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Drug hypersensitivity reactions induced by small molecule drugs encompass a
broad spectrum of adverse drug reactions with heterogeneous clinical
presentations and mechanisms. These reactions are classified into allergic
drug hypersensitivity reactions and non-allergic drug hypersensitivity
reactions. At present, the hapten theory, pharmacological interaction with
immune receptors (p-i) concept, altered peptide repertoire model, and
altered T-cell receptor (TCR) repertoire model have been proposed to
explain how small molecule drugs or their metabolites induce allergic drug
hypersensitivity reactions. Meanwhile, direct activation of mast cells, provoking
the complement system, stimulating or inhibiting inflammatory reaction-
related enzymes, accumulating bradykinin, and/or triggering vascular
hyperpermeability are considered as the main factors causing non-allergic
drug hypersensitivity reactions. To date, many investigations have been
performed to explore the underlying mechanisms involved in drug
hypersensitivity reactions and to search for predictive and preventive
methods in both clinical and non-clinical trials. However, validated methods
for predicting and diagnosing hypersensitivity reactions to small molecule
drugs and deeper insight into the relevant underlying mechanisms are
still limited.
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Introduction

Drug hypersensitivity reactions (DHRs) encompass a broad
spectrum of adverse drug reactions (ADRs) with heterogeneous
clinical presentations and mechanisms (1). Acute/delayed
cutaneous responses, inflammation of the respiratory tract
and/or gastrointestinal system, cytokine release syndrome,
and/or anaphylaxis are commonly observed in DHRs (2).
Many investigations have been performed to explore the
underlying mechanisms involved in DHRs and to search for
predictive and preventive methods in both clinical and
nonclinical trials. A widely accepted dogma is that large
molecular weight (>1,000 Da) agents, such as polypeptides,
proteins, and polysaccharides, possess immunoreactivity,
which prompts them to elicit DHRs directly. Therefore,
methods for testing the allergenic potential of these drugs have
been relatively developed. In contrast, small molecule drugs
(1,000 Da) do not have the ability to stimulate immune
responses only by themselves. Thus, they trigger
hypersensitivity reactions in other ways, which are more
complicated and difficult to evaluate accurately (3, 4). To date,
validated methods for predicting and diagnosing
hypersensitivity reactions to small molecule drugs and deeper
insight into the relevant underlying mechanisms are still limited.

Classification of drug
hypersensitivity reactions

ADRs are defined as unintended and noxious reactions to
drugs that occur at doses normally used for prophylaxis,
diagnosis, or treatment (5). According to the World Health
Organization consensus, ADRs are categorized into predictable
(type A) and unpredictable (type B) reactions. Predictable ADRs
are usually dose dependent and attributed to the known
pharmacological or toxic properties of the causative drugs,
which can occur in all individuals. The risks for predictable
ADRs are illustrated before the clinical application of the drugs
(6). Overdose, drug interactions, or off-target side effects of the
drugs themselves are the main causes of type A reactions (7). In
contrast, unpredictable ADRs generally occur only in
predisposed subjects and lack correlation with any
pharmacological property of the drugs (8); these unpredictable
ADRs make up approximately 10%-15% of all ADRs (9).
Inherent host characteristics, such as human leukocyte antigen
(HLA) alleles, genetic polymorphisms, metabolism, physical
state, illness, and viral infections, as well as factors of drugs
including structure, dose, route of treatment, and duration of
exposure, influence susceptibility to unpredictable ADRs (10-
13). Type B reactions are more difficult to recognize and perceive
through preclinical and clinical trials before drug application on
the market, and they usually incur large costs. DHRs are
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unpredictable ADRs that are attributed to off-target
stimulation of immune responses or other non-immune
pathophysiological processes. DHRs have been estimated to
affect more than 7% of the general population and have
become an important public health problem in daily clinical
practice (14, 15). According to the involved immune system and
contributed cells, DHRs are classified into allergic drug
hypersensitivity reactions (ADHRs) and non-allergic drug
hypersensitivity reactions (NADHRs).

