gene, which is
subsequently measured as a function of response to any intended
stimulus. In most cases, the cells lacking endogenous activity, yet
equipped with most down-stream signalling components, are
employed for such purposes, e.g., epithelial cells do not express
TLRs and hence transfection with one or more TLRs can make
them responsive to specific TLR agonist/antagonists, depending on
the genetic manipulation. This approach has been demonstrated
in series of cell lines, e.g., HEK293, HeLa, COS7, and CHO cell
lines [67–70]. The knock-out cells lines, on the other hand, are usually
helpful in assessing the interferon response to oligonucleotides.
Ideally, the results of the screening experiments should be
confirmed in assays using primary cells [66].
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14.4.2 In silico Tools for Predicting Potential Immune
Reactions
The growing number of known three-dimensional structures
of PRRs bound to their activating ligands provides insight into
the shape, size and charge requirements to mount an immune
response. In this section, we address the use of computational tools
to study the immunogenic potential of lipid-based siRNA delivery
systems. More detailed information on the various structural
aspects of PRRs and their molecular assembly can be found
elsewhere [71].

14.4.2.1 Nucleic acid recognition

TLR3, located in endosomal compartments, recognizes dsRNA
in a sequence-independent manner, ideally for oligonucleotides
of minimum length 40–50 bp under acidic conditions at pH < 6.0.
The ligand-binding domain of TLR3 contains 23 leucine-rich
repeats (LRRs) that adopt a “horseshoe” shape [72, 73]. Upon
dsRNA binding, receptor dimerization is triggered, which brings
the C-terminal ends of the luminal domains in close proximity in
a conformation that enables intracellular signalling, initiated by
the recruitment of the adaptor protein TRIF via heterotypic TIRTIR domain interactions [46]. Although dsRNAs as short as 21 bp
have been shown to activate TLR3 [74], their binding mode differs
from longer RNAs, and they are unable to contact both interaction
sites. Nevertheless, they are sufficiently long to engage the
C-terminal binding site from LRR19 to 21 [75]. It is currently
unknown why such an organization is sufficiently stable to
initiate signalling. It has been speculated that lateral clustering of
neighbouring signalling units, possibly with the help of a bridging
factor, might enhance their stability [76].
TLR7/8 possess larger ectodomains with 27 LRRs that adopt
a donut-like ring structure in which the N-terminal contacts the
C-terminal region. These receptors are sensors of ssRNA and
can therefore only be activated by degradation products of siRNA
in the endosomes under physiological conditions (Fig. 14.5).
They detect specific nucleosides at the dimer interface in a
binding site that involves LRR8 and LRR11-14 from one protomer,
and LRR16-18 from the other one (Fig. 14.5). Recognition of
ssRNAs takes place in a second location, encompassed by the
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concave surface of LRR1-5, LRR20¢ and part of the endoproteolytically
processed Z-loop between LRR14 and 15. The sequence specificity
of each receptor has recently been elucidated, and their crystal
structure is known in complex with a variety of natural and synthetic
ligands [77–79]. TLR7 is a sensor of G and U-containing ssRNA, as
long as they are not in a terminal position. Hence, replacing the U
with A reduces immunogenicity of siRNA [77].

Uridine-containing
ssRNA

Endolysosome
Guanosine

Membrane
Unliganded
monomer

ssRNA-loaded
monomer

ĐƟǀated
dimer
Cytosol

Figure 14.5 TLR7 is a sensor of G and U-containing ssRNA degradation
products. Reproduced with permission from [77].

RIG-I preferentially recognizes two distinct RNA patterns:
dsRNAs and ssRNA with 5¢ triphosphates in the cytoplasm to mount
a type I IFN response [80, 81]. It was evident that further, ssRNA-5¢
triphosphate, but not 5¢ OH or a 5¢-methyl guanosine cap, binds to
the RIG-I repressor domain and promotes a conformational change
that activates RIG-I signalling [82]. It was thought that self-RNAs like
mRNAs are not recognized by RIG-I because of their caps, e.g., 7-methyl
guanosine. However, it was recently shown that RIG-I cannot bind
ssRNA, whereas dsRNA can be accommodated by RIG-I, regardless
of such a modification [83]. Crystallographic analysis has shown
that the m7G cap is accommodated by a conformational change
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in the helicase motif IVa [83]. Moreover, m7G capping works
synergistically with 2¢-O-Me to weaken RNA affinity by 200-fold
and reduce ATPase activity. In contrast, dsRNA bearing a 5¢ end
nucleotide ribose cap abrogates signalling through a His residue
at position 830 involved in cap discrimination. RIG-I can also fit
2-nucleotide 3¢-overhangs such as those in siRNAs [84].
PKR is a stress-induced kinase and its N-terminal domain is a
regulatory module that binds dsRNA. It is composed of two tandem
binding motifs, which adopt the typical αβββα fold for dsRNA
binding, referred to as dsRNA binding motif 1 and 2 (dsRBM1
and 2), respectively.

14.4.2.2 Lipid recognition

The most widely studied and promiscuous receptors for lipid
recognition are probably TLR2 and TLR4. There is increasing
evidence that PRRs have both canonical and atypical ligands. TLR2
senses cell-wall components, lipoteichoic acid and lipoproteins
from gram-positive bacteria; lipoarabinomannan from mycobacteria;
and zymosan from yeast [85]. Ligand recognition requires either
homodimerization or heterodimerization with TLR1 or TLR6 via
direct binding to their 20 LRR-long ectodomains [86, 87]. While
lipopeptide binding has been characterized by crystallography,
atypical ligand binding remains a mystery. It has been shown
that triacylated lipopeptides are recognized by the TLR2-TLR1
heterodimer that accommodates the lipid chains in hydrophobic
cavities within LRR9-12. TLR1 buries a single chain linked by
an amide linkage almost perpendicular to the two ester-bound
chains concealed in TLR2 [86]. In contrast, diacylated lipopeptides
recruit TLR2-TLR6 heterodimers. The lack of hydrophobic cavity
in TLR6 complements perfectly the lack of amide-bound lipid,
while increased protein-protein interactions compensate the
absence of ligand tether, compared to TLR1 heterodimers. TLR2,
as well as NLRP3, have been implicated in cationic lipid signalling
[88], but their mechanism of action is not fully resolved. Docking
studies performed on a family of di-C18 cationic lipids suggest that
they bind in a manner reminiscent of lipopeptides preferentially
to TLR2-TLR1 heterodimers, despite only having two aliphatic
chains [89].
TLR4 on the other hand has an extracellular region that is
composed of 22 LRRs. MD-2 is the founding member of a class of
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small lipid-recognition proteins with an immunoglobulin-like fold
and a deep hydrophobic cavity sandwiched between two betasheets [90]. MD-2 binds to the concave side of TLR4 contacting
residues throughout LRR2 to 10. Lipopolysaccahride (LPS) binding
to MD-2 induces the formation of an m-shaped receptor multimer
composed of two copies of the TLR4–MD-2–LPS complex arranged
symmetrically. The lipid A moiety of LPS bound within the
hydrophobic core of MD-2 directly bridges the two TLR4
ectodomains. Five of the six lipid chains of E. coli LPS are buried
deep inside the pocket, and the remaining chain is exposed to
the surface of MD-2, forming a hydrophobic interaction with
the conserved Phe residues of TLR4. A loop in MD-2 containing
Phe 126 undergoes a conformational change that supports the
hydrophobic interface by making further hydrophilic interactions
with TLR4 at the dimer interface. LPS also contributes to TLR4
dimerization by forming ionic interactions with positively charged
residues in TLR4 and MD-2. Di-C14 amidine interacts with critical
residues involved in TLR4 activation that are not located at the
LPS-binding site on MD-2 but are instead found at the TLR4 dimer
interface [91]. It was previously proposed that nickel and cobalt
ions trigger MD-2-dependent TLR4 dimerization and activation
through chelation of His residues (H431, H456 and H458 on both
TLR4 protomers) [92]. This implies that different anchoring points
can lead to dimerization and foresees other possible ways of
TLR4 activation that have still to be discovered. More importantly,
the knowledge of the 3D structure of the receptor has guided
the characterization of the atypical binding modes of both cationic
lipid and ions, suggesting the potential adequacy of docking
techniques for the latter.

14.4.2.3 Docking studies to assess PRR binding

Docking is used to predict the preferred orientation of molecules
to one another. A given molecule (siRNA or transfection lipid)
should not only bind to the PRR, it also has to favour its activated
state in order to be immunogenic. Flexible docking and molecular
dynamic simulations are computationally very heavy, while
scoring functions are different from empirical binding energies.
“What you see” is not always “what you get” [93]. While force fields
have been successfully applied to crystallography, the deficiencies
of the interatomic potentials often lead to incorrect modelling.
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Despite their shortcomings, docking and molecular dynamic
simulations should be assessed for knowledge-based design
of improved RNAi therapeutics, and the predictions should be
confirmed experimentally.

14.5

Conclusions and Future Perspectives

Undesired immunogenicity poses a major concern for the
progression of RNAi therapeutics. Although the causes for
immunogenicity are multifactorial, it may be possible to predict
and/or precisely assess the contribution of the individual
components. It may also be possible to circumvent such problems
via knowledge-based design of materials based on SARs for
ligands to the PRRs. The use of advanced technologies, e.g., systems
biology, proteomics and genomics, is encouraged to simplify the
physiological and pathophysiological complications and better
understand the obtained data. A multidisciplinary approach is
required to understand the complex mechanisms involved in
immunological reactions. However, a collaborative effort should
always be sought to provide feedback for improving biocompatibility
of components of RNAi therapeutics, robustness of testing
methodologies and/or precision of the predictive tools. A careful
assessment of immunogenicity of RNAi-based drug candidates is
required to improve safety and efficacy.
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15.1 Introduction
Gene therapy potentially targets the diseased site with limited
risks [1]. Small RNAs (siRNA, shRNA, microRNA) play an entirely
diﬀerent role in the transcription and expression process for
short-term nonviral nucleic acid delivery [2]. The field
encompassing therapeutic applications of siRNA is versatile and
includes use of siRNAs in therapeutics to the central nervous
system (CNS), in inflammation or cardiovascular therapeutics
and pain research. A lot of academic and industrial research is
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being done using siRNA as a therapeutic agent in vitro and in vivo.
RNAi has also been rapidly adopted for the discovery and
validation of gene function through the use of a sequence-specific
short interfering RNA (siRNA). siRNA is a potent and specific
inhibitor of gene expression and is being used as a new technology
for drug target validation, studying functional genomics, and
transgenic design and as a promising therapeutic agent for
genetic diseases [3].

15.2 Discovery of siRNA
RNAi was first observed by plant biologists in the late 1980s [4],
although their molecular structure remained unclear until the
1990s [4]. Later studies in the nematode Caenorhabditis elegans
exhibited the gene-silencing mechanism [5]. The biology and
mechanisms of actions of RNAi have been extensively reviewed
thereafter [6–8]. siRNA can regulate gene expression by inhibiting
the synthesis of the encoded protein in natural ways. Tabara
et al. [9] concluded that transposon silencing is one of the natural
functions of RNAi. RNAi techniques were quantitatively more
efficient and more durable in cell culture compared with the
antisense technology [10, 11]. One major advantage of RNAi over
antisense oligonucleotides is that siRNA is based on a catalytic
mechanism. Bertrand et al. [12, 13] concluded that siRNA is
very efficient in inhibiting the synthesis of target proteins with
improved specificity and reduced dose by 100- to 1000-fold.

15.2.1

Mechanism of Action

The mature siRNA shares partial complementary sequences in
the 3′ UTR of a target mRNA. Cellular uptake of siRNA occurs via
endocytosis. The mechanism of gene suppression was established
by Fire et al. [14] using the 23mer to 25mer nucleotide sequence
of RNA molecules (double-stranded siRNA) and the later
synthesized single-stranded short hairpin RNA (shRNA) in 1998.
This discovery was awarded the Nobel Prize for Medicine or
Physiology in 2006.
The siRNA is generated by the cleavage of double-stranded
RNA precursors of a cell by the RNAse III endonuclease Dicer
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[15], which is complexed with the TAR-RNA-binding protein and
avoids the contact of siRNA to the RNA-induced silencing complex
(RISC) [16, 17]. The selectivity is based on the thermodynamic
stabilities of the siRNA end [18, 19]. The end, which is less stable
thermodynamic, helps in the unwinding of the 5′ end of the guide
strand and this binds to Argonaute (Ago-2). The Ago domain, such
as PAZ and MID, has specific functions in docking and anchoring
the RNA, whereas PIWI has slicer activity [20]. Ago-2 recognizes
and cleaves the messenger RNA molecule having perfect or nearperfect complementarity to the guide RNA. Partial complementarity
between a siRNA and target mRNA (endogenous substrates for the
RNAi machinery) may in some cases destabilize the transcripts if
the binding mimics microRNA (miRNA) interactions with target
sites. In the cytoplasm, the loop is removed by the RNAse III
Dicer and only one of the two strands is loaded into RISC. The
primary mechanism of action of miRNA is translation repression
accompanied by message degradation (Fig. 15.1).
B
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Figure 15.1 Sources for RNA-induced gene silencing include (A) dsRNAs,
(B) miRNAs, (C) shRNAs, and (D) chemically synthesized siRNAs.
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15.2.2

Advantages and Drawbacks

RNAi could provide an exciting new therapeutic modality for
treating infections, cancer, neurodegenerative diseases, antiviral
diseases (e.g., viral hepatitis and human immunodeficiency virus 1,
HIV-1), Huntington’s disease [21], hematological diseases, pain
research and therapy, dominantly inherited genetic disorders,
and many other illnesses [22]. However, the main hurdles are the
poor pharmacokinetic properties of siRNA and major biological
restrictions, such as oﬀ-target eﬀects and interferon responses
[23]. Also, problems such as low transfection efficiency and poor
tissue penetration because of the polyanionic nature need attention
[24]. Nonspecific immune stimulation in vivo has delayed their
therapeutic applications. Still, the lack of an efficient delivery
system to target and deliver the siRNA to the desired cells/
target is the biggest limitation. Many groups are researching to
find an optimal delivery tool that can be safely and repeatedly
administered systemically and can deliver the siRNA specifically
and efficiently to the target tissue. The majority of the academic,
biotechnology, and pharmaceutical eﬀorts are now focused on
chemically synthesized small RNAs designed to manipulate miRNA
expression. Various approaches such as lipid nanoparticles,
polymeric nanoparticles, antibody conjugates, cyclodextrin
nanoparticles [25], aptamer-siRNA conjugates [26], and chitosan
nanoparticles as a delivery system for siRNA are being studied
to overcome these issues.

15.2.3

Delivery of siRNA, Limitations, and Role of
Biological Barriers

Avoidance of nonspecific uptake by the reticuloendothelial
system (RES), especially the Kupﬀer cells in the liver and the
macrophages in the spleen, dictates distribution. Even if the siRNA
stays in the blood circulation long enough, extravasation of the
formulation is required to reach the target tissue. Besides, all
immunogenicity and other safety issues are still important
concerns related to the use of viral vectors in human. However,
viral delivery systems show toxicity and have relatively strong
host responses resulting from the activation of the human immune

Strategies for Delivering siRNA

system. Multiple nonviral-based delivery methods have been used
in vivo for delivering siRNA, including hydrodynamic injection,
cationic liposome encapsulation, cationic polymer complexes, and
antibody-specific targeting delivery systems. Each of the current
methods of gene delivery, whether viral or nonviral, has some
limitations. Delivering siRNA in vivo mainly systematically to
animal tissues is a complicated event and involves various
physical, chemical, or biological issues as follows [27]:
(1) Stability of siRNA oligos in the extracellular and intracellular
environments.
(2) Cell penetration: siRNA is anionic (40 negative phosphate
charges on the siRNA backbone), hydrophilic, (7 nm in
length, 13 kDa in weight) [28], and unable to enter cells by
passive diﬀusion mechanisms.
(3) Rapid excretion: The siRNA (21-nucleotide double-stranded)
is rapidly excreted through urine when administrated
systematically, even if siRNA molecules remain stable
through chemical modifications.
(4) Degradation: siRNA oligos can be degraded by RNase activity
within a short period in a serum environment.
(5) Low concentration at target: The nonspecific distributions of
oligos throughout the body results in a significant decrease
in the local concentration at the target site.
(6) Biological barriers: The siRNA oligos need to overcome
tissue barriers in blood walls and endothelial wall to reach the
site of action.
(7) Immune overstimulation: Might cause other adverse eﬀects
such as nonspecific events owing to the activation of innate
immune responses [29, 30].

15.3

Strategies for Delivering siRNA

siRNA delivery can be classified into two main groups, viral
and nonviral delivery systems (Fig. 15.2), and can be delivered
by physical methods and/or by the introduction of a DNA
plasmid in the nucleus of the target cell [31, 32]. In addition, the
administration of precursor molecules or [33–35] delivering
synthetic siRNA to the cytoplasm of the target cells is also possible.
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Figure 15.2 SiRNA delivery strategies in vivo. Drug delivery systems can
solve stability (in vivo and in vitro), solubility issues and allow targeted or
site-specific delivery.

Viral delivery systems are mostly used to deliver DNA plasmids
or precursor molecules [36–38]. They exert high transduction
efficacy, due to the inherent ability of viruses to transport genetic
material into cells [39–41]. However, the potential of mutagenicity
or oncogenesis, several host immune responses, and the high
cost of production limit their application. For these reasons,
diﬀerent kinds of nonviral siRNA delivery systems have been
explored [42, 43]. However, siRNAs require more eﬀective delivery
systems that allow siRNA stabilization, specific cell recognition,
internalization and subcellular localization to the cytoplasm of
target tissues and cells to exert it therapeutic eﬀect [44]. Many
nonviral carriers used to deliver DNA for gene therapy have been
adopted for siRNA delivery. Cationic lipids and polymers are two
major classes of nonviral delivery carriers that can form complexes
with negatively charged siRNA.

Immune Response to siRNA Payload and Its Modulation

15.4

Immune Response to siRNA Payload and
Its Modulation

RNAi holds great promise to change the therapeutic modality in
many diseases like cancer hepatitis, etc. However, naked siRNA
is unstable in blood and serum because of the rapid degradation
caused by endo- and exonucleases, with a very short half-life
in vivo. In addition, if chemically un-modified, siRNA can induce
immune responses and may lead to mostly unwanted oﬀ-target
eﬀects. It was observed that in vertebrates, an immune response
can be induced by dsRNA, but that is part of the defense
mechanism against viral infection. The dsRNA are generally
sensed in the cytoplasmic and endosomal compartments by
RNA-dependent kinases (PKRs) and induce an interferon (IFN)
response that results in production of pro-inflammatory cytokines
mainly by activating the NF-kappa-B dependent pathway. Although
it was thought that short dsRNA-like siRNA would not generate
immune responses, many studies report that siRNA can also
produce robust immune responses. Other known mechanisms
are helicase retinoid-acid-inducible gene I (RIG-I) and melanoma
diﬀerentiation associated gene 5 (MDA-5), which may cause NFkappa-B activation and IFN production. Both chemically synthesized
siRNAs and siRNAs obtained from in vitro transcription with
various lengths lead to the activation of PKR. IFN levels increase
with an increase in length of dsRNA. TLRs can also recognize nonself RNA. Recognition of RNA by TLRs activates several signaling
pathways, which leads to the activation of NF-κB and thus
production of pro-inflammatory cytokines.
siRNAs can be optimized to avoid or reduce immune response
generation. For example, GU-rich sequences should be minimized,
length optimization and/or dose optimized and to perform an
experimental screening of multiple siRNAs against the same target
in order to identify the optimal candidate with minimal immune
response. However, not just the naked siRNA but the delivery
systems used for the systemic delivery of siRNAs also can initiate
immune response. Cationic liposomes are commonly known to
induce toxicity when injected in mice with eﬀects ranging from
blood clotting to immunostimulation. Cationic liposomes use
the endosomal pathway to facilitate siRNA delivery, and as TLRs,
RIG-I, and PKRs are expressed on the inner membrane of
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endosomes, they increase the exposure of siRNA to these receptors
and thus increase the production of inflammatory mediators.
Immune modulation by the delivery system can be categorized
in two ways: (1) inhibition of the immune response and
(2) augmentation of the immune response. Inhibition of the immune
response is commonly required in inflammatory disease where
the down regulation of cytokine production is required, especially
TNF α and interleukins, which lead to diseases such as collageninduced arthritis, systemic lupus erythematous, LPS-induced
inflammation, etc. Augmentation of the immune response is
required when the general systemic antiviral eﬀect is required.
There, siRNA and its nanocarriers can elicit an IFN response that
could aﬀect viral infection as well as tumor growth (Fig. 15.3).

Lipid-siRNAComplex

siRNA

Endosome

RISC

Endosome release
Lipid Particle
siRNA

mRNA

ATP
ADP + Pi

RISC

Nucleus
Cleavage

Figure 15.3 Mechanism of siRNA uptake using lipids as a surrogate vector.

15.4.1

Lipid-Based siRNA Delivery

Nanoparticles are appropriate delivery systems that facilitate
siRNA transport in the cytosol through electrostatic interactions
with negatively charged phospholipid bilayers or through specific
targeting moieties. The siRNA complexes with the delivery
(or transfection) reagent are often specifically referred to as
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lipoplexes, dendriplexes, or polyplexes depending on whether
the vector used is a cationic lipid, dendrimer (branched like
polymer structures), polymeric micelle, cationic cell–penetrating
peptide, or polymer, respectively. A common mechanism is their
net positive (cationic) charge that facilitates complex formation
with the polyanionic nucleic acid and their interaction with
a negatively charged cell membrane. Safety and efficient delivery
of siRNA is prerequisite for the potential delivery of siRNA
based therapy. Also, these systems avoid or reduce unfavorable
immune response by siRNAs. The optimal systemic delivery
systems for siRNA should be biocompatible, biodegradable, and
nonimmunogenic. The systems should provide efficient delivery
of siRNA into target cells or tissues with protection of the active
double-stranded siRNA products from attack by serum nucleases.
Next, the delivery systems must provide target tissue-specific
distribution after systemic administration, avoiding rapid hepatic
or renal clearance. Finally, after delivery into target cells via
endocytosis, the systems should promote the endosomal release

Figure 15.4 Journey of a siRNA loaded polymeric or lipid nanoparticle in
extra and intracellular compartments.
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of siRNA into the cytoplasm, allowing the interaction of siRNA
with the endogenous RISC (Fig. 15.4). Other types of nonviral
delivery strategies have been explored such as hydrodynamic
injection [45, 46], particle bombardment [47] and electroporation
[48, 49], microinjection to calcium co-precipitation and chemical
methods. Cationic polymer, proteins and peptides, antibody or
ligand-targeted conjugates mediated delivery of siRNA have been
studied [50–55].

15.4.2 Liposomes
Encapsulation of siRNA in liposomes and other nanoparticles is
one of the preferred approaches [56–59]. Cationic liposomes
are one of the most attractive vehicles owing to their high
transfection efficiency, favorable pharmacokinetic properties, and
relatively low toxicity and immunogenicity. Moreover, cationic
liposomes can protect siRNA from enzymatic degradation, and
provide reduced renal clearance [60]. A clear understanding of
liposome-delivery of siRNAs is still evolving, and more research
is needed. The investigation of liposome delivery of siRNA in vivo
is just in its infancy [61].
The i.v. administration of cationic liposomes in mice resulted
in the accumulation of almost 60% of the dose of plasmid DNA
in the liver [62]. In another study, lipid-mediated delivery of a
siRNA against apolipoprotein B (apoB) was used to target
apoB mRNA in the liver. No silencing activity was observed even
at higher doses for the group without a formulation or chemical
conjugation (>50 mg/kg) [63]. However, lipid-formulated siRNA
showed more than 80% silencing of apoB mRNA and apoB-100
(single dose of 1 mg/kg dose) in a non-human primate [64] and
mainly accumulated in the liver, spleen, and small intestine.
Encoded plasmid DNA (shRNA) encapsulated in multifunctional
envelope nanodevice showed 96% inhibition of the marker
luciferase gene [65, 66]. This eﬀect was due to the detergent-like
activity of the PEG phospholipid conjugate, which lyses liposomes
at high concentrations. Electrostatic interaction between cationic
and anionic lipids excludes the surface-bound water in the
endosome membrane, promoting the formation of the inverted
hexagonal (HII) phase [67], which not only destabilizes the
endosome membrane but also promotes the de-assembly of
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the lipoplex. Cationic lipid (1,2-dioleoyl-3-trimethylammonium
propane, DOTAP) destabilized showed knockdown of >75%
of endogenous tissue necrosis factor (TNF-α) when given
intraperitoneally [68]. The neutral lipid (L-alpha dioleoyl
phosphatidyl ethanolamine, DOPE), destabilized the vesicular
membranes of the endosome and lysosome and aided release of
the lipoplex into the cytosol [68–70].
Endothelium-targeted cationic liposomes of siRNA, composed
of β-L-arginyl-2,3-L-diaminopropionicacid-N-palmityl-N-oleylamide
trihydrochloride (AtuFECT01), fusogenic 1,2-diphytanoyl-snglycero-3-phosphoethanolamine, and the PEGylated lipid N(carbonylmethoxypolyethyleneglycol-2000)-1,2-distearoylsn-glycero-3-phospho-ethanol-amine sodium salt (DSPE-PEG)
showed reduction of target protein levels in the vasculature
of the heart, liver, and lung [71]. Sato et al. [72] studied the
galactosylated liposomes-siRNA complex (75.3 nm, zeta potential
35.8 ± 1.8 mV) for gene silencing of endogenous hepatic gene
expression. No liver toxicity for galactosylated liposomes/siRNA
complex was observed [73–75].
Miyawaki-Shimizu et al. [76] prepared liposomes composed
of 50% DDAB (dimethyl-dioctadecyl-ammoniumbromide) and
50% cholesterol (mol/mol) with a ratio of siRNA to liposome of
1:5 (w/v) in order to explore the role of caveoline-1 in regulating
lung vascular permeability in male CD1 mice. The injected
cationic liposome–siRNA complexes downregulated caveoline-1
expression in a concentration-dependent (0.4–1.3 mg/kg) and timedependent manner (maximal suppression between 72 h and
144 h post-injection and full recovery at 168 h after siRNA
administration). They also confirmed that caveolin-1 is essential
for caveolar biogenesis and plays an important role as a negative
regulator of interendothelial junction (IEJ) permeability in vivo.
In 2006, Palliser et al. [77] reported topical vaginal preparations
of siRNA-encapsulated cationic liposomes directed toward herpes
simplex virus–specific genes.

15.4.3 Lipid Nanoparticles
Engineered cationic lipids can encapsulate negatively charged
nucleic acids. Various parameters such as temperature,
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concentration, charge ratio, and lipid composition may aﬀect the
transfection efficiency of these lipid complexes, intracellular release
of DNA from nucleic acid lipid complexes and translocation of the
release of DNA to the nucleus.
Numerous cationic lipids generated by combinatorial synthesis
have been screened for optimal siRNA delivery [78]. Kim et al.
designed the delivery of siRNA using solid lipid nanoparticles
(SLNs), which resulted in efficient target gene silencing and serum
stability, with a minimal level of cytotoxicity [79].
The lipoplexes called stabilized nucleic acid particles (SNALP)
were prepared by an ethanol dialysis method to deliver siRNA
[2.5 mg/kg] systemically for silencing the apoB gene in mice and
cynomolgus monkeys. SNALP were also prepared containing a
diﬀusible poly(ethylene glycol)-lipid conjugate (PEG-lipid conjugate)
that provides a neutral, hydrophilic coating to the particle’s
exterior [80–84]. Another sophisticated technique was described
by Morrissey et al., who incorporated stabilized siRNA to target the
hepatitis B virus into a specialized liposome to form a SNALP and
administered it by intravenous injection into mice. The improved
efficacy of siRNA-SNALP compared with free siRNA correlated
with a longer half-life in plasma and the liver.
Zimmermann et al. showed sustained delivery of siRNA for
more than 11 days to the liver with reduced apoB gene
expression [64]. Heyes et al. synthesized various cationic lipids
(1,2-distearyloxy-N,N-dimethyl-3-aminopropane (DSDMA), 1,2dioleyloxy-N,N-dimethyl-3-aminopropane (DODMA), 1,2-dilinoleyloxy-N,N-dimethyl-3-aminopropane (DLinDMA), and 1,2-dilinolenyloxy-N,N-dimethyl-3-aminopropane (DLenDMA)) possessing 0, 1,
2, or 3 double bonds per alkyl chain, respectively, and determined
its correlation between lipid saturation, fusogenicity, and efficiency
of intracellular nucleic acid delivery [85].
Mevel et al. synthesized novel cationic lipids comprising of
cholesteryl-moieties linked to guanidinium functional groups,
and cationic lipids comprising of a dialkylglycylamide moiety
conjugated with a polyamine or a guanidinium functional group.
These cationic lipids were formulated into cationic liposomes with
the neutral co-lipid dioleoyl-L-α-phosphatidylethanolamine (DOPE)
[86–89] or with a recently reported neutral lipophosphoramidate
derivative of histamine (MM27). They observed that liposomes
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prepared from the cationic lipid N′,N′-dioctadecyl-N-4,8-diaza10-aminodecanoylglycine amide (DODAG) and DOPE frequently
mediated the highest levels of transfection in vitro in diﬀerent
cell lines studied (OVCAR-3, IGROV-1, and HeLa) both in the
presence or absence of serum [90].
Folate conjugated to DSPE-PEG in combination with
cholesteryl carboxy amidomethylene-N-hydroxylamine efficiently
delivered siRNA into human nasopharyngeal KB cells [91].
Immunolipoplexes with monoclonal antibodies for insulin and
ligands for transferrin receptor were found to be efficient for
crossing the blood–brain barrier and siRNA delivery to the brain
[92]. Herringson et al. [93] explored the potential of chelator
lipid 3 (nitrilotriaceticacid)-ditetradecylamine (NTA3-DTDA) with
neutral stealth liposomes to target siRNA to cells. They developed
a novel method for incorporating siRNAs into lipoplexes utilizing
helper lipids and the ionizable lipid 1,2-dioleoyl-3-dimethyl
ammonium-propane (DODAP). This approach resulted in an
efficient (50%) incorporation of siRNA into lipoplexes, which,
when incorporated with Ni-NTA3-DTDA and engrafted with aHistagged form of murine CD4, can target siRNA to murine A20 B
cells, in vitro.
Metal chelator lipid 3(nitrilotriaceticacid)-ditetradecylamine
(NTA3-DTDA) liposomes were developed for engrafting
molecules for targeting to specific cells. The incorporation of
NTA3-DTDA into stealth liposomes containing an antigen and
cytokines, allowed stable engraftment (by Ni2+-chelating linkage)
of His-tagged forms of B7.1, CD40, and ScFv and enabled targeting
of the liposomes to T cells and dendritic cells in vitro and in vivo
[94]. Two series of lipophilic siRNAs conjugated with derivatives
of cholesterol, lithocholic acid, or lauric acid have been synthesized
in order to improve the delivery of siRNA into human liver cells.
Khoury et al. [95] demonstrated cationic lipid 2-(3-[bis-(3amino-propyl)-amino]-propylamino)-N-ditetradecylcarbamoylmethyl-acetamide (RPR209120) combined with DOPE can be efficient
to deliver siRNAs designed to silence tumor necrosis factor α
(TNF-α) in collagen-induced arthritis (CIA), which is among the
most prominent cytokines in rheumatoid arthritis (RA) [96].
Flynn et al. [97] used lipofectamine to deliver IL12-p40siRNA
for targeting the expression of IL12-p40 in a model of
lipopolysaccharide (LPS)-induced inflammation. Significant reduction
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of an immune reaction in treated animals was because of reduced
IL12 production in peritoneal macrophages. Fluorescein-labeled
siRNAs were injected into adult mice for investigating cationic
liposome mediated intravenous and intraperitoneal delivery
to show that DOTAP containing liposomes can deliver siRNAs
into various cell types and in contrast to mouse cells, siRNAs can
activate the nonspecific pathway in human freshly isolated
monocytes, resulting in TNF-α and IL-6 production [98]. A recent
study has shown insufficient in vivo transfer to airway epithelial
cells [99]. Following in vivo lung transfection using a Genzyme
(http://www.genzyme.com) lipid (GL67) in mice, siRNAs were
only visible in alveolar macrophages. SiRNAs targeted to βgalactosidase reduced β-gal mRNA levels in the airway epithelium
of K18-lacZ mice by 30%. Addition of histone, poly-L-lysine, and
protamine to some formulations of cationic lipids resulted in
levels of delivery that were higher than either lipids or polymers
alone. The combined formulations might also be less toxic [100].
Mirus Corporation has developed a lipopolyplex transfection
reagent called TransIT-TKO® to deliver siRNA, which is composed
of a charge-dense polycation and a cationic lipid. Charge-dense
polymer form complexes with siRNA that are resistant to
disassembly in physiological solutions, including serum. This
allows complexes to be added directly to cell culture media that
contains serum. Li, et al. [101] developed a lipid coated calcium
phosphate (LCP) nanoparticle (NP) formulation for efficient delivery
of siRNA to a xenograft tumor model by intravenous administration.
Luciferase siRNA was used to evaluate the gene silencing eﬀect in
H-460 cells, which were stably transduced with a luciferase gene.
The anisamide modified LCP NP silenced about 70% and 50% of
luciferase activity for the tumor cells in culture and those grown
in a xenograft model, respectively. The untargeted NP showed a
very low silencing eﬀect. SiRNA can be chemically modified by
phosphodiester modification [102, 103] or two-sugar modification
[63] or bioconjugated with lipids at one or both strands of siRNA.
These modifications can protect siRNA from elimination and in
activation but do not necessarily augment the efficacy of gene
silencing in vivo.
Landen et al. [104] showed eﬀective treatment with
formulated anti-EphA2-siRNA, paclitaxel plus formulated control
siRNA, and paclitaxel plus formulated anti-EphA2-siRNA (as
combination therapy) twice weekly for 4 weeks. The combination
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therapy had the best results with a 86–91% reduction compared
with a treatment with formulated control siRNA alone or a
67–82% reduction compared with nonspecific siRNA-DOPC and
paclitaxel. No toxicities were observed during the study.
Zimmermann et al. treated cynomolgus monkeys (1 and
2.5 mg/kg SNALP-formulated siApoB) in a single injection and
observed a clear and statistically significant dose-dependent gene
silencing eﬀect on cynomolgus liver ApoB mRNA. The mRNA levels
were reduced by 68 ± 12% for the lower dose and about 90 ± 12%
for the higher dose consistent across the liver for 11 days
(reduction of 91 ± 15% for the higher dose at day 11). A significant
reduction of Plasma ApoB, serum cholesterol, and LDL levels
(low-density lipoprotein particle containing ApoB) was also
observed in this period, with a maximal reduction of 62 ± 5.5%
for cholesterol and 82 ± 7% for LDL at day 11 for the higher dose.
In contrast, HDL levels (high-density lipoprotein particles
without ApoB) showed no significant changes during this period.
Targeted Cyclin D1 (CyD1) is an experimental model of intestinal
inflammation to explore the role of leukocyte-expressed CyD1
in the pathogenesis of inflammation and the ability to use CyD1
as a target. These nanocarriers showed high cargo capacity
and protected siRNA from degradation, allowed highly efficient
intracellular delivery (due to the antibodies on their surface),
and thus silence genes efficiently in vivo at low doses (2.5 mg/kg)
with low oﬀ-target eﬀects and toxicity [105].
Pirollo et al. prepared nano-immunoliposome complexes
(scL complex, 100 nm) using the ethanol injection method
and included MPB-DOPE (N-maleimido-phenylbutyrate-DOPE) at
5 molar percent of total lipids to allow conjugation of the TfRscFv
and the peptide HoKC (a synthetic pH-sensitive histidylated
oligolysine, designed to aid endosomal escape) [106]. Nanoparticles
showed enhanced tumor delivery and specificity for both primary
and metastatic cancers of various types, including prostate,
pancreatic, and breast cancers. In another study [107], tumors
induced in female thymic nude mice by s.c. inoculation with
diﬀerent cell types (human pancreatic (PANC-1) and breast (MDAMB-435) cancer cells, human lung (H157) and colon carcinoma
(H630) cells showed efficient silencing of the HER-2 gene
(virtually elimination) and aﬀected components in multiple signaltransduction pathways. Santel et al. formulated siRNA-lipoplexes
(118 nm/46 mV) [71] upon i.v. administration at single dose
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showed predominant uptake of siRNA into endothelial cells in
contrast to naked siRNA.
Lipidoid-siRNA formulations were developed by Akinc et al.
Lipidoids are lipid-like molecules, synthesized by a one-step
synthetic scheme (conjugate addition of alkyl-acrylates or alkylacrylamides to primary or secondary amines). They created a
large library of lipidoids (over 1200 structurally diverse lipidoids)
to find a new eﬀective delivery system [78, 108]. Their optimized
delivery system (LNP01, 50–60 nm) contains the lipidoid 98N125(1), cholesterol, and PEG-lipid (mPEG2000-C14) in a molar ratio
of 42:48:10, and the formulation was stable for at least 5 months
at 4, 25, and 37°C and increased the siRNA t1/2 in serum from
about 15 min (unformulated, minimally chemically modified siRNA)
to over 24 h (LNP01) in vitro. Biodistribution analysis showed
that LNP01 can be administered repeatedly with equal in vivo
efficacy over extended time periods as three cycles of bolus
injection (5 mg/kg siRNA) against Factor VII, formulated with
LNP01, which in C57BL/6 mice did not show any significant
changes in silencing profiles compared with one bolus injection.
Liu, et al. studied the potential of novel siRNA delivery carrier
composed of a cationic oligomer (PEI1200), a hydrophilic polymer
(polyethylene glycol) and a biodegradable lipid-based cross-linking
moiety, with an appropriate siRNA, targeting to CD133+ cells to
improve the efficacy of conventional chemotherapy. An MDR1targeting siRNA (siMDR1) eﬀectively reduced the expression of
MDR1 in human colon CSCs (CD133+-enriched cell population),
resulting in significantly increasing the chemo-sensitivity to
paclitaxel [109].

15.4.4

Surface-Modified siRNA Delivery

Recent success in using ligand-targeted complexes to deliver
therapeutic siRNA to various tissues, receptors, and organs is very
promising.

Chemical modification approaches
The stability of the siRNA molecule becomes a major issue and
can be overcome by chemically modifying the basic RNA structure
by changing the backbone of the RNA molecule. A chemical
modification of siRNAs increases the stability by phosphorothioate

Immune Response to siRNA Payload and Its Modulation

addition to 39 ends and 29-O-methyl, 29-fluoro, and locked nucleic
acid–type substitutions to the ribose backbone. Substitution of
the 2′-OH group on the ribose ring with O-methyl group (2′-OMe), a fluoro (2′-F) group, or a 2-methoxyethyl (2′-O-MOE) group
resulted in prolonged half-lives (due to enhanced binding to
serum proteins such as albumin) and RNAi stability of RNAi
without aﬀecting efficiency [110].
siRNA degradation in a cell culture system can be suppressed
by linking a cholesterol molecule (phosphodiester (PO4) group
with phosphothioate (PS)) to the 3′ end of the sense strand of a
siRNA molecule [45]. The fatty acid conjugates with longer,
saturated, alkyl chains, such as stearoyl and docosanyl can reduce
target gene expression [111]. The modification of siRNA using
2,4-dinitrophenol (DNP) resulted in increased nuclease resistance
as well as membrane permeability of siRNA [112]. Chemically
modified siRNAs, such as sugar modifications (e.g., 2′-O methyl
and 2′-deoxy-2′-fluoro (OMe/F)) or backbone modifications
(e.g., phosphorothioate linkages), are often more stable against
nucleases, enhance nuclease stability, and prolong siRNA half-life
in serum without aﬀecting its efficacy. Backbone modifications
and bioconjugation with lipids and peptides are known to
improve the stability and cellular uptake of siRNAs [113].
Strategies like enzyme active linkers, acid labile cross-linkers [114],
pH-sensitive detergents [115], thermal sensitive liposomes [116],
and reductive environment sensitive disulfide cross-linkers [117]
have been explored to improve efficient self de-assembly of the
nanoparticles.
Online siRNA design algorithms allow the identification of a
target sequence, secondary structure, siRNA duplex end-stabilities,
and minimization of sequence dependent oﬀ-target eﬀects [118].
To predict oﬀ-target eﬀects, AsiDesigner can be used. It is a freely
accessible Web tool (http://sysbio.kribb.re.kr/AsiDesigner/) and
provides stepwise oﬀ-target searching with BLAST and FASTA
algorithms [119].

Surface modification of carriers systems [120]
Lipoplex can be decorated with diﬀerent kinds of ligands such as
antibodies, receptors, peptides, vitamins, oligonucleotides, and
carbohydrates (Fig. 15.5) [121].
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Figure 15.5 Surface modification options for delivery of siRNA and diﬀerent ligand candidates available to modify surface properties
oﬀering required functionality.
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Clinical Status

An efficient systemic delivery of the siRNA to tumor and ocular
neovasculature tissue in a herpes simplex virus (HSV) eye infection
model was achieved through a Arg-Gly-Asp (RGD)-motif peptide
ligand-targeted nanoparticle [122]. In another study, siRNA oligos
of cationic lipid or polymer carriers containing the 5′-UGUGU-3′
motif induced a Toll-like receptor-mediated interferon response
after either i.v. or i.p. administration [29]. Systemic and
targeted delivery systems for siRNA have been studied using a
protamine-antibody fusion protein [123]. siRNAs specific for
human immunodeficiency virus (HIV)-1 capsid protein gag were
complexed to a fusion protein composed of cationic protamine
and HIV-1 envelope antibody. Aptamers have been suggested
as targeting moieties for delivery systems. Lipofectamine 2000
[124] or cardiolipin analogs [125] are widely used for in vitro
for a delivery of plasmid DNA or siRNA.
On the other hand, the surface charge can be masked by
covering the vector with hydrophilic polymers, such as PEG,
(poly)hydroxypropyl methacrylamide (pHPMA), and (poly)vinyl
pyrrolidone (PVP) [126], which forms a dense hydrophilic
network around the vector and limits the hydrophobic or
electrostatic interactions with the extracellular medium. The
result is a longer circulation time by avoiding MPS-uptake
[127]. Mannose and mannose-related receptors are useful for
macrophage or dendritic cells targeting. Transferrin or folate
can be the best ligands to target cancer cells. Other ligands for
targeting tumor cells are peptides with an arginine-glycine-aspartic
acid (RGD) motif. Antibodies or its fragments can also be used as
ligands [123]. Calando Pharmaceuticals (Pasadena, California) uses
non-chemically modified siRNAs coupled to transferrin receptor
targeting agents, composed of specialized cyclodextrin-based
nanoparticles.

15.5 Clinical Status
Currently, several potential siRNA candidates are undergoing
clinical trials for the treatment of macular degeneration,
respiratory diseases, and cancers. The double-stranded RNA-based
molecule, siRNA, has a high potential among biopharmaceutical
therapeutics for gene silencing to treat diseases (Table 15.1). siRNA
candidates entered clinical trials recently after their discovery.
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Most siRNAs in clinical trials are administered by local delivery
such as the intravitreal or intranasal routes. Several clinical trials
are ongoing or planned for taking siRNA into the clinic for the
treatment of important diseases such as macular degeneration,
cancer, HIV and respiratory diseases. Currently many clinical trials
are under way that use lipid nanoparticles for siRNA treatment of
a variety of diseases and disorders. In addition, a number of siRNA
drugs are in the pipeline of many pharmaceutical and biotechnology
companies. An increase in new siRNA-based drugs, and a major
revision of the pharmacopoeia, will soon be a reality [128]. siRNA
(Sirna-027), Sirna Therapeutics, AGN211745, conducted their
phase I trial for a chemically modified siRNA as a single intravitreal
injection at doses up to 800 μm for the same therapeutic use of
Cand5. The formulation was well tolerated by patients with
improved visual acuity with no serious adverse events and has
entered a phase II trial. Another AMD siRNA candidate, RTP-801i,
blocks REDD-1 gene expression and has been investigated in a
phase I clinical trial. Drug AGN211745 (Merck, Whitehouse Station,
NJ) showed varied dose-dependent eﬀects during phase I clinical
trials to treat age-related macular degeneration (AMD) [129].
Table 15.1 Overview of ongoing and completed clinical trials with diﬀerent
types of siRNA
Type of
siRNA

Formulation Disease

Company name

Clinical
status

Bevasiran-ib Naked siRNA Age-related macular
intravitreal
degeneration (AMD)
injection

Acuity
Pharmaceuticals
and Opko Health
Inc.

AGN211745

Sirna
Phase
Therapeutics, Inc I and II
completed

AMD

Completed,
Phase II

RTP-801i

Naked siRNA AMD
intravitreal
injection

Quark
Pharmaceuticals

Phase I
clinical
trial
ongoing

ALN-RSV01

Naked siRNA Respiratory syncytial
intranasal
virus (RSV)

Alnylam
Pharmaceuticals

Phase II
completed

Clinical Status

Type of
siRNA

Formulation Disease

Company name

Clinical
status

ALN-VSP02

SNALP

Alnylam
Pharmaceuticals

Phase I
completed

CALAA-01

Cyclodextrin Tumor
nanoparticle,
transferrin,
PEG

Calando
pharmaceuticals

Entered
Phase I
trials but
terminated

Atu027AG

Liposomes

Silence
Therapeutics
GmbH

Phase I
completed,
Phase II
ongoing

NUC B1000

Cationic lipid Hepatitis
formulation

Nucleonics

Phase I

Solid tumors, solid
tumors with liver
involvement

Solid tumors

TKM 080301 SNALP

NET and ACC, primary Tekmira Pharma
or secondary liver
cancer

NET and
ACC:
Phase I
recruiting,
primary or
secondary
liver
cancer
Phase I
completed

siRNALiposomes
EphA2-DOPC (neutral
liposomes)

Solid tumors

M.D. Anderson
Cancer Center

Phase I
ongoing

siRNA
tauRNAi

Liposome

Hepatocellular
carcinoma

Marina Biotech
(Bothell, WA,
USA)

Preclinical
stage

ALN-TTR02

LNP with
Transthyretin
Alnylam
ionizable
mediated amyloidosis Pharmaceuticals
cationic lipid (ATTR)
DLinMC3DMA

Phase II
completed

ALN-PCS

LNP with
Hypercholesterolemia Alnylam
ionizable
Pharmaceuticals
cationic lipid
DLinMC3DMA

Phase I
completed
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Recently Alnylam Pharmaceuticals completed two Phase I
clinical trials for the first siRNA (ALN-RSV01) for targeting
respiratory syncytial virus (RSV) in human volunteer subjects
using a nasal spray. The formulation was found to be safe with
mild adverse effects compared with placebos [24]. ALN-RSV01 is
currently being investigated in a second phase II trial in naturally
infected adult patients [130]. Nastech Pharmaceutical company
Inc., (Seattle, http://www.nastech.com, now Marina Biotech) is
currently developing siRNA as an influenza therapeutic and it
is expected to be effective against all known human and avian
influenza strains. Alnylam also is developing RNAi therapeutics
for the pandemic flu, such as H5N1.
The pipeline is mainly dominated by anti-cancer siRNA
candidates followed by macular degeneration drugs and equally
for respiratory disorders. Alnylam Pharmaceuticals has developed
ALN-VSP, which contains SNALPs as a delivery system (Tekmira’s
lipid-based nanoparticle technology) and has also entered
phase I clinical trials. Nucleonics has begun a phase I human
safety study for systemically administered siRNA (NUC B1000
cationic lipid formulation) designed to reduce the malignant
effects of hepatitis.

15.6

Conclusions

RNAi therapeutics has quickly been established as a robust
and effective gene silencing strategy and has several distinct
advantages over traditional pharmaceutical drugs. The reason
for the limited number of siRNA delivery systems in clinical trials
is certainly the complexity of the approach. It is easier to
administer naked or modified siRNA than to develop an efficient,
reproducible, and safe delivery system, which has to undergo
the same regulatory guidelines as the drug itself. The nature and
extent of these gene expression changes are dependent on
several factors, including delivery system variables such as
its chemistry, lipid architecture, charge, and dose; the degree
of saturation, nature of cationic lipids, fusogenicity, cellular
uptake, gene silencing ability, and biological variables. Extensive
investigations into the chemistry and physics of cationic lipids
and their transfection efficiencies in a lipoplex formulation
are equally important for transfection. The future expects further
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16.1

Introduction

The breadth and applicability of nanoparticles (NPs) as vaccine
delivery tools oﬀer unique opportunities to researchers in
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developing safe and eﬀective vaccines against intracellular
pathogens. In this review, Coxiella burnetii has been highlighted
as one such pathogen where this approach may be appropriate
to eliminate the adverse eﬀects associated with killed whole cell
vaccination.

16.2

Using Nanomedicine to Tackle
Intracellular Pathogens

Despite the success of vaccination eﬀorts over the years and
the advent of commercially available antibiotics in the 1930s,
infectious diseases remain a persistent threat to public health.
Tuberculosis, HIV/AIDS, and malaria alone account for more
than 3.3 million deaths worldwide each year [1]. Some of
the most deadly infectious diseases are caused by a group of
pathogens that have a predominantly intracellular lifestyle,
including a number of pathogens the Centers for Disease Control
and Prevention (CDC) has designated Select Agents, such as
Burkholderia pseudomallei, Francisella tularensis, Brucella
melitensis, and C. burnetii. Intracellular pathogens can be bacterial,
viral, fungal, or parasitic and share a common feature the ability
to survive and replicate within a host cell. This often involves
surviving in a range of conditions from harsh acidic environments
such as a modified endosomes to the nutrient-rich cytosol [2, 3].
Surviving within difficult environments presents a major
challenge, but in return, an intracellular lifestyle provides a
pathogen with refuge from many antibiotics and components of
the host immune system. Currently the most eﬀective vaccines
against many intracellular pathogens are either killed cells or
attenuated mutants that induce a broad humoral and cell-mediated
immune response. However, concerns regarding reactogenicity,
wild-type reversion, and the use of these vaccines in
immunocompromised individuals have driven the eﬀort to
alternate vaccine designs.
As the field of nanotechnology evolves, nanomedicine oﬀers
a new opportunity to overcome some of the unique challenges
of combatting intracellular pathogens through the design and
development of nanoparticles (NPs) to deliver therapeutic and/

Epidemiology and Clinical Manifestations

or antigenic agents. This review uncovers some of the valuable
properties attributed to NPs and how these properties can be
manipulated to specifically target intracellular pathogens, using
C. burnetii as an example. To frame this model organism,
C. burnetii bacteriology, pathogenesis and components of protective
immunity against Q fever will be reviewed followed by how
nanovaccines could be used as a novel strategy to provide protection
to this agent, and by adaptation of these principles, to other
intracellular pathogens.

16.3

C. burnetii Bacteriology

C. burnetii is a Gram-negative, pleomorphic coccobacillus (0.2 to
0.4 μm wide, 0.4 to 1 μm long) due to a biphasic lifestyle with
diﬀerent morphologic variants like Chlamydia spp. [4]. The
infectious particles, termed small cell variants (SCV), contain
condensed chromatin and have thick cells walls (0.2–0.5 μm) [5, 6].
SCV are stable in the extracellular environment and highly
resistant to heat, desiccation, osmotic shock, UV light and chemical
disinfectants [7]. The metabolically active replicative form large
cell variants (LCV) are more typical of Gram-negative bacteria
and 0.5–1.0 μm in length [5, 6]. After intracellular internalization
of SCV, a lag growth phase is observed which enables SCV to LCV
morphogenesis [8].

16.4

Epidemiology and Clinical Manifestations

Q fever is a zoonotic disease with near worldwide distribution
caused by C. burnetii. Although C. burnetii occupies a variety of
animal reservoirs, including mammals, arthropods, and birds,
there is a strong association with domestic ruminants, especially
sheep and goats, leading to transmission to humans [9]. Infection in
sheep and goats is usually asymptomatic in non-pregnant animals
but can cause late-term abortion in pregnant animals with
organisms in milk, urine, feces, and birthing fluids/products as
principle sources of contamination [10]. Human infections are
acquired primarily by inhalation of contaminated aerosols but can
also occur from ingestion of contaminated milk [11]. C. burnetii
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has an extremely low infectious dose (<10 organisms) leading to
disease. Low infectious dose, stability in the environment, and
aerosol route transmission make it a potential bio-warfare agent
and hence designation as a Category B Select Agent by the CDC.
Exposure to contaminated aerosols can result in asymptomatic
disease with sero-conversion in ~60% of cases or acute disease with
symptoms occurring 10–26 days after exposure and resembling
other flu-like febrile diseases with symptoms that include headache,
fever, and chills and can progress to pneumonia with or without
hepatitis [12]. Most patients resolve the infection and are then
immune to re-infection with C. burnetii. Chronic disease develops
in 1–5% of exposed individuals, which usually presents months
to years after the initial exposure. Chronic disease has high
lethality if untreated and eﬀective treatment requires long courses
of antibiotics (18 months to 4 years) [13]. The most frequent and
serious presentation of chronic Q fever is endocarditis but other
manifestations include chronic hepatitis, osteomyelitis, or chronic
fatigue syndrome [14].

16.5 Virulence
The first virulence factor to be identified for C. burnetii was
lipopolysaccharide (LPS), which is required for productive
infection in animals but not for invasion and replication within host
cells [15, 16]. During laboratory passage of C. burnetii in immunoincompetent hosts such as tissue culture cells or embryonic eggs
C. burnetii rapidly accumulate rough (phase II) variants
characterized by a loss of O-antigen. Genetic events leading to
this phenotype include large chromosomal deletions and single
nucleotide polymorphisms in LPS biosynthetic pathway genes
[17]. There are several reasons why LPS is considered a virulence
factor for C. burnetii. Phase II C. burnetii are complement
sensitive, while phase I (smooth) are resistant to the complement
membrane attack complex [18]. Phase I LPS of C. burnetii sterically
inhibits binding of antigen-specific antibodies on the bacterial
surface [19]. Additionally, LPS is involved in additional forms
of innate immune evasion that are discussed in subsequent
sections of this chapter.

Virulence

C. burnetii is unique among intracellular bacterial pathogens
as its replicative niche (the Coxiella-containing vacuole, CCV)
has properties of a phagolysosome, a typically microbicidal
compartment [20]. Most intracellular pathogens unleash an
arsenal of virulence factors that prevent fusion of their vacuole
with lysosomes or escape the vacuolar compartment and replicate
in the cytoplasm [21]. After binding to and passive internalization
by macrophages, C. burnetii traffics through the default endocytic
pathway to this phagolysosome [15, 22]. In the process, the CCV
transits through the endosomal pathway by multiple fusion
and fission events, initially acquiring markers EEA1 and Rab5,
followed by acquisition of Rab7, LAMPI and II, and Cathepsin D,
while acidifying [23]. The acidification of the vacuole is required
to induce metabolic activity in C. burnetii and also required for
secretion of virulence factors through the Type 4B Secretion
System (T4BSS) [24, 25]. Metabolic activation coincides with
transition of SVCs to LCVs and also expansion of the CCV; this
expansion is dependent on bacterial protein expression, including
the secretion of eﬀectors into the cytosol [6, 26, 27]. Type 4
secretion systems are essential for eﬀector release and are related
to bacterial conjugative transfer and IncI plasmid conjugation
systems [28]. The T4BSS of C. burnetii is closely related to
the Dot/Icm system of Legionella pneumophila and several
L. pneumophila Dot/Icm mutants can be complemented with
C. burnetii homologues [29]. The C. burnetii Dot/Icm system is a
major virulence factor and required for intracellular replication
and animal infection [27, 30, 31]. Currently there are 143 reported
C. burnetii T4BSS substrate proteins, many of which are involved
in manipulating the host to create its replicative niche [32].
Of the 143 potential virulence determinants, only a handful have
been characterized for their molecular functions. Interestingly,
unlike its closest relative, L. pneumophila has many functionally
redundant Dot/Icm eﬀectors, such that mutants in only a few
secreted eﬀectors result in intracellular growth defective [31–33].
In contrast, C. burnetii eﬀectors manipulate a number of host
processes to remodel the CCV and prevent host cell death allowing
for its intracellular lifestyle with many mutants being highly
attenuated [34].
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16.6

Immune Evasion Strategies

Pathogens are initially recognized by the innate immune system
through pattern-recognition receptors (PRRs) on the surface
of host immune cells, which recognize unique pathogenassociated molecular patterns (PAMPs). Bacterial pathogens
use one of two strategies to evade the immune system, either
by overt or by stealth attacks [35]. C. burnetii is a prime example
of a stealth pathogen due to its ability to invade and replicate
within macrophages with minimal stimulation of innate immune
responses. Many of the mechanisms that C. burnetii uses to evade
the innate immune system remain to be determined, but new
research is shedding light on several of these strategies. The
activation of immune responses is complicated by the fact that
most laboratories use the LPS phase II variant (RSA439) since it
can be used at BL2, yet this clone is distinct from virulent LPS
phase I variants. For clarity in this review, immune evasion
strategies will be restricted to a description of responses that
occur after stimulation with virulent full-length LPS variants. Many
studies have been performed using in vitro culture systems and
determined that although C. burnetii is pro-inflammatory, the
response is not as robust as against most pathogens. For example
C. burnetii stimulates an atypical activation of macrophages after
infection to an M2 state that results in lower secretion of several
pro-inflammatory cytokines [36]. In addition, low levels of IL1β are released after C. burnetii infection and recently a T4BSS
eﬀector, IcaA, was shown to prevent inflammasome activation,
suggesting that C. burnetii inhibits this innate immune response
[37, 38]. The most well-defined interactions of C. burnetii with the
innate immune system that result in cytokine release are with tolllike receptor (TLR) 2 and TLR4; however, the role of these receptors
during infection remains incompletely understood. TLR2 is a
surface PRR on immune cells including macrophages that recognize
lipoproteins on the surface of Gram-negative and Gram-positive
bacteria [39]. Gram-negative bacteria are also recognized through
their lipid A structure in LPS by TLR4 on the surface of innate
immune cells, particularly dendritic cells (DCs) and macrophages
[39]. Both TLR2 and TLR4 can induce an inflammatory response
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by signaling through MyD88, whereas TLR4 can also cause a type I
interferon response through TRIF signaling [39].
Studies using purified lipid A from C. burnetii demonstrated
that it is a dose-dependent antagonist of E. coli TLR4 LPS activation
and these results are supported by the structural prediction of
a tetra-acylated lipid A chain [40]. On the other hand, C. burnetii
LPS is able to cause secretion of TNF-α in mouse peritoneal
macrophages that is associated with expression of TLR4
[41]. Additionally TLR4 is involved in stimulation of antibody
response as the kinetics of antibody production are delayed in
TLR4-/- mice when compared to wild-type mice after infection
with C. burnetii indicating that signaling occurs through TLR4
during infection [42]. Therefore, C. burnetii LPS may antagonize the
eﬀect of endotoxic LPS while still stimulating a response through
TLR4. However, even though there is an association with TLR4,
C. burnetii infected TRL4-/- mice are comparable in susceptibility
to wild-type mice. In addition, polymorphisms in TLR4 in humans
associated with more severe disease outcomes in multiple infections
have no increased severity during acute Q fever [42–44]. The
ability to antagonize the signaling of E. coli LPS through TLR4
suggests that even though C. burnetii does provide signaling
through TLR4, the response does not mimic default signaling.
In vitro data suggest that C. burnetii LPS does not signal through
TLR2 but that full-length LPS may shield TLR2 stimulation, while
in vivo studies found that TLR2 is important for limiting bacterial
growth in the lungs of mice infected with C. burnetii [43, 45]. In
addition, peripheral blood mononuclear cells (PBMCs) from humans
stimulated with C. burnetii secrete IL-1β and TNF-α in a TLR2dependent manner [46]. However, once again polymorphisms in
human TLR2 that are associated with more severe infections had
no eﬀect on acute Q fever [44]. In addition to signaling through
TLR2 and TLR4, other TLRs are likely involved in the innate
signaling as MyD88-deficient mice have higher bacterial loads
then either TLR2- or TLR4-deficient mice [43]. Although animal
experiments suggest that TLR2 may be important for controlling
the infection, the phenotype is slight and therefore more research
is required to completely determine what the outcomes are due
to signaling or evasion through PRRs.
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16.7 Qvax® and Correlates of Protective
Immunity
Qvax® (CSL Biotherapies, Australia), a formalin-inactivated
whole-cell phase I vaccine, is the only commercially available
vaccine against C. burnetii and is only licensed for use in Australia.
Qvax® provides long-lived protective immunity after a single
vaccination [47]. A recent study demonstrated that long-term
protection is conferred after vaccination lasting for at least
10 years in humans [48]. Potential vaccines must undergo
serological analysis and skin-testing prior to vaccination as prior
exposure to C. burnetii is associated with adverse side eﬀects
after vaccination. However, this strategy is costly and might not
completely prevent adverse eﬀects. Qvax® is not approved the
use in the United States; FDA approval would be unlikely because
of adverse reactions, which usually include sterile abscess at
the site of injection, and occasional systemic responses [49].
The increase in the number of Q fever cases among war fighters
renewed interest in the development of a safe and efficacious
vaccine for use in the United States [50]. It is predicted that an
FDA licensure of a new-generation vaccine would require
immunity levels comparable to Qvax® without potential for adverse
reactions in previously sensitize individuals. To develop such a
vaccine, a comprehensive understanding of protective immunity
and drivers of the adverse reaction to whole cells vaccine will
be essential.
The components of immunity that confer protection have
been dissected in mouse and guinea pig animal models of human
Q fever. T cells have been demonstrated as essential for clearing
infection in a number of studies. Andoh et al. (2007) found that
three diﬀerent mouse strains with T cell deficiencies were unable
to control infection as they showed severe clinical disease and
had large bacterial loads in their spleens [51]. Depletion of CD4+
or CD8+ T cells in mice or adoptive transfer of either into SCID
mice was able to control pulmonary infection caused by C. burnetii
[52]. The cell-mediated immunity induced by natural infection
is thought to be dependent on the production of IFN-γ by
T-cells [51]. The activation of infected C. burnetii macrophages
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with IFN-γ results in the inhibition of C. burnetii growth due to
the production of reactive nitrogen and oxygen intermediates
(RNI and ROI, respectively) [53]. In addition, IFN-γ-deficient mice
are unable to control infection with C. burnetii [51]. On the other
hand, vaccine-induced immunity in mice also causes a robust cellmediated immune response that can be adoptively transferred
and confer protection in naïve animals [54]. However, unlike
the protection induced by nature infection, which is completely
dependent on T cells responses vaccine-induced protection
from formalin inactivated C. burnetii includes responses from B
cells [51, 54].
Adoptive transfer of sera from vaccinated mice conferred a
significant protection in immune-competent animals indicating
that antibodies play a role in mediating protection [54]. The role
of antibody in vaccine-induced protection has been documented
in multiple studies over the years starting with work by Abinanti
and Marmion (1957), which demonstrated that a mixture of
antibodies and C. burnetii was not infectious in susceptible
animals [55]. A second study found that IgM from a C. burnetiisensitized individual was able to suppress the growth of
C. burnetii in mouse spleens when mixed with the organism prior
to infection [56]. Interestingly, although Ab-opsonized C. burnetii
were able to stimulate maturation and cytokine production
in dendritic cells (DCs) there was no decrease the ability of
the opsonized C. burnetii to survive within phagocytes [57]. In
addition, adoptive transfer of immune sera was just as protective in
FcR-/- mice as wild-type mice indicating that antibody mediated
protection does not require FcR receptor functions [57]. The
complement system does not appear essential in antibodymediated protection since passive transfer of immune sera to
complement-deficient mice conferred the same level of protection
as in wild-type mice [57]. Therefore, although antibody provides
protection to C. burnetii infection, the mechanism of action appears
unresolved. In conclusion, both humoral and cell-mediated
immunity seem to contribute to the control C. burnetii infections
where vaccine-induced antibodies are likely involved in prevention
of clinical disease while cell-mediated immunity required for
clearance.
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16.8 Nanovaccines
The remarkable success of vaccines over the past century in
limiting and, in some cases, eradicating numerous debilitating
diseases can be attributed to the generation of acquired immunity.
When an individual is exposed to a pathogen, an immune response
consisting of humoral (antibodies) and cellular (CD4+ and CD8+ T
cells) constituents is activated. Once triggered, antigen-specific
B and T cell populations work to clear the pathogen using a
variety of mechanisms. A fraction of these B and T cells then
persist as memory cells to mount a faster, more efficient response
should an individual encounter the same pathogen in the
future [58, 59]. Using discrete components (subunits) of a
pathogen, immune responses can be directed toward a specific
antigen or a limited number of antigens. This type of response is
predominantly humoral and often directed against a secreted gene
product or a surface exposed antigen. This has been a successful
vaccination development strategy in combating diseases such as
tetanus, diphtheria, and anthrax whereby neutralizing antibodies
raised against toxins secreted by these pathogens play an essential
role in protective immunity [60–62]. Similarly, a key component
of protection against Streptococcus pneumoniae and Haemophilus
influenzae infections is the expansion of opsonizing antibodies
raised against the respective capsular polysaccharides [63, 64].
In these instances where a pathogen has a predominantly
extracellular lifestyle, generating a humoral response to a single
antigen is particularly well suited since functional epitopes
recognized by antibodies can inhibit essential functions. For
intracellular pathogens, which are able to invade and replicate
within host cells, the nature of protective immunity is less
clearly defined and many of the vaccines designed against these
pathogens were developed on an empirical basis using whole
cell extracts from killed bacteria or attenuated strains (Table 16.1).
Intracellular pathogens are often equipped with a broad
range of virulence mechanisms in order to survive within the
inhospitable environments of the cell as describe above for
C. burnetii. As such, a vaccine derived from a single antigen
is less likely to be eﬀective against intracellular pathogens.
Moreover, the intracellular lifestyle of these pathogens means they
can remain undetected by antibodies. While mounting a robust
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Table 16.1 Summary of human diseases caused by intracellular pathogens
alongside corresponding treatment and prophylactic options currently
available

Pathogen

Disease

Residing
cellular
compartment

Treatment
(duration)

Vaccine
(type)

Bacteria
Coxiella
burnetii

Q fever

Acute: doxycycline
CCV
(3 weeks)
(modified
phagolysosome) Chronic:
doxycycline and
hydroxychloroquine
(18 months)

Qvax®
(killed
whole
cell)—not
approved
outside of
Australia

Isoniazid,
Mycobacterium Tuberculosis MPV
rifampicin,
tuberculosis
(modified
phagolysosome) ethambutol, and
pyrazinamide
(2 months) followed
by isoniazid and
rifampicin alone
(4 months)

BCG
(attenuated
whole
cell)—
limited
efficacy

Burkholderia
pseudomallei

Cytosol

Ceftazadine
(2 weeks)
followed by
doxycycline
(6 months)

None
available

Typhoid
Salmonella
fever
enterica
serovars Typhi

SCV
(modified
phagosome)

Ciprofloxacin
(2 weeks)

Ty21a
(attenuated
whole
cell) or Vi
(subunit)

Listeria
Listeriosis
monocytogenes

Cytosol

Ampicillin
and gentamicin
(2–6 weeks)

None
available

Legionnaires LCV
disease
(modified
phagosome)

Azithromycin
and ciprofloxacin
(3 weeks)

None
available

HIV

AIDS

Endosome

Anti-retroviral
therapy
(indefinitely)

None
available

Herpes
simplex

Oral/genital
herpes

Intranuclear
replication
compartments

Acyclovir,
famciclovir,
valacyclovir
(2–3 weeks)

None
available

Legionella
pneumophila

Melioidosis

Virus

(Continued)
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Table 16.1 (Continued)

Pathogen

Disease

HCV

Hepatitis C

Residing
cellular
compartment
Endoplasmic
reticulum

Treatment
(duration)

Vaccine
(type)

Ledipasvir
and sofosbuvir
(12 weeks)

None
available

Fungus
Aspergillus
fumigatus

Aspergillosis Phagosome

Itraconazole
(24 weeks)

None
available

Candida
albicans

Candidiasis

Fluconazole
(16 weeks)

None
available

Parasite
Leishmania
spp.

None
Leishmaniasis Parasitophorous Sodium
available
vacuole
stibogluconate
(3 weeks)
and amphotericin B
(8 weeks)

Phagosome

antibody response against intracellular pathogens may play a
role in controlling disease during the early stages of infection,
it is generally believed that a strong cellular immune response
is essential for protection against intracellular pathogens [65].
One of the difficulties in generating cellular immune responses
is that soluble antigens do not readily activate this pathway for
recognition by CD8+ T cells. Antigen recognition by T cells occurs
when an antigen-presenting cell (APC) encounters an antigen
either within its cytosol, where it is degraded by the proteasome,
or in the surrounding environment where it is engulfed and
degraded via lysosomal fusion [66–69]. Processed antigens are
then transported onto Major Histocompatibility Complex (MHC)
I or II for presentation on the surface of APCs to CD8+ and CD4+ T
cells, respectively [70–72]. CD4+ T cells can be characterized further
by their diﬀerentiation into functional subsets termed either T
helper 1 (Th1) or T helper 2 (Th2) cells which is governed by the
cytokine environment in which they mature [65, 73, 74]. Th1 cells
are believed to play a vital role in driving protective cellular
immunity against intracellular pathogens by inducing a proinflammatory response with the secretion of interleukin (IL)-2,
interferon (IFN)-γ and tumor necrosis factor (TNF)-α [75, 76].
Additionally, a fraction of Th1 cells will persist as CD4+ memory
T cells, providing a quantitatively enhanced response upon
secondary exposure [77]. Both CD8+ and CD4+ T cells have been
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shown to play essential roles in protective immunity against many
intracellular pathogens, including Mycobacterium tuberculosis,
B. pseudomallei, and C. burnetii [78–80].
In some instances, stimulatory adjuvants PAMPs such as
unmethylated cytosine-guanine dinucleotide (CpG) found in
bacterial DNA and monophosphoryl lipid A (MPLA) are coadministered with vaccines to potentiate the immune response
toward a Th1 bias. These compounds have been characterized
by their ability to activate co-stimulatory signals or intracellular
signaling pathways. For MPLA, its major receptor in humans
has been identified as TLR2 [81]. This triggers the release of
pro-inflammatory cytokines via nuclear factor kappa-lightchain-enhancer of activated B cells (NF-κB), an important
feature of the innate immune response [82]. Alternatively, CpG
has been identified as binding to TLR9, which releases TNF-α
and IL-12 through the expression of co-stimulatory molecules to
induce a potent Th1 response [83, 84]. Cytokines themselves
can also be used directly as an adjuvant, the most extensively
studied being IL-2, IL-12 and IFNγ. However, problems with
stability and a relatively high manufacturing cost mean that
the use of cytokines for routine vaccination is unlikely [85, 86].
With a raised awareness of BSATs, as well as clinically relevant
pathogens such as M. tuberculosis and Salmonella enterica,
there is a clearly defined niche for the development of next
generation vaccines that are not only well tolerated and cost
eﬀective but also able to provide robust protection against
intracellular pathogens through the stimulation of cellular
immunity.
Nanoparticles come in all shapes, sizes, and composites,
including precious metals, synthetic polymers and viral expression
systems. Among some of the most extensively studied within
the scope of nanomedicine are gold NPs. This is due to their
biocompatibility, low-toxicity, unique light-scattering properties,
and pre-existing license for human use [87–89]. Furthermore,
the size of gold NPs can be easily controlled to synthesize
monodisperse nanoparticles by reducing chloroauric acid
(H(AuCl4)) with various reducing agents (Fig. 16.1)—a method
first published by Turkevich et al. in 1952 [90]. The gold surface
readily forms a strong covalent bond with thiol groups, allowing
for surface modification with thiol-containing linker molecules
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or immunological stimulants. Generating monodisperse particles
with a uniform shape is also essential for maintaining antigen
loading consistency between batches [91]. NPs for use as vaccine
delivery platforms have also been produced from various
polymers, including poly(α-hydroxy acids), poly(amino acids) or
polysaccharides [92–94]. In most cases, polymeric NPs are designed
to encapsulate an antigen that can be used to extend the exposure
period of antigens to host cells by slowing degradation rate of
labile proteins [92, 95]. Polymer NPs are often biodegradable
themselves, which is an attractive property given the concern
over nanotoxicity in the environment [96–98]. As an alternative
to synthetic NPs, virus-like particles (VLP) can be engineered
using a baculovirus expression system to express recombinant
antigenic proteins of choice [99]. Unlike viruses, VLPs assemble
without any viral RNA, meaning they are non-replicating and
non-infectious. Despite this, VLPs often elicit strong immune
responses [100, 101]. VLPs expressing the human papillomavirus
(HPV) L1 protein have been shown to produce strong humoral
and cellular immune responses in both animal models and human
clinical trials [102, 103].
(a)

(b)

Figure 16.1 Transmission electron micrograph of 15 nm gold nanoparticles
formed using a modified Turkevich method of citrate-reduced gold(III)
chloride trihydrate. Image taken using a JEOL JEM-2010 transmission
electron microscope at 100,000× magnification (a) and 400,000×
magnification (b).

