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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1969 and 2005 were withdrawn due to immunotoxic eﬀects [12].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
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. Non-engineered 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 “PolymerPolypeptide 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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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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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 C5a anaphylatoxins and C5b-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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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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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].

Micelle-solubilized
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Liposomal
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Table 2.2 Drugs linked to CARPA
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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

Adverse Immune Effects of Nanodrugs
101

ALN-CC5

3E7/H17

Alnylam

Lindofer et al.

C5

C3b

C5 RNA

C3
convertase

Cyclic peptide

mAb

RNAi conjugate

Derived from factor H

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)

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

Human studies

Stage

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.

Ra
Several
Pharmaceuticals

Mini factor H

Biochemical data

Subcutaneous Maximal inhibition at
10 μg/mL

Amyndas

Peptide/tick saliva

Small molecule Complement X-ray crystallography Oral
factor D

C5

Achillion

Route

Coversin

Structure/
derivation

Volution Akari

Target

Drug/class

Company/
reference

Table 2.3 (Continued)

102
Immunological Issues with Medicines of Nano Size

Adverse Immune Effects of Nanodrugs

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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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
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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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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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