Currently, ADHRs are categorized primarily based on Gell
and Coombs’ classification system into type I reactions (also
known as immediate-type allergic reactions) mediated by
immunoglobulin E (IgE) antibodies, type II reactions (also
known as cytotoxic allergic reactions) elicited by
immunoglobulin G (IgG) or M (IgM) antibodies, type III
reactions triggered by immune-complex deposition, and type
IV reactions (also known as delayed-type reactions) induced by
cellular immune mechanisms (16) (Figure 1). The ADHR
classification is listed in Table 1. In type I ADHRs, drug-
specific IgE antibodies are produced by drug-activated B-
lymphocytes after sensitization. Existing IgE antibodies can
bind to high-affinity FcRI present on the surface of mast cells
and basophils to form IgE-effector cell complexes (sensitized,
asymptomatic state). When drugs with the same or similar
molecular structures are re-exposed to immunized individuals,
they can immediately bind to the cross-linking specific IgE and,
within minutes, stimulate the release of inflammatory mediators
such as histamine and tryptase, and elicit the subsequent rapid
generation of prostaglandins and cytokines, which cause a
systemic inflammatory reaction (mainly in the skin and
airways) such as urticaria, anaphylaxis, and asthma (3, 14, 17).
The most famous small molecule drug that causes type I ADHRs
is penicillin. In type II ADHRSs, specific IgG or IgM antibodies
are produced in response to drugs on the surface of erythrocytes,
leukocytes, and/or platelets that induce complement-dependent
cellular cytotoxicity reactions or macrophage-related cell
clearance. According to the target cells, hemolytic anemia,
cytopenia, granulocytopenia, and thrombocytopenia are the
most commonly observed reactions. To date, antibiotics,
anticonvulsants, sulfonamides, and heparin have been reported
to cause type II reactions (3, 9). In type III ADHRSs, specific IgG
or IgM antibodies bind to the drugs and form immune
complexes. The immune complexes load onto host tissues,
causing complement fixation to generate C3a and C5a, or bind
to other immune cells to release inflammatory mediators and
cytokines and increase vascular permeability (19). Vasculitis,
arthralgia, serum sickness, and drug fever are associated with
type III reactions. Penicillin, sulfonamides, thiouracils, and
phenytoin may induce these reactions (11). Different from
type I-III reactions that are mediated by antibodies secreted
from B cells, type IV ADHRs are induced by activated T cells,
which are further sub-categorized into types IVa-IVd according
to the dominant cytokines and preferential activation of different
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FIGURE 1

Classification of ADHRs. (A) Type | ADHRs. Drugs stimulate the generation of drug-specific IgE, which binds to high-affinity IgE receptors on the
surface of mast cells and basophils. The drugs then react with specific IgE—effector cell complexes and induce the release of histamine and
other inflammatory mediators. (B) Type Il ADHRs. Specific IgG or IgM antibody-coated cells encounter complement-dependent cytotoxicity to
induce cell lysis. (C) Type Ill ADHRs. Deposition of drug—antibody complexes activates the complement system or other immune cells to induce
inflammation and injury. (D) Type IVa ADHRs. Thl cells mediate macrophage/monocyte activation. (E) Type IVb ADHRs. Th2 cells mediate
eosinophil activation. (F) Type IVc ADHRs. Cytotoxic T cells act as effector cells to produce cytotoxic mediators and kill tissue cells. (G) Type IVd
ADHRs. T cells mediate neutrophil activation. MC, mast cells; RBC, erythrocytes; WBC, leukocytes; PLT, platelets; ENDO, endothelial cells;
MONO, monocytes; MAC, macrophages; EO, eosinophils; KC, keratinocytes; NEUT, neutrophils; APCs, antigen-presenting cells.

immunocytes. Both CD4" and CD8" T cells participate in type
IV ADHRs, of which CD8" T cells are considered to play a major
role (20). In type IVa ADHRs, Th1 T cells secrete large amounts
of interferon (IFN)-7 to activate macrophages/monocytes, which
promote the production of complement-fixing antibodies and

TABLE 1 Classification of ADHRs (3, 6, 14, 16-18).