Antigen recognition by APCs is essential for generating
antigen-specific B and T cell responses. In using NPs to deliver
antigens, the efficacy of uptake into dendritic cells can be
significantly increased compared with soluble antigen alone. This
can be as high as a 30-fold increase in antigen uptake [104, 105].
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For gold NPs, the size of particles alone is enough to influence the
degree of cellular uptake. Researchers measuring intracellular
gold content within HeLa cells after incubating with a range of
NP sizes (14–100 nm) found a 50 nm particle was optimal for
cellular uptake [106]. The shape and surface charge of a NP also
play a pivotal role in the interactions between APCs and NPs.
By modifying NPs with diﬀerent poly(amino acids)/proteins,
lipids, or polymers to adjust the surface charge, intracellular
uptake is markedly increased in a variety of diﬀerent cell types
[107–111]. In general, cationic particles are more readily
internalized due to the anionic nature of cell membranes.
Additionally, spherical particles are more readily endocytosed than
rod-shaped particles, which the investigators suggested could be
due to the curvature of the NP reducing the number of available
receptor sites for binding [106, 112]. In order to facilitate antigen
uptake into APCs further, NPs functionalized with ligands
complementary to APC receptors can specifically target these cell
types to induce the desired immune response. Some of the most
common targets for this purpose include mannose receptors, Fc
receptors, CD11c-CD18 integrins and MHC receptors [113–118]. In
doing so, the efficacy and tolerance of these vaccines is significantly
improved by increasing their uptake and minimizing some of the
less desirable, heterologous eﬀects of vaccination.
The mechanisms by which antigens are taken up and
subsequently processed by cells also influences the type of
immune response induced [119, 120]. NPs made from either
polymer or gold have been shown to enter various mammalian cell
types via endosomal and non-endosomal pathways [121–124]. By
entering cells via non-endosomal pathways, antigens are able to
enter the proteasomal degradation pathway for the activation of
CD8+ T cells. A study based on pulmonary vaccination of C57Bl/6
mice with an antigen conjugated to 30 nm poly(propylene sulfide)
(PPS) NPs demonstrated greater frequencies of antigen-specific
CD8+ T cells in the blood and spleen than soluble (unconjugated)
antigen. This was also accompanied by a potent Th17 cytokine
profile in CD4+ T cells. Mice evaluated 50 days post vaccination
were found to maintain higher levels of antigen-specific CD8+
eﬀector memory T cells, providing long lasting cellular immunity
[125]. In other cases, NPs may directly interact with components
of the immune system to provoke an alternate response.
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Using NPs synthesized from the copolymer poloaxmer, Reddy
and colleagues were able to demonstrate the activation of
complement though the alternative pathway. It was proposed
that this occurs via a multi-step process resulting in terminal
hydroxy groups binding to the exposed thioester of C3b [126].
As with many NP vaccine formulations, this is another example
of how NPs are able to behave as a delivery platform while also
providing an adjuvantal response during immunization.
Subunit vaccines oﬀer the desirable benefits of generating
an immune response toward a specific antigen without any of the
adverse eﬀects associated with killed whole cell or attenuated
mutant vaccines. Unfortunately, these antigens are often poor
immunogens and require an adjuvant to boost the immune
response. In using NPs to deliver subunit vaccines, it is possible
to increase the immunological response to an antigen due to an
enhanced uptake by APCs and/or stimulation of innate immune
pathways. Moreover, antigens encapsulated or decorated on
NPs are presented to cells in a way that mimics their delivery
during a natural infection and may facilitate a more appropriate
immune response.

16.9

Why Are Nanoparticle Vaccines a Good
Strategy for C. burnetii?

Studies into the correlates of protection from the formalin
inactivated whole cell vaccine indicate that antibodies to LPS are
an important component of protection against C. burnetii [54].
This, coupled with the fact that the lipid A molecule is a weak
stimulator of TLR4, makes conjugation to nanoparticles a
good strategy for an alternative vaccine [40]. Additionally, C.
burnetii antigens could be packaged into degradable NPs for
cytosolic degradation and MHCI presentation to CD8+ T cells. This
is a promising strategy since several CD8+ stimulating peptides
have already been identified in C. burnetii as well as in vivo
mouse infection studies indicating a crucial role for CD8 + T cells
in clearing infection [52, 127]. A strong Th1 response is also a
key component of protection against C. burnetii; therefore, the
identified CD4+ T cell stimulating C. burnetii antigens could be
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combined with NPs that are able to induce Th1 cytokines via
exosome formation [128–130]. Since a single antigen is unlikely
to confer protection, one strategy might be to conjugate several
subunits onto the surface of NPs for presentation to APCs.
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is generated.
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17.1

Introduction

This guidance document is intended to assist manufacturers and
clinical investigators involved in the development of therapeutic
protein products for human use. 2 In this document, the FDA outlines
and recommends adoption of a risk-based approach to evaluating
and mitigating immune responses to or adverse immunologically
related responses associated with therapeutic protein products
that aﬀect their safety and efficacy. Any given approach to
assessing and mitigating immunogenicity is determined on a
case-by-case basis and should take into consideration the risk
assessment we describe. For the purposes of this guidance
document, immunogenicity is defined as the propensity of the
therapeutic protein product to generate immune responses to itself
and to related proteins or to induce immunologically related adverse
clinical events.
This guidance document describes major clinical consequences
of immune responses to therapeutic protein products and oﬀers
recommendations for risk mitigation in the clinical phase of
development. It also describes product- and patient-specific factors
2See

the draft guidance document for industry Biosimilars: Questions and Answers
Regarding Implementation of the Biologics Price Competition and Innovation Act of
2009 for FDA’s interpretation of the category of “protein (except any chemically
synthesized polypeptide)” in the amended definition of “biological product” in
section 351(i) (1) of the Public Health Service Act (PHS Act). When final, this
guidance document will represent the FDA’s current thinking on this topic. The
FDA updates guidances periodically. To make sure you have the most recent version
of a guidance, check the FDA Drugs guidance Web page at http://www.fda.gov/
RegulatoryInformation/Guidances/default.htm.

Background

that can aﬀect the immunogenicity of therapeutic protein products.
For each factor, recommendations are made for sponsors and
investigators that may help them reduce the likelihood that these
products will generate an immune response. Appendix A provides
supplemental information on the diagnosis and pathophysiology
of particular adverse consequences of immune responses to
therapeutic protein products and brief discussions of the uses of
animal studies and the conduct of comparative immunogenicity
studies. Although this guidance document focuses on therapeutic
protein products, the scientific principles may also apply to related
products and biological entities, for example, peptides. Although
this guidance document encompasses products used to modulate
or modify the immune system, including those that are antigen
specific, it does not cover products that are intended to induce a
specific immune response to prevent or treat a disease or condition
(such as vaccines to prevent infectious diseases) or to enhance the
activity of other therapeutic interventions. This guidance document
does not address assay development, which is covered in a separate
guidance. 3
FDA’s guidance documents, including this guidance document,
do not establish legally enforceable responsibilities. Instead,
guidances describe the Agency’s current thinking on a topic
and should be viewed only as recommendations, unless specific
regulatory or statutory requirements are cited. The use of the word
should in Agency guidances means that something is suggested or
recommended, but not required.

17.2

Background

Immune responses to therapeutic protein products may pose
problems for both patient safety and product efficacy.
Immunologically based adverse events, such as anaphylaxis,
cytokine release syndrome, and cross-reactive neutralization of
endogenous proteins mediating critical functions (see Appendix
A.3), have caused sponsors to terminate the development of
what otherwise may have been efficacious therapeutic protein
3See

the draft guidance for industry Assay Development for Immunogenicity Testing
of Therapeutic Proteins. When final, this guidance will reflect the FDA’s current
thinking on this topic.
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products. Unwanted immune responses to therapeutic protein
products may also neutralize their biological activities and result
in adverse events not only by inhibiting the efficacy of the
therapeutic protein product, but also by cross-reacting to
an endogenous protein counterpart, leading to loss of its
physiological function (e.g., neutralizing antibodies to therapeutic
erythropoietin causes pure red cell aplasia by also neutralizing
the endogenous protein) (Hermeling et al., 2004; Rosenberg and
Worobec, 2004; Rosenberg and Worobec, 2005; Koren et al., 2008;
Murphy, 2011). Because most of the adverse eﬀects resulting
from elicitation of an immune response to a therapeutic protein
product appear to be mediated by humoral mechanisms,
circulating antibodies to the therapeutic protein product has been
the chief criterion for defining an immune response to this class
of products. 4
Both patient-related and product-related factors may aﬀect
immunogenicity of therapeutic protein products. These factors are
critical elements in the immunogenicity risk assessment. Ideally,
these factors should be taken into consideration in the early
stages of therapeutic protein product development. Section 17.3
contains a detailed discussion of the nature of and the risk
factors for immune responses to therapeutic protein products
as well as possible mitigation strategies that may be employed.

17.3

Clinical Consequences

Treatment of patients with therapeutic protein products may
result in immune responses of varying clinical relevance, ranging
from antibody responses with no apparent clinical manifestations
to life-threatening and catastrophic reactions. During therapeutic
protein product development, elucidation of a specific underlying
immunologic mechanism for immunologically related adverse
events is encouraged, because this information can facilitate
the development of strategies to help mitigate their risk (see
Sections 17.3.2.1–17.3.2.5). The extent of information required
4IgG

and IgE antibody responses are those most often associated with clinical
adverse events, and their generation generally requires collaboration between
antigen-specific T-helper cells and B-cells. Murphy, K. (2011). The humoral
immune response. In: Janeway’s Immunobiology, 8th ed., New York, Garland Science
Publishing, pp. 367–408.

Clinical Consequences

to perform a risk-benefit assessment will vary among individual
products, depending on product origin and features, the immune
responses of concern, the target disease indication, and the
proposed patient population.

17.3.1 Consequences for Efficacy
Development of antibodies can limit product efficacy in patients
treated with therapeutic protein products. Neutralizing antibodies
can block the efficacy of therapeutic protein products by
specifically targeting domains critical for efficacy. For example,
antibodies binding to either the uptake or catalytic domain of
a therapeutic enzyme may lead to loss of product efficacy. Loss
of efficacy is problematic for all products, but is of utmost concern
if the product is a lifesaving therapeutic. Neutralizing antibodies
that cross-react with a nonredundant endogenous counterpart
of the therapeutic protein product can also impact safety, as
discussed in Section 17.3.2. Both neutralizing and non-neutralizing
antibodies may alter the pharmacokinetics of the product by
enhancing clearance (and thereby shortening serum half-life) or,
conversely, by prolonging serum half-life and product activity.
If present at high enough titer, a non-neutralizing antibody may
mistarget the therapeutic protein product into the Fc receptor (FcR)
bearing cells, thereby reducing or eliminating product efficacy
(Brooks et al., 1998; Wang et al., 2008). Furthermore, although
some antibody responses to therapeutic protein products may
have no apparent eﬀect on clinical safety or efficacy, they may
promote the generation of neutralizing antibodies via the
mechanism of epitope spreading of antibody responses (Disis et al.,
2004; Hintermann et al., 2011). Pharmacodynamic biomarkers
may be useful in the assessment of antibody-mediated interference
with product activity, although correlation with clinical response
is usually necessary to determine clinical relevance.

17.3.2

Consequences for Safety

The safety consequences of immunogenicity may vary widely
and are often unpredictable in patients administered therapeutic
protein products. Therefore, a high index of suspicion should
be maintained for clinical events that may originate from such
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responses, even if the initial risk assessment suggests a lower risk
of immunogenicity. The applicant should provide a rationale for
the proposed immunogenicity testing paradigm, based on productand patient-specific concerns. The following sections describe a
few of the major safety concerns associated with immunogenicity:

17.3.2.1 Anaphylaxis
Anaphylaxis is a serious, acute allergic reaction characterized by
certain clinical features. The definition currently accepted by the
Agency relies on clinical diagnostic criteria and does not specify
a particular immunologic mechanism (Sampson et al., 2006)
(also see Appendix A.1). Historically, the definition of anaphylaxis
has invoked the involvement of specific IgE antibodies. However,
such a mechanistic definition may be problematic in the context
of therapeutic protein product development and other clinical
settings where it may not always be possible to identify a specific
immunologic mechanism as the basis of an adverse event.
To capture all potential adverse events of interest, the Agency
recommends identifying all cases meeting the clinical diagnostic
criteria of anaphylaxis, regardless of the presumed pathophysiology.
Additional information, such as the assessment of serum histamine,
serum tryptase, and complement components, following a reaction
or the detection of product-specific IgE antibodies may help
elucidate the pathophysiology of the anaphylactic response and
thus guide control and mitigation strategies.
Furthermore, the presence of an anti-drug antibody (ADA)
alone is not necessarily predictive of anaphylaxis or other
hypersensitivity reactions. Correlation with clinical response is
typically required to determine the clinical relevance of these
antibodies. Determination of the underlying mechanism remains
of interest, however, because anaphylaxis with confirmation of
IgE involvement has certain prognostic implications for repeat
exposure as well as for potential therapeutic options for mitigation.

17.3.2.2

Cytokine release syndrome

Cytokine release syndrome is a symptom complex caused by
the rapid release of proinflammatory cytokines from target
immune cells (Stebbings et al., 2007; Stebbings et al., 2013).
Although cytokine release syndrome is not directly related to
immunogenicity, the clinical presentation of cytokine release

Clinical Consequences

syndrome overlaps with anaphylaxis and other immunologically
related adverse reactions. Distinguishing this symptom complex
from these other types of adverse reactions is potentially useful
for the purpose of risk mitigation. Although the underlying
mechanisms may not be fully understood, in some cases the
mechanism appears to relate to the cross-linking of activating
cell surface expressed receptors, which are the targets of the
therapeutic protein product (e.g., CD28 expressed on T-cells).
A risk-based evaluation, focused on the mechanism of action of
the therapeutic protein product as well as results of animal and
in vitro evaluations should be performed to determine the need
for collection of pre- and post-dose cytokine levels in the early
phase of clinical development. In case of a clinical adverse event,
such an evaluation may provide evidence to support the clinical
diagnosis of cytokine release syndrome and help distinguish
this entity from other acute drug reactions (e.g., anaphylaxis,
see Appendix A.2).

17.3.2.3

“Infusion reactions”

Therapeutic protein products may elicit a range of acute eﬀects,
from symptomatic discomfort to sudden, fatal reactions that
have often been grouped as “infusion reactions” in the past.
Although the term implies a certain temporal relationship,
infusion reactions are otherwise not well defined and may
encompass a wide range of clinical events, including anaphylaxis
and other events that may not be directly related to antibody
responses, such as cytokine release syndrome. In the absence of
an agreed-upon definition for infusion reaction, the categorization
of certain adverse events as infusion reactions without further
detail is problematic and is not recommended. Sponsors are
encouraged to use more-descriptive terminology when possible,
noting the timing, duration, and specific signs and symptoms
observed upon administration of a therapeutic protein product
and to provide data from mechanistic studies which may facilitate
a mitigation strategy.

17.3.2.4

Non-acute reactions

Anaphylaxis, cytokine release syndrome, and other acute reactions
are temporally linked to administration of a therapeutic protein
product. Delayed hypersensitivity (i.e., serum sickness) and
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immune responses secondary to immune complex formation
typically have a subacute presentation. As a result, the association
between administration of a therapeutic protein product and
non-acute reactions may be more difficult to establish, and
assessment of the underlying mechanism will likely require
evaluation of circulating immune complexes and complement
activation. Clinical signs may include delayed onset of fever,
rash, arthralgia, myalgia, hematuria, proteinuria, serositis, central
nervous system complications, and hemolytic anemia in the face
of an ongoing antibody response to the therapeutic protein
product (Hunley et al., 2004; Goto et al., 2009). When such a
reaction is suspected, laboratory assessment for circulating
immune complexes may help confirm the diagnosis. The necessity
and details of a laboratory assessment will depend on the
individual situation and should be discussed with the respective
review division for the therapeutic protein product.

17.3.2.5

Cross-reactivity to endogenous proteins

ADA can have severe consequences if it cross-reacts to and
inhibits a nonredundant endogenous counterpart of the
therapeutic protein product or related proteins (Macdougall et al.,
2012; Seidl et al., 2012). If the endogenous protein is redundant
in biological function, inhibition of the therapeutic and endogenous
proteins may not produce an obvious clinical syndrome until
the system is stressed, because not all biological functions of
an endogenous protein may be known or fully characterized
(Stanley et al., 1994; Bukhari et al., 2011). Moreover, the longterm consequences of such antibodies may not be known.
An additional potential consequence of cross-reactivity to an
endogenous protein results from antibody responses to a
therapeutic protein product that is a counterpart of an endogenous
cell surface receptor or a counterpart of an endogenous cytokine
that is membrane-expressed. Such antibodies may cross-reactively
bind to the respective cell surface receptors or proteins, causing
cytokine release or other manifestations of cellular activation.
For therapeutic protein product counterparts of endogenous
proteins that are critical to normal fetal or neonatal development,
neutralization of such endogenous proteins, resulting from
antibodies to the therapeutic protein product that cross react to

Recommendations for Immunogenicity Risk Mitigation in the Clinical Phase

the endogenous counterpart, has the potential to negatively impact
fetal or neonatal development when these immune responses
are generated or boosted during pregnancy or breast feeding.
As part of the risk evaluation, sponsors should consider the
potential transmission of antibodies to the fetus by the placenta
or to the developing neonate by human milk. Therefore, the risk
of neutralizing antibody development following administration
of such therapeutic protein products to women of childbearing
potential should be strongly considered in light of the potential
benefit. Moreover, the risk of neutralizing antibody development
to endogenous proteins critical in growth and development
beyond the neonatal period should be evaluated in studies in
pediatric populations.
Although animal studies may provide useful information
regarding the possible consequences of inhibition of an endogenous
protein, particularly for endogenous proteins that are highly
evolutionarily conserved, such studies are not considered to be
predictive of the likelihood of an immune response to a therapeutic
protein product in humans. Moreover, diﬀerences in the timing
and extent of transplacental transfer of maternal antibodies
may limit the utility of animal studies to assess in utero eﬀects of
cross-reactive antibodies to the endogenous counterpart of the
therapeutic protein product.

17.4 Recommendations for Immunogenicity
Risk Mitigation in the Clinical Phase of
Development of Therapeutic Protein
Products
Given the variety of factors that can aﬀect immunogenicity, the
risk assessment and the control and mitigation strategies will
depend on the individual development program and should be
considered at the earliest stage and at each subsequent stage
of product development. The extent of immunogenicity safety
information requiring premarketing and postmarketing will vary,
depending on the potential severity of the consequences of such
immune responses and the likelihood of their occurrence.
In terms of evaluating the clinical relevance of immune
responses, the Agency has the following recommendations:

545

546

Immunogenicity Assessment for Therapeutic Protein Products

Development of assays for anƟ-drug antibody (ADA)
• Sponsors should develop and implement sensitive
immunoassays commensurate with the overall product
development program. 5 Concomitant assessment of levels
of therapeutic protein product in the sample is recommended
to assess the potential for the presence of the product to
interfere with detection of an antibody in the assay.

Product-specific antibody sampling considerations
• Baseline samples for ADA testing should be collected,
and the post-baseline sampling frequency and duration
should reflect anticipated use of the product. More frequent
sampling is appropriate during the initiation and early
use of a new, chronically administered product; less
frequent sampling may be appropriate after prolonged use.
Repeat sampling should generally occur over periods of
sufficient duration to determine whether these responses
are persistent, neutralizing, and associated with clinical
sequelae. Samples for antibody assessment should be
drawn prior to administration of the therapeutic protein
product.
• In addition to a prespecified sampling schedule, unscheduled
sampling, triggered by suspected immunologically related
adverse events, is necessary for establishing the clinical
relevance of ADAs. Future sampling considerations for
patients whose samples test positive for an antibody at
the end of a study should be discussed with the respective
review division for the therapeutic protein product. Informed
consent should address the possibility for sampling beyond
study termination.
• Banking of serum samples from clinical trials under
appropriate storage conditions for future testing is always
advisable.
5See

the draft guidance for industry Assay Development for Immunogenicity Testing
of Therapeutic Proteins, where assay development is covered in detail. When final,
this guidance will reflect the Agency’s current thinking on this topic. Guidance on
appropriate assay development for immunogenicity testing is also available in the
ICH guidances for industry Q2A Text on Validation of Analytical Procedures and
Q2B Validation of Analytical Procedures: Methodology.
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Dosing
• For first-in-human trials, a conservative approach in an
appropriate medical setting with access to immediate
supportive care in the event of a serious adverse event,
such as anaphylaxis, should be taken. Staggered dosing
among individual patients and dosing cohorts is appropriate.
The trial design should include prespecified dose escalation
criteria and adequate time intervals between dosing
cohorts and, as appropriate for the pharmacokinetics and
pharmacodynamics of the product, between individuals
within a dosing cohort to assess toxicities prior to
administration of subsequent doses or treatment of
additional individuals. The need for such an approach will
depend on individual circumstances. 6 Aside from firstin-human trials, there may be other situations where a
similarly conservative approach is indicated, e.g., change in
the route of administration, change in formulation, change
in container closure system. As development progresses,
dosing strategies and safety parameters can be modified
based on clinical experience with the product and other
products of the same class.
• Because it may be difficult to predict the incidence
of product-specific antibodies in diﬀerent clinical trial
scenarios, dosing regimens in subsequent studies should
be risk based and take into account the following: data
from initial trials; the potential for and predicted eﬀects
of cross-reactivity to endogenous proteins; the severity of
eﬀects of neutralization of the therapeutic protein product
(e.g., a lifesaving versus adjunctive treatment product);
clinical parameters that impact immunogenicity in diﬀerent
patient populations; and the adequacy of proposed safety
monitoring (Koren et al., 2008).
• Higher doses of therapeutic protein products do not
uniformly overcome high titer and/or sustained or
neutralizing antibody responses and may impact safety,
e.g., may precipitate immune complex mediated disease or
cause other toxicities. The appropriateness of such a dose
6See

the guidance for industry, Estimating the Maximum Safe Starting Dose in
Initial Clinical Trials for Therapeutics in Adult Healthy Volunteers.
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escalation strategy will depend on the specific product,
the magnitude of the antibody response, and the disease
indication. A protocol defining specific safety monitoring
evaluations and stopping rules should be developed prior
to implementation of dose escalation to overcome an
antibody response.

Adverse events
• The development of neutralizing antibody activity or the
presence of sustained antibody titers may lead to loss of
efficacy or an increased risk of an adverse reaction. In
certain high-risk situations (e.g., assessment of a product
with a nonredundant endogenous counterpart), real-time
assessments for antibodies during a clinical trial may be
recommended for safety reasons. Real-time assessments
entail analyses of the samples as soon as possible after
sampling, before banking of the samples, and prior to
additional dosing. The need for such intensive monitoring
will depend on individual circumstances.
• If clinically relevant immune responses are observed, sponsors
are encouraged to study the underlying mechanism and
identify any critical contributing factors. These investigations
can facilitate development and adoption of potential
control and mitigation strategies, including modification of
product formulation and screening of higher-risk patients
(see Section 17.5).
• In some cases, sponsors may choose to explore premedication,
desensitization, or immune tolerance induction procedures
as potential mitigation strategies. Given the risks associated
with desensitization/immune tolerance induction procedures
and the potential for premedication to mask early signs
and symptoms of adverse events, the appropriateness of
such procedures will depend on the nature of the specific
indication, the target patient population, and the stage of
development.

Comparative immunogenicity studies
• For all comparative immunogenicity studies (e.g., those
comparing immunologically related adverse events, antibody
incidence, titer, or neutralizing activity to product pre-

Patient- and Product-Specific Factors That Affect Immunogenicity

and post-manufacturing changes), a strong rationale and,
when possible, prespecified criteria should be provided to
justify what diﬀerences in incidence or severity of immune
responses would constitute an unacceptable diﬀerence in
product safety.7 The same antibody assay should be used
to enable valid comparisons (see Appendix A.6).

Postmarketing safety monitoring
• Robust postmarketing safety monitoring is an important
component in ensuring the safety and eﬀectiveness of
therapeutic protein products. Because some aspects of
postmarketing safety monitoring are product-specific, the
FDA encourages sponsors to consult with the appropriate
FDA review division to discuss the sponsor’s proposed
approach to postmarketing safety monitoring. Rare, but
potentially serious, safety risks (e.g., immunologically related
adverse events) may not be detected during preapproval
clinical testing, because the size of the population exposed
may not be large enough to assess rare events. In some
cases, such risks may need to be evaluated through
postmarketing surveillance or required studies or clinical
trials.

17.5 Patient- and Product-Specific Factors
That Affect Immunogenicity
17.5.1

Patient-Specific Factors That Affect
Immunogenicity

Factors related to the target patient population may increase
or decrease the potential for and the risk associated with an
immune response. Therefore, caution is recommended when
moving from one patient population to another, and a new risk
assessment should be performed for each new patient population
considered for treatment.
7For

information on proposed biosimilar products, see the draft guidance for
industry Scientific Considerations in Demonstrating Biosimilarity to a Reference
Product. When final, this guidance will represent the FDA’s current thinking on
this topic.
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17.5.1.1 Immunologic status and competence of the patient
Patients who are immune suppressed may be at lower risk of
mounting immune responses to therapeutic protein products
compared to healthy volunteers with intact immune responses.
For example, 95 percent of immune-competent cancer patients
generated neutralizing antibody to a granulocyte-macrophage
colony-stimulating factor (GM-CSF) product; but only 10 percent
of immune-compromised cancer patients did so in response to a
GM-CSF product (Ragnhammar et al., 1994). Immune suppressive
agents may diminish the immune response to therapeutic protein
products. Thus, agents that kill antigen-activated lymphocytes
and/or elicit activity of regulatory T-cells, such as methotrexate,
have been shown to have a substantial eﬀect on immunogenicity
of co-administered monoclonal or other antibody products (Baert
et al., 2003). In contrast to immune-deficient patients, patients
with an activated immune system (e.g., patients with certain
infections or autoimmune disease) may have augmented responses.
Immune response generation may also be aﬀected by patient
age, particularly at the extremes of the age range (LeMaoult et al.,
1997; PrabhuDas et al., 2011; Cuenca et al., 2013; Goronzy and
Weyand, 2013). Particular caution with regard to immunogenicity
and immune responses should be used in studies evaluating
novel therapeutics in healthy volunteers (Li et al., 2001; Stebbings
et al., 2007; Colombel et al., 2010; Garces et al., 2013).
Recommendation
In the development of therapeutic protein products, a rationale
should be provided to support the selection of an appropriate study
population, especially for first-in-human studies. The potential
influence of concomitant medications on ADAs should be taken
into consideration during all stages of clinical development.

17.5.1.2 Prior sensitization/history of allergy
Prior exposure to a therapeutic protein product or to a structurally
similar protein may lead to pre-existing antibodies at baseline.
This is a particular concern for patients receiving a replacement
product, such as clotting factors or an enzyme replacement
therapy, who may have antibodies to a previous product that
could cross-react to an analogous product.

Patient- and Product-Specific Factors That Affect Immunogenicity

Sensitization to the excipients or process/product-related
impurities of a therapeutic protein product may also predispose
a patient to an adverse clinical consequence. For example,
products produced from transgenic sources may contain allergenic
foreign proteins, such as milk protein or protein from chicken eggs.
Because patient history may not capture all prior exposures
that could generate a pre-existing antibody response or predict
anaphylaxis, screening for pre-existing antibodies, e.g., inhibitors
or neutralizing antibodies in factor replacement therapy, should
be considered when appropriate.
Recommendation
Screening for a history of relevant allergies pertaining to the
source material of the therapeutic protein product (e.g., produced
in transgenic hen eggs versus mammalian cells) is recommended,
and the appropriateness of additional clinical or laboratory
tests prior to administration should be considered in light of the
overall risk-benefit assessment.

17.5.1.3 Route of administration, dose, and frequency of
administration
Route of administration can aﬀect the risk of sensitization.
In general, intradermal, subcutaneous, and inhalational routes
of administration are associated with increased immunogenicity
compared to intramuscular and intravenous (IV) routes. The IV
route is generally considered to be the least likely to elicit an
immune response. In conjunction with the route of administration,
dose and frequency can also aﬀect immunogenicity (Rosenberg
and Worobec, 2004). For example, in certain circumstances, a
lower dose administered intermittently may be more immunogenic
than a larger dose administered without interruption. It should
be noted that the eﬀects of dose and frequency on ADA
development may be aﬀected by other factors, such as route of
administration, product origin, and product-related factors that
influence immunogenicity.
Recommendations
Immunogenicity should be considered when selecting an
appropriate route of administration, especially for high-risk
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therapeutic protein products (e.g., therapeutic counterparts of
nonredundant endogenous proteins) in first-in-human dosing.
Changes in the route of administration or dosing during
product development may be associated with changes in the
immunogenicity profile, and clinical safety data should be
obtained to support such changes.

17.5.1.4 Genetic status
Genetic factors may modulate the immune response to a therapeutic
protein product. In particular, some human leukocyte antigen
(HLA) haplotypes may predispose patients to the development of
undesirable antibody responses to specific products (Hoﬀ mann
et al., 2008). If both appropriate and feasible, HLA mapping studies
may help define a subset of the patient population at increased
risk. Moreover, genetic polymorphisms in cytokine genes may
upregulate or downregulate immune responses (Donnelly et al.,
2011).
Recommendation
Evaluation of genetic factors that may modulate the immune
response to a therapeutic protein product is recommended in
circumstances in which a subset of treated patients lose the
clinical benefit of treatment or experience severe adverse events.
For example, the subset of patients that generate neutralizing
antibodies to IFN-beta products are more likely to possess distinct
HLA haplotypes (Hoﬀmann et al., 2008). Thus, knowledge of the
heightened susceptibility of patients with such HLA haplotypes
may allow for measures to prevent such responses or for pursuit
of other treatment options.

17.5.1.5 Status of immune tolerance to endogenous protein
Humans are not equally immunologically tolerant to all
endogenous proteins. Thus, the robustness of immune tolerance
to an endogenous protein aﬀects the ease with which a
therapeutic protein product counterpart of that endogenous
protein can break such tolerance. Immunological tolerance in
both protein-specific T- and B-cells depends on many factors,
prominent among which is the abundance of the endogenous
protein: immune tolerance is weaker for low-abundance and
stronger for high-abundance proteins (Weigle, 1980; Goodnow,
1992; Haribhai et al., 2003).

Patient- and Product-Specific Factors That Affect Immunogenicity

The human immune system is not fully tolerant to lowabundance endogenous proteins, such as cytokines and growth
factors, for which serum levels may be in the nanogram (ng)/
milliter (mL) to picogram (pg)/mL range. This point is underscored
by the presence of autoantibodies to cytokines and growth
factors in healthy individuals, the development of antibodies to
inflammatory cytokines, and the breaking of tolerance to
endogenous proteins by the administration of exogenous
recombinant therapeutic protein products (Hermeling et al.,
2004; Rosenberg and Worobec, 2004; Rosenberg and Worobec,
2005; Koren et al., 2008).
When a human therapeutic protein product is intended as
a replacement for an absent or deficient endogenous protein,
patients with genetic mutations conferring a protein knock out
phenotype may respond to the therapeutic protein product as to
a foreign protein or neoantigen or may already be sensitized as
a result of previous exposure to a similar therapeutic protein or
related proteins from other sources. Such responses may abrogate
the efficacy of the replacement therapy.
Recommendations
For a therapeutic protein product that is a counterpart of an
endogenous protein, the robustness of immune tolerance to the
endogenous protein should be investigated before initiating a
clinical trial and such evaluation should consider the following
as preeminent risks: if the clinical study is a first-in-human use,
if the endogenous protein has a nonredundant physiological
function, and if immune responses to the endogenous protein
have been detected in the context of autoimmune diseases.
Suggested evaluations include:
• Quantitating or gathering information on the level of the
endogenous protein in serum in the steady state, as well as
in conditions that may specifically elicit its production
(Weigle, 1980).
• Assessing for or gathering information on the presence
of pre-existing antibodies in healthy individuals and
patient populations and on the frequency and role of such
antibodies in autoimmune diseases (Bonfield et al., 2002;
Hellmich et al., 2002).
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• Evaluating immunogenicity, immune cell activation,
inflammatory responses, and cytokine release in relevant
animal studies to obtain insight and provide guidance
for clinical safety assessments (Koren, 2002) (also see
Appendix A.5).
• In patients requiring factor/enzyme replacement therapies,
evaluation of patient tissue samples for the detection
of endogenous protein or peptides (e.g., cross-reactive
immunologic material (CRIM)), as well as for genetic
mutations and HLA alleles (as appropriate), should be
strongly considered to better predict the development
of immune responses to the replacement therapy and to
evaluate the need for tolerance induction mitigation
strategies (Pandey et al., 2013b).
• Evaluating the extent of polymorphisms, including single
nucleotide polymorphisms, when appropriate, in relevant
patient populations to identify potential mismatches with
the therapeutic protein product (Jeﬀeris and Lefranc, 2009;
Viel et al., 2009; Pandey et al., 2013a).

17.5.2 Product-Specific Factors That Affect
Immunogenicity
Product-specific factors may increase or decrease the potential for
and the risk associated with an immune response. Immunogenicity
testing should be considered when changes are made to productspecific factors.

17.5.2.1 Product Origin (foreign or human)
Immune responses to nonhuman (i.e., foreign) proteins are expected
and, as previously explained, may be anticipated for endogenous
human proteins. Moreover, mismatches between the sequence of
the endogenous protein of the patient and that of the therapeutic
protein product caused by naturally occurring polymorphisms
are one risk factor for the development of immune responses to
the therapeutic protein product (Viel et al., 2009). However, the
rapidity of development, the strength (titer), and the persistence
of the response may depend on a number of factors, including the
following: previous and ongoing environmental exposure and the
mode of such exposure; the presence in the product of immunity-
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provoking factors, such as product aggregates and materials with
adjuvant activity; and the product’s inherent immunomodulatory
activity (see Section 17.5.2.6). For example, environmental
exposure to bacterial proteins from either commensal or
pathogenic bacteria on skin or in the gut may be predisposed to
the generation of immune responses when such bacterial
proteins (either recombinantly or naturally derived) are used as
therapeutics.
For proteins derived from natural sources, antibodies can
develop not only to the desired therapeutic protein product, but
also to other foreign protein components potentially present in
the product. Furthermore, such foreign proteins may contain
regions of homology to endogenous human proteins. The
capacity of the foreign protein to break tolerance and induce
antibody responses to the homologous human factor should
be evaluated in the clinical trial. For example, during treatment
with a bovine thrombin product, immune responses to bovine
coagulation factor V, incidentally present in the product, led to
the development of antibodies that cross-reacted to human factor
V and resulted in life-threatening bleeding in some patients
(Kessler and Ortel, 2009).
For monoclonal antibodies, product origin is an important
factor that can influence immunogenicity. Although mouse
antibodies have been shown to robustly elicit immune responses
in humans as compared to chimeric, humanized and human
monoclonal antibodies, it should be noted that chimeric, humanized
and human monoclonal antibodies can also elicit a high rate of
immunogenicity depending on the dosing regimen and patient
population (Singh, 2011). In fact, some human antibodies developed
using phage display may have significant ADA responses.
Moreover, novel structural formats, including fusion proteins,
bispecific or multispecific antibodies (bivalent or tetravalent),
single chain fragments, single domain antibodies, and specifically
engineered antibodies with mutations in the constant or
variable regions, may elicit immune responses, as such novel
structures may create neoantigens or expose cryptic epitopes.
In addition, site-specific mutations in constant regions may create
novel allotypes, and the use of an in vitro affinity maturation
process may result in novel idiotypes. An understanding of the
increased immunogenicity associated with certain antibody
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products will require more complete characterization of the
ADA response, such as identification of the target epitope(s)
(Singh, 2011).
Recommendations
All therapeutic protein products should be evaluated for their
content of and immune responses directed to incidental product
components, including proteins and nonprotein components.
A risk-based evaluation of potential immune responses to such
process- and product-related impurities should be performed,
and a testing program should be designed based on this
evaluation. Foreign proteins intended for therapeutic use should
be evaluated for molecular regions that bear strong homology
to endogenous human proteins. When such homologies exist,
assessment of antibodies to the homologous human protein should
be made in addition to assessment of antibodies to the foreign
therapeutic protein.
When developing assays to assess the immunogenicity of
novel antibody-related products, appropriate controls should be
incorporated into the assays to determine if the ADA response
is directed against novel epitopes.

17.5.2.2 Primary Molecular Structure/Posttranslational
Modifications
Primary sequence, higher-order structure, species origin,
and molecular weight of therapeutic protein products are all
important factors that may contribute to immunogenicity. Primary
sequence analysis can reveal potentially immunogenic sequence
diﬀerences in proteins that are otherwise relatively conserved
between humans and animals. In some cases, nonhuman epitopes
may elicit T-cell help or facilitate epitope spreading to generate
an antibody response to the conserved human sequences
(Dalum et al., 1997). Per Section 17.5.1.4, it is important to note
that therapeutic protein products of human origin may elicit
immune responses in subsets of patients with distinct HLA
haplotypes as well as in patients whose endogenous protein
amino acid sequence diﬀers from that of the therapeutic
protein product, even by single nucleotide polymorphisms.
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Additional advanced analyses of a primary sequence are also
likely to detect HLA class II binding epitopes in nonpolymorphic
human proteins. Such epitopes may elicit and activate regulatory
T-cells, which enforce self-tolerance, or, opposingly, could activate
T-helper (Th) cells when immune tolerance to the endogenous
protein is not robust (Barbosa and Celis, 2007; Tatarewicz et al.,
2007; De Groot et al., 2008; Weber et al., 2009). However, if
considered appropriate, engineering of changes to the primary
sequence to eliminate immunogenic Th cell epitopes or addition
of tolerogenic T-cell epitopes should be done cautiously, because
these modifications may alter critical product quality attributes
such as aggregation, deamidation, and oxidation and thus alter
product stability and immunogenicity. Therefore, extensive evaluation
and testing of critical product attributes should be performed
following such changes. Primary sequence considerations are
especially important in evaluation of the immunogenicity of fusion
proteins, because the immune responses to neoantigens formed
in the joining region may be elicited (Miller et al., 1999) and may
then spread to conserved segments of the molecule. Fusion proteins
consisting of a foreign protein and an endogenous protein are of
particular concern because of the capacity of the foreign protein
to elicit T-cell help for the generation of an antibody response to
the endogenous protein partner. Similarly, bioengineered proteins
involve the introduction of sequences not normally found in
nature and may thus contain neo-epitopes. These epitopes have
the potential to broadly elicit immune responses or may instead
interact with HLA alleles found only in a subset of patients to
induce immune responses (Kimchi-Sarfaty et al., 2013).
Chemical modifications of therapeutic protein products,
such as oxidation, deamidation, aldehyde modification, and
deimination, may elicit immune responses by, for example,
modifying a primary sequence, causing aggregate formation, or
altering antigen processing and presentation. Importantly, such
changes may be well controlled during manufacture and storage,
but may occur in vivo in the context of the relatively high pH of
the in vivo environment or in inflammatory environments and
cause loss of activity as well as elicitation of immune responses.
Evaluation of therapeutic protein products in the context of
the in vivo environments to which they are targeted can reveal
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susceptibility to such chemical modifications. (Huang et al.,
2005; Demeule et al., 2006; Makrygiannakis et al., 2006).
Susceptibility to chemical modifications of therapeutic protein
products, and thus the possibility of the loss of activity or induction
of immune responses in vivo, should prompt consideration of
careful protein engineering.
Recommendations
Careful consideration should be given to the primary sequences
chosen for the development of therapeutic protein products in
general, and especially of therapeutic protein product counterparts
of endogenous proteins in view of potential polymorphisms
in endogenous proteins across human populations.
The ADA response to fusion molecules or engineered versions
of therapeutic protein products should utilize assays that are
able to assess reactivity to the whole molecule as well as to its
distinct components. Immune responses directed to the intact
protein product, but not reactive with either of the separate
partner proteins, may be targeting novel epitopes in the fusion
region.
Evaluation of therapeutic protein products in the in vivo
milieu in which they function (e.g., in inflammatory environments
or at physiologic pH) may reveal susceptibilities to modifications
(e.g., aggregation and deamidation) that result in loss of efficacy
or induction of immune responses. Such information may
facilitate product engineering to enhance the stability of the product
under such stress conditions. Sponsors should consider obtaining
this information early in product design and development.

17.5.2.3 Quaternary structure: product aggregates
and measurement of aggregates
Protein aggregates are defined as any self-associated protein
species, with monomer defined as the smallest naturally
occurring and/or functional subunit. Aggregates are further
classified based on five characteristics: size, reversibility/
dissociation, conformation, chemical modification, and morphology
(Narhi et al., 2012). Aggregates ranging from dimer to visible
particles that are hundreds of micrometers in size (Narhi et al.,
2012) have been recognized for their potential to elicit immune
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responses to therapeutic protein products for over a half-century
(Gamble, 1966). Mechanisms by which protein aggregates may
elicit or enhance immune responses include the following: extensive
cross-linking of B-cell receptors, causing efficient B-cell activation
(Dintzis et al., 1989; Bachmann et al., 1993); and enhancing
antigen uptake, processing, and presentation; and triggering
immunostimulatory danger signals (Seong and Matzinger, 2004).
Such mechanisms may enhance recruitment of the T-cell help
needed for generation of high-affinity, isotype-switched IgG
antibody, the antibody response most often associated with
neutralization of product efficacy (Bachmann and Zinkernagel,
1997).
The potential clinical consequences of immune responses
induced by protein aggregates may in large measure depend
on the loss or preservation of native epitopes in the aggregate.
Some antibodies generated by aggregates containing native
proteins can bind to monomeric protein as well as to the
aggregate, with the potential to inhibit or neutralize product
activity. In contrast, some antibodies to denatured/degraded
protein bind uniquely to the aggregated material, but not to native
protein monomers, such as was the case with early preparations of
human intravenous immune globulin (IVIG) (Barandun et al.,
1962; Ellis and Henney, 1969). Responses to aggregates containing
degraded epitopes have been shown to cause anaphylaxis, but do
not inhibit or neutralize activity of the native protein (Ellis and
Henney, 1969).
Critical information is lacking regarding the types and
quantities of aggregates needed to generate immune responses
for any given therapeutic protein product (Marszal and Fowler,
2012), although there is evidence that higher-molecular-weight
aggregates and particles are more potent in eliciting such responses
than lower-molecular-weight aggregates (Dintzis et al., 1989;
Bachmann et al., 1993; Joubert et al., 2012). The aggregates formed
and the quantities that efficiently elicit immune responses also
may diﬀer for diﬀerent products and in diﬀerent clinical scenarios.
Furthermore, the use of any single method for the assessment
of aggregates is not sufficient to provide a robust measure of
protein aggregation. For example, the sole use of size exclusion
chromatography may preclude detection of higher-molecularweight aggregates that fail to traverse the column prefilter, yet
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may be the most crucial species in generating immune responses.
Moreover, it has been recognized that subvisible particulates
in the size range of 0.1–10 microns have a strong potential to
be immunogenic, but are not precisely monitored by currently
employed technologies (Berkowitz, 2006; Roda et al., 2009;
Gross and Zeppezauer, 2010; Mahler and Jiskoot, 2012). These
very large aggregates may contain thousands to millions of
protein molecules and may be homogeneous or heterogeneous
(e.g., protein molecules adhered to glass or metal particles).
Recommendations
It is critical for manufacturers of therapeutic protein products to
minimize protein aggregation to the extent possible. Strategies
to minimize aggregate formation should be developed as early
as feasible in product development. This can be done by using an
appropriate cell substrate, selecting manufacturing conditions
that minimize aggregate formation, employing a robust purification
scheme that removes aggregates to the greatest extent possible,
and choosing a formulation (see Section 17.5.2.7) and container
closure system (see Section 17.5.2.8) that minimize aggregation
during storage. It is particularly important that product expiration
dating take into account any increase in protein aggregates
associated with protein denaturation or degradation during
storage.
Methods that individually or in combination enhance
detection of protein aggregates should be employed to characterize
distinct species of aggregates in a product. Methods for
measuring aggregation are constantly evolving and improving.
Constant improvement and development of these methods should
be considered in choosing one or more appropriate assays.
Assays should be validated for use in routine lot release and
stability evaluations, and several of them should be employed
for comparability assessments. Animal studies may be useful
in identifying aggregate species that have the potential to be
immunogenic, although additional considerations (amount and
types of aggregates, route of administration, etc.) may determine
the extent to which such aggregate species pose clinical risk.
Assessment should be made of the range and levels of
subvisible particles (2–10 microns) present in therapeutic
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protein products initially and over the course of the shelf life.
Several methods are currently qualified to evaluate the content
of subvisible particulates in this size range (Mahler and Jiskoot,
2012). As more methods become available, sponsors should
strive to characterize particles in smaller (0.1–2 microns) size
ranges. Sponsors should conduct a risk assessment of the impact
of these particles on the clinical performance of the therapeutic
protein product and develop control and mitigation strategies
based on that assessment, when appropriate.

17.5.2.4 Glycosylation/pegylation
Glycosylation may strongly modulate immunogenicity of
therapeutic protein products. Although foreign glycoforms such
as mammalian xenogeneic sugars (Chung et al., 2008; Ghaderi
et al., 2010), yeast mannans (Bretthauer and Castellino, 1999),
or plant sugars (Gomord and Faye, 2004) may trigger vigorous
innate and acquired immune responses, glycosylation of proteins
with conserved mammalian sugars generally enhances product
solubility and diminishes product aggregation and immunogenicity.
Glycosylation indirectly alters protein immunogenicity by
minimizing protein aggregation, as well as by shielding
immunogenic protein epitopes from the immune system (Wei
et al., 2003; Cole et al., 2004). Pegylation of therapeutic protein
products has been found to diminish their immunogenicity via
similar mechanisms (Inada et al., 1995; Harris et al., 2001), although
immune responses to the polyethylene glycol (PEG) itself have
been recognized and have caused loss of product efficacy and
adverse safety consequences (Liu et al., 2011). Anti-PEG antibodies
have also been found to be cross-reactive between pegylated
products (Garay et al., 2012; Schellekens et al., 2013).
Recommendations
For proteins that are normally glycosylated, the use of a cell substrate
production system and appropriate manufacturing methods that
glycosylate the therapeutic protein product in a nonimmunogenic
manner is recommended.
For pegylated therapeutic protein products, the ADA assay
should be able to detect both the anti-protein antibodies and
antibodies against the PEG moiety. The same principle may apply
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to modifications where the therapeutic protein products that
are not pegylated but are modified with other high molecular
weight entities, e.g., hydroxyethyl starch.

17.5.2.5 Impurities with adjuvant activity
Adjuvant activity can arise through multiple mechanisms,
including the presence of microbial or host-cell-related impurities
in therapeutic protein products (Verthelyi and Wang, 2010;
Rhee et al., 2011; Eon-Duval et al., 2012; Kwissa et al., 2012).
These innate immune response modulating impurities (IIRMIs),
including lipopolysaccharide, β−glucan and flagellin, high-mobility
group protein B1 (HMGB1), and nucleic acids, exert immuneenhancing activity by binding to and signaling through toll-like
receptors or other pattern-recognition receptors present on
B-cells, dendritic cells, and other antigen-presenting cell populations
(Iwasaki and Medzhitov, 2010; Verthelyi and Wang, 2010).
This signaling prompts maturation of antigen-presenting cells
and/or serves to directly stimulate B-cell antibody production.
Recommendations
It is very important for manufacturers to minimize the types
and amounts of such microbial or host-cell-related impurities
in therapeutic protein products.
Assays to evaluate the types of IIRMIs present should be
tailored to the relevant cell substrate. Because even trace levels
of IIRMIs can modify the immunogenicity of a therapeutic
protein product, the assays used to detect them should have
sensitivities to assess levels that may lead to clinically relevant
immune responses.
If biomarkers are used to detect and compare the presence
of IIRMIs, they should be tailored to the IIRMIs that could
be present in the product. Examples of biomarkers could include
cytokine release and transcription factor activation from defined
cell populations.

17.5.2.6 Immunomodulatory properties of the therapeutic
protein product
The immunomodulatory activity of any given therapeutic protein
product critically influences not only the immune response
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directed to itself but also immune responses directed to other coadministered therapeutic protein products, endogenous proteins,
or even small drug molecules and may not be predictable.
For example, interferon-alpha (Gogas et al., 2006; Tovey and
Lallemand), interleukin-2 (Franzke et al., 1999), and GM-CSF
(Hamilton, 2008) are not only relatively immunogenic of themselves but also are known to upregulate immune responses
to endogenous proteins and to induce clinical autoimmunity.
Immunosuppressive therapeutic proteins may globally downregulate immune responses, raising the possibility of serious infections.
However, not all immunosuppressive therapeutic protein products
suppress responses to themselves. For example, integrin and
TNF monoclonal antibodies tend to be immunogenic. Thus, the
immunogenicity of such therapeutic protein products should be
evaluated empirically.
Recommendations
The immunomodulatory properties of therapeutic protein
products, their eﬀects on immune responses to themselves, and
their capacity to induce autoimmunity should be monitored
from the earliest stages of product development (Franzke et al.,
1999; Gogas et al., 2006; Hamilton, 2008).
Vaccination using live attenuated organisms should be avoided
when the therapeutic protein product is immunosuppressive.
Updated vaccination status, compliant with local health care
standards, is recommended for patients before administration of
the therapeutic protein product.

17.5.2.7 Formulation
Formulation components are principally chosen for their ability
to preserve the native conformation of the therapeutic protein
in storage by preventing denaturation due to hydrophobic
interactions, as well as by preventing chemical degradation,
including truncation, oxidation, and deamidation (Cleland et al.,
1993; Shire et al., 2004; Wakankar and Borchardt, 2006). Large
protein excipients in the formulation, such as human serum
albumin (HSA), may aﬀect immunogenicity positively or negatively.
Excipients such as HSA, although added for their ability to inhibit
hydrophobic interactions, may coaggregate with the therapeutic
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protein or form protein adducts under suboptimal storage
conditions (Braun and Alsenz, 1997). Polysorbate, a nonionic
detergent, is the most commonly used alternative to HSA. The
stability of both types of excipients (i.e., HSA and polysorbate)
should be kept in mind for formulation purposes because they
too are subject to modifications (e.g., oxidation), which may
then pose a threat to the integrity of the therapeutic protein
product.
Formulation may also aﬀect immunogenicity of the product
by altering the spectrum of leachables from the container closure
system. Leachables from rubber stoppers have been shown
to possess immune adjuvant activity, as shown in an animal
experiment (Mueller et al., 2009). Organic compounds with
immunologic activity as well as metals have been eluted from
container closure materials by polysorbate-containing formulations,
leading to increased oxidation and aggregation (Seidl et al., 2012).
Recommendations
Excipients should be evaluated for their potential to prevent
denaturation and degradation of therapeutic protein products
during storage. Interactions between excipients and therapeutic
proteins should be carefully evaluated, especially in terms of
co-aggregation or formation of protein-excipient adducts.
Excipient stability should be carefully considered when
establishing product shelf life. Thorough analyses of leachables
and extractables should be performed to evaluate the capacity
of container closure materials to interact with and modify the
therapeutic protein product. A risk assessment should be conducted,
and control and risk mitigation strategies should be developed as
appropriate.

17.5.2.8

Container closure considerations

Interactions between therapeutic protein products and the
container closure may negatively aﬀect product quality and
immunogenicity. These interactions are more likely with prefilled
syringes of therapeutic protein products. These syringes are
composed of multiple surfaces and materials that interact with the
therapeutic protein product over a prolonged time period and thus
have the potential to alter product quality and immunogenicity.
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The following are other container closure considerations pertinent
to immunogenicity:
• Glass and air interfaces can denature proteins and cause
aggregation in glass syringes and vials.
• Glass vials have been known to delaminate at higher pH
and with citrate formulations, potentially creating proteincoated glass particles, which may enhance immunogenicity
of the therapeutic protein product (Fradkin et al., 2011).
• Silicone oil-coated syringe components provide a chemical
and structural environment on which proteins can denature
and aggregate.
• Appropriate in-use stability studies should be performed
to confirm that conditions needed to maintain product
quality and prevent degradation are adequately defined.
• Leached materials from the container closure system may
be a source of materials that enhance immunogenicity,
either by chemically modifying the therapeutic protein
product or by having direct immune adjuvant activity,
including the following:
o Organic compounds with immunomodulatory activity
may be eluted from container closure materials by
polysorbate-containing formulations: a leachable organic
compound involved in vulcanization was found in a
polysorbate formulated product when the stopper surfaces
were not Teflon coated (Boven et al., 2005).
o Metals that oxidize and aggregate therapeutic protein
products or activate metalloproteinases have been found
in various products contained in prefilled syringes or in
vials. For example, tungsten oxide that leached from the
syringe barrel was reported to cause protein aggregation
(Bee et al., 2009); and leached metals from vial stoppers
caused increased proteolysis of a therapeutic protein
because of activation of a metalloproteinase that copurified with the product.
Recommendations
Whenever possible, sponsors should obtain detailed information
regarding a description of all raw materials used in the manufacture
of the container closure systems for their products. Sponsors
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should conduct a comprehensive extractables and leachables
laboratory assessment using multiple analytical techniques to
assess the attributes of the container-closure system that could
interact with and degrade protein therapeutic products.
Because the United States Pharmacopeia elastomeric closures
for injections tests do not adequately characterize the impact of
leachables in storage containers on therapeutic protein products
under real-time storage conditions, leachables must be evaluated
for each therapeutic protein product in the context of its storage
container under real-time storage conditions. 8
Testing for leachables should be performed on the product
under stress conditions, 9 as well as under real-time storage
conditions, because in some cases the amount of leachables
increases dramatically over time and at elevated temperatures.
Product compatibility testing should be performed to assess the
eﬀects of container closure system materials and all leachables
on product quality.

17.5.2.9 Product custody
Products in their intended primary packaging container closure
system should be tested for stability in protocols that include
appropriate in-use conditions (e.g., light, temperature, and
agitation) to identify conditions and practices that may cause
product denaturation and degradation.
Given that most therapeutic protein products degrade on
exposure to heat and light or with mechanical agitation, to
ensure product quality, health care practitioners and patients
should be educated regarding product storage, handling, and
administration.
A secure supply chain is critical. Appropriate temperaturecontrolled transport and storage is of utmost importance in
preserving product quality. For example, the storage of epoetinα under inappropriate conditions by unauthorized vendors was
associated with high levels of aggregates and antibody-mediated
pure red cell aplasia (Fotiou et al., 2009).
8

21 CFR 600.11(b) and (h).
the ICH guidance for industry Q1A(R2) Stability Testing Of New Drug Substances
And Products.

9See

Appendix

Recommendations
Patient educational materials (e.g., FDA-approved patient labeling
providing instructions for use as required under 21 CFR 201.57
and 201.80) should explicitly identify appropriate storage and
handling conditions of the product. Appropriate patient instruction
by caregivers is vital to ensuring product quality and helping
to minimize adverse impacts on product quality during product
storage and handling. Appropriate temperature-controlled transport
and storage should be ensured.

17.6

Conclusion

The consequences of immune responses to therapeutic protein
products can range from no apparent eﬀect to serious adverse
events, including life-threatening complications such as
anaphylaxis, neutralization of the eﬀectiveness of lifesaving
or highly eﬀective therapies, or neutralization of endogenous
proteins with nonredundant functions. Although immunogenicity
risk factors pertaining to product quality attributes and patient/
protocol factors are understood, immune responses to
therapeutic protein products cannot be predicted based solely
on characterization of these factors, but should be evaluated in
the clinic. A risk-based approach, as delineated in this guidance
document, provides investigators with the tools to develop novel
protein therapeutics, evaluate the eﬀect of manufacturing changes,
and evaluate the potential need for tolerance-inducing protocols
when severe consequences result from immunogenicity.

Appendix A
(1) Diagnosis of Anaphylaxis
The diagnosis of anaphylaxis is based on the following
three clinical criteria, with anaphylaxis considered as highly
likely when one of these criteria is fulfilled (Sampson et al.,
2006):
(a) Acute onset of an illness (minutes to several hours) with
involvement of the skin, mucosal tissue, or both (e.g.,
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(b)

•
•
•
•
(c)
•

•

generalized hives, pruritus or flushing, swollen lips-tongueuvula), and at least one of the following:
• Respiratory compromise (e.g., dyspnea, wheeze-bronchospasm, stridor, reduced peak expiratory flow, hypoxemia)
• Reduced blood pressure or associated symptoms of endorgan dysfunction (e.g., hypotonia [collapse], syncope,
incontinence)
Two or more of the following that occur rapidly after
exposure to a likely allergen for that patient (minutes to
several hours):
Involvement of the skin-mucosal tissue (e.g., generalized
hives, itch-flush, swollen lips-tongue-uvula)
Respiratory compromise (e.g., dyspnea, wheeze-bronchospasm, stridor, reduced peak expiratory flow, hypoxemia)
Reduced blood pressure or associated symptoms (e.g.,
hypotonia [collapse], syncope, incontinence)
Persistent gastrointestinal symptoms (e.g., crampy abdominal
pain, vomiting)
Reduced blood pressure after exposure to a known allergen
for that patient (minutes to several hours):
Infants and children: low systolic blood pressure (age
specific) or greater than 30-percent decrease in systolic
blood pressure
Adults: systolic blood pressure of less than 90 mm Hg or
greater than 30-percent decrease from that person’s baseline
Although none of the clinical criteria provide 100-percent
sensitivity and specificity, it is believed that these criteria
are likely to capture more than 95 percent of cases of
anaphylaxis (Sampson et al., 2006).
Laboratory tests for evaluating anaphylaxis:
At present, there are no sensitive and specific laboratory
tests to confirm the clinical diagnosis of anaphylaxis.
Skin testing and in vitro diagnostic tests to determine the
level of specific IgE antibodies directed against the
therapeutic protein product, mediator release, or basophil
activation may be useful for characterizing the underlying
pathophysiology and may provide insight into potential
mitigation strategies (Simons, 2010; Lee and Vadas, 2011).
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However, the results of unvalidated tests should be
interpreted with caution; and the clinical relevance of
positive results from unvalidated tests may be uncertain
during product development.
(2) Cytokine Release Syndrome
Monoclonal antibodies specific for cell surface receptors or
for cell membrane expressed cytokines, as well as antibodies
that develop in patients to therapeutic protein products
that bind to cell surface receptors, have the potential
to augment a product’s intrinsic agonist activity and
exacerbate infusion-related toxicities. In vitro assessments
of the capacity of such therapeutic protein products to
mediate cellular activation, including proliferation and
cytokine release in human whole blood or peripheral blood
mononuclear cells, are recommended. For products with
the potential to incur a cytokine release syndrome, an
initial starting dose below that obtained by traditional
calculations and slower infusion rates, where applicable, may
also be recommended (Duﬀ, 2006). Pre- and post-admss
Data from both animal studies and in vitro assessments
may provide information to guide development of
therapeutic protein products with the potential to induce
cytokine release. Although data from both animal studies
and in vitro assessments may supplement each other, they
generally are not fully predictive of the clinical occurrence
or outcome. Therefore it is imperative that great caution is
always exercised in the clinical development of products
with the potential to mediate receptor cross-linking (see
Sections 17.3.2.1 and 17.3.2.2). Although the traditional
animal models used for toxicology testing (i.e., rat, mouse,
dog, and cynomolgus monkey) rarely demonstrate overt
toxicities related to lymphocyte activation and cytokine
release, specific markers related to T-cell activation and
cytokine release can be measured in routine toxicology
studies, provided that the drug is pharmacologically active
in the test species. These data may then be useful for
predicting the potential for these agents to induce a cytokine
release syndrome in the clinic or for evaluating the activity
of second-generation agents that have been modified to
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reduce their level of T-cell activation. For example, cytokine
production can be measured in blood samples obtained
from treated animals during pharmacokinetic or general
toxicology studies, provided that the amount of samples
obtained does not compromise the health of the animals or
the ability to evaluate the toxicology endpoints at the study
termination point. When the evaluation of cytokine release is
included in animal testing, the measurement of a cytokine
panel that is as broad as possible and includes IL-2, IL-6,
IFN-γ, and TNF-α, as well as other relevant cytokines
indicative of cytokine release syndrome, is recommended.
Such proposed animal studies should be discussed with
FDA prior to initiation (Hsu et al., 1999; Norman et al.,
2000). In vitro assessments of cellular activation, including
proliferation and cytokine release in human whole blood
or peripheral blood mononuclear cells, are important
assessment tools that can help in overcoming the known
limitations of animals in modeling activating stimuli in
some T-cell subsets (Stebbings et al., 2007; Hellwig et al.,
2008; Findlay et al., 2011; Romer et al., 2011; Stebbings
et al., 2013). The impact of product cross-linking of cellular
receptors should be considered in such studies. Signs
of cellular activation in vitro should also be taken as an
indication that the product has the potential to induce
toxicities in the clinic, regardless of negative findings from
animal studies.
(3) Non-Acute Immune Responses
Type III hypersensitivity responses, including those
mediated by immune complexes and T-cells (delayed
hypersensitivity responses in the older literature),
are relatively rare with respect to therapeutic protein
products; and a high degree of clinical suspicion is
necessary for their diagnosis (Dharnidharka et al., 1998;
Hunley et al., 2004; Gamarra et al., 2006; Goto et al., 2009).
Signs and symptoms of immune complex deposition
may include fever, rash, arthralgia, myalgia, hematuria,
proteinuria, serositis, central nervous system complications,
and hemolytic anemia. Immune complexes, composed of
antibody and a therapeutic protein product, have been
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responsible for the development of glomerulonephritis
and nephrotic syndrome in patients undergoing tolerance
induction treatment (with factor IX and α-glucosidase)
in the face of a high titer and sustained antibody response
(Dharnidharka et al., 1998; Hunley et al., 2004). There
have been case reports of immune complex disease with
immune responses to monoclonal antibodies (Gamarra
et al., 2006; Goto et al., 2009) and situations in which
large doses of a monoclonal antibody targeting high
levels of a circulating multivalent antigen may increase
the likelihood of immune complex deposition (Gonzalez
and Waxman, 2000).
If patients develop signs or symptoms suggestive of immune
complex disease, appropriate laboratory assessments for
circulating immune complexes and complement activation
should be undertaken; and the administration of the
therapeutic protein product should be suspended. In certain
situations, development of tolerance induction therapies
that eliminate the antibody response may be appropriate
prior to further attempts at treatment.
(4) Antibody Responses to Therapeutic Protein Products
Antibodies to therapeutic protein products are classified
as either neutralizing or non-neutralizing. Neutralizing
antibodies bind to distinct functional domains of the
therapeutic protein product and preclude their activity. For
example, antibodies to therapeutic enzymes may bind to
either the catalytic site, blocking catalysis of a substrate, or to
the uptake domain, preventing uptake of the enzyme into the
cell. In rare circumstances, a neutralizing antibody may act as
a carrier and enhance the half-life of the product and prolong
its therapeutic eﬀect. As discussed in Section 17.3 of this
guidance document, non-neutralizing antibodies bind to
areas of the therapeutic protein product other than specific
functional domains and may exhibit a range of eﬀects on safety
and efficacy—enhanced or delayed clearance of the therapeutic
protein product, which may prompt consideration of dosing
changes, induction of anaphylaxis, diminished efficacy of
the product by causing uptake of the therapeutic protein
product into FcR-expressing cells rather than the target cells,
and facilitation of epitope spreading, allowing the emergence

571

572

Immunogenicity Assessment for Therapeutic Protein Products

of neutralizing antibodies. However, they may have no
apparent eﬀect on either safety or efficacy.
The development of a neutralizing antibody is expected
with administration of nonhuman proteins and in patients
receiving factor/enzyme replacement therapies to whom
such therapeutic protein products appear as foreign.
However, a neutralizing antibody to a therapeutic protein
product that cross reacts to an endogenous protein does
not always arise in situations in which the endogenous
factor is defective or absent by genetic mutation, as in
the case of hemophilia A or lysosomal storage diseases.
Neutralizing antibodies can develop in healthy individuals
to some normal endogenous proteins because immune
tolerance to some endogenous proteins is not robust
and can be broken by a therapeutic protein homolog with
sufficient provocation. For example, healthy volunteers
treated with a thrombopoietin (TPO)-type protein mounted
a neutralizing antibody response to the therapeutic, which
cross-reactively neutralized endogenous TPO, inducing
a prolonged state of thrombocytopenia in those formerly
healthy individuals (Li et al., 2001). Thus, treatment with
therapeutic counterparts of endogenous proteins serving
a unique function or endogenous proteins present at low
abundance should be undertaken with utmost caution.
Neutralizing a antibody to a therapeutic protein product
can also be catastrophic when it neutralizes the efficacy of
a lifesaving therapeutic such as therapeutic enzymes for
lysosomal storage disorders, and immune tolerance induction
should be considered in such circumstances (Wang et al.,
2008).
The loss of efficacy of mAbs in patients caused by immune
responses to the mAb can be highly problematic, and the
clinical consequences should not be minimized. Sponsors
may consider development of immune tolerance induction
regimens in such patients.
As discussed in Section 17.2.5 of the guidance document, if
the endogenous protein is redundant in biological function
(e.g., Type I interferons), neutralization of the therapeutic
and endogenous protein may not appear to produce an
obvious clinical syndrome. However, the more subtle
eﬀects of blocking endogenous factors, even though
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redundant in some functions, may not be apparent until
the system is stressed, as not all biological functions of
a factor may be known or fully characterized. Moreover,
the eﬀects of long-term persistence of a neutralizing
antibody, as have been observed, for example, in a small
percentage of patients with antibodies to IFN-β (Bellomi
et al., 2003), would not be known from short-term
follow-up and should be studied under the long term.
Generally, for products given chronically, one year or more
of immunogenicity data should be collected and evaluated
unless a shorter duration can be scientifically justified.
However, longer-term evaluation may be warranted
depending on the frequency and severity of the
consequences. In some cases, these studies may be done
in the postmarket setting. Agreement with the Agency should
be sought regarding the extent of data required before and
after marketing.
In some circumstances, antibody responses, regardless of
apparent clinical eﬀect, should be serially followed until
the levels return to baseline or an alternative approach
is discussed with the Agency. Moreover, for patients
in whom a therapeutic protein product appears to lose
efficacy, regardless of the duration of the treatment
course, it is important that an assessment be undertaken to
determine whether the loss of efficacy is antibody mediated.
For patients who develop neutralizing antibodies or are
considered at very high risk of developing neutralizing
antibodies to a lifesaving therapeutic protein product
(e.g., CRIM-negative patients with a deletion mutation for
a critical enzyme who are given enzyme replacement
therapy), consideration should be given to tolerance
induction regimens in a prophylactic setting, before or
concomitant with the onset of treatment (Wang et al.,
2008; Mendelsohn et al., 2009; Messinger et al., 2012).
Given the degree of immune suppression of such
regimens, although far less than that of a therapeutic regimen
to reverse an ongoing antibody response, careful safety
monitoring should be undertaken throughout the duration
of the protocol.
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(5) Utility of Animal Studies
Immunogenicity assessments in animals are conducted
to assist in the interpretation of animal study results
(e.g., toxicology studies) and in the design of subsequent
clinical and nonclinical studies (for additional information,
see the ICH guidance for industry S6(R1) Preclinical Safety
Evaluation of Biotechnology-Derived Pharmaceuticals). 10 They
are generally limited in their ability to predict the incidence of
human immune responses to a therapeutic protein product,
but they may be useful in describing the consequences of
antibody responses, particularly when an evolutionarily
conserved, nonredundant endogenous protein is inhibited
by cross-reactive antibodies generated to its therapeutic
protein product counterpart. When available, animal models
including hyperimmunized mice or gene knock out mice can
be used to address potential consequences of inhibition of
endogenous proteins. A special case is that of endogenous
proteins that are vital to embryonic or fetal development
whose elimination is embryonically lethal. In such situations,
the use of conditional knock out mice may be useful for
assessing potential consequences of neutralizing antibodies.
As in human studies, consideration should be given to the
potential transmission of antibodies to developing neonates
by breast milk.
In contrast to proteins that mediate biologically unique
functions, animal models are generally not useful for
predicting consequences of immune responses to therapeutic
protein products that are counterparts to endogenous
proteins with redundant biological functions. Mice that are
transgenic for genes encoding human proteins, humanized
mice (i.e., immune-deficient mice with human immune
systems), and mouse models of human diseases are
increasingly being developed and may be considered
for use in addressing multiple clinical issues, including
immunogenicity.
In addition to appropriate animal studies, consideration
should be given to in vitro and in silico analyses that may
10ICH

guidance for industry S6(R1) Preclinical Safety Evaluation of BiotechnologyDerived Pharmaceuticals is available at http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/UCM074957.pdf
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supplement animal studies to better or further elucidate
risk for immunogenicity.
(6) Comparative Immunogenicity Studies
The need for and the extent and timing of clinical
immunogenicity studies in the context of evaluating the
eﬀects of a manufacturing change will depend on such
factors as the degree of analytical comparability between
the product before and after the manufacturing change,
findings from informative comparative animal studies, and
the incidence and clinical consequences of immune
responses to the product prior to the manufacturing change.
For example, if the clinical consequence of an immune
response is severe (e.g., when the product is a therapeutic
counterpart of an endogenous protein with a critical,
nonredundant biological function or is known to provoke
anaphylaxis), more extensive immunogenicity assessments
will likely be needed.11
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18.1

Introduction

This guidance document provides recommendations to facilitate
industry’s development and validation of immune assays for
assessment of the immunogenicity of therapeutic protein products
during clinical trials. Specifically, this document includes guidance
regarding the development and validation of screening assays,
confirmatory assays, titering assays, and neutralization assays.  , 
For the purposes of this guidance document, immunogenicity is
defined as the propensity of the therapeutic protein product to
generate immune responses to itself and to related proteins or
to induce immunologically related adverse clinical events. The
recommendations for assay development and validation provided
in this document apply to assays for detection of anti-drug
antibody(ies) (ADA).  This guidance document may also apply to
some combination products on a case-by-case basis. 
This document does not discuss the product and patient risk
factors that may contribute to immunogenicity.  This guidance
document, including any discussions of terminology used in this
This

document specifically does not discuss the development or validation of
anti-drug antibody(ies) (ADA) assays for animal studies; however, some concepts
discussed are relevant to the design of ADA studies for nonclinical testing. Refer to
the International Conference on Harmonisation (ICH) guidance for industry S6(R1)
Preclinical Safety Evaluation of Biotechnology-Derived Pharmaceuticals for more
information regarding immunogenicity assessments in animal toxicology studies.
Also see the guidance for industry Immunogenicity Assessment for Therapeutic
Protein Products, where the topic “Utility of Animal Studies” is covered in more
detail. We update guidances periodically. To make sure you have the most recent
version of a guidance, check the FDA guidance Web page at http://www.fda.gov/
RegulatoryInformation/Guidances/default.htm.
For information on clinical immunogenicity assessment of proposed biosimilar
biological products, see the guidance for industry Scientific Considerations in
Demonstrating Biosimilarity to a Reference Product.
This guidance document does not pertain to immunogenicity assays for assessment
of immune response to preventative and therapeutic vaccines for infectious disease
indications.
General information on combination products is available at http://www.fda.gov/
%20CombinationProducts/default.htm
See the guidance for industry Immunogenicity Assessment for Therapeutic Protein
Products, where these topics are covered in more detail.

Background

guidance document, does not apply to in vitro diagnostic products. 
This guidance document revises the draft guidance for industry
Assay Development for Immunogenicity Testing of Therapeutic
Proteins issued in December 009. The information in this guidance
document has been reorganized for clarity and includes new
information on titering and confirmatory assays.
In general, FDA’s guidance documents do not establish
legally enforceable responsibilities. Instead, guidances describe
the Agency’s current thinking on a topic and should be viewed
only as recommendations, unless specific regulatory or statutory
requirements are cited. The use of the word should in Agency
guidances means that something is suggested or recommended,
but not required.

18.2

Background

Patient immune responses to therapeutic protein products have
the potential to affect product safety and efficacy.  The clinical
effects of patient immune responses are highly variable, ranging
from no effect at all to extremely harmful effects to patient health.
Detection and analysis of ADA formation is a helpful tool in
understanding potential patient immune responses. Information
on immune responses observed during clinical trials, particularly
the incidence of ADA induction and the implications of ADA
responses for therapeutic protein product safety and efficacy, is
crucial for any therapeutic protein product development program.
Accordingly, such information, if applicable, should be included
in the prescribing information as a subsection of the ADVERSE
Per

21 CFR 809.3(a), “in vitro diagnostic products are those reagents, instruments,
and systems intended for use in the diagnosis of disease or other conditions,
including a determination of the state of health, in order to cure, mitigate, treat,
or prevent disease or its sequelae. Such products are intended for use in the
collection, preparation, and examination of specimens taken from the human
body. These products are devices as defined in section 201(h) of the Federal Food,
Drug, and Cosmetic Act (the act), and may also be biological products subject to
section 351 of the Public Health Service Act.
See the guidance for industry Immunogenicity Assessment for Therapeutic Protein
Products.
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REACTIONS section entitled “Immunogenicity.” Therefore, the
development of valid, sensitive, specific, and selective assays to
measure ADA responses is a key aspect of therapeutic protein
product development.

18.3 General Principles
The risk to patients of mounting an immune response to a
therapeutic protein product will vary with the product. FDA
recommends adoption of a risk-based approach to evaluating
and mitigating immune responses to or immunologically related
adverse clinical events associated with therapeutic protein
products that affect their safety and efficacy. 9 Immune responses
may have multiple effects, including neutralizing activity and
the ability to induce hypersensitivity responses. Immunogenicity
tests should be designed to detect ADA that could mediate
unwanted biological or physiological consequences.
Screening assays, also known as binding antibody (BAb)
assays, are used to detect all antibodies that bind to the therapeutic
protein product. The specificity of BAb for the therapeutic
protein product is established using confirmatory assays. ADA
are further characterized using titering and neutralization assays.
Titering assays are used to characterize the magnitude of the
ADA response. It is important to characterize this magnitude
with titering assays because the impact of ADA on safety and
efficacy may correlate with ADA titer and persistence rather than
incidence (Cohen and Rivera, 2010). Neutralization assays assess
the ability of ADA to interfere with the therapeutic protein producttarget interactions. Therefore, neutralizing antibodies (NAb) are a
subset of BAb. It is important to characterize neutralizing activity
of ADA with neutralization assays because the impact of ADA
on safety and efficacy may correlate with NAb activity rather
than ADA incidence (Calabresi, Giovannoni, et al., 2007; Goodin,
Frohman, et al., 2007; Cohen and Rivera, 2010). Similarly, it may
be important in some cases to establish NAb titers. Additional
9See

the guidance for industry titled Immunogenicity Assessment for Therapeutic
Protein Products.

General Principles

characterization assays, such as isotyping, epitope mapping, and
assessing cross-reactivity, e.g., to endogenous counterparts or
to other products, may be useful.
The optimal time to design, develop, and validate ADA assays
during therapeutic protein product development depends on
the risk assessment of the product (Mire-Sluis, Barrett, et al.,
2004; Gupta, Indelicato, et al., 2007; Shankar, Devanarayan, et al.,
2008; Gupta, Devanarayan, et al., 2011). The sponsor should
provide a rationale for the immunogenicity testing paradigm,
preferably at the investigational new drug application (IND)
stage, during phase 1. Because ADA assays are critical when
immunogenicity poses a high clinical risk (e.g., assessment of a
therapeutic protein product with a non-redundant endogenous
counterpart) and real-time data concerning patient responses
are needed, the sponsor should implement preliminary validated
assays early, before and during phase 1, and obtain data in real
time. Real-time assessments entail analyses of the samples as
soon as possible after sampling, before banking of the samples,
and prior to additional dosing when the dosing regimen allows.
In lower risk situations, the sponsor may bank patient samples
so they can be tested when suitable assays are available. FDA
encourages sponsors to test samples during phase 1 and phase 2
studies using suitable assays. Samples derived from pivotal
studies should be tested with fully validated assays. At the time
of license application, the sponsor should provide data supporting
full validation of the assays. Recommendations regarding the
timing of ADA sample collection can be found in Section 18.7.1. 0
Assays for detection of ADA facilitate understanding of
the immunogenicity, safety, and efficacy of therapeutic protein
products. However, the detection of ADA is dependent on key
operating parameters of the assays (e.g., sensitivity, specificity),
0See

the guidance for industry titled Immunogenicity Assessment for Therapeutic
Protein Products, where immunogenicity risk assessment and mitigation
considerations are covered in more detail. Guidance on appropriate assay
development and validation for immunogenicity testing is also available in the
ICH guidances for industry titled Q2A Text on Validation of Analytical Procedures
and Q2B Validation of Analytical Procedures: Methodology.

