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Abstract

Intravenous injection of a variety of nanotechnology enhanced (liposomal, micellar, polymer-
conjugated) and protein-based (antibodies, enzymes) drugs can lead to hypersensitivity
reactions (HSRs), also known as infusion, or anaphylactoid reactions. The molecular
mechanism of mild to severe allergy symptoms may differ from case to case and is mostly not
known, however, in many cases a major cause, or contributing factor is activation of the
complement (C) system. The clinical relevance of C activation-related HSRs, a non-IgE-
mediated pseudoallergy (CARPA), lies in its unpredictability and occasional lethal outcome.
Accordingly, there is an unmet medical need to develop laboratory assays and animal models
that quantitate CARPA. This review provides basic information on CARPA; a short history,
issues of nomenclature, incidence, classification of reactogenic drugs and symptoms, and the
mechanisms of C activation via different pathways. It is pointed out that anaphylatoxin-
induced mast cell release may not entirely explain the severe reactions; a “second hit” on
allergy mediating cells may also contribute. In addressing the increasing requirements for
CARPA testing, the review evaluates the available assays and animal models, and proposes a
possible algorithm for the screening of reactogenic drugs and hypersensitive patients. Finally,
an analogy is proposed between CARPA and the classic stress reaction, suggesting that CARPA
represents a “blood stress” reaction, a systemic fight of the body against harmful biological
and chemical agents via the anaphylatoxin/mast-cell/circulatory system axis, in analogy to the
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body's fight of physical and emotional stress via the hypothalamo/pituitary/adrenal axis. In
both cases the response to a broad variety of noxious effects are funneled into a uniform
pattern of physiological changes.
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Introduction

Within the long list of illnesses that involve abnormal complement (C) activation, C-mediated
adverse drug reactions (ADRs) represents a relatively neglected field in C research. This is in
contrast with the clinical relevance of the phenomenon, considering the estimated high
percentage (>77%) of non-IgE-mediated reactions among all hypersensitivity reactions (HSRs)
to drugs (Demoly et al., 1999). These pseudoallergic reactions afflict, according to different
statistics, up to 500 thousands patients every year in the USA (Lazarou et al., 1998, Adkinson et
al., 2002). Pseudoallergy can have different mechanisms (including direct, intracellular
stimulation of mast cells, hyperosmosis, exercise) and the exact ratio of CARPA within
pseudoallergy is not known, a fraction even much lower than 77% (of 500,000 patients) still
imply C-mediated acute illness in the order of tens of thousands in the USA, or
proportionately less in other countries. For this reason, although CARPA is not a high-profile
subject in clinical complementology, the number of patients whom it afflicts may be larger, or
at least comparable to many other diseases where C activation is in the forefront of interest.

Hypersensitivity reactions cause not only physical and psychic burden on the patients and
professionals, but they also represent a major logistic and financial burden on the health care
system. An estimation in this regard suggests up to 1 billion USD each year as the cost of in-
and outpatient HSRs in the USA yearly (Adkinson et al., 2002). Furthermore, unpredictable
HSRs are becoming a major concern for drug companies, as regulatory agencies increasingly
emphasize the need for new, non-standard toxicity tests that enable prediction of adverse
immune consequences of nanomedicines and other “avant-guard” drugs. A recent example is
the recommendation by the Committee for Human Medicinal Products of the European
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Medicines Agency to “use in vitro and in vivo immune reactogenicity assays, such as
complement (and/or macrophage/basophil activation assays) and testing for CARPA” in the
case of (generic) liposomal products (European Medicines Agency, 2013). Earlier the US
Federal Drug Administration (FDA) also expressed the need for C testing in vitro and in vivo
to ensure the lack of major risk for HSRs (Hastings, 2002).

The goal of this review was to summarize the basic information on CARPA with an update on
the most recent advances in this field. By way of conclusion a new theory is proposed that
highlights the phenomenon from a new angle, as the immune equivalent of the renowned
stress theory (Selye, 1955, McQuillan, 2008).