Cell
type

Type

ADHRs I B
cells

I B
cells

111 B
cells

IV IVa T
cells

Vb T
cells

Ve T
cells

vd T
cells
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Mechanism

Drugs stimulate generation of drug-specific IgE, which binds to high-affinity IgE receptors on the
surface of mast cells and basophils. The drugs then react to specific IgE-effector cell complexes
(predominantly through the cross-linking between IgE and its high-affinity receptor FcRI on the
mast cells and basophils) and induce the release of histamine and other inflammatory mediators

Specific IgG or IgM antibody-coated cells (predominantly erythrocytes, leukocytes, and platelets)
encounter complement-dependent cytotoxicity to induce cell lysis or macrophage clearance

Deposition of drug-antibody complexes activate the complement system or other immune cells
to induce inflammation and injury

Thl cells mediate macrophage/monocyte activation

Th2 cells mediate eosinophil activation

Cytotoxic T- cell activation to produce cytotoxic mediators and kill tissue cells

T cells mediate neutrophil activation

03

co-stimulate proinflammatory reactions and CD8" T-cell
responses. Therefore, the IVa reactions are commonly
combined with the IVc reactions. In type IVb ADHRs, Th2 T
cells mainly secrete cytokines IL-4 and IL-5 to induce B cells to
produce IgE and IgG4 and trigger eosinophil responses. In type

Typical clinical General
symptoms onset
time
Anaphylaxis, urticaria, within 1-
angioedema, bronchospasm 6 h, mostly
<lh
Granulocytopenia, 1-14 days
hemolytic anemia,
cytopenia,
thrombocytopenia
Vasculitis, arthralgia, serum  2-21 days
sickness, drug fever
eczema 1-28 days

Eosinophil-rich
maculopapular exanthema,
bullous

Bullous, maculopapular
exanthema (MPE),
Stevens—Johnson syndrome
(SJS), toxic epidermal
necrolysis (TEN)

Pustular exanthema
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IVc ADHRs, CD4" and CD8" T cells act as effector cells to
produce cytotoxic mediators and kill tissue cells (keratinocytes)
in a perforin/granzyme B and/or FasL-dependent manner. These
reactions, including Stevens—Johnson syndrome (SJS) and toxic
epidermal necrolysis (TEN), are the most common severe ADRs
in clinical practice. In type IVd ADHRs, T cells activate and
recruit neutrophils via the secretion of chemokines, such as C-X-
C motif chemokine ligand 8 (CXCL8) and granulocyte-
macrophage colony-stimulating factor (GM-CSF), to induce
sterile neutrophilic inflammation (18, 21, 22). In fact, ADHR
categories may overlap in clinical practice. Patients can
simultaneously exhibit comprehensive symptoms from
multiple types of reactions (4).

DHRs are also classified into immediate and non-
immediate/delayed reactions, according to their onset time.
Immediate DHRs commonly occur 1-6 h after drug
administration, whereas non-immediate DHRs usually occur
from more than 1 h to several weeks after eliciting medication
(14). Immediate ADHRs are conventionally referred to as type I
reactions, which mostly occur within the first hour following the
first administration of a new course of drug treatment.
Meanwhile, type IV ADHRs, which are mainly caused by T
cells and typically occur 48-72 h or even days to weeks after drug
exposure, are considered delayed reactions.

NADHRs are also known as pseudo-allergic or
anaphylactoid reactions. Typical clinical symptoms observed in
NADHRs, including rash, urticaria, angioedema,
bronchoconstriction, gastrointestinal signs, and anaphylaxis,
are practically identical to those resulting from type I ADHRs,
but no immune mechanism has been proven to participate in the
reactions (23). Indeed, effector cells correlated with ADHRs,
such as mast cells and basophils, usually contribute to NADHRs.
In clinical practice, NADHRs may occur in each treatment
without prior drug-specific sensitization. These reactions
usually arise immediately during or after the first
administration of drugs, which is quite distinct from IgE-
induced allergic reactions (6, 24). It has been estimated that
NADHRs make up two-thirds of immediate DHRs (25, 26).

Mechanisms of allergic
hypersensitivity reactions from small
molecule drugs

As exogenous substances, small molecule drugs can be
hydrolyzed and metabolized to generate an array of relevant
products (metabolites) after they enter an organism. Prototype
drugs or metabolites can irreversibly bind to biological
molecules to form drug/metabolite-biomolecule conjugates
and be present in specific immune cells (27). They can also
directly interact with major histocompatibility complex (MHC)
molecules and T-cell receptors (TCRs) via non-covalent
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interactions to develop unorthodox immune responses.
Accordingly, three pharmacological interaction with immune
receptor (p-i) hypotheses, including altered peptide model of p-i
HLA, allo-immune model of p-i HLA, and altered TCR
repertoire model, have been proposed to explain how small
molecule drugs or their metabolites induce immune reactions.
However, not all reactions can be easily classified into these
categories. In recent years, fake antigen model and drug-induced
immune thrombocytopenia have been proposed to explain the
role of non-covalent drug-protein interactions in DHRs on the
other side (13, 28-30) (Figure 2). MHC molecules (termed HLA
in humans) and TCR are essential for eliciting allergic
hypersensitivity reactions from small molecule drugs.