589

590

Immunogenicity Testing of Therapeutic Protein Products

which vary between assays. Although information on ADA
incidence is typically included in the prescribing information
under an “Immunogenicity” subsection of the ADVERSE REACTIONS
section, FDA cautions that comparison of ADA incidence among
products, even for products that share sequence or structural
homology, can be misleading. This is because detection of ADA
formation is highly dependent on the sensitivity and specificity
of the assay. Additionally, the observed incidence of ADA
(including NAb) positivity in an assay may be influenced by
factors such as method, sample handling, timing of sample
collection, concomitant medications, and disease condition.
Therefore, comparing immunogenicity rates among therapeutic
protein products with structural homology for the same indication
is unsound, even though fully validated assays are employed.
When a true comparison of immunogenicity across different
therapeutic protein products that have homology is needed, it
should be obtained by conducting a head-to-head clinical study
using a standardized assay under the same conditions that
has equivalent sensitivity and specificity for both therapeutic
protein products.
The recommendations on assay development and validation
provided in this guidance document are based on common issues
encountered by the Agency upon review of immunogenicity
submissions. Sponsors should contact FDA for any productspecific guidance. Isotyping and cross-reactivity assay designs
should be discussed with FDA. Other publications may also be
consulted for additional insight (see Mire-Sluis, Barrett, et al.,
2004; Gupta, Indelicato, et al., 2007; Shankar, Devanarayan,
et al., 2008; Gupta, Devanarayan, et al., 2011). In general, FDA
recommends that sponsors develop assays that are optimized
for sensitivity, specificity, selectivity, precision, reproducibility,
and robustness (see Sections 18.4.3–18.4.7).
See

the United States Pharmacopeia (USP) General Chapter titled 1106
Immunogenicity Assays–Design and Validation of Immunoassays to Detect Anti-Drug
Antibodies for a broader discussion of various assay types.
For information on proposed biosimilar products, see the guidance for industry
titled Scientific Considerations in Demonstrating Biosimilarity to a Reference
Product.
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18.4

Assay Design Elements

This section applies to all types of assays for detection of ADA,
unless specified otherwise.

18.4.1

Testing Strategy

18.4.1.1 Multi-tiered testing approach
FDA recommends a multi-tiered ADA testing approach because
of the size of some clinical trials and the necessity of testing
patient samples at several time points. In this paradigm, a rapid,
sensitive screening assay is initially used to assess clinical
samples. The initial screening assay should be sensitive to low
levels of low- and high-affinity ADA (see Section 18.5.1). Samples
testing positive in the screening assay are then subjected to a
confirmatory assay to demonstrate that ADA are specific for
the therapeutic protein product. For example, a competition
assay could confirm that antibody is specifically binding to the
therapeutic protein product and that the positive finding in
the screening assay is not a result of non-specific interactions
of the test serum or detection reagent with other materials in
the assay milieu such as plastic or other proteins.
Samples identified as positive in the confirmatory assay
should be further characterized in other assays, such as titering
and neutralization assays. In some cases, assays to detect
cross-reactivity to other proteins with homology, such as the
corresponding endogenous protein, may be needed. Further,
tests to assess the isotype of the antibodies and their epitope
specificity may also be recommended once samples containing
antibodies are confirmed as positive.

18.4.1.2 Immunoglobulin isotypes
The initial screening assay should be able to detect all
relevant immunoglobulin (Ig) isotypes. For non-mucosal
routes of administration, and in the absence of anaphylaxis, the
expected ADA isotypes are IgM and IgG. For mucosal routes of
administration, IgA isotype ADA are also expected. Although FDA
expects that all relevant isotypes be detected in screening assays,
it is not necessary that the screening assay establish which
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isotypes are being detected. For example, assays using the
bridging format may provide no information on which isotypes
are being detected. Bridging assay format can theoretically detect
antibodies of most isotypes, but may not detect IgG4 isotypes.
In some circumstances the sponsor should develop assays that
discriminate between antibody isotypes. For example, for
therapeutic protein products where the risk for anaphylaxis
is a concern, antigen-specific IgE assays should be developed.
In addition, the generation of IgG4 antibodies has been
associated with immune responses generated under conditions
of chronic antigen exposure, such as with factor VIII treatment,
and in erythropoietin-treated patients with pure red cell aplasia
(Matsumoto, Shima, et al., 2001; Aalberse and Schuurman, 2002).
Consequently, depending on the clinical concern, assessing for
specific isotypes may be needed.

18.4.1.3 Epitope specificity
FDA recommends that the sponsor direct initial screening tests
against the whole therapeutic protein product and, when relevant,
its endogenous counterpart. For some therapeutic protein
products, the sponsor may need to investigate the ADA to specific
epitopes to which immune responses are specifically generated.
For example, determination of epitope specificity is recommended
for some fusion molecules because the region where the two
molecules join may form a neoantigen, and immune responses
to this region may arise. Because of epitope spreading, immune
responses to other parts of the molecule may ensue, leading to
the generation of antibodies to the therapeutic protein product or
its endogenous counterpart (Prummer, 1997; Miller, Korn, et al.,
1999; Disis, Goodell, et al., 2004; Thrasyvoulides, Liakata, et al.,
2007; van der Woude, Rantapaa-Dahlqvist, et al., 2010; Hintermann,
Holdener, et al., 2011). For these therapeutic protein products,
FDA encourages sponsors to investigate the initiating event in
the immune cascade. This knowledge may allow for modification
to the protein to reduce its potential immunogenicity. Similarly,
for therapeutic protein products with modifications, such as
PEGylation, sponsors should develop assays to determine
the specificity of ADA for the protein component as well as
the modification to the therapeutic protein product. Also see,
Sections 18.4.11.4 and 18.4.11.5.

Assay Design Elements

18.4.2

Assay Cut Point

The cut point of the assay is the level of response of the assay
that defines the sample response as positive or negative.
Information specific to establishing the cut point for the
respective assay types is provided in Sections 18.5 and 18.6.
Establishing the appropriate cut point is critical to ensuring
acceptable assay sensitivity.
The cut point of the assay can be influenced by a myriad of
interfering factors, such as pre-existing antibodies, rheumatoid
factor (RF), human anti-mouse antibodies, and the levels of
product-related material or homologous proteins in the matrix.
These factors should be considered early on in assay development
when defining the cut point. Because samples from different
target populations and disease states may have components that
can cause the background signal from the assay to vary, different
cut points may be needed for discrete populations being studied.
The cut point should be statistically determined using
samples from treatment-naïve subjects.  By performing replicate
assay runs with these samples, the variability of the assay can be
estimated. During assay development, a small number of samples
may be used to estimate the cut point. This may be done with as
few as 5–10 samples from treatment-naïve subjects.
The specific approach employed to determine the cut point
will depend on various factors. Specifically, because the cut
point should identify any samples that produce a signal beyond
that of the variability of the assay, the sponsor should consider
the impact of statistically determined outlier values as well as
true-positive samples when establishing the cut point. The
sponsor should provide justification for the removal of any data
points, along with the respective method used to determine their
status as outliers. Positive values and samples may derive from
non-specific serum factors or the presence of pre-existing
antibodies in patient samples (Ross, Hansen, et al., 1990; Turano,
Balsari, et al., 1992; Coutinho, Kazatchkine, et al., 1995; Caruso
and Turano, 1997; van der Meide and Schellekens, 1997;
Treatment-naïve

subjects could be healthy individuals or a patient population
not exposed to therapeutic protein product, depending on the stage of assay
development or validation and on the availability of samples. Sponsors should
provide justification for the appropriateness of the samples used.
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Boes, 2000). Although pre-existing antibodies to a variety of
endogenous proteins are present in healthy individuals, these
can be much higher in some disease states. The sponsor should
identify those samples with pre-existing antibodies, for example,
through immunodepletion approaches, and remove them from
the cut point analysis. If the presence of pre-existing antibodies
is a confounding factor, it may be necessary to assign positive
responses or a cut point based on the difference between
individual patient results before and after exposure. It is possible
to arrive at a reasonable value to define assay cut point through
careful design consideration, such as utilizing the minimal
required dilution (MRD) of the sample, removing statistical
outliers from analyses, minimizing the impact of interfering
factors, improving assay drug tolerance, and using an approach
to account for pre-existing antibodies.

18.4.3

Sensitivity

18.4.3.1 Assay sensitivity
The sponsor should determine the sensitivity of the assay to
have confidence when reporting immunogenicity rates. Assay
sensitivity represents the lowest concentration at which the
antibody preparation consistently produces either a positive result
or readout equal to the cut point determined for that particular
assay.  FDA recommends that screening and confirmatory
ADA assays achieve a sensitivity of at least 100 nanograms per
milliliter (ng/mL). Although traditionally FDA has recommended
sensitivity of at least 250–500 ng/mL, recent data suggest that
concentrations as low as 100 ng/mL may be associated with clinical
events (Plotkin, 2010; Zhou, Hoofring, et al., 2013). However, it
is understood that neutralization assays may not always achieve
that level of sensitivity.
The assays should have sufficient sensitivity to enable detection
of low levels of ADA before the amount of ADA reaches levels
that can be associated with altered pharmacokinetic, pharmacodynamic, safety, or efficacy profiles. Because assessment of patient
antibody levels will occur in the presence of biological matrix,
See, USP General Chapter titled 1106 Immunogenicity Assays—Design and Validation

of Immunoassays to Detect Anti-Drug Antibodies for a discussion on Relative
Sensitivity.
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testing of assay sensitivity should be performed with the relevant
dilution of the same biological matrix (e.g., serum or plasma,
with the same anticoagulant as the diluent, from the target
population). The final sensitivity should be expressed as mass
of antibody detectable/mL of undiluted matrix. Therefore, assay
sensitivity should be reported after factoring in the MRD. Assay
sensitivity should not be reported as titer. During development,
sensitivity should be assessed using both individual as well as
pooled samples from treatment-naïve subjects so that the
suitability of the negative control can be established.
Assay sensitivity should be determined by testing serial
dilutions of a positive control antibody of known concentration
in pooled negative control matrix. The dilution series should be
no greater than two- or threefold, and a minimum of five dilutions
should be tested. Alternatively, sensitivity can be calculated by
interpolating the linear portion of the dilution curve to the assay
cut point. As noted previously, assay sensitivity should be
reported in mass units per volume of undiluted matrix.
A purified preparation of antibodies specific to the therapeutic
protein product should be used to determine the sensitivity of
the assay so that assay sensitivity can be reported in mass
units/mL of matrix. Antibodies used to assess sensitivity can
take the form of affinity purified polyclonal preparations or
monoclonal antibodies (mAb).
A low positive system suitability control containing a
concentration of ADA slightly above the sensitivity of the assay
should be used to ensure that the sensitivity of the assay is
consistent across assay runs. The low positive system suitability
control should be designed to fail in 1% of the runs (see
Section 18.4.9.1).

18.4.3.2 Drug tolerance
Therapeutic protein product or the endogenous counterpart
present in the serum may interfere with the sensitivity of
the assay. Specifically, complexes formed between ADA and the
therapeutic protein product, also called ADA-drug complexes,
that prevent detection of ADA in the test format can form if
product-related materials are present in the test sample. This is
because ADA assays are generally designed to detect uncomplexed
ADA. The assessment of assay sensitivity in the presence of
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the expected levels of interfering therapeutic protein product,
also known as the assay’s drug tolerance, is critical to
understanding the suitability of the method for detecting ADA
in dosed patients.  FDA recommends that the sponsor examine
assay drug tolerance early in assay development. The sponsor
may examine drug tolerance by deliberately adding different
known amounts of purified ADA into individual ADA-negative
control samples in the absence or presence of different quantities
of the therapeutic protein product under consideration and
determining quantitatively whether the therapeutic protein
product interferes with ADA detection. Results obtained in the
absence and presence of different quantities of the therapeutic
protein product under consideration should be compared. There
should be a relationship between the quantity of antibody and
the amount of therapeutic protein product required for a
specified degree of inhibition. Data from pharmacokinetic studies
may be useful in establishing optimal sample collection times.
Acid dissociation pretreatment or other approaches may be used
to disrupt circulating ADA-drug complexes, which may lead to
increased assay drug tolerance. Interference from the therapeutic
protein product can be minimized if the sponsor collects patient
samples at a time when the therapeutic protein product has
decayed to a level where it does not interfere with assay results.

18.4.4

Specificity and Selectivity

Demonstrating assay specificity and selectivity is critical to the
interpretation of immunogenicity assay results. Specificity refers
to the ability of a method to detect ADA that bind the therapeutic
protein product but not assay components such as surfaces or
reagents. The assays should exclusively detect the target analyte,
in this case the ADA.  The selectivity of an ADA assay is its
ability to identify therapeutic protein product-specific ADA in
a matrix such as serum or plasma that may contain potential
interfering substances. Assay results may be affected by
See,

USP General Chapter titled 1106 Immunogenicity Assays–Design and Validation
of Immunoassays to Detect Anti-Drug Antibodies.
See, USP General Chapter titled 1106 Immunogenicity Assays–Design and Validation
of Immunoassays to Detect Anti-Drug Antibodies.
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interference from the matrix or from on-board therapeutic protein
product.  Lack of assay specificity or selectivity can lead to falsepositive results, which could obscure relationships between ADA
response and clinical safety and efficacy measures. Demonstrating
the specificity and selectivity of antibody responses to mAb,
Fc-fusion protein, and Ig-fusion proteins poses particular challenges
because of the high concentration of Ig in human serum. The
sponsor should clearly demonstrate that the assay method
specifically detects anti-mAb and not the mAb product itself,
non-specific endogenous antibodies, or antibody reagents used
in the assay. Similarly, for patient populations with a high
incidence of RF, the sponsor should demonstrate that RF does
not interfere with the detection method. Host cell proteins
and other product-related impurities may interfere with
demonstrating the assay specificity and selectivity as well.
A straightforward approach to addressing specificity and
selectivity is to demonstrate that binding can be blocked by
soluble or unlabeled purified therapeutic protein product. One
approach is to incubate positive and negative control antibody
samples with the purified therapeutic protein product or its
components under consideration. Inhibition of signal in the
presence of the relevant therapeutic protein product or its
components demonstrates that the response is specific and
selective. For responses to mAb products, inclusion of another
mAb with the same Fc but different variable region can be critical.
For responses to other proteins, an unrelated protein of similar
size and charge can be used. If the assay is specific and selective
for the protein in question, generally the addition of that protein
in solution should reduce the response to background or the cut
point, whereas the addition of an unrelated protein of similar
size and charge should have no effect. Conversely, addition of
the protein in question should have little effect on antibodies
specific to an unrelated protein. Selectivity should further be
evaluated by performing recovery studies, in which positive
control antibodies are spiked into matrix at defined concentrations,
and the positive control antibody signal is compared to that
obtained from antibody spiked into assay buffer alone.
See,

USP General Chapter titled 1106 Immunogenicity Assays–Design and Validation
of Immunoassays to Detect Anti-Drug Antibodies.
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18.4.4.1 Matrix interference
An important consideration is how interference from the assay
matrix, which is composed of the sample and the diluent, can
affect assay performance. Components in the matrix other than
therapeutic protein product can interfere with assay results. For
example, different anticoagulants used during sample collection
may have different effects in the assay, potentially affecting the
assay sensitivity and linearity. Sponsors should evaluate different
salt anticoagulant sample collection solutions for their effect on
assay results.
Endogenous and exogenous components in serum or plasma
may influence assay results, and it is usually necessary to dilute
patient samples for testing to minimize such effects. The sponsor
should examine the effect of such interferents by performing
spike-and-recovery studies. The sponsor should define the dilution
factor that will be used for preparation of patient samples before
performing validation studies assessing potential interference
of this matrix on assay results (see Section 18.4.4.2 on MRD).
Buffer components that are chemically related to the
therapeutic protein product may also interfere in the assay. For
example, polysorbate is chemically similar to polyethylene glycol
(PEG) and therefore may interfere in the detection of anti-PEG
antibodies. The chemical composition of the buffer should be
carefully considered during assay development.
The sponsor may examine matrix interference by spiking
different known amounts of purified ADA into the assay buffer
in the absence or presence of different matrix components.
Comparing the recovery of ADA in buffer alone with that in the
matrix can provide input on the degree of interference from matrix
components. Furthermore, such analysis may guide decisions
on the MRD recommended for sample testing. In addition, the
sponsor should examine other parameters affecting patient
samples, such as hemolysis, lipemia, presence of bilirubin, and
presence of concomitant medications that a patient population
may be using. Samples that have very high antibody titers may
need additional testing, such as with different dilutions of the
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competing product in the confirmatory assay, to ensure their
identification.

18.4.4.2 Minimal required dilution
Matrix components can contribute to non-specific signal if
undiluted, thereby obscuring positive results. Therefore, there
is frequently a need to dilute patient samples to maintain a
reasonable ability to detect ADA (sensitivity). Ideally, the MRD is
the sample dilution that yields a signal close to that of the assay
diluent and allows for the highest signal-to-noise ratio. MRD
typically ranges from 1:5 to 1:100.
FDA recommends that the sponsor determine the MRD
from a panel of appropriate number of samples from treatmentnaïve subjects. Determination of MRD usually involves serially
diluting treatment-naïve ADA-negative samples, as well as testing
known amounts of purified antibody (at high, medium, and low
concentrations) in serially diluted matrix in comparison to the
same amount of antibody in buffer. This ensures a reasonable
signal-to-noise ratio throughout the range of the assay. The MRD
should be calculated using at least 10 individual serum samples;
the appropriate number of samples will depend on various
factors, including the variability of the individual samples.
Although the MRD ultimately selected by the sponsor
will depend on the assay design and patient population, FDA
recommends that dilutions not exceed 1:100. Higher dilution
may result in the spurious identification of a negative response
when patients may actually possess low levels of therapeutic
protein product-specific antibodies, the occurrence of which
can be related to significantly altered pharmacokinetics,
pharmacodynamics, safety, or efficacy profiles. However, in some
instances greater initial dilutions may be required, and the overall
effect of such dilutions on assay sensitivity and immunogenicity
risk assessment should be considered.

18.4.5 Precision
Precision is a measure of the variability in a series of
measurements for the same material run in a method. Results
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should be reproducible within and between assay runs to assure
adequate precision.  Demonstrating assay precision is critical
to the assessment of ADA because assay variability is the basis
for determining the cut points and ensuring that low positive
samples are detected as positive. To provide reliable estimates,
the sponsor should evaluate both intra-assay (repeatability) and
inter-assay (intermediate precision) variability of assay responses.

18.4.6

Reproducibility

Reproducibility is an important consideration if an assay will
be run by two or more independent laboratories during a study,
and a sponsor should establish the comparability of the data
produced by each laboratory. 9 In addition, the assays should
have the same precision between different laboratories under the
established assay operating conditions (for example, using the
same instrument platform).

18.4.7

Robustness and Sample Stability

Assay robustness is an indication of the assay’s reliability during
normal usage 0 and is assessed by the capacity of the assay to
remain unaffected by small but deliberate variations in method
and instrument performance that would be expected under
relevant, real-life circumstances in routine laboratory practice.
For example, changes in temperature, incubation times, or buffer
characteristics, such as pH and salt concentration, can all impact
assay results. The complexity of bioassays makes them particularly
susceptible to variations in assay conditions, and it is essential to
For

more information on precision, see the guidance for industry titled
Bioanalytical Method Validation. Also see, USP General Chapter 1106 titled
Immunogenicity Assays–Design and Validation of Immunoassays to Detect Anti-Drug
Antibodies.
9For more information on reproducibility, see the guidance for industry Bioanalytical
Method Validation. Also see, USP General Chapter 1106 titled Immunogenicity
Assays–Design and Validation of Immunoassays to Detect Anti-Drug Antibodies,
USP General Chapter 1225 titled Validation of Compendial Procedures, and the ICH
guidance for industry Q2B Validation of Analytical Procedures: Methodology.
0For more information on robustness, see the ICH guidance for industry
Q2B Validation of Analytical Procedures: Methodology. Also see, USP General
Chapter 1106 titled Immunogenicity Assays–Design and Validation of Immunoassays
to Detect Anti-Drug Antibodies.
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evaluate and optimize parameters such as cell passage number,
incubation times, and culture media components. The sponsor
should examine robustness during the development phase, and
if small changes in specific steps in the assay affect results,
specific precautions should be taken to control their variability.
FDA recommends storing patient samples in a manner that
preserves antibody reactivity at the time of testing. FDA
recommends that the sponsor avoid freeze-thaw cycles because
freezing and thawing patient samples may also affect assay
results. However, studies evaluating long-term stability of positive
control antibodies may be useful.

18.4.8

Selection of Format

A number of different assay formats and instrumentation are
available that can be employed for detection of ADA. These include,
but are not limited to, direct binding assays, bridging assays, and
equilibrium binding assays. Each assay format has advantages
and disadvantages, including rapidity of throughput, sensitivity,
selectivity, dynamic range, ability to detect various Ig isotypes,
ability to detect rapidly dissociating antibodies, and availability of
reagents. One of the major differences between each of these assay
formats is the number and vigor of washes, which can have an
effect on assay sensitivity. All assays should be evaluated for their
ability to detect rapidly dissociating antibodies such as IgM, which
are common in early immune responses. Failure to detect such
antibodies in early immune responses to therapeutic protein
products may result in under-detection of true-positive antibody
samples. Epitope exposure is also important to consider because
binding to plastic or coupling to other agents, such as reporters (i.e.,
fluorochromes, enzymes, or biotin), can result in conformational
changes of the antigen that can obscure, expose, modify, or
destroy relevant antibody binding sites on the therapeutic protein
product in question.

18.4.9

Selection of Reagents

Many components of the assays for ADA detection may be
standard or obtained from commercial sources, for example,
For

more information on stability studies, see the FDA’s guidance for industry
titled Bioanalytical Method Validation.
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commercially available reagents such as Protein A/G coated resins
used in the depletion approach for confirmatory assays. Other
components, however, including positive control antibodies,
negative controls, and system suitability controls, may need to
be generated specifically for the particular assay.

18.4.9.1 Development of positive control antibodies
Sponsors may use different or the same positive control antibodies
to establish and monitor system suitability during routine
assessment of assay performance, as well as to determine that
the assay employed is fit for purpose. For system suitability
controls, a positive control antibody, either mono- or polyclonal,
used at concentrations adjusted to control the cut point and
dynamic range levels, may be suitable.
Positive control antibodies frequently are generated by
immunizing animals in the absence or presence of adjuvants.
FDA recommends that positive control antibodies generated by
immunizing animals be affinity purified using the therapeutic
protein product. This approach enriches the polyclonal
antibody preparation for ADA, which enables a more accurate
interpretation of sensitivity assessment results. The selection
of animal species when generating positive control antibodies
should be carefully considered. For example, if an anti-human
Ig reagent will be used as a secondary reagent to detect patient
antibodies, the positive control antibodies and quality control
(QC) samples should be detectable by that same reagent. When
the positive control antibody is not detectable by that same
reagent, an additional secondary reagent to detect the positive
control antibody may be needed. In those cases, an additional
positive control antibody for the secondary reagent used to
detect human antibodies should be implemented to ensure that
the reagent performs as expected. In some instances, the sponsor
may be able to generate a positive control antibody from patient
samples. Although such antibodies can be very valuable, such
samples are generally not available in early trials. Alternatively,
individual mAb or panels of mAb may be used for positive
control antibodies. Sponsors should discuss with FDA alternative
Proper

of time.

informed consent from patients is needed and should be planned ahead
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approaches to assay development and validation in the rare
event that a sponsor is not able to generate a positive control
antibody.
Ideally, the positive control antibody used to determine
assay applicability for the purpose of the respective assay should
reflect the anticipated immune response that will occur in
humans. For therapeutic mAb, the sponsor should give special
consideration to the selection of a positive control antibody
for the assay. When animals are immunized with a chimeric,
humanized, or human mAb to develop a positive control antibody,
the humoral response may be against the human Fc and not the
variable region of the molecule. Such positive control antibodies
may not be relevant for the anticipated immune response in
patients where the response is primarily directed to the antigenbinding regions.
Once a source of a positive control antibody has been
identified, the sponsor should use that source to assess assay
performance characteristics such as sensitivity, selectivity,
specificity, and reproducibility. FDA recommends that sponsors
generate and reserve positive control antibody solution for use
as a quality or system suitability control. For assay development
and validation, dilutions should be representative of a high,
medium, and low value in the assay. This is needed even for
qualitative assays to understand whether assay performance
is acceptable across a broad range of antibody concentrations.
Although high- and low-value QC samples should be used, mediumvalue QC samples for detection of ADA are generally not needed
for monitoring system suitability during routine assessment of
assay performance.

18.4.9.2 Development of negative controls

For negative control samples, it is recommended that when
possible, the control population should have the same disease
condition. The control samples should represent a similar gender,
age, and concomitant medications so that the sample matrix is
representative of the study population. Similarly, control samples
should be collected and handled in the same manner as study
samples with respect to, for example, type of anticoagulant used,
sample volume, and sample preparation and storage, because
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these pre-analytical variables can impact the performance of
control samples in the assay. It is frequently the case that such
control samples are not available for use during development or
pre-study validation exercises. In those situations, it is acceptable
to use purchased samples or samples from healthy donors, but
important parameters of assay performance such as cut point,
sensitivity, and selectivity should be confirmed when samples
from treatment-naïve subjects from the appropriate target
population become available.
FDA recommends that the sponsor establish a negative
control for validation studies and patient sample testing. In this
regard, a pool of sera from an appropriate number of treatmentnaïve subjects can serve as a useful negative control. Importantly,
the value obtained for the negative control should be below but
close to the cut point determined for the assay in the patient
population being tested. Negative controls that yield values far
below the mean value derived from individual serum samples
used to establish the cut point may not be useful in ensuring
proper assay performance.

18.4.9.3 Detection reagent consideration

The selection of a suitable detection reagent (i.e., reporter)
depends on the assay format chosen. It is critical to minimize
the non-specific signal from the detection reagent. The detection
reagent chosen should have the adequate sensitivity required
for the particular assay. These factors should be taken into
consideration when deciding on the detection reagent.

18.4.9.4

Controlling non-specific binding

Every reagent, from the plastic of the microtiter plates to the
developing agent, can affect assay sensitivity and non-specific
binding. One of the most critical elements is the selection of
the proper assay buffer and blocking reagents used to prevent
non-specific binding to the solid surface. The sponsor should
carefully consider the number and timing of wash steps as well
as the detergents added to the assay buffer (i.e., blocking or wash
buffer) to reduce background noise, but still maintain sensitivity.
A variety of proteins can be used as blocking reagents to provide
acceptable signal-to-noise ratio. However, these proteins may
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not all perform equivalently in specific immunoassays. For
example, they may not bind well to all types of solid phases or
may show unexpected cross-reactivity with the detecting reagent.
Therefore, the sponsor may need to test several blocking agents
to optimize assay performance. Moreover, including uncoated
wells is insufficient to assess non-specific binding. Rather,
determining the capacity of ADA to bind to an unrelated protein
of similar size and charge that may be present in the sample
may prove to be a better test of binding specificity.

18.4.10 Reporting Results for Qualitative and
Semi-Quantitative Assays
Several approaches may be used to report positive antibody
responses, and the appropriateness of the approach used should
be evaluated on a case-by-case basis. The most common approach
is qualitative, with patients reported as having a positive or
negative antibody response.
For patients who are confirmed to be ADA positive, determining
antibody levels can be informative because it allows for the
stratified assessment of ADA levels and their impact on safety and
efficacy. These relationships may not be elucidated unless ADA
levels are determined. Positive antibody responses may be reported
as a titer (e.g., the reciprocal of the highest dilution that gives
a readout at or just above the cut point of the assay), when
appropriate. The MRD should be factored in the calculations
of titers and provided when reporting titers. Reporting levels
of antibodies in terms of titers is appropriate and generally
understood by the medical community. Values may also be
zreported as amount of mass units of therapeutic protein
product neutralized per volume serum with the caveat that these
are arbitrary in vitro assay units and cannot be used to directly
assess therapeutic protein product availability in vivo.
Unless the assay method used allows for independent
determination of mass, antibody levels reported in mass units are
generally not acceptable because they are based on interpolation
of data from standard curves generated with a positive control
antibody, and parallelism between the reference standard and
test article cannot be assumed. Thus, FDA does not consider
it necessary nor desirable for the sponsor to report patient
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antibody results in terms of mass units unless (1) the results
are determined by quantitative means or (2) a universally
accepted and accessible source of validated antibody is available
as a control and parallelism between the dilution curves of the
control antibody and patient samples has been demonstrated.
Furthermore, even if parallelism is demonstrated, because the
reference standard and test articles are likely to contain different
populations of antibodies, the absolute mass units cannot be
calculated. Therefore, FDA understands that the mass units
reported are relative rather than absolute values.

18.4.11 Other Considerations for Assay Development
A myriad of factors can affect the assessment of antibody levels,
such as patient sample variability, therapeutic protein productdose response of the cells used to generate the standard curve
in a cell-based neutralization bioassay, affinity and avidity of
the ADA, and concentration of competing product in confirmatory
assays. Accounting for such factors is important to understand
and analyze assay variability and avoid errors. Common factors
that should be considered include the following:

18.4.11.1 Pre-existing antibodies
A growing body of evidence in the medical literature suggests
that B-cells and T-cells with specificity for a number of selfproteins exist naturally and may even be heightened in some
disease states, such as in patients subjected to cytokine therapy or
suffering from a variety of immunological or immunoinflammatory
diseases (Coutinho, Kazatchkine, et al., 1995; van der Meide
and Schellekens, 1997; Boes, 2000). For example, antibodies to
interferon can be found in normal individuals (Ross, Hansen,
et al., 1990; Turano, Balsari, et al., 1992; Caruso and Turano, 1997).
Less surprisingly, subjects may have pre-existing antibodies to
foreign antigens, such as bacterial products, most likely as a result
of exposure to the organism or cross-reactivity. Pre-existing
antibodies may have clinical effects and may affect the efficacy
of the therapeutic protein product being tested. An alternative to
the qualitative screening assay approach may be needed to assess
the quantity and quality of ADA when pre-existing antibodies
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are present. For example, testing samples for an increase in ADA
using a semi-quantitative assay type such as a titering assay
(see Sections 18.5.3 and 18.6.4) can provide information on the
impact of a therapeutic protein product on product immunogenicity
that is not provided by a qualitative assay.

18.4.11.2 Rheumatoid Factor

Measuring immune responses to therapeutic protein products
that possess Ig tails, such as mAb and Fc-fusion proteins, may
be particularly difficult when RF is present in serum or plasma.
RF is generally an IgM antibody that recognizes IgG, although
other Ig specificities have been noted. Consequently, RF will
bind Fc regions, making it appear that specific antibody to the
therapeutic protein product exists. Several approaches for
minimizing interference from RF have proven useful, including
treatment with aspartame (Ramsland, Movafagh, et al., 1999) and
careful optimization of reagent concentrations so as to reduce
background binding. When examining immune responses to
Fc-fusion proteins in clinical settings where RF is present, FDA
recommends developing an assay specific for the non-Fc region of
the proteins.

18.4.11.3 Monoclonal antibodies

Some special considerations pertain to the detection of antibodies
against mAb. Animal-derived mAb, particularly those of rodent
origin, are expected to be immunogenic with the immune
response directed against the whole mAb molecule. In the early
days of the therapeutic mAb industry, this was a key reason for
the failure of clinical trials (Kuus-Reichel, Grauer, et al., 1994).
Technologies reducing the presence of non-human sequences
in mAb, such as chimerization and humanization, have led to a
dramatic reduction but not elimination of immunogenicity. In
these cases, the immune responses are directed largely against
the variable regions of the mAb (Harding, Stickler, et al., 2010;
van Schouwenburg, Kruithof, et al., 2014). As immune responses
against the variable regions of human mAb are anticipated, FDA
does not expect that the use of human mAb will further reduce
immunogenicity by a significant margin. The assays that can
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detect the reactivity against variable regions are considered
more appropriate to evaluate the potential impact of antibodies
against mAb-based therapeutics in patients. However, engineering
of Fc portion (e.g., modification of the levels of afucosylation)
in human antibodies may affect immunogenicity. Many of these
concerns also pertain to Fc-fusion proteins containing a human
Fc region.

18.4.11.4

Conjugated proteins

Because antibody-drug conjugates (ADCs) are antibodies
conjugated with small molecule drugs, they represent a classic
hapten-carrier molecule. Therefore, the immunogenicity assays
should be able to measure the responses to all components of
the ADC therapeutic protein product, including the antibody,
linker-drug, and new epitopes that may result from conjugation.
When ADCs need to be labeled for immunogenicity assays, the
conjugation should be performed carefully because ADCs are
already modified. The potential for increased hydrophobicity of
the labeled molecules may cause aggregation, and therefore
the stability and solubility of these capture reagents should be
adequately characterized.

18.4.11.5 Products with multiple functional domains
Some proteins possess multiple domains that function in
different ways to mediate clinical efficacy. An immune response
to one domain may inhibit a specific function while leaving
others intact. Examination of immune responses to therapeutic
protein products with multiple functional domains may require
development of multiple assays to measure immune responses
to different domains of the molecules.

18.5

Assay Development

Information specific to development of respective assay types
is provided in Sections 18.5.1–18.5.4 below. These sections
supplement information relevant to all assay types provided in
Section 18.4.
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18.5.1

Development of Screening Assay

Based on the multi-tiered approach discussed previously in
Section 18.4.1, the first assay to be employed for detection of
ADA should be a highly sensitive screening assay that detects
low- and high-affinity ADA. Approximately 10 individual samples
may be used to estimate the cut point early in assay development;
however, this may need to be adjusted when treatment-naïve
samples from the target population become available. A low but
defined false-positive rate is desirable for the initial screening
assay because it maximizes detection of true positives. Subsequent
assays can be employed to exclude false-positive results when
determining the true incidence of immunogenicity.

18.5.2

Development of Confirmatory Assay

Because the screening assay is designed to broadly detect the
presence of antibodies that bind product in serum samples with
a defined false-positive rate, FDA recommends that the sponsor
develop assays to confirm the binding of antibodies that are
specific to the therapeutic protein product. Implementation of
a suitable confirmatory assay is important to prevent data on
ADA false-positive patients from confounding the analyses of the
impact of ADA on safety and efficacy.

18.5.2.1 Selection of format for confirmatory assay
It is expected that the selected confirmatory assay will be at least
as sensitive as the screening assay but have higher specificity
and at least as good selectivity in order to identify any falsepositive samples. The method and instrument platform selected
may be similar to or different from those used for the screening
assay. Frequently, both screening and confirmatory assays use
the same method and instrument platform. In such cases, the
sensitivity of each assay will need to be determined in mass
units and confirmed using system suitability controls to ensure
that the assay is sensitive to the presence of binding antibody.
When using a binding competition assay, the concentration of
competing product should be optimized to confirm the presence
of antibodies throughout and above the range of the assay.
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18.5.2.2

Cut point of confirmatory assay

If a competitive inhibition format is selected, a recommended
approach to determining the cut point uses the data from the
binding of antibody-negative treatment-naïve patient samples in
the presence of the competitor, which is usually the therapeutic
protein product. In this case, the amount of therapeutic protein
product used to establish the cut point should be the same as
the amount of therapeutic protein product that will be used as a
competitive inhibitor in the assay. However, this approach may
not be appropriate when dealing with samples where pre-existing
antibodies are present in the treatment-naïve population. In those
cases, the sponsor should exclude true positives from the cut
point assessment. In rare cases when baseline negative samples
are not available, sponsors may evaluate changes in titer or use
an orthogonal method to confirm samples that screen positive.

18.5.3
18.5.3.1

Development of Titering Assay
Titer determination

Titers are defined as the maximal dilution where a sample gives
a value above the screening cut point. Titers are often informative
and can be linked to clinical impact of the ADA. Titering assays
can be particularly informative when patients have pre-existing
antibodies. Titering assays most often are performed using
the same platform as the screening assay. Sera are tested in
sequential dilutions. Alternatively, titer may be determined by
extrapolating the dilution to the assay cut point using the linear
portion of the dose response curve.

18.5.3.2

Cut point of titering assay

When patients have pre-existing ADA, treatment-boosted ADA
responses may be identified by post-treatment increases in titer.
A cut point for defining the treatment-emergent or boosted
responses is needed. Frequently this cut point is determined as
a titer that is two dilution steps greater than the pre-treatment
titer, when twofold dilutions are used to determine the titer.
If titer is established by extrapolating the dilution curve to the
assay cut point, treatment-emergent responses may be determined
using estimates of assay variability.

Assay Development

18.5.4

Development of Neutralization Assay

In vitro neutralization assays provide an indication of the
potentialof the ADA to inhibit the biological activity of the product.
Such NAb can interfere with the clinical activity of a therapeutic
protein product by preventing the product from reaching its
target or by interfering with receptor-ligand interactions. The
testing method selected to assess neutralizing potential for
ADA-positive samples should be based on the mechanism of action
of the therapeutic protein product.

18.5.4.1 Selection of format for neutralization assay

Two formats of assays have been used to measure NAb activity:
cell-based bioassays and non-cell-based competitive ligandbinding assays. Selection of the appropriate assay format depends
on various factors. These factors include, but are not limited to,
the mechanism of action of the therapeutic protein product,
its ability to reflect the in vivo situation most closely, and the
selectivity, sensitivity, precision, and robustness of the assay.
FDA recommends that neutralization assays use a cell-based
bioassay format depending on the therapeutic protein product’s
mechanism of action because, frequently, cell-based bioassays
more closely reflect the in vivo situation and therefore provide
more relevant information than ligand-binding assays. Because
the cell-based bioassays are often based on the product’s
potency, historically the format of these assays has been extremely
variable. The choice and design of potency bioassays are generally
based on a cell line’s ability to respond to the product in question
and the potency bioassay’s relevance to the therapeutic protein
product’s mechanism of action.
The cellular responses measured in these bioassays are
numerous and can include outcomes such as phosphorylation of
intracellular substrates, calcium mobilization, proliferation, and
cell death. In some cases, sponsors have developed cell lines
to express relevant receptors or reporter constructs. When
therapeutic protein products directly stimulate a cellular response,
the direct effect of NAb on reducing bioactivity in the bioassay
can be measured. When therapeutic protein products indirectly
impact cellular activity; for example, by blocking a receptor-
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ligand interaction, the indirect effect of the NAb on restoring
bioactivity in a bioassay can be measured. Generally, bioassays
have significant variability and a limited dynamic range for
their activity curves. Such problems can make development and
validation of neutralization assays difficult.
There are cases when ligand-binding assay formats may be
used. One such case is when sufficiently sensitive or selective
cell-based bioassays cannot be developed. Another case is when
the therapeutic protein product does not have a cell-based
mechanism of action; for example, enzyme therapeutic protein
products that target serum proteins. Ligand-binding assays may
also be appropriate for therapeutic protein products that bind
serum ligands, preventing them from interacting with their receptor.
However, cell-based bioassays may still be more appropriate for
such therapeutic protein products to demonstrate that ADA are
inhibiting cellular activity. Sponsors should discuss using ligandbinding assays with FDA in such cases.

18.5.4.2 Activity Curve of Neutralization Assay
The sponsor should carefully consider the dose response curve
(product concentration versus activity) before examining other
elements of neutralization assay validation. Assays with a
small dynamic range may not prove useful for determination of
neutralizing activity. Generally, the neutralization assay will employ
a single concentration of therapeutic protein product with a
single dilution of antibody. Consequently, the sponsor should
choose a therapeutic protein product concentration whose activity
readout is sensitive to inhibition. If the assay is performed at
concentrations near the plateau of the dose-response curve
(marked “No” in Fig. 18.1, below), it may not be possible to discern
samples with low amounts of NAb. FDA recommends that the
neutralization assay be performed at therapeutic protein product
concentrations that are on the linear range of the curve (marked
“Yes” in Fig. 18.1). The assay should also give reproducible results.
The x-axis (Concentration) indicates a concentration of the
therapeutic protein product, and the y-axis (Activity) indicates
resultant activity; for example, the concentration of cytokine
secretion of a cell line upon stimulation with the therapeutic
protein product. The curve demonstrates a steep response to a
therapeutic protein product that plateaus at approximately 300.
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The “No” arrow indicates a concentration of a therapeutic protein
product that would be inappropriate to use in a single dose
neutralization assay because it would represent a range of
concentrations where the activity induced by the therapeutic
protein would be relatively insensitive to inhibition by NAb. The
“Yes” arrow represents a range of concentrations on the linear
part of the curve where the activity induced by the therapeutic
protein product would be sensitive to neutralization by antibody.

Figure 18.1 Activity curve for a representative therapeutic protein product.

18.5.4.3

Considerations for matrix interference for
neutralization assay

The matrix can cause interference with neutralization assays,
particularly as serum or plasma components may enhance or
inhibit the activity of a therapeutic protein product in bioassays.
For example, sera from patients with particular diseases may
contain elevated levels of one or more cytokines that might
serve to activate cells in the bioassay and obscure the presence
of NAb by increasing the response to the original stimulatory
factor or therapeutic protein product. Therefore, the sponsor
should understand matrix effects in these assays. Approaches
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such as enriching for ADA from serum or plasma samples may be
appropriate for these types of situations. However, this approach
may result in the loss of NAb, and consequently will require
careful examination and validation by the sponsor.
The concentration of therapeutic protein product employed
in the neutralization assay has a critical impact on assay sensitivity.
FDA recognizes that although the use of low concentrations of
therapeutic protein product may lead to a neutralization assay
that is more sensitive to inhibition by antibodies, very low
concentrations of therapeutic protein product may result in
poor precision of the assay. Also see Section 18.4.4.1 for general
information on matrix interference.

18.5.4.4

Cut point of neutralization assay

Determination of assay cut point has historically posed a great
challenge for neutralization assays. As with all assays, the cut
point should be determined based on the assay variability
established using samples from treatment-naïve subjects. If
neutralization assays are performed on samples that tested positive
in screening and confirmatory assays, a 1% false-positive rate
is acceptable. If neutralization assays are used for screening, a
5% false-positive rate should be used (see Section 18.6.2.2). If
the degree of sample variation makes it difficult to assess
NAb activity, other approaches may be considered but should be
discussed with FDA before implementation. Alternatively, exploring
other assay formats that lead to less variability and provide a
more accurate assignment of cut point may be necessary. Also
see Section 18.4.2 for general information on assay cut point.

18.2.4.5 Additional considerations for neutralization assay
Because neutralization assays are most commonly performed
only on samples that are confirmed to have antigen-specific
ADA, confirmatory approaches are not usually necessary. However,
because of the complexity of bioassays, confirmation of assay
specificity may be useful in determining whether patients have
mounted a true NAb response. The sponsor should consider the
following approaches:
(a) Unrelated inhibitory molecules may cause neutralizing
activity, and sometimes it may be unclear whether the
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observed neutralizing activity is caused by neutralizing
antibodies or by other inhibitory molecules. Test results
from baseline pre-exposure samples may be informative.
When there is concern that there is non-specific inhibition,
antibody depletion assays should be performed to evaluate
whether the neutralizing activity is truly caused by ADA
and not caused by other inhibitory molecules.
(b) Cell lines may be responsive to multiple stimuli other than
the therapeutic protein product under study. In such cases,
the presence of NAb can be examined in the presence of the
therapeutic protein product, which should be blocked by
a specific NAb response, versus alternative stimuli, which
should not be blocked by a specific NAb response.
(c) Serum may contain components such as soluble receptors
or endogenous product counterparts that may yield false
results in the neutralization assay. In such instances, adding
test serum or plasma samples directly to the bioassay in
the absence of therapeutic protein product may be useful
in understanding assay results.

18.6

Assay Validation

Assay validation is a process of demonstrating, by the use
of specific laboratory investigations, that the performance
characteristics of the ADA assay employed are suitable for its
intended use.  The level of validation depends on the stage of
product development and the risks of consequences of
immunogenicity to patients associated with the therapeutic
protein product. A partial validation involving assessments of
assay sensitivity, specificity, and precision requirements with
less emphasis on robustness, reproducibility, and stability may
be adequate for the earlier stages of clinical development such as
phase 1 and phase 2 studies. However, as a scientific matter,
as stated in Section 18.6.1, fully validated assays should be used
for pivotal and postmarketing studies.
See,

USP General Chapter 1106 titled Immunogenicity Assays–Design and Validation
of Immunoassays to Detect Anti-Drug Antibodies. Also see, the guidance for industry
Bioanalytical Method Validation, USP General Chapter 1225 titled Validation of
Compendial Procedures, and the ICH guidance for industry Q2(R1) titled Validation of
Analytical Procedures: Text and Methodology.
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Information specific to validation of respective assay types
is provided in Sections 18.6.2–18.6.5. These sections supplement
information relevant to all assay types provided in Sections 18.4
and ...

18.6.1 General Considerations for Assay Validation

Samples derived from pivotal studies should be tested with fully
validated assays. At the time of license application, the sponsor
should provide data supporting full validation of the assays.
Validation includes all of the procedures that demonstrate that
a particular assay used for quantitative measurement of ADA
in a given sample is reliable and reproducible for the intended
use. The fundamental parameters for validation include (1) cut
point, (2) sensitivity, (3) specificity and selectivity, (4) precision,
(5) reproducibility when relevant, and (6) robustness of some
assay features and stability of reagents and control samples. The
acceptability of clinical data generated by an assay corresponds
directly to the criteria used to validate the assay.
Determination of cut point is a fundamental aspect of assay
validation. If treatment-naïve samples from the appropriate
patient population are not available for the pre-study validation
exercise, alternative samples may be used. Frequently these are
samples from commercial sources. When alternative samples
are used to determine the cut point in the validation exercise,
the cut point should be determined again once samples from
the appropriate population (e.g. treatment-naïve patients) are
available. The cut point validated using the appropriate samples
should be used to determine whether samples are positive for ADA.
For validation of the fundamental assay parameters, FDA
recommends, at the minimum, that inter-assay precision be
evaluated on at least 3 different days with two analysts each
preparing a minimum of six otherwise independent preparations
of the same sample using the same instrument platform and
model. Intra-assay precision should be evaluated with a minimum
of six independent preparations of the same sample per plate
independently prepared by the same analyst. In cases where intraassay or inter-assay precision has a coefficient of variance (%CV)
greater than 20%, sponsors should consider the need to refine
the assay parameters to optimize the assay precision to the
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extent possible or provide justification to explain why higher
%CV should be acceptable. Alternatively, in assays with low
throughput (e.g., titer assay) when it may not be possible to run
six independent preparations of the same sample on a plate, intraassay precision should be evaluated with a minimum of three
independent preparations of the same sample per plate and at
least nine total independent preparations of the same samples.
Samples should include negative controls and positive samples
whose testing yields values in the low, medium, and high levels
of the assay dynamic range. The sponsor should evaluate interinstrument and inter-operator precision when relevant. Assays
should have comparable precision between different operators
under the same operating conditions.
When changes are made to a previously validated method,
the sponsor should exercise judgment as to how much
additional validation is needed. During the course of a typical
product development program, a defined ADA assay may undergo
modifications. Occasionally, samples may need to be re-tested
with the optimized validated assay; therefore, provisions should
be made to preserve sufficient sample volume under conditions
that allow for re-testing until the assays have been completely
validated and evaluated by the Agency. 
Critical method parameters, for example, incubation times
and temperatures, should be validated to demonstrate that the
assay performs as expected within predetermined ranges for
these parameters. Generally, the low, middle, and high values of
the allowed range are tested in the validation exercise.
Additional parameters may need to be validated depending
on the method (or technology) and instrument platform used
for the assay. For example, surface plasmon resonance assays
should be validated for surface stability upon regeneration,
and criteria should be set for baseline performance of the chip.
The efficiency and stability of the labeled  reagents should be
established. The sponsor should examine robustness during the
See

the guidance for industry titled Bioanalytical Method Validation for different
types and levels of validation. Also see, USP General Chapter 1106 titled
Immunogenicity Assays – Design and Validation of Immunoassays to Detect Anti-Drug
Antibodies.
A reagent is considered labeled if it is conjugated or fused to a moiety that will aid
in its capture or visualization. For example, conjugation to biotin, streptavidin, or a
fluorochrome. Unlabeled reagent is a reagent (for example, a drug) that is not labeled.
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development phase, and if small changes in specific steps in
the assay affect results, specific precautions should be taken to
control their variability.

18.6.2

Validation of Screening Assay

18.6.2.1 Sensitivity of screening assay
All the general considerations for assay validation discussed
previously apply to validation of screening assay. As noted earlier,
the sensitivity is particularly important in the initial screening
assay because these results dictate the further analysis of the
sample.

18.3.2.2

Cut point of screening assay

The cut point should be determined statistically with a minimum
of 50 samples tested on at least 3 different days by at least two
analysts using suitable statistical methods. FDA recommends that
the cut point for screening assays be determined by a 90% onesided lower confidence interval for the 95th percentile of the
negative control population (Shen, Dong, et al., 2015). This will
assure at least a 5% false-positive rate with a 90% confidence
level. This approach improves the probability of the assay
identifying all patients who may develop antibodies. The statistical
method used to determine the cut point should be based on
the statistical distribution of the data. For example, the 95th
percentile of the normal distribution is estimated by the mean
plus 1.645 standard deviation. Other approaches may be used
for estimating 95th percentile, including the use of median and
median absolute deviation value instead of mean and standard
deviation.
The mean response of negative control samples may be
constant or may vary between assays, plates, or analysts. When
the mean is constant, a cut point may be established during
assay validation that can be applied to the assay in-study. This is
frequently called a fixed cut point. When the mean varies between
assays, plates, or analysts but the variance around the mean is
constant, a normalization factor can be statistically determined
and applied in-study. This is also known as a floating cut point.
When both the mean and variance vary, a cut point must be
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established for each assay, plate, or analyst. This is known as a
dynamic cut point. One drawback of the dynamic cut point is
the need to have more replicates of the negative control in the
assay. Dynamic cut points should not be used to compensate for
deficient assay optimization.

18.6.3

Validation of Confirmatory Assay

Confirmatory assays should be fully validated in a manner similar
to screening and neutralization assays because these assays raise
some specific issues. As a scientific matter, the studies to validate
the assay will depend on the assay format and instrumentation
chosen. If these assays are based on competition for antigen
binding  by the antibodies in patient samples and the
measurement is loss of response, it is critical to identify the degree
of inhibition or depletion that will be used to ascribe positivity
to a sample. In the past, fixed percentages of binding reduction
were used, but these numbers were often arbitrary and are
unlikely to be relevant for all assays.
FDA recommends establishing a cut point based on the
assessment of the binding changes observed in samples that
are known to lack the antibodies when competing antigen is added.
FDA also recommends that the sensitivity of the confirmatory
assay be confirmed using a low concentration of the positive
control antibody.
For the estimation of the confirmatory assay cut point, an
80% one-sided lower confidence interval for the 99th percentile
is recommended. Because the purpose of this assay is to
eliminate false-positive samples arising as a result of non-specific
binding, it is adequate to use a 1% false-positive rate for the
calculation of the confirmatory cut point. The use of tighter falsepositive rates such as 0.1% is not recommended because it will
lead to an increased risk of false-negative results. See Section 18.4.2
for general information on assay cut point.
If the confirmatory assay format is a competiton assay in
which a competitor, usually unlabeled therapeutic protein
Competition

for antigen binding refers to a competition assay where the ability
of antigen-specific antibodies to bind to either labeled or plate-bound antigen is
inhibited by unlabeled or soluble antigen.
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product,  will be added to the reaction mixture to inhibit ADA
binding to the capture reagent for the cut point assay, the same
concentration of unlabeled therapeutic protein product should
be added to the samples when determining the confirmatory cut
point.

18.6.4

Validation of Titering Assay

The principles of assay validation described in Section 18.6.1
apply in general to validation of titering assays. The cut point of
the titration assay may be the same as or different from that of
the screening assay. When the titering assay is not used for
screening and the cut point is different than that of the screening
assay, the validation of the separate titration method cut point can
become necessary; for example, when the signal from the assay
diluent or matrix causes higher results than the screening assay
cut point because of a blocking effect of serum or if samples at
a dilution higher than the MRD do not generate consistently
negative results, i.e., when the screening cut point falls on the
lower plateau of the positive-control dilution curve. 

18.6.5

Validation of Neutralization Assay

A minimum of 30 samples tested on at least 3 different days by
at least two analysts should be used to determine the cut point,
using suitable statistical methods.
FDA recognizes that not all ADA are neutralizing, and it can be
difficult to identify positive control antibodies with neutralizing
capacity. Further, if an affinity purified polyclonal positive control
antibody preparation is used, it is likely that only a portion of the
antibodies are neutralizing, which can make the assay appear
less sensitive. Therefore, it is important to validate assay sensitivity.
Sponsors should validate assay specificity for cell-based
neutralization bioassays. As mentioned, for cells that may be
responsive to stimuli other than the specific therapeutic protein
product, the ability to demonstrate that NAb only inhibit the
See

footnote 25.
USP General Chapter 1106 titled Immunogenicity Assays — Design and
Validation of Immunoassays to Detect Anti-Drug Antibodies.

See,

Implementation of Assay Testing

response to therapeutic protein product and not the response to
other stimuli is a good indication of assay specificity. In such
studies, FDA recommends that the other stimuli be employed
at a concentration that yields an outcome similar to that of
the therapeutic protein product. The sponsor should also
confirm the absence of alternative stimuli in patient serum
(see Sections 18.4.3 and 18.4.4).
Cell-based neutralization bioassays frequently have reduced
precision when compared to ligand-binding assays because
biologic responses can be inherently more variable than
carefully controlled binding studies. Consequently, the sponsor
should perform more replicates for assessment of precision and
assessment of patient responses than for the screening assay
(see Section 18.4.5).
Additional parameters that should be validated are assay
performance when cells at the low, middle, and high range of the
allowed passage numbers, cell density, and cell viability are used
(see Section 18.4.7).

18.7
18.7.1

Implementation of Assay Testing
Obtaining Patient Samples

FDA recommends that the sponsor obtain pre-exposure samples
from all patients. Because there is the potential for pre-existing
antibodies or confounding components in the matrix, understanding
the degree of reactivity before treatment is essential. The sponsor
should obtain subsequent samples, with the timing depending
on the frequency of dosing. Optimally, samples taken 7 to 14 days
after the first exposure can help elucidate an early IgM response.
Samples taken at 4 to 6 weeks after the first exposure are generally
optimal for determining IgG responses. For individuals receiving
a single dose of therapeutic protein product, the above time frame
may be adequate. However, for patients receiving a therapeutic
protein product at multiple times during the trial, the sponsor
should obtain samples at appropriate intervals throughout the
trial and also obtain a sample approximately 30 days after the
last exposure.
Obtaining samples at a time when there will be minimal
interference from the therapeutic protein product present in the
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serum is essential. A sponsor should consider the therapeutic
protein product’s half-life to help determine appropriate times
for sampling. This is especially important for mAb products because
these products can have half-lives of several weeks or more;
and depending on the dosing regimen, the therapeutic mAb itself
could remain present in the serum for months. Under circumstances
when testing for IgE is needed, the timing of sample collection
should be discussed with FDA.
The level of therapeutic protein product that interferes with
the assay, as determined by immune competition, may also help
define meaningful time points for sampling. If therapeutic protein
product-free samples cannot be obtained during the treatment
phase of the trial, the sponsor should take additional samples
after an appropriate washout period (e.g., five half-lives). Obtaining
samples to test for meaningful antibody results can also be
complicated if the therapeutic protein product in question is
itself an immune suppressant. In such instances, the sponsor
should obtain samples from patients who have undergone a
washout period either because the treatment phase has ended
or because the patient has dropped out of the study.
Samples to determine serum concentrations of therapeutic
protein product should be obtained at the same time as
immunogenicity samples. Testing such samples can provide
information on whether the therapeutic protein product in the
samples may be interfering with ADA testing and whether ADA
may be altering the therapeutic protein product’s pharmacokinetics.

18.7.2

Concurrent Positive and Negative Quality
Controls

If the sponsor completes the proper validation work and makes
the cut point determinations, the immunogenicity status of
patients should be straightforward to determine. However,
positive control or QC samples are critical and should be run
concurrently with patient samples. We recommend that these
samples span a level of positivity with QC samples having a known
negative, low, and high reactivity in the assay. More important,
the QC samples should be diluted in the matrix in which patient
samples will be examined; for example, the same percent serum
or plasma (specify salt anticoagulant used). In this way, the sponsor

Documentation

ensures that the assay is performing to its optimal degree of
accuracy and that patient samples are correctly evaluated. For the
low-positive QC sample, we recommend that a concentration be
selected that, upon statistical analysis, would lead to the rejection
of an assay run 1% of the time. Such an approach would ensure
the appropriate sensitivity of the assay when performed on actual
patient samples. The concentration of high-positive QC samples
should be set to monitor prozone effects. 9
FDA also recommends that these QC samples be obtained
from humans or animals possessing antibodies that are detected
by the secondary detecting reagent, to ensure that negative
results that might be observed are truly caused by lack of antigen
reactivity and not caused by failure of the secondary reagent.
This issue is not a problem for antigen bridging assays because
labeled antigen is used for detection.

18.7.3

Confirmation of Cut Point in the Target
Population

Samples from different populations can have different background
activity in ADA assays. Therefore, it is necessary to confirm that
the cut point determined during assay validation is suitable for
the population being studied. Similarly, if samples used to
determine the cut point during assay validation were not obtained
and handled in a manner that represents how samples will
be obtained and handled in-study, the cut point should also be
confirmed with appropriate samples in-study. A sufficient number
of samples from the target population should be used, and
justification for the number used should be provided. If sufficient
numbers of samples are not available, agreement with the Agency
should be sought for the number of samples to be used.

18.8

Documentation

The rationale and information for the immunogenicity testing
paradigm should be provided in module 5.3.1.4 of the electronic
9Prozone

effects (also referred to as hook effects) are a reduction in signal that
may occur as a result of the presence of a high concentration of a particular
analyte or antibody and may cause false-negative results.
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common technical document (eCTD) on Reports of Bioanalytical
and Analytical Methods for Human Studies. 0 The standard
operating procedure of the respective assay being used should
be provided to the FDA, together with the results of the
validation studies and relevant assay development information
for parameters that were not validated, such as the MRD, the
stimulatory concentration of therapeutic protein product used
in the NAb assay, and some robustness parameters that are
critical for assay performance (see Section 18.7. Documentation
in the draft guidance for industry titled Bioanalytical Method
Validation).
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19.1

Introduction

The human immune system comprises an array of cells that
function in a highly orchestrated manner toward the defense of
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the “self” from myriad pathogenic entities, which are matched by
an extensive heterogeneity of immune cells. However, dangerous
viruses and bacteria may evolve strategies for circumventing the
immune system, by acquiring stealth capabilities that prevent
their detection and destruction. Hence, they may proliferate
unchecked at the host’s peril. Further, there are ever increasing
instances of antibiotic resistance that have the potential to
manifest as severe epidemic and pandemic health crises on a
global scale [1–3].
We propose that through the emergence of advanced
nanomedical technologies over the next few decades, the intrinsic
human immune system might be significantly augmented
through the incorporation of what we refer to as a conceptual
“sentinel” nanomedical platform. It might be possible that these
sentinels, which would be exceptionally “trained,” would continually
scan for, identify, and rapidly eradicate virtually any invading
bacterial or viral pathogen, organic and inorganic toxin, or other
unidentified “non-self’ entity in the human body.
As the result of this nanomedical capacity, individuals
would rarely become ill and might be endowed with considerably
extended longevity. Hence, beneficial sentinel capacities might
serve as an important facet of a far more extensive worldwide
vision for nanomedicine. When combined with nanotechnology
(molecular manufacturing) and artificial intelligence (imbued
within quantum computers), nanomedicine may give rise to
a condition that the authors refer to as “Global Health Care
Equivalency” (GHCE), where every individual on the planet
would have equivalent access to advanced, efficacious, and cost
eﬀective nanomedical diagnostics and therapeutics no matter
where they happen to reside, or under what conditions they live.

19.2

Brief Survey of Current Nanomedical
Research: Toward Immune System
Augmentation

Over the last decades, knowledge associated with the immensely
complex functions of the immune system has increased
tremendously. While we are still deciphering this enormously
multifaceted system and its interactions, research has already

Brief Survey of Current Nanomedical Research

commenced to make significant strides toward the enhancement
of specific aspects of the immune system and the engineering
of artificial immune responsive entities, where indeed this
developmental progress is exponential. Here we focus on only a
very few highlights that closely align with the topic of this chapter.
Current research with engineered nanoparticles might have
the potential to lead to the beneficial augmentation of certain
facets of the human immune system though various nanomedical
strategies. Contingent on the class of nanomaterials and their
specific dimensional, morphological, electronic, and chemical,
attributes, they may either convey a hindrance or benefit to
immune cells and the integrity of innate and adaptive immune
function. Hence, stringent safety and efficacy protocols should
be established toward the development of these prospective
nanomedical therapies to ensure that they have being thoroughly
vetted prior to their implementation for any form of immune
modulation.
Toward this end, Smith et al. explored how certain
nanomaterials (e.g., titanium dioxide, carbon nanotubes, and
fullerenes) (Fig. 19.1) may impact the immune system. In
their concluding remarks, they state: “Interactions between
ENMs [engineered nanomaterials] and the immune system are
unavoidable, and concerns about the possibility of ENM-mediated
immunomodulation promote a growing need to evaluate the
eﬀects of these novel materials on the many facets of the immune
system. Conversely, ENM toxicity that is mediated by one or more
types of immune cells adds a further complication. However, by
investigating the bidirectional ENM–immune cell interactions,
the resulting toxic eﬀects, and the mechanisms by which these
eﬀects occur, we can better characterize the hazards these
materials pose in order to select—with knowledge and
forethought—appropriate nanotherapeutics for use in medicinal
applications” [4].
Zhao et al. demonstrated the use of non-toxic functionalized
carbon nanotubes (fCNTs) (200–400 nm long) to enhance the
uptake of CpG oligodeoxynucleotides by tumor-associated
inflammatory phagocytic cells, which had the eﬀect of activating
them, in vitro and in vivo. Conversely, pristine CNTs and free CpG
exhibited no anti-tumor eﬀects. It was shown that a low-dose
injection of CNT–CpG complexes in mice eliminated gliomas by
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triggering natural killer cells and CD8 cells. The researchers
reported that this nanomedical strategy may result in the
development of a “more robust anti-tumor response without
inducing toxicity” [5].

Figure 19.1 The three types of carbon nanotubes. Image credit: Michael
Ströck, February 1, 2006, under Creative Commons License.

Luminescent porous silicon nanoparticles were investigated
by Gu et al., who activated antigen-presenting cells with the intent
of enhancing the immune system. These nanoparticles, which
were host to agonistic monoclonal antibodies (FGK45) to the
antigen-presenting cell CD40 receptor (co-stimulatory receptor
and a necrosis factor receptor resident on dendritic cells, B cells,
and macrophages), exhibited significantly augmented B cell
activation. These nanoparticle stimulators elicited a cell response
that corresponded to a 30–40 times higher concentration of
free FGK45 monoclonal antibodies [6].

Conceptual “Sentinel” Nanomedical Platform for the Significant Enhancement

Spatz et al. recently described the development of specifically
biofunctionalized gold nanoparticle-infused droplets of waterin-oil emulsions as 3D antigen-presenting cell analogs that
could interact with T cells. Nanopatterning and microfluidics
were employed to create these droplets, which were comprised
of triblock PFPE−PEG−PFPE and diblock PFPE−PEG−Gold
surfactants, combined at various concentration ratios toward
obtaining stable emulsion droplets containing diverse gold NP
densities. For this study, the gold nanoparticles were tethered
to rhodamine B to assess efficacy; however, the aim would
be to employ them as anchoring nodes for various bioactive
molecules that have the capacity to custom-activate T cells. Earlier
preclinical studies have shown that the “adoptive transfer of
regulatory T cells can exhibit a marked beneficial impact on
diﬀerent autoimmune diseases” [7–9]. The researchers state:
“The ability of T cells to exert forces in all three dimensions on
the biomolecules held by the drop may also be important in
evaluating the affinity and function of antigen receptors, ….” [10].
In an ultimate scenario, the T cells of a cancer patient might
be extracted, trained with antigens that are specific to
his/her particular cancer, and reintroduced into the patient to
specifically target and eradicate the cancer [11].

19.3

19.3.1

Conceptual “Sentinel” Nanomedical
Platform for the Significant Enhancement
of the Human Immune System
Description

It is plausible that with the advent of advanced autonomous
nanomedical devices, the human immune system might be
significantly augmented via a conceptual “sentinel” class
nanomedical platform. The sentinel (Fig. 19.2) platform would
comprise autonomous approximately 1 micron in diameter
nanomedical devices, which might be administered in the
thousands or tens of thousands, and have the capacity to
significantly enhance the innate and adaptive components of
the human immune system to the degree that virtually any
“non-self” pathogenic microorganism, organic/inorganic toxin,

631

632

The “Sentinel”

or unknown entity that an individual may be exposed to will be
rapidly identified and preemptively eradicated prior to the onset
of any negative physiological impact.

Figure 19.2 Artistic representation of “sentinel” class nanomedical device.
Reproduced from Svidinenko, Y., Nanobotmodels Company. Figure obtained
from Nanomedical Device and Systems Design: Challenges, Possibilities,
Visions (2013) and appears here with kind permission of CRC Press/Taylor
Francis Group.

19.3.2

Envisaged Capabilities

Nascent configurations of the sentinel platform are envisioned
to operate in collaboration with the intrinsic human immune
system, to provide a supportive role as an ultrasensitive “first
responder” network to rapidly immobilize and molecularly tag
any form of invasive entity for degradative processing. Further,
if required, sentinel nanodevices would have the capacity to
penetrate through tissues (via diapedesis) to track and eliminate
intrusive species. In those instances where the identification of
foreign entities is deemed inconclusive, a default protocol would
be instituted, following a comprehensive evaluation, to ensure
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that these entities are completely eradicated through highly
localized hyperthermia, cavitation, oxidation, or by nanomechanical
disruption and disassembly. As sentinel nanodevices become
more sophisticated via the integration of more deeply imbued
advanced artificial intelligence (AI), they might serve (if deemed
necessary for patients with severely compromised immune
systems), as a robust (temporary or permanent) adjunct or
alternative to the human immune system altogether [12].

19.3.2.1 Pathogen Eradication
It is conceivable that practically any known species of
pathogenic microorganism; even unknown species thereof,
might be eﬀectively eliminated via the considerable nanomedical
armamentarium that would be at the disposal of sentinel
nanodevices. Cumulatively, they would serve as an insurmountable
obstacle to the propagation of infectious agents, in that any
attempted response-driven adaptation to circumvent sentinel
capacities would be futile; these agents would still be identified
as non-self and destroyed. Any pathogenic microorganism, be
they virus, bacteria, fungi, mycobacteria, fungi, protozoa, or
helminths (parasitic worms), would be eradicated via the infliction
of irremediable damage to their structural integrity on multiple
fronts, in conjunction with the subsequent degradation and
destruction of their internal components.
The sentinel might be considered as micron scale Swiss Army
knife that is replete, aside for other capabilities, with a selection
of potent and readily deployable nanoscale pathogen destroying
tools. These nanometric implements might include a retractable
lance (to puncture and irreversibly disrupt the cell membranes
of pathogenic agents), a gold-tipped cell-penetrating electrode
to initiate highly localized hyperthermia via surface plasmon
resonance, and a free radical generator for emitting guided and
highly localized plumes of hydroxyl radicals and/or additional
powerful oxidizing agents to incapacitate intrusive pathogens [12].

19.3.2.2 Toxin degradation
Toward the nullification of any threatening organic or inorganic
toxins that may be introduced into the human body, the sentinel
might house an onboard “molecular disassembly array,” which
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would constitute a dynamic grid that is populated by thousands
of diamondoid manipulator tooltips. These tooltips could enable
the sentinel to immobilize and progressively proceed “through”
recalcitrant toxins, and in eﬀect, disassembling them layer by
layer at the molecular level until they are deemed neutralized and
non-toxic. “Optional atomic layer by atomic layer disassembly
might be utilized to disable the deleterious eﬀects of individual
toxic organic/inorganic molecules” [12].

19.3.2.3

Negation of drug resistance

Significant benefits provided by sentinels may include the
strong potential to relegate the existing vaccination paradigm to
obsolescence. In addition to eradicating all non-self species from
the human body, sentinels might also be programmed to quickly
scrutinize, diﬀerentiate, and destroy any seemingly healthy cells
that may have been commandeered by viruses to propagate
stealth infection processes and replication. Moreover, in eﬀect
they might collaboratively function as a highly eﬀectual stop
against the proliferation of malaria (Plasmodium falciparum),
HIV/AIDS, influenza, and “superbugs,” which may evolve
antibiotic resistance [13–15]. As a result, these capabilities
may culminate in the establishment of a powerful “drug free”
paradigm shift, through the utilization of (to reiterate from
above), cell membrane disruption via highly localized oxidation,
cavitation, hyperthermia, or nanomechanical degradation to
eliminate any type of infectious agent and/or cellular abnormality
within the human body, inclusive of metastatic cancer cells.
To ensure destructive efficacy against recalcitrant pathogens or
toxins, a molecular scale disassembly protocol might be engaged
[12].

19.3.3

Sentinel Mode of Operation

Sentinel class nanomedical devices would be mass-uploaded
with a complete set of comprehensive data to facilitate the
identification of all known pathogens, chemicals, and toxins that
pose threats, or potential threats, to human health. A percentage
of the nanodevices could be programmed to constantly “patrol”
the vasculature (down to capillary level, with the smallest
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capillary being ~3 microns in diameter) and lymphatic system
for the presence of non-self entities, and all sentinels would
have the ability, if necessary, to traverse tissues to capture and
eradicate such entities. They would be endowed with quantum
computational capabilities, which would work in conjunction
with a range of on board nanosensor probes to specifically
distinguish any suspect entities that they encounter. Sentinels
would be fully autonomous in vivo by virtue of onboard
propulsion and navigation, and would be able to harvest chemical
energy (e.g., via glucose) from the local in vivo environment.
However, for the most part, in order to conserve energy and
resources, only a small portion of the full contingent of nanodevices
would passively circulate through the vasculature and lymphatic
system to serve as “scouts.” The remaining population might
power down to a hibernation/standby status, while residing
unobtrusively within existing lymphoid organs until such time
that they are activated, via a scout alert protocol, to rapidly and
eﬀectively deal with the presence of pathogenic or toxic intruders.
Sentinel propulsion might be enabled by oscillating
piezoelectronic nanorods or fins, flagella-like appendages, or
through other nanopropulsive strategies [16]. Navigation for the
total population of sentinels would be facilitated by previously
generated digital 3D maps of the entire vasculature and lymphatic
system of a particular individual/patient via another class of
nanomedical device referred to as the Vascular Cartographic
Scanning Nanodevice (VCSN) [17]. These maps would also be
uploaded by the sentinels en masse, and prior to their being
ingressed into an individual/patient, a micron sized fiducial
beacon would be deployed and self-affixed/anchored to a stable
solid structure (preferably bone) where it would remain static
and serve as an orientational reference node to facilitate precise
navigation.

19.3.4

Advantages and Disadvantages

The most immediately evident and palpable advantageous aspect
of the sentinel nanomedical platform in significantly augmenting
the human immune system would be that individuals so imbued
would no longer become ill, at least not from any infectious
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diseases, or through toxicity. They would not contract colds,
influenza, or any other virally or bacterially propagated infectious
diseases, including hepatitis, sexually transmitted diseases
including HIV/AIDs, or other serious conditions such as
tuberculosis, malaria, Ebola, Zika, etc. Additionally, cumulative
arthrosclerosis associated plaque materials, cellular lipofuscin
aggregates, as well as Alzheimer’s related beta-amyloid plaques
might be eﬀectively eliminated via other dedicated classes of
nanomedical devices.
When sufficiently advanced, the sentinel platform would
negate the requirement of vaccines, as it would efficaciously
eradicate virtually all known invasive viral and bacterial species,
and would be programmed to destroy even unknown species
thereof. Further, these individuals would be completely
protected from any form of toxicity (save for perhaps radioactive
poisoning, which may itself be somehow neutralized within the
human body in the future) and poisoning from chemicals, or
from poisonous insect, snake, or scorpion, etc., bites.
A secondary and not insignificant aspect might be that
these capacities would undoubtedly have considerable positive
impacts on human longevity, as the cumulatively degradative
physiological and psychological tolls that typically attend various
illnesses would be absent.
A potential disadvantage for the integration of the sentinel
platform would center on the overall security of the system
and its individual constituents. As with any sophisticated
computationally based technology, it might be not be out of the
realm of possibility that sufficiently focused, resourceful, and
technically savvy perpetrators with nefarious intent might
conceivably exploit an unforeseen vulnerability to undermine
sentinel functionality. Further, despite stringent fabrication,
safety, and testing protocols; with the deployment of tens of
thousands of sentinels, there may be a risk of malfunction
in individual units. On the topic of security, Boehm notes…
“Multiple redundancies in programming and established failsafe
protocols would negate the possibility that any “self” healthy
cell or biological entity would even be approached by sentinels.
Any deviation from established programming would result in
immediate nanodevice shutdown and its subsequent retrieval
for egress” [12].
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19.3.5

Significant Paradigm Shifts across Medical and
Social Domains

It is becoming ever clearer that our immune systems function as
incredibly complex, yet extremely well orchestrated communities
of autonomous entities that operate on multiple interactive
levels, spanning molecular, cellular, tissue, organ, cognitive, and
whole body, domains. Research derived from this knowledge is
envisioned to create equally elegant and autonomously functioning
systems that work in a synergistically orchestrated manner within
the human body.
The discovery and creation of these autonomous systems
will follow the trajectory of the rising trend across society for
self-discovery and autonomous empowerment as relates to
one’s own health. This inclination is fortified via easy access to
scientific knowledge, which bolsters the desire for making personal
health decisions, while accepting individual responsibility for
our health measures and overall wellbeing. The envisaged
sentinel nanomedical platform constitutes but one projection of
the most positive future outcomes of this movement, which the
authors propose will culminate in a condition that the authors
refer to as Global Health Care Equivalency (GHCE). A book titled:
Nanotechnology, Nanomedicine, and AI: Toward the Dream of
Global Health Care Equivalency (CRC Press/Taylor & Francis) is
currently under preparation by the authors, which will articulate
this conceptual platform, and explore how GHCE might initiate
significant positive paradigm shifts across the medical and
health care domains on a global scale.
Under GHCE, every individual on the planet would have
equivalent access to advanced, efficacious, and cost eﬀective
nanomedical diagnostics and therapeutics, no matter where they
happen to reside, or under what conditions they live. The authors
elaborate further that:
The attainment of GHCE might serve to significantly reduce
the perception of individuals in the developing world of being
marginalized, at least in terms of health care, which may ultimately
translate to conflict reduction. In the developed world, GHCE would
serve to dramatically reduce health care expenditures across the
board. Synergies between nanotechnology, nanomedicine, and
AI may enable this vision on a global scale. Progress toward
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this goal will be incremental, with each successive wave of
nanomedical technologies being more advanced than the
previous wave.