Section snippets

Historic background

The study of C activation, as a cause of HSR has much of its roots in the works of Hugli et al.
in the 1980s and 1990s, wherein they described the structures and functions of
anaphylatoxins, mainly C3a and C5a, and elucidated their role in some diseases (Hugli, 1984,
Marceau et al., 1987, Mousli et al., 1992). We learned from these seminal studies that C3a and
C5a are extraordinarily efficient small molecular weight regulators of cardiovascular and
autonomic organ function, and that their…

Nomenclature

One problem in the field of CARPA is that it lacks consistent nomenclature. Thus, HSRs to
drugs are also referred to as drug allergy, but the terms infusion reaction, anaplylactic-,
anaphylactoid-reaction, idiosyncratic or non-immune HSRs are often used for the rapid
unexpected reactions, as synonyms. The name recommended by the Nomenclature Review
Committee of the World Allergy Organization, “non-allergic HSR” (Johansson et al., 2003)
appears contradictory, as allergy and hypersensitivity are…

Drugs causing CARPA

Table 1 lists the best known CARPAgenic drugs, categorized according to chemical structure.
It should be noted that liposomal drugs and antibodies, although the reactions they cause are
clearly not IgE-mediated, are not yet standard entries in various lists of pseudoallergenic
drugs, partly because their reactogenicity surfaced only over the past decade or so, giving not
sufficient time for attention on their classification.…

Symptoms, grading and current approaches to prevent CARPA
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Table 2 shows the symptoms of pseudoallergy (and, hence, CARPA), categorized according to
the organ systems involved. Most major organ systems are involved, and most symptoms are
also typical of allergy, although in pseudoallergy they usually arise at first exposure, and their
intensity decreases, rather than increases upon repeated exposure. Despite the latter
difference in kinetics, the grading of pseudo and true allergy in groups “Grade I–IV” is similar
and is based on the organs involved…

Complement activation by reactogenic drugs in vitro

Complement activation, as a possible cause of HSRs has been recognized a long time ago in
the case of reactions caused by radiocontrast media (Merk and Goerz, 1983), analgetics
(aspirin, pyrazolone-drugs) and anesthetics (Althesin) (Radford et al., 1982). The recent
“renaissance” of the concept resulted from attempts to understand the underlying cause of
HSRs to two modern anticancer drugs, Taxol (Szebeni et al., 2000a, Szebeni et al., 2000b,
Szebeni et al., 2000c, Chanan-Khan et al., 2003) and …

Manifestations of CARPA in animals

Because of the species and individual specificity of immune responses to antigens and
allergens, the use of animal models in studying the immunogenicity of drugs is very limited
(Brinks et al., 2011). However, this does not apply to CARPA, since C response to foreign
antigens is a phylogenetically ancient, highly conserved process, it occurs in many animal
species. However, as discussed in a former review in detail, different animals show different
sensitivity to CARPAgenic drugs (Szebeni et…

The chain of molecular and cellular activations

Taking together the time course and symptoms of CARPA with the well-known effects of
anaphylatoxins on blood cells (causing WBC and platelet activation with subsequent aggregation,
leuko-thrombus formation and pulmonary microembolism) and allergy-mediator secretory cells
(mast cells, basophils and tissue macrophages), inducing the secretion of numerous highly effective
vasoactive inflammatory mediators (“allergomedins”), which then trigger the autonomic effector
cells (endothelial cell, smooth…

CARPA tests

Considering the increased attention to CARPA by drug regulatory authorities (Hastings, 2002;
FDA, 2013), 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 listed among the hemocompatibility tests that are mandated by regulatory agencies for
the approval of medical devices (e.g., endovascular grafts, shunts, rings, patches, heart valves,
balloon pumps, stents, pacemakers,…
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CARPA as a homeostatic defense mechanism fighting “blood stress”

The pig, dog and rat studies wherein we tested the reactogenicity of a large number of drugs,
drug carriers and other nanoparticles to date, over the course of 20 years (Szebeni et al., 1994),
led to the realization that the CARPA tetrad is essentially the same in all animals, with of
course the unique species features and individual variations discussed above. The Doxil and
AmBisome reactions shown in Fig. 1, Fig. 2, Fig. 3 for pigs, wherein the PAP rises and the SAP
rises or falls within 2–5 …

Concluding remarks

The main messages of this review, i.e., that modern medicines, even the most advanced
nanomedicines and biologicals can cause severe, occasionally lethal adverse reactions via C
activation, and that this phenomenon (CARPA) represents an unsolved public health issue,
bring new perspectives to basic research on C activation and anaphylatoxin effects in vivo.
Advances in this field provide new hope for patients and doctors to prevent HSRs and for
drug regulators to better fulfill their…
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