Hapten theory

The hapten theory is a classical explanation employed to
explain the occurrence of small molecule drug ADHRs. This
hypothesis states that small molecule drugs or their metabolites
are too small to elicit an immune response. Instead, some of
them are capable of covalently conjugating to endogenous
proteins or peptides and generating antigenic drug protein
adducts, which can act as antigens to evoke immune
responses. These drugs or metabolites are termed as “haptens”
in immunology. A distinctive characteristic of these drugs is
their ability to recruit and activate B and/or T cells and induce
immune responses (24). The formation of a stable covalent bond
between haptens and amino acid residues in proteins is an
essential step in initiating allergenicity (31). The hapten-
biomolecule conjugates (drug-protein adducts or drug-peptide
adducts) are introduced into antigen-presenting cells (APCs)
and broken down by intracellular proteases to derive hapten-
peptide fragments, which can fit the anchor position in MHC
molecules and be presented to specific T cells to subsequently
provoke cellular and/or humoral immune reactions (21, 27, 32).
During these processes, the covalent links of the hapten-
biomolecule conjugates must be stable and remain unbroken
during the presentation by APCs and recognition by B- and/or
T- cell receptors. The hapten theory has been widely accepted in
studies on P-lactam antibiotics (31) and reactive
sulfamethoxazole metabolites (33). DHRs to B-lactam
antibiotics involve both immediate and non-immediate
reactions, in which hapten-biomolecule conjugates are formed
through nucleophilic attacks from the B-lactam antibiotics ring
to the amino acid groups of the protein (34). For
sulfamethoxazole, it has been proven in in vitro experiments
that the reactive metabolite of sulfamethoxazole nitroso can
perform protein conjugation and trigger DHRs (35). This type of
ADHR belongs to idiosyncratic reactions that are generally
independent of dosage and may occur after repeated
drug administration.
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FIGURE 2

The mechanisms involved in allergic hypersensitivity reactions to small molecule drugs. (A) Hapten theory. (B) Altered peptide model of p-i HLA
and allo-immune model of p-i HLA. (C) p-i TCR model. (D) Fake antigen model. (E) Drug-induced immune thrombocytopenia. APCs, antigen-
presenting cells; HLA, human leukocyte antigen; TCR, T-cell receptor; MC, mast cells; PLT, platelets; GP, glycoprotein; CDR, complementary-

determining region.

Pharmacological interaction with
immune receptor theory

The p-i theory considers that small molecule drugs or their
metabolites can exert their effects via non-covalent interactions
(electrostatic interactions, hydrogen bonds, and van der Waals
forces) with immune receptors (HLA or TCR) directly,
triggering reversible reactions. This type of ADHR is an off-
target cytotoxic reaction, which is implicated in HLA on APCs,
TCR on T cells, and in the structural characteristics of drugs.
These p-i responses are only restricted to unorthodox T- cell
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stimulation, and antibodies produced by B cells do not
participate in the process (36). To date, three patterns of p-i-
related hypersensitivity reactions have been proposed: the
altered peptide model of p-i HLA, the allo-immune model of
p-i HLA, and the p-i TCR model (24, 30). Both genetic
predisposing factors and exposure to drugs affect these p-
i reactions.

The altered peptide model of p-i HLA and the allo-immune
model of p-i HLA were both developed because some ADRs
generated by small molecule drugs are limited exclusively to the
HLA allele (24, 36). Drugs themselves and specific HLA risk
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alleles, rather than hapten-biomolecule conjugates, may be
related to adverse reactions. Common drugs and their highly
restricted HLA alleles are listed in Table 2. The altered peptide
theory speculates that when some small molecule drugs
encounter APCs, they may be taken up into the endoplasmic
reticulum and accidentally bind to the empty pocket on specific
HLA molecules via non-covalent bonds. This abnormal process
can change the peptide-binding ability of the involved HLA,
cause alterations in the preferred peptides for binding sites on
HLA, and further influence the disposal of captured peptides. As
a result, when normal endogenous peptides combine with these
altered HLA molecules, they can be processed into novel peptide
fragments and be recognized as foreign substances by T cells,
thereby leading to autoimmune reactions. Unlike the altered
peptide theory, the allo-immune theory states that the whole
configuration of a particular HLA complex may be changed by
small molecule drugs, triggering immediate DHRs. Anchored
peptides may have flexibility and are not always firmly fixed on
the HLA binding groove. When these peptides move out, their
interaction with HLA may be weakened, and some drug-binding
sites can be partially exposed. In this instance, some small
molecule drugs directly attach to the binding sites in the
peptide-binding groove of HLA and form peptide-drug-HLA
complexes. These complexes are immunogenic because they are
similar to allo-HLA, which can cause allorecognition by T cells
and trigger immunogenic responses (36, 56). The interaction
between the HLA-B*5701 allele and abacavir has been
confirmed, which indicates that the DHRs of abacavir may be
induced by changes in the peptide repertoire of the HLA