The tipping point for GHCE will appear with the emergence
of Molecular Manufacturing, a topic of the book in preparation
by the authors and titled: Molecular Manufacturing: Emergence
of the Grand Equalizer (CRC Press/Taylor & Francis). Molecular
manufacturing [18] will make possible the cost eﬀective
fabrication of the sentinel, in addition to numerous other classes
of advanced autonomous nanomedical devices that Boehm
describes in his first book [19].

19.4 Conclusion
Over the last 40 years, incredible work has been achieved
by dedicated and visionary scientists and entrepreneurs
worldwide, toward deciphering the immensely complex immune
system. Today we acknowledge that there indeed remain many
unknowns, yet at the same time cumulative global eﬀorts are
propelling our knowledge exponentially forward at a very rapid
pace, which has never before been experienced. It is hoped that
this chapter might present a vision of a positive future with
the advent of advanced nanomedical technologies that will
beneficially change society.
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20.1

Regional Immunotherapy: A Rising
Trend in Nanomedicine

Over the last 5 years, the scientific community witnessed a rising
trend in nanomedicine: the regional administration of cell-based
and viral vector-based therapies for solid malignancies
(see Fig. 20.1). Multimodality therapies that combine regional
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immunotherapy with other local and systemic therapies are
demonstrating continuous growth as the field of immunotherapy
keeps on expanding [1–3].
Until recently, brain tumors were somehow not considered
amenable for those treatments. For a long time, in fact, the
most accepted theories suggested that the requirements for the
initiation of immune responses within the central nervous system
(CNS) were significantly more stringent than in other organs or
compartments of the human body [4–9].
However, some groundbreaking discoveries, such as the
identification of functional lymphatic vessels lining the dural
sinuses, and the presence of tumor infiltrating lymphocytes in
brain tumors, recently confirmed that anti-tumor responses are
engendered also in response to malignant intracranial lesions
[10–12]. As such, many surgical interventions initially developed
for intrapleural and intraperitoneal delivery of the so-called
“adoptive immunotherapy” were eventually optimized to enhance
their local delivery also intracranially.
Although extremely promising, this is not a story of immediate
success: Immunotherapy for CNS pathologies is still in its early
stages, and before that it went through many failures, mostly due
to a lack of specificity of these treatments (durable responses were
noted only in a small proportion of treated patients) and the
potential for serious toxicity [13, 14].
Noteworthy, unlike chemotherapy, which acts directly on the
tumor, cancer immunotherapy exerts its eﬀects on the immune
system and demonstrates new kinetics that involve building a
cellular immune response, followed by changes in tumor burden
and, hopefully, in patient survival [15].
Thus, its introduction in the therapeutic armamentarium is
bringing up new paradigms in neuro-immunology and neurooncology, including the identification of predictive biomarkers,
the designing of tailored therapeutic regimens, and the
reconsideration of established endpoints [16].
Following a brief introduction on the difficulties of conceiving
immunotherapy as an additional treatment tool for brain tumors;
this chapter will focus on the ongoing clinical trials and will
highlight some success stories that are paving the way for a
more widespread use of immunotherapies in the multimodality
management of intracranial malignancies in the next 10 years.

Primary and Secondary Brain Tumors

Figure 20.1 Number of published articles (y-axis) on “Immunotherapy for
brain tumors” indexed on Pubmed, per year of publication (x-axis) (Source:
PubMed.gov).

20.2

Primary and Secondary Brain Tumors

The most common primary tumors of the CNS are gliomas; in
this group of astrocytic lineage, the most aggressive ones, namely
high-grade gliomas (HGG), include class III and IV of the World
Health Organization (WHO) Classification, such as anaplastic
astrocytomas, glioblastomas, and gliosarcomas. HGG are associated
with disproportionately high morbidity and mortality regardless
the application of state of the art treatment strategies; in fact,
because of their histological heterogeneity (35–40% of them have
epigenetic modifications as the underlying mechanism driving
malignancy) their treatment is extremely complex. As a result,
the outcome remains poor, with a median survival of only 14.6
months [2, 7, 17].
Brain metastases are the most common intracranial malignancy
and, despite advances in prevention and early diagnosis, their
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incidence has steadily risen over time. The cerebral blood flow
represents 15% of the cardiac output, constantly, and primary
tumors are known to escape local hypoxia by releasing in the
bloodstream circulating tumor cells at an exponential rate.
As such, it is no wonder that an estimated 25–45% of all cancers
sooner or later will develop brain metastases, with lung and breast
cancers showing a strong organotropism for the CNS [2, 3, 18].
Until recently, those lesions were considered as a homogenous
condition, uniformly treated with whole brain radiotherapy alone
or with surgical resection for large lesions and stereotactic
radiosurgery for smaller lesions. Increasingly, specific systemic
medical therapies are being used to treat brain metastases based
on the primary site of disease, nonetheless, as of today; they still
represent a devastating clinical reality, carrying an estimated
survival time of less than one year in most of the cases [19].
Primary and secondary brain tumors overexpress several
antigens, and it is therefore difficult to explain the reasons for a
defective response of the immune system toward those lesions
[20–23]. Actually, the delay between the initial stages of
oncogenesis and the clinical presentation is certainly sustained
by a wide variety of direct and indirect tolerance mechanisms
to immune suppression adopted by those tumors [24–26].

20.3

Current Approaches to Immunotherapy
for Brain Tumors

Briefly, there could be two ways of using immunotherapy for
brain tumors: The first is the “active immunotherapy” designed
to boost the patient’s native immune response, and the second
is “adoptive immunotherapy,” where in vitro activated immune
cells or specific molecules (e.g., antibodies) directly targeting
tumor cells are injected [11]. As such, six broad categories of
immunotherapies for brain tumors can be currently identified:
adjuvant immunotherapies, checkpoint inhibitors, cancer vaccines,
monoclonal antibodies, oncolytic virus therapies, and adoptive
cell therapies.
• Adjuvants are substances that boost the immune
response. They can be used alone or combined with other
immunotherapies to prevent immunosuppression or sustain

Current Approaches to Immunotherapy for Brain Tumors

•

•

•

•

immune reaction to cancer cells. Examples of this class
are agonists that target toll-like receptors (TLR), a family
of pattern recognition receptors that function as primary
sensors of the innate immune system to recognize microbial
pathogens or cancers. TLR agonists can be used either
alone or in combination with tumor antigens and showed
promise in terms of both enhancing immune responses
and eliciting anti-tumor activity [27–29].
Checkpoint inhibitors target molecules involved in
immunoregulatory pathways. Their aim, by blocking these
inhibitory molecules, is to unleash or enhance innate anticancer immune responses. Following the observation of
striking eﬀects of drugs that target CTLA-4 or PD-1 against
melanoma and other tumor entities, it was recognized that
these drugs may also be active against metastatic tumor
lesions in the brain. Their therapeutic activity against primary
brain tumors is currently being investigated within clinical
trials in both adult and pediatric populations [4, 30, 31].
Cancer vaccines are designed to elicit an immune response
against tumor-specific or tumor-associated antigens. A vast
array of vaccine strategies (used alone on in combination
with radiotherapy) advanced from preclinical studies to
active clinical trials in patients with recurrent or newly
diagnosed HGG, and brain metastases. Those vaccines are
usually based on peptides, heat shock proteins, autologous
tumor cells, and DC [32–35].
Monoclonal antibodies (also known as monoclonal
antibody drug conjugates) are designed to target specific
antigens on tumors. An example is antibodies directed
towards epidermal growth factor receptor (EGFR): Stable
in the bloodstream, those drug conjugates release potent
cytotoxic agents only once inside targeted cancer cells
[36]. Anti-EGFR antibodies are currently evaluated for the
treatment of patients with various solid tumors including
HGG [37].
Oncolytic virus therapies are based on modified virus
strains that selectively target tumor cells inducing an
immune response against the cancer. The production of
virus progeny leads to secondary infection and spreading
within the bulk tumor eventually destroying it, while
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sparing normal cells. Selective replication of an oncolytic
virus in tumor cells can be achieved by taking advantage of
aberrations found in cancer cells, which include defective
innate anti-viral and apoptotic response to viral infection.
Thus, viral genes that are not essential for viral growth but
are required for viral propagation in normal cells can be
mutated or deleted to engender tumor selectivity [38].
Many viruses, including both DNA (i.e., herpes simplex virus)
and RNA (i.e., poliovirus) viruses are currently studied as
potential platforms for cancer therapeutics in HGG [39–41].
• Adoptive cell therapies are based on methods aimed
at re-engineering immune cells to enhance their activity
and improve the immune system’s anti-cancer response.
For instance, T cells obtained from glioma patients can be
engineered ex vivo to express chimeric antigen receptors
specific for glioma antigens (CAR T cells). The expansion
and function of adoptively transferred CAR T cells can be
potentiated by the lymphodepletive and tumoricidal eﬀects
of standard of care chemotherapy and radiotherapy, so
that on reinfusion into the patient CAR T cells will carry
out multiple antineoplastic activities all at once [42, 43].

20.4 Review of Ongoing Clinical Trials
Many years of extensive research led to the elucidation of the
basic mechanisms behind immune surveillance and brain tumor
evasion; because of this, a revolution spurred in neuro-oncology
and dramatically influenced the way eﬀective immunotherapeutic
strategies are conceived and developed. The ongoing implementation of those immunotherapeutic concepts into the clinical
routine has the potential to provide a powerful addition to
current therapies against various brain tumors. Herein we will
discuss the state of the art in term of clinical trials for
immunotherapy on both primary and secondary brain tumors.
By the end of 2016, 87 national and international clinical
trials on immunotherapies for gliomas were registered on the
ClinicalTrials.gov portal of the U.S. National Institutes of Health.
So far, only 29 studies have actually completed data collection
and analysis; out of them, just in 3 cases final data have already
been uploaded in the portal (NCT01280552, NCT00643097, and
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NCT00323115) and the publications of the related analyses are
expected in due time. From a review of the literature available to
date on gliomas, it is possible to conclude that Phase I/II trials
have assessed the efficacy of increasing immune activity mostly
using vaccines made from cytotoxic T cells, autologous tumor cells,
or dendritic cells (DC). Studies to decrease tumor immunoresistance
have focused on cytokine modulation of known immunosuppressive
factors in the tumor microenvironment. Several early studies
reported a survival benefit only when diﬀerent forms of
immunotherapy were used simultaneously [44].
Due to the partial response of brain metastases to standard
treatment options and the restricted therapeutic indications
(i.e., poor performance status are not candidates for cytotoxic
chemotherapy, surgery or stereotactic radiosurgery (SRS)), there
is a strong clinical rationale for the use of targeted therapies,
including immunotherapies, to widen the inclusion criteria [3].
A search conducted at the end of 2016 on the portal
ClinicalTrials.gov retrieved 14 registered national and international
clinical trials on immunotherapy for brain metastases. Among
them, 9 are still ongoing and 3 did not start recruiting yet. Analyzing
the characteristics of those trials (mostly in Phase I/II, only 3
reached Phase III), it is possible to confirm that the main attention
of researchers is focused toward checkpoint inhibitors, adoptive
cell therapies and cancer vaccines (especially DC ones); and
interestingly one of those studies was exclusively focused on
pediatric tumors. To date, only 2 trials on brain metastases
completed their data collection (NCT00576537 in 2001;
NCT01875601 in 2015) for primary outcomes, but none of them
published the final results yet.

20.5 Neuro-Oncology and Immunotherapy:
An Outlook for the Next 10 Years
A greater understanding of the mechanisms exploited by tumor
cells to suppress the immune system and evade destruction has
provided a wealth of potential treatment strategies, enabling
the development of active immunotherapies that target specific
components of the immune system. Based on the review of
concluded and ongoing clinical trials, it is possible to affirm that
exploiting the anti-cancer eﬀect of the immune system with the
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use of vaccines, viral vectors, and more lately with immune checkpoint inhibitors and chimeric antigen receptor modification,
seems to be a promising therapeutic strategy in a broad spectrum
of CNS tumors. Unfortunately, most immunotherapeutic agents
did not show sufficient activity in early trials, and whereas some
were advanced to Phase III investigation, the results of randomized
comparisons were poor or are still pending in most of the cases.
Likely contributing factors include ineﬀective or marginally
eﬀective agents, the still incomplete understanding of human tumor
immunology, and the absence of adequate tools for development,
including criteria for refined trial endpoints. For instance,
targeting of unique antigens restricted to the tumor itself is the
most important parameter in advancing DC vaccines. In order
to overcome intrinsic mechanisms of immune evasion observed
in HGG, the future of DC-based therapy lies in a multi-antigenic
vaccine approach. Successful targeting of multiple antigens will
require a comprehensive understanding of all immunologically
relevant oncological epitopes present in each tumor (for instance
through nano-immuno-multiplexing recognition of relevant
markers), thereby permitting a rational vaccine design [35, 45].
In conclusion, novel approaches based on immunotherapies
are totally diﬀerent when compared to conventional treatments,
in terms of efficacy or toxicity; there is therefore a need for the
development of new tools for conducting related laboratory and
clinical researches. In particular, the durable responses observed
with immunotherapeutic agents and their kinetics requires
the definition of new efficacy endpoints in clinical trials.
The introduction of immune-related response criteria and
exploratory endpoints, such as landmark survival, and their
adoption from regulatory authorities will be essential for better
and faster reporting of efficacy in future clinical trials. In the next
10 years, most of the clinical trials currently ongoing on the use
of immunotherapy for brain tumors will be completed and some
molecules will hopefully advance beyond Phase III, as has already
happened for other tumors (i.e., melanoma, lymphomas, etc.).
The current perspective is that immunotherapy will prove to be
a successful resource only if it will be considered together with
other existing treatment tools to provide our patients with a truly
personalized/tailored therapeutic approach.
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21.1

Introduction

Immunotherapy is a burgeoning field that holds promise for
making an impact in the treatment of incurable disorders, for
example, cancer, HIV, emerging infectious diseases, inflammatory
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diseases, and autoimmune disorders. A wide range of therapeutic
modalities have been developed to regulate immunity, which
include vaccines (e.g., melanoma gp-100), recombinant cytokines
(e.g., GM-CSF, IL-7, IL-12), monoclonal antibodies (e.g., antiCTLA4, anti-PD1), autologous T-cells, and small molecules designed
for specific intracellular targets (e.g., IDO1 inhibitors, COX2
inhibitors, toll-like receptor [TLR] agonists) [1].
Over 10 therapeutic monoclonal antibodies have been
approved for use in immuno-oncology, with targets that include
B-lymphocyte antigen (CD20), receptor tyrosine protein kinase
erbB-2 in breast cancers (HER2), vascular endothelial growth
factor (VEGF), CD52, and CD33 [2].
New immunotherapies have also been successfully
combined with existing therapeutic interventions. Co-delivery
of immunotherapy with chemotherapy, B-Raf proto-oncogene
inhibitors, and VEGF-directed therapy have all been shown to
amplify antitumor responses [3]. Newly developed virus-like
particles have demonstrated immunostimulatory capabilities
which can be harnessed for immunotherapy for metastatic
cancer [4]. In addition, the field of T-cell receptor engineering
and the manufacturing of chimeric antigen receptor T-cells (CAR
T-cells) have enabled improved immune recognition of tumor
antigens [5].
Despite this wealth of new technologies, the efficacy and
widespread adoption of immunotherapy has been limited.
The major challenge lies in delivering an immunotherapy to a
specific target without causing harm to healthy tissues or
inducing a feedback pathway that counteracts the mechanism
of the immunotherapy. Nonspecific delivery of proinflammatory
cytokines and monoclonal antibody therapies has the potential
to induce systemic toxicity. In a similar fashion, the adoptive
transfer of cells potentially can induce autoimmunity at oﬀ-target
sites [6]. The development of cancer immunotherapies is stifled
by the widespread presence of immune tolerance at the tumor
site. Low immunogenicity of tumor antigens, the proliferation
of immunosuppressive cells (e.g., myeloid-derived suppressor
cells, regulatory T-cells), and the increased production of
immunosuppressive cytokines (e.g., IL-10, TGF-β) work together
to limit the antitumor response elicited by immunotherapies [7].
Autoimmune diseases, conversely, have the opposite problem
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of inducing systemic immune suppression that renders patients
susceptible to infectious disease [8]. The overarching question is,
therefore, how do we deliver the optimal amount of immunotherapy
to a specific site, with appropriate kinetics and dosing schedule,
without inducing deleterious side eﬀects that outweigh the
benefits of the therapy?
Nanoparticle platforms may serve as a solution to these
drug delivery problems that constrain immunotherapy.
Because of their larger size in comparison to small molecule
therapeutics, nanoparticles have unique transport properties and
biodistribution behavior. Moreover, the physical properties of
nanoparticles (i.e., size, shape, charge, ligand density, and charge)
can be engineered to facilitate the tuning of biodistribution,
site-specific targeting, immunogenicity, detectability by medical
imaging, and therapeutic loading. Nanoparticles are capable
of delivering immunomodulatory agents directly to the tumor
microenvironment, inducing immune tolerance, and conjugating
directly to adoptively transferred T-cells for regulation of
priming [9–12]. In addition, nanoparticles have been formulated
to deliver cancer vaccines to antigen-presenting cells. The
enhanced delivery of antigens loaded onto nanoparticles as cancer
vaccines is evident through decreased tumor proliferation in
comparison to tumor treated with soluble antigens [13]. When
formulated as hydrophobic, solid-in-oil dispersions, nanoparticle
delivery can be enhanced through the hydrophobic, protective
stratum corneum of the epidermis. This enables transcutaneous
vaccine delivery, which can be internalized by dendritic cells
that subsequently traffic to the lymphatic system via the lymph
nodes [14].
Nanoparticle constructs also enable the intracellular delivery
of DNA and RNA immunotherapeutics. Loading of nucleic acid
therapeutics onto a nanoparticle significantly enhances its ability
to travel to a target site and enter a cell. In addition to the
widespread presence of RNA-degrading enzymes in vivo, the
delivery of free RNA molecules is impeded by their negative
charge. This charge limits their ability to travel across the cellular
membrane, which is also negatively charged [15].
By the mechanism of silencing the production of inflammatory
cytokines, nanoparticles loaded with siRNA have demonstrated
potency against melanoma. Therapeutic efficacy is even
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further enhanced when the siRNA nanoparticles are delivered
concurrently with nanoparticles that deliver tumor antigens and
immune adjuvants, such as the CpG oligonucleotide [16, 17].
Concurrent delivery of pDNA antigen, CpG oligonucleotide, and
siRNA targeted to IL-10 was able to enhance the Th1/Th2 cytokine
ratio to favor an antitumor response [18]. Another nanoparticle
vaccine consisting of an immune response modifier, imiquimod,
and STAT3 siRNA boosts the expression of co-stimulatory
molecules (CD86), increases the production of IL-2, and enhances
cytolytic T-cell activity after delivery to dendritic cells [19]. To
present a wider array of antigens to boost the antitumor response,
tumor lysate vaccines have been developed. It appears to be
advantageous to deliver tumor lysate on nanoparticles; lysateloaded particles were able to stimulate dendritic cell migration,
upregulate co-stimulatory and MHC expression, and slow tumor
growth to a greater degree than tumor lysate in soluble form
[20]. It should be noted that combinatorial nanoparticle therapies
are not limited to the delivery of vaccines. Polyamine/lipid
nanoparticles loaded with siRNA designed for several gene
targets were designed for delivery to the vascular endothelium.
The construct was able to eﬀectively simultaneously silence
Tie1, Tie2, VEGFR-2, VE-cadherin, and ICAM-2 specifically in
lung endothelial cells in vivo [21]. Depending on the material
property of the selected nanoparticle, biodistribution can also
be monitored using medical imaging modalities (i.e., iron oxide
nanoparticles for magnetic resonance imaging applications). This
strategy was applied to monitor the efficacy of gene therapy to
mitigate immune rejection of heart transplants in rats [22].
The versatility of nanoparticles suggests that they can easily
elevate immunotherapy efficacy to another level, but in reality,
their efficacy is limited by a set of unique drug delivery problems.
Nanoparticle targeting may be slightly more specific than small
molecule targeting, but serum protein opsonization usually leads
to their accumulation in phagocytic cells. In addition, there are
some tissue interfaces (e.g., the blood brain barrier) which are
not conducive to nanoparticle penetration [23]. Nanoparticles
do have the enhanced ability to accumulate by passive targeting
into highly angiogenic tumors. Increased vascular permeability,
which is due to rapid tumor angiogenesis, permits extravasation
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of nanoparticles into the tumor interstitium by a phenomenon
known as the “Enhanced Permeation and Retention Eﬀect.” High
interstitial pressures caused by the extravasation of proteins
that stifle lymphatic flow, however, often impede the flow of
nanoparticles into the tissue [24]. If a nanoparticle can successfully
evade phagocytic clearance, it then faces the challenge of traveling
to its targeted cellular compartment for its intended biological
eﬀect to be realized. For example, the delivery of immune
adjuvants is often targeted to specific TLRs, retinoic acid-inducible
gene 1 (RIG-I) like receptors, or nucleotide-binding oligomerization
domain (NOD)-like receptors, which may be located on the
cell membrane, on membrane-bound organelles, or in the
cytoplasm [25, 26]. The delivery of DNA and interfering
RNA requires localization to the nucleus or the cytoplasm,
respectively [27]. Unfortunately, nanoparticles have a tendency
to traffic through vesicles by the clathrin-mediated endocytosis,
caveolae-dependent endocytosis, or micropinocytosis pathway.
All of these pathways converge into the endolysosomes, where low
pH deactivates nucleic acids [28]. Further engineering is required
to deliver a RNA-loaded nanoparticle to the cytosol, where
interaction with the RNA interference silencing complex can occur.
In this review, we will evaluate how nanoparticles can be
engineered so they can overcome these obstacles and deliver
immunotherapies more efficiently to their target sites (Fig. 21.1).
First, we will discuss how the size, shape, and surface chemistry
of a nanoparticle aﬀects multiple biological processes. We will
focus on how these nanoparticle design parameters influence
cellular recognition and internalization, transport through the
vasculature, biodistribution, and the elicited immune response.
Then, we will discuss methods in which nanoparticles can
be engineered to maximize immunotherapeutic efficacy. The
engineering approaches discussed will include (a) targeting
immunotherapeutic nanoparticles to specific tissues and
cells, (b) using environment-sensitive biomaterials to optimize
immunotherapy delivery from nanoparticles, (c) designing
nanoparticles that are able to penetrate into deep tissue,
(d) optimizing the intracellular delivery of nanoparticles for
gene delivery and RNA interference, (e) designing nanoparticles
to enhance vaccine delivery, and (f) designing nanoparticles to
boost the antitumor immune response (Table 21.1).
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Figure 21.1 Engineering nanoparticle immunotherapy. Nanoparticles of unique size, shape, elasticity, charge, and ligand density can
be formulated to enhance the delivery of immunotherapies. Through an understanding of the eﬀect of each of these parameters on
biotransport and immunogenicity, nanoparticles can be designed to control the biodistribution of immunotherapies, evade nonspecific
uptake by phagocytic cells, increase tissue permeation, and enable specific localization to targeted cellular compartments.
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Table 21.1 Strategies to enhance the efficacy of nanoparticle immunotherapy
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21.2

Engineering Nanoparticles to Manipulate
Transport and the Immune Response

The physical characteristics of a nanoparticle critically aﬀect
its in vivo transport and the immune response it triggers. Each
design parameter has its own unique contributions to an immunotherapeutic nanoparticle’s biotransport and toxicity profile. We
highlight the eﬀect of manipulating the design parameters of
nanoparticle size, shape, charge, ligand density, and elasticity
individually, but all parameters and their interplay must be
considered when formulating a nanoparticle with efficient
therapeutic delivery and low toxicity.

21.2.1

Nanoparticle Size

Nanoparticle size is a design parameter that can be tuned to enhance
the targeted delivery and subsequent efficacy of nanoparticle
immunotherapies. The size of a nanoparticle critically aﬀects its
pharmacokinetics, vascular transport, and cellular uptake. While
small nanoparticles (<10 nm) have a tendency to be cleared in
the kidneys, larger nanoparticles are more likely to be cleared by
the liver and the spleen [84]. Nanoparticles that are greater than
200 nm in diameter are similar in size to fenestrations in the
spleen, so particle elasticity also plays a role in the rate of splenic
clearance for larger particles [85]. In addition to aﬀecting the
clearance rate, nanoparticle size aﬀects how the particle’s
transport is mediated by blood flow. While the motion of smaller
nanoparticles is primarily governed by diﬀusion, the motion of
larger nanoparticles is governed by a combination of diﬀusion and
convective flow [86]. The size eﬀect on nanoparticle transport,
therefore, has ramifications on how efficiently a nanoparticle
can extravasate from a blood vessel and enter either a tumor or
an inflammation site. When interstitial pressures are high, fast
blood flow is required to direct larger nanoparticles deep into
the tumor interstitial space. Therefore, large nanoparticles have
a variable intratumoral distribution which depends on regional
blood flow [87]. Whole body biodistribution of nanoparticles
is also influenced by particle size. In a study comparing polystyrene
spheres of diameters ranging from 0.1 to 10 μm, particle
accumulation in the liver decreased as particle size increased.
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At the same time, particle accumulation in the lungs increased as
particle size increased [88]. This diﬀerence in uptake behavior
highlights that the optimal particle size for cellular internalization
is dependent on cell type. Moreover, size may be optimized to
maximize the rate of uptake into cells. With HeLa cells, it was
observed that the uptake of 50 nm nanoparticles was increased
over the uptake of smaller 14 nm nanoparticles and larger
74 nm nanoparticles [89]. The eﬀect of nanoparticle size on
pharmacokinetics, transport, and internalization will manifest
itself in downstream eﬀects as well. To evaluate the eﬀect of size
on nanoparticle immunogenicity, micro- and nano-sized polylactide
particles were formulated and loaded with pneumococcal
antigens. It was subsequently found that the IgG responses
to the particle vaccine depend on size [90]. An evaluation of
nanoparticles manufactured by the Particle Replication in
Nonwetting Templates (PRINT) technology, loaded with the
ovalbumin (OVA) antigen, showed that 80 × 180 nm PEGylated
nanoparticles elevated anti-OVA IgG titers significantly more
than 1 μm PEGylated nanoparticles. Moreover, size is dominant
over polyethylene glycol (PEG) linker length in influencing the
humoral response [91].

21.2.2

Nanoparticle Shape

Particle shape is also a critical design parameter that influences
how a nanoparticle immunotherapy moves while in the blood
circulation, becomes internalized by cells, and stimulates an
immune response. Initial nanoparticle formulations were
produced primarily in spherical shapes, but recent advances
in nanoparticle engineering have generated a wide portfolio of
shapes that include rods, prisms, cubes, stars, and disks [92].
Nanoparticle asymmetry promotes particle tumbling toward the
wall of blood vessels under flow (margination), which is caused by
a nonuniform distribution of hydrodynamic forces acting on the
particle. Asymmetry of nanoparticles also enhances nanoparticle
penetration and distribution inside solid tissues and tumors.
Inside tumor spheroids, nanodisks were observed to accumulate
at higher amounts throughout a tumor spheroid than similarly
sized nanorods. This diﬀerence in accumulation can be explained
by the diﬀerence in interactions that particles of diﬀerent shapes
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have with the cell membrane. As asymmetric nanoparticles
approach the cell membrane at diﬀerent contact angles, their rates
of internalization will diﬀer [93]. More specifically, this interaction
angle will aﬀect the energy required for particle internalization
[94]. When an elongated particle’s major axis lies tangential
to a cell membrane, internalization is more difficult than if the
particle’s minor axis was aligned tangential to the cell membrane.
In agreement with these findings, hydrogel nanorods with a higher
aspect ratio were internalized by cancer cells, endothelial cells,
and dendritic cells more slowly than hydrogel nanodiscs. This
diﬀerence in uptake rate could be attributed to diﬀerences in
adhesion forces between the cell membrane and particles of
diﬀerent shapes, the strain energy required for membrane
deformation, and the eﬀect of sedimentation or local particle
concentration at the cell surface (Fig. 21.2) [95].
Like size, a nanoparticle’s shape also influences the
immunological response to the particle. An evaluation of spheres,
cubes, and rods designed to stimulate antibody production
against the West Nile Virus demonstrated that spheres and
cubes induce the secretion of proinflammatory cytokines (TNF-α
IL-6, IL-12, GM-CSF), while rods induce the secretion of
inflammasome-related cytokines (IL-1 β, IL-18). Interestingly, the
spheres and cubes were concurrently not internalized efficiently
as rod-shaped particles. The aspect ratio of a rod-shaped
particle also influences dendritic cell maturation and production;
rods with a high aspect ratio induce significantly higher
production of IL-1 β, IL-6, and IL-12 than rods with a shorter
aspect ratio [96]. An evaluation of both nanoparticle size and
shape suggest that surface area is a key parameter that influences
the immune response [97]. This assertion is backed by the
observation that cytokine production (TNF-α, IL-6) was also
induced to diﬀerent degrees by triangular, square, and pentagonal
RNA nanoparticles in mouse macrophage cultures [98]. It
has also been suggested that particle shape influences the
Th1/Th2 polarization of the immune response. In a comparison
of spherical and rod-shaped nanoparticles, it was found that
spheres produced a Th1 biased response against OVA, while
rods produced a Th2 biased response [99].
It is, therefore, important to consider that nanoparticle
shapes may trigger diﬀerent intracellular signaling pathways,
which can lead to unique immune responses.
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Figure 21.2 Shape aﬀects the internalization of nanoparticles. Cellularuptake kinetics of diﬀerent shape-specific nanoparticles in various
cell lines. (A) HeLa cells, (B) HEK 293 cells, (C) BMDCs, and (D) HUVEC
cells. In A–D, red lines are for nanodiscs (hollow for 325 × 100 nm disks,
dashed for 220 × 100 nm disks, and solid for 80 × 70 nm disks), and
blue lines are for nanorods (dashed for 400 × 100 × 100 nm rods and
solid for 800 × 100 × 100 nm rods). Error bars are SD with n = 3 for each
data point. (E, F) Normalized median particle uptake per cell
(indicates relative number of particles internalized by cells when
normalized to 100 particles of 80 × 70 nm disks) at the maximum
internalization time point (72 h for HeLa and BMDC, 48 h for HEKs,
and 24 h for endothelial cells). Reproduced with permission from ref. 95.
Copyright (2013) National Academy of Sciences.
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21.2.3 Nanoparticle Charge
The tuning of nanoparticle surface chemistry has enabled a breadth
of applications for nanoparticle immunotherapeutic delivery.
Introduction of charge to nanoparticles enables the loading of
moieties on the particle surface by electrostatic interactions.
Linear polyethylenimine (lPEI) has been established as a cationic
polymer which can complex with DNA and RNA and deliver its
cargo into the cytoplasm [100]. PEI can be further modified to
include degradable linkers and functional groups to enhance
cellular uptake [101]. Through similar mechanisms, cationic lipid
nanoparticles also can shuttle siRNA into the cytoplasm of cells
[102].
The surface charge of a nanoparticle has the dual eﬀect of
enabling gene delivery and modulating the immune response.
When positively charged, antigen-conjugated nanoparticles for
pulmonary immunization stimulate antibody production, germinal
B-cell expansion, CD41 T-cell activation, and expression of MHC
II and coactivating receptors on T-cells [103]. When charge and
hydrophilicity are varied in mesoporous silicon nanoparticles,
downstream CD3, CD4, and CD8 proliferation are altered and leads
to biasing toward a Th1 or Th2 response [104].
Application of positively charged or negatively charged
nanoparticles to the skin revealed that positive charge could deepen
skin penetration 2–6 fold [105].
A major issue with cationic nanoparticles has been acute
systemic toxicity and nonspecific systemic immune-stimulation.
It is widely accepted that almost all cationic particles stimulate
acute inflammation, the exact mechanism of which are still
being elucidated. A potential mechanism could be that cationically
charged polymers used to synthesize nanoparticles can trigger
pattern-recognition receptors in immune cells [106]. Several
reports have indicated that the polysaccharide chitosan induces
inflammasome response [107, 108]. This toxicity/immunogenicity
issue hinders nanoparticle usage in the clinic and many promising
formulations that showed encouraging results in vitro have
failed to move past preclinical studies. Significant eﬀort must be
invested in understanding how charged nanoparticles (as well
as uncharged ones) interact with the serum and extracellular
molecules once injected and how the so called “corona eﬀect”

Engineering Nanoparticles to Manipulate Transport and the Immune Response

as well as the fundamental structure of the nanoparticle-material
induces specific signaling pathways in immune cells, endothelial
cells (which could be a major source of proinflammatory
cytokines), and fibroblasts [109].

21.2.4

Nanoparticle Ligand Density

In addition to size, shape, and charge, the ligand density of a
nanoparticle plays a critical role in its biodistribution, cellular
uptake, cellular association, and immune response. Ligand
conjugation to a nanoparticle can reduce oﬀ-target cytotoxicity.
Simple functionalization of mesoporous silicon nanoparticles with
amines can significantly reduce systemic toxicity and increases
the maximum tolerated dose of particles [110]. In addition,
polymers such as PEG have long been used to enhance particle
hydrophilicity and reduce clearance by the reticuloendothelial
system. Studies evaluating the eﬀect of PEG density have also
revealed that the degree of PEG surface loading changes the particle
biodistribution between hepatocytes and Kupﬀer cells [111].
In addition to mediating the rate of oﬀ-target particle uptake,
ligand density and distribution also influences the rate of
internalization into targeted cells [112]. Internalization and
externalization rates of a targeted receptor will aﬀect the optimal
ligand density that maximizes nanoparticle uptake, as was seen
with folate-targeted liposomes [113]. Particle shape must also
be taken into consideration when determining optimal ligand
density. For a ligand with a fixed length and flexibility, a spherical
nanoparticle will interact with a diﬀerent number of receptors
at an interface than an asymmetric nanoparticle. This was
observed in a study comparing the association of symmetric and
asymmetric ligand-decorated PRINT hydrogels with alveolar
macrophages [114]. Not surprisingly, enhancement in the cell
uptake of nanoparticles correlates to enhancement in therapeutic
efficacy due to the nanoparticle. When the antibody surface
density was increased on DEC-205 targeted nanoparticle dendritic
cell vaccines, the rate of uptake and subsequent induction
of CD36 expression on dendritic cells increased [115]. Ligand
spacing and multiplicity have also been demonstrated to
critically aﬀect peptide-DNA complex induced TLR9 activation
[116].
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21.2.5 Nanoparticle Elasticity
Tuning the flexibility of a nanoparticle also aﬀects antibodymediated targeting, endocytosis, and phagocytosis. Softer
particles have a prolonged blood circulation residence time and
increased organ deposition. It is hypothesized that this is caused
by the deformation of softer particles by macrophages into
shapes which are more difficult to internalize [117]. Particle
endocytosis, however, occurs more quickly with flexible
nanoparticles. When the rates of endocytosis of HER2 targeted
flexible liposomes and rigid mesoporous silica particles into
HT29 colon cancer and SKBR3 cancer cells were compared, it was
found that the liposomes underwent endocytosis more quickly
than the silica particles [118]. These findings reflect the
importance of considering particle design, cell type, and the mode
of internalization when developing a nanoparticle immunotherapy
for a given application.

21.3
21.3.1
21.3.1.1

Improving Nanoparticle Design to Enhance
Immunotherapy Efficacy
Designing Nanoparticles to Control Where and
When Immunotherapies Are Delivered
Reduction of nonspecific uptake

Designing a nanoparticle that avoids nonspecific uptake is as
important as designing a nanoparticle which can be internalized
efficiently by its target. Hydrophilic polymers, such as PEG,
have long been used in nanoparticle formulations to reduce
macrophage uptake and promote long circulation. Anchoring
of anti-CD40 antibodies and CpG oligonucleotides to PEGylated
lipid nanoparticles decreases the incidence of oﬀ-target side
eﬀects while maintaining therapeutic efficacy [29]. Engineering
of nanoparticle shape will also aid nanoparticles to evade the
macrophages of the reticuloendothelial system. For example,
shaping mesoporous silica nanoparticles as long rods will slow
their rate of excretion when compared to mesoporous silica
nanoparticles shaped as short rods [30]. Another means to hide
from circulating macrophages is a process known as “cellular
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hitchhiking,” in which nanoparticles act as stowaways on the
surface of nonimmunogenic cells. The cloaking of nanoparticles
with the cell membranes of red blood cells (RBCs) has proven
useful in Type II autoimmune diseases, where antibodies opsonize
RBCs for phagocytosis. Cell membrane decorated nanoparticles
can also serve as a sink for anti-RBC antibodies, which prevents
phagocytosis and subsequent destruction of healthy RBCs
by macrophages [31]. The incorporation of cell membrane
components to polymeric poly(lactic-co-glycolic acid) (PLGA)
particles provides the added benefit of the ability to load lipid
adjuvants (e.g., monophosphoryl lipid A), to enhance the efficacy
of tumor vaccines [119]. There has also been implementation
of an elegant strategy that reduces nonspecific nanoparticle
uptake through combination of all of the aforementioned
approaches: active targeting, shape optimization, and cellular
hitchhiking. Combination of these three approaches was able
to significantly reduce oﬀ-target accumulation of nanoparticles
targeted to ICAM-2 on the vascular endothelium in the lung [32].
Nanoparticle rigidity may be another parameter that can be
altered to reduce nonspecific nanoparticle uptake. In a comparison
of soft and rigid discoidal polymeric nanoparticles, it was found
that softer nanoparticles were internalized by macrophages less
quickly than their rigid counterparts [33].

21.3.1.2

Enhancing tissue penetration

As with nanoparticle chemotherapy, it is challenging to deliver
nanoparticle immunotherapy deep into a tumor. The rapid rate
of tumor development results in the generation of highly
vascularized regions at the periphery of a tumor surrounding
an avascular core [120]. Blockage of the lymphatic system with
extravasated proteins causes high interstitial pressures, which
also hinder the transport of nanoparticles into the tumor site.
Therefore, it is a significant challenge to increase the distance
in which nanoparticles travel from a blood vessel into the deep
tissue space. To overcome this challenge, peptide and chemical
modifications to the nanoparticle surface have been developed
to improve the tissue penetration [34]. For example, polyarginines
have been used to enhance the skin permeation of lipid
nanoparticles. An added benefit of surface functionalization
with polyarginines is that the modified particles increased
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retention in the dermis after administration [35]. Another such
“tumor-penetrating peptide” is cyclic CRGDK/RGPD/EC, cyclized
between the two cysteines with a disulfide bond iRGD, which binds
to overexpressed αv integrins. After binding to the αv integrin,
a proteolysis-induced structural change converts iRGD to a
substrate for neuropilin-1 and neuropilin-2. Proteins of the
neuropilin family facilitate angiogenesis after interaction with
VEGF, of which overexpression is frequently a hallmark of tumor
progression. Through this mechanism, the iRGD peptide is
able to deliver coadministered dextran into peritoneal tumors
and increase the therapeutic index of the chemotherapeutic
doxorubicin [36]. Administration of iRGD-conjugated indocyanine
liposomes to angiogenic endothelial cells also confirmed that
iRGD enables nanoparticle permeation beyond the vascular
endothelium (Fig. 21.3) [37]. When iRGD was conjugated to
a microenvironment-responsive and multistage nanoparticle
and administered to mice with 4T1 orthotopic breast tumors,
increased nanoparticle permeation was observed throughout the
tumor and was accompanied by a decrease in tumor burden [38].
Tumor-penetrating and membrane-translocating peptides have
also been used to enhance the transport of nanocomplexes
with siRNA to silence ID4, a prominent oncogene, in ovarian
tumors. Conjugation of a tumor-penetrating peptide to the
nanoparticle enabled deep localization away from the vascular
endothelium and significantly enhanced siRNA delivery in
comparison to naked nanoparticles [39]. Addition of these
peptides to nanoparticle immunotherapies can potentially equalize
distribution within both tissues and tumors. Cell-penetrating
peptides have already been evaluated to enhance the delivery
of vaccines to the mucosa. In an intranasal application, poly(Nvinylacetamide-co-acrylic acid) was modified with -octaarginine
to deliver OVA to the mucosa. The cell-penetrating peptide
modified vaccine significantly elevated OVA-specific IgG titers in
the sera of vaccinated mice [121].
Chemical modification of nanoparticles can also modify its
permeation and cell-penetration properties. For instance, the
addition of Pluronic F127 modified lipid vesicles to chitosan
nanoparticles was found to enhance epithelial mucosa penetration.
Furthermore, the addition of a polyethylene oxide corona could
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further improve transport of the nanoparticles throughout the
mucosa [40]. Imidazole modification has also been shown to
increase the tissue and mucosa permeation of chitosan nanoparticles, which provides an opportunity for the delivery of
DNA vaccines and immunotherapeutic siRNA delivery [41].
Intravenous administration of imidazole-modified chitosansiRNA nanoparticles led to a 49% knockdown in GAPDH protein
expression in the lungs, while unmodified nanoparticles only
induced 11% knockdown [42].

Figure 21.3 iRGD enhances the endothelial permeation of indocyaninelabeled liposomes. The binding and penetration of iRGD–ICG-LPs or
ICG-LPs to angiogenic endothelial cells were assessed with intravital
and histological examination. The tumor vascular images were captured
at 10 min after injecting 40 kDa FITC-Dextran. The frozen sections
were examined under a confocal microscope. Green represented the
blood vessels labeled by FITC-Dextran and red represented
ICG-loaded nanoparticles (Scale bar, 50 μm). Reproduced with permission
from ref. 37. Copyright (2015), with permission from Elsevier.
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21.3.1.3

Targeting nanoparticles to immune cells

As mentioned, one challenge that limits the efficacy of
nanoparticle immunotherapy is determining how to control
nanoparticle biodistribution. One common strategy to enhance
nanoparticle immunotherapy is to attach a ligand or peptide
that facilitates homing to a particular target. Monoclonal
antibodies can also be conjugated to nanoparticles for the specific
delivery of antigens and adjuvants to dendritic cells (anti-CD40)
for tumor vaccination and TGF-β and IL-2 to induce regulatory
T-cells (anti-CD4) for the downregulation of autoimmune
disease [43, 44].
Nanoparticles targeted to dendritic cells using monoclonal
antibodies against CD40, DEC-205 (C-type lectin), and CD11c
(integrin receptor) were able to stimulate IL-12 production and
co-stimulatory marker CD86 more eﬀectively than nontargeted
nanoparticles [122]. Nanoparticles for immunotherapy can
also be targeted to dendritic cells and macrophages through
functionalization with mannose, which binds to the mannose
receptor (CD206). Mannose conjugation to nanoparticles coloaded
with tumor vaccines and TLR adjuvants elevated interferon-γ
levels in the spleen and slowed tumor proliferation in comparison
to untargeted nanoparticles [45]. The success of this approach is
not limited to mannose; a galactosylated cationic dextran has also
been used to formulate nanoparticles that can deliver oligonucleotides to tumor-associated macrophages 2.5 times more
efficiently than their ungalactosylated counterparts [46].
Cell targeting of nanoparticles is not limited to antigen
presenting cells—methods have been also developed to target
nanoparticles to B and T lymphocytes for immunotherapeutic
delivery. Antibody fragments specific for cell surface antigens on
adoptively transferred T-cells have been used for the targeted
delivery of liposomes with IL-2 [123]. Dendrimers, which have
the advantage of multivalent targeting capability, have been
used to deliver small molecule payloads to B-cells [47]. Calcium
phosphate nanoparticles loaded with protein antigen have also
been developed to activate antigen-specific B-cells. The antigenspecific B-cells could internalize a large number of the nanoparticles,
which resulted in increased expression of the early activation
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marker CD69, the increased expression of co-stimulatory marker
CD86, and extensive cross-linking of the B-cell receptors [48].

21.3.1.4

Tailoring the intracellular delivery of nanoparticle
immunotherapies

Once a nanoparticle immunotherapy reaches its target cell, it must
be able to travel to the appropriate intracellular compartment
for biological activity to occur. For the delivery of DNA plasmid
vaccines, trafficking to the nucleus is required. For the application
of delivering siRNA to inhibit checkpoint blockade, nanoparticles
must be able to escape the endosomal pathway into the cytoplasm,
where interaction with the RNA-induced silencing complex
occurs. Initial attempts at facilitating the endosomal escape
of nanoparticles involved polymeric modifications to create a
cationic particle surface (e.g., polyethylenimine) [49]. It has been
proposed that endosomal escape is then induced by a “proton
sponge eﬀect.” The eﬀect is due to the protonation of cationic
polymers at low pH, which causes an influx of protons followed
by an influx of chloride ions and water. Rapid water influx is then
hypothesized to cause the lysosome to swell and eventually burst,
which frees nanoparticles from the endolysosomal trafficking
pathway [50]. More advanced strategies to facilitate nanoparticle
escape into the cytosol rely on the lower pH in the milieu
of the late endosomes and lysosomes. One antigen delivery system
employs an antigen-loaded liposome modified with biodegradable
polysaccharides that become fusogenic under acidic conditions.
After fusion with the endosomal membrane, the particle can
deliver antigens into the cytoplasm. These antigens can
subsequently be presented to CD81 T-cells and induce cytotoxic
T-lymphocytes [51]. In pH sensitive galactosyl dextran-retinal
nanogels, it is hypothesized that the cleavage of hydrazone bonds
at acidic pH both disassemble the nanogel and induce lysosomal
rupture by the proton sponge eﬀect [52]. Micelleplexes that
disrupt the lysosomal membrane by two separate mechanisms
have also been developed. The cationic micelleplex can become
protonated at endosomal pH, which induces the proton sponge
eﬀect. In addition, the pH sensitive micelleplex was designed to
release amphotericin that creates pores which further destabilize
the endolysosomal membrane [53].
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Another means of enhancing the intracellular delivery of
nanoparticle immunotherapies is to incorporate cell-penetrating
peptides on the particle surface. When attached to small molecules,
cell-penetrating peptides can translocate with their cargo across
the plasma membrane. Nanoparticles with cell-penetrating
peptides conjugated to their surface will continue to enter cells
through endocytic pathways; the peptides, however, enable the
nanoparticle to penetrate the membrane of the endolysosomes to
gain entry into the cytosol [54].
More advanced cell-penetrating peptides are derived from
viral coat proteins, which enable viruses to escape the endosome
and proceed to infect its host. Viral pH sensitive peptides, such
as GALA or KALA, undergo a conformational change at low pH
that promotes the destabilization and fusion of lipid membranes.
It has been validated that these pH-sensitive, fusogenic peptides
can be conjugated to cationic liposomes to boost transfection
efficiency [55]. Conjugation of KALA to lipid nanoparticles also have
demonstrated increased immunostimulatory abilities, measured
by the upregulation of interferon-γ, IP-10, and IL-1β from bone
marrow-derived dendritic cells, when compared to soluble CpG
or nanoparticles without KALA (Fig. 21.4) [56]. GALA-modified
lipid nanoparticles have also been used to deliver siRNA targeting
SOCS1 (suppressor of cytokine signaling) in dendritic cells, which
led to enhanced phosphorylation of STAT1 and the increased
production of proinflammatory cytokines [124]. More elaborate
nanoparticle designs enable targeted mitochondrial delivery
through a mitochondria-fusogenic lipid envelope surrounded by
an endosome-fusogenic lipid envelope. The exterior lipid envelope
facilitates endosomal escape and a mitochondrial targeting
signal enable fusion of the nanoparticle with the mitochondrial
membrane, where cargo can be delivered [125].
Yet, even another strategy to enhance intracellular delivery is
to bypass traditional mechanisms of nanoparticle internalization
(clathrin-mediated endocytosis, caveolae mediated endocytosis,
and micropinocytosis) altogether. These alternative internalization
routes fully bypass the endolysosomal pathway without
disrupting the intracellular vesicular compartments. One target
pathway is the scavenger receptor BI (SR-BI), which can be
targeted with high density lipoproteins (HDLs) [57].

Figure 21.4 Viral peptides enhance the endosomal escape of nanoparticles. (A) Illustration of the R8-MEND (left) and KALA-MEND
(right). (B) The R8-MEND and KALA-MEND encapsulating a conventional pDNA (pcDNA3.1-Luc; opened bar) or CpG-free pDNA
(pCpGfree-Luc(0); closed bar) were transfected to BMDCs. Data were presented as the mean 6 SD of three independent experiments.
Statistical diﬀerences were evaluated by one-way ANOVA, followed by Student’s t test (**p < 0.01). (C) The transfection activity
of KALA-MENDs encapsulating a pDNA with various set of backbone and inserts was also evaluated. Data were presented as the
mean 6 SD of three independent experiments. Statistical analyses were performed by one-way ANOVA, followed by Bonferroni test.
**p < 0.01 versus pCpGfree-Luc(0). Reproduced with permission from ref. 56.
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Reconstituted HDL has been combined with cholesterol-siRNA
to make siRNA nanocarriers that can bypass the endolysosomal
pathway and reach the cytosol, where silencing can occur.
The HDL-modified cholesterol-siRNA carriers could successfully
downregulate VEGF expression in a MCF-7 breast tumor model
that expressed the SR-BI receptor [58].
With all of these intracellular delivery strategies, it is important
to consider the balance between efficient delivery and toxicity and
immunogenicity. Cationic polymers, while eﬀective at facilitating
endosomal escape, also may induce cytotoxicity at high doses.
Traditional cell penetrating peptides, which permeate the cell
membrane, also will cause harm to cells at very high doses [126].
If new fusogenic viral peptides are conjugated to a nanoparticle,
it is essential to evaluate if their systemic immunogenicity are
outweighed by the increased therapeutic efficacy which is enabled
by more site-specific intracellular delivery.

21.3.1.5

Controlling release kinetics of nanoparticle-based
immunotherapies

So far, we have discussed ways to deliver nanoparticles to targeted
locations and also ways to prevent delivery to undesired locations.
In addition to where an immunotherapy is delivered, it is also
important to consider when and for how long it is delivered. The
intelligent design of nanoparticles for immunotherapy delivery can
facilitate such precise control of release kinetics. This is especially
important in immunotherapy applications for autoimmune disease,
which requires prolonged maintenance of therapy. One approach
to control kinetics is to use degradable nanoparticles, which can
deliver immunotherapies with higher efficacy, at a slower rate,
and with reduced toxicity. Biodegradable PLGA nanoparticles can
deliver TLR adjuvants over several days, which have the advantage
of increasing adjuvant uptake by dendritic cells and prolonging
dendritic cell activation [59]. When nanoparticles are used to
slowly deliver antigen over a long period of time, it is evident that
the long-term memory response is enhanced [60].
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Another approach to control when an immunotherapy is
delivered is to incorporate functionalities that trigger drug release
by internal or external mechanisms. We have already mentioned
therapeutic approaches that rely on pH changes to facilitate sitespecific intracellular delivery. The use of enzyme-sensitive linkers
could also be incorporated into future nanoparticle designs for
controlled release. For example, the incorporation of a matrix
metalloprotease-2 responsive linker into a nanoparticle could
facilitate the specific delivery of an immunotherapy in the tumor
microenvironment [61]. In a similar fashion, incorporation of matrix
metalloproteinase-9 sensitive lipopeptides into liposomes may
facilitate the release of immunotherapy specifically at the location
of a tumor [62]. External mechanisms to trigger immunotherapy
release primarily rely on the use of near-infrared light to trigger
chemical degradation or thermal ablation. For example, triggerable
copper sulfide (CuS) nanoparticles have been formulated with
a chitosan surface coating to deliver CpG oligonucleotide. Upon
excitation with near-infrared light, the nanoparticles undergo
disintegration and reassemble into polymer complexes exhibiting
enhanced tumor retention. In addition, the new complexes can
traffic efficiently to TLR-9-expressing-endosomes in plasmacytoid
dendritic cells, which promotes innate immunity through the
activation of natural killer cells. At the same time, photothermal
ablation can perturb the tumor microenvironment and dislodge
tumor antigens for recognition and ingestion by antigen presenting
cells within the tumor stroma. The subsequent activation of
antigen presenting cells will lead to cross-priming of tumor
antigen-specific T-cells within the tumor draining lymph nodes
[63]. Gold nanoparticle photothermal therapy has also been
used for immunomodulation in tumors. It has been observed
that photothermal therapy can promote a tumor-specific
immune response in melanomas, which resulted in extensive
proliferation of CD41 helper T-cells and CD81 cytotoxic T-cells [64].
Thermal ablation facilitated by gold nanoparticles also
generates danger-associated molecular patterns, which activate
inflammasome complexes that activates caspases to cleave
precursors of proinflammatory cytokines [65].
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21.3.2

21.3.2.1

Designing Nanoparticles to Fine-Tune the
Immune Response in Vaccines and Tumor
Immunotherapies
Nanoparticle vaccines

Nanoparticle vaccines have been established to significantly
upregulate T-cell responses over equivalent soluble vaccines [66].
To maximize this eﬀect, it is essential to consider both a
nanoparticle vaccine’s physical characteristics and material to
induce a specific, desired immune response. For instance, the
immune response elicited from a polymersome, which is a watery
core particle, diﬀers from the immune response elicited by a
solid core nanoparticles composed of poly(propylene sulfide)
(PPS). The polymersome encapsulates its antigen cargo, while
antigen is conjugated to the surface of the PPS nanoparticle.
It was found that antigen delivered in polymersomes tended
to enhance CD4 responses, while antigen delivered by PPS
nanoparticles tended to enhance CD8 responses. These diﬀerences
are attributed to the diﬀerence in tendency to present antigen to
MHC II or MHC I pathways [67]. Nanocarrier porosity also aﬀects
the manner in which antigen is encapsulated and how downstream
immune responses are elicited. Three silica nanocarriers of
diﬀerent porosities each induced diﬀerent levels of IgG and IgA
antibody production [68]. Interestingly, antigen presentation is
also more critical in dictating the cellular uptake of nanoparticle
vaccines than the presence of targeting ligands, such as
mannose [69].
Significant eﬀorts have also been dedicated to the targeting
of nanoparticle vaccines to the lymphoid organs. Transport to
the lymph nodes is essential for antigen presentation leading to
T-cell activation, which leads to cytotoxic T-cell responses and
B-cell activation that stimulates the production of high affinity
antibodies [70]. Nanoparticle size has been identified as a
critical parameter that influences targeting to the lymph node.
Evaluation of 20, 45, and 100 nm PPS nanoparticles administered
intradermally demonstrated an inverse correlation between
lymph node retention and nanoparticle size. Moreover, a targeting
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ligand was not necessary for significant accumulation of the
20 nm nanoparticles to the lymph nodes [71]. The same preference
for smaller sized nanoparticles was observed after intravascular
administration—30 nm polymeric micelles were found to
extravasate and accumulate at metastatic lymph nodes more than
70 nm micelles of similar chemical composition [72].
As an alternative strategy, nanoparticles can also be
preloaded into dendritic cells, which can home to the lymph nodes
after injection. In this situation, the optimal nanoparticle size
maximizes dendritic cell uptake without inducing toxicity.
Delivery of immune adjuvants (e.g., CpG) on the nanoparticles can
enhance antigen copresentation and upregulate costimulatory
molecule expression at the lymph nodes [73].
To further enhance lymph node homing, nanoparticles
can be coated with lipid membranes with incorporated ganglioside
GM3. This facilitates interaction with Siglec1 on myeloid dendritic
cells and macrophages, which is responsible for B-cell, CD81
T-cell, and iNKT priming and activation [74]. To evaluate the
localization and biodistribution of nanoparticle vaccines,
evaluation of trafficking to the lymph nodes can be conducted
in vivo by magnetic resonance imaging (MRI) or single-photon
emission computed tomography (SPECT) with iron oxide or
radioisotope labeling, respectively [75].

21.3.2.2

Enhancement of the antitumor immune response

In addition to serving as tumor vaccines, nanoparticles favorably
modulate the immune response through multiple means. One
challenge with cancer immunotherapy is the presence of immune
suppression, which mutes the immune response in the tumor
microenvironment. An example of an immune suppression
mechanism is checkpoint blockade, in which tumor cells
upregulate ligands that bind to T-cell receptors (e.g., PD-1) that
downregulate cytolytic activity. Nanoparticle immunotherapies
have been designed to interfere with this immune suppression
mechanism. In a melanoma model, polymeric nanoparticles
loaded with cytotoxic T lymphocyte-associated molecule 4
(CTLA-4) siRNA have been able to increase the number of
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antitumor CD81 T-cells while simultaneously decrease the
number of regulatory T-cells (T-regs) (Fig. 21.5) [76]. The delivery
of immune adjuvants by PPS nanoparticles to dendritic cells in
the draining lymph node also increases the CD8 to CD4 T-cell
ratio, which also leads to slowed tumor growth in a melanoma
model [77]. PPS nanoparticles functionalized with exposed
hydroxyl groups also can engage the complement system, which is
indicated by high C3a release from the antibody-antigen complex
[78]. Hyaluronan nanoparticles have the unique property of
initiating an innate immune response upon interaction
with CD44, which is a tumor-specific marker in some forms of
leukemia [79].
To further boost therapeutic efficacy, it is advantageous
to develop means to target tumor environments with higher
specificity. A powerful “next generation” targeted nanoparticle
for immunotherapy applications is the aptamer, which consists
of single-stranded RNA or DNA oligonucleotides that can form
structures which have high affinity to their targets. An aptamer
acting as an agonist to CD40, which enhances the immune
response by promoting B-cell clonal expansion and germinal
center formation, increased the median survival of mice with
A20 B-cell lymphoma by approximately 10 days [80]. Another
ssDNA aptamer has been designed to target the CD30 receptor,
which trimerizes to activate cellular signaling that triggers cell
apoptosis in anaplastic large cell lymphoma (Fig. 21.6) [81].
Aptamers have also been used against targets in the tumor
stroma. The versatility of aptamer design can facilitate the pursuit
of multiple targets; in a breast cancer study, it was shown that
the targeting of both the VEGF receptor and the 4-1BB receptor,
a costimulatory receptor that promotes the survival and
activation of activated CD81 cells, provided survival benefit over
treatment against each target individually [82]. Another innovative
strategy exploits how the natural biodistribution of healthy
lymphocytes mirrors the biodistribution of hard-to-reach tumors.
By loading nanoparticles onto T-cells, chemotherapies with poor
pharmacokinetics have successfully been delivered to disperse
lymphomas with significantly higher therapeutic eﬀect than
soluble drug or free nanoparticles [83].

Figure 21.5 Nanoparticles to treat immune suppression. (A) Preparation of siCTLA-4-encapsulated nanoparticles (NPsiCTLA-4)
with poly(ethylene glycol)-block-poly( ,L-lactide) and a cationic lipid BHEM-Chol by double emulsification. (B) Enhancing T-cellmediated immune responses by blocking CTLA-4 using NPsiCTLA-4. CTLA-4 plays a strong inhibitory role in T-cell activation and
proliferation, which significantly curbs T-cell-mediated tumor rejection. NPsiCTLA-4-mediated CTLA-4 knockdown enhanced the
activation and proliferation of T-cells, which inhibited the overall growth of tumors. Reproduced with permission from ref. 76.
Copyright (2016), with permission from Elsevier.
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Figure 21.6 Targeted multivalent aptamers deliver biotherapy to anaplastic large cell lymphoma. (A) Schema showing receptor
oligomerization inducing downstream signaling. CD30-associated signaling is activated by its ligand through trimerization of
the receptor, leading to varied outcomes that range from apoptosis to proliferation. (B) CD30-positive and -negative cells were
incubated without any treatment; in presence of control streptavidin, monomeric aptamer C2NP, and multimeric aptamer C2NP, for
72 h to detect aptamer-mediated CD30 signal transduction. A multivalent CD30 aptamer was made using biotinylated C2NP (33)
with streptavidin (13). (C) The multivalent CD30 aptamer-induced signaling, resulting in a higher percentage of dead cells in CD30positive ALCL (K299 cells), and had no eﬀect on cell death in CD30-negative (HL60) cells. Reproduced with permission from ref. 81.
Copyright (2013), with permission from Elsevier.
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Conclusions

21.4 Conclusions
We return to the question posed at the beginning of the article,
how do we deliver the optimal amount of immunotherapy to
a specific site, with appropriate kinetics and dosing schedule,
without inducing deleterious side eﬀects that outweigh the
benefits of the therapy? Nanoparticles are an appealing solution
to this complicated drug delivery problem. They are versatile,
engineered platforms that can be tailored to home to specific
targets. By fine-tuning nanoparticle size, shape, and elasticity,
nanoparticles can be guided to travel to a specific site. To decrease
accumulation in oﬀ-target sites and minimize toxicity that is a
result of nonspecific localization, surface modifications can
be implemented to target nanoparticles to specific cells and
prevent uptake by other cells. The formulation of nanoparticles
with stimuli-sensitive materials (e.g., pH, enzymatic) or inside
hydrogels and matrices enables immunotherapeutic release only
when the particles have reached their target microenvironment.
It is important to realize that a single design modification will
likely not maximize site-specific delivery, minimize oﬀ-target
accumulation, and optimize immunotherapy delivery timing,
tissue penetration, and intracellular delivery. An ideal design
will achieve a set of these goals and will be most eﬀective when
tailored specifically to its desired therapeutic use.
In the clinic, nanoparticles have been approved for the delivery
of chemotherapy to cancer patients. Liposomal formulations
loaded with chemotherapeutics such as doxorubicin, paclitaxel,
and daunorubicin are recommended as neo-adjuvant therapies
in ovarian cancer, Kaposi’s sarcoma, and multiple myeloma. At
the same time, nanoparticles are under clinical evaluation for
the delivery of therapeutic siRNA, the detection of angiogenesis
and micrometastatic lesions, and for the measurement of cancer
biomarkers in the blood. Nanoparticle immunotherapies, however,
have not traveled as far along the research and development
pipeline. For clinical adoption to become a reality, it is essential
to improve the design of nanoparticle immunotherapies so their
targeting specificity is enhanced. In addition, it is important to
continue boosting the efficacy of nanoparticle immunotherapies
under development to justify their use over existing therapeutic
regimens. One avenue of research will be to continue the evaluation
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of new combinations of immunotherapies. When developing
and testing combinatorial immunotherapies, it is important to
realize that a set of nanoparticles of diﬀerent designs, not a single
particle, may be necessary to maximize therapeutic eﬀect.
Mechanistic studies should be combined with in silico studies to
understand how the immune response evolves over time with
the treatment and the disease. At the same time, it is important to
consider the immunogenicity of the nanoparticle delivery vehicle
in combination with the immunogenicity of the therapeutics they
carry.
It is also essential to grasp how a nanoparticle immunotherapy
aﬀects immune homeostasis. While design modifications to a
nanoparticle may enable site-specific targeting and targeted
delivery to specific cell compartments, these same modifications
may disrupt cellular membranes, induce apoptosis, or interact
with pattern recognition receptors and produce proinflammatory
cytokines. The common approach to enhance cancer immunotherapy efficacy by reversing immune suppression could lead to
increased T-cell activation or proinflammatory cytokine generation
in healthy tissues. In addition, therapeutic delivery above the
optimal dose could potentially activate immune suppression
mechanisms that were previously dormant. Immunotherapies
for autoimmune diseases face the opposite challenge. While
immune suppression could favorably reduce inflammation in host
tissues, appropriate dosing must be used to prevent increased
susceptibility to infectious diseases. For these endeavors to
be successful, it is necessary to understand how nanoparticle
immunotherapies perturb the complex network of signaling
pathways involved in immunity. The ability to intelligently engineer
nanoparticle immunotherapies will allow us to eﬀectively attack
new targets as they are discovered. Using nanoparticles, longterm, synergistic, reactive immunotherapy regimens can be
developed to keep diseases of immune dysregulation in check.
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22.1

Introduction

Nanotechnology is one of the most exciting industrial innovations
of the 21st century. Nanomaterials are used in various industrial
applications and products, including sporting goods, tires,
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sunscreens, cosmetics, electronics, and fuel additives as well for a
variety of medical purposes such as diagnostic imaging and drug
delivery. Many nanomaterials are metal-based nanoparticles,
such as nanosilver, nanometallic oxides (zinc oxide, titanium
dioxide, iron oxide, and quantum dots), and are applied for many
uses [1]. For example, zinc oxide (ZnO) and titanium dioxide
(TiO2) are used in sunscreens and cosmetic products [2, 3], and
nanosilver is used in detergents, antibacterial agents, paints,
printer inks, and textiles [4–9].
Nanoparticles frequently have remarkably diﬀerent
physicochemical properties than their conventional bulk materials.
These properties can be a “double-edged sword,” providing positive
advantages for usefulness and negative impacts on health upon
exposure. Toxicity due to some metal-based nanoparticles such
as silver, gold, and copper increases with decreasing nanoparticle
size [10]. Other physicochemical properties such as elemental
composition, charge, shape, crystallinity, surface area, solubility,
and surface derivatives also influence the toxic potential of the
nanoparticles [11–15]. Therefore, metal-based nanoparticles
should not be considered a homogeneous population with simple
toxic attributes because they act independently to mediate diverse
biological reactions.
Many investigators have explored the properties and toxicities
of various metal-based nanoparticles. The toxicities of various
metal-based nanoparticles, both in vitro and in vivo, were recently
reviewed and summarized by Schrand et al. (Table 22.1) [10].
The engineering of nanoparticles for applications in the
immune system is now an exciting, emerging field. Although
certain nanomaterials are immunotoxic or immunomodulatory,
a concise overview of the interactions between nanoparticles
and the immune system would be valuable and indispensable
to students and researchers alike. The focus of this review is to
outline the interactions of innate and adaptive immune systems
with metal-based nanoparticles (Fig. 22.1). We discuss the role
of toll-like receptor interactions with nanoparticles and their
potential implications. Diﬀerent eﬀects of nanoparticles on innate
immune cells (macrophages, dendritic cells, neutrophils, mast
cells, and natural killer cells) and adaptive immune cells (T cells
and B cells) are reviewed. This information will enhance the
understanding for immunological eﬀects of nanomaterials and
help to develop safe metal-based nanoproducts.

Human MSTO cells highly sensitive
to Fe2O3
In vivo and in vitro measurements
demonstrated little correlation

30 μg/mL,
3–6 days
0.0052–520 mg/
cm2, 1–48 h

ZnO > Fe2O3 > TiO2/CeO2 Human mesothelioma
and rodent fibroblast
cell line

ZnO > Fe > SiO2

L2 rat epithelial cells
and rat primary alveolar
macrophages and
cocultures

ZnO dissolution in endosomes CeO2
suppressed ROS production and
TiO2 did not elicit protective or
adverse eﬀects

BEAS-2B and RAW264.7
macrophages

ZnO > CeO2/TiO2
10–50 μg/mL,
1–24 h

6.125–50 μg/mL, CeO2 due to particle dissolution to
1–6 h
Zn2+

BEAS-2B

ZnO > CeO2/TiO2

(Continued)

Sayes et al. [68]

Brunner et al.
[67]

Xia et al. [66]

George et al. [65]

Lanone et al.
[64]

0.1–3300 μg/mL, MTT assay on THP-1 cell line
3 and 24 h
exposed to NP for 24 h most
sensitive experimental design

Cu > Zn > Co > Sb > Ag > Two human pulmonary
Ni > Fe > Zr > Al2O3 > TiO2 cell lines (A549 and
> CeO, low toxicity for W THP-1)

Dose and time

References

Cell line(s)

Comments

Nanoparticle rank for
toxicity

Table 22.1 Selected comparative in vitro and in vivo toxicity studies
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Neuro-2A cell line

Cell line(s)

Rat cell line (BRL 3A)

PC-12 cells

Ag > MoO3 > Al/Fe3O4/
TiO2

Ag > Mn

1–100 μg/mL,
24 h

5–25 μg/mL,
24 h

5 μg/mL,
Murine alveolar
macrophage (RAW264.7), 48 h
human macrophage
(THB-1), and human
epithelial A549

0.005–5 mM,
2–48 h

10–200 μg/mL,
2–72 h

Dose and time

Ag > Fe2 O3 > Al2 O3 >
ZrO2 > Si3 N4 > TiO2 in
RAW264.7 and ZrO2
>Al2O3/Fe2O3/Si3N4/Ag >
TiO2 in THB-1 and A549

CdCl2 > CdSO4 > ZnSO4
A549
> ZnO > CuSO4 > ZnCl2 >
V2O5 > CuCl2 > NiSO4 >
NiCl2 > Fe2(SO4)3 > CrCl2 >
VCl2 > CrK(SO4)2 > FeCl2

ZnO > TiO2, Fe3O4, Al2O3,
and CrO3

Nanoparticle rank for
toxicity

Table 22.1 (Continued)

Hussain et al.
[73]

Soto et al. [71,
72]

Riley et al. [70]

Jeng and
Swanson [69]

References

Hussain et al.
Ag produced cell shrinkage and
irregular membrane borders and Mn [74]
dose-dependently depleted dopamine

Ag produces toxicity through
oxidative stress

THB-1 and A549 cells more sensitive
than RAW264.7 and no correlation
between specific surface area or NP
morphology and toxicity

RLE-6TN rat epithelia cells more
sensitive than A549 cells

ZnO was more toxic compared to
other NPs

Comments
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5 μg/mL, 48 h

Murine macrophage cell
line

Mouse spermatogonial
stem cells

PC-12 cells

BEAS-2B

Lung epithelial
cells A549

Rat alveolar
macrophages

Ag > NiO > TiO2

Ag > MoO3 > Al

Cu and Mn > Al

VOSO4 > TiO2, SiO2, NiO,
Fe2O3, CeO2, and Al2O3

Mn3O4 > Co3O4 > Fe2O3 >
TiO2

Al > Al2O3
25–250 μg/mL,
24 h

30 μg/mL, 4 h

1–100 μg/mL,
24 h

10 μg/mL, 24 h

5–100 μg/mL,
48 h

Dose and time

Cell line(s)

Nanoparticle rank for
toxicity

Limbach et al.
[79]

Veranth et al.
[78]

Wang et al. [77]

Braydich-Stolle
et al. [76]

Soto et al. [75]

References

(Continued)

Phagocytosis hindered after exposure Wagner et al.
to Al NPs
[80]

Acellular ROS assay demonstrates
catalytic conditions of NPs based on
elemental composition

Manufactured pure oxides less toxic
than natural particulate matter
derived from soil dust and IL-6
secretion did not correlate with the
generation of ROS in cell-free media

Txnrd1, Gpx1, Th, Maoa, Park2, and
Snca genes expression altered

Concentration-dependent toxicity
for all NPs tested

Nanoparticles characterized as
aggregates, caution on Ag

Comments
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Animal

Rat

Rat

Zebrafish

Rat

Mice

Nanoparticle(s)

Ag

Ag

Ag

Ag

Ag

Table 22.1 (Continued)
Result

References

100–1000 mg/kg Oxidative stress gene expression
(acute oral)
alterations

Rahman et al.
[85]

Chen et al. [84]

Dose-dependent toxicity in embryos Asharani et al.
Ag NP distributed in brain, heart, yolk, [83]
and blood of embryos

Liver histopathological eﬀect but no Ji et al. [82]
eﬀect in hematology and biochemical
parameters

NP was implanted Inflammation
intramuscularly
for 7, 14, 30, 90,
and 180 days

5–100 μg/mL
(exposure, 72 h)

1.73 × 104/
cm3 to 1.32
× 106/cm3
(subacute
inhalation,
6 h/day, 5
days/week
for 4 weeks)

Kim et al. [81]
30–1000 mg/kg Dose-dependent eﬀect on alkaline
(subacute oral for phosphatase and cholesterol. Twofold
28 days)
more accumulation of NP in kidneys
of female than male

Dose/route
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0.8–20 mg/kg
(inhalation)
5 g/kg
(acute oral)

Zebrafish

Mice

Rat

Mice

Mice

Cu

Cu

Fe2O3

TiO2

SiO2 magnetic-NPs

Biochemical, histopathological
changes and alterations in gene
expression

Wang et al. [91]

Zhu et al. [90]

Chen et al. [89]

Griffitt et al. [88]

Hillyer and
Albrecht [87]

Sharma [86]

References

NPs were detected in brain indicating Kim et al. [92]
BBB penetration

Source: Reproduced with permission from ref. [10]. Copyright © 2010 John Wiley & Sons, Inc.

25–100 mg/kg
(intraperitoneal
for 4 weeks)

Biochemical and histopathological
eﬀects

Oxidative stress, inflammation, and
pathology

108–1080 mg/kg NP-induced gravely toxicological
(acute oral)
eﬀects and heavy injuries on kidney,
liver, and spleen of treated mice

0.25–1.5 mg/L
(exposure, 48 h)

NP uptake occurred in the small
intestine by persorption through
single, degrading enterocytes
extruded from a villus. Smaller
particles cross the GI tract more
readily

2 × 105 PPB
(oral for 7 days)

Mice

Au

BBB penetration

Result

30–50 mg/kg
(intravenous/
intraperitoneal)

Mice and rat

Ag, Cu, and Al

Dose/route

Animal

Nanoparticle(s)
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Nanoparticles and Immune System

22.2

Nanoparticles and Immune System

The immune system can defend against foreign antigens, which
has been divided into two general types of immunity: innate
immunity and adaptive immunity. Innate immunity is the
nonspecific and first line of the body’s defense system, which
relies on pattern recognition receptors PRRs to recognize broad
and conserved molecular patterns found on pathogens (pathogenassociated molecular patterns, PAMPs) [16]. Therefore, the innate
immune system plays an essential role in the early recognition
and subsequent proinflammatory response. The adaptive immune
system is antigen specific and reacts only with the organism
that induced the response. Innate and adaptive immunity can
be thought of as two equally important aspects of the immune
system.
Most nanoparticles are recognized as foreign materials and
eliminated by the immune system. However, in the immune
system, if the foreign materials are not recognized as a threat, they
are ignored or tolerated. Undesirable overwhelming activation of
immune responses may lead to harmful consequences. Therefore,
the response of the immune system to the nanoparticles must
be considered when developing a nanomaterial for in vivo
application. For example, avoiding immune system detection
is crucial if a nanomaterial is to be used for gene or drug
delivery [17]. In addition to avoiding immune system detection,
nanoparticles also can play an important role in vaccine
immunization via antigen delivery and adjuvanticity. Another
viewpoint is that nanoparticles targeting immune cells (e.g.,
macrophages or dendritic cells) can manipulate or control
immunological diseases such as infectious diseases or tumor
therapy. For example, nanomaterials might be designed to
modify effective immune responses of tumor microenvironments
as accompanied with anti-inflammatory drugs or specific cytokines.
Three immune related consequences must be considered
when a nanomaterial is engineered for applications in vivo. The
first is immune-mediated destruction or rejection, which could
initiate a defensive immune reaction resulting in the elimination
of the nanomaterials. Second is immunotoxicity, which could
damage the immune system and cause pathological changes.
The third is immunocompatibility, which does not interfere with
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the immune response [18]. Nanoparticle properties such as size,
charge, hydrophobicity, hydrophilicity, and the steric eﬀects of
nanoparticle coatings direct nanoparticle compatibility with the
immune system [17, 19, 20]. For example, nanoparticles that are
designed by encapsulation with PEG or other types of polymers
provide a hydrophilic environment and shield them from
immune recognition [21]. However, some reports showed that
the immune system can produce PEG-specific antibodies after
administration of PEG-coated liposomes [22, 23]. The research
on how and whether nanoparticles trigger antibody production is
limited and we need further studies to answer these inconclusive
questions.

22.2.1

Nanoparticles and Innate Immunity

The innate immune system consists of diﬀerent cells and proteins
that are nonspecific and are a first line of defense. The main
components of the innate immune system include physical
epithelial barriers, phagocytic cells (monocyte/macrophages,
dendritic cells, and polymorphonuclear leukocytes), phagocytic
leukocytes, basophils, mast cells, eosinophils, natural killer (NK)
cells, and circulating plasma proteins.
In recent decades, many studies have highlighted rapid
progress in understanding toll-like receptors of the innate immune
system, which induce expression genes of involved inflammation.
Moreover, toll-like receptors activate both the innate and
adaptive immune system and play an important role in antiviral
and anti-immunity [24]. In this review, we will first discuss the
toll-like receptor signaling mechanisms triggered by metal-based
nanoparticles and then describe the eﬀects of nanoparticles on
other innate immune cells.

22.2.2 The Role of Toll-Like Receptor Signaling in the
Innate Immune System
The innate immune system, also known as the non-specific immune
system and the first line of defense, relies on the recognition of
PAMPs through a limited number of germ line-encoded pattern
recognition receptors, belonging to the family of toll-like receptors

Nanoparticles and Immune System

(TLRs) [25]. The Toll gene was originally discovered in Drosophila,
responsible for dorsoventricular polarization during embryonic
development and antifungal and antibacterial properties of the
adult fly [26]. TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10 are
present on the cell surface whereas TLR3, TLR7, TLR8, TLR9,
TLR12, and TLR13 are localized into intracellular vesicles such
as endosomes, lysosomes, and the endoplasmic reticulum (ER).
TLR1/TLR2 sense bacterial tri-acylated lipopeptides. TLR2/TLR6
recognize di-acetylated lipopeptides and bacterial lipoteichoic
acid or peptidoglycans and mycobacterial cell wall components.
TLR3 binds to viral double stranded RNA while TLR4 responds
to LPS, and TLR5 senses flagellin. TLR7 and TLR8 respond to the
single stranded RNA from viruses, while TLR9 binds to DNAcontaining unmethylated CpG motifs which are commonly found
in bacterial DNA. TLR12 recognizes profilin, while TLR13 senses
bacterial 23S ribosomal RNA (rRNA) [16]. The activation of
TLR signaling can not only induce cytokine production but also
increase macrophage phagocytosis and natural killer (NK) cells
cytolytic activity. Most importantly, TLR signaling activation also
can enhance antigen presentation via upregulating the expression
of the major histocompatibility complex (MHC) and costimulatory
molecules (CD80 and CD86) on dendritic cells leading to
adaptive immunity activations. Thus, TLR agonists were believed
to be powerful vaccine adjuvant, allergy, infection, and antitumor
therapeutics in preclinical studies [24]. The TLR antagonists also
have therapeutic value in clinical trials to treat septic shock
and autoimmune disorders [27]. For example, TLR agonists
or nanoparticles that enhance TLR signaling pathways would
be powerful adjuvants [28, 29]. In contrast, TLR antagonists
or inhibitors that reduced the inflammatory response would
have beneficial therapeutic eﬀects in autoimmune diseases and
sepsis [30]. These potential applications may open up innovative
directions for the design of nanoparticle conjugates to meet
diﬀerent requirements.

22.2.3

Effects of Nanoparticles on TLR Signaling of
Innate Immunity

TLRs are classified as type I transmembrane receptors containing
an N-terminal leucine-rich repeat domain (transmembrane region)
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and a C-terminal cytoplasmic domain. Upon recognition of a
PAMP, TLRs recruit a specific set of adaptor molecules that
contain the TIR domain, such as MyD88 and TRIF, and initiate
downstream signaling events that lead to the secretion of
inflammatory cytokines, type I IFN, and chemokines [31]. The TLR
signaling cascade results in the activation of transcription factors,
nuclear factor κ light chain enhancer of activated B cells (NF-κB),
interferon-regulatory factors (IRFs), and mitogen-activated
protein kinase; these factors aﬀect the transcription of genes
involved in inflammatory and immune responses [32, 33].
Schmidt et al. first reported that Ni2+ as an inorganic activator
was acting directly through TLR binding to trigger inflammation
responses [34]. This interesting finding also makes us think of
whether the other chemicals components such as metal-based
nanoparticles were also involved in TLR signaling inflammation.
Recently, several studies have demonstrated the eﬀects of
nanoparticles on innate immunity via TLR signaling pathways
[35]. Several nanoparticles (e.g., TiO2, ZnO, zirconium dioxide
(ZrO2), and silver) modulated immune responses via TLRs. TiO2
and ZrO2 nanoparticles increased TLR7 and TLR10 mRNA levels
in human macrophage U-937 cells and TLR2 and TLR4 mRNA
levels in the mouse liver cells [36, 37]. N-(2-Mercaptopropionyl)
glycine (tiopronin) capped-silver nanoparticles enhanced the TLR3
ligand and TLR9 ligand-induced IL-6 secretion in mouse
macrophage Raw264.7 cells [38]. ZnO nanoparticles induced
MyD88-dependent proinflammatory cytokines via a TLR signal
pathway [39]. Quantum dot 705 activated MyD88-dependent
TLRs at the surface or inside of cells, which is a fundamental
mechanism for nanoparticle-induced inflammatory responses [40].
TLRs may have important roles not only for diﬀerent NPs
uptake but also for their cellular response [41]. Moreover, the
mechanisms of interaction between NPs and TLR are still unclear.
There are two possibilities to explain how NPs interact with
TLRs. One is that the smaller NPs may just like LPS have cooperated
with some small molecules such as the LPS binding protein and
then the complex activates further TLRs signaling pathways.
The other is that the larger size of NPs may directly associate
with TLRs [41]. However, these hypotheses need more studies
to confirm.

Nanoparticles and Immune System

Proinflammatory cytokines can be induced by TLR signaling
pathways. Many cytokines, such as interleukin-(IL-) 1, IL-6, and
tumor necrosis factor- (TNF-) α, can activate inflammatory cells,
increase vascular permeability, and cause swelling and redness
during acute inflammatory responses [42]. IL-1 and IL-6 are
important mediators of fever [43]. TNF-α activates endothelial
cells leading to hypotension. IL-8 is a chemokine that activates
neutrophils or other granulocytes and recruits them to the site
of inflammation [44]. Interferon- (IFN-) γ plays an important role
in the inflammatory process, recruiting macrophages to the site
where an antigen is present [42]. Many studies have reported
that NPs can trigger cytokine production associated with
inflammatory responses. The levels of proinflammatory cytokines
are measured as biomarkers of nanoparticle immunomodulatory
eﬀects and immune-mediated toxicity [42]. TiO2 nanoparticles,
nanodiamond, and nanoplatinum also have been reported to
trigger proinflammatory cytokine production, dendritic cell
maturation, and naïve T cell activation and proliferation [45, 46].
Hanley et al. also reported that ZnO nanoparticles increased the
expression of IFN-γ, TNF-α, and IL-12 in primary human immune
cells [47]. Gold nanoparticles (10 nm and 50 nm in size) induced
IL-1β, IL-6, and TNF-α in rat liver cells after 1 day of acute
treatment and then subsided by day 5 of subchronic treatment.
The 50 nm gold nanoparticles produced more severe inflammation
than the 10 nm gold nanoparticles [48]. However, only limited
studies have demonstrated whether or which TLR is involved in
the NPs induced proinflammatory cytokines production.
Another interesting field is inflammasomes, which are
multiprotein complexes leading to caspase-1 activation, further
causing pro-IL-1β and pro-IL-18 maturations and secretions.
The IL-1β synthesis and secretion are tightly regulated by TLR
signaling and inflammasome activation. A first signal, such as by
toll-like receptor activation, triggers the synthesis of pro-IL-1β
by transcriptional induction, whereas a second stimulus leads to
inflammasome oligomerization, caspase-1 autoactivation, and
caspase-1-dependent cleavage and the release of the biologically
active, mature IL-1 β [49]. The second signal can be triggered by
an ever-expanding group of chemically and biologically unrelated
danger-associated molecular patterns (DAMPs) or pathogen-
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associated molecular patterns (PAMPs) [50]. Studies of nanoparticles that induce IL-1β via inflammasome signaling pathway
mechanisms is an emerging theme [51, 52].
Some
engineered
nanoparticles can
also
activate
inflammasome signaling pathways [49, 53, 54]. Among various
inflammasomes, nucleotide-binding oligomerization domain(NOD-) like receptor protein 3 (NLRP3) activation is linked
to exposure to various nanoparticles [54, 55]. TiO2 and SiO2
nanoparticles activate the NLRP3 inflammasome and IL-1β release
in LPS-primed murine bone marrow-derived macrophages and
human macrophage cell lines THP-1 [49, 56]. Peeters et al. [55]
recently reported that crystalline silica (SiO2) activated NLRP3
inflammasomes in human lung epithelial cells BEAS-2B and
primary human bronchial epithelial cells, which prolonged the
inflammatory signal and aﬀected fibroblast proliferation. Silver
nanoparticles induced inflammasome formation and triggered
IL-1β release and subsequent caspase-1 activation [53].
Inflammasome-activation-associated IL-1β production by dendritic
cells in response to particle treatment was size-dependent and
maximal at particle diameters between 400 and 1000 nm [57].
Yazdi et al. reported that nano-TiO2 and nano-SiO2, but not nanoZnO, activate the NLRP3 inflammasome, leading to IL-1β release,
and in addition induce the regulated release of IL-1α. Unlike
other particulate NLRP3 agonists, nano-TiO2-dependent NLRP3
activity does not require cytoskeleton-dependent phagocytosis
and induces IL-1α/β secretions in nonphagocytic keratinocytes.
However, the exact mechanism of nano-TiO2 uptake remains
elusive, as blocking lipid raft-mediated, caveolin-dependent,
or clathrin-dependent endocytosis did not efficiently block
IL-1β secretion [49]. The more knowledge we have of cytokine
profiles induced by nanoparticles, the better we can utilize the
cytokines as biomarkers of immunomodulatory properties of
nanoparticles. Moreover, it is also necessary to clarify whether
these proinflammatory cytokines were induced by nanoparticle
physiochemical properties or by bacterial endotoxin contaminants.

22.2.4

Effects of Nanoparticles on Innate Immune Cells

The innate leukocytes include mast cells, neutrophils, eosinophils,
basophils, natural killer (NK) cells, gamma/delta T cells, and
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the phagocytic cells including macrophages and dendritic cells.
We summarized several studies which reported the eﬀects of
metal-based nanoparticles on phagocytic cells, neutrophils, mast
cells, and NK cells. There are still many challenges to investigate
the eﬀects and potential applications of nanoparticles to other
innate immune cells such as eosinophils, basophils, and
gamma/delta T cells.

22.2.4.1

Phagocytic cells (macrophages, dendritic cells)

Macrophages and dendritic cells play many key roles in the host
defense system. They can remove dead cells and pathogens by
phagocytosis. They also can shape the inflammatory response
by secreting cytokines through the TLR signaling pathway and
modulate adaptive immunity by presenting antigens to lymphocytes
[58]. In general, macrophages and dendritic cells readily uptake
nanoparticles. Therefore, many metal-based nanoparticles (e.g.,
magnetic nanoparticles and nanoparticles-based PET agents)
were commonly used for visualizing of macrophages in
human diseases including cancer, atherosclerosis, myocardial
infarction, aortic aneurysm, and diabetes [58]. In addition to
image applications, targeting tumor-associated macrophages or
dendritic cells via nanoparticles for drug, antigen delivery, or
vaccine is also a promising tumor therapeutic application. For
example, Lin et al. reported that gold nanoparticle delivery of
modified CpG can stimulate macrophages and inhibit tumor
growth for immunotherapy [59]. Ahn et al. recently demonstrated
that gold nanoparticles enable efficient tumor-associated selfantigen delivery to dendritic cells and then activate the cells to
facilitate cross-presentation, inducing antigen-specific cytotoxic T
cell responses for eﬀective cancer therapy [60].

22.2.4.2 Neutrophils
During acute inflammation, polymorphonuclear neutrophil cells
(PMNs) are the first type of leukocytes to migrate to an inflammatory
site and then produce several proinflammatory mediators
including chemokines, which further attract other PMNs and
other cell types like monocytes-macrophages and lymphocytes,
corresponding to chronic inflammation. Gold nanoparticles were
found trapped by neutrophils in their extracellular traps (NETs),
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being composed mainly of DNA and a variety of antibacterial
proteins [61]. The cell-gold networks were visible after as early
as 15 min of treatment of neutrophils with the gold nanoparticles.
NETs may contribute to alerting the immune system of a danger
signal by activating DNA receptors such as TLR9. This activation
might turn out to help in the recruitment of immune cells to mount
an acquired immune response or to resolve the inflammation.
NETs can either fight inflammatory disease or cause disease
depending on the place, time, and dose [62]. However, NETs
triggered by nanoparticles need further investigation to figure
out their physiological roles. Wang et al. found that the delivery
of drugs into inflammatory neutrophils by nanoparticles can
prevent vascular inflammation [63]. This study provides a novel
nanoparticle-based therapeutic approach for targeting activated
neutrophils to treat a range of inflammatory disorders.

22.2.4.3 Mast cells
Mast cells contain many granules in histamine and heparin and
have important roles of allergy and anaphylaxis. When activated,
mast cells rapidly release histamine and heparin from their
granules to dilate blood vessels and recruit neutrophils and
macrophages. Chen et al. demonstrated that TiO2 nanoparticles
not only dose-dependently increased histamine secretion, but
also increased cytosolic Ca2+ concentration in rat mast cells [93].
Their results suggest that systemic circulation of nanoparticles
may prompt histamine release without prior allergen sensitization,
causing abnormal inflammatory diseases or potential exacerbating
manifestations of multiple allergic responses. It was recently
reported that the granules of mast cells are powerful enhancers
of adaptive immunity when they are released at sites of
infection or vaccine administration. John et al. engineered
nanoparticles consisting of mast cell granules to augment
immunity during vaccination [94]. It is believed that other
metal-based nanoparticles also have the possibility of developing
this efficient vaccination system.

22.2.4.4 NK cells
NK cells control several types of tumors and microbial infections
by limiting their spreading and subsequent tissue damage. NK
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cells are also regulatory cells which can interact with dendritic
cells, macrophages, T cells, and endothelial cells. Therefore, NK
cells are believed to limit or exacerbate immune responses [95].
A clinical study has demonstrated that patients with a high level of
NK infiltration were found to have a better prognosis than those
with a low level of NK infiltration and suggests that enhancement
of NK cell infiltration could be a useful antitumor strategy [96].
Lim et al. provided evidence of cell tracking with quantum dots
(QD) by labeling NK cells with an anti-CD56 antibody-coated
QD705 and tracking the labeled cells for up to 12 days after
intratumoral injections [97]. The authors further found a decreased
size of tumors treated with NK cells compared with controls [97].
QD labeling was thought as the well-suited imaging technique
for tracking diﬀerent cell populations; however, currently available
compounds are not clinically applicable because of their toxic
cadmium cores or other nondegradable components; cadmiumfree or biodegradable QDs are currently being developed [98].
Jang et al. used magnetic nanoparticles (Fe3O4/SiO2) to control the
movement of human natural killer cells (NK-92MI) by an external
magnetic field, loading NK-92MI cells infiltrated into the target
tumor site and their killing activity is still the same as the NK92MI cells without the nanoparticles [99]. This study provides
an alternative clinical treatment with reduced toxicity of the
nanoparticles and enhanced infiltration of immunology to the
three-dimensional target site without surgical treatment.

22.2.5

Nanoparticles and Adaptive Immunity

Nanoparticles can be designed to deliver vaccine antigens
through specific intracellular pathways such as phagocytosis,
macropinocytosis, and endocytosis, allowing better antigen
presentation for activating the adaptive immune system [100].
Nanoparticles interact most frequently with APCs in the blood
circulation, including B cells, macrophages, and dendritic cells.
APCs engulf and digest foreign antigens present on the surface
of major histocompatibility complexes of B and T cells [101].
Dendritic cells are the most specialized APCs, which capture and
process antigens and migrate to lymphoid tissues leading to T cell
or B cell activation. The costimulatory molecules of dendritic
cells and the cytokine environment aﬀect the T cell response. T
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cells including T helper (Th) cells, regulatory T cells (formerly
known as suppressor T cells), and cytotoxic T cells express various
surface proteins including CD3 and CD4 on Th cells, CD3, and CD8
on cytotoxic T cells. The cytokine environment is produced by
dendritic cells via activated CD4+ T cells, neutrophils, and
macrophages, which are recruited to the inflammatory site
and stromal cells [100]. For example, immature dendritic cells
encountered antigens, which are presented to T cells for selftolerance (T cell anergy) without costimulatory molecule
expression. This also occurs for regulatory T (Treg) cells in
the presence of transforming growth factor-β1 (TGF-β1) and
interleukin- (IL-) 10. Exogenous antigen activates and matures
dendritic cells leading to costimulatory molecule expression and
Th1, Th2, or Th17 cell activation [102]. Antigen presentation in
the IL-6 and IL-23 cytokine microenvironment can also stimulate
naïve CD4+ T cells to diﬀerentiate into Th17 cells [100]. Th17
cells are potent inducers of inflammation and play key roles in
the development of autoimmunity diseases [103]. Th1 cells
mediate cellular immunity and further regulate inflammation
responses. On the other hand, Th2 cells induce proliferation of
master cells and eosinophils and mediate the diﬀerentiation of
B cells to produce immunoglobulin (Ig) G and IgE, thereby
promoting humoral immunity [42].

22.2.6

Effects of Nanoparticles on T Cells

Only a few metal-based nanoparticles have been reported to
activate T cell responses or homeostasis. For example, TiO 2
nanoparticles provoke inflammatory cytokines and increase
dendritic cell maturation, expression of costimulatory molecules,
and prime naïve T cell activation and proliferation [45]. Cd
trapped inside fullerene cage nanoparticles (Gd@C82(OH)22) has
specific immunomodulatory eﬀects on T cells and macrophages,
including polarization of the cytokine balance towards Th1
cytokines, decreasing the production of Th2 cytokines (IL-4, IL-5,
and IL-6) and increasing the production of Th1 cytokines (IL-2,
IFN-γ, and TNF-α) [104]. One important theory of adaptive
immunity is T cell homeostasis (Th1/Th2 balance). Th1 cells
drive the cellular immunity to fight viruses and other intracellular

Nanoparticles and Immune System

pathogens, eliminate cancerous cells, and stimulate delayedtype hypersensitivity skin reactions. Th2 cells drive humoral
immunity and upregulate antibody production to fight extracellular
organisms. Overactivation of either pattern can cause disease,
and either pathway can downregulate the other [105]. Th1 cells
secrete large amounts of interferon- (IFN-) γ, IL-2, IL-3, granulocyte
macrophage colony-stimulating factor, and a small amount of TNF.
Th2 cells produce large amounts of IL-3, IL-4, IL-5, IL-6, and IL-10
and a small amount of TNF. Brandenberger et al. demonstrated
that silica nanoparticles promote an adjuvant Th2/Th17 response
in murine allergic airway disease [106]. Recently, Tomic´ et al.
demonstrated that smaller gold nanoparticles (10 nm) have
stronger inhibitory eﬀects on maturation and antitumor
functions of DCs, which were induced either by LPS or heatkilled tumor necrotic cells, compared to larger gold nanoparticles
(50 nm). Gold nanoparticles (10 nm) can inhibit LPS-induced
production of IL-12p70 by dendritic cells and potentiated
Th2 polarization, while 50 nm gold nanoparticles promoted
Th17 polarization [107]. The authors supposed that the sizedependent immunomodulatory eﬀects of gold nanoparticles could
be attributed to diﬀerent mechanisms of their internalization,
levels of accumulation, and intracellular distribution within
DCs, leading to diﬀerent modulation of maturational signaling.
Furthermore, these results point to potential adverse eﬀects of
smaller gold nanoparticles if used in photothermal therapy and
cancer diagnostics. The Th1 or Th2 responses elicited by APCs
may be influenced by many factors, such as the maturation
states of the APCs and routes of antigen uptake. Nanoparticle size
plays a decisive role in determining whether antigen conjugated
nanoparticles induce Th1 or Th2 immune responses [108].
Therefore, nanoparticle size may be a critical and fundamental
parameter for the induction of specific immunity in vaccine
development. The precise selection of nanoparticle size for
vaccination can influence the type 1/type 2 cytokine balance after
one immunization, and this will be useful in the development of
eﬀective vaccines against common human pathogens. However,
it is still unclear whether other diﬀerent physical and chemical
properties of nanoparticles, such as charge or chemical stability,
can drive the T cell polarization.
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22.2.7

Effects of Nanoparticles on B Cells

B cells are another type of lymphocyte in the adaptive immune
system. B cells present a unique surface receptor (B cell receptor)
to bind with specific antigens. When B cell receptors bind with its
specific antigen, an antigen is delivered, degraded, and returned
to a surface bound with MHC class II. This antigen, MHC II
complex, can be recognized by antigen-specific T helper cells.
B cells receive an additional signal from a T helper cell, further
diﬀerentiating into antibody-secreting B cells. It has been
reported that the nanostructure of antigens is used to improve
B cell antibody response [109]. Diﬀerent kinds of synthetic
nanoparticles have been designed to carry antigens as an eﬀective
vaccination system [101]. Temchura et al. recently reported
that calcium phosphate (CaP) nanoparticles coated with protein
antigens are promising vaccine candidates for the induction
of humoral immunity [110]. In general, it is believed that
nanoparticles do not result in the activation of B-cells, unless they
are coated with the antigen. In contrast, it was also reported that
iron oxide nanoparticles can compromise subsequent antigenspecific immune reactions, including antibody production
and T cell responses [111]. The eﬀects of various metal-based
nanoparticles on B cell functions are worthy for further and
more comprehensive investigations and further development for
potential applications.

22.2.8

Therapeutic Approach of Nanoparticles on
Lymphoma

Lymphoma is a type of cancer immune cell occurring in B or T
lymphocytes which divide faster than normal cells or live longer
than they are supposed to. It was reported that engineering
nanoparticles have the potential to develop a nontoxic new
treatment for lymphoma and other cancers which does not involve
chemotherapy [112]. Yang et al. used gold nanoparticle combined
with synthetic HDL (high-density lipoprotein) to trick B cell
lymphoma, which prefers to eat HDL cholesterol. Once the B cell
lymphoma cells start engulfing the gold nanoparticles (or artificial
HDL particles), they get plugged up and can no longer feed on any
more cholesterol. Deprived of B cell lymphoma’s favorite food,
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the lymphoma cells essentially starve to death. The common
treatments of lymphoma are chemotherapy, radiotherapy, or bone
marrow transplantation. However, chemotherapy has strong side
eﬀects, even leading to possible long-term consequences such as
infertility, second cancer risks, and lung damage. Promising and
eﬀective nanoparticle drugs may prevent the occurrence of these
side eﬀects. While designing novel nanodrugs for cancer therapy,
we should consider their molecular mechanisms; for example,
Ag nanoparticles have been reported to have antiangiogenic
ability [113]. Therefore, Ag nanoparticles are one of the attractive
and potential approaches to develop an antitumor eﬀect.
Sriram et al. also demonstrated the antitumor activity of silver
nanoparticles in Dalton’s lymphoma ascites in a tumor model
both in vitro and in vivo by the activation of the caspase-3
enzyme [114]. Moreover, nanodrugs are mainly developed
according to their ability to distinguish between malignant and
nonmalignant cells, making them a promising alternative to
existing drugs. The targeting efficiency of nanoparticles can be
accomplished by combining them with the RGD peptide [115] or
an antibody against specific tumor markers [116]. In a nutshell,
nanoparticles may provide a new way to kill lymphoma without
chemotherapy.

22.3

Conclusion and Future Perspectives

Nanoparticles can be used as vaccine carriers, adjuvants, and
drug delivery vehicles to target specific inflammation-associated
diseases or cancer. Nanoparticles, particularly noble metal nanoparticles, have considerable potential for biomedical applications,
such as diagnostic assays, thermal ablation, and radiotherapy
enhancement as well as drug and gene delivery. Currently,
we are still challenged by the limited knowledge of nanoparticle
pharmacokinetics, biodistribution, and immunotoxicity.
The interactions of nanomaterials with the immune system
have attracted increasing attention. The physicochemical
properties of nanoparticles influence the immunological eﬀects
of nanoparticles. Comprehensive studies to explore the eﬀects
of physicochemical properties (such as size, shape, and charge)
on the immunotoxicity of metal-based nanoparticles are still
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needed. Assessment of potential adverse effects on the immune
system is also a critical component of the overall evaluation of
nanodrug toxicity. Further mechanistic studies investigating
nanoparticle immunomodulatory effects or inflammatory reactions
are required to improve knowledge of the physicochemical
properties of nanoparticles, which influences the immune system.
A cooperation between materials science and immunology, as
well as immunobioengineering, is an emerging field which has
great potential to develop prophylactic and therapeutic vaccine
applicants.
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23.1

Introduction

Interactions of nanoparticles with the blood coagulation system
can be beneficial or adverse depending on the intended use of a
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nanomaterial. Nanoparticles can be engineered to be procoagulant
or anticoagulant or to carry drugs to intervene in other pathological
conditions in which coagulation is a concern [1]. The use of
nanoparticles as drug carriers is extremely promising and is of
interest for scientists all over the World [2, 3]. Nanoparticles also
can be designed as bacteriostatic agents as well [4]. Silica
nanoparticles (SiNPs) have been shown to be a promising
alternative for biomedical applications [5] as a novel delivery
in tumor research vector or tumor-targeting agent [6, 7], and
as the carriers of anticancer drugs [8, 9]. For the use of SiNPs
in bioengineering, the study of their biocompatibility, including
cell toxicity [10], immunotoxicity [11], genotoxic eﬀects [12], is
essential. The aim of present study was the estimation of the
primary eﬀects of SiNPs on hemostasis in vitro.

23.2
23.2.1

Materials and Methods
Materials

23.2.1.1 Chemicals
Chromogenic substrates S2238 (H-D-Phe-Pip-Arg-pNA), S2765
(Z-D-Arg-Gly-Arg-pNA) and S2251 (H-D-Val-Leu-Lys-pNA) were
purchased from BIOPHEN, and APTT-reagent was from Renam
(Russia). Ecamulin purified from Echis multisquamatis venom
was kindly donated by Dr. Dar’ya Korolova, PhD, Palladin Institute
of Biochemistry of NAS of Ukraine. Factor X activator from
Russel vipera venom (RVV) and ADP were purchased from
Sigma (US).

23.2.1.2

Silica nanoparticles

Amorphous silica nanoparticles (SiNPs) A300 (Kalush, Ukraine)
were pre-treated at 400°C for 2 h. The resulting material had the
average space of surface as approximately 300 m2/g and the
size of particles ranged from 10 to 40 nm [13].

23.2.1.3

Preparation of fraction of vitamin K-dependent
proteins

Ten milliliters of human blood plasma was mixed with 0.6 g of
BaSO4 and spinned down at 2000 rpm for 10 min at 4°C. The

Materials and Methods

fraction of vitamin K-dependent proteins was eluted from the
pellet by 0.05M tris-HCl buﬀer pH 7.4 with 0.25M NaCl, 0.001M
of benzamidine and 0.02M of EDTA and then desalted using
PD-10 column and used ex temporo.

23.2.2 Methods
23.2.2.1

Platelet-rich plasma (PRP) and blood plasma
preparation

Venous blood of healthy volunteers who had not taken any
medication for 7 days was collected into 38 g/liter sodium
citrate (9 parts blood to 1 part sodium citrate). PRP was isolated
by the centrifugation of blood at 160 g for 20 min at 23°C. For
the preparation of platelet-poor blood plasma, PRP was spinneddown at 1500 rpm for 30 min [14].

23.2.2.2

Activated partial thromboplastin time

Activated partial thromboplastin time (APTT) was performed
according to the following procedure: 0.1 ml of blood plasma
was mixed with an equal volume of APTT-reagent and incubated
for 3 min at 37°C. Then the coagulation was initiated by adding
0.1 ml of 0.025M solution of CaCl2. The clotting time was
monitored by the Coagulometer Solar CGL-2410 (Belorussia) [15].

23.2.2.3

Amidase activity assay

Hydrolysis of chromogenic substrates (S2238, H-D-PhePip-Arg-pNA; S2765, Z-D-Arg-Gly-Arg-pNA; or S2251, H-D-ValLeu-Lys-pNA) under the influence of silica nanoparticles (SiNPs)
was studied using the reader (Thermo-scientific), E405–E492.
The analysis was done in 0.05M Tris-HCl buﬀer of pH 7.4
solution at 37°С. The concentration of chromogenic substrates
was 0.3 mM and that of SiNPs was 0.4 mg/ml [16].

23.2.2.4

Fibrinogen concentration study

Fibrinogen concentration in the blood plasma was determined
by the modified spectrophotometric method. Blood plasma
(0.2 ml) and PBS (1.7 ml) were mixed in a glass tube. Coagulation
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was initiated by the addition of 0.1 ml of thrombin-like enzyme
from the venom of Agkistrodon halys halys (1 NIH/ml), which
allowed avoiding fibrin cross-linking [17]. The mixture was
incubated for 30 min at 37°C. The fibrin clot was removed and
re-solved in 5 ml of 1.5% acetic acid. The concentration of
protein was measured using spectrophotometer SF-2000 (Russia)
at 280 nm (ε = 1.5).

23.2.2.5

Calculation of the speed of fibrin clot lysis

The clots were formed in the volume of 1 ml containing 0.05M
tris-HCl buﬀer (pH 7.4) with 0.13M NaCl and 0.001M of CaCl2,
70 μl blood plasma, streptokinase at the final concentration of
3 IU/ml, and SiNPs (0.4 mg/ml). The plasma clotting was
initiated by adding 1.3 NIH/ml of thrombin-like enzyme from
the venom of Agkistrodon halys halys. The change of turbidity
during the formation and degradation of fibrin clot was monitored
constantly at 350 nm. The speed of clot lysis was calculated
as a drop-in of the turbidity of the clot per second at the linear
stage of hydrolysis [18].

23.2.2.6 Platelet aggregation study
The platelet aggregation measurement was based on the changes
in the turbidity of platelet-rich human plasma [19]. In a typical
experiment, 0.4 ml platelet-rich plasma was incubated with
0.02 ml of 0.025M CaCl2 and ADP in final concentration 12.5 μM
at 37°C. The studied concentrations of SiNPs were 0.001 and
0.01 mg/ml. The aggregation was detected for 10 min with
Aggregometer Solar AP2110.

23.2.2.7

Flow cytometry

The shape and granulation of platelets after incubation with
silica nanoparticles (SiNPs) vs. platelets activated by thrombin
were monitored on COULTER EPICS XL Flow Cytometer [20].
SiNPs (0.01 mg/ml) were added to 1 ml of washed platelets
suspension and the samples were incubated for 90 min at 25°С.
Scattered and transmitted light were monitored for examining
any changes in the platelet granulation and shape.

Results

23.2.2.8

Statistic data analysis

Statistical data analysis was performed using Microsoft Excel.
All assays were performed in series of three replicates and the
data were fitted with standard errors using “Statistica 7.”

23.3 Results
23.3.1

Proteins of Coagulation System with SiNPs

Amorphous silica nanoparticles (SiNPs) were precipitated in
the PBS with the final concentration of stock solution 2 mg/ml.
All samples of SiNPs were mixed using Vortex ex temporo.
The basic coagulation tests APTT and prothrombin time
(PT) were performed in the presence of SiNP suspension in
the final concentrations 0.2 and 0.4 mg/ml. It was shown that
SiNPs distinctly shortened coagulation time in both tests in a
concentration dependent manner (Fig. 23.1). The eﬀect was more
evident for PT than for APTT.
Specific chromogenic substrates to prothrombin (S2238)
and factor Xa (S2765) have been used to avoid the influence of
fibrinogen sorption by SiNPs on the results of the tests.
We studied the eﬀect of SiNPs on blood coagulation
directly estimating the activation of prothrombin and factor X.
Prothrombin was activated by the prothrombin activator from
Echis multisquamatis venom—ecamulin. The resulting thrombin
activity was detected by thrombin-specific chromogenic
substrate S2238. It was shown that SiNPs taken in the
concentration 0.4 mg/ml did not aﬀect the direct activation of
prothrombin (Fig. 23.2A).
Factor X was activated directly by RVV [21], activity of
activated factor Xa estimated with specific chromogenic substrate
S2765. It was shown that 0.4 mg/ml of SiNPs inhibited the
factor X activation (Fig. 23.2B).
Thus, we observed the inhibitory eﬀect of SiNPs on blood
coagulation that consisted of prolongation of the time of
coagulation initiated by thromboplastin and APTT-reagent as well
as the decrease in the activation of factor Xa but not prothrombin.
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Figure 23.1 Activated partial thromboplastin time (APTT) of human
blood plasma (A), and prothrombin time (PT) of human blood plasma
(B) in the presence of 0.2 mg/ml and 0.4 mg/ml of SiNPs.
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Figure 23.2 Eﬀects of SiNPs on activation of prothrombin and factor X by
non-physiologic activators ecamulin and RVV, respectively. (A) Eﬀect of
SiNPs (0.4 mg/ml) on prothrombin activation by ecamulin. (B) Eﬀect of
SiNPs (0.4 mg/ml) on factor X activation by RVV. 1—control; 2—sample
with SiNPs.
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23.3.2

Targeting of SiNPs Effects on Coagulation
Cascade

To identify the targets of SiNPs in the coagulation cascade that
are activated by SiNPs, we compared the activation of factor X by
RVV and thromboplastin in the presence of 0.5 mg/ml of SiNPs
in human blood plasma (Fig. 23.3A) and in the fraction of
vitamin K-dependent proteins (Fig. 23.3B). The fraction of vitamin
XII
XIIa

XI

XIa

IX

IXa

X

Xa
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TF
VIIa
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B
Figure 23.3 Pathway of activation of factor X stimulated by thromboplastin
or RVV in human blood plasma (A) or fraction of vitamin K-dependent
proteins (B). Pth, prothrombin; Th, thrombin; TF, tissue factor (B).

Results

K-dependent proteins contains prothrombin, factor X, factor
IX, factor VII, and protein C and does not contain fibrinogen
or components of the kallikrein–kinin contact activation system
[22]. Blood plasma or the fraction of vitamin K-dependent
proteins were activated by thromboplastin or RVV and the eﬀect
of SiNPs on the generation of active factor Xa was measured
using specific chromogenic substrate on the microtiter plate
spectrophotometer as described above.
We clearly demonstrated the decreasing eﬀect of SiNPs on
the factor Xa generation in blood plasma independently on
the selected activator. SiNPs stimulated the activation of factor
X by thromboplastin and were also eﬀective in the case of
RVV-induced activation (Fig. 23.4). However, no activating
eﬀect was observed in the fraction of vitamin K-dependent
proteins. Thus, we can conclude that SiNPs were ineﬀective in
the absence of the kallikrein–kinin system that was removed
in the fraction of vitamin K-dependent proteins.

23.3.3 Fibrinolysis
Fibrinolysis is the main system aimed to remove blood clot from
the vessel that is being activated immediately after fibrin
formation. It is known that plasminogen is activated on fibrin [23].
A number of preparations that aﬀect the anticoagulation system
are known to co-influence the fibrinolytic system [24]. As
SiNPs inhibit blood clot formation, we had to study its eﬀect on
plasminogen activation and degradation of fibrin clot.
Blood clot was formed in the presence of SiNPs (0.1–0.5 mg/ml)
and plasminogen activator (streptokinase). It was demonstrated
that the speed of fibrin clot lysis was prolonged by SiNPs
distinctly in a concentration-dependent manner (Fig. 23.5A).
However, we did not observe any SiNP-induced changes of
plasmin generation in blood plasma (Fig. 23.5B). Plasminogen
was activated by streptokinase, and the activity of the resulting
plasmin was measured using chromogenic substrate S2251.
Thus, we can assume that SiNPs inhibit blood clot degradation
independently of the plasminogen–plasmin system. The observed
inhibitory eﬀect can be explained by structural abnormalities of
the fibrin clot formed in the presence of SiNPs but not by the
impairment of plasminogen activation.
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in blood plasma and fraction of vitamin K-dependent proteins in the presence or absence of SiNPs (0.5 mg/ml).
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Figure 23.5 The eﬀects of SiNPs on the degradation of fibrin clot by
plasmin (A) and on the activation of plasminogen in human blood
plasma (B).

23.3.4

Platelet Aggregation and Activation

Platelet aggregation in PRP induced by ADP was studied in the
presence of SiNPs or equivalent volume of buﬀer at the final
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concentration 0.001 and 0.01 mg/ml. It was shown that these
concentrations of SiNPs inhibited the rate and the speed of
platelet aggregation (Fig. 23.6). 0.001 mg/ml of SiNPs decreased
the aggregation rate twice and provoked huge disaggregation of
platelets. These eﬀects were even more evident when 0.01 mg/ml
of SiNPs was taken.
40

35
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20
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50
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Time, s

150

Figure 23.6 Platelet aggregation in platelet rich plasma (PRP) induced
by 12.5 μM ADP in the presence of 0.001 mg/ml and 0.01 mg/ml of SiNPs.
(1): aggregation of control PRP; (2) aggregation of PRP in the presence
of 0.001 mg/ml of SiNPs; (3) aggregation of PRP in the presence of
0.01 mg/ml of SiNPs.

It is known that fibrinogen takes part in platelet aggregation
by attracting the platelets to each other and to the newly formed
clot. That is why we examined the ability of SiNPs to adsorb
fibrinogen. It was shown that 1 mg of SiNPs adsorbed 0.325 mg
of fibrinogen of blood plasma (Fig. 23.7). Thus, we can assume
that the sorption of fibrinogen by SiNPs taken in the
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concentrations 0.001 and 0.01 mg/ml could not inhibit platelet
aggregation by removing the plasma fibrinogen.

3
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2.5
2
1.5
1
0.5
0
0

2

4
[SiNPs], mg/ml

6

Figure 23.7 Content of fibrinogen in human blood plasma incubated with
SiNPs for 30 min at ambient temperature. The drop-in of the fibrinogen
concentration is a consequence of its sorption on SiNPs.

Another way to exclude the influence of fibrinogen content
on the SiNPs’ eﬀect on platelet aggregation was the evaluation of
the platelet aggregation rate in the presence of fixed SiNP
concentration (0.01 mg/ml) at diﬀerent concentrations of
fibrinogen. It was concluded that being regulated by fibrinogen
sorbtion, the rate of platelet aggregation in the presence of
SiNPs would be dependent on the level of fibrinogen. Platelets
were washed and re-suspended in the HEPES buﬀer containing
diﬀerent concentrations of fibrinogen (0.5–2.5 mg/ml). It was
observed that the average inhibitory eﬀect of SiNPs increased with
an increase in the fibrinogen content and did not diﬀer much in
the range of fibrinogen concentration from 1.5 to 2.5 mg/ml
(Fig. 23.8). This allowed us to assume that the eﬀect of SiNPs
on platelet aggregation was mostly fibrinogen-independent.
According to our findings, the inhibitory eﬀect on platelet
aggregation could be explained by the action of the studied agent
on intracellular signaling or/and on the binding of fibrinogen

8
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Inhibition of platelet aggregation, %

with its platelet receptor IIbIIIa [25]. So we have to examine
whether the SiNPs could inhibit platelet activation. For this
purpose, the activation of platelets induced by thrombin
was monitored using flow cytometry. The platelet shape and
granularity were studied by direct and orthogonal light scattering
[18].
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Figure 23.8 The rate of washed platelet aggregation induced by ADP in
the presence of 0.01 mg/ml of SiNPs at diﬀerent concentrations of
fibrinogen (0.5–2.5 mg/ml).

To verify any possible eﬀect of SiNPs on human platelets,
PRP was analyzed by flow cytometry (Fig. 23.9). Resting human
platelets (A) were incubated with 0.001 mg/ml of SiNPs (B) or
0.01 mg/ml of SiNPs (D) for 5 min. It was shown that the
population of resting platelets decreased from 80±3% in the
control sample (A) to 67±4% and 52±2% in the samples with
0.001 mg/ml of SiNPs (B) and 0.01 mg/ml of SiNPs (D),
respectively (Fig. 23.4). In contrast, the activation of platelets by
thrombin (C) caused dramatic change to the platelet shape and
granularity. Therefore, we concluded that SiNPs were able to
induce slight changes in the shape and granularity of platelets that
did not cause platelet aggregation but could aﬀect platelet
aggregation induced by ADP.
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Figure 23.9 Flow cytometry of human platelet rich plasma incubated
with 0.01 mg/ml and 0.001 mg/ml of silica nanoparticles (SiNPs).
Distribution of platelets according to their shape and granulation. SS
LOG—parameter of platelets granulation; FS LOG—parameter of platelets
shape. (A) Resting platelets incubated with equal volume of TBS as
a control. (B) Resting platelets incubated with 0.001 mg/ml of SiNPs
(silica nanoparticles) for 5 min. (C) Platelets activated by thrombin
(0.125 NIH/ml) for 2 min. (D) Platelets activated by thrombin, preincubated with 0.01 mg/ml of SiNPs for 5 min.

23.4 Discussion
The interaction of silica with blood coagulation proteins is a
well-studied area. Previously it was shown that the silica activity
depends on the particle diameter and consists of the geometrical
relations between the silica and the protein molecules [26].
The conformation of adsorbed proteins on the colloidal
silica surfaces plays a role in modulating the amount of their
function and cell binding [27]. It was shown that SiNPs eﬀectively
adsorbed fibronectin, fibrinogen, etc. Therefore, SiNPs also

104
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modulate the processes of cell adhesion by absorbing adhesion
molecules [28] and also by direct incorporation in blood cells [29].
It was reported that SiNPs penetrated the platelet plasma
membrane and stimulated a rapid and prolonged NO release,
IIbIIIa activation, and finally the platelet aggregation [25].
In our study, we showed that the pro-coagulant eﬀects of silica
reported in several studies and used in combat gauze development
[30, 31] caused mainly by the action of SiNPs on factor Xa
activation. Our previous findings reported in [32] showed that
this activation did not occur when intrinsic coagulation factors
(namely XII and XI) were removed from the incubation volume.
These data correspond to the results that showed the sorption of
factor XII on the surface of SiNPs, which strongly depends on the
size of the particles [33, 34]. However, we did not observe direct
coagulant action of SiNPs on unactivated blood plasma or the
activating action of SiNPs on platelet aggregation. Despite this,
the studied SiNPs were able to change the shape and granularity
of the resting platelets studied by flow cytometry, which
corresponded to other scientists’ data that demonstrated the
incorporation of SiNPs in the living cells [25]. We can assume
that small SiNPs from the studied samples (10 nm) were
incorporated into cells and activated them (as it was shown by
Carbalan et al.), but bigger nanoparticles (up to 40 nm) that also
were present in the samples inhibited platelet aggregation by
absorbing fibrinogen [23–24], which is sufficient for platelets
aggregation [21].
Our findings also corresponded to the results obtained
recently on in vivo models of SiNP administration where
systemic activation of the coagulation cascade and platelets was
shown [30, 35].

23.5 Conclusions
Amorphous SiNPs are able to increase the activation of the
coagulation cascade by adsorbing and stimulating intrinsic
pathway coagulation factors. This eﬀect resulted in the shortening
of the coagulation time in APTT and PT tests, as well as in the
increase of factor X activation by RVV in blood plasma but not
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24.1

Introduction

Because of their unexpectedly high prevalence (14.7 per 1000
or 1 in 68) [1] in children in the United States alone, autism
spectrum disorders (ASD) have raised much alarm, concern, and
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debate in the public. Not only do they pose as significant public
health problems with massive health, social and education costs,
the psychological and economic impact on families harboring
children with ASD has yet to be fully or comprehensively realized
[2].
According to The Diagnostic and Statistical Manual of Mental
Disorders, 5th edition [3], the formally separate diagnostic entities
(i.e., autistic disorder, Asperger’s disorder, pervasive developmental
disorder not otherwise specified) have been merged into a single
dimension, ASD. ASD share two core features: (i) deficits in social
behaviors and communications and (ii) restricted interests and
repetitive patterns of behavior [3]. Furthermore, a new diagnostic
category, namely social communication disorder, has been added
to depict patients with deficits in social communications but not
exhibiting repetitive behaviors or restricted interests [3]. Because
this review chapter primarily focuses on the valproate-induced
rodent model of ASD and the immunogenic eﬀects and role of
microglia therein, the etiology, pathogenesis, and pathophysiology
of ASD as well as the immunogenic mechanisms underlying ASD
will only be very summarily mentioned.

24.2 Autism Spectrum Disorders: Etiology and
Pathogenesis
As the prevalence of ASD rises, there is also a simultaneous
increase in understanding their etiology. Although ASD have a
strong genetic component (~25% of the cases have identifiable
DNA variants) [4], studies combining multiple genetic approaches
with advanced statistical modeling have predicted that some
1000–1500 genes may be associated with ASD, thus demonstrating
the genetic heterogeneity of ASD (see [4] and references therein).
Currently, although hundreds of genetic mutations have been
identified in ASD patients, they are either rare variants, aﬀecting
only a few ASD patients or common variants bestowing a small risk
for ASD in the general population [4]. This genetic heterogeneity
of ASD poses real challenges to the unraveling of ASD pathogenesis
and the design of targeted therapy. Nonetheless, recent
studies have converged on two possible pathogenically and/

Valproate-Induced Rodent Model of Autism Spectrum Disorders

or pathophysiologically relevant entities, namely synaptic and
immune function (see later) [5].
Compared with some 25% of ASD cases having a strong genetic
origin, the remaining cases (75%) are labeled as “idiopathic.”
The idiopathic ASD cases have been assumed to have arisen from
environmental factors: Key examples of such factors include
exposure to infection, pesticides, toxins, and drugs such as
thalidomide, ethanol, and valproic acid (VPA) (see [6] and
references therein). Relevant to the connection between exposure
to VPA and development of ASD is the long recognized co-occurrence
of ASD and epilepsies and the increasing recognition of clinical
overlap in patients presenting with epilepsies and ASD. (See [3] for
further discussion of this connection.)
In addition to the development of ASD subsequent to
exposure to drugs such as VPA, maternal exposure to infection
(see [7] and references therein) is also associated with a high
risk of ASD in the oﬀspring. This hint of the involvement of the
immune system in the pathogenesis of ASD has prompted
increasing studies supporting the hypothesis that several arms
of the immune system are involved in high rates of ASD. While
there is a consensus that in the ASD brains, pro-inflammatory
mediators (e.g., MCP-1, TGF-β, IL-6, TNF-α, IL-8, etc.) are increased,
anti-inflammatory cytokines (e.g., IL-4, IL-5) are not (see [7]
and references therein). On the other hand, the findings of the
levels of the pro- versus anti-inflammatory cytokines in the
plasma of ASD children are somewhat conflicting and await
clarification. Clearly, these interesting areas require further
investigation. Moreover, studies employing the valproate-induced
rodent model of ASD have yielded interesting findings that
have provided new avenues for clinical and translational studies
in ASD patients as well as exciting opportunities for other
translational and drug discovery studies to develop new and/or
improved therapies for treating ASD.

24.3

Valproate-Induced Rodent Model of
Autism Spectrum Disorders

Although it is primarily employed for treating epilepsy [8], valproic
acid (VPA) is a teratogen that induces neural tube defects (mainly
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spina bifida aperta), causes major congenital anomalies (e.g.,
congenital heart defects, genital abnormalities, limb defects),
and induces the “fetal valproate syndrome,” characterized by
facial dysmorphisms (see [9] and references therein). Because
VPA induces developmental deficits reminiscent of those found in
ASD, it is considered an environmental risk factor for autism,
consistent with the strong association of VPA with ASD noted
in several retrospective and prospective clinical studies (see [6]
and references therein). Thus, VPA-induced rodent models can
be instrumental in the elucidation of mechanisms underlying the
pathogenesis and pathophysiology of ASD. Although both prenatal and post-natal VPA-induced models of ASD exist, many—if
not most—of the behavioral and pathological changes are shared
between these two types of models [10] [22]. As many of the
behavioral abnormalities of human ASD and prenatal rodent VPA
model (one dose of 600 mg/kg at embryonic day (ED) 12.5, i.e.,
the most investigated model) are similar, we will focus our
discussion mainly based on this model.

24.3.1

Behavioral Alterations Induced by Prenatal
Exposure to VPA

The behavioral abnormalities noted in VPA-induced rodent
models of ASD on several post-natal days (PND) after they had
been exposed to VPA in utero (embryonic day (E)) are summarized
in Table 24.1. Because of space limitations, their behavioral
abnormalities will not be discussed here. Nonetheless, the
noteworthy abnormalities include, but are not limited to, decreased
number of social explorations, active lack of social interactions,
increased locomotor and repetitive self-grooming and digging
behaviors, low sensitivity to pain and higher sensitivity to
non-painful stimuli, deficits in attention and processing
information, decreased number of pup vocalizations, increased
anxiety, delayed maturation and motor development and increased
amygdala-dependent fear memories and fear generalizations.
For all the above, see [6] and references therein.

E11

600 mg/kg; single s.c. E13
injection

C57BL/6Hsd mice

Hybrid of C57BL/6, CF-1, 800 mg/kg; 1.5 g of
Swiss Webster and DBA-2 peanut butter mixed
mouse strains
with VPA

500 mg/kg; single i.p. E12.5
injection

Wistar rats

PND 90

PND 7–90

Age of outcome
assessment

(Continued)

lack of sociability,  latency to find home bedding, PND 9–25
 general exploration

 pup distress calls,  adult 70-kHz premating
PND 2–75
vocalizations,  social preference,  prepulse
inhibition,  repetitive self-grooming behavior, 
anxiety

 play behavior,  social exploration, active
avoidance of social interactions,  sensitivity
to thermal pain,  prepulse inhibition,  fear
extinction,  repetitive behavior,  anxiety, 
amygdala-dependent fear memories,  fear
generalization

 number of social explorations,  prepulse
inhibition,  sensitivity to painful stimuli,
 exploratory activity,  place aversion to
naloxone,  latency to social behavior,  latency
to reach home bedding,  locomotor, repetitive/
stereotyped activity,  sensitivity to nonpainful
stimuli,  anxiety, delayed maturation and motor
development

Time of
exposure Outcome

600 mg/kg; single i.p. E12.5
injection

VPA dose/
administration

Wistar rats

Strain/species

Table 24.1 Behavioral deficits induced by maternal valproic acid challenge
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500 mg/kg; single i.p. E12.5
injection

600 mg/kg; single i.p. E12.5
injection

400 mg/kg; single s.c. E12
injection

300 mg/kg; single s.c. E10
injection

ICR (CD-1) mice

C57BL/6 J mice

Sprague-Dawley rats

ICR (CD-1) mice

PND 30 and 60

lack of sociability,  social interactions,  nest
building,  repetitive digging behavior

lack of sociability

PND 30–120

PND 30

lack of sociability,  social interactions,  number PND 8–38
of pup vocalizations,  number of complex
call types (Complex, Two-syllable, Downward,
Composite, Harmonic, Frequency step),  number
of Flat call type,  repetitive self-grooming and
digging behaviors

 social interactions,  locomotor activity, 
general exploratory activity,  anxiety

 repetitive self-grooming and digging behaviors, PND 42–71
 anxiety

PND 30

Age of outcome
assessment

Source: Adapted and modified from Exp. Neurol., 299, Part A, 217–227, Nicolini, C., Fahnestock, M., The valproic acid-induced rodent
model of autism, Copyright (2017), with permission from Elsevier.

i.p., intraperitoneal; s.c., subcutaneous; E, embryonic day.

600 mg/kg; single s.c. E13
injection

C57BL/6Hsd mice

lack of sociability and preference for social
novelty

Time of
exposure Outcome

400 mg/kg; single s.c. E12
injection

VPA dose/
administration

Sprague-Dawley rats

Strain/species

Table 24.1 (Continued)
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500 mg/kg; single i.p.
injection

600 mg/kg; single i.p.
injection

350 mg/kg; single i.p.
injection

500 mg/kg; single i.p.
injection

500 mg/kg; single i.p.
injection

Wistar rats

Wistar rats

Long-Evans rats

Wistar rats

Wistar rats

Hybrid of C57BL/6, 800 mg/kg; 1.5 g of peanut
CF-1, Swiss Webster butter mixed with VPA
and DBA-2 mouse
strain

VPA dose/administration

Strain/species

E11

E12.5

E11.5

E12.5

E12.5

E11.5

Age of outcome
assessment

PND 39–42

PND 60–90

 neuroligin 3 mRNA in hippocampal
subregions (CA1, CA3, DG) and in the
somatosensory cortex

(Continued)

PND 60 or 61

 reactivity to stimulation,  LTP,  inhibition PND 12–16
in the basolateral amygdala

PND 12–16
 number of direct connections between
close neighboring layer 5 pyramidal cells,
weaker excitatory synaptic responses, 
cell excitability,  network reactivity in
somatosensory and medial prefrontal cortices

 dendritic arborization complexity of apical
dendrites in motor cortex layer II pyramidal
cells

 proenkephalin mRNA expression in the
dorsal striatum and nucleus accumbens

 protein levels of NMDA receptor subunits
PND 12–16
(NR2A, NR2B) and CaMKII,  NMDA receptormediated synaptic currents,  postsynaptic
LTP in somatosensory cortex R

Time of
exposure Outcome

Table 24.2 Cellular, molecular and neurochemical alterations induced by VPA model of ASD
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500 mg/kg; single i.p.
injection

500 mg/kg; single i.p.
injection

500 mg/kg; single i.p.
injection

500 mg/kg; single i.p.
injection

ICR (CD-1) mice

ICR (CD-1) mice

Sprague-Dawley
rats

Wistar rats

 total and phosphorylated Akt, mTOR and
4E-BP1,  phosphorylated rpS6

 dendritic spine number in the prefrontal
cortex,  dendritic spine number in the
ventral hippocampus

 Nissl-positive neurons in layers II-III and
V of the prefrontal cortex and layers IV-V
of the somatosensory cortex of male mice

 Nissl-positive neurons in layers II-III and
V of the prefrontal cortex of female mice

 gamma-phase locking and evoked
gamma-power

 BDNF mRNA in the somatosensory
cortex

 parvalbumin-positive inhibitory neurons
in parietal and occipital cortices

PND 35–38

PND 21, 35, 70

PND 30 and 60

PND >21

PND 97

PND 60 or 61

PND 60–90

Age of outcome
assessment

i.p. = intraperitoneal; s.c. = subcutaneous; E = embryonic day; LTP = long-term potentiation; rpS6 = ribosomal protein S6.
Source: Adapted and modified from Exp. Neurol., 299, Part A, 217–227, Nicolini, C., Fahnestock, M., The valproic acid-induced rodent
model of autism, Copyright (2017), with permission from Elsevier.

E12.5

E12.5

E12.5

E12.5

E13

600 mg/kg; single s.c.
injection

C57BL/6Hsd mice

E10.5
E11

500 mg/kg; single i.p.
injection

C57BL/6 mice

Time of
exposure Outcome

Hybrid of C57BL/6, 800 mg/kg; 1.5 g of peanut
CF-1, Swiss Webster butter mixed with VPA
and DBA-2 mouse
strains

VPA dose/administration

Strain/species

Table 24.2 (Continued)
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24.3.2

Neurochemical, Cellular, and Molecular Changes
Induced by Prenatal Exposure to VPA

The similarities in behavioral abnormalities of human ASD and
prenatal rodent VPA models prompted researchers to examine
the underlying cellular and molecular mechanisms. Due to space
limitations, the latter findings, summarized in Table 24.2, will
not be discussed. Nonetheless, some of neurochemical systems
aﬀected and/or implicated are worthy of a brief mention because
they may eventually turn out to exhibit pathophysiological
interrelationships. The systems altered/implicated in the
VPA-induced models include decreased mRNA expression of
endogenous opioid proenkephalin (PENK); altered glutamatergic
receptors and signaling pathway; decreased expression of brain
derived neurotrophic factor (BDNF) and its downstream eﬀectors
signaling pathway PI3k-Akt-mTOR in the somatosensory cortex;
and decreased expression of postsynaptic adhesion molecule
neuroligin 3 whose impairment may lead to shifting of excitatoryinhibitory balance (see [6] and references therein).
At the cellular level, several neuronal losses have been noted
in these VPA-induced ASD rodent models: loss of Nissl positive
neurons in the middle (II–III) and lower (V) layers of the prefrontal
cortex and in the lower (IV–V) layers of the somatosensory
cortex. Additionally, abnormal microcircuit connectivity (i.e.,
local hyper-connectivity and distal hypo-connectivity) among layer
V pyramidal cells of somatosensory and medial prefrontal cortex,
hyper-plasticity, hyper-reactivity to synaptic stimulation of the
basolateral amygdala, and complex dendritic arborization in motor
cortex layer II pyramidal cells were also found in such models
(see [6] and references therein).

24.3.3

Immune System Changes Induced by Prenatal
Exposure to VPA

The consensus that the neuropathology of ASD may be due to the
disturbances in early postnatal development has been supported
by retrospective studies showing increasing head circumference
and postmortem studies revealing a 10–15% increase in brain
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weight and volume based on MRI of ASD individuals in early
childhood compared with those of age-matched controls [11–16].
Similarly, an accelerated overgrowth of neocortical pyramidal
neurons, particularly in the temporal and frontal neocortices was
found [17, 18]: This observation was hypothesized to be due to
either abnormal/dysregulated neurogenesis or abnormal pruning
during pre- or postnatal development. Indeed, one major function
of microglia is the pruning of the central nervous system (CNS).
Microglia are the resident macrophages (immune cells) of the
CNS that colonize the brain during early prenatal development
and comprise 5–15% of brain cells [19, 20]. Recently microglia
were found to actively remove neural precursor cells, and perform
phagocytosis of redundant synapses, neurons, cell debris, as
well as facilitate neuronal development by secreting cytokines,
neurotrophins, growth factors and regulation of stem cell
proliferation during late stages of cortical neurogenesis [21,
22]. Consequently, any factors altering the number or normal
physiological states of microglia during the pre- or postnatal period
may result in aberrant pruning, ultimately leading to aberrant
overgrowth of neurons and developmental disorders such as ASD.
Until recently, few, if any, studies have addressed the eﬀects
of prenatal exposure to VPA on early postnatal microglial number.
Although ASD is diagnosed early on in development, most
behavioral, neurochemical, cellular and molecular studies have
been carried out in adult VPA-exposed mice. As we were the first
to examine the eﬀects of prenatal exposure to VPA on postnatal
microglial number in the brains of these pups and found that
the microglial cell numbers in the primary motor cortex of the
male mice at postnatal day 6 (P6) and P10 [23]—here neurons
exhibit complex arborization in their apical dendrites—were
significantly reduced compared to those in age- and sex-matched
controls [24]. Although the mechanisms underlying these
microglial changes have yet to be elucidated, we hypothesize VPA
may inhibit proliferation of microglial cells and thereby reduce
their number because VPA is known to inhibit proliferation of
neural progenitor cells via the β-catenin-Ras-ERK-p21Cip/WAF1
pathway in both in vitro and in vivo in the cerebral cortex of
rat embryos [25].

Mechanism of Action of VPA

24.4

Mechanism of Action of VPA

The mechanisms by which valproic acid (VPA) induces ASD-like
behaviors are currently not well understood. The anti-seizure
eﬀect of VPA (an established anti-epilepsy drug) is reportedly
to elevate brain levels of the inhibitory neurotransmitter,
γ-aminobutyric acid (GABA) although the underlying mechanisms
have yet to be resolved. In addition, valproate also directly inhibits
voltage gated sodium channels, thereby suppressing the high
frequency firing of neurons [26]. Furthermore, VPA has histone
deacetylase (HDAC) inhibitory activity: Prenatal exposure to VPA
causes transient hyperacetylation of H3 and H4 that consequently
leads to postnatal behavioral impairments in the oﬀspring [27].
HDAC belongs to the metalloenzyme family: This observed HDAC
inhibition by VPA might be due to chelation of carboxylate in
VPA with zinc in the active site as observed with classic HDAC
inhibitors [28]. Thus, strategies aimed at preventing these
electrostatic interactions will lead to the preservation of the
HDAC activity and the minimization of the teratogenic eﬀect. By
contrast, exposure of mice to valpromide, (a VPA analog lacking
histone deacetylase inhibition activity) does not induce transient
hyperacetylation or aﬀect their behavior [27]. These studies
suggest inhibition of HDAC by VPA during a crucial period of
neurogenesis is associated with ASD-like pathologies.
VPA is a multi-target drug. In addition to those discussed
above, other mechanism may also contribute to the ASD-like
behavioral deficits induced by VPA. VPA can indirectly inhibit
GSK3β and this may alter axonal remodeling in developing neurons
[29, 30]. Additionally, since VPA inhibits GABA transaminase,
the GABA-metabolizing enzyme but also enhances glutamic acid
decarboxylase, the GABA-synthesizing enzyme, VPA could increase
the levels of GABA during early development [31]. As GABA
plays a critical role in maturation of neuronal networks in the
developing brain, alteration in the levels of GABA may lead
to disruption of neuronal network and ASD-like behaviors in
the oﬀspring.
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24.5

Conclusions and Future Prospects

In this concise review and position paper, our focus has been
centered on valproate-induced rodent models of ASD and the
immunogenic eﬀects and role of microglia therein. Despite the
scant literature on this role of microglia, a clearer picture is
emerging regarding the eﬀect of VPA on microglial cells. We were
the first to demonstrate that valproic acid decreases the number
of microglia in the primary motor cortex of P6 and P10 male
mice. We hypothesize that VPA inhibits the proliferative capacity
of the microglial cells, thereby reducing their number. As evident
from this concise chapter, there is still much to be discovered
concerning the eﬀects of VPA on microglial cells and how that
would impact cellular, molecular, neurochemical, and behavioral
paradigms in the VPA models of ASD. The availability of the
VPA rodent model of ASD, along with other models, greatly
facilitates systematic investigation of the cellular and molecular
mechanisms underlying ASD. Clearly, these interesting and
exciting areas merit further investigation.
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Nanocarriers, such as liposomes and nanoparticles, have been
widely explored as promising delivery vehicles in modern
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pharmacotechnology [1]. They combine the merits of improving
bioavailability [2], reducing the incidence of systemic toxicity [3],
along with, controlling the release of the encapsulated payload
at the site of action [4]. Furthermore, nanocarriers can improve
the therapeutic efficacy of encapsulated drug(s) via manipulating
their in vivo fate [5–7]. These merits have led to the widespread
adoption of nanocarrier-based therapeutics in modern
pharmacotherapy. Nonetheless, besides their unique therapeutic/
diagnostic advantages, nanocarriers seem to prime the immune
system, following their intravenous administration, leading to the
development of adverse reactions and/or loss of efficacy [8–11].
One major issue in the clinical application and approval of
such nanocarriers is the safety of these formulations manifested
by the absence of an immunogenic response. Nanocarriers are
known to interact with the innate immune system, including
the complement system and the mononuclear phagocyte system
(MPS) to varying extents. These interactions might, on the one
hand, activate complement leading sometimes to an infusion
reaction [12–14] and, on the other hand, might trigger an
antibody-related immune response which could aﬀect the in vivo
fate of the administered nanocarriers [15–17].
It is noteworthy that the increased awareness of nanocarrierinduced immunogenic responses has recently been reflected by
the fact that testing for immunogenicity of nanocarrier-based
therapeutics has been recommended by the US Food and Drug
Administration (FDA) to assure the safety of drugs and/or
nanocarriers [18].

25.2
25.2.1

Immunogenicity of Liposomal Drug
Delivery Systems
The Accelerated Blood Clearance Phenomenon

The interaction of liposomes with the immune system has
contributed to the challenges in translation to clinical use.
Structural modifications to enhance their utility as delivery
vehicles can trigger immunogenic responses against liposomal
components [19, 20]. A brilliant example is liposomal surface
modification with the hydrophilic polymer polyethylene glycol,

Immunogenicity of Liposomal Drug Delivery Systems

PEG, (PEGylation). As a matter of fact, PEGylation was regarded
as a major breakthrough in the field of liposomal-based
therapeutics. Surface decoration of liposomes with PEG is reported
to prevent their uptake by the cells of MPS and prolong their
biological half-lives after intravenous administration [21, 22].
Therefore, PEGylated liposomes are more likely to accumulate
in solid tumors via the enhanced permeation and retention
(EPR) eﬀect [23, 24]. Nevertheless, in spite of the usefulness
and importance of PEGylation, research on PEG-related immune
responses has recently emphasized that the injection of PEGylated
liposomes into mice, rats, beagle dogs, cynomolgus monkeys, and
mini pigs can elicit a PEG-related immune response, exemplified
by the extensive production of anti-PEG IgM antibodies, which
is responsible for the accelerated clearance of subsequent
doses of PEGylated liposomes—the so-called “accelerated blood
clearance (ABC)” phenomenon. Therefore, the ABC phenomenon
is of clinical concern because it decreases the therapeutic
efficacy of encapsulated drugs upon repeated administration.
Since the first report concerning the pharmacokinetic irregularities (the ABC phenomenon) upon repeated administration
of PEGylated liposomes by Dams et al. [25], research eﬀorts
have focused on elucidating the underlying mechanism of the
ABC phenomenon [15–17]. Laverman et al. [15] identified two
phases of the ABC phenomenon: the induction phase, in which
the host immune system is “primed” by the first injection of
PEGylated liposome, and the eﬀectuation phase, in which a
subsequent dose of PEGylated liposomes is rapidly opsonized and
cleared from systemic circulation, by the Kupﬀer cells. Later on,
in a series of our studies [16, 17, 26–28], we revealed that antiPEG IgM, which is produced in the spleen in response to the first
dose, selectively binds to the PEG upon the second dose of
liposomes injected several days later and subsequently activates
the complement system, and, as a consequence, the liposomes
are taken up by the Kupﬀer cells (Fig. 25.1).
Thus far, it has been reported that both the occurrence and
the magnitude of the ABC induction are influenced by a number
of factors including the dose and physicochemical properties of
the PEGylated liposomes, the time interval between repeated
injections, the animal species, the species of the encapsulated
drugs and liposomal composition. Factors aﬀecting the ABC
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Figure 25.1 Mechanism of the ABC phenomenon.

phenomenon were extensively reviewed in our recent publication
[20]. Briefly, the ABC phenomenon is substantially aﬀected
by the lipid composition and physicochemical properties (such as
size [19, 29]), lipid membrane fluidity [30], PEG density [16, 31]
and the terminal group of PEG [31–33]). In addition, the
ABC phenomenon is more pronounced at a lower first dose

Immunogenicity of Liposomal Drug Delivery Systems

(0.001–0.1 mmol lipid/kg) than at a higher dose (5 mmol lipid/
kg) [34], empty PEGylated liposomes than some drug-loading [35]
or special designed gene-loading liposomes [36, 37], slow
vascular infusion compared to bolus injection [31] and short time
intervals between doses (7 days and 21 days) versus long time
intervals (28 days) [38]. Besides, third (or more) injection of
PEGylated liposomes has less severe ABC phenomenon due
to saturation of MPS cells and/or consumption of anti-PEG
IgM in the circulation [39]. Therefore, to attenuate the ABC
phenomenon, a bolus injection of higher-dose anticancer drugloaded PEGylated liposomes with longer dosage intervals is
encouraged.

25.2.2

Complement Activation-Related Pseudoallergy

As introduced in other chapters, besides the slow specific
immunogenic response manifested in antibody formation against
PEGylated liposomes [15, 16, 27], a mounting body of evidence
has also revealed that intravenous administration of nanocarriers
could provoke acute hypersensitivity reactions (HSR) that are
classified as complement (C) activation-related pseudoallergy
(CARPA) since they are not initiated/mediated by pre-existing
IgE antibodies but rather arise as a consequence of the
activation of the complement system [8, 12, 14, 40–42]. Such
“hypersensitivity reactions” or “anaphylactoid reactions” typically
occur directly at first exposure to the nanocarriers without prior
sensitization, and the symptoms usually lessen and/or disappear
on later treatment, that is why these reactions have recently
been called “pseudoallergic” [40–42]. The symptoms of HSR are
mostly minor and transient and include cardiopulmonary
distress such as tachypnea, dyspnea, tachycardia, hypertension/
hypotension, chest pain and back pain [43]. However, lifethreatening or even deadly reactions can occur occasionally in
hypersensitive individuals [40–43].
Drugs and agents causing CARPA include radiocontrast
media, liposomal drugs (Doxil®, Ambisome®, and DaunoXome®),
micellar solvents (e.g., Cremophore EL; the vehicle of Taxol),
PEGylated proteins and monoclonal antibodies [40–49].
The first direct evidence for the causal relationship between
complement activation and hypersensitivity reactions (CARPA)
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to PEGylated liposomes was provided by Brouwers et al.
[50], who reported that three out of nine patients receiving
99mTc-labeled PEGylated liposomes for scintigraphic detection
of bowel inflammation have developed severe hypersensitivity
reactions. Later on, Szebeni and his colleagues, in a series of
studies [11, 13, 14, 49], emphasized the potential contribution
of complement activation to infusion reactions observed in up
to 25% of patients treated with Doxil®. Chanan-Khan et al. [51]
also demonstrated that Doxil® activated complement in the
majority of patients and induced moderate to severe
hypersensitivity reactions in about 50% of cancer patients infused
with Doxil® for the first time. Furthermore, CARPA reactions
have been elicited with other liposomal formulations regardless
their structure or the presence/absence of PEG surface
modification [43, 45, 48]. Table 25.1 represents the marketed
liposomal drugs that have been reported to cause HSRs along
with some of their features and symptoms of hypersensitivity.
Currently, CARPA is considered one of the safety issues for
nanomedicines, including liposomes, to be evaluated prior the
clinical approval of generic intravenous liposomal formulations.
Table 25.1 Hypersensitivity reactions elicited by clinically approved
liposomal formulations
Trade
name

Encapsulated
drug

Pharmacological
category

Doxil,
Caelyx

Doxorubicin

Cytotoxic agent

Flushing, facial swelling,
shortness of breath,
headache, chills, back
pain, tightness in the chest
or throat, hypotension

Ambisome,
Abelcet

Amphotericin B

Antifungal agent

Chills, rigors, fever,
nausea, vomiting,
cardio-respiratory events

DaunoXome

Daunorubicin

Cytotoxic agent

Back pain, flushing, chest
tightness

Visudyne

Verteporfin

Photosensitizing
agents

Chest pain, syncope,
sweating, dizziness, rash,
dyspnea, flushing, changes
in blood pressure and
heart rate, back pain

Symptoms

Mechanism of CARPA

25.3

Features Distinguishing CARPA from
Classical IgE-Mediated Immunity

CARPA symptoms are very similar to those of a common allergic
response, but a few features are unique to CARPA, including
(i) the rise of symptoms upon first exposure;
(ii) the absence or disappearance of symptoms upon reexposure;
(iii) spontaneous resolution of the reaction symptoms;
(iv) the dependence of reaction magnitude to administration
speed; and
(v) response to steroid and antihistamine premedication.
Nonetheless, it is notable that CARPA symptoms might be
observed in some patients at the second or third treatment. In
these cases, immunogenicity of the nanocarrier system itself could
be an aggravating factor; immunoglobulin response to the first
administration of the nanocarriers.

25.4

Mechanism of CARPA

It has been known for a long time that liposomes can activate
the complement system via both innate and acquired immunity
[40, 52, 53]. The evidence of a casual role of complement
activation in liposome-induced CARPA include, among other
observations, that (1) the hemodynamic eﬀects of liposomes were
mimicked by the complement activator zymosan; (2) incubation
of pig serum with liposomes in vitro led to the release of C5a
and (3) the specific complement inhibitors, GS1 and sCR1,
caused significant inhibition of liposome-induced pulmonary
hypertension in pigs [14, 42, 54, 93]. Nevertheless, to date, the
exact mechanism that leads to CARPA upon the intravenous
administration of liposomal nanocarriers has not been fully
explored as the reaction proceeds via a highly complex cascade
of molecular and cellular activations and interactions wherein
complement activation is an essential, but not necessarily ratelimiting factor [55, 56]. In particular, complement activation can
lead to the liberation of anaphylatoxins (such as C3a, C5a), which
trigger mast cells, basophils and other phagocytic cells, via
their specific receptors, for the secretion of a score of vasoactive
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mediators, collectively called allergomedins, including PAF,
histamine, tryptase, leukotrienes (LTB2, LTC4, LTD4, LTE4,
PGD2, TXA2, and TXD4). Some of these allergomedins (e.g., PAF,
histamine, tryptase, and TXA2) are preformed and released from
the cells immediately upon activation, while others are de novo
synthesized and, hence, released gradually. This diﬀerential,
multistep release of allergomedins from anaphylatoxin-responsive
cells may explain the individual variation in the start of clinical
symptoms. In the next step of CARPA, allergomedins bind to their
respective receptors on endothelial and smooth muscle cells,
modifying their function in ways that lead to the symptoms of
CARPA (Fig. 25.2) [57].
Nonetheless, in speculating on the nature of triggers of
pseudoallergy other than anaphylatoxins, a new hypothesis known
as “the double hit hypothesis of CARPA” has been postulated [14].
In this hypothesis, liposome-induced CARPA is thought to arise
as a consequence of two hits on allergy-mediating secretory
cells (mast cells, basophils, macrophages, etc.); one “hit” being
the anaphylatoxin signal, and the second is direct binding of
the reaction-trigger drug or particle to these cells via surface
receptors that are also linked in the signal transduction network
that triggers secretory responses. As shown in Fig. 25.3, following
the intravenous administration of liposomes, liposomes trigger
the complement system to liberate anaphylatoxins. The binding
of anaphylatoxins to their respective receptors (anaphylatoxin
receptors, ATR) on mast cells (or pulmonary intravascular
macrophages) leads to secretion of vasoactive secondary
mediators. Likewise, direct binding of liposomes to these cells
via surface receptors or pattern recognition receptors (PRR),
possibly Toll-like receptors (TLRs 2 and 4) or other dangersignaling receptors (DSRs) on mast cells and macrophages may
trigger a secretory response. As increasingly recognized, TLRs
and DSRs recognize molecular arrays that are broadly shared
by pathogens (called pathogen-associated molecular patterns,
PAMPs), and, hence, they could cross-react with repetitive
surface elements on nanomedicines that resemble PAMPs. These
“pseudo-PAMPs” could also take part in complement activation,
thereby triggering pseudoallergy on two independent pathways.
However, the concept of the binding of pseudo-PAMPS on the
surface of nanoparticles to TLRs/DSRs and their cooperation with
anaphylatoxins in causing pseudoallergy are entirely hypothetical
proposals at this time.