10.3389/fimmu.2022.1016730

molecule (57). In addition, T- cell reactions caused by
allopurinol and oxypurinol have been proven to restrict HLA-
B*5801, which correlates with in silico docking data showing that
oxypurinol binds with high affinity to the peptide-binding
groove of HLA-B*5801 (44).

The p-i TCR model indicates that ADHRs induced by small
molecule drugs are only attributed to certain limitative TCR
structures. Exchangeable HLA molecules may or may not
participate in these reactions. The p-i TCR theory states that in
some ADHRs, small molecule drugs can interact with TCRs at
some positions outside the peptide-binding sites, resulting in
alterations in the configuration of TCRs. This can enhance the
reactivity of T cells to peptides presented by HLA or even normal
endogenous peptides. In addition, some data also show that small
molecule drugs with specific structures (e.g., sulfamethoxazole
with NH,) can directly bind to the loops of TCRs and make
particular groups point to the peptide-binding groove, which
directly causes T- cell activation and triggers hypersensitivity
reactions. These reactions are often dose related and can be
blocked by other compounds with similar chemical structures.

So far, the relationship between p-i responses and cytokines
and/or costimulatory molecules that are crucial in hapten-
induced allergic reactions has not been clearly expounded (24).
It has been speculated that patients suffering from p-i ADRs may
already undergo massive immune stimulation of T cells by other
influencing factors, such as virus infection, and that they possess
high level of cytokines and augmented expression of
costimulatory molecules. These factors make them more likely
to react to minor signals like p-i reactions (21).

TABLE 2 Typical drug hypersensitivity reaction-related HLA alleles (37-39).

Drug HLA
allele

Abacavir (40, 41) HLA-
B*5701

ADHRs

Rash, gastrointestinal tract and respiratory symptoms

Allopurinol (42, 43)/Oxypurinol (metabolite of HLA- Maculopapular eruption, severe cutaneous adverse reactions, SJS, TEN, drug reaction with eosinophilia

allopurinol) (44, 45) B*5801

Carbamazepine (46, 47) HLA-
B*1502

HLA-
A*1301

Methazolamide (48, 49) HLA-
B*5901
HLA-
B*5502
Dapsone (50, 51) HLA-
A*1301
Oxcarbazepine (52, 53) HLA-
B*1502
Penicillin (54, 55) HLA-
B*5501

HLA-DR

Frontiers in Immunology

and systemic symptoms (DRESS)
MPE, DRESS, SJS, TEN

SJS, TEN

Eosinophilia and systemic symptoms

SJS, TEN

DRESS, MPE, §JS, TEN
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Fake antigen model

The fake antigen model proposes that after patients are
sensitized by covalent drug-biomolecule conjugates, the
specific IgE antibodies will bind to high-affinity FcRI on mast
cells and basophils. Then, when the same drug in high
concentration is re-exposed to the individuals, they may form
non-covalent drug-biomolecule complexes immediately, which
can bind to cross-linking specific IgE and stimulate the
degranulation of mast cells and basophils in seconds or
minutes. Although the non-covalent drug-biomolecule
adducts cannot elicit IgE antibodies by themselves, they can
quickly react with preformed IgE (30, 58).

Drug-induced immune
thrombocytopenia

Some drug-induced immune thrombocytopenia is partly due
to drug-dependent antibodies, which can trigger clearance of
platelets or direct platelet destruction. It has been assumed that
the patients may already have low-affinity antibodies for platelet
glycoprotein. When the drug is administrated, it can non-
covalently bind to a complementary-determining region on
the antibody, which may increase antibody affinity for a
specific epitope expressed on the platelet glycoprotein. The
hypothesis has been widely accepted in studies on quinine
(30, 59).