C3a

Systemic
vasodilation

Coronary vasoconstriction

Pulmonary vasoconstriction

Bronchoconstriction

Capillary
leakage

Figure 25.2 The CARPA cascade. The hypothetical scheme illustrates the steps and interactions among a great number of cells and
mediators involved in CARPA (modified from [14]).
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Figure 25.3 The double hit theory of liposome-induced CARPA (modified
from [14]).

As mentioned, complement activation per se cannot solely
explain liposome-induced pseudoallergy; instead, it may be a
trigger or contributing factor, but not the sole cause of HSRs in
sensitive individuals. This proposal is based on recent clinical
studies showing a nonlinear relationship between complement
activation by reactogenic liposomal formulations and HSRs in
patients [51] where much higher frequencies of complement
activation than of HSR were observed. Such nonlinear relationship
between the two phenomena can be rationalized by the complex
pathomechanism of CARPA involving numerous redundant
activation and intracellular messaging pathways as well as control
points (Fig. 25.2). Furthermore, Walsh et al. [58] have reported
that Ambisome®, an extremely potent complement activator just
like zymosan, induced significant complement activation in all
normal human sera in vitro, while it elicited CARPA reaction in only
5% of the treated patients. This finding appears consistent with
the above concept.

Factors Affecting Complement Activation by Liposomes

25.5
25.5.1

Factors Affecting Complement Activation
by Liposomes
Effect of Liposome Size

Theoretically, antibody binding and complement activation by
liposomes should be proportional to the overall surface area of
vesicles directly exposed to plasma. Large multilamellar vesicles
(LMV) were reported to be highly immunogenic leading to greater
activating and pulmonary hypertensive eﬀects, compared to smaller
counterparts. Furthermore, small uniform unilamellar vesicles
(SUV) are anticipated to reduce the proneness for complement
activation and consequently the incidence of CARPA [59].

25.5.2

Effect of Liposome Surface Characteristics

Surface functionalization of liposomes with methoxy-terminated
PEG (mPEG) is supposed to substantially suppress/inhibit
complement activation [60]. Indeed, such surface modification
bestows liposomes with long circulating characteristics via
reducing the adsorption of opsonins onto the surfaces of the
liposomes, and thus, inhibiting the particle uptake by the cells of
the mononuclear phagocyte system (MPS) in the liver and
spleen [61–63]. However, in contrast to this general assumption,
recent studies have strongly suggested that PEGylated liposomes
are capable of activating the complement system via either
the classical or the alternative pathways [64, 65]. Complement
activation through the classical pathway may be initiated through
the binding of naturally occurring antibodies against PEG, which
may contribute to the ABC phenomenon; some studies have
reported 25% of the general population to be positive for antiPEG antibodies [66, 67]. In addition to this, PEGylated liposomes
may even trigger complement activation independent of anti-PEG
antibodies. A recent report by Moghimi et al. [65] demonstrated
a crucial role for the anionic phosphate oxygen moiety of the
mPEG-phospholipid conjugate incorporated into liposomes in
triggering both the alternative and C1q-dependent pathways of
the complement system.
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25.5.3

Effect of Lipid Composition

The finding that electroneutral large multilamellar vesicles (LMV)
composed of only 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) with and without cholesterol was barely capable of
eliciting pulmonary hypertension in pigs [59] is consistent with
the general knowledge that charged liposomes are better activators
of the complement system than neutral ones [52]. Among the
reasons for complement activation by charged and uncharged
LMV, the binding of naturally occurring, complement activating
anti-phospholipid antibodies was proposed [68], which may also
contribute to the ABC of these liposomes. Consequently, such
data provided evidence that complement-mediated activation
might be an intrinsic property of liposomal phospholipids per se.
Furthermore, cholesterol content has been reported to
dictate complement activity potency [59, 69, 70]. The presence of
cholesterol in LMV at levels < 45 mol% did not appear to be critical
for pulmonary activity [59]. By contrary, Szebeni et al. [59]
have reported that 71 mol% cholesterol increased the complement
activation and the pulmonary hypertensive eﬀects of liposomes
in such a way that small quantities (5 mg) of these vesicles
caused immediate death in 50% of tested pigs with symptoms
of anaphylactic shock. One possible explanation for this
diﬀerence is that the excess cholesterol (>45%) in liposomes
may become exposed on the membrane surface as patches of
microcrystals, and thereby, become increasingly accessible
to anti-cholesterol antibodies [59].

25.5.4

Effect of Liposome Morphology

The fact that natural antibodies against liposome-composed
lipids including PEGylated lipids and cholesterol show increased
binding affinity to liposomes with flat surfaces, due to steric
proximity or favorable positioning of epitopes, has been obviously
exemplified by the immunogenicity of Doxil® [59]. The finding
that Doxil® could elicit a significant increase of SC5b-9 formation,
whereas free doxorubicin was not a contributor to this eﬀect,
suggests that doxorubicin’s complement activating eﬀect might be
indirect, via modifying the surface of liposomes [71]. Morphological
evidence of the presence of low curvature oval, elongated or
irregular liposomes [11], which is considered as an important

Factors Affecting Complement Activation by Liposomes

factor in determining the buildup of multimolecular complexes,
such as the C3 convertases (C4b2b or C3bBb) and C5 convertases
(C4b2b3b or C3bBb3b), may explain, at least in part, the
increased reactogenicity of Doxil®.

25.5.5

Effect of Liposomal Surface Charge

Vesicle surface charge is one of the established factors promoting
complement activation by liposomes. As to the molecular details
of this eﬀect, Moghimi et al. [65] suggested that the negatively
charged phosphor diester moiety of mPEG phospholipid is
responsible for enhanced complement activation, at least for
the case of mPEGylated dipalmitoyl phosphatidylcholine (DPPC)
liposomes. The evidence included the lack of complement
activation by non-PEGylated vesicles and the inhibition of
complement activation by methylation of this acidic moiety of
the mPEG-DPPE [65]. In other studies, it was further shown that
the complement activating negative charge needs to be part of
anionic phospholipids, as carboxylate-containing negatively
charged liposomes, with the same surface charge (zeta potential),
failed to induce significant complement activation [72].
These observations suggest that complement activation, which
is sensitive to the surface topography of negative charges, and
negative surface or zeta potential, per se, may not necessarily
imply complement activating potency.

25.5.6

Method and Speed of Intravenous
Administration

The finding that administration of small unilamellar vesicles (SUV)
by infusion attenuated and/or delayed the pulmonary reaction
compared to that observed with bolus injection emphasized the
critical role of the method and/or speed of liposomal administration
on CARPA. This observation can most easily be rationalized by
blood anaphylatoxin levels being rate limiting to pulmonary
vasoactivity. As is known, the steady-state levels of functional
anaphylatoxins are set by the relative rates of production from
plasma C3 and C5, and clearance by cellular receptors and plasma
carboxypeptidases [59]. Since clearance is unlikely to be aﬀected
by the method of administration, anaphylatoxins level in the blood
is likely to depend not only on the potency of vesicles for
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complement activation but also on the speed by which liposomes
enter into blood. This mechanism provides explanation for
the reversal of hypersensitivity reactions to liposomes in some
patients by slowing down the rate of infusion [73].

25.6

Predictive Tests for CARPA

Because of its potential fatal outcomes, CARPA has been considered
as a safety issue in nanopharmacotherapy [44, 57, 64, 65]
whose assessment is highly urged. Many in vitro testing procedures
have been proposed for evaluating the CARPAgenic activity of
intravenously administered nanomedicines, similar to those
mandated by regulatory agencies for the human application of
medical devices [9]. These assays include ELISAs of complement
cleavage products (C3a, C5a, C4d, Bb, and SC5b-9), the hemolytic
(CH50) complement assay, FACS measurement of basophil
activation or cell- or large liposome-bound C3 derivatives, and
multiplex bead assays for complement activation by products
(Table 25.2). However, none of these in vitro tests has been
standardized for the assessment of CARPAgenic activity of
intravenously administered nanomedicines.
The consequences of CARPA have been studied in many
animal models, including rats, dogs, rabbits, and pigs [74–76],
as well as non-human primates [76]. Among these models, the
porcine CARPA model (Fig. 25.4) appears to most closely mimic
human CARPA in terms of reaction kinetics, spectrum of symptoms
and the conditions of reaction induction [77–79]. For example,
it has been reported that the drug dose of Doxil® that triggers
CARPA in pigs corresponds to the infusion reaction-triggering
dose in a hypersensitive man [80].
The underlying cause of high sensitivity of pigs has not been
clarified. However, the predominance of pulmonary symptoms
suggests that the reactions may be related to the high number of
pulmonary intravascular macrophages in the microcirculation of
porcine lungs [81–83]. Simultaneously, the major hemodynamic
changes of CARPA are most likely due to the temporary
cardiopulmonary circulation blockade/vasoconstriction caused
by the abundant release of thromboxane, other eicosanoids and
leukotrienes, histamine, and an additional range of potent vasoactive
substances from mast cells and basophil leukocytes [41].

Complement activating
potency by test material (e.g.,
nanocarriers) in pooled normal
human sera (NHS)

ELISA assay of
complement activation
in normal human
serum

Measure multiple complement
split products

Relatively low sensitivity; not applicable
for mouse serum

Care should be taken on the use of
anticoagulants as they may aﬀect C
activation potential

There is substantial inter-individual
variation in complement response to
an activator; the reaction necessitate
the testing of multiple sera in order to
evaluate the frequency/extent of reaction

Limitation

Contribution of IgE-mediated activation to
the reaction results; FACS is less accessible
technology than ELISA

Simultaneous measurement FACS is less accessible technology than
of several complement
ELISA
cleavage products; less time
consuming than ELISA

Species independent
Complement activating
potency by test material (e.g.,
inexpensive assay
nanocarriers) in animal blood or
serum

Because of the presence of
blood cells, it provides a
closer model of the human
blood than serum/plasma

High sensitivity,
high specificity as it
diﬀerentiates between
diﬀerent C activation
pathways

Advantages

High sensitivity
FACS assay of basophil Quantitate the basophil
leukocyte activation in leukocyte activating capability by
whole blood
test material (e.g., nanocarriers)
in whole blood

FACS assay of cell- or
large liposome-bound
C3 derivatives

Hemolytic assay
(CH50) of complement
activation in animal
blood or sera

Complement activating
ELISA assay of
complement activation potency by test material (e.g.,
in whole blood
nanocarriers) in fresh whole
blood

Estimated parameter for
CARPA

Test

Table 25.2 In vitro tests for estimating CARPA

Predictive Tests for CARPA
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Figure 25.4 Scheme of the porcine CARPA model (modified from [57]).

Abbott Continuous
Cardiac Output Monitor

Anesthesia
GETA
(Isoflurane)
or TIVA

-heparin
-heparin+indomethacin
-EDTA+protease inhibitor

Blood Samples

BNC
converter box

ADInstruments
Powerlab 8/30

ADInstruments Chart
RECORDING

786
ABC Phenomenon and CARPA

Strategies to AƩenuate/Abrogate CARPA

25.7
25.7.1

Strategies to A enuate/Abrogate CARPA
Patient Prophylactic Conditioning

Patient pretreatment with anti-inflammatory and anti-allergic
agents (such as dexamethasone, ibuprofen, acetaminophen,
antihistamines) has been considered one of the most commonly
applied approaches to prevent and/or reduce CARPA [84–87]. In
addition, it is standard practice to infuse reactogenic medicines
slowly, especially at the start of infusion [88, 89]. Nonetheless,
such preventive measures do not provide full protection against
infusion hypersensitivity reactions, including CARPA.
It is important to raise the possibility that the above
strategies of CARPA prevention might also change the extent of
the ABC phenomenon. However, to our best knowledge, it has
never been shown that CARPA would be associated with ABC,
although the two phenomena are likely to be associated, as
illustrated in Fig. 25.1. One explanation is that the liposomes that
trigger CARPA represent a small fraction of all injected liposomes,
and although they clear rapidly from the circulation, this fraction
may be too small to detect ABC easily. In contrast, at the time of
significant ABC, i.e., after repeated administrations of liposomes
when IgM rises against them, ABC should be associated with
strong CARPA, at least if the IgM-mediated complement activation
background of the ABC phenomenon (Fig. 25.1) holds up in general.
Future studies along this line will hopefully address these open
questions.

25.7.2

Manipulation of the Physicochemical
Properties of Liposomes

The propensity of complement activation by liposomal nanomedicines might be enhanced by certain liposomal characteristics
including; increasing size [59], presence of a positive or negative
surface charge [65], lack of liposomal homogeneity, presence of
aggregates, presence of drugs that can alter liposomal morphology,
presence of cholesterol in the bilayer membrane at ≥70% [59],
and PEGylation with mPEG-phospholipid conjugate [64, 65].
Based on these findings, neutral small unilamellar vesicles have
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been shown to be the least reactogenic of the liposomal
platforms [90]. Formulation strategies aimed at minimizing the
immunogenicity of liposomes include: controlling cholesterol
content, methylation of the anionic charge localized on the
phosphate oxygen of mPEG-phospholipid conjugate [65] or the
use of other non-ionic lipopolymers and lipid conjugates, such as
mPEG-substituted synthetic ceramides [91]. However, manipulation
of the physicochemical properties of liposomes could lead to
altered original pharmacokinetics, loss of efficacy, and the rise of
other potential toxicities.

25.7.3

Tolerance Induction

Anaphylaxis prevention by tolerance induction with an empty
nanocarrier placebo has been proposed to attenuate/abrogate
the incidence of CARPA following the intravenous administration
of liposomal platforms [92]. Szebeni et al. [92] have reported
that short (15–30 min) infusion of Doxebo (Doxil®-like empty
liposomes) to pigs significantly reduced, or entirely prevented
the HSRs to subsequently administered Doxil®. In addition, such
a protective eﬀect was maintained for at least 24 h post Doxebo
administration [92]. They attributed tolerance induction by
Doxebo to the possible consumption of an early mediator of
CARPA, such as natural anti-PEG antibodies [67], or the downregulation of a signaling process in cells that mediate the
reaction. Accordingly, this proposed approach of tolerance
induction might be utilized for other nanomedicine-induced
hypersensitivity reactions. In addition, the concept might also
be applicable to avoid the ABC phenomenon as antibody decoys
(such as Doxebo) before treatment with the real drug (such as
Doxil) might clean up anti-PEG IgM from blood circulation and/or
saturate the capacity of Kupﬀer cells for taking up an opsonized
second dose of drug-containing PEGylated liposomes. Thus,
Doxebo may be available for attenuation of not only the CARPA
but also the ABC phenomenon.

25.7.4

Use of Complement Inhibitors

The application of complement inhibitors to ameliorate these
HSRs was suggested [93], and strategies to anchor complement

Conclusions

inhibitor proteins or their active fragments to liposomal
membranes were reported [94, 95]. Most recently, Meszaros et al.
[75] investigated the possible use of the natural complement
inhibitor factor H (FH) against CARPA. They reported that
exogenous FH could inhibit complement activation induced by
diﬀerent CARPAgenic drugs, namely, the antifungal liposomal
Amphotericin-B (AmBisome®), the widely used solvent of anticancer
drugs, Cremophor EL, and the anticancer monoclonal antibody
rituximab in vitro. These findings suggested that FH might be
considered as a promising strategy for the pharmacological
prevention of CARPA. Unfortunately, the function of FH in the ABC
phenomenon has not been elucidated yet.

25.8 Conclusions
Besides their unique therapeutic or diagnostic advantages,
nanocarrier-based therapeutics seem to share the problem of being
recognized by the immune system as foreign materials, which may
lead to the rise of adverse reactions and/or loss of efficacy. CARPA
and ABC phenomenon are considered two sides of the same coin,
both being spin-oﬀ phenomena of a vicious cycle of complement
activation by nanoparticles, antibody formation and antibody
binding to the activator-accelerating complement activation
[14]. Therefore, predicting and/or assessing the immunogenic
and/or antigenic potential of nanocarrier-based therapeutics
could represent an essential safety measure in drug research and
development. In addition, exploring certain strategies to attenuate
and/or ameliorate the severity of such immunologic reactions;
CARPA and ABC phenomenon, will advance the safe use of
nanomedicines and biologicals.
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26.1

Immunity in Inflammatory Disease and
Cancer

Immunity is the ability of an organism to repel disease by
recognizing and neutralizing foreign substances and pathogens.
It is made of organs, cells, and soluble compounds, which protect
the individual from injury, which is in large part based on the
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recognition of “self” and “non-self.” Its cells and molecules are
also referred to as cellular and humoral immunity, respectively.
For decades, the origin of immune cells was thought to be the
bone marrow only. Notably, during the past decade, scientists
have discovered that tissue-resident macrophages (MΦ) originate
in large parts from local tissue stem cells, but not from circulating
monocytes [1]. Yet, it is clear that MΦ play crucial roles in
initiating and resolving inflammation in diﬀerent organs. One of
the most prominent mediators generated by MΦ is the tumor
necrosis factor (TNF), which covers a broad line of biological
functions and, in many cases, is involved in cell and organ
injury [2].
In many cases, TNF leads to necroptotic parenchymal cell
death; for instance, keratinocytes form skin barriers, whereas
hepatocytes form the parenchyma of the liver. Throughout diﬀerent
organs, many parenchymal cells are sensitive to MΦ-derived TNF,
which fuels many types of inflammatory disease, including liver
inflammation [3], rheumatoid arthritis [4], autoimmune disease
[5], and psoriasis [6]. Biopharmaceuticals such as infliximab
have changed the course of many chronic inflammatory diseases
but are among the most expensive pharmaceuticals [7]. Under
normal conditions, acute inflammation is terminated by a healing
phase, whereas in chronic inflammation, immune cell mediators
such as TNF lead to continuous tissue injury resulting in organ
fibrosis and loss of function [8]. Fibrotic diseases with excessive
extracellular matrix (ECM) growth are exerted by fibroblast-like
cells. In the liver, these are hepatic stellate cells [9], and
corresponding cell types also mediate skin [10] and cardiac scarring
[11]. Fibroblasts produce diﬀerent types of ECM proteins, the
most abundant and popular ones being collagen. During fibrosis,
collagen I is abundantly expressed [3], whereas in cancer, specific
collagens, such as collagen IV, are generated, which stimulate cancer
cell proliferation [12]. In summary, all organs have specific types
of parenchymal, fibroblast-like, and immune cell subsets, which
interact in disease.
Owed to the fact that they infiltrate injured organs, leukocytes
of diﬀerent organs share major similarities [13]. Generally, one
can basically diﬀerentiate lymphoid and myeloid immune cells and
both have certain major modes of activation. Three main types of
lymphocytes have been distinguished: natural killer (NK) cells,
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B lymphocytes, and T lymphocytes. NK cells belong to the innate
immune cells and one of their major functions is killing abnormal
or cancer cells that are missing MHC I markers and that cannot be
recognized as abnormal by other cell types. T and B lymphocytes can
be activated toward a specific antigen only and thus exhibit a high
level of specificity.
In contrast to B and T lymphocytes, which augment their
functions based on clonal expansion and modifications of somatic
genes, myeloid cells such as MΦ exhibit a high level of plasticity
encoded in their DNA and can be polarized into diverse distinct
subtypes. Importantly, human MΦ only proliferate under very
specific conditions. Despite this fact, there are many reports from
studies based on mouse experiments that suggest human MΦ
are also highly proliferative [14]. These “big eaters” are strongly
influenced by their microenvironment and it is advisable to classify
the diﬀerent subpopulations using gene expression, surface
markers, and specifically, cytokine expression to understand
their functions in disease [15]. The most popular distinction in
MΦ dichotomy is to classify them as inflammatory macrophages
(M1-MΦ) or anti-inflammatory M2-MΦ, based on their expression
of specific markers [16]. Outbalances between the M1 and the M2
subtype appear in diﬀerent diseases: M1-MΦ are overrepresented
in inflammatory diseases, whereas certain subtypes of M2-MΦ
support tumor growth.
Immune cells produce a huge spectrum of compounds named
cytokines acting on other cell types and tissues, which constitutes
a major part of humoral immunity. Serum cytokine levels are
important in diagnostics as they represent potential indicators of
organ injury. There is evidence that cancerogenesis is influenced
by diﬀerent MΦ subsets, but the roles of the subsets are not fully
understood. Several reports demonstrated that M2-polarized
MΦ are frequent in cancer, which can be designated as type 2
tumor-associated macrophages (TAM2). The TAM2 and other
immune cells exhibit immunosuppressive functions, such as
myeloid-derived suppressor cells, T helper 2 (Th2) cells, and
regulatory T (TReg) cells, which are overrepresented in many types
of cancer allowing for immune evasion of tumors [17]. Similar
to M2-MΦ and TAM2, also TReg produce large amounts of interleukin
10 (IL10) [18]. M2-MΦ additionally produce many other antiinflammatory cytokines such as the CC chemokine ligand 18
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(CCL18), transforming growth factor β (TGF-β), or interleukin
1 receptor antagonist (IL1RA), depending on the subset of M2-MΦ
[19]. Currently our unpublished research in experimental liver
cancer has demonstrated that in addition to the TAM2, there are
also inflammatory TAM, which one might term TAM1, which
are highly distinctive from TAM2 and from MDSC in mRNA profiles.
Furthermore, certain MΦ subtypes generate proangiogenic
factors such as the vascular endothelial growth factor a
(VEGFA). Our earlier studies have demonstrated that infiltrating
inflammatory monocytes express VEGFA in chronic liver disease
and thereby generate new blood vessels. It is obvious that
the simplified scheme in Fig. 26.1 is just an excerpt of a few
aspects of inflammatory diseases and cancer since there are
indeed several exceptions and additional specifications from the
simplified scheme, considering, for example leukemia, which is a
type of cancer driven by proliferating immune cells. Yet, there are
many basic similarities of inflammatory diseases representing
important basic concepts for immunomodulation mostly
independent of the targeted organ (Fig. 26.1). This review shows
selected current immunotherapies for inflammatory disease and
cancer, addressing selected biopharmaceuticals, small molecules,
and novel nanomedicines (NMs).

26.2 Nanomedicine
26.2.1

Design of Nanomedicine

The tools of nanotechnology allow for a huge variety of novel
drugs. Virtually all biological macromolecules (carbohydrates,
lipids, proteins, and nucleic acids) are based on polymeric building
units. Carbohydrates play important roles in energy saving and
also represent important constituents of biological matrices, in being
part of glycoproteins. NMs have adopted several miniaturizations
from larger macromolecules. In order to miniaturize glycoproteins,
functional sugar carbohydrate groups might be used separately
from their protein part. As an example for reducing size but
retaining functionality, selectins (glycoproteins) can be reduced
to their carbohydrate part and retain biological functionality [20].
In a recent study, we analyzed the efficiency of selectin-mimetic
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NM by using a selectin-derived tetrasaccharide sialyl-Lewis X
anchored to a polymer backbone. The construct was able to inhibit
the migration of human primary MΦ based on the carbohydrate
part only [20] and exhibited therapeutic eﬀects in inflammatory
liver disease where it targeted resident hepatic macrophages
(Kupﬀer cells) [21].

Figure 26.1 Leukocytes are drivers of inflammation and cancer. Based
on their secretion of mediators such as cytokines, leukocytes have a
major impact on the progression of disease. Lymphocytes exert their
influence based on clonal proliferation whereas macrophages exhibit a
high level of plasticity.

Lipid-based drugs are an important transport vehicle, for
instance, for chemotherapeutics, with phospholipids being among
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the most common lipid molecule in cell membranes. Owing to this
property, phospholipids are useful in designing fully biocompatible
drug delivery systems [22, 23], or as parts of the membranes of
artificial cells. Using lipids for drug encapsulation dramatically
changes the pharmacokinetics of drugs such as the significantly
increased circulation of doxorubicin, pioneered by Gabizon and
colleagues in the 1990s [24], a method allowing for the enhanced
permeability and retention (EPR) eﬀect of NM [25].
Protein-based biopharmaceuticals have reached a quarter
trillion market volume in 2017 and by 2020, are assumed to
generate US$290 billion in revenue and to comprise 27% of the
pharmaceutical market [111]. There are diverse strategies to
replace the complex functionality of antibodies by using smaller
versions of proteins or molecules with similar properties. Some
of these small structures are peptides, nanoantibodies, and
aptamers. The earliest attempt to miniaturize antibodies was to
extract isolated short peptide sequences. The tripeptide arginineglycine-asparagine (RGD) is derived from the protein fibronectin,
with a size of 350 Da only, and probably is the most prominent
short bioactive peptide. Similar to its mother protein, it binds to
integrins at the cell surface and thereby mediates the attachment
of many cell types, which otherwise cannot attach to cell-repellant
materials such as PEGylated, poly acrylic acid (PAA)-coated, or
fluorinated and hydrophobic substrates. Notably, MΦ exhibit
an outstanding capability of adhesion to various substrates
[26, 27], whereas many cell types, including fibroblasts, require
specific motifs such as RGD for proper attachment and stretching
[28]. While peptides have been studied for many years, current
attempts increasingly focus on nanobodies and aptamers to
replace monoclonal antibodies for structural targeting.
Miniaturized motifs are of interest for decorating NMs to evoke
targeting specificity and already enrich many microscopical and
imaging methods [29]. Nanobodies have a size ranging 2–4 nm
and molecular weight of about 12–15 kDa, comprising about
100–120 amino acids [29]. They are composed of the functional
part of antibodies. Aptamers have some major advantage over
conventional proteins and antibody-based targeting because they
are more heat-resistant and less sensitive to contaminations with
bacteria than proteins. They are chemically produced based on
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self-folding oligonucleotides with 15–100 nucleotides [30] of size
2–3 nm and weight 10–15 kDa. Size reductions represent a great
advantage in microscopical and imaging methods, since some
small antigens only have 10 binding sites [29]. In contrast to their
condensed versions (peptides, nanoantibodies, many natural
antibodies exhibit a molecular weight of about 150 kDa and a size
of approximately 10 nm [31].
Nucleic acids are of major importance for conserving and
transmitting genetic material and allow NM to transmit information.
In the classical dogma of molecular biology, genetic information
encoded by DNA is transcribed into mRNA, which is translated
into a protein. During the beginning of this century, small noncoding RNAs were discovered. Among these, specifically, microRNAs (miR) are tiny but strong molecules usually of size about 20
nucleotides only, but exhibit strong, regulatory eﬀects on mRNA
[32]. Bioinformaticians have demonstrated that miR regulates
approximately 60% of protein-coding genes [33]. The action
of miR is based on binding to the 3′ untranslated region of the
target mRNA. However, due to the fact that the complementarities
of miR to mRNA sequences occurs only in parts, some miR can
bind to multiple diﬀerent mRNAs [32]. MiR was shown to play an
important role in the regulation of inflammatory liver disease, as
demonstrated by Roy and colleagues [34], and thus the modulation
of miR activity is a useful tool for versatile NM, both as a target
and as a component to deliver.

26.2.2 Smart Nanomedicines
In order to increase therapeutic efficiency, smart features should
be adopted into novel NM. The first nanomedical drug, liposomal
doxorubicin (Doxil®), had several smart features already in
1995 when it was approved by the FDA. Its PEGylation evoked
prolonged circulation and avoidance of reticuloendothelial
cell (RES) clearance. The loading principle allowed for drug
release to nearby tumors and, having a liposome lipid bilayer in
a liquid ordered phase (liquid crystalline exhibiting a melting
temperature of 53°C) [35]. Doxil is “passively targeted” to tumors,
based on the EPR eﬀect, and its cargo is released and becomes
available to tumor cells by sequestration in the lysosome.
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Importantly, disease conditions severely aﬀect temperature and
pH: At inflammatory sites and during fever, the temperature
increases [36]. In wounds [37], and in the skin [37], the pH is
below the neutral pH of 7. Therefore, NM should be adapted to
evoke a controlled release at its site of action, mediated for
example, by temperature and pH-dependent induction of its
release from the carrier substance.
Depending on the targeted disease, NM can further be modified
to be responsive to many other stimuli. Responsiveness can be
achieved toward redox potential, for example, to glutathione,
which increases in cancer cells [38], to enzymes which catalyze a
specific reaction near the site of the lesion [39], or they can further
be photosensitive, electric pulse-sensitive, or magnetic fieldsensitive [40]. In gel-based systems, smart features of materials
might also influence the swelling behavior and a potential drug
release [41]. Importantly, every cell membrane–penetrating NM
which has to be delivered into the cytoplasm requires a certain
mechanism to assure endosomal escape [42]. The cargo has to
leave the carrier before it is degraded by enzymes of the lysosome,
especially in the case of targeting MΦ which are rich in lysosomes.
Endosomal escape can, in the case of lipid-based nanocarriers,
be realized via incorporation of pH-sensitive lipids, leading to
enhanced drug release close to the lysosome [43].
Currently, smart features of NMs mostly are at a preclinical
stage, but it is assumed that properties such as those mentioned
above will enhance the efficiency of future formulations.

26.3
26.3.1

Therapeutic Modulation of Immunity
Targeting Immune Cell-Related Disease

The presence of inflammatory cytokines in serum secreted by
immune cells is known to aﬀect reactions in the whole body.
Interleukin 1 β (IL1β) and TNF are two essential cytokines that
aﬀect many inflammatory diseases. Blocking of TNF represents
a promising therapeutic option for inflammatory disorders such
as hepatitis, rheumatoid arthritis, inflammatory bowel disease, or
graft versus host disease [44]. Anti-inflammatory cytokines directly
suppress inflammatory mediators; for example, IL10 suppresses
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IL6 and TNFα production [45]. Cytokines of M1-MΦ, specifically
TNF, are targeted by pharmaceuticals such as etanercept, which
has been approved since 1998. Many other pharmaceuticals
inhibit TNF to overcome the negative side eﬀects of the cytokine on
healthy tissue which occurs in dysregulated inflammatory disease
such as arthritis [46]. It is a matter of fact that the TNF blockers
indirectly target MΦ (and neutrophil)-derived cytokines [4].
Recently, novel small molecule-based drugs which block the route
of action of cytokines have been marketed. In particular, tyrosine
kinase inhibitors have entered the sector of anti-inflammatories.
The novel class of Janus kinase (JAK) inhibitors intend to block
cytokine signaling, including that of TNF. For instance, Tofacitinib,
a pan-JAK inhibitor, received approval for several inflammatory
diseases such as inflammatory bowel diseases [47], psoriasis [48],
and arthritis [49].
Attributable to their outstanding plasticity, other cytokines
of MΦ are also pharmaceutical targets. For instance, the vascular
endothelial growth factor a (VEGFA), which has a strong impact
on angiogenesis by inducing the proliferation of endothelial
cells, is also blocked by the biopharmaceuticals bevacizumab or
sorafenib in cancer treatment [50]. A treatment which facilitates
VEGFA inhibition has a 10-year tradition and it has become clear
during this period that tumor resistance toward inhibitors such
as bevacizumab is an obstacle for the success of anti-VEGFA
therapies [51]. Drugs can also aﬀect angiogenesis indirectly by
acting on cells which induce the formation of novel blood vessels
based on their secretion of angiogenic factors such as VEGFA:
The inhibition of circulating CC-chemokine ligand 2 (CCL2) by
a neutralizing aptamer reduces the migration of monocytes
into inflamed liver and consequently also decreases hepatic
angiogenesis in chronic inflammation [52]. However, chemokines
and correspondingly their inhibitors have a low level of specificity,
and thus, these drugs might act on many cell types in the body.
Thus, there is an urgent need for novel therapies on cancer
and inflammatory disease with increased specificity for cell types.
A targeted depletion of MΦ can be done by using particulate
carriers such as micron-sized clodronate liposomes which MΦ
scavenge actively. The clodronate of these micro-sized lipid
carriers is, upon uptake, released intracellularly and induces
apoptosis of MΦ. A recent study employed liposomal clodronate
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to treat sarcoma, a disease which is also strongly promoted
by MΦ [53]. Subsequent strategies to target MΦ make use of
biopharmaceuticals which target receptors involved in MΦ
diﬀerentiation. Scientists have reported the inhibition of TAM
using antibodies directed against macrophage colony stimulating
factors (MCSF, CSFR1) or CC chemokine receptor 2 (CCR2) in
cancer treatment [54]. TAM are currently being engaged in phase I
clinical trials using the monoclonal antibody IMC-CS4 which
blocks CSFR1 (study identifier NCT01346358) [55].
However, blocking of TAM infiltration into tumors has a limited
level of success, because tumors recruit an alternative type of
myeloid cell when TAM are blocked. Recently, scientists discovered
a mechanism that leads to the infiltration of tumors with
TAM precursors, which normally suppresses their infiltration
with tumor-associated neutrophils (TAN) [56], also referred to
as polymorphonuclear myeloid-derived suppressor cells (PMNMDSC). Upon inhibition of CSF1R in cancer, an increased amount
of TAN is recruited into the tumors, which compensates for a lack
of TAM or monocytic MDSC. The solution to overcome this
myeloid cancer immune escape might be to combine inhibitors
for TAM (CSF1R-inhibitors) and TAN (CXCR2-inhibitors) [56].
Targeting of toll-like receptor (TLR) signaling has been approved
for melanoma treatment [57]. Importantly, TLR are diﬀerentially
expressed by subsets of TAM as recently discovered in our own
investigations in liver cancer, and the cellular eﬀects on myeloid
cells remain to be understood in more detail.
Dendritic cells (DC) exhibit many similarities with MΦ and
share some markers [58]. In contrast to MΦ, DC are specialized on
presenting an antigen to T cells and hence migrate more rapidly
to the lymph node than macrophages and thus play a central role
for vaccination. Researchers have therefore aimed to target DC
in order to vaccinate against cancer. There are many possibilities
to perform vaccinations based on targeting DC: ex vivo priming
of DC can be done to trigger these cells to present a specific
tumor-associated antigen to lymphocytes. Lymphocytes in turn
kill cells expressing a certain antigen [59]. Vaccination can
be performed by using diﬀerent molecules for vaccination:
electroporation-enhanced immunization is explored using DNAbased vaccine such as GX-188E [60], and cancer treatment in the
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future might be based on tumor antigen delivery to DC in vivo
as explored in hepatocellular carcinoma patients [61].
Targeting of non-phagocytic immune cells works can be
realized by antibodies against cell-type specific markers, mostly
those present on the cellular surface. In therapy of B cell lymphoma,
the CD20 depleting antibody rituximab has been approved by
the FDA in 1998 and was the first antibody against cancer to
be approved. It is still in extensive use, but with the patent of
rituximab expiring in 2013 in the EU and in 2016 in the USA,
novel strategies, such as improved versions of the inhibitor
or biosimilars to replace the drug, are under development.
Monospecific antibodies such as rituximab act by labeling the
designated cell type to be eliminated by other immune cells,
based on binding of the Fc-part of the antibody to the Fc-receptor
of immune cells. In order to increase the efficiency of killing
CD20 expressing cells, bispecific antibodies with binding sites
for CD20 and also for FAS were explored. After binding of both
sites of the bi-specific antibody to single B cells, FAS triggers
apoptosis. Interestingly, binding of FAS alone does not have
this eﬀect [62]. Scientists have followed on optimizing such
constructs and CD20 × CD95 antibodies have opened novel
perspectives for the treatment of B-cell-mediated autoimmune
disease and lymphoma [63], and this concept also opens new
perspectives for advanced pharmaceuticals.
Cytotoxic T cells can actively kill cancer cells, but during
autoimmune disease, they destroy the body’s-own cells. In the
course of therapies, they can be depleted using anti-CD8 antibodies
[64]. In order to use their killing capabilities to fight cancer,
innovative strategies already make use of cytotoxic CD8 cells.
Many fields of research have been inspired a lot by the inhibitors
of programmed cell death 1 (PD1), such as pembrolizumab.
In this regard, immunomodulatory therapies utilize the killing
capabilities of T cells for killing tumor cells [65]. The so-called
chimeric antigen receptor (CAR)-T cells represent another major
innovation which has been approved in 2017 by the FDA for
children and young adults with relapsed or refractory B-cell acute
lymphoblastic leukemia [66]. CAR T cells are generated based on
extracting a patient’s immune cells and genetically engineering
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and reinjecting them into the patient where they shall seek and
destroy cancer cells [67].
Unfortunately, there were tragic episodes in earlier attempts
to engage T cells. For instance, the drug labeled as JCAR015 of the
company Juno Therapeutics failed in B cell acute lymphoblastic
leukemia, based on excess fluids accumulated in the brains of
patients and was suspended in 2015 (trial NCT02535364). Earlier
failed immunotherapies (in 2006) that made use of a superagonist
of CD28 (TGN1412) led to similar tragic results with six people
becoming seriously sick within minutes. Yet, data on blocking
CD28 are promising despite the kickback and the strategy now
has come back for arthritis therapy [68]. Thus, immunotherapies
bear risks, specifically cellular hyperactivation with cytokine
storm. Regulatory T cells (TReg) are another cell type focused on for
immunotherapeutics. In inflammatory ear disease, inflammation
is prolonged when TReg are depleted by a CD25 depleting antibody
[69], demonstrating their role in suppressing immunity, which is
desired in the therapy of inflammatory disease.
Similar to other infiltrating immune cells, neutrophils can also
be targeted in cancer therapy. Acharyya and Massague suggested
interfering with downstream targets of the MAPK cascade such as
leukotriene biosynthesis, CXCR2, Anti-Bv8, and G-CSF antibodies
[70]. Importantly, a combined inhibition of TAN and TAM
precursors (PMN-MDSC/mMDSC) might open a novel avenue
for cancer therapy [56]. Scientists have also started to explore
the therapeutic potential of platelet targeting, which is very
promising due to the very high number of platelets in the body. The
platelet-expressed collagen receptor glycoprotein VI was shown
by Boilard and colleagues to be a key trigger for platelet microparticle generation in arthritis pathophysiology [71]. Their
glycoprotein (GP) Ib-V-IX receptor aﬀects their adhesion, activation,
and procoagulant activity and has been explored as a novel
preventive treatment of thrombus formation using therapeutic
antibodies [72]. Furthermore, platelets are targeted in chronic HIV
infection where diﬀerent anti-inflammatory drugs are currently
compared at a stage II clinical trial (NCT02578706) (Table 26.1).
There were also reports that platelets are critically involved in
liver disease [73].
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Table 26.1 Selected biopharmaceutic, microcarrier, and small moleculebased immunotherapies for inflammatory diseases and cancer
Cell type

Disease

Drug, outcome

Stage

Reference

Macrophages

Rheumatoid
arthritis, AID

Infliximab
(anti-TNF mAB),
ameliorates
inflammation

Approved

[4]

Sarcoma

Clodlips, depletes Preclinical
macrophages
and ameliorates
disease

[53]

Breast and
prostate cancer

Anti-CSF1R
mAB (IMC-CS4),
reduced cancer
therapy

[55]

Pancreatic cancer

mAB vs. CSF1R or Preclinical
CCR2, improved
chemotherapy

[54]

Cancer

Imiquimod
(TLR7 agonist),
reduces cancer

Approved

[57]

Tofacitinib

Inflammatory
diseases,
inhibiting
cytokine
signaling

Approved

[47–49]

Cancer (EMT)

Encapsulation of
macrophages

Preclinical

[81]

Dendritic
cells

Cancer

Pulsed tumor
antigen

Clinical

[61]

B cells

Leukemia

CAR T cells, kill
CD20 expressing
B cells

Approved

[66]

Leukemia, AID

CD20×CD95mAB, depletes B
cells

Preclinical

[63]

Leukemia, AID,
rheumatoid
arthritis

Rituximab
depletes B cells,
anti CD20 mAB

Approved

[109]

Phase I

(Continued)
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Table 26.1 (Continued)
Cell type

Disease

Drug, outcome

Cytotoxic
T cell

Lymphoma,
rheumatoid
arthritis

Anti-CD20 mAB, Preclinical
increases TH1
and reduces TRegs

Stage

[110]

Cancer

PD1 inhibitor

[65]

Regulatory
T cell

Ear inflammation

Preclinical
CD25
(TReg-depleting
mAB), prolonged
inflammation

Neutrophils

Cancer

Inhibition of
CXCR2, Bv8,
G-CSF

Approved

Reference

[69]

Suggestion [56, 70]

Abbreviations: AID, Autoimmune disease; AuNR, Gold nanorods; Bv8, Prokineticin
2 (PROK2); CaP, Calcium phosphate; CAR T cells, Chimeric antigen receptor T cells;
CCR2, Chemokine receptor 2; CD, Cluster of diﬀerentiation; CSF1R, Colony-stimulating
factor receptor 1; CXCR2, CXC-chemokine receptor 2; Dex, Dexamethasone;
EMT, Epithelial to mesenchymal transition; G-CSF, Granulocyte colony-stimulating
factor; GLF, The peptide sequence GLF; LNC, Lipid-based nanocarriers; mAB,
Monoclonal antibody; MTC, Mannose-modified trimethyl chitosan–cysteine
conjugate nanoparticles; NASH, Non-alcoholic steatohepatitis; PD1, Programmed cell
death; pPB, “C∗SRNLIDC∗” (peptide vs. PDGFβR); RGD, The peptide sequence RGD;
RNAi, RNA interference; siRNA, Silencing RNA; SSL, Sterically stabilized liposomes;
TAA, Thioacetamide; TH1 cells, Type I T helper cell; TLR, toll-like receptor;
TNF, Tumor necrosis factor; TReg, Regulatory T cells.

26.3.2

Immunomodulatory Nanocarriers

Virtually any drug and NM can have immunomodulatory eﬀects.
There is a large number of NM available of either organic or
inorganic nature and all of their properties such as material type,
size, and functionalization have an impact on biodistribution
in organs and cells. Particles of size 10–250 nm mostly distribute
to the liver and spleen, whereas those smaller than 10 nm
additionally also translocate to other organs such as the kidney,
testis, and brain [74]. The most prominent inorganic NM probably
are gold nanoparticles (AuNP), which can be easily modified
in size, shape, and functional end groups, allowing, for example,
for peptide-decorated gold nanorods [75]. There have been a
few clinical trials facilitating gold nanoparticles: One was on
CYT-6091, a gold nanocarrier for TNF with phase I clinical studies
completed in cancer therapy [76]. However, inorganic nanoparticles
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accumulate in the body since they are not biodegradable, reflected
by our own studies on gold nanorods which are retained at
similar levels in the liver one week after injection [13].
Considering the fact that many biopharmaceuticals target
immune cell-derived cytokines in circulation, it would be much
more useful to target TNF and other compounds even before they
are produced by the cells. This is possible using NMs which enter
the cells and modify their status of activation. Based on interfering
with inflammatory pathways, the production of TNF and similar
mediators can be reduced. For instance, this can be done by
delivering anti-inflammatory substances such as glucocorticoids
[22, 23]. Immune cells can be targeted selectively based on their
expression of receptors, by using pharmaceuticals decorated
with targeting ligands functioning as the key to biological
structures. Importantly, there are phagocytic immune cells which
are quite easy to target, as a consequence of their unspecific uptake
activities: Monocytes and MΦ are probably the most efficient
mobile cellular scavengers of nearly any kind of material that
they can internalize physically. They are central in the removal
of materials from blood, such as gold nanoparticles [13, 16, 77].
The physicochemical properties of any given material influences
the reaction of the phagocytes which secrete a large spectrum of
cytokines that act on other cells [78] and tissues [79]. The liver
is, due to its large number of MΦ, probably the most important
internal organ for the accumulation of NM [13]. Therefore, any
kind of serious nanomaterial studied should, after cytotoxicity
tests, be monitored for the response of phagocytes to the material
and assess biodistribution. Interactions with materials alter
the state of MΦ activation and thereby aﬀect the release profile
of their cytokines in vitro and in vivo [13, 22, 23, 77]. Thus, targeting
of phagocytes is comparatively easy, and the challenge is rather
to avoid targeting them if, for instance, the drugs are directed
against lymphocytes, which are not phagocytically active.
Our own research with human primary immune cells
demonstrated an M2 polarization of MΦ by two tripeptides (RGD
or GLF)-functionalized gold nanorods in vitro [77]. However,
in vivo studies facilitating models for acute and chronic liver
inflammation did not obtain therapeutic eﬀects at comparable
dosage and the coupled peptides even increased hepatic injury
(Table 26.2) [13]. Subsequent studies of our research group
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put the focus on delivering anti-inflammatory drugs such as
corticosteroids to achieve M2-polarization of MΦ [22]. Using
liposomal dexamethasone (Lipodex), we were able to cure
Concanavalin A-induced autoimmune hepatitis and found a
tendency toward decreased fibrosis in the carbon tetrachloride
(CCl4)-based model of chronic liver injury [23]. Treatment of
inflammatory activation has been demonstrated using small
interfering RNA (siRNA) administered by polymeric nanoparticles
which inhibit M1 polarization of MΦ [80].
Table 26.2 Selected nanomedicine-based immunotherapies for inflammatory
diseases and cancer
Cell type

Disease

Drug, outcome

Stage

Macrophages Liver
AuNR with RGD Preclinical
inflammation or GLF, increased
ConA-based
injury and no
eﬀect on fibrosis
Liver
Liposomal Dex,
inflammation significantly
reduced
hepatitis
and slightly
diminished
fibrosis

Dendritic
cells

Preclinical

Reference
[13]

[22, 23]

Acute
hepatitis

MTC antiPreclinical
TNF siRNA,
inhibition of M1macrophages

[80]

Cancer

Feraheme,
Preclinical
induction of M1macrophages,
growth arrest

[84]

Cancer

MiR155
nanovectors,
repolarize TAM

Preclinical

[82]

Cancer

RNA-based
lipoplexes

Preclinical

[90]
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Cell type

Disease

B cells

Drug, outcome

Stage

Reference

Cancer
CaP-TLR
(vaccination) nanoparticle,
stronger
immunization

Preclinical

[92]

B cell
lymphoma

CD38-targeted
LNC anti Cyclin
D1 RNAi,
amelioration

Preclinical

[93]

Regulatory
T cell

AID

Nanoparticles
with AIDpeptides, TReg
reprogramming

Preclinical

[94]

Myeloid
blasts

Acute myeloid Liposomal
leukemia
combination
drug CPX-351

Stage III

[86]

Neutrophils

Inflammation Albuminencapsulated
piceatannol

Preclinical

[95]

Abbreviations: AID, Autoimmune disease; AuNR, Gold nanorods; Bv8, Prokineticin
2 (PROK2); CaP, Calcium phosphate; CAR T cells, Chimeric antigen receptor T cells;
CCR2, Chemokine receptor 2; CD, Cluster of diﬀerentiation; CSF1R, Colony-stimulating
factor receptor 1; CXCR2, CXC-chemokine receptor 2; Dex, Dexamethasone; EMT,
Epithelial to mesenchymal transition; G-CSF, Granulocyte colony-stimulating
factor; GLF, The peptide sequence GLF; LNC, Lipid-based nanocarriers; mAB,
Monoclonal antibody; MTC, Mannose-modified trimethyl chitosan–cysteine
conjugate nanoparticles; NASH, Non-alcoholic steatohepatitis; PD1, Programmed
cell death; pPB, “C∗SRNLIDC∗” (peptide vs. PDGFβR); RGD, The peptide sequence
RGD; RNAi, RNA interference; siRNA, Silencing RNA; SSL, Sterically stabilized
liposomes; TAA, Thioacetamide; TH1 cells, Type I T helper cell; TLR, Toll-like receptor;
TNF, Tumor necrosis factor; TReg, Regulatory T cells.

In a very recent innovative study, macrophages were,
together with a polarizing stimulus, encapsulated in an alginate
matrix to be used as a production site for cytokines. These
complexes were shown to inhibit the epithelial-to-mesenchymal
(EMT) transition [81]. Repolarizing macrophages have been
shown to work efficiently to induce tumor regression based
on the delivery of micro-RNA155 by polypeptide nanovectors
which increased the expression of miR155 up to 400-fold in TAM
and triggers them to express M1 and to repress M2 markers [82].
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Cellular delivery of small non-coding RNA such as siRNA or
micro-RNA requires nanocarriers or alternative vehicles, because
their stability in vivo is limited. Liposomal dexamethasone
(Lipodex) serves as another representative example for improving
the pharmacokinetics of a drug based on nanotechnology what
has been explored in our studies: While free dexamethasone acts
on a systemic level on virtually all accessible parts of the body,
encapsulation protects many cells from its cytotoxicity. Specifically,
human fibroblasts and MΦ were demonstrated to be protected
from the cytotoxic eﬀects of free dexamethasone shown in our
own in vitro studies [22]. In vivo, Lipodex efficiently targets
immune cells resulting in therapeutic eﬀects which cannot be
obtained by using the free drug: At a concentration of 1 mg/kg
body weight, autoimmune-mediated liver disease was cured,
whereas this was not achieved by free dexamethasone at
identical concentration [23]. The benefits of drug encapsulation
are even more pronounced for doxorubicin, whose half-life is
extremely short (few minutes) and which can be prolonged for
several days using a lipid-based carrier [83].
Recently, it was discovered that ferumoxytol, a drug normally
used to treat anemia, also repolarizes M2 into M1-MΦ, based on
the iron overload of MΦ [84]. However, the iron supplementation
of feraheme might lead to side eﬀects such as inflammation,
which shows that it is a complex issue to modulate immune cells.
Similar to the M1-shift induced by ferumoxtol, also Lipodex
[22] and nanocarrier-coupled stavudine were discovered to
lead to inflammatory activation of MΦ [85], possibly due to the
accumulation of the drug inside the cells, making exact dosing
important. While many strategies exist to cure lymphoid leukemia
based on engaging the cells by depleting antibodies (Rituximab,
CAR-T cells), there are few strategies to cure myeloid leukemia.
Yet, one promising attempt for an improved therapy of acute
myeloid leukemia is represented by CPX-351, which contains the
two drugs cytarabine and daunorubicin in a single liposomal
formulation. CPX-351 was shown to efficiently target myeloid
cells, with greater efficiency than the single administration of both
drugs [86], and the drug is now approved by the FDA for the
treatment of acute myeloid leukemia (AML) [87]. The mechanism
of action is hypothesized to be based on phagocytosis of the
myeloid blasts.
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There is huge interest in using nanocarriers for improved
methods of DC vaccination by exploiting the specific properties
of nanocarriers [88]. Nano-sized delivery systems enable
improved vaccination since they can protect biologically sensitive
molecules such as antigen-bearing peptides, DNA or mRNA
encoding for antigens, or immunostimulatory oligonucleotides,
from degradation [89]. Gold-based nanoparticles accumulate in
the MHCII processing compartment of DC [77], which might explain
the efficient manipulation of DC by NM. The physicochemical
properties of nanocarriers play important roles for the activation
of the DC, and conjugated peptides alter the maturation of DC [77].
RNA-based lipoplexes appear to be promising nanocarriers for
vaccination against cancer [90].
Targeting non-phagocytic cells using NM requires cellspecific markers, such as CD molecules, in order to target diﬀerent
leukocyte populations, similar to biopharmaceuticals such as
rituximab which target CD20 expressed by B cells. Compared to
biopharmaceuticals, NM oﬀers many more options for improved
pharmacokinetics, for example, based on drug encapsulation.
In case of a limited targeting capability for non-phagocytes such
as lymphoid cells by encapsulated drugs, improved options
might arise from using the TAT-peptide, a short peptide which
increases uptake by lymphocytes [91]. In order to directly
target B cells for an optimized method of vaccination, calcium
phosphate nanoparticles coated with TLR ligands were studied in
vaccination. The delivery system was shown to be more efficient
than conventional methods for immunization [92]. Delivery of
interfering RNA (RNAi) neutralizing Cyclin D1 via CD38-directed
targeting lipid nanocarriers has been explored in order to
target B cell lymphoma [93].
TReg hold great potential as therapeutic targets in treating
autoimmunity, but currently there are no strategies to expand
antigen-specific TReg in vivo. Clemente-Casares and colleagues
have demonstrated that by using nanoparticles decorated with
AID-relevant peptides bound to MHCII complex molecules,
antigen-specific type I CD4+ T cells (TR1) are induced. This strategy
makes use of the existing TReg and turns them from diseaseprimed autoreactive T cells into TR1-like cells, which consequently
suppress autoantigen-loaded antigen-presenting cells, and
further diﬀerentiate into cognate disease-suppressing regulatory B
cells [94].
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Nanocarriers were also exploited to target neutrophils.
Administration of albumin nanoparticles loaded with the
spleen tyrosine kinase inhibitor, piceatannol, inactivates the
inflammatory function of activated neutrophils (Table 26.2) [95].
NM or perhaps picomedicine are also predestined to be used
to manipulate platelets in targeted therapies, probably using
miniaturized platelet-targeting structures for these small cells of
size 2–3 μm only.

26.3.3

Strategies to Modulate or Make Use of Immune
Cell Migration

There are two key elements which distinguish immune cells
from other (healthy) cell types: their migration and secretory
activity. The combination of both facilitates a mobile production
site of cytokines and makes them important for virtually all types
of disease. Immunomodulatory drugs can act via targeting the
whole process of leukocyte extravasation which comprises their
migration from the endothelium into diﬀerent organs. This process
is based on a coordinated interplay between endothelial cells
and immune cells: Endothelial cells activate leukocytes and direct
them to the point where they extravasate, and leukocytes in
turn instruct endothelial cells to open a path for transmigration
[96]. Selectins control the first step in the adhesion of leukocytes
to the endothelium and to inflamed sites of the body. We
have demonstrated recently that selectin-binding glycopolymers
anchored to polymer backbones strongly impact the migration of
human primary MΦ [20], and that selectin-binding glycopolymers
are potential novel therapeutics for liver disease [21].
Chemokines function among others in the activation of
leukocytes during their process of rolling along the endothelium,
and we have noted only modest eﬀects on inflammatory disease
progression by inhibiting CCL2, but a reduction in angiogenesis
due to the reduced number of monocytes [52]. Until now, there
have been few attempts in targeting chemokine receptors in liver
cancer with nanocarriers, despite the few drugs available for the
disease. The CXC chemokine receptor 4 (CXCR4) exerts many
important functions at diﬀerent stages of HCC and can be targeted
by using ligands for CXCR4 such as CXCL12, which is expressed
by monocytes and MΦ [97]. Liu et al. have used CXCR4-directed
nanocarriers loaded with siRNA against VEGF as an alternative
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antiangiogenic therapy and received a potent antitumor response
by their carriers [98]. However, chemokines and their receptors
generally exhibit a low level of cell type specificity, and more specific
modulation of immune cell subpopulations might increase the
efficiency of therapeutics.
Integrins appear at the final stage of leukocyte extravasation,
just upfront to transmigration. Yet, only 3 of 24 known human
integrins are currently engaged by antibody therapies [99]. The
process of immune cell extravasation therefore has three major
points of intervention given by molecules targeting selectins,
chemokines, or integrins (Fig. 26.2). However, it has to be taken
into account that not all immune cells originate from the blood
stream, but that portions of them originate from local stem cells [1].
In fact, very little is known about the role of MΦ which originate
from organ-resident stem cells, in inflammatory disease and
cancer, and how they might interact with infiltrating monocytes.
The outstanding mobility of immune cells can also be exploited
for another compelling concept which uses the high number and
mobility of immune cells to transport nanoparticles to the desired
site of action—using immune cells as Trojan horses. A promising
study shown by Choi and colleagues illustrated that monocytes
might be used to destroy hypoxic tumor regions by their delivery of
cytotoxic compounds [100]. The immunological synapse, the process
in which antigen-presenting cells instruct CD4 expressing helper
cells, has also been engaged by nanoparticles which attach to free
thiol groups on proteins at the surface of T cells: Using maleimidefunctionalized nanoparticles, Stephan and coworkers used T celllinked synthetic nanoparticles as drug delivery vehicles into the
immunological synapse [101], which might be useful to instruct
T cells against cancer antigens.

26.3.4

Unintended Interactions of Nanomedicine
with Myeloid Immunity

NM which is intended for therapeutic use will, in virtually any
case, be faced with cells of the immune system and endothelial
cells [102]. It is known from biomaterial sciences that unintended
interactions of materials with innate immune cells might result in
chronic inflammation, tissue damage, and implant rejection [103].
Similarly, other materials that are considered as foreign to the
body and as a threat to the body might be attacked by immune
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cells. Endothelial cells, monocytes, and MΦ can be defined as the
reticuloendothelial system (RES). There are diﬀerent attempts to
reduce unspecific interactions with the RES, the most frequently
performed strategy is to reduce unspecific binding to proteins
and cells by PEGylation [104]. However, many researchers are
ignoring the fact that PEG accumulates in parts in the body and
that immunity generates antibodies against PEG, a fact that is
responsible for the accelerated blood clearance (ABC) eﬀect
where liposomes are cleared upon repeated administration [105].
Alternative strategies to inhibit undesired reactions with the
RES are optimizing the immune response using coatings that reduce
the acute immune reaction, such as poly(N-isopropylacrylamide)
hydrogel particles cross-linked with poly(ethylene glycol)
diacrylate [106]. Others have proposed usage of ultrasmall
nanogels sizing only 2 nm, which is below the size that allows the
clearance of these particles by the RES [107]. Studies by our group
have shown that endothelial cells internalize large amounts of
nanoparticles in vitro where they are cultured as a monolayer [77],
yet, in vivo, endothelial cells did not contribute to the high uptake
of nanoparticles into the liver, and nanoparticles were found in
hepatic MΦ only [13].
Importantly, specialized leukocytes such as monocytes, MΦ,
and DC recognize pathogens and process antigens of novel
pathogens and present them via their major histocompatibility
complex II to T helper cells [77]. In turn, T cells generate
complex molecular sites targeting the pathogen-derived antigen
(T cell-receptor) which they present on their surface and
use to target the pathogen. B cells generate antibodies which
share many similarities with the T cell receptor. Our earlier
studies have demonstrated that material composition, surface
chemistry, and peptide modifications aﬀect the maturation of
DC [77] and, thus, might also aﬀect T cell instruction by DC.
The MHCII complex serves as a route of material transmission to
the cells of the adaptive immune system, specifically to T helper
cells. In addition to their direct eﬀects on phagocytic myeloid
immune cells, NM can potentially also interact with antigen
presenting cells and influence immunizations. Clemente-Casares
and colleagues have shown that a directed manipulation of the
immunological synapse might be used to treat autoimmune disease
[94]. However, NM-based vaccination might also interfere with
normal functions of the immune system.
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Figure 26.2 Therapeutic modulation of leukocyte migration as treatment
of inflammatory disease. Upon inflammation, monocytes and other
immune cells migrate to inflammatory sites through the bloodstream.
Monocytes diﬀerentiate into specific macrophages which have a major
impact on the progression of inflammation. Following inflammatory
activation, certain mediators such as the tumor necrosis factor (TNF),
may harm parenchymal cells.
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26.4 Conclusions
The inevitable interactions with immunity will probably
remain a major challenge of novel therapeutics including NM.
The unintended targeting of the RES, specifically of MΦ, cannot
be solved and assured easily but should be controlled for every
novel formulation. Inappropriate carriers might induce chronic
inflammation or impact the immunological synapse. Compared to
biopharmaceuticals, NM can inhibit the production of pathogenic
factors one step ahead than biopharmaceuticals do and inhibit
the production of the mediators intracellularly. NM can further
combine the properties of diﬀerent drugs into a single formulation
such as CPX-351, which contains two chemotherapeutic drugs
in a single formulation. NM surface groups can target receptors
of cells and might in the future even target multiple receptors,
similar to bispecific antibodies. Controlled drug release enabled
by nanotechnological delivery systems can transport sufficient
drugs to a desired site of action, instead of distributing it
systemically.
NM, or the application of nanotechnology to healthcare,
should make increasing use of the novel insights into human
molecular biology retrieved from the diﬀerent “omics” analytics
such as genomics, transcriptomics, proteomics, and metabolomics
which enabled the discovery of various biomarkers useful for early
stage detection of diseases, specifically in oncology [108]. NM
holds great promise for significantly improving therapies based
on enhanced drug delivery, reduced side eﬀects, molecular
imaging, and theranostics, which is the ability to use carriers
for combined therapeutic and diagnostic purpose. Nevertheless,
even with targeting groups and smart features incorporated,
production methods for NM have to be simple and aﬀordable to
have the chance of being successful in the clinics [108]. Thus, the
magic bullet of targeted NM requires continuous interdisciplinary
eﬀorts for successful clinical translation.
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Nanosystems and nanomaterials are general terms to designate
any entity with at least one dimension having sizes ranging in the
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nanometric scale, which includes a huge variety of nanoentities
with diﬀerent properties, such as nano-emulsions, nanoparticles,
polyplexes, dendritic structures, micelles and liposomes, among
others [1–3]. The interest of colloidal nanosystems has witnessed
an exponential increase since the first reports appeared in the
1990s (Fig. 27.1A). Specifically, the interest in their use for
biomedical applications, the field in which they are called
nanomedicine, has increased notably during the past 20 years
(Fig. 27.1B) [4–6], because current treatments have not yet solved
some drawbacks, such as the controlled release of therapeutic
compounds and their appropriate biodistribution. In parallel,
there has been an exponential increase in the impact of
personalized medicine on nanotherapies (Fig. 27.1C). Since
the beginning of gene therapy, this type of therapy has arisen
as an opportunity to treat each individuals with the specific
requirements defined in their genome so it must be taken into
account when designing nanosystems. It is thought that by
combining the advantages of nanotechnology and personalized
medicine, very efficacious treatments will be developed in the
next few years.

Figure 27.1 Number of publications per year indexed in Scopus that
contain the following terms: (A) “nanosystem,” (B) “nanomedicine,” and
(C) “personalized nanomedicine.”

Introduction

In conventional treatments, high doses of biological actives are
required, which usually produce severe side eﬀects. In some cases,
the treatment proposed is useful for one person but not for others.
In this context, novel delivery nanosystems are advantageous
in numerous aspects for personalized therapies: (1) They protect
the actives they encapsulate; (2) they enable the controlled and
sustained release of actives, allowing a decrease of therapeutic
concentrations; (3) they can be tuned to reach their targeting
organs, thus enabling a localized active release and reduction
of side eﬀects, and (4) their surface can be tailored with a variety
of chemical moieties to achieve multifunctional therapeutics
specific for each individual [4, 6–9]. The numerous advantages
that nanomedicines possess have been perceived by the
pharmaceutical industry, thus resulting in the industrial production
and commercialization of a variety of nanomedicines, such as the
widely known Abraxane®, a nanomedicine approved in 2005 for
its demonstrated efficacy in various cancers, which consists of
the nanostructured conjugate of paclitaxel [6, 10–12]. Remarkably,
not only the therapeutic applications of nanomedicines but their
applications as diagnostic nanosystems and even for theranostic
purposes (combination of therapy and diagnosis in the same
nanosystem) are of interest [6, 13, 14].
Prior to colloidal nanosystems, transference to pharmaceutical industries and their commercialization, and after a wide
characterization of their physicochemical properties, a deep study
of their interaction with biological components is required
(Fig. 27.2) to ensure safe nanomedicines are obtained and to
clearly define their behavior in physiological conditions.
Specifically, the interaction of nanosystems with blood components
(e.g., proteins and cells) is of the utmost importance, since most
administered nanomaterials will end up being distributed by
the bloodstream. Although huge eﬀorts have been made in the
field of nanomedicine characterization [6, 15], for example, by
the Nanotechnology Characterization Laboratory in the United
States, currently, standardized protocols, assays, and/or
methodologies for the adequate characterization of colloidal
nanomaterials before preclinical assays do not yet exist, and
the Food and Drug Administration has not yet formulated
guidelines [3, 12]. However, several reviews have appeared
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with the objective to summarize characterization techniques for
nanomaterials, mainly for nanoparticles [2, 3, 6, 15, 16]. Each
of them presents a particular point of view of the most relevant
techniques to study nanomaterials. Most of them have pointed
out the importance of characterizing nanomedicines in the
physiological desired conditions to avoid misleading results, since
environmental conditions aﬀect the properties of nanomaterial
[2, 15, 16], but the interactions of nanomaterials with biological
components were only described in a few and with a brief
description, without specifying useful techniques [15, 16].
In addition, concerning the type of nanomedicine studied,
most of these reviews focused mainly on nanoparticles [2, 3, 6,
15, 16]. In fact, the available information is dispersed in the
current literature and a single review representing a complete guide
to follow in the development of novel nanomaterials is missing.
In this context, this chapter aims to summarize the main
techniques concerning the interaction of nanomedicines with
biological systems. Its objective is to review the currently
available techniques for a complete characterization of the
interaction of nanomaterials with biological components, which
must be addressed when designing nanomedicines, before
starting clinical and preclinical studies. For the study of each
parameter, diﬀerent techniques are described, highlighting
their advantages and disadvantages and indicating which
nanomaterials can be properly studied by each technique. From
now on, the terms nanosystems, nanomedicines, and colloidal
nanomaterials will be used as general synonyms to name
nanostructures with nanometric dimensions, independent of the
specific entity they represent (e.g., nanorods or nanoparticles),
their composition (e.g., polymer or metal), and their use (e.g.,
drug delivery systems or non viral gene delivery systems)
(Fig. 27.3).
As stated above, the translation of knowledge from novel
designed nanosystems at a research laboratory scale to real
human therapies is usually a limiting or even a final point due to
the lack of systematic studies. Therefore, this book chapter will
be a useful support for those nanotechnology scientists aiming
to develop nanosystems for real nanomedicine applications.

Target cells: uptake

Macrophages: phagocytosis

Erythrocytes: hemolysis

C3 protein: ac a on of
the immune system

Nanomaterial
interac on with
cells

Nanomaterial
interac on with
proteins

Figure 27.2 Schematic representation of possible interactions of some nanosystems with biological components, namely cells and
proteins.
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Pep de f-CNTs

Func onalized Drug
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Func onalized Solid NP
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Enzyme Nanocarrier

Aptamers

Nanogel

Figure 27.3 Nanoscale Drug delivery system platforms (nanodrug products). Schematic representation of selected engineered
nanoparticles (NPs) used in drug delivery that are either approved by regulatory bodies, are in preclinical development or are in clinical
trials. In most cases shown above, they are considered as first or second generation multifunctional engineered NPs, ranging in average
diameter from one nanometer (1 nm) to a micron (1000 nm). Active bio-targeting of the NP is often achieved via conjugating ligands or
functional groups (antibodies, peptides, aptamers, folate, hyaluronic acid). These molecules are tagged to the NP surface with or without
spacers/linkers such as PEG. Many nanodrugs depicted above (e.g., metal-based NPs, f-CNTs, NMOFs, etc.), although extensively advertised
for drug delivery, will pose enormous drug approval and commercialization challenges and will not appear in the clinic this century. Nonengineered antibodies, biological motors (e.g., sperms), engineered nanomotors, and naturally occurring NPs (natural protein nanotubes)
are specifically excluded here. Antibody–drug conjugates (ADCs) are encompassed by the cartoons labeled “Polymer-Polypeptide
Conjugate” or “Drug-Polymer Conjugate.” Therapeutic monoclonal antibodies (TMAbs), polymer-polypeptide conjugates, and aptamers
shown above are classic biologics but they are also nanodrugs as they fall within the widely accepted standard definition of nanodrugs. The
list of NPs depicted here is not meant to be exhaustive, the illustrations do not reflect precise three-dimensional shape or configuration,
and the NPs are not drawn to scale. Abbreviations: NPs, nanoparticles; PEG, polyethylene glycol; GRAS, Generally Recognized As Safe; C
dot, Cornell dot; API, active pharmaceutical ingredient; ADCs, antibody–drug conjugates; NMOFs, nanoscale metal organic frameworks;
f-CNTs, functionalized carbon nanotubes; siRNA, small interfering ribonucleic acid; USPION, ultrasmall superparamagnetic iron oxide
nanoparticle. Copyright 2018 Raj Bawa. All rights reserved.
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27.2

Experimental Techniques for the Analysis
of Nanoparticle Interaction with Biological
Components

A deep physicochemical characterization of designed nanomaterials, intended for biomedical applications, is a must before
in vitro efficacy studies [3]. The rigorous characterization
required for nanosystems is noteworthy, since they are usually
composed of various parts that must be fully characterized
individually and together in nanomedicine (e.g., multifunctional
nanoparticles with encapsulated compounds and various
functionalization moieties) [6]. In general, the key parameters
to study can be classified in three types of techniques: analytical,
colloidal, and biological techniques [2, 3, 12, 15, 17]. In this
review, a deep description of the third type of technique is
detailed: those aimed to define the interaction of nanomaterials
with biological components in a physiological environment.

27.2.1

Techniques to Study the Interaction of
Nanomaterials with Proteins

Most therapeutic nanosystems are designed for their intravenous
systemic administration (parenteral route), targeting the desired
organ. Therefore, prior to reaching the target tissue, they get
in contact with many proteins in the blood. For this reason, the
characterization of the interaction of nanomaterials with proteins
is of the utmost importance, since they must be specifically
designed to avoid undesirable interactions with any kind of
protein. Techniques to study these interactions are specified in the
following subsections. In brief, the stability of nanomaterials in a
physiological environment is described first. Then, electrophoretic
techniques to study the interaction of nanomaterials with
proteins (a cocktail of diﬀerent kinds of proteins or a specific
individual protein) are detailed, and finally, the specific case of
interactions with blood components is also discussed.

27.2.1.1

Nanomaterial stability in a physiological
environment

Prior to studying specific protein interactions, it is important
to confirm nanomaterial stability in a biological environment,

NanoparƟcle InteracƟon with Biological Components

simulating physiological conditions, such as the widely known
fetal bovine serum (FBS) protein solution. Therefore, a preliminary
study of nanomaterial interactions with proteins can be
performed without the need of any biological system, only using
the purified proteins. There are many techniques that have been
used to assess the stability of nanosystems in physiological
conditions—most of them summarized in a previous study
by Fornaguera et al. [18], who studied the stability of PLGA
nanoparticles, with diﬀerent modifications, in a protein solution.
In general, they are recommended as a first step in
the characterization of nanomaterial–biological component
interactions because since they do not use a biological material
(except for the purified proteins solutions), they are less costly,
safe, rapid, and easy to perform than in vitro and in vivo studies.
First, it is recommended to measure a key parameter of
the nanomaterial, such as droplet size or surface charge, as a
function of time, under incubation at 37°C with FBS, since this is
the temperature of physiological systems and FBS is representative
of the whole blood protein solution. If changes in the measured
parameter take place, it is also recommended to deeply study
individual proteins to find out which one produces the change
and which would be the one interacting with the nanomaterial.
In addition, the study of interactions with a single protein is
recommended because it must be taken into account that the use
of serum from diﬀerent origins (e.g., diﬀerent species or diﬀerent
individuals of a same specie) can result in divergent results. Serum
is a biological component, obtained from animals or individuals.
Therefore, the reproducibility of the results could be difficult
when changing the serum origin because of the inter-individual
variability that could result in the identification of diﬀerent
interactions. For this reason, the testing of sera from diﬀerent
species (e.g., human, bovine) and from diﬀerent commercial
brands is strongly recommended, since the whole results can
give a complete view of the expected in vivo behavior of designed
nanomaterials in a protein environment.
Albumin is the most abundant protein in the blood, so it
is the first candidate to test. In parallel, fibrinogen can be also
tested, since it represents a diﬀerent group of proteins, due to its
elongated shape, compared with the spherical 3D conformation
of albumin [9, 18]. When incubating nanoparticles with albumin
or fibrinogen, the droplet size of nanoparticles could notably
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increase due to the formation of microscopic aggregates, thus not
enabling measuring by light scattering techniques (Fig. 27.4).
However, in some cases, the size remains in the nanometric
range and can be measured by DLS (Fig. 27.4A), although in most
cases, the presence of aggregates is so evident that measurements
overpass the nanometric range and can be confirmed
under optical microscopy (see Fig. 27.4B as an example). If
the aggregation is even huge, macroscopic sediment will also
appear (Fig. 27.4C).
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Figure 27.4 (A) Hydrodynamic size distribution of a PLGA nanoparticle
dispersion before (left) and after (right) incubation with fibrinogen;
(B) optical micrographs; (C) macroscopic appearance. The change in
the visual aspect, microscopic structure, and nanometric size indicates
the presence of aggregates.

It is worth noting that physiological conditions may vary
in patients (diseased individuals), compared with healthy
individuals. For this reason, to design a personalized therapy for
each patient, physiological conditions to test the stability of
nanomaterials must be tuned in order to simulate the environment
of each patient. However, achieving commercial protein mixtures
that simulate disease conditions is usually much more difficult
than using healthy materials, which could make the study
difficult and even result in difficult extrapolation of results
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obtained in research laboratory to what would happen in disease
physiological conditions. In this case, after the laboratory study
of the interactions with conditions similar to those of diseased
individuals, it is recommended to study protein interactions
in an animal model of the disease, to find out if the expected
behavior of the designed nanomaterial takes place.

27.2.1.2 Electrophoretic techniques
Electrophoretic techniques (summarized in Table 27.1) are
also used to study the interactions between nanomaterials and
proteins. They consist of the migration of charged molecules
(DNA, RNA or proteins) through a polymeric matrix under an
Table 27.1 Summary of main electrophoretic techniques
Technique

Characteristics
of analyses
Advantages

SDS-PAGE
Proteins present Simple and
electrophoresis in a sample
aﬀordable
separated as
a function of
their molecular
weight
Rocket immunoelectrophoresis
and radial
immunodiﬀusion

Quantification
of individual
proteins
Study of BSA
interaction with
nanoparticles

2D immuno
Quantification
electrophoresis of individual
proteins
Study of the
activation of the
complement
system

Disadvantages References
Requires
preparative
steps

Manabe
(2000)
Hames (2002)

Simple,
Require a
quick, and
calibration
reproducible curve
High accuracy
Quantitative
results
Use of little
equipment
No preparative
separation
steps

Mancini
(1965)
Laurell
(1966)
Weeke (1973)
Vauthier
(2009)
Vauthier
(2011)

Simple,
quick, and
reproducible
Use of little
equipment
Quantitative
results
No preparative
separation
steps

Bertholon
(2006)
Vauthier
(2011)
d’Addio
(2012)

Require a
calibration
curve
Difficult to
extrapolate to
in vivo results
Low sensitivity
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electric field provided by submerged electrodes, the migration
being dependent on either the size or the isoelectric point of the
studied material [19]. The polymeric matrix is usually composed
of agarose, to separate macromolecules, such as nucleic acids
or polyacrylamide, to separate smaller molecules such as
proteins [19]. They have been widely used in the nanomedicine
field to determine hydrodynamic sizes, study the formation of the
protein corona onto the nanomaterial surface and the adsorption
of specific proteins onto the nanomaterial surface [3, 18, 20–22].
Their main uses are described in the following subsections.

27.2.1.2.1 SDS-PAGE Electrophoresis
Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) is the most commonly used electrophoresis to study
proteins. It is a denaturing electrophoresis that, performed in a
single dimension (the most common application), separates
proteins as a function of their apparent molecular mass, since
after the denaturing process and incubation with SDS reagent,
all proteins are equally negatively charged, without their 3D
structure [19, 23]. The size of the pores formed in the polymeric
matrix depends on the percentage of the polyacrylamide used [19].
SDS-PAGE is a simple and aﬀordable technique that has
been used, prior to in vitro and in vivo studies, to find out and
quantify the proteins attached to the nanoparticle surface, for
example see Fig. 27.5 [19, 24]. It is recommended as a first
approximation to find out the level of protein corona formation
on a nanomaterial surface, which is called opsonization, and
represents the first step of a nanosystem phagocytosis, which
is not desired, because it neutralizes the nanomaterial and then
it cannot reach the target organ, thus unable to perform the
therapeutic action. When analyzing a library of formulations, this
technique can be useful to select the one that is less opsonized.
However, since it is a basic technique, the information that it gives
is limited, and after this preliminary analysis of opsonization,
more specific techniques (detailed below) are recommended.
It has some disadvantages, such as the number of preparative
steps required prior to electrophoresis and the only semiquantitative result that it gives [23].

NanoparƟcle InteracƟon with Biological Components
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250 KDa
150 KDa
100 KDa
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20 KDa
15 KDa
10 KDa
Figure 27.5 Example of SDS-PAGE of PLGA nanoparticles incubated with
fetal bovine serum (FBS). NP + FBS fraction corresponds to those
proteins strongly adsorbed onto the nanoparticle surface, while the SN1
fraction corresponds to the non-adsorbed proteins. As it can be easily
seen, the amount and kind of adsorbed protein is lower than the
non-adsorbed ones [25].

27.2.1.2.2 Immunomethods
The term immunomethods or immunochemical methods
comprises a variety of immunoelectrophoretic methods, which
could be defined as the use of antibodies to detect the results
obtained by electrophoresis [9]. Therefore, the high sensitivity of
immunomethods is an advantage, in contrast to the high cost that
antibodies involve. Diﬀerent kinds of agarose electrophoresis are
performed, where proteins migrate under various conditions. After
the time left to run, proteins are detected through gel incubation
with specific antibodies, which are further stained, for example,
with Comassie Blue. In this review, three kinds of immunomethods
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are described—radial immunodiﬀusion, rocket immuneelectrophoresis, and 2D-immunoelectrophoresis—which were
considered of interest to study the interactions of proteins
with nanomedicines in colloidal dispersion (examples in Fig. 27.6).

(A)

200 mg

(B)

50 mg

50 mg
100 mg
20 mg
100 mg

(C)

200 mg

Figure 27.6 Examples of the gels obtained using described techniques.
(A) Rocket immunoelectrophoresis of the free bovine serum albumin
(BSA) after being incubated with polymeric nanoparticles at increasing
concentrations. (B) Radial immunodiﬀusion of the free bovine serum
albumin (BSA) after being incubated with polymeric nanoparticles
at increasing concentrations. (C) 2D-immunoelectrophoresis of the
C3 proteins after being incubated with polymeric nanoparticles. Adapted
from [25].

27.2.1.2.2.1 Rocket immunoelectrophoresis
Rocket immunoelectrophoresis is a rapid, simple, and reproducible
immunochemical technique to determine and quantify a single
protein contained in a sample in which other components, even
other proteins, can be present. Samples are loaded in circular
wells at one edge of the agarose gels and migrate in the gel
under an electric field. The protein migration results in a rocketshape precipitation (Fig. 27.6A), whose height is proportional to
the protein concentration [9, 26].
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This method is widely used for the determination of the
bovine serum albumin (BSA) protein that remains in solution, after
its incubation with diﬀerent kinds of polymeric nanoparticles,
although it could be used for other types of nanosystems, since
BSA is the major protein of the blood and its interaction
with nanomaterials will influence their fate and biodistribution
[9, 27]. It can be also used for the study of other kinds of
proteins. Nevertheless, since BSA is the main protein in blood,
when studying other proteins, it must be taken into account
that the behavior of individual minor isolated proteins could
vary when major proteins are present. To circumvent this
problem, a strategy is to incubate nanomaterials with FBS or a
protein cocktail but detect specifically the desired protein.
27.2.1.2.2.2 Radial immunodiffusion
Radial immunodiﬀusion is an immunochemical method for the
quantification of a single protein contained in a sample with other
components. Like the others, it consists of an agarose gel. In this
method, however, the samples are loaded in circular wells at a
central region of the gel and diﬀuse through the gel, forming a
sedimentation ring (Fig. 27.6B) whose diameter is proportional
to the amount of free protein that has diﬀused [9].
As rocket immunoelectrophoresis, radial immunodiﬀusion
has been widely used for the quantification of free BSA after
its incubation with polymeric nanoparticles [9]. The diﬀerence
between them is the concentration of proteins that they can
detect: While rocket immunoelectrophoresis can detect protein
concentrations as low as 5 μg/mL, radial immunodiﬀusion
requires at least 50 μg/mL of proteins or higher to be detected.
Therefore, it is recommended to use both techniques for the
same study to have a wider concentration range to study.
Since
both
radial
immunodiﬀusion
and
rocket
immunoelectrophoresis are similar techniques, their advantages
and drawbacks are summarized together. An important advantage
of both techniques is the possibility to obtain quantitative
results with little equipment and a rapid, easy, sensitive, and
highly accurate method [9, 22, 28]. Another relevant advantage
is that they can be performed directly with bioconjugates, without
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a separation step of proteins from nanomaterials, which is
advantageous because separation steps could change the balance
of attached/nonattached proteins and perturb the results.
A drawback of these techniques is the requirement of running a
calibration curve, necessary for the quantification of the studied
proteins. The calibration curve is usually composed of known
concentrations of the proteins to test. For radial immunodiﬀusion,
the calibration curve consists of a linear relationship between
the square of the diameter of the sedimentation rings and
the concentration of the protein in the well, while for rocket
immunoelectrophoresis, it is a linear relationship between the
height of the immunoprecipitation peak and the protein
concentration in the well [9, 25]. Another important drawback is
the difficulty to perform these techniques with surfactant
containing samples, since some surfactants, such as the widely
used polysorbate 80, were described to perturb the quantification
of the results [29].

27.2.1.2.3

2D-immunoelectrophoresis to detect
nanomaterial interacƟon with C3 complement
protein

2D immunoelectrophoresis is a very versatile technique that
can be used for a multiplicity of purposes, all of them involving
protein migration, such as the careful study of protein opsonization
(using a nondenaturalizing gel): running of a first dimension as a
function of protein molecular weight and running of the second
dimension as a function of the isoelectric point (pI). Although
many proteins are present in FBS, each spot of the 2D gel will
represent a protein of a characteristic MW and a characteristic
pI, which can be attributed to a single protein. Since this
technique has been used for many purposes for a long time, its use
in the nanomedicine field is not extended, and its description is
beyond the scope of this chapter.
However, in this chapter, 2D immunoelectrophoresis
is presented as a useful tool to study the activation of the
complement system, as an indication of the influence of
nanomedicine on the immune system, which is a key parameter
to study nanomedicines before in vivo administration, since it
will determine the lifetime of the nanomedicine, its fate, and
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biodistribution [30, 31]. This technique specifically detects the
interaction of the nanosystems with the C3 protein. This protein,
when activated, is broken into diverse fragments of diﬀerent
shapes and sizes (Fig. 27.7A). 2D immunoelectrophoresis of C3
protein consists of the use of a horizontal agarose protein
electrophoresis in two dimensions. In the first dimension, the
C3 and its subunits are separated as a function of their molecular
weight (the smaller the fragment, the further it migrates),
while in the second dimension, they are separated as a function
of their concentration (the higher the concentration, the further
they run) (Fig. 27.6C shows an example of a C3 activated material).
To study the complement system activation, the C3 protein
is the best choice, since it is a key protein and the major protein of
the complement cascade [30–32]. Therefore, it has to be incubated
with the samples to test. After incubation, samples are loaded
into the well of the gel and then migrate through the two
dimensions. If the C3 protein is not activated, which means that
nanomaterials do not influence the complement cascade, a single
peak at slow migration in the first dimension is obtained,
corresponding to the entire C3 protein (Fig. 27.7B, left). In contrast,
if a sample activates the C3 protein, it breaks into fragments
that—since they are smaller—migrate longer in the first dimension
and are detected as two peaks (Fig. 27.7B, right) [31].
This methodology is a rapid, versatile, and facile technique
that can be applied with simple equipment. However, its
sensitivity is low and if the nanosystems is composed of protein
components, it will give a higher interaction of the C3 protein,
although in some cases that does not mean that a higher activation
of the immune system is produced (false positive) [18, 30].
When designing nanomaterials for therapeutic applications, in
many cases, it is not desired to activate the immune system, since
if it detects the administered nanosystems, it will activate
the degradation of the component detected as exogenous.
As a consequence, the nanosystems will be cleared, not enabling
their arrival to the target organ. An exemption of this assumption
is the case of immunotherapy, where the activation of the
immune system is required. Nevertheless, in any case, complement
activation is an important parameter to study.
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Figure 27.7 (A) Schematic representation of the classical pathway of
the complement activation. Circles represent the proteins analyzed by
this technique. (B) The expected 2D-immunoelectrophoresis gels when
studying diﬀerent types of samples.

Therefore, the application of this technique is recommended
together with the study of protein corona formation (described
in Section 27.2.1.2) for a preliminary study of the interaction
of nanomaterials with proteins and their further detection and
elimination by the immune system.

27.2.1.3 Blood coagulation study
The coagulation or clotting time is another important parameter
to study before preclinical studies, which is related to the
interaction of the nanosystems with proteins of the coagulation
cascade. This interaction could elongate or shorten the coagulation
time, but in most cases, it is not desired to modify coagulation
time. Although standard values for the coagulation time exist,
they could slightly vary for each individual. As stated earlier,
these slight variations are especially important when designing
personalized therapies, specifically in the case of diseased
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individuals, since some diseases can modify the blood coagulation
times (e.g., hemophilia), and controls of diseased blood are
required to study the eﬀect of nanomaterials.
Blood coagulation times can be assessed by performing
two tests that correspond to the two pathways of coagulation
cascade activation (Fig. 27.8). It is important to study both the
extrinsic and the intrinsic coagulation times, since nanomaterials
could produce a specific eﬀect only in one of the pathways that
could be underestimated if only the other one is studied.

Figure 27.8 Schematic representation of the blood coagulation cascade.

The prothrombin time (PT) test measures the activation of
coagulation by the extrinsic or tissue factor. For the assessment
of the coagulation time, once a sample is placed into the
coagulometer, phospholipid calcium thromboplastin is added and
the coagulation time is automatically assessed. Normal values
for healthy humans are in the range 12–15 s.
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The activated partial thromboplastin time (APTT) test
consists of the measure of the activation of the contact or intrinsic
coagulation pathway. To calculate this parameter, cephalin, a
negatively charged phospholipid acting as a contact activator,
is added to the sample previously placed in the coagulometer.
The mixture is incubated for 2 min, followed by the addition of
calcium chloride to activate the clot formation and measurement
of the coagulation time. For this experiment, the normal values
for healthy humans are 25–35s [33].
To perform this technique, it is important to obtain blood
(human blood if possible) of high quality and maintained in a
noncoagulation environment. In addition, the use of fresh blood
is strongly recommended, since after some days, the blood is
damaged. As indicated above for other techniques, this technique
is based on the use of a biological material, the blood; so variations
between individuals, and more with diseased individuals, are
expected. Therefore, it is a must to study the eﬀect of nanomaterials
on the coagulation of blood from diﬀerent individuals.
It must be taken into account that one of the key proteins
of the coagulation cascade is fibrinogen (Fig. 27.8). Therefore,
the interaction of nanomaterials with this protein could influence
the coagulation cascade [33]. For this reason, it is recommended
to study the fibrinogen aggregation if alterations on the
coagulation cascade are found, using techniques stated above,
such as a nanosystems’ stability in the presence of fibrinogen and
fibrinogen electrophoresis (instead of BSA, as described above)
after incubation with the nanosystems.

27.2.2

Techniques to study interactions of
nanomaterials with cells

Apart from interactions with proteins, when nanomaterials enter
the body, they also get in contact with the cells. The interaction
of nanomaterials with one type of cells can be desired, when
aiming to transfect them using genes, for example, but it may
also be undesired, when this interaction is with immune cells
(with the exception of immune therapies). In addition, it must be
taken into account that the presence of the nanomaterial or the
presence of its degradation products can produce cell toxicity.
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Techniques to study both cell interactions and cell toxicity are
summarized in the following subsections.

27.2.2.1

Desired interaction with cell surface: nanomaterial
uptake

Nanomaterial uptake is a key point to further achieve pharmacological action of the drug or the transfection of genetic material.
The most common mechanism of nanoparticle uptake is by
endocytosis, using diﬀerent pathways (e.g., caveolae or clathrin)
that depend on the properties of the nanomaterial. Therefore,
nanosystems must be carefully designed in order to target the
desired receptor. In addition, cell type–specific receptors must
be also used, which need nanomaterials to be previously
functionalized with an active target moiety.
It is important to remark on the use of fluorescent dyes to
follow a nanosystems’ uptake, labeling both the nanosystem and
cell components. The colocalization of the nanosystem dye with
the subcellular structure labeled means that the nanosystem
penetrates the cell through this route.
In this case, in contrast to the techniques used to study the
nanomaterials’ interaction with proteins, to study the interactions
of nanomaterials with cells, cells are required. Similar to all
techniques that use cell cultures, the results will depend not only
on the properties of the nanomaterial studied but also on the cell
type used. In most studies, immortalized cell lines are used, due
to their ease of use, commercial availability, and immortality.
However, the results using primary cell lines are more reliable,
since they come directly from biological individuals or animals
and they have suﬀered fewer modifications than immortalized
cell lines. Therefore, when translating into in vivo studies, the
results are expected to be consistent. However, obtaining
primary cell lines can be difficult for nonspecialized groups as
working with them requires well-trained researchers, together
with access to these cells.

27.2.2.2

Phagocytosis assessment

Phagocytosis is a specific kind of nanomaterial uptake, but it
can be only performed by the so-called phagocytic cells, macrophages being the most representative. In contrast to endocytosis,
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phagocytosis is not desirable in most cases, since it represents
the first step in the elimination of the nanosystem by the
reticuloendothelial system (RES). Many parameters of the
nanomaterial influence the phagocytic rate. For example,
the PEGylation of the nanomaterial, together with an elongated
shape, is a factor that decreases phagocytosis [16, 33]. Similar to
cell penetration, phagocytosis can be studied in vitro taking
advantage of fluorescence microscopy.

27.2.2.3

Toxicity assessment techniques

Colloidal nanomedicines have to be always designed to ensure
the use of biocompatible and biodegradable materials, thus
achieving a safe therapy. However, the properties of nanomaterials
sometimes diﬀer from those of the materials they are made of
and physiological interactions of nanomaterials with biological
components may diﬀer from those of isolated materials [2, 3].
For this reason, before starting any in vitro and further in vivo
assays, nanomaterial toxicity has to be studied in depth using
various cell lines and diverse toxicity tests, since each test
measures diﬀerent parameters of the cells and they have
diﬀerent sensitivity [34]. These tests, in general, have the
advantage of a facile, rapid, and economic performance, and more
important, the use of animals is reduced, which should be done
only when in vitro alternatives do not exist [35]. However, it is
also remarkable that some results obtained in vitro cannot be
extrapolated to the in vivo behavior [35]. In the following sections,
the most commonly used tests to assess nanomaterials toxicity
in vitro, namely hemolysis and cytotoxicity, are discussed.

27.2.2.3.1

Hemolysis determination

Erythrocytes or red blood cells (RBCs) represent the most
abundant cells in the blood (around 45%). They are responsible for
oxygen transport to the tissues and the removal of carbon dioxide,
also contributing to the acid–base blood balance. Therefore, a
nanomaterials’ eﬀects on erythrocyte integrity represents a widely
used measure of their toxicity in the blood [18, 33]. The term
hemolysis refers to the potential of a substance to damage
erythrocytes, which may lead to their loss. It occurs when
the hemoglobin is released from a compromised or ruptured
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erythrocyte plasma membrane. Not only is erythrocyte hemolysis
a dangerous process for an individual’s survival, but also the
released hemoglobin represents a toxic component in the blood.
Hemolysis is one of the most used techniques to study the
eﬀects that injected materials produce on the blood, since in
this case, these in vitro results usually correlate quite well with
in vivo results [33]. To measure the produced hemolysis,
spectroscopic measures are performed in nanomaterials incubated
with erythrocytes during diﬀerent times, as schematically
described in Fig. 27.9.
Blood
cleaning

Blood

Cleaned
RBCs

Nanomaterials
incuba on with
RBCs

Possible
results

Hemolysis

RBCs +
nanomaterials
Colloidal
nanomaterials

No
hemolysis

Figure 27.9 Schematic representation of the hemolysis assay.

It is worth noting that the interaction of nanomedicines
with erythrocytes are largely determined by their physicochemical
characteristics: mainly size, surface charge, and shape [33].

27.2.2.3.2

Cytotoxicity assessment

Colloidal nanosystem cytotoxicity is a key parameter that must
be studied when initiating in vitro assays, before any preclinical
studies. The cytotoxic character of a nanomaterial can be given
not only by its components but also by its physicochemical
properties. Remarkably, although a bulk material is biocompatible
and biodegradable, in the nanomaterial form, it could produce
some toxicity [3]. In addition, the compatibility of nanosystems
with biological tissues depends also on the tissue type as well
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as on the assay performed, since diﬀerent assays measure
diﬀerent parameters related with cell viability. For this reason,
it is strongly recommended to study colloidal nanomaterial
toxicity in diﬀerent cell lines, performing various toxicity tests,
which are described in the following subsections [34, 35].
Currently many fluorescent dyes are available that can be
useful in determining cell viability under confocal microscopy or
by flow cytometry, such as DAPI. However, they are beyond the
scope of this chapter.
27.2.2.3.2.1 MTT test
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) colorimetric assay is by far the most widely used cytotoxicity
test in vitro, together with the MTS assays, which is a modification
of the MTT but both give the same results [36–38]. This test
assesses the cell viability by means of measurement of the
mitochondrial cell activity [38, 39]. Since mitochondrial
dehydrogenase enzymes cleave the tetrazolium ring, tetrazolium
salts (the MTT reagent) are quantified to perform this test. After
their formation, they are dissolved in dimethyl sulfoxide and their
amount is quantified by spectroscopic colorimetric absorbance.
The highest the absorbance, the higher the number of MTT
crystals formed and, consequently, the highest the cell viability.
Together with the neutral red assay (detailed in the following
text), they are the most sensitive cytotoxicity tests [17, 34].
Although MTT has been used extensively, in some cases, it
does not give reliable results. Since it measures the mitochondrial
activity of cells, when working with very slow dividing cells or
even in confluence conditions (e.g., to reproduce the BBB, a body
structure that does not divide in normal conditions), metabolic
cell activity is very low, thus resulting in a limited formation of
crystals and resulting in a low absorbance that can be barely
quantified. Therefore, in this case, MTT is not recommended.
27.2.2.3.2.2 LDH assays
The lactate dehydrogenase assay (LDH assay) measures LDH
activity in the extracellular media, which gives an indication of the
rupture of the cell membrane [33, 39, 40]. It was first developed
to test the cytotoxicity in neuronal cells [41]. Specifically, this
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test measures the production of lactate and NAD+ from pyruvate
and NADH, reaction that only takes place in the presence of the
LDH enzyme, by measuring the absorbance of NADH [34, 41].
Therefore, only in the presence of LDH, the absorbance should
decrease due to the oxidation of NADH [41]. Since it is a measure
of the extracellular LDH, the highest the LDH activity, the more
damaged the cell membrane and, consequently, the lowest the
viability of cells [17].
27.2.2.3.2.3 Neutral red
The neutral red assay is another spectrophotometric test to
study nanomaterial cytotoxicity in cell cultures. It is based
on the incubation of cell cultures with neutral red (toluene
red), which is internalized by live cells and accumulated in
lysosomes. Therefore, the higher the neutral red uptake,
the higher the cell viability [17, 34].
27.2.2.3.2.4 Trypan Blue
The trypan blue assay is based on a principle similar to that of
the neutral red assay. In this case, however, trypan blue, as a
diazo dye, is only permeable to compromised cell membranes;
therefore, only dead cells are stained in blue. The amount of cell
death is quantified via optical light microscopy measurements
and calculation of viability percentage [17]. This assay can also be
performed with other similar dyes, such as the Evans blue assay.
Summarizing cytotoxicity assessment techniques in vitro, a
combination of at least two techniques is recommended when
performing a safety profile of nanomaterials in vitro to have
complete and reliable results. Although in the vast majority of
studies, only the MTT (or the alternative MTS) test is used, as
described above, there are some specific cases in which it does
not give reliable results. For this reason, it is recommended to
perform the MTT but in combination with another technique.
Among the other three assays described in this chapter, trypan
blue is used in most studies only for the qualitative assessment
of the cells when passaging cultures, due to its easy and rapid
performance, to ensure that the number of cells counted are alive.
Neutral red is less used. Therefore, for comparison with previous
studies, it is recommended to test the MTT together with the LDH.

859

860

Characterization of the Interaction between Nanomedicines and Biological Components

27.3

Conclusions and Future Prospects

During the design of nanosystems for medical and pharmaceutical
purposes, it is a key factor to study their interaction with biological
components, since it will determine the nanomaterial half-life,
fate, and biodistribution in the body.
As described in this chapter, there are many techniques to
study nanomaterial interaction with proteins. Since most
nanomaterials are designed to be administered through the
parenteral route, it is important to apply a technique for the study
of the general interaction with all blood proteins, as well as to
specific techniques for the study of key proteins. Among blood
proteins, interactions with albumin should be studied, because
it is the most abundant protein in the blood and, consequently,
nanomaterials will rapidly find themselves surrounded by albumin
when administered. In addition, the interactions with the C3
complement system protein are also encouraged, since this study
enables the first indication of the reaction of the immune system
through a designed nanomaterial.
On the other hand, it is also important to study the interaction
of nanosystems with cells. To achieve a personalized therapy,
nanomaterials must be designed with a specific surface, targeting
the desired receptor of a target cell. A first approximation of
the study of nanomaterial uptake can be performed in vitro.
However, there are also many undesired interactions with other
cells, which could result in cell and/or blood toxicity, which must
be known before in vivo studies.
Nevertheless, most current studies focus on the therapeutic
activity of nanomaterials, while they forget to study the safety
profile. Therefore, the translation of the results to clinical studies
is very difficult and nonexistent in most cases. To overcome
this problem in future studies, a deep study of the interaction
of nanomaterials with any kind of biological protein and/or cell
is strongly recommended before translation to clinical trials
to establish novel and personalized therapies.
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28.1

Introduction

Although vaccines and immunotherapies are designed to engage
the human immune system in fighting disease, unwanted immunogenicity can be a major problem for protein-based therapeutics.
Some patients produce antidrug antibodies (ADAs), which might
lead to drug inactivation or adverse eﬀects. Even human and
humanized proteins have proven to be surprisingly immunogenic
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in some cases, suggesting that immune tolerance requires careful
consideration in biologic product design. In rushing to deliver
new drugs to market, some biotherapeutics developers have
overlooked factors that contribute to protein immunogenicity.
Fortunately, the parameters influencing vaccine efficacy have been
thoroughly studied for years, which allows biopharmaceutical
companies to draw parallels when addressing immunogenicity
of their protein therapeutics. Individual variations in patient
tendencies to develop ADAs are probably genetic; so this is
another area where personalized medicine and pharmacogenomics
may help the industry progress.
The immune response to biologic products often involves
B or T cells. The former produce antibodies that bind to proteins
and thus reduce or eliminate their therapeutic eﬀects. Potential
complications can be life threatening. Thus, measuring the
tendency to trigger antibody formation is an important part of
determining the clinical safety and efficacy of protein-based
drugs. T cells help activate B cells, especially for disease cases in
which a patient’s natural protein is defective in some way.
That patient’s T cells could treat protein therapeutics as if they
were foreign invaders because they are diﬀerent from the native
protein. Such a response has been noted, for example, in some
hemophilia patients, whose blood factor VIII is genetically
defective. They may develop ADAs when infused with a correct
factor VIII therapeutic protein (e.g., Bayer’s Kogenate or Baxter’s
Advate products), presenting a significant impediment to such
treatment. It is, in fact, considered to be “the most important
problem in hemophilia A care today” [1]. Rheumatoid arthritis
is another condition for which treatments are complicated by
immunogenicity [2].

28.1.1 Regulators Respond
Regulations often come about in response to specific events
that highlight the need for government oversight of a specific
business activity. Late in the 20th century, notable occurrences
of pure red-cell aplasia (PRCA) associated with erythropoietin
treatments [3] led to closer scrutiny by regulators in several
countries, and Box 28.1 lists some of the results. Meanwhile,
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biotherapeutics developers began looking closer at the subject,
too [4]. Immunogenicity is now considered to be a basic aspect
of biologic product safety. It is generally accepted that repeated
administration of protein therapeutics can lead to ADA production
in patients. So there is no dearth of guidance available to
biopharmaceutical companies embarking on immunogenicity
assessment of their products in development [5].
Box 28.1 International guidelines

European Medicines Agency
EMEA/CHMP/BMWP/14327/2006: Guideline on Immunogenicity Assessment
of Biotechnology-Derived Therapeutic Proteins. European Medicines Agency:
London, UK, 13 December 2007; www.ema.europa.eu/docs/en_GB/document_
library/Scientific_guideline/2009/09/WC500003946.pdf.
EMA/CHMP/BMWP/86289/2010: Guideline on Immunogenicity Assessment of
Monoclonal Antibodies Intended for In Vivo Clinical Use. European Medicines
Agency: London, UK, 24 May 2012; www.ema.europa.eu/docs/en_GB/
document_library/Scientific_guideline/2012/06/WC500128688.pdf.
EMA/275542/2013: Concept Paper on the Revision of the Guideline on
Immunogenicity Assessment of Biotechnology-Derived Therapeutic Proteins
(CHMP/BMWP/42832/2005) (Draft). European Medicines Agency: London,
UK, 20 February 2014; www.ema.europa.eu/docs/en_GB/document_library/
Scientific_guideline/2014/03/WC500163623.pdf.

US Food and Drug Administration
CBER/CDER. Draft Guidance for Industry: Assay Development for Immunogenicity
Testing of Therapeutic Proteins. US Food and Drug Administration: Rockville,
MD, December 2009; www.fda.gov/downloads/Drugs/.../Guidances/
UCM192750.pdf.
CDER. Draft Guidance for Industry: Immunogenicity-Related Considerations
for the Approval of Low Molecular Weight Heparin for NDAs and ANDAs. US
Food and Drug Administration: Rockville, MD, April 2014; www.fda.gov/
downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/
UCM392194.pdf.
CBER/CDER. Guidance for Industry: Immunogenicity Assessment for Therapeutic
Protein Products. US Food and Drug Administration: Rockville, MD, August
2014;
www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatory
Information/Guidances/UCM338856.pdf.
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For example, guideline S6 from the International Conference
on Harmonisation of Technical Requirements for the Registration
of Pharmaceuticals for Human Use (ICH) describes approaches
to preclinical testing, including that for immunogenicity [6].
The guideline was adopted by the European Medicines Agency’s
(EMA’s) Committee for Medicinal Products for Human Use (CHMP)
in 2011 and by both the US Food and Drug Administration (FDA)
and the Japanese Ministry of Health, Labour, and Welfare
(MHLW) in 2012. Note that immunogenicity is not to be confused
with immunotoxicity (the unwanted side eﬀect of immunesystem suppression), for which ICH has another specific guidance
(ICH S8).

28.2

Cause and Effect

Many factors contribute to the immunogenicity of recombinant
biologics, some related to the route and frequency of administration
or a patient’s own circumstances, but most directly involving
the product itself [7]. Nonhuman sequences of amino acids in a
protein’s make-up are well known to elicit an immune response;
that is the main reason the industry pushed for “humanizing”
and developing “fully human” antibodies some two decades ago.
Contaminants and adventitious agents are likely to do the same.
Immunogenic glycosylation patterns have limited the use of
plant- and yeast-based expression systems. Some stabilizing agents
and storage media can make products more immunogenic (even
acting like vaccine adjuvants), especially in combination with
out-of-specification temperatures or rough handling. Protein
oxidation and aggregation also are likely to cause trouble; the
former can lead to the latter, which also can be caused by other
means. Often no single underlying factor can be pointed to, but
rather several factors will interact to cause a problem.
In addition to the erythropoietin events referred to above,
ADA issues have arisen over time with blood factors VIII and
IX, interferons α and β, interleukin, hormones, and monoclonal
antibodies (MAbs)—with clinical consequences ranging from
none at all (for growth hormone) to loss of product efficacy (the
most common result of immunogenicity), allergic anaphylaxis,
and PRCA as mentioned above. In the latter case, patients’
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immune systems went on to attack their own native protein as
well as the introduced recombinant product. Regulatory guidance
for immunogenicity continues to be revised, and class-specific
guidance is emerging as research brings more cause-and-eﬀect
understanding to light.
Protein aggregates are often immunogenic. However, “in the
absence of adjuvants, proteins usually are not immunogenic, in
fact, often they are tolerogenic” [1]. That is the basis of allergy
immunotherapy, for example, through which controlled exposure
to small amounts of a given allergen builds up a patient’s tolerance
to it. “Tolerogenicity” is a never-ending source of consternation
for vaccine developers—but something that biotherapeutics
companies love to see. So immunogenicity of therapeutic protein
products—especially fully human and humanized products—often
can be attributed to copurified impurities (e.g., from animalsourced products used in biomanufacturing), aggregation and
conformation changes that attract T-cell attention, and even simple
product storage and handling. One common cause of unwanted
immunogenicity is inclusion of polysorbate (Tween) surfactants
in biotherapeutic formulations [8]. All these are the types of
problems that manufacturing changes can solve.
“Little is known about the mechanism of aggregate induction
of immunogenicity,” says Ed Maggio (CEO of Aegis Therapeutics).
The most immunogenic type seems to be large, multimeric protein
aggregates made up of native-like molecules with repetitive
epitopes on their surfaces—leading to an assumption that more
available binding sites increase risk [9]. Aggregates of denatured
protein also can induce antibody production, but the results
should not be product-neutralizing antibodies because protein
conformation is lost through denaturation. That is, ADAs that
recognize unfolded linear sequences are not likely to latch onto
properly folded versions of those same sequences; it happens, but
it is rare.
So the occurrence of aggregation itself does not guarantee
trouble. ADAs against aggregates may not bind to single monomers
and, even if they do, they do not always cause problems. Diﬀerent
immunological mechanisms have been hypothesized based on
the diﬀerent types of immunogenic threat, some involving T
cells and some not. The biopharmaceutical industry is actively
seeking reliable predictive models to address immunogenicity of
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protein aggregates, but doing so requires improved understanding
of how it works.
When it comes to formulation-based immunogenicity, Maggio
says that polysorbates 80 and 20 are the main oﬀenders. To
complicate matters, these nonionic surfactants are included in
most biotherapeutic drug products to prevent aggregation and
extend shelf life. They are mixtures, themselves (of fatty-acid
esters) that inevitably include spontaneously generated oxidative
contaminants (e.g., protein-damaging peroxides, epoxy acids,
and reactive aldehydes that react with methionines, histidines,
lysines, cysteines, tryptophans, tyrosines, and primary amino
groups). Those impurities can form immunogenic “neoantigens.”
Lot variability in the extent of polysorbate degradation can
cause subsequent lot variability in biologics immunogenicity. At
the very least, that can complicate bioequivalence comparisons
required for regulatory approval and postmarket surveillance—or
lead to lot failures, recalls, and even necessitate reformulation
and requalification that can involve expensive human trials. Maggio
points to studies that have found a broad range of hydroperoxide
content in commercially available polysorbate products [10].
The level of reactive contaminants in those preparations varies
over time because auto-oxidation of polysorbates is spontaneous
and progressive.
In response to such findings, suppliers have made available
specifically “high-purity” polysorbate preparations. These are
treated to remove peroxides and packaged with oxygen excluded
from their containers (in the headspace, it is replaced with nitrogen
or argon). But oxidation begins as soon as the contents come
into contact with the air, Maggio points out, and such reactions
will accelerate in aqueous solution [11]. Again, this may or may
not cause a problem—polysorbates may help or harm—so risk
assessment must be based on real data from laboratory analyses.

28.3

Evaluating Immunogenicity

Because therapeutic proteins have diﬀerent properties and
aggregation profiles, each poses a unique immunological risk. So
experts recommend a case-by-case approach to assessing such
risk. That posed by the presence of aggregates, for example, comes
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from not only their tendency to trigger ADAs, but also the clinical
consequences that those antibodies might have [9].
The amount, size, and type of aggregates necessary to trigger
immune responses are a major concern for pharmaceutical
companies and regulatory agencies. Current US Pharmacopeia
(USP) particulate requirements state that particles >10 μm in
size should be controlled below 6,000 particles per container,
but no regulations have been established for the smaller sizes.
Therefore, it is possible that immunogenically relevant protein
aggregates have been routinely ignored by these regulations.
For every aggregate >10 μm present in a formulation, there can
be considerable amounts of slightly smaller aggregates, and
each may contain hundreds or thousands of protein units. Thus,
given the lack of knowledge regarding the most immunogenic
aggregate sizes, it is important to develop instruments, protocols,
and regulations that properly address a broader range of
particle sizes, especially in the subvisible range [9].

Circulating ADAs are the primary measurement used in
defining an immune response to recombinant protein products.
As mentioned above, both patient-related and product-related
factors come into play, and those provide a starting point for
immunogenicity risk assessment. Ideally, all potential factors
should be taken into consideration early in drug development.
Information about patient immune responses to protein
therapeutics is required for marketing applications. And limited
data may be available at the time of product launch, so postmarket
surveillance is often necessary. Methods for evaluating immunogenicity include in silico screening and protein structure analysis,
analytical characterization, preclinical testing and bioanalytical
assays, and ultimately clinical trials. During early development,
preclinical data can help developers design later clinical studies
and interpret their results.
ICH S6 suggests measuring ADAs in nonclinical studies
when there is evidence of altered pharmacodynamic activity or
immune-mediated reactions in animal models or human
subjects [6]. “Samples should be preemptively collected for potential
analysis.” And when ADAs are detected, companies should assess
their eﬀects on study interpretation. The guideline says that
determining the potential for neutralizing antibodies (NAbs) is
warranted when ADAs are detected but there is no identified PD
marker to demonstrate their sustained activity.
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The EMA’s 2007 guideline cautions that “the predictive
value of nonclinical studies for evaluation of immunogenicity of a
biological medicinal product in humans is low due to inevitable
immunogenicity of human proteins in animals” [13]. Although
such experiments normally are not required, they can “be of
value in evaluating the consequences of an immune response.”
Companies must develop “adequate screening and confirmatory
assays” to measure immune responses against their products.
Such assays should distinguish neutralizing from non-neutralizing
antibodies, both in pivotal clinical trials and postmarket studies.
Data should be systematically collected from “a sufficient
number of patients.” A sampling schedule is determined for
each product by considering risks associated with an unwanted
immune response in patients. Thus, immunogenicity issues
should be addressed in a product’s overall risk management plan.
The classic immunological assay is a sandwich type of
enzyme-linked immunosorbent assay (ELISA). Other approaches
involved in immunogenicity testing include aggregation and
particle analysis [14]. Experience in applying immunochemical
analysis to clinical diagnostics and disease research has led
supplier companies such as Cygnus Technologies into the
immunogenicity field. That company oﬀers reagents and test
kits developed to overcome many nonspecific and falsepositive reactions that can confuse analysis of patient immune
responses. According to the Cygnus website, well-characterized,
immunospecific reagents can be used to establish baseline
(pretherapy) immune response; detect titer increases after
therapy; screen patient populations to identify those who may
have neutralizing antibodies; correlate antibody titers to therapies;
map immunogenic epitopes on protein structures; distinguish
between recombinant (drug) and the natural protein forms
and between immune response to a drug or associated process
contaminants; and establish isotypes and subtypes of antibodies
involved.
Other providers of immunogenicity assay reagents, kits,
and other technologies include Antitope (an Abzena company),
Meso Scale Discovery, Pall ForteBio, Perkin Elmer, and ProZyme.
But like viral safety, immunogenicity testing is an area of such
specialized knowledge that many drug-sponsor companies prefer
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to outsource the work to contract testing service providers such
as those listed in Box 28.2. And some contract manufacturing
and development organizations—e.g., Covance, Fujifilm Diosynth
Biotechnologies, and Lonza—make a point of touting their own
expertise in this area. Immunogenicity analysts use instruments
such as the Biacore system from GE Healthcare, high-performance
liquid chromatography (HPLC) systems from Agilent Technologies,
Cirascan microarrayers from Aushon Biosystems, the Optim
2 fluorescence and static light-scattering system from Avacta
Analytical, Bruker’s AVANCE-II nuclear magnetic resonance (NMR)
spectrometer, Gyrolab automation from Gyros, the Sysmex FPIA3000
particle-sizing system and MicroCal microcalorimetry from Malvern
Instruments, and dual-layer multiplexing technology from SQI
Diagnostics.
Box 28.2 Some immunogenicity testing services
Accuro Biologics (www.accurobio.com) in Scotland
Advanced Biodesign (www.a-biodesign.com) in France
Anabiotec (www.anabiotec.com) in Belgium
BioAgilytix (www.bioagilytix.com) in North Carolina
Charles River Laboratories (www.criver.com) in many locations across
Europe and the United States
Eurofins Bioanalytical Services (www.eurofins.com) in several locations
around the world
Haemtech
Vermont

Biopharma

Services

(www.haemtechbiopharma.com)

ImmunXperts (www.immunxperts.com) in Belgium
Intertek (www.intertek.com) in many locations worldwide
Pacific BioLabs (www.pacificbiolabs.com) in California
ProImmune (www.proimmune.com) in Florida and in Oxford, UK
Quintiles (www.quintiles.com) in multiple locales worldwide
SGS (www.sgs.com) in many locations around the world
TNO Triskelion (www.tnotriskelion.com) in The Netherlands

in
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28.3.1

The Tiered Strategy

Many experts endorse a tiered approach to immunogenicity
determination [15]. For example, Jo Goodman (senior R&D manager
at MedImmune’s Cambridge, UK, site) said at a 2013 conference
that “it is essential to adopt an appropriate strategy for development
of adequate screening and confirmatory assays to measure an
immune response against a therapeutic protein.” Assays, she
said, must be sensitive and detect responses at clinically relevant
concentrations. Developers need to consider possible interference
from “matrix factors” in patient sera, for example. Immunogenicity
assays should be able to detect diﬀerent types of responses (e.g.,
IgG or IgM) and be validated and standardized to distinguish
neutralizing from non-neutralizing antibodies. An assay should
be designed for the clinical population to which it will be applied
and ideally capable of detecting low-affinity antibodies. All these
criteria help prevent false-negative results. Use of relevant positive
and negative controls will help.
The tiered approach begins with patient samples taken and
screened at specified times during clinical trials [15]. Positive
results go through confirmatory testing, and negative results
are rejected (which explains the importance of preventing false
negatives). Samples that are confirmed positive go through further
analysis for characterization and titer, as well as neutralization
assay development. Using assays for clinical markers and
assessment of clinical response in patients, analysts then assess
the correlation of characterized ADAs with clinical responses.
Goodman describes immunogenicity assay technology as “a
changing landscape.” With the issue first brought to light just over
a decade ago, assay technology and strategies for determining
immune responses have evolved over time. “Early assay types
mainly involved ELISA, surface plasmon resonance (SPR),
fluorescence, and radioimmunoprecipitation (RIP) techniques. And
those technologies are still viable approaches. But new technology
has become available, and each platform has its own advantages
and disadvantages.” Most new approaches are variations on older
themes rather than wholly novel analytical technologies.
Starting before clinical testing begins, service providers
such as Lonza stress immunogenicity assessment by addressing
T-cell epitope mapping throughout drug development. By managing
potential drug immunogenicity at the earliest possible stage,

Evaluating Immunogenicity

Lonza says that companies can save time and money by creating
the safest possible protein products.
A number of issues can arise in immunogenicity assay
development and execution:
• cell-related problems in cell-based assays (e.g., cell-line
stability, passaging, media/sera changes, mycoplasma or
other contamination, cell banking)
• reagent trouble (e.g., stability and activity, changes in
positive controls or detection antibodies, microplate and
detection kit variability, and biological activity of specialized
reagents)
• instrumental issues (e.g., maintenance/calibration, pipette
changes, varying parameters, introduction of new brands or
models of instrument)
• problems related to assay format and execution (e.g., diﬀerent
analysts, method drift over time, potential diﬀerences
among patient samples)
The tiered approach may not work for biosimilar product
development [16]. Small diﬀerences in production processes can
lead to protein conformational or folding changes—potentially
causing aggregation and subsequent immunogenicity. Screening
and confirmation assays in the tiered approach tend to measure
ligand binding. Neutralizing assays are cell based and may involve
proliferation or gene reporters or measure potency (e.g., antibodydependent, cell-mediated cytotoxicity). Biosimilar developers have
diﬀerent questions to answer: Is my biosimilar as immunogenic
as the innovator? Might it even be “biosuperior?” What about
interchangeability?
Immunogenicity assays for biosimilar products may involve
two diﬀerent positive control antibodies: one against the innovator
product and one against its biosimilar counterpart. Some developers
wonder whether they can simply use an innovator’s assay to
detect ADAs against a biosimilar. However, that single assay can
reveal only relative immunogenicity rates between biosimilar and
innovator products. “A second assay may be necessary to reveal
true diﬀerences” [16]. In preclinical testing, immunogenicity rates
may diﬀer because of the small number of animals used. Even if a
biosimilar product appears to have lower immunogenicity than
its original counterpart, the developer will need to determine the
biological relevance of such results in combination with other data
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(e.g., pharmacokinetics, pharmacodynamics). All assays used should
have comparable sensitivity, selectivity, and precision to those
used by the innovator. Here, as everywhere in biopharmaceutical
development, a knowledge-based risk-management approach is
advised:
The more we learn regarding the factors triggering immunogenicity,
and how they affect and activate the immune system, the better we
can implement assays to predict and assess immunogenicity at a
preclinical stage, with improved clinical translational value [16].

28.4 Predict and Prevent
Before a product ever reaches clinical-phase studies and associated
bioanalysis, immunogenicity can and should be considered. Even
before preclinical testing, some companies are getting proactive.
Some even believe they may be able to ward oﬀ trouble at
the protein-design stage. Doing so could turn potential “biosimilars,”
into “biobetters”—or give innovators the kind of patent edge they
are looking for. Although as yet no reliable, straightforward
models for widespread prediction have been put forth, a number
of approaches are in diﬀerent stages of development. They may
be in vitro (cell-based analysis), in vivo (animal testing), or in silico
(computer modeling) in nature.

28.4.1

Planning and Predicting

In silico profiling is gaining interest for a number of reasons.
Modeling proteins based on their amino-acid sequences aids in
product characterization and helps companies make process
and formulation decisions early on. And some are using it at the
product discovery and lead-optimization stage to find problematic
sequences that are likely to induce immunogenicity in circulation.
T cells bind to specific epitopes (small linear fragments of
protein antigens) displayed on the surface of antigen-presenting
cells [17]. Computer algorithms have been created to map the
locations of such epitopes in protein three-dimensional structures
using frequency analysis, support-vector machines, hidden
Markov models, and neural networks.
With programs such as the EpiMatrix system from EpiVax and
Antitope’s iTope software and T Cell Epitope Database information,
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companies can quickly screen large genomic sequences for putative
epitopes—and successes among analysts involved in vaccine
design and studying autoimmune disorders are naturally leading
others to apply them in assessment of unwanted immunogenicity.
Some developers say their software can measure the potential
immunogenicity of whole proteins and their subregions. An
“epitope-density approach” is gaining acceptance for comparing
protein therapeutics, such as in drug discovery and biosimilar
development. It may reduce the risk of failure due to immunogenicity
in the clinical setting [17].
In silico approaches are still a new technology. “They are
potentially useful in R&D,” says Maggio of Aegis Therapeutics, “but
they may not impress regulatory agencies” when incorporated into
investigational new-drug (IND) applications for going into clinical
trials. Robin Thorpe (scientific advisor at ImmunXperts and an
expert in the regulatory field) says that regulators consider them a
way to guide further investigation. “But for product development,
in silico analysis can aid in selection of most appropriate
versions of products for development. To prevent overestimation,
it is almost always advisable to confirm results using in vitro
T-cell assays.”
Many scientists may feel more comfortable with in vitro
results—especially those already using cell-based assays to
measure product potency, for example. Peptides some 9-25 amino
acids long can be used to measure T-cell responses in vitro [17].
Animal testing, too, can provide results that may be predictive
of human immunogenicity—especially that associated with protein
aggregation. But an important caveat here is that predictive
information is used more to guide choices made in product design,
formulation, and clinical testing—not to serve as safety data by
itself.
“Given the number of other factors that may equally influence
immunogenicity, it seems very unlikely that [in vitro or in silico]
methods may one day fully predict an immune response to
either monomeric or aggregated therapeutic proteins” [17]. The
EpiScreen assay from Antitope is one success story: A preclinical
in vitro assay that has been shown to correlate with clinical
data [18]. Companies such as Merck and Amgen have used it in
development as well as in reformulation of problem drugs [19–21].
Box 28.3 goes into more detail.
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Box 28.3 Expert commentary: predictive analysis
I spoke with Chloé Ackaert, a project manager at ImmunXperts SA in Belgium,
about in silico and in vitro immunogenicity analysis. Here is part of our
conversation:
Q: How does in silico immune profiling fit in with the biobetter concept?
A: In silico analysis and sequence optimization is the first step, but still every
optimized protein needs to undergo other analyses before it can be concluded
that the changes made resulted in a better protein. Sequence optimization
might need other optimizations, as well. First, one must always ensure
that the protein is not impaired or altered functionally. Second, changes
in amino-acid sequence may imply diﬀerent structure, stability, and/or
pharmacokinetics and pharmacodynamics. Finally, the formulation might
need to be adapted to suit a new sequence better. This approach has a
diﬀerent aim and consequences from screening a large number of candidates
in discovery. But both provide information based on calculations and statistics,
which benefits from subsequent in vitro analysis to select the best candidate.
Q: How do you distinguish between predictive analysis and immunogenicity
assessment?
A: Predictive is a strong word that we avoid with any ex vivo analyses. We
prefer to say “early immunogenicity risk assessment.” We don’t have a crystal
ball with which to predict what a certain product will do in patients. But we
can generate a risk profile that puts a product into perspective with others
for which the immunogenic potential is known. By combining all information
from available analyses, you can make an informative profile of a candidate
molecule. But unknown factors remain that can lead to a diﬀerent profile
once a drug is in the clinic. So we don’t predict how a molecule will behave;
we assess its immunogenic risk in preclinical models. Immunogenicity
assessment is generally used to describe antidrug antibody (ADA) measurement,
which is currently possible only once a product is administered to a living
organism.
Q: What are the most promising methods?
A: We advise customers to combine in silico and in vitro analysis, the first to
screen a large panel of molecules for the best candidates. With those selected
candidates, the best way to proceed is to perform an in vitro analysis, in most
cases a T-cell proliferation assay with human immune cells. Use of those cells is
very important to provide a strong surrogate marker for the potential of drug
candidates to induce an ADA response later on. That puts their immunogenic
potential of in perspective with that of known products (benchmark molecules).
The key is to screen early to avoid problems later on.
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Q: What’s the most problematic aspect of this work?
A: Looking at data without the right context can lead to wrong conclusions.
The assays and technologies available today are of a very high quality. But the
importance of using the right controls and benchmark molecules is becoming
clear and urgent. A key concept that could improve the science is standardizing
the currently used assays and how they present results. Currently, every
service provider has its own approach, which makes assay comparison
difficult. At ImmunXperts, we aim to centralize all assays available and gather
information in a structured, standardized, and coherent way. This helps us
merge results provided by diﬀerent experts with our final aim of providing the
most complete immunogenicity profile for a given drug candidate.

In vivo testing, on the other hand, involves the entire immune
system of a complex organism and thus can “better simulate the
extremely complex scenario that results in complete immune
responses, especially when protein aggregates are involved.”
But animal models must be well chosen because most modern
recombinant proteins are humanized or fully human in nature,
making them foreign to animals by nature. Some transgenic and
knock-in/knock-out strains have been developed, as a result, and
they do oﬀer promise as predictive immunogenicity models. This
science, however, is still in its early stages.

28.4.2 Preparation and Prevention
Risk management follows from risk assessment. Biopharmaceutical
companies have many options for addressing the problem of
immunogenicity when it arises. Factors associated with drug
administration and patient-specific conditions can be difficult
for biomanufacturers to control. Often such issues must be
addressed through changes at the clinical level. For example, the
erythropoietin problem led to a change in the product’s mode
of administration from subcutaneous to intravenous as well as
revised storage and handling protocols, along with increased
patient monitoring and maintenance eﬀorts [12]. This may be an
area where pharmacogenomics and personalized medicine can
make a diﬀerence: by identifying patients who are more or less
likely to have a problem as well as those inclined to benefit from a
given therapy.
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Box 28.4 Expert commentary: predictive analysis, deimmunization, and
humanization
I spoke with Neil Butt, vice president of business development at Abzena
plc in England, about immunogenicity analysis and antibody humanization.
Here is part of our conversation:
Q: Tell me about your company’s EpiScreen assay.
A: It is an ex vivo assay that quantifies T-cell responses to protein therapeutics
based on stimulating peripheral blood mononuclear cells (PBMCs) isolated
from human donors with test samples. The assay is performed as a service
and is not available in a kit format. Three whole proteins run in parallel can
be assessed for immunogenicity in eight weeks, with additional proteins
(run in parallel) taking a little longer. The assay has not been automated to
date.
Q: How will EpiScreen data fit in with in silico information?
A: The EpiScreen assay simulates the four key events that lead to a clinical
immunogenic response: antigen uptake by antigen-presenting cells (APCs),
antigen processing within each APC, presentation of processed antigen in
the context of the major histocompatibility complex (MHC), and recognition
of the peptide–MHC complex by T-cell receptors. In silico tools take into
account only the third stage of that process and are thus very over-predictive
of overall immunogenicity. They can be used as a low-resolution screen,
but accurate assessment requires the use of a T-cell assay. The two can be
combined for deimmunizing proteins. Once a T cell epitope is identified,
in silico tools can be used to design protein variants that do not contain those
MHC-binding peptides.
Q: And how would you say those results complement whole-organism
studies?
A: Currently there are no ideal animal models for predicting the immunogenicity of protein therapeutics in man. HLA class II transgenic mice can be
used to identify T-cell epitopes derived from therapeutic proteins. But they are
limited by the HLA diversity that can be tested. An alternative to transgenic
models is engraftment of neonatal NOD scid IL2Rγnull mice with human
CD34+ stem cells derived from PBMCs. But their MHC class II repertoire
is limited and they are not tolerized against all human proteins. Without
germline transfer of genes encoding human immune cells, each mouse
has to be engrafted individually (which is expensive and time consuming).
The EpiScreen assay provides an alternative, more robust technology that
has been demonstrated to correlate with clinical immunogenicity.
Q: How important is it for companies to approach immunogenicity analysis
from all those diﬀerent angles?
A: Immunogenicity assessment can be incorporated at all stages of the
development process, and each tool has its place. In silico tools can be used
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to narrow down a large number (10–100) of lead sequences to a manageable
number for T cell assays. Ex vivo time-course assays can be used to assess
the overall immunogenicity of a smaller subset of preferred proteins (1–10)
during early lead selection. T-cell epitope mapping can be used to map the
precise location, number, and potency of T-cell epitopes within a protein
sequence—allowing for potential deimmunization. In silico tools then can
be used for redesigning that sequence either to remove T-cell epitopes or
design new therapeutic proteins without them. Later, an EpiScreen timecourse assay can again be used to assess the success of deimmunization
as well as the eﬀects of formulation and aggregation on therapeutic proteins.
Q: Can you elaborate on the idea of deimmunization? Does it apply only to
new products/biosimilars? Or can it help turn marketed proteins into
biobetters?
A: Deimmunization technologies can apply to antibodies and other proteins.
Our Composite Human Antibody technology combines humanization and
deimmunization technologies into one platform to make fully humanized
antibodies without T-cell epitopes. For other proteins, our Composite Protein
technology incorporates EpiScreen technology for accurate identification
of T-cell epitopes and validation of their absence in deimmunized proteins,
with iTope technology and the TCED database for designing deimmunized
sequences. Both technologies apply to development of both new products
and biobetters (the latter based on molecules that exhibit high levels of
clinical immunogenicity).
Q: Does “humanization” not apply to nonantibody glycoproteins?
A: The concept is based on the adaptive nature of the immune response,
allowing an antibody to be derived that will bind to virtually any antigen with
high affinity. Because humans cannot be immunized experimentally with
antigens to isolate a specific antibody, the procedure is performed in model
animals to create and isolate hybridomas that secrete antibody with the
desired specificity. Because such antibodies are nonhuman, they
require engineering to make them “human-like” before they can be used
clinically.
For most other classes of protein, a direct homologue exists in humans
that matches the activity of a protein identified in animal models. So that
can simply be expressed and used as a therapeutic without humanization.
An exception to this rule are replacement therapies for certain diseases in
which the protein is absent due to genetic mutation. When administered
to patients, it would appear foreign to their immune systems, giving such
proteins the potential to be immunogenic. Similarly, some other proteins
that are clinically useful and derived from microorganisms (e.g., bacterial
toxins, for which no human homologue exists) tend to are highly
immunogenic and must be deimmunized by removal of T-cell epitopes.
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For product-related factors, biomanufacturers can make
formulation changes to prevent aggregation or even change the
drug substance itself. When predictive analysis has identified
T-cell epitope issues, deimmunization by epitope modification is
one strategy for reducing protein immunogenicity. Some proteins
may benefit from fusion or conjugation with other molecules (e.g.,
polyethylene glycol (PEG), which is also used as a formulation
excipient) to help make them more “invisible” to patients’ immune
systems—primarily by improving their solubility and making
them less prone to aggregation.

28.4.3 Epitope Modification
When predictive methods identify potential immunogenicity
issues early in product development, companies have more options
available for addressing such problems than if they were not
discovered until clinical testing. Humanization is such a common
answer for antibodies that it is almost a given part of product
development now. Most companies add amino-acid sequence
segments derived from variable regions of human antibodies, taking
care not to use known T-cell epitopes. If nonhuman glycosylation
patterns are the problem, then an expression system can be
chosen that performs the correct posttranslational modifications.
Modern predictive methods can identify problematic T-cell
epitopes on recombinant proteins in development, allowing
companies to use selective mutation methods that remove them.
Once a library of sequence variants has been designed and
expressed, those can be screened for retention of their therapeutic
activity as well as reduced immunogenicity using the same
in silico, in vitro, and/or in vivo methods.

28.4.4

Formulation Changes

Unwanted immunogenicity is not always attributable to a
protein’s amino acid sequence. If problems arise later in
development, the drug product’s formulation is often to blame. And
that usually means that aggregation is involved. Protein aggregation
has consequences beyond immunogenicity, as well. Aggregated
proteins lose their bioactivity and stability, often irreversibly,
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and they waste valuable product. Aggregation-prone proteins
need to be protected carefully throughout bioprocessing, especially
during shaking and shipping; freezing and thawing; drying
and reconstitution; and formulation, fill, and finish. Structural
modifications can help, but the range of formulation options
should be considered first. When aggregation in processing is
inevitable, the last resort option is to remove aggregates before
drug-product formulation—but that wastes valuable product and
thus cannot be very cost eﬀective [22].
Maggio of Aegis focuses on polysorbate problems [8].
“Replacing polysorbates with surfactants that do not cause
progressive protein degradation (and increased immunogenicity)
represents a critical need and a significant opportunity for creation
of better innovator and biosimilar biotherapeutics.” He points
to alkylsaccharides as a promising alternative. Historically used
in both food and cosmetics, these nonionic surfactants are each
made of a sugar coupled to an alkyl chain. “They are being adopted
by innovator biotherapeutic companies such as Hoﬀmann-La
Roche, which has recently licensed Aegis’s ProTek dodecylmaltoside
for stabilization of products in development. Results have been
published for an interferon product” [23]. A second “big pharma”
company has entered into a ProTek license similar to Roche’s,
Maggio reports, and two more are in early discussion with
his company regarding both MAbs and non-MAb biotherapeutics.

28.4.5 Tolerization
Even fully human antibodies can be immunogenic. A new
approach to reducing the problem introduces regulatory T-cell
(Treg) epitopes to the protein sequence that induce immune
tolerance to it. This may well complement humanization (replacing
foreign sequences with human ones) and deimmunization
(reducing T-eﬀector epitopes) approaches to product design.
The concept brings us back to one expert’s claim that most
proteins are actually tolerogenic rather than immunogenic [1].
It leads us to the question: How do we convey that property on
others? Immune responses are controlled by several diﬀerent
biological mechanisms, some of which could be exploited for
induction of tolerance to protein therapeutics [24]. Natural
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tolerance is the basic recognition of “self”; adaptive tolerance
(the basis of allergy immunotherapy) happens with certain types
of repeated exposure—when the body recognizes that a given
“invader” is not harmful.
Tolerization may oﬀer an option for some products that are
already on the market. For example, humanized alemtuzumab
(Genzyme’s Campath) antibodies treat leukemia and potentially
multiple sclerosis. The product was humanized because the
original rat-derived version induced neutralizing antibodies in
many clinical trial participants [24]. With up to 75% of patients still
developing antibody responses to the humanized form (especially
after several doses), Genzyme is considering administration
of a nonbinding version to tolerize patients to the drug before
they begin a course of therapy. Some experts are saying this
approach has “significant potential to accelerate development
of biobetter products.”

28.5

From Start to Finish—and Beyond

Immunogenicity is a key metric of product safety that makes it
a key metric of product quality. A biotherapeutic product’s life
cycle can be broadly described as moving from discovery/
design through lead optimization, product characterization and
preformulation, process development, preclinical testing, and
clinical trials to market authorization—and from there on to
postmarket surveillance. Companies often think of the biologics
license (BLA) or new drug application (NDA) as the final goal.
And they often consider quality, safety, and efficacy to be a “threelegged stool” of separate but interdependent parameters. But
risk management continues beyond market authorization, and
quality could be said to include both safety and efficacy. After all,
no product can be called “high quality” if it does not do the job it
needs to do without doing any harm—no matter its purity.
Once a bit of an afterthought, immunogenicity is now an
essential part of biotherapeutic development from start to
finish. The industry’s (and its regulators’) growing knowledge
of this subject is making proving, predicting, and preventing it an
ever more integral part of quality by design.
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nanoparticles as therapeutic agents for cancers has increased.
This chapter describes the latest developments on the use of
nanoparticles and evaluates the risks and benefits of nanoparticles
as an emerging therapy for pancreatic cancer. The Preferred
Reporting Items of Systematic Reviews and Meta-Analyses
checklist was used. Studies were extracted by searching the
Embase, MEDLINE, SCOPUS, Web of Science, and Cochrane
Library databases from inception to March 18, 2016, with no
language restrictions. Clinical trials involving the use of
nanoparticles as a therapeutic or prognostic option in patients
with pancreatic cancer were considered. Selected studies were
evaluated using the Jadad score for randomized control trials
and the Therapy CA Worksheet for intervention studies. Of the
210 articles found, 10 clinical trials, including one randomized
control trial and nine phase I/II clinical trials, met the inclusion
criteria and were analyzed. These studies demonstrated that
nanoparticles can be used in conjunction with chemotherapeutic
agents increasing their efficacy while reducing their toxicity.
Increased efficacy of treatment with nanoparticles may improve
the clinical outcomes and quality of life in patients with
pancreatic cancer, although the long-term side eﬀects are yet to
be defined. The study registration number is CRD42015020009.

29.1

Introduction

Pancreatic cancer is a rare but aggressive disease that is plagued
by a myriad of problems, including late diagnosis often when
the cancer has metastasized, no early warning symptoms, and
inadequate therapeutic options on diagnosis [1]. The incidence
rate of pancreatic cancer for gender is close to 1, with approximate
rates of 8 per 100,000 in men and 6 per 100,000 in women
globally [2]. Worldwide, it is responsible for 331,000 deaths
annually [2]. It is the sixth most common cause of cancer-related
death in Australia and the fourth globally [3]. Despite years of
research, the five-year survival rate remains at approximately
5% [1]. The median age of diagnosis has been reported to range
between 66 and 68 years [4]; however, early onset pancreatic
cancer occurring in patients under 50 years of age is associated
with more advanced disease at presentation and a poorer

Introduction

prognosis [4, 5]. Currently 97% of the burden of disease from
pancreatic cancer is due to years of life lost to premature
death [6] with a median survival time of six to ten months for
locally advanced disease, and three to six months for metastatic
disease [7, 8]. Established risk factors for pancreatic cancer
include a family history of the disease and smoking, which account
for 5% to 10% of cases. Other weaker associations include
obesity, diabetes mellitus, chronic pancreatitis, periodontal
disease, Helicobacter pylori, and gallstones [4]. A challenge to the
management of pancreatic cancer is the drug-resistant nature
of pancreatic tumor cells to gemcitabine, a pyrimidine antagonist
used as the first-line chemotherapeutic agent [9]. Unlike
many other cancers, pancreatic cancer is characterized by
several pathophysiological complications that make it hard to
treat, specifically with drugs. Traditionally, complete surgical
resection provides the most recognized form of treatment [10].
A complete analysis of the difficulties in treating pancreatic
cancer is aptly reviewed by Oberstein and Olive [11].
Nanoparticles are 100 to 10,000 times smaller than human
cells and can interact with biological molecules intra- and
extracellularly [12]. Nanomedicine is the use of nanoparticles in
medicine, and they can be attached to lipids or form polymers
to encapsulate drugs to increase drug solubility, permeability,
and delivery to target cells leading to higher therapeutic
efficiency [13]. Their unique properties include the ability to
remain stable in the physiological environment and passively
target pancreatic cancer cells via the enhanced permeability
and retention eﬀect (EPR). EPR is due to the size of the
nanoparticles, which allows them to extravasate from leaky
blood vessels, supplying the carcinoma and targeting it. Due to
the poor lymphatic drainage in tumors, nanoparticles are able
to accumulate within tumor capillaries and are large enough
to escape filtration by the kidney and small enough to evade
phagocytic removal by Kupﬀer cells and splenocytes. However,
the non-physiological surface chemistry of nanoparticles may
cause non-specific cellular targeting and precipitation leading
to cell damage [14]. Alternatively, nanoparticles can be used
to actively target tumor cells by combination of specific
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recognition motifs such as antibodies and sugar molecules within
nanomedicine formulations [15]. Evidence suggests that active
targeting by nanoparticles is efficient for poorly leaky tumors,
whereas passive targeting is better for highly leaky tumors [15].
Toxicity from nanoparticles may occur as a result of
composition, size, or charge of the nanoparticles [16]. For
example, cationic liposomal nanoparticles can interact with
the extracellular matrix, serum proteins, and lipoproteins, with
consequent aggregation and or oxidative stress resulting in
non-target tissue damage [17, 18]. Gold nanoparticles are able
to cross the placenta and damage the developing fetus [19].
Gold particles are also implicated in the induction of reactive
oxygen formation and the initiation of autoimmunity [20]. Given
the large diversity of materials used in the construction of
nanoparticles, there is an infinite number of combinations
of interactions with a high potential of negative interactions
that should be taken into consideration to ensure patient
safety [21].
A range of in vitro and in vivo animal studies have
shown promising results using a variety of nanoparticles as
nanocarriers or in combination with standard chemotherapeutic
agents [22–32]. There has been a surge of interest in the use
of nanoparticles as therapeutic agents for various cancers in
recent years. For example, a number of clinical trials have been
conducted using nanoparticles as nanocarriers for a range of
solid organ tumors such as colorectal cancer [33], non-small
cell lung cancer [34], gastric cancer [35], breast cancer [36]
and adenocarcinomas of the esophagus and gastroesophageal
junction [37]. Therefore, the aim of this systematic review is
to synthesize available literature on clinical trials performed
up to March 2016 on the latest developments in the use of
nanoparticles as an emerging therapy for pancreatic cancer.

29.2

Methods Section

29.2.1 Literature Search
This systematic review was performed in accordance to the
Preferred Reporting Items of Systematic Reviews and Meta-

Methods Section

Analyses (PRISMA) statement [38]. The study protocol can be
found on the PROSPERO international prospective register
of systematic review (PROSPERO 2015: CRD42015020009).
Briefly, a literature search to identify studies investigating the
use of nanoparticles in the management of pancreatic cancer
was conducted. The Embase (1980), MEDLINE (1966), SCOPUS
(1996), Web of Science (1965), and Cochrane Library databases
(1992) were searched from inception to March 2016 with
no language restrictions. Search terms applied included:
“nanoparticles” OR “nanomedicine,” [Title/Abstract] AND
“pancreatic cancer management” OR “pancreatic cancer
therapy,” AND/OR “clinical trials” OR “clinical studies” OR
“human participants.” Titles and abstracts were independently
screened by two authors (M.A and J.P) to identify possibly
relevant studies. The full texts for articles that appear ambiguous
were assessed to determine their suitability for inclusion.
Database searches were supplemented by scanning the reference
lists of included studies and employing the related articles
function in PubMed. Subsequently, the full texts of all potentially
eligible studies were evaluated in detail for inclusion by the
two authors. Discrepancies were resolved at a consensus meeting
between the two authors. If the two authors failed to reach a
consensus, a third author (T.I.E.) was involved in making a final
decision.

29.2.2 Inclusion/Exclusion Criteria
The studies included in this chapter are clinical trials
involving human participants diagnosed with pancreatic cancer.
Interventions used in the studies must include at least one group
of participants being treated with nanoparticles for pancreatic
cancer, and the impact of nanoparticle treatment on the outcome
of disease progression or overall survival must be measured.
Studies excluded were studies not involving human
participants, studies evaluating the use of nanoparticles in the
imaging/diagnosis of pancreatic cancer and not the treatment,
and studies evaluating the use of nanoparticles in patients
without pancreatic cancer.
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29.2.3

Data Collection

Two investigators (M.A and J.P) extracted data using the
aforementioned strategy. Data extracted included specific details
about the population, interventions, comparison, outcome (PICO)
and study methods of significance to the review question and
specific objectives. Authors of eligible studies were contacted
where additional information was required. Data were crosschecked in a consensus meeting and again, discrepancies were
resolved through discussion and mutual agreement between
the two authors. The third author (T.I.E.) was available to make
a final decision if required.

29.2.4

Quality of Methods Assessment

Two independent reviewers (M.A and J.P) assessed the validity
of the studies using the Jadad score [39] for randomized control
trials (RCT) and the Therapy CA Worksheet [40], for intervention
studies. If there was any disagreement, the third reviewer (T.I.E.)
interceded to make a final decision. The Jadad score assesses
randomization, blinding, and attrition to derive a score ranging
from 0 (low quality) to 5 (high quality). For this review, a Jadad
score greater than 2 was deemed to be of sound methodology.
The Therapy CA Worksheet assesses whether the study was
randomized, whether there was sufficient and complete
follow-up, and whether groups were analyzed according to
their random allocations, blinding, group characteristics and
outcome (mean survival). Articles were categorized as “low,”
“moderate,” or “high” according to analysis.

29.3 Results
29.3.1

Study Selection

We identified 210 potentially eligible studies from initial
database searches after removing duplicates (Fig. 29.1). A total
of 157 articles were excluded following review of their titles
and abstract. The most frequent reasons for exclusion were:

Results

Included

Eligibility

Screening

Iden

ca on

not being clinical trials, not involving nanoparticles, and not
involving patients with pancreatic cancer. After appraising 53 full
text articles, a further 50 were excluded because they were
not clinical trials or involved the diagnosis or investigation of
pancreatic cancer but not the management. Six additional
studies met the inclusion criteria on hand searching the reference
lists of included studies; therefore 10 studies were included
in this study (Table 29.1). Ten clinical trials were found from
the search strategy, including one randomized controlled trial
and nine phase I/II clinical trials. The types of nanoparticles
evaluated include nanoparticles containing a retroviral gene,
gold nanoparticles, micelle nanoparticles, liposomal nanoparticles
and albumin nanoparticles conjugated with chemotherapeutics
[7, 8, 41–48]. In addition to evaluating the eﬀects of the drug on
the progression of pancreatic cancer, the maximum tolerated
dose and adverse eﬀects were also investigated.

Records iden ed through
database searching (n = 222)

Addi onal records iden ed
through other sources (n = 34)

Records a er duplicates removed
(n = 210)

Records screened
(n = 210)
Full-text ar cles
assessed for eligibility
(n = 53)

Studies included in
qualita ve synthesis
(n = 10)

Records excluded
(n = 157)

Full-text ar cles excluded, with reasons (review
ar cles, not clinical trials, rela ng to pancrea c
cancer imaging/diagnosis not management, not
involving nanopar cles, not involving pa ents
with pancrea c cancer) (n = 50)

Studies found by
scanning reference lists
of eligible studies
(n = 7)

Figure 29.1 Flow diagram illustrating data collection protocol employed
in this study.
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53–68
Trial 3
Not
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n = 67

United
States
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States
n=6
Philippines Trial 2
n=3
Trial 3
n=1

24–80

n = 19

United
States

27–88

n = 861

Not
stated

48

47.4

58

Age
Sample range %
size
(years) Males

North
America,
Eastern
Europe,
Australia,
Western
Europe

Country/
region
24

Follow-up
(months)

Chemotherapy
(gemcitabine
containing regimen)

None

Trial 1: 13
Trial 2: 6
Trial 3: 6

18

Chemotherapy
36
(gemcitabine
containing regimen)*

None

Previous treatment

Table 29.1 Characteristics of included studies

Mortality (%)

Assessment

Reference

Trial 1: 6 (100)
Trial 2: 1 (33)
Trial 3: 1 (100)

32 at 12 months
(48)

16 at 16 months
(84)

Von Hoﬀ
et al.
2011 [42]
Trial 1: Determine the
Gordon
safety of Rexin-G at varying et al.
doses
2006 [7]
Trial 2: Determine the
safety of Rexin-G at varying
doses
Trial 3: Determine the
eﬀectiveness of a personal
dosing regimen for Rexin-G

Identify the safety and
maximum tolerated dose
of nab-paclitaxel plus
gemcitabine

Determine the eﬀectiveness Hosein
of nab-paclitaxel
et al.
monotherapy as a second
2013 [8]
line agent

692 total deaths
Nab-paclitaxel plus
Von Hoﬀ
(80)
gemcitabine vs. gemcitabine et al.
333 in the treatment monotherapy
2013 [41]
group (77)
359 in the
gemcitabine group
(83)
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50–83

n = 13

n = 12

n=3

n = 11

n = 24

United
States

Unites
States

United
States

Japan

Greece

46

Not
stated

Not
stated

75

46

33

Chemotherapy

Chemotherapy

Chemotherapy

Chemotherapy
(gemcitabine
containing regimen)

Chemotherapy
(gemcitabine
containing regimen)

Surgical resection,
chemotherapy
(gemcitabine
containing regimen)
and external beam
radiotherapy

Previous treatment

*Two patients received non-gemcitabine-based frontline therapy.

47–80

43–72

Not
stated

42–71

47–56

Age
Sample range %
size
(years) Males

Philippines n = 3

Country/
region

11 (92)

13 (87)

1 (33)

Mortality (%)

8

17 (71)

Not analyzed Not analyzed

Not analyzed Not analyzed

6

12

14

Follow-up
(months)
Gordon
et al.
2004 [43]

Reference

Evaluate the safety and
efficacy of lipoplatin

Determine the maximum
tolerated dose, safety and
efficacy of NK105

Evaluate the efficacy and
safety of CYT6091

Stathopolous
et al.
2006 [45]

Hamaguchi
et al. 2007
[44]

Libutti et al.
2010 [46]

Determine the eﬀectiveness Galanis
and most appropriate dose et al.
of Rexin-G
2008 [47]

Determine the eﬀectiveness Chawla
and most appropriate dose et al.
of
2010 [48]
Rexin-G

Evaluate the safety and
efficacy of Rexin-G

Assessment

Results
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[8]
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[7]
[41]
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Phase I Clinical trial

Phase I Clinical trial

Phase I/II Clinical trial
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Follow up (months)
40
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Figure 29.2 Median survivals and follow-up period of selected studies. Abbreviation: RCT, randomized controlled clinical trial.