Mechanisms of non-allergic
hypersensitivity reactions from small
molecule drugs

NADHRs are also termed pseudo-allergic or anaphylactoid
reactions and cannot be easily distinguished from type I ADHRs.
These reactions can arise at the first exposure to drugs,
independent of prior sensitization, and are usually correlated
with excessively high dose levels. Currently, direct activation of
mast cells, provoking the complement system, stimulating or
inhibiting inflammatory reaction-related enzymes, accumulating
bradykinin, and/or triggering vascular hyperpermeability are
considered the main factors leading to NADHRs (14,
60) (Figure 3).

Direct activation of mast cells
Many small molecule drugs directly activate mast cells in an
IgE-independent manner, which can immediately provoke the

degranulation of mast cells and initiate the rapid release of
multiple inflammatory mediators, such as histamine, tryptase,
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serotonin, heparin, and proteases. Subsequently, chemokines,
cytokines, leukotriene C4 (LTC4), and prostaglandin D2 are
produced, which propagate further late tissue injury (60-62).
The clinical symptoms of NADHRs induced by the direct
activation of mast cells mainly include rash, urticaria,
angioedema, bronchospasm, diarrhea, and anaphylaxis. These
reactions generally occur immediately after the first intake of the
drugs, and the clinical presentations are undistinguishable from
those observed in IgE-mediated ADHRSs.

In humans, mast cells are classified into two types according
to the proteases contained in their secretory granules. Most mast
cells located in connective tissues (predominantly skin and
major bronchi) containing tryptase and chymase are
categorized as MCrc, whereas major mast cells found in the
lungs and small intestine mucosa that contain tryptase, but little
or no chymase, are recognized as MCr (63, 64). In recent years,
Mas-related G protein-coupled receptor X2 (MRGPRX2),
expressed on human MCrc, has been discovered as a crucial
receptor responsible for NADHRs. Mas-related gene (Mrg)
receptors belong to class A G protein-coupled receptors, which
can bind to several endogenous and exogenous ligands (65-68).
To date, NADHRs produced by many drugs, such as iohexol
(69), mivacurium (70), cisatracurium (71), isosalvianolic acid C
(72), clozapine (73), icatibant (74), and phenothiazine
antipsychotics (75), have been found to be related to
MRGPRX2. Agents can bind and couple with MRGPRX2,
which stimulates phosphorylation cascades, augments
intracellular calcium levels, and induces degranulation of mast
cells. The mitogen-activated protein kinase (MAPK), nuclear
factor kappa B (NF-xB), PI3K/AKT, and PLCy signaling
pathways have been reported to correlate with MRGPRX2-
mediated mast cell activation (76, 77). MrgprB2, MrgprB3,
and MrgprX2, orthologs of human MRGPRX2, have been
proposed as the mouse, rat, and dog mast cell basic
secretagogue receptors related to non-allergic hypersensitivity
reactions, respectively (68, 78-81). However, although human
MRGPRX2 and MrgprB2 share certain similar characteristics,
such as being selectively expressed in mast cells located in
connective tissues and being activated by compound 48/80,
they only share approximately 53% overall sequence identity,
34% N-terminal amino acid sequence identity, and 47% C-
terminal amino acid sequence identity (68). Therefore, caution
should be exercised when employing animals to test NADHRs
induced by mast cell activation.

Unlike most G protein-coupled receptors, MRGPRX2 has
low-affinity for agents (67). Therefore, one key factor influencing
the occurrence of NADHRs via direct activation of mast cells is a
sufficiently high drug exposure (82). Meanwhile, disease,
combination medication, metabolic disorder, and individual
variation can also promote the reaction between drugs and
MRGPRX2. For example, patients with chronic spontaneous
urticaria exhibit much stronger responses to MRGPRX2 agonists
(83). NADHRs of fluoroquinolones are possibly related to
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FIGURE 3 (Continued)
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The mechanisms involved in non-allergic hypersensitivity reactions to small molecule drugs. (A) Direct activation of mast cells. (B) Activation of
complement. (C) Inhibition of cyclooxygenases. (D) Elevation of bradykinin. (E) Activation of the RhoA/ROCK signaling pathway. ER,
endoplasmic reticulum; MRGPRX2, Mas-related G protein-coupled receptor X