*From Trial A only
**Dose 2
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Study design

Phase III
Randomized
control trial

Phase II
clinical trial

Phase I/II
clinical trial

Authors

Von Hoﬀ
et al. [41]

Hosein
et al. [8]

Von Hoﬀ
et al. [42]

Nanoparticle
albumin bound
paclitaxel (nabpaclitaxel)

Nanoparticle
albumin bound
paclitaxel (nabpaclitaxel)

Nanoparticle
albumin bound
paclitaxel (nabpaclitaxel)

Nanoparticle
formulation

Untreated
advanced
pancreatic
cancer

Pre-treated
advanced
pancreatic
cancer

Metastatic
pancreatic
cancer
Karnofsky
performance
status score
of 70+

States (from
the criteria

Identify the safety
and maximum
tolerated dose
of nab-paclitaxel
plus gemcitabine
in patients
with untreated
advanced
pancreatic cancer

Evaluate the safety
and efficacy of
nab-paclitaxel
monotherapy
in patients
with advanced
pancreatic cancer

Evaluate the safety
and efficacy of
nab-paclitaxel
plus gemcitabine
vs. gemcitabine
monotherapy
in patients
with metastatic
pancreatic cancer

Main objective

n = 67;
age 30–72 years

n = 19;
age 22–80 years;
stage III and IV
pancreatic cancer

n = 861;
age 27–88 years;
metastatic
pancreatic cancer

Participants*

Table 29.2 Summary of findings associating nanoparticles with pancreatic cancer

12.2 months
(95% CI, 9.8
to 17.9)

7.3 months
(95% CI,
2.8–15.8)

8.5 months
(95% CI, 7.89
to 9.53)

Overall median
survival/
outcome

Major: sepsis
and neutropenia
Minor: fatigue
and neuropathy

Major: sepsis
and neutropenia
Minor: fatigue
and neuropathy

Major: neutropenia
Minor: fatigue,
nausea, vomiting,
anorexia and
neuropathy

(Continued)

Increased overall
survival; slightly
higher occurrence
of febrile
neutropenia
(3% vs. 1%)

—

Increased
overall survival;
adverse eﬀects
of peripheral
neuropathy and
myelosuppression
increased

Adverse reactions† Conclusion

Results
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Rexin-G

(A) Phase I/II
clinical trial

(B) Phase I/II
clinical trial

Gordon
et al. [7]

(C) Expanded Rexin-G
access clinical
trial

Rexin-G

Study design

Nanoparticle
formulation

Authors

Table 29.2 (Continued)

Main objective

Participants*

Trial C: Solid
organ cancer

Trial C: Determine Trial C, n = 1, Age
the eﬀectiveness of (not stated)
a personal dosing
regimen for RexinG in solid tumors;
nanoparticle:
Rexin-G (nonreplicating
retroviral vector
expressing a
cytocidal gene)

Trial B: Metastatic Trial B: Determine Trial B, n = 3 Age
cancer
the safety of Rexin- 53–68 years
G at varying doses
in patients with
various types of
metastatic cancer

Trial A: Locally
Trial A: Determine Trial A, n = 6 Age
advanced
the safety of Rexin- 45–64 years
pancreatic cancer G at varying doses
in patients with
locally advanced
pancreatic cancer

States (from
the criteria

Adverse reactions† Conclusion

Trial C: Unknown Trial C: Major
Trial C: Reduction
anemia requiring
in size of
red cell transfusions metastatic lesions
and sporadic
thrombocytopenia

Trial B: 9 months Trial B: nil minor or Trial B: Increased
(95% CI, 2.4 to
major side eﬀects
overall survival;
14.9)
symptom relief

Trial A: 24
Trial A: nil minor or Trial A: Increased
months (95% CI, major side eﬀects
overall survival;
11.1 to 39.5)
symptom relief

Overall median
survival/
outcome
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Study design

Phase I/II
clinical trial

Phase I/II
clinical trial

Phase I/II
clinical trial

Authors

Gordon
et al. [43]

Chawla
et al. [48]

Galanis
et al. [47]

Rexin-G

Rexin-G

Rexin-G

Nanoparticle
formulation

Gemcitabine
resistant
metastatic
disease

Gemcitabine
resistant
metastatic
cancer

Stage 4
pancreatic
cancer

States (from
the criteria
Participants*

Determine the
eﬀectiveness and
most appropriate
dose of Rexin-G
in patients with
gemcitabine
resistant
metastatic cancer;
nanoparticle:
Rexin G

Determine the
eﬀectiveness and
most appropriate
dose of Rexin-G
in patients with
gemcitabine
resistant
metastatic cancer;
nanoparticle:
Rexin G
2.6 months at
dose 0–1, n = 6;
9.3 months at
dose 2, n = 7

3.5 months
from treatment
initiation

n = 12
Age 42–71 years
Gemcitabine
refractory
Metastatic
disease

14
(95% CI, −5.8 to
31.8)

months**

n = 13
Age 50–83 years
Gemcitabine
refractory
Metastatic
disease

Evaluate the safety n = 3 Stage 4
and efficacy of
pancreatic
Rexin-G in patients cancer
with stage 4
pancreatic cancer;
nanoparticle:
Rexin-G

Main objective

Overall median
survival/
outcome

Major: nil
Minor: nausea,
fever, diarrhea,
hypermagnesemia
and raised liver
enzymes (alanine
aminotransferase
(ALT), aspartate
aminotransferase
(AST), alkaline
phosphate (ALP))

Major: nil
Minor: fatigue,
chills and
headache

Major: nil
Minor: nil

(Continued)

Significant
increase in tumor
size; low severity
of adverse events

Increased
overall survival;
low severity of
adverse events

Increased
overall survival;
no adverse
events

Adverse reactions† Conclusion

Results
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Phase I
clinical trial

Phase I
clinical trial

Libutti et al.
[46]

Hamaguchi
et al. [44]

States (from
the criteria

Lipoplatin

NK105 (micelle
nanoparticle)

Determine
the maximum
tolerated dose,
safety and efficacy
of NK105 in 19
patients with
refractory solid
organ cancers

Evaluate the
efficacy and safety
of CYT6091 in
patients with
advanced stage
cancer

Main objective
Not specified

Overall median
survival/
outcome

4 months from
beginning of
treatment (range
2–8 months)

n = 11 Age 43–72 Not specified;
years (range for all antitumor
participants)
response of
1 year for 1
patient, one had
stable disease for
4 weeks

n = 3 with
Pancreatic cancer

Participants*

Refractory
Evaluate the safety n = 24 Age 47–80
pancreatic cancer and efficacy of
years; refractory
lipoplatin and
pancreatic cancer
gemcitabine
in patients
with refractory
pancreatic cancer

Refractory solid
organ cancers

Colloid gold
Solid organ cancer
nanoparticle
PEGlycated with
recombinant
TNF

Nanoparticle
formulation

Major: no
neurological/renal
toxicity
Minor: selfresolving
abdominal pain;
myelotoxicity
(grade 3)

Major: neutropenia
Minor: fever;
nausea, fatigue,
stomatitis, rash,
alopecia (for all
participants with a
solid organ cancer)

Major: nil
Minor:
lymphopenia,
hypoalbuminemia,
hypokalemia,
hypophosphatemia
and deranged
liver function tests
(bilirubin and AST)

Treatment
resulted in
symptom relief
and a partial
response/stable
disease; low
severity of
adverse events

Decrease in size of
metastatic lesions;
low severity of
adverse events

Nanoparticle
CYT6091
preferentially
targets tumor
tissue

Adverse reactions† Conclusion

**Including

includes participants with pancreatic cancer.
1 patient still alive after 20 months.
†Major reactions include clinically significant neurotoxicity, hemotoxicity, and renal/liver toxicity. Minor reactions include non-life threatening symptoms that resolve with
minimal or no intervention.

*Only

Stathopolous Phase I/II
et al. [45]
clinical trial

Study design

Authors

Table 29.2 (Continued)
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29.3.2 Study Characteristics
All studies were prospectively performed and conducted in
hospitals, mostly in tertiary centers in the United States,
Australia, Greece, and Europe. Three studies (30%) were
conducted in Japan and the Philippines [7, 43, 44]. All studies
stated that informed consent was obtained from the participants
and were granted ethics approval. All participants had a formal
diagnosis of pancreatic cancer confirmed by histology, imaging
and tumor markers; the majority had metastatic disease refractory
to conventional chemotherapy. The sample size of studies
included ranged from 1 to 861 with a median sample size of
12 participants (interquartile range (IQR), 3–23). Participant
age was not stated in the two studies, in the rest of the studies,
participant age ranged from 27 to 88 years (Table 29.1). The
median survival for participants ranged from 3.5 to 24 months,
with an overall median of 8.9 months (IQR, 3.5–13.6), adverse
eﬀects ranged from minor ones such as headaches to major
eﬀect such as neutropenia and sepsis (Table 29.2). Two
studies (20%) did not state the median survival time, or the
follow-up period [44, 46] (see Tables 29.1 and 29.2). For the
remaining studies (80%), the follow-up period ranged from six
to 48 months, with an overall median of 16 months (IQR, 9.0–33.0),
(Table 29.2 and Fig. 29.2).

29.4
29.4.1

Synthesis of Study Results
Nanoparticle Albumin Bound Paclitaxel

Paclitaxel is a plant chemotherapeutic alkaloid that is mixed
with human serum albumin in an aqueous solvent under
high pressure to form a 100–200 nm drug nanoparticle albumin
bound paclitaxel (nab-paclitaxel) [49]. One phase I/II study and
one phase II study were found on investigating the eﬀect of nabpaclitaxel [8, 42]. Promising beneficial eﬀects of a combination
of nab-paclitaxel and gemcitabine were reported in the first
study [42]. The second study involved patients with advanced
pancreatic cancers and failed to show convincing therapeutic
eﬀect of this medication [8]. In a phase I/II study involving
67 patients randomized into three groups, 20 receiving
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100 mg/m2, 44 receiving 125 mg/m2 and three receiving
150 mg/m2 of nab-paclitaxel, followed by 1000 mg of gemcitabine
on three days in every 28-day cycle. Von Hoﬀ and colleagues
reported that the maximum tolerated dose of nab-paclitaxel
was 125 mg/m2 once a week for three weeks plus 1000 mg/m2
gemcitabine every 28 days [42]. They found that the dose-limiting
adverse reactions were neutropenia and sepsis; the progressionfree survival was 7.9 months (95% CI 5.8–11 months) with a
median overall survival of 12.2 months (95% CI 9.8–17.9
months) and a one-year survival rate of 48%. Positron emission
tomography (PET) analysis of patients showed a median decrease
in metabolic activity of 79% in all three treatment groups with
a higher reduction in metabolic activity in the group receiving
125 mg/m2 nab-paclitaxel-gemcitabine compared to those
receiving 100 mg/m2, 68% vs. 53%, respectively (p = 0.044).
However, in 19 patients with stage III/IV pancreatic cancer who
progressed on gemcitabine-based treatment, and recruited
into a single-arm, open-label phase II clinical trial of nab-paclitaxel,
Hosein and colleagues reported similar side eﬀects to the Van
Hoﬀ study above, a progression-free survival of 1.7 months (95%
CI, 1.5–3.5 months), good overall tolerance, and median overall
survival of 7.3 months (95% CI, 2.8–15.8 months) [8].
In a more recent phase III RCT involving 861 participants
with metastatic pancreatic cancer randomly assigned to a
treatment regimen involving nab-paclitaxel and gemcitabine
or gemcitabine alone, the same authors reported a significant
increase in median overall survival in the group receiving
nab-paclitaxel compared to the group receiving gemcitabine
alone of 8.5 months and 6.7 months, respectively (p < 0.001)
[41]. At the one-year mark, the survival was 5.5 months in
the nab-paclitaxel-gemcitabine group compared to 3.7 months in
the gemcitabine group (p < 0.001). The adverse events associated
with treatment were more prominent in patients receiving
nab-paclitaxel plus gemcitabine; these include neutropenia (38%
in the nab-paclitaxel plus gemcitabine group, 27% in the
gemcitabine group), fatigue (17% in the nab-paclitaxel plus
gemcitabine group, 7% in the gemcitabine group) or neuropathy
(17% in the nab-paclitaxel plus gemcitabine group, 1% in the
gemcitabine group). However, the rates of myelosuppression and
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neuropathy were also increased [41]. Taken together, these studies
suggest that nab-paclitaxel may serve as a promising treatment
modality in the future.

29.4.2

Pathotrophic Nanoparticle Gene Delivery

Rexin-G is a pathotropic retroviral based nanoparticle/gene
delivery vector produced by transient co-transfection of human
embryonic kidney 293T cells with the Moloney murine leukemia
virus, and encodes a dominant negative mutant construct of
the human cyclin G1 gene [43]. The first clinical trial using
Rexin-G in the treatment of pancreatic cancer in the Philippines
was performed by Gordon et al. [43], who reported tumor
stabilization in doses ranging from 2.7 × 1010 to 3 × 1011 colonyforming units; tumor growth was arrested in three of three
patients with no experience of dose-limiting toxicity. Two
patients were stable 5 and 14 months from diagnosis, respectively.
There were no adverse events such as bone marrow suppression,
significant alterations in liver and kidney function, nausea
or vomiting, mucositis, or hair loss. In a further multicenter/
country study, the same performed a series of clinical trials
investigating the use of Rexin-G in patients with locally advanced
or metastatic pancreatic cancer [7]. Clinical trial A assessed the
use of Rexin-G in six patients with pancreatic cancer. Five
patients showed a partial response and one had stable
disease. Half of the participants had a >30% reduction in
tumor size by Response Evaluation Criteria in Solid Tumours
(RECIST) or by tumor volume measurement. Progressionfree survival ranged from two to nine months with a mean of
3.8 months. The median overall survival of patients treated
with Rexin-G from diagnosis was 24 months, whereas that for
patients on conventional therapy was 4.4 months. Clinically, all
six participants had no associated nausea, vomiting, diarrhea,
mucositis, hair loss, or neuropathy, although three participants
had symptomatic relief of pain. The only adverse reactions
association with treatment were a generalized rash and urticaria
in two participants [7].
Clinical trial B investigated the eﬀectiveness of Rexin-G in
patients with metastatic cancer, and it involved three patients
with metastatic pancreatic cancer. For the patients with
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metastatic pancreatic cancer, two had a partial response with
a >30% reduction in tumor size, necrosis of the primary tumor
and decrease in number and size of metastatic nodules. One
patient had progressive disease. All three had symptomatic relief
of pain. These patients did not suﬀer from any treatment-related
adverse reactions [7].
Clinical trial C investigated the eﬀectiveness of using a
personalized dosing regimen (Calculus of Parity) to calculate
the dose of Rexin-G in patients with metastatic cancer. This trial
involved two patients with metastatic pancreatic cancer. Both
patients responded to therapy with one demonstrating necrosis
and cystic conversion of an unresectable pancreatic tumor, while
the other patient showed significant reduction in the primary
pancreatic tumor and a reduction from 28 to 12 pulmonary
nodules. None of the patients experienced nausea, vomiting,
diarrhea, mucositis, hair loss, or neuropathy. However, two patients
developed anemia requiring packed red cell transfusions, which
was potentially due to bleeding into the necrotic tumors [7].
In a similar study involving 13 patients with metastatic
pancreatic cancer resistant to standard chemotherapy containing
gemcitabine, Chawla et al. reported that four patients left the
trial due to complications related to their disease or personal
reasons after less than one cycle of therapy [48]. They found that
the median overall survival was 2.6 months for six patients at
dose level 0–1 (1 × 1011 colony-forming units, 2–3 times a week)
and 9.3 months for seven patients at dose level 2 (2 × 10 11
colony-forming units, thrice a week for four weeks). Treatmentrelated grade 1 adverse events were experienced by three
participants; two experienced fatigue and one experienced chills
with a headache [48].
Galanis et al. [47] carried out a study to determine the
dose of Rexin-G that provided the best response in 12 patients
with gemcitabine refractory metastatic pancreatic cancer.
The investigators found that at a dose level between 1 × 10 11 to
6 × 1011 colony-forming units per cycle, the treatment was
mostly well tolerated with only one participant experiencing a
dose-limiting toxicity of raised serum transaminases at a dose
of 1.5 × 1011 colony-forming units. The median survival was
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3.5 months with 11 participants showing progressive disease
and one showing radiographically stable disease with clinical
deterioration. Although the treatment was well tolerated, there
was no evidence of clinical anti-tumor activity; CT and PET scans
pre-treatment at day 28 showed significantly increased tumor
volume with a mean increase of 204.5% ( p = 0.001), increase
in CA 19.9 by a mean of 204.5% ( p = 0.001), median increase in
PET standardized uptake of fluorodeoxyglucose (FDG) was 36.3%
( p = 0.0244).
Overall, Rexin-G is reported to selectively target metastatic
cancer sites with associated angiogenesis and increase mean
survival in patients with pancreatic cancer.

29.4.3

Gold Nanoparticles

Libutti et al. conducted a clinical trial using CYT-6091 in 30 patients
with advanced solid organ cancer, including three participants
with pancreatic cancer [46]. CYT-6091 consists of colloid gold
nanoparticles with surface-bound recombinant tumor necrosis
factor and thiolyated polyethylene glycol. They found that
CYT9061 selectively targeted tumor tissue in the three
patients with pancreatic adenocarcinoma. Electron microscopy
examination of biopsies of the tumor and the adjacent healthy
tissue showed that particles in normal tissues were between
0 and 2 in the three participants with pancreatic adenocarcinoma
and 5–6 particles in tumor tissue. There were minor adverse
eﬀects reported, including lymphopenia, hypoalbuminemia,
electrolyte disturbances, and derangement in hepatic enzymes
but did not specify any overall survival [46]. This study suggests
that colloid gold nanoparticles combined with recombinant
tumor necrosis factor selectively target pancreatic cancer sites,
aiding the delivery of chemotherapeutic agents to pancreatic
cancer tissue.

29.4.4

Micelle Nanoparticles

Micelle nanoparticles are constructed by using polyethylene
glycol as the hydrophilic component and modified polyaspartate
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as the hydrophobic component which entraps the drug paclitaxel
[44]. Paclitaxel is an antimicrotubule chemotherapeutic agent
for a range of solid organ cancers; however, its efficacy is limited
by poor water solubility [44]. The use of a micelle nanoparticle
formulation overcomes this by encapsulating paclitaxel in a
“core-shell” that is water soluble and has been shown to have
enhanced anti- tumor activity due to the EPR eﬀect [44, 50].
Hamaguchi et al. performed a phase I clinical trial to
determine the maximum tolerated dose, dose-related toxicities,
and pharmacokinetics of NK105, a micelle carrier system for
paclitaxel [44]. Nineteen cancer patients were recruited, including
11 patients with pancreatic cancer who received IV infusion
of NK105. NK105 was generally well tolerated; six patients
developed peripheral neuropathy, and none of the patients
developed clinically significant hematological toxicities. A partial
response was seen in a patient with metastatic pancreatic cancer
who received 150 mg/m2; their liver metastases reduced in size
by 90%, although the eﬀect on pancreatic cancer was not
specifically reported. Hence, it is unclear whether micelle
nanoparticles would be useful in pancreatic cancer management.

29.4.5

Liposomal Nanoparticles

A liposomal-cisplatin nanoparticle (lipoplatin) is constructed
from cisplatin and liposomes composed of dipalmitoyl
phosphatidyl glycerol, methoxy-polyethylene glycol-distearoyl
phosphatidylethanolamine, and soy phosphatidyl choline [51].
Stathopoulos et al. investigated the efficacy and safe dose of
lipoplatin with gemcitabine in 24 patients with refractory
pancreatic cancer [45]. The response to treatment was determined
by CT (computed tomography) measurement of the tumors.
A partial response (>50% reduction in the sum of products of
the perpendicular diameters of lesions lasting for at least
four weeks) was seen in two patients. Stable disease (<50%
reduction and <25% increase in the size of the products of two
perpendicular diameters of lesions for at least eight weeks)
was seen in 14 patients. Median survival from the beginning
of treatment was four months. The treatment dose of

Discussion

fortnightly administration of up to 100 mg/m2 of lipoplatin
and 1000 mg/m2 of gemcitabine was well tolerated by the
participants with no evidence of neurotoxicity or renal toxicity.

29.4.6

Quality of Methods of Included Studies

The quality of methods assessment of 10 studies included is
outlined in Table 29.3. With a Jadad score of 3, the one RCT
included is of reasonably sound methodology, (Table 29.3a).
In the other nine non-randomized clinical trials included, the
Therapy CA Worksheet indicates that included studies ranged
from low to moderate quality of methodology (Table 29.3b).
Common weaknesses identified were failure to blind, small
sample sizes and/or failure to justify sample size, and failure to
identify and account for all confounders.

29.5 Discussion
Pancreatic cancer remains a devastating cause of death globally
[3] and is plagued by limited therapeutic options on diagnosis [1].
A significant challenge in the management of pancreatic cancer
is the drug-resistant nature of first-line chemotherapy [9]. The
ability of nanoparticles to bypass some of these difficulties due
to their unique characteristics has enabled their trials as putative
therapeutic agents for pancreatic cancers in recent years. This
chapter appraised available literature on clinical trials performed
up to March 2015 on the use of nanoparticles as therapeutic
agents for pancreatic cancer.
Overall, clinical trials have demonstrated that nanoparticles
can improve the efficacy of anticancer agents [7, 8, 41–48].
For example, nanoparticles were shown to increase the delivery,
cellular targeting of gemcitabine the current first-line chemotherapy
for pancreatic cancer, while reducing associated adverse
eﬀects [14]. Gemcitabine is known to be plagued by issues such
as low solubility and poor expression of intracellular gemcitabineuptake regulating nucleoside transporters on pancreatic cells
[27]. Additionally, multidrug resistance proteins, the anti-tumor
microenvironment such as epithelial-mesenchymal transition
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cells with migratory and invasive properties, and the hypoxic
stroma in pancreatic cancers also play a role as a physical barrier
preventing chemotherapeutic agents from targeting pancreatic
cancer cells [4]. The evidence reviewed in this chapter suggests
that these barriers are broken by nab-paclitaxel which
increases drug bioavailability and delivery to the malignant tissue
[31, 48, 49]. Nab-paclitaxel, for example, has been reported to
not only enhance the eﬀect of paclitaxel by increasing its activity
and reducing toxicity, but to also acts synergistically with
gemcitabine [42]. Since the development of gemcitabine in
1996, eight phase III clinical trials involving chemotherapeutic
[52–57] or biologic agents [58, 59, 60] have failed to show an
improvement in survival. Improvement was seen in 2006 when a
phase III randomized controlled trial demonstrated that erlotinib
and gemcitabine lead to an overall survival of 6.42 months,
which was significantly prolonged compared to gemcitabine and
a placebo [61].
Rexin-G was the first targeted genetic medicine reported
to show an increase in overall survival with no organ related
toxicity [48]. None of the studies reviewed reported any
systematic toxicity [7, 47, 48]. However, one study failed to show
any evidence of vector specific- or neutralizing antibodies in
the sera of the participants, and no evidence of vector DNA
integration or recombination events in non-target organs,
including lymphocytes [48]. Collectively, these studies suggest
that Rexin-G is superior to standard chemotherapy in terms of
safety profile, efficacy in the management of gemcitabine-resistant
pancreatic cancer, and improving quality of life.
Libutti et al. performed the first clinical trial involving
CTY-6091 and reported potential tumor reducing eﬀects with
a moderate safety profile [46]. This outcome is supported by
previously reported data on the safety of colloid gold in medicine
such as in the treatment for rheumatoid arthritis [62]. In support,
pre-clinical studies employing CYT-6091 suggest increased
accumulation in solid tumors and a reduction in systemic toxicity
[63]. Similarly, the studies using liposomal nanoparticles were
reported to exhibit a high safety profile, low toxicity, adequate
tumor targeting ability, low immunogenicity, and no renal or
neurological toxicity [45].
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Discussion

29.5.1 Current Progress
As demonstrated in this systematic review, there is indeed
ongoing research into the development of nanotechnology based
on the unique tumor microenvironment, which is able to deliver
clinically pertinent doses of active formulations to the tumor
site while evading various physiological barriers in the fight
against pancreatic cancers. Evidence suggests that there is
progress in developing nanoparticles able to increase the efficacy
per dose of a therapeutic agent by increasing its bioavailability,
and that can also be modified for targeted specificity toward
cancer cells with negligible damage to non-target tissues, which
is generally associated with current chemotherapy [7, 41,
43–48, 64–67]. With the establishment of the Alliance for
Nanotechnology in Cancer responsible for fostering innovation
and collaboration among researchers to expedite the use of
nanotechnology for cancer diagnosis and therapy by the United
States National Cancer Institute in September 2004, there has
been some success in the design and synthesis of nanoparticles
that can encapsulate and deliver a diverse suite of cancertargeting therapeutic formulations such as nanoparticles
delivering chemotherapy drugs or RNA interference inhibitors
[68, 69, 70, 71], and nanoparticles co-delivering two
chemotherapeutic drugs at a fraction of the dose with minimal
side eﬀects and with the potential to reduce cost [64, 65].
There are many other emerging strategies such as the use of
nanoparticles (e.g., magnetic nanoparticles) synergistically to
improve photodynamic therapy (use of specific wavelength
irradiation to selectively kill cancer cells via oxidative stress and
caspase-dependent apoptotic mediated mechanisms) [72, 73],
and photothermal therapy (use of near-infrared light of longer
wavelengths to ablate cancer cells) [74], or both [75], or by
employing nanoparticles composed of high atomic numbers
such as gold nanoparticles [76], titanium oxide nanotubes [77],
or gadolinium-based nanoparticles [78] to enhance radiation
therapy.

29.5.2 Limitations
When nanoparticles enter the biological environment, the surface
proteins associated with the nanoparticle interact with biological

917

918

Emerging Therapeutic Potential of Nanoparticles in Pancreatic Cancer

molecules; this interaction depends highly on the composition
of proteins on the nanoparticle. Inappropriate surface chemistry
of nanoparticles has the potential to cause unwanted reactions,
reduction in efficacy, and adverse eﬀects [21].
Clinical trials in this study involve participants who have
refractory pancreatic cancer; further studies need to be done
to ascertain the eﬀects of nanoparticles on patients with less
localized pancreatic cancer.
Studies included in this review were heterogeneous
precluding a meta-analysis. Variability was identified in the way
the dosage of nanoparticles for administration was determined;
since dosage is related to toxicity, this may be a confounder in
the frequency and severity of side eﬀects found. In order for the
studies to be comparable, a standardized form of dosing should
be used in future studies.
Nanoparticles can be generated in many forms, and only a few
of them have been investigated in clinical trials as demonstrated
by this study. Many other nanoparticle types have been investigated
in in vivo studies with promising results [64, 65]. In the future,
it is expected that many more clinical trials will be published
on these emerging therapies such as quantum dots, carbon
nanotubes, paramagnetic nanoparticles, metallic nanoparticles,
and silver nanoparticles. Since great diversity exists in the form
that nanoparticles can take, this study is only representative of
gold nanoparticles, micelle nanoparticles, Rexin-G, and liposomal
nanoparticles. The nanoparticles used in the clinical trials
identified in this study vary greatly among themselves, and the
results cannot be generalized to all the forms of nanoparticles
available.
Multiple cell lines of origin for pancreatic cancer exist; the
trials included in this chapter did not identify the cell line of
pancreatic cancer for the participants. This is a limitation, as the
types of mutation present in the cell line provide information on
the growth characteristics, tumorigenicity, and chemosensitivity
of the tumor [79]. For example, panc-1 cells have a 5× greater
ability to invade compared to BxPC-3 cells and Capan-1 cells have
a higher angiogenic potential compared to Panc-1 cells [80–83].
Although there is limited evidence on the best method to obtain
cell line information, further research in this area can enhance
the interpretation of results from the use of nanomedicine.

Conclusions

29.5.3 Future Research
These studies highlight the potential of nanoparticles to be used
in human participants; the results demonstrate a safe toxicity
profile and ability to increase overall survival. Despite promising
research showing the efficacy and safety of nanoparticles in
in vitro and in vivo studies in animal models, more research is
required to determine the clearance mechanisms of nanoparticles
and their molecular interactions in human participants [14]. The
long-term side eﬀects of using nanoparticles are yet to be defined.
More randomized controlled trials are required to determine
implications of nanomedicine on the quality of life of patients
with pancreatic cancer.

29.6 Conclusions
Clinical trials have been performed involving a retroviral vector,
albumin, colloid gold, micelles, and liposomes. The clinical
trials have demonstrated that nanoparticles can be used in
conjunction with chemotherapeutic and other agents increasing
their efficacy while reducing their toxicity. Increased efficacy
of treatment with nanoparticles may improve the clinical
outcomes and quality of life in patients with pancreatic cancer,
although the long-term side eﬀects of these agents remain
unknown.

Abbreviations
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Percentage
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Confidence interval

FDG

Fluorodeoxyglucose
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Positron emission tomography
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30.1

Introduction

For decades, cancers have been treated with surgery, chemotherapy,
radiotherapy, or some combination of these modalities. As our
understanding of the molecular pathways operative in cancer cells
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has grown, the field of targeted therapeutics (i.e., “precision
medicine”) has emerged [1]. The term “targeted therapy” in oncology
generally refers to the use of agents that block the growth and
spread of cancer cells by interfering with specific molecules
(“molecular targets”) that are involved in the cancer growth,
progression, and spread [2]. Targeted therapeutics can be designed
with an intended target in view or be based on lead compounds
that were detected via screening assays based on the particular
molecular target. Underlying the field of targeted therapeutics is
the assumption that if a molecular target is preferentially found in
the cancer cells or if it is in some fashion distinct from its
counterpart in normal cells, the targeted therapeutic may have the
ability to impede the growth or survival of cancer cells with less
harm to normal cells than generally seen with traditional
chemotherapy or radiotherapy. Targeted therapeutics can be
small molecules e.g., imatinib mesylate (Gleevec®/Glivec®,
formerly called STI571) inhibits the BCR-ABL tyrosine kinase that
is found specifically in chronic myeloid leukemia but not in normal
cells [3, 4]. Targeted therapeutics can also take the form of a
monoclonal antibody (mAb) that binds to its cognate antigen on
cancer cells to exert a therapeutic eﬀect. For example, rituximab
(Rituxan®), the first therapeutic antibody approved for cancer
by the US Food and Drug Administration (FDA), binds to the Bcell antigen CD20 [5, 6]. Other examples of therapeutic mAbs
include trastuzumab (Herceptin®), which recognizes the HER2
molecules found on some breast cancer and certain other
malignancies [7, 8], and bevacizumab (Avastin®), which recognizes
VEGF involved in the formation of new blood vessels (angiogenesis)
that supply tumors [9, 10].
Cancer gene therapy and cancer immunotherapy are also
considered to be targeted therapies. In gene therapy, the aim is
often to restore a particular gene function that is lost or defective
in cancer cells or to induce cancer cell death by introducing
foreign genetic materials into patient’s cells [11, 12]. We will
herein describe SGT-53, our novel nanomedicine for p53, gene
therapy that is “double targeted” in that its payload targets the
cellular network regulated by p53 and the delivery system targets
tumors via a receptor the expression of which is elevated
on cancer cells. Cancer immunotherapy can take various forms,
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but we will focus on the manipulation of immune checkpoints
using antibodies that has now become an important component
of cancer treatment. Agents that are now approved by the FDA
for this form of immunotherapy include mAbs targeting the
programmed cell death-1 (PD1) pathway (i.e., antibodies against
PD1 or PD-L1, the ligand for PD1) that block negative regulation
of T-cell immunity [13–16]. This class of therapeutic agents are
among those known as “checkpoint inhibitors” (CPIs) and can
be thought of as releasing the “brakes” on the immune system
that are naturally present to prevent its attack of normal cells
(autoimmunity).
Cancer cells evade immune attack by both rendering
cytotoxic T cells (CTLs) dysfunctional and impeding recognition of
tumor-specific antigens. The overarching goal of cancer
immunotherapy is to develop interventions that enable the
body’s own immune system to eradicate the cancer with minimal
side eﬀects. Despite exciting results in cancer patients receiving
therapy based on CPIs, a considerable fraction of patients either
do not respond or become refractory/resistant to these agents
[17–19]. Moreover, in some instances, treatment with CPIs is
accompanied by unacceptable toxicities which are the result of
increased immune-related adverse events [20–24].
Much eﬀort is now being expended to explore combining
multiple CPIs or combining CPIs with other classes of therapeutic
agents to improve clinical response and/or minimize toxicities
[25, 26]. In this chapter, we will discuss results combining cancer
gene therapy and cancer immunotherapy. Specifically, we will
describe SGT-53, a novel nanomedicine that is now in human
clinical trials for multiple cancer indications [27, 28]. SGT-53 is
a nanocomplex that targets tumor cells and results in relatively
high expression of wild-type p53 in cultured cancer cells and in
tumors in vivo [29–31]. We have employed four syngeneic models
in immunocompetent mice, all of which are relatively refractory
to checkpoint blockade. These models represent head and neck
(H&N) cancer [32], lung cancer, metastatic breast cancer, and
glioblastoma [33]. In all of these syngeneic models, our results
indicate that SGT-53 treatment results in p53 expression in the
tumor cells and markedly augments immunotherapy based on an
anti-PD1 mAb. In addition, in one of the syngeneic tumor models
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(BALB/c mice bearing 4T1 metastatic breast tumors), we have
demonstrated that addition of SGT-53 to the anti-PD1 treatment
regimen ameliorates the toxicity associated with anti-PD1
monotherapy [33].

30.2

The Role of p53 in Cancer

The tumor suppressor p53, encoded by the TP53 gene, is among
the most studied molecules with more than 80,000 publications
in nearly 40 years of research [34]. The potential of p53 as
a therapeutic target has been highlighted both in scientific
publications and in popular media. In 1993, p53 was dubbed
“molecule of the year” by Science in an article that stated: “…p53
and its fellow tumor suppressors are generating an excitement
that suggests prevention now and hope for a cure of a terrible
killer in the not-too-distant future” [35]. In 1996, p53 made the
cover of Newsweek under the headline “The Cancer Killer”
suggesting that it may be “the key to the cure” [36]. The definition
of “not-too-distant future” can be debated, but cancer is still
with us, and investigators are still seeking to understand how
p53 functions as a tumor suppressor and how best to translate
this understanding into therapeutic interventions to the benefit of
cancer patients.
The beginning of the p53 story can be traced to 1979
(see Fig. 30.1) when it was identified in a complex with the SV40
tumor-virus oncoprotein [37–40]. Initially, p53 was described
as an oncogene [40, 41] but as a result of research in the 1980s
was reclassified as a tumor suppressor gene. About 10 years
before the actual identification of p53, four families were
described with a strong propensity to cancer that would come
to be known as classical Li-Fraumeni syndrome (LFS) [42]. LFS
families are characterized by the occurrence of a constellation
of tumor types with relatively early onset in aﬀected family
members. Estimates of the increased risk of cancer have
revealed that a staggering 50% of aﬀected LFS family members
develop cancer before age 40 years, and 90% before age
60 years [43]. In 1990, two laboratories simultaneously
published data that identified germline alterations in the TP53
gene as the inherited defects in the LFS families [44, 45].

Figure 30.1 The timeline of p53. See text for additional details.
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The familial cancers in LFS family members were due to
inheritance of only one functional allele of the TP53 gene and
subsequent loss of this heterozygosity in somatic cells (i.e., loss of
or mutation in their one functional TP53 allele). This explanation
for LFS was in accord with the “two-hit hypothesis” that had
been formulated by Al Knudson based on statistical analysis
comparing sporadic and inherited forms of retinoblastoma [46].
The two-hit hypothesis is now accepted with cases of inherited
retinoblastoma involving a germline defect in one allele of the
RB1 gene with subsequent somatic loss of the remaining RB1 allele.
In this regard, RB1 in inherited retinoblastoma is analogous to
TP53 in LFS.
Understanding the genetic basis for tumorigenesis in
cancer-prone families has proven to be informative in identifying
genes that are also involved in non-inherited (i.e., sporadic)
cancers. Over 50% of all human cancers have either deletion,
mutational inactivation of p53 or alterations in the pathway
downstream of p53 [47–49]. Indeed, TP53 is the single most
frequently mutated gene in cancer [50–53]. It has even been
asserted that “direct mutation or aberration in one of its
many regulatory pathways is a hallmark of VIRTUALLY EVERY
TUMOR” [34] (emphasis added). Mutation of p53 can lead to
loss of its normal functions, but the mutant p53 proteins that are
often overexpressed in tumors exhibit new functions that can
contribute to oncogenesis [34, 54–55]. These gain-of-function
mutations provide potential targets of therapeutics, but utility
of these therapeutics may be limited to cancers with particular
mutations in p53.
Substantial eﬀort has been devoted to the understanding of
how p53 functions as a tumor suppressor [34, 54–56]. The
TP53 gene encodes a transcription factor that regulates the
transcription of hundreds of targets in the human genome—some
in a tissue-specific manner [57–61]. Given the large number of
genes under the influence of p53 and the intricacy of cellular
pathways involving the products of these genes, it is perhaps
not surprising that the p53 story is quite complicated. Early
studies revealed that p53 is involved in response to acute DNA
damage (e.g., by radiation or chemicals) by triggering cell cycle
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arrest, apoptosis and/or senescence [54, 62–64]. The roles of
p53 in cell cycle arrest, apoptosis, and senescence in response to
DNA damage have been referred to as the “canonical functions”
of p53, and it was envisioned that these functions were
responsible for the tumor suppressor activity of p53. By arresting
the cell cycle in response to DNA damage, p53 in eﬀect was giving
the cell opportunity to engage in DNA repair to preclude
accumulation and propagation of mutations that could give rise
to tumors. If the DNA damage was too extensive to be repaired,
the cell could be eliminated via p53-driven programmed cell
death (apoptosis), and this too would suppress tumor formation.
Senescence, characterized by a permanent cessation of cell
division, was seen as yet another p53-mediated alternative to
tumor formation. The canonical functions of p53 provided a
plausible explanation for how p53 functions to suppress tumors,
and p53 was described as “guardian of the genome” based on its
canonical roles in cell cycle arrest, apoptosis and senescence [65].
A very interesting observation has been made in large
mammals e.g., elephants. Given the fact that elephants have 100times more cells than humans, it would be anticipated that they
would be approximately 100-times MORE susceptible to the
somatic events leading to tumors, and yet elephants are estimated
to be 5-times LESS susceptible to cancers than humans. This
observation is related to what is referred to as “Peto’s paradox”
named for Richard Peto, who noted that cancer incidence in
various species does not correlate with the number of cells in the
organism as might be expected [66]. In exploring the molecular
basis for the lower cancer susceptibility in elephants, it was
found that their genome contains at least 20 copies (40 alleles)
of genes for p53 rather than the two alleles found in humans
[67–69]. The “extra” copies of TP53-related genes found in
elephants appear to contribute to enhanced response of elephant
cells to DNA damage induced by radiation or chemicals [67–68].
In contrast to elephants having excess copies of p53-related
alleles, strains of mice engineered to lack the TP53 gene (termed
p53-null or p53-/- mice) are highly predisposed to development
of various tumors [70]. In this regard, p53 null mice resemble
aﬀected LFS family members in that both are afflicted with
multiple types of cancers.
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Although p53 certainly does trigger cell cycle arrest,
apoptosis, and senescence in response to DNA damage, its
tumor suppressor function is clearly more complicated than just
responding to DNA damage as originally envisioned. Something
of a paradigm shift in thinking about p53 occurred when
research indicated that the protein’s ability to trigger a response
to acute DNA damage could be lost in certain p53 mutants that
nonetheless retained tumor suppressor activity [71, 72]. Similarly,
the cell cycle arrest and apoptosis triggered by p53 involve
downstream eﬀectors p21, Puma and Noxa and in mice genetically
lacking these eﬀectors, p53 can no longer trigger response to
acute DNA damage. Yet even in the absence of ability to respond
to DNA damage, p53 is a tumor suppressor [73]. This divorcing of
DNA damage response from tumor suppression has led to research
that seeks to understand the range of activities associated with
the tumor suppressor activity of p53 that might be exploited
therapeutically [54–56].
One of the most influential descriptions of cancer described
six “hallmarks of cancer” [74]. This perspective on cancer was
subsequently expanded to include 10 hallmarks [75] that included
cancer-specific alterations in metabolism, angiogenesis, genetic
instability, immune evasion, cell death, replicative immortality,
sustained proliferation, invasion/metastasis, inflammation, and
the tumor microenvironment. Evidence exists for an involvement
of p53 in each of the 10 hallmarks [76]. Moreover, a Cancer
Hallmarks Analytics Tool (CHAT) has been developed for text
mining of the scientific literature on cancer to organize and
evaluate it in the context of the 10 hallmarks of cancer [77].
When CHAT was used on a large scale i.e., using “p53” to query
150 million sentences extracted from 24 million PubMed
Abstracts, hits on p53 were found to be related to each of the
10 hallmarks of cancer. It has been suggested that tumor
suppression by p53 is not related to a single role but to some
summation of its functions. This would perhaps account for
the fact that mutations in p53 in cancers are much more common
than mutations in any of the downstream components of the
p53 network [56].

Cancer Therapeutics Based on p53

30.3

Cancer Therapeutics Based on p53

Given the abundance of data linking the loss of p53 to
oncogenesis, restoring the missing p53 function(s) has long been
recognized as an attractive cancer therapeutic strategy [78–81].
Attempts at restoration of p53 activity have included gene therapy
whereby a functional copy of p53 is transferred by one means
or another into tumor cells [82]. One advantage to TP53 gene
therapy is that it allows one to be agnostic on just how p53 works
as a tumor suppressor. All functions of p53 that are aﬀected by the
loss of p53 function should be restored by wild-type TP53 gene
therapy. Viral delivery strategies have been employed to bring
functional TP53 gene into tumors to trigger apoptosis [83, 84].
Our own nonviral delivery of functional TP53 using a tumortargeted nanocomplex will be described in more detail below,
but we have extensive data in mice bearing a variety of human
tumor xenografts that nonviral delivery of a functional TP53 gene
to tumors sensitizes these cells to chemotherapy and radiotherapy
by rendering cells expressing exogenous p53 more prone to
apoptosis [29, 31, 85–88].
Indirect restoration of p53 functions has also been attempted
by aiming at other components of the p53 network [54–56, 89].
It has long been appreciated that alterations in proteins other
than p53 can influence p53 functions. Perhaps the most
extensively studied are MDM2 and MDMX, two related negative
regulators of p53 activity that have ubiquitin ligase activity
[90–92]. In response to DNA damage, phosphorylation events
inhibit the interaction of p53 with MDM2/MDMX resulting in
p53 stabilization with consequent activation of downstream
transcriptional targets [93, 94]. Because MDM2/MDMX are negative
regulators of p53, overexpression of MDM2/MDMX results in loss
of p53 function that can result in oncogenesis [95–97]. In those
instances wherein p53 function is lost in a tumor through
overexpression of its negative regulators, interventions that
down-modulate these regulators or interfere with their interaction
with p53 would be expected to restore p53 function for tumor
suppression. Such molecules are under study as cancer therapeutics
[96, 98–100], but their usefulness may be limited to that subset
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of cancers wherein wild-type p53 is inhibited by MDM2/MDMX
overexpression.

30.4

The Role of p53 as Guardian of Immune
Integrity

A linkage between p53 and the immune system was evident in
early studies with p53 null mice. These mice were engineered to
lack TP53 develop tumors, but approximately one-quarter of these
animals die of unresolved infections prior to tumor development
suggestive of a severely compromised immune system [101]. The
p53 null mice are also more susceptible to autoimmune diseases
as demonstrated in a streptozotocin-induced diabetes model with
elevated proinflammatory cytokines [102] indicating dysfunction
in immune regulation. Other studies have shown that p53 serves as
a host antiviral factor that enhances both innate and adaptive
immune responses to infections by influenza virus [103]. In
experiments designed to assess the impact of losing and restoring
p53 function in tumors, RNA interference (RNAi) was used to
conditionally regulate endogenous p53 in a doxycycline-dependent
fashion [104]. In this mouse model, p53 expression is suppressed
in the absence of doxycycline and increased when mice are
exposed to doxycycline. Using this murine model, the absence of
p53 was found to be required for maintenance of an aggressive
hepatocellular carcinoma. However, when p53 expression was
restored, the tumor regressed, and this regression was not due
to apoptosis. Rather, tumor regression was hampered when
macrophages, neutrophils, or natural killer cell functions were
blocked individually indicating that the tumor regression triggered
by restoring p53 expression was linked to the innate immune
system.
It has become clear that, in addition to its well-documented
role in response to genotoxic and oncogenic stresses by inducing
cell cycle arrest, apoptosis, and senescence, p53 also participates
in immune regulation at various levels. Compelling evidence links
p53 dysfunction to immunological consequences that contribute
to tumorigenesis and tumor progression [105, 106]. Given that
DNA binding sites for p53 as a transcription factor are found in a
large number of genes and that immune responses also involve
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complex interplay among many gene products, it is perhaps not
surprising that p53 has been implicated in immunity. The recent
studies show that p53 is involved in controlling genes involved
in immune signaling, autoimmunity, post-apoptotic dead cell
clearance, immune tolerance, and immune checkpoint regulation.
The mechanisms by which p53 modulates the immune system
include direct regulation of the expression of immune-relevant
molecules via p53 functioning as a master transcription factor.
Immune-relevant parameters may also be altered via indirect
downstream eﬀects emanating from one or more components of
the many p53-regulated cellular pathways. In the aforementioned
analysis using CHAT to analyze the scientific literature, immune
destruction of tumors was the hallmark of cancer with the least
hits on the query “p53” [77] perhaps reflective of the fact that
this is a relatively new area of p53 research. Nonetheless, it has
been suggested that the title “guardian of immune integrity”
be added to its title “guardian of the genome” in describing
p53 [107].

30.5 SGT-53, A Novel Nanomedicine for TP53
Gene Therapy
We are developing a platform technology for delivery of
therapeutic agents that is based on a nanocomplex termed scL
(for single chain Liposome; see Fig. 30.2). The scL nanocomplex
consists of: (a) a cationic liposome which can encapsulate various
types of therapeutic molecules; (b) the therapeutic payload
itself; and (c) a targeting moiety consisting of a single chain mAb
Fv fragment (scFv) that recognizes the transferrin receptor (TfR).
The scL nanocomplexes are capable of encapsulating diverse
therapeutic payloads ranging from plasmid DNAs for gene
therapy [30, 87, 108, 109] to antisense oligonucleotides, siRNAs,
miRNAs to modulate cellular gene expression [111–114] to small
molecule therapeutic agents like temozolomide (TMZ) [115] or
other small chemotherapeutics [116].
Virtually all cancer cells examined display increased expression
of TfRs compared to normal cells and the TfR pathway has long
been recognized as promising for targeting therapeutics to
tumors [117, 118]. The TfR engages in endocytosis for delivery
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Figure 30.2 Schematic representation of SGT-53. The scL (single chain Liposome) nanocomplex has three components: a payload
(a plasmid DNA carrying the wild-type human TP53 gene in the case of SGT-53); a cationic liposome; and a targeting moiety in
the form of a single chain Fv (scFV) fragment of a monoclonal antibody raised against the human transferrin receptor (TfR).
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of iron that is found in serum bound to transferrin (Tf). Cells
acquire iron by TfR-mediated endocytosis that involves delivery
of iron into cells with recycling of the TfR. The TfR on the surface
of tumor cells undergo high cycling rates reflective of increased
iron consumption [119]. Our scL nanocomplexes are taken into
cells via this normal physiological pathway (see Fig. 30.3). When
the payload of the scL nanocomplex is a plasmid DNA carrying
a gene of interest, the gene is released from endosomes,
transcribed in the nucleus, and its mRNA translated in the cytoplasm
where the protein encoded by the gene can be detected. When
the scL nanocomplex is injected intravenously (i.v.), the complex
“homes” to tumors with exquisite specificity. Two features of
the scL nanocomplex appear to contribute to its specificity in
targeting of tumors. The size of the nanocomplex (~100 nm) allows
them to extravasate into the interstitial space of the tumor via
the newer, leakier angiogenic vessels that supply blood to tumors
(see Fig. 30.4A). This feature is related to the enhanced
permeability and retention (EPR) eﬀect that accounts for a degree
of accumulation of even untargeted nanomaterials in tumors.
The EPR eﬀect has been reviewed [120, 121]. The scL
nanocomplexes engage in the enhanced permeability component
of the EPR eﬀect. With untargeted nanomaterials, the retention
component of the EPR eﬀect reflects only a small diﬀerence
between material entering and exiting the tumor i.e., the retention
is not an active process mediated by a specific interaction with
the tumor cells. In contrast, retention of scL nanocomplexes
(and their payloads) within in the tumor is NOT passive. Rather,
elevated TfR expression on tumors (see Fig. 30.4B) and the nature
of its intracellular trafficking pathway that includes receptor
recycling [122, 123] allow the payload to accumulate in the
tumor cells.
An example of the specificity of this nanodelivery system is
shown in Fig. 30.4C. This experiment involves a mouse bearing
a primary pancreatic tumor that has metastasized to multiple
organs. The scL nanocomplex injected into the tail vein of this
animal had as its payload a plasmid DNA carrying the LacZ
gene. This reporter gene allowed assessment of where the
β-galactosidase encoded by LacZ is being expressed. As can be
seen in Fig. 30.4C, only tumor tissue shows the characteristic
blue color of LacZ expression whereas adjacent normal tissue

941

Figure 30.3 Uptake of SGT-53 and expression of p53. SGT-53 enters cancer cells with elevated TfR expression via
TfR-mediated endocytosis after which the plasmid DNA carrying the TP53 gene escapes the endosomal compartment
and is transcribed into p53 mRNA in the nucleus. The p53 protein is translated from p53 mRNA in the cytoplasm and
acts in the nucleus as a transcription factor that regulates expression of many genes.
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Figure 30.4 The basis of the tumor-targeting by scL nanocomplexes. The
selective delivery of scL payloads to tumors derives from preferential exit
of the nanocomplexes from the newer, leakier blood vessels that supply
tumors (Panel A) and overexpression of the TfR on cancer cells (Panel
B). In Panel C is shown a mouse bearing a primary pancreatic tumor
with metastases to multiple organs. The mouse received three intravenous
injections of scL-LacZ over 24 h and 60 h later, organs were stained
for β-galactosidase activity (modified, with permission, from ref. 163).
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remains uncolored. This can perhaps best be seen where tumor has
invaded a portion of the diaphragm or with the tumor nodule seen
on the surface of the liver. It should be noted that the payload
in scL-LacZ is not itself colored. The blue staining of the tumor cells
requires uptake of the nanocomplex, escape from the endosomal
compartment, transfer of DNA into the nucleus, transcription
into mRNA, transport of mRNA back into the cytoplasm and
translation into the enzyme β-galactosidase responsible for the
blue color development through cleavage of the colorimetric
substrate X-gal.
Another feature of the scL nanocomplex is its ability to actively
cross the blood–brain barrier (BBB) to deliver payloads into the
brain. The BBB comprises cerebral endothelial cells that line the
brain’s blood vessels and blocks entry into the brain parenchyma
of many therapeutic agents, including most macromolecules [124].
In the treatment of brain tumors and other neurological diseases,
a delivery vehicle that ferries payloads from the bloodstream
into the brain would be highly desirable. Such a physiological
process naturally exists by which diferric Tf (MW ~80 kDa) is
transported across the brain endothelial cells by a process called
transcytosis to maintain iron homeostasis in the brain. Iron is
an important molecule for brain function but must be imported
across the BBB for use by brain cells, and Tf is the primary iron
transporting protein [125, 126]. Brain endothelial cells by are
unique among endothelial cells in that they exclusively overexpress
TfR compared to peripheral endothelium to facilitate iron
acquisition by the brain [127]. The Tf/TfR system has long been
recognized as having potential to be exploited for delivery of
therapeutic agents into the brain [124, 127]. We are developing the
scL nanocomplex as a versatile delivery system capable of being
loaded with a range of therapeutic and diagnostic molecules to
traverse the BBB. These scL nanocomplexes are somewhat akin to
the “Trojan horse” of ancient Greece in that they are able to enter
the brain by a normal physiological process carrying a payload
that would not otherwise be granted entry (see Fig. 30.5A).
Endothelial cell TfR molecules pick up diferric Tf on the blood side
of the endothelial cells that line brain capillaries. Once on the brain
side of the BBB, the nanocomplex enters individual brain cells
via TfR-mediated endocytosis (see Fig. 30.3), the physiological

Figure 30.5 The crossing of the blood–brain barrier (BBB) by scL nanocomplexes. The BBB consists of brain microvascular
endothelial cells with tight junctions. Diferric transferrin is normally shuttled across the BBB by TfR-mediated transcytosis
to supply the brain with iron for metabolism. The scL nanocomplexes hijack this process to enter the brain after intravenous
administration (Panel A). Following injection of mice with a scL nanocomplex carrying gene for green fluorescent
protein (GFP), the fluorescent gene product can be seen in brain slices (Panel B) and in the cytoplasm of neurons in the cortex
(Panel C).
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pathway by which these cells take up diferric Tf to acquire iron
for metabolism. To demonstrate the validity of this approach, we
have encapsulated a plasmid DNA carrying the gene for green
fluorescent protein (scL-GFP) and administered this nanocomplex
by tail vein injection. When brains are sliced and visualized for
GFP signal, we observed the signal in the deep brain (see
Fig. 30.5B). High-resolution microscopy revealed the fluorescent
GFP in the cytoplasm of in the cells in the brain cortex (see
Fig. 30.5C). The fluorescent signal in the neuronal cell cytoplasm
arises from the GFP produced in situ by transcription of the GFP
plasmid DNA and subsequent translation of GFP mRNA in the
cytoplasm. This finding confirms that the nanocomplex’s payload
is not trapped in the endothelial cells of the BBB or in the
endosomes of brain cells.
Various alternative strategies have been employed to
address this lack of access to brain by therapeutics. These
include direct intraventricular injection [128], intrathecal or
intranasal administration to avoid the BBB [129–131], or invasive
strategies involving mechanical or chemical disruptions of the
BBB [132–135]. However, disruption of the BBB to allow entry of
therapeutic agents would concurrently compromise the normal
protective role of the BBB with potential for brain toxicity or
secondary infections [136–138]. Moreover, these approaches are
not suitable for the multiple doses of medicines to treat chronic
neurological or neuromuscular disorders that may require longerterm interventions [138–142].
We have also used scL nanocomplexes to deliver siRNA
payloads into the brain [113, 114]. The potential of RNAi-based
therapeutics has been recognized since its discovery in the late
1990s [143]. RNAi encompasses several variations on the theme
of RNA-directed gene regulation including siRNA. Successful
siRNA-based therapeutics require delivery of the siRNA with
complementarity to a specific cellular mRNA target, the silencing
of which would be of importance in treating a disease or condition
[144, 145]. However, difficulties have been encountered in
attempts to develop RNAi-based therapeutics due to RNA
instability and/or the inability of the putative RNAi therapeutic
to reach the appropriate target cells. Protection of RNA from
degradation and the ability to deliver to a desired site of action
are considered to be the two grand challenges in RNAi-based
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therapeutics, and our platform technology addresses both of
these issues. Delivery of siRNA having therapeutic potential is a
multifaceted challenge, but one key aspect relates to traversing
the various tissue barriers that exist in the body [146]. This
issue is perhaps nowhere more pronounced than in treatments
aimed at brain tumors or other neurological diseases, because
the BBB is impervious to most systemically administered
therapeutics including nucleic acids and their analogs [148,
148]. We have shown that the scL nanocomplex can ferry siRNA
payloads of therapeutic relevance into the brains of mice after
systemic administrations. The therapeutic benefit of scLdelivered siRNA was demonstrated in experiments wherein
the death of mice and neuronal apoptosis triggered by bacterial
lipopolysaccharide were prevented [113, 114].
We have also utilized scL nanocomplexes to deliver small
molecule therapeutics into the brain [115, 149]. The
chemotherapeutic agent TMZ is the current standard of care for
GBM, but as currently used, TMZ improves median survival by
only ~2.5 months, and even this modest eﬀect is seen in only
about 30% of patients. When brain tumors recur after initial
treatment, these tumors are more often TMZ-resistant. Although a
relatively small molecule (MW = 194), TMZ does not readily cross
the intact BBB. Access of TMZ to the GPM in the brain occurs
primarily as a result of disruption of the BBB by the growing
tumor meaning that smaller foci of cancer cells that have not as
yet disrupted the BBB are not eﬀectively reached by TMZ. We
have produced a novel targeted nanocomplex formulation of
TMZ that actively crosses the BBB and then actively targets cancer
cells in the brain [115]. This nanocomplex formulation (termed
scL-TMZ) has been shown to be markedly more active than
free TMZ both in vitro and in animal models for human GBM
including those that are highly TMZ-resistant. Encapsulation
of TMZ in the nanocomplex also enhances the agent’s activity
against other types of tumor cell lines (lung, prostate, pancreas,
breast, melanoma and colorectal). Based on these findings, there
is every reason to suspect that scL-TMZ will prove eﬀective against
a range of cancer types beyond GBM.
Two products that utilize the scL platform delivery system
for gene therapy are now in human clinical trials. SGT-53 (see
Fig. 30.2), our lead oncology product for p53 gene therapy, has
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completed phase Ia and Ib clinical trials [27, 28] and is currently
in multiple human Phase II clinical trials. SGT-53 has been shown
to be well tolerated with some indications of anti-cancer activity
in the safety trials. SGT-53 is now being tested against
recurrent GBM in combination with TMZ (ClinicalTrials.gov
Identifier: NCT02340156), against metastatic pancreatic cancer in
combination with gemcitabine/nab-paclitaxel (ClinicalTrials.gov
Identifier: NCT02340117), and in combination with topotecan/
cyclophosphamide for refractory or recurrent non-CNS solid
tumors in children (ClinicalTrials.gov Identifier: NCT02354547).
In addition, two children with brain tumors have been treated
with SGT-53 under an extended access (aka compassionate-use)
investigational new drug application. No serious safety issues
arose in these patients, and evidence of tumor responses
was apparent in CT scans (unpublished data).
A second investigational anti-cancer product (SGT-94)
based on RB94, a version of the RB1 gene that encodes RB94 that
has an N-terminal truncation compared to full-length RB110
[109, 110]. SGT-94 has also completed a Phase I clinical trial
(ClinicalTrials.gov Identifier: NCT01517464) with an excellent
safety trial [150]. SGT-53 and SGT-94 are among a small number
of receptor-targeted nanomedicines now undergoing clinical
evaluation [151]. The exceptional safety profiles in trials for
SGT-53 and SGT-94, both of which utilize the scL delivery system,
suggest that the “regulatory risk” of all products utilizing this
system has been eﬀectively reduced. We are currently exploring
other applications for scL-mediated nanodelivery.

30.6 SGT-53 Augments Cancer Immunotherapy
Based on an Anti-PD1 Monoclonal
Antibody
Despite clinical success of antibodies against PD1, many patients
are nonresponsive and only a subset experiences durable
responses. A large number of trials are now under way that
combine inhibitors of the PD1/PD-L1 pathway with a wide range
of other agents [26]. These trials aim to expand the percentage
of patients that respond to checkpoint blockade and/or improve
the anti-tumor activity in patients who do respond. In preclinical
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studies, we have utilized several syngeneic murine tumor
models including a breast tumor (4T1), a non-small cell lung
carcinoma (LL2), and glioblastoma (GL261) to explore combining
our investigational nanomedicine SGT-53 with a checkpoint
inhibitor [33]. The combination of SGT-53 and anti-PD1 antibody
resulted in enhanced inhibition of tumor growth compared to
either agent individually (see Fig. 30.6). The inhibition of tumor
growth results in a corresponding extension of lifespan in the
mice receiving SGT-53 plus an anti-PD1 antibody. Similar
observations, i.e., decreased tumor growth and increased
survival, were also observed in mice bearing MOC1, a H&N tumor
treated with the combination of SGT-53 plus an anti-PD1 antibody
[32]. It should be noted that all four of these murine tumors
are relatively refractory to immune checkpoint inhibitors as
monotherapy and, in this regard, resemble patients with tumors
that do not respond to checkpoint blockade.
To assess how increased p53 expression emanating from
SGT-53 treatment was modulating the immune system to inhibit
tumor growth and improve survival, a number of immunerelevant markers were examined in mice bearing 4T1 tumors
that were treated with SGT-53 [33]. FACS analysis of harvested
tumors revealed significantly increased surface expression of
immune cell recognition molecules (e.g., calreticulin (CRT), FAS,
PD-L1, CD80, CD86, ICAM1, and MHC class I) after SGT-53 treatment.
Although the elements involved in tumor response to anti-PD1
antibodies are complex [26], studies seeking biomarkers that
might be used to predict patient response have found expression
of PD-L1 on tumors to be the single feature most highly correlated
with response [152]. It has been suggested that cancer patients
who do not respond to treatment with anti-PD1 antibodies are
those having tumors with relatively low expression of PD-L1
[74] although a lack of response of patients to CPIs is likely more
complicated. In addition to the observation of elevated PD-L1 on
4T1, we have shown that treatment of mice with SGT-53 elevated
the expression of PD-L1 on MOC1 H&N tumor cells [32] as well as
on GL261 glioblastoma and LL2 lung cancer [33 and unpublished
data]. It is our hypothesis that SGT-53 treatment would also
elevate expression of PD-L1 on human tumors, and this eﬀect
could result not only in enhanced response to anti-PD1 antibodies
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in the subset of patients who currently respond but might also
expand the percentage of patients who respond. Conversion of
non-responders to responders could have profound eﬀects on the
use of immunotherapy based on PD1/PD-L1. We have used the
NanoString technique to assess gene expression in tumors treated
with SGT-53 and found increased mRNA levels corresponding to
transporter associated with antigen processing 1 (TAP1) and TAP2
after SGT-53 treatment. These molecules have been implicated as
important p53-dependent components of antigen presentation
and immunogenic cell death (ICD). These data strongly suggest that
p53 expression from SGT-53 alters the expression of immunogenic
markers on the surface of tumor cells and induces ICD of tumor
cells. We also examined infiltration of tumors by cells of the innate
and adaptive immune system. The number of dendritic cells,
macrophages, and NK cells associated with 4T1 tumors were each
increased by SGT-53 treatment. When mice bearing 4T1 breast
tumors were treated with anti-PD1 mAb plus SGT-53, we observed
a significant increase in activated CD4+ and CD8+ T cells associated
with the tumors. Neither the anti-PD1 antibody nor SGT-53 alone
led to this increase in tumor-associated T cells [33]. Comparable
observations were made in mice with MOC1 tumors [32].
Triggering apoptosis is considered a canonical p53 function,
and we have observed that SGT-53 treatment enhances apoptosis.
More recently, the involvement of p53 in post-apoptotic clearance
of dead cell bodies through regulation of DD1α has come into
focus [153]. Homophilic interaction between DD1α molecules
on apoptotic cells and DD1α on phagocytes mediates phagocytic
engulfment of the apoptotic cells. DD1α-deficient mice experience
autoimmune disorders indicating that DD1α is involved in
self-tolerance. It appears that in addition to its involvement in the
clearance of post-apoptotic cells, DD1α upregulation contributes
to suppression of autoimmunity by p53. When mice bearing 4T1
breast tumors were treated with SGT-53, a significant increase
in DD1α on the cancer cells was observed (unpublished data).
Based on cell surface markers and gene expression analysis,
the tumors in mice treated with SGT-53 appear to be more
immunologically “hot.” This change would be expected to result
in an increased immune response to tumor cells expressing the
p53 encoded by the DNA plasmid carried by SGT-53.

Figure 30.6 Augmentation by SGT-53 of cancer immunotherapy based on an anti-PD1 monoclonal antibody. Tumor growth is
compared for 4T1 breast cancer (Panel A), GL261 glioblastoma (Panel B) and LL2 lung cancer (Panel C). All of these syngeneic murine
tumor models are relatively refractory to immunotherapy based on an anti-PD1 antibody monotherapy and to SGT-53 monotherapy.
The combination of SGT-53 plus anti-PD1 antibody is markedly more inhibitory of tumor growth than either monotherapy.
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The vast majority of cancer deaths are due to metastatic
disease. Mice having 4T1 breast tumors experience metastases
to the lung akin to what is seen in some breast cancer patients.
The 4T1 metastases appear as nodules of cells that can be
quantified microscopically in sections of the lungs of mice. We
have observed that SGT-53 alone is able to substantially reduce
4T1 lung metastases [33]. Treatment of the mice with an antiPD1 antibody alone was essentially ineﬀective in blocking lung
metastases. However, in mice treated with the combination of
SGT-53 plus an anti-PD1 antibody, 4T1 lung nodules were
essentially undetectable.
Although PD1/PD-L1 checkpoint blockade is normally well
tolerated in patients, three patients receiving nivolumab died
from pneumonitis while participating in trials [20]. We observed
that BALB/c mice bearing 4T1 tumors were all killed by repeated
administration (~4–5 doses) of anti-PD1 antibody. These deaths
occurred significantly before tumors were large enough to kill
the mice. Fatal hypersensitivity after repeated injections of antiPD1 or anti-PD-L1 has also been observed in 4T1-bearing mice
by others [154]. Autopsies of our mice killed by anti-PD1 revealed
lung abnormalities that reflected an increase in neutrophil and
macrophage infiltration of the lungs. This infiltration was seen
with anti-PD1 antibody treatment alone but not with either SGT53 alone or in the combination-treatment group. The finding
that the deaths of mice seen after treatment with an anti-PD1
antibody was abrogated if the checkpoint inhibitor was given in
conjunction with SGT-53 [33] suggests that SGT-53 when added
to anti-PD1 immunotherapy may render the CPI not only more
eﬀective but also safer for patients.
To understand the molecular basis of the ability of SGT-53 to
protect mice from anti-PD1-induced death, we performed gene
expression profiling of tumor tissues from the mice employing
the NanoString technique. We specifically looked for candidate
genes that were modulated by anti-PD1 treatment alone but
not when SGT-53 was added to anti-PD1. The logic here was that
some change(s) in gene expression might be linked to the death
of 4T1-bearing mice, and that if SGT-53 prevents this death,
then SGT-53 might prevent the underlying alteration in gene
expression. Multiple genes involved in immune hypersensitivity
and neutrophil recruitment, priming, and activation (Ccl17, Cd74,
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Prg2, Nod1, and GM-CSF) were identified as being upregulated
by anti-PD1 monotherapy, while genes involved in inhibiting
excessive neutrophil infiltration (e.g., Gzmm) were downregulated.
The changes in expression of this set of genes were not observed
with the combination treatment involving anti-PD1 plus SGT53. Of note is that GM-CSF has been directly linked to lungdamaging neutrophil accumulation [155]. GM-CSF mRNA was
upregulated with anti-PD1 treatment, but when SGT-53 was added
to the checkpoint blockade, GM-CSF mRNA expression in tumors
was similar to that seen in the tumors of untreated animals.
A similar result was observed with GM-CSF in sera as assessed by
ELISA that was significantly increased (~4-fold) in 4T1 tumorbearing mice after anti-PD1 treatment alone, but was restored to
normal levels when SGT-53 was added to the treatment regimen.
Anti-PD1 treatment also increased the serum level of the proinflammatory cytokine TNFα, in this case by ~13-fold. TNFα
is known to be related to the cytokine-release syndrome seen
after infusion of certain mAbs [156]. SGT-53 treatment added to
anti-PD1 treatment resulted in TNFα levels equivalent to those
seen in untreated animals. We have thus identified a set of genes
that are candidates in the fatal hypersensitivity reaction that we
see in 4T1-bearing mice. SGT-53 treatment prevents the
modulation of the expression of these genes by anti-PD1
monotherapy and “rescues” the mice from the otherwise fatal
consequences of treatment with this checkpoint inhibitor. Taken
together with the above efficacy data, these results support the
notion that SGT-53 may render checkpoint blockade not only
more eﬀective but also safer.
Tumors engage in immunosuppression as part of evading
the body’s immune system. The cytotoxicity of CD8+ tumorinfiltrating lymphocytes (TILs) against the tumor can be influenced
by multiple immunosuppressive factors such as suppressive
cytokines, suppressor cells e.g., regulatory T cells (Tregs) and
myeloid-derived suppressor cells (MDSCs), and signaling through
inhibitory immune ligands [157–159]. Tregs and MDSCs are
crucial populations in enforcing immunosuppression in the tumor
microenvironment [160]. We found that elevated p53 expression
resulting from SGT-53 treatment reduced both Tregs and MDSCs
associated with tumors, and so SGT-53 can be exploited as a new
means of reducing or eliminating these immunosuppressive
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cells. Gene expression profiling revealed that following SGT-53
treatment, a significant down-modulation of IDO1, an enzyme
known for its key immunosuppressive role in many human
cancers, was observed. It has been previously shown that
tryptophan depletion by IDO1 could lead to the T cell anergy
and activation of immunosuppressive Tregs and MDSCs [161,
162]. Currently, drugs targeting the IDO1 pathway are in clinical
trials to reverse the tumor-induced immunosuppression [162].
In accordance with our data, a recent report demonstrated that
restoration of p53 activity via nutlin-3a was able to induce ICD
and promote CD8+ T cell-dependent anti-tumor immunity in mice
bearing EL4 tumors [160]. In that study, nutlin-activated p53
was able to eliminate immunosuppressive MDSCs. However,
reactivation of endogenous p53 via nutlin-3a requires tumor cells
harboring wild-type p53, and many tumor cells with TP53 deletions
or otherwise not expressing mutant p53 would be expected to
be unresponsive to nutlin-3a. In contrast, our tumor-targeted
gene therapy approach to restore functional p53 and subsequently
induce tumor cell immunogenicity and anti-tumor immunity
would not be expected to be dependent on the p53 status of
the tumor. Indeed, in human tumor cell lines, we have observed
that SGT-53 can push cells harboring either wild-type or
mutated p53 into apoptotic death [31, 88].

30.7

Summary and Perspectives

We have produced a nanodelivery system capable of carrying a
wide range of payload types. The salient features of our scL
nanocomplex are: (a) an ability to carry a variety of payloads into
tumor cells with a high degree of specificity based on augmented
access to tumors and overexpression of TfR on tumor cells;
(b) an ability to carry payloads across the BBB via transcytosis
mediated by the TfR and into CNS cells via TfR-mediated
endocytosis; and (c) acceptable safety profiles (based on the trials
for SGT-53 and SGT-94, both of which utilize this delivery system).
Our most advanced product, SGT-53, is now in multiple Phase II
trials.
We have demonstrated that p53 gene therapy delivered in the
form of a tumor-targeted nanomedicine (SGT-53) enhances the
efficacy of immunotherapy in several mouse models of syngeneic
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tumors including H&N, breast, lung, and brain [32, 33]. The
involvement of p53 in immune regulation is clearly multifaceted.
We have examined the impact of SGT-53 treatment on a number of
immune-relevant markers in animals bearing syngeneic tumors.
We observed that surface expression of the ER protein CRT and
release of the nuclear protein HMGB1 are elevated on tumor
cells after SGT-53 treatment. Both of these surface markers are
hallmarks of ICD. We also observed a significant increase in PDL1 expression in mice treated with SGT-53 and an apparent
enhancement in innate immunity as evidenced by an increase
in tumor-associated dendritic cells and macrophages [32, 33].
Tumor expression of CD80 and CD86 was also elevated by SGT-53.
The change in expression of CD80 and CD86 was particularly
pronounced in mice bearing MOC2 H&N tumors [32]. Total CD8+
T cells and activated cytotoxic (granzyme B+) T cells were also
increased in tumors after SGT-53 treatment. In all tumor types
examined, a significantly enhanced inhibition of tumor growth
was achieved with a systemic administration of SGT-53 plus
anti-PD1 antibody in mouse models of tumors with inherent
therapeutic resistance to anti-PD1 therapy (see Fig. 30.6).
Moreover, treatment of the mice with SGT-53 alone was able to
substantially reduce metastases of 4T1 breast tumor cells in
the lungs, while treatment with anti-PD1 alone was essentially
ineﬀective in reducing metastases. In mice treated with the
combination of SGT-53 plus anti-PD1 antibody, virtually no 4T1
metastatic lung nodules were detected. Collectively, SGT-53
treatment modified immunogenicity of tumors (i.e., made the
tumor “hot” immunologically), increased both innate and adaptive
immune activity, and reduced immunosuppression in the tumor
microenvironment (see Fig. 30.7).
In BALB/c mice bearing 4T1 breast tumors, we have observed
mortality (anaphylaxis) after the mice were given multiple
injections of an anti-PD1 antibody that was due to the fatal
hypersensitivity to xenogeneic anti-PD1 antibody mediated by
neutrophils. Surprisingly, we observed that this fatal hypersensitivity
was not seen when PD1 blockade was done in the context of
combination therapy with SGT-53. Using gene expression analysis,
a number of candidate genes that may be responsible for the
neutrophil invasion of the lungs have been identified. Collectively,
our data suggest that SGT-53, when added to anti-PD1 immuno-
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therapy, may augment checkpoint blockade not only in terms of
rendering checkpoint inhibitors more eﬀective but also making
them safer for patients.
A large number of trials are now under way that combine
inhibitors of the PD1/PD-L1 pathway with a wide range of other
agents [26]. In many cases, these combinations appear to be
empirical in nature and lacking a strong mechanistic rationale
for the particular combination being tested. The ability of SGT53 to modulate a number of relevant immune marker, including
tumor PD-L1 in multiple syngeneic mouse models, provides such
rationale for combining SGT-53 with an anti-PD1 antibody in a
cancer trial. This trial should be relatively easy to mount given
that a number of anti-PD1 antibodies are already on the market,
and SGT-53 is already in Phase II clinical trials in combination
with conventional chemotherapeutic agents.
In summary, we herein describe a novel nanomedicine that
not only increased the immunogenicity of tumor cells and the
number of tumor-infiltrating immune cells but also alleviated
immunosuppression and improved anti-tumor activity when used
in combination with an anti-PD1 antibody. This improved efficacy
of the combination therapy was observed in mice bearing 4T1
breast cancer, LL2 non-small cell lung cancer, or GL261
glioblastoma [33]. A similar enhancement of anti-tumor activity
was also observed in a mouse syngeneic model of MOC1 H&N
cancer [32]. Given that SGT-53 could alleviate fatal hypersensitivity
associated with an anti-PD1 antibody in 4T1 breast cancer, this
nanomedicine may be able to reduce immune-related adverse
events that are sometimes seen with cancer immunotherapies.
Collectively, our data suggest that SGT-53, representing tumortargeted p53 gene therapy, has potential to augment significantly
immune checkpoint blockade agents for improved outcomes in
a variety of malignancies. It is possible that the SGT-53 would not
only improve outcomes in patients that already respond to
checkpoint blockade, but also increase the percentage of patients
who respond. SGT-53 has completed a first-in-man Phase I and
Ib trials with favorable safety profiles [27, 28] and is now being
evaluated in Phase Ib and Phase II trials as combination therapy
with currently approved chemotherapeutic agents. Our data
here provide a strong mechanistic rationale for combining SGT53 and PD1/PD-L1-based immune checkpoint blockade in a
clinical trial setting.

Figure 30.7 Mechanism of the augmentation of cancer immunotherapy by SGT-53. The elevation of p53 expression emanating from
SGT-53 treatment has been shown to increase apoptosis, clearance of apoptotic cells by macrophages, to enhance both innate and
adaptive immune responses and to relieve tumor immunosuppression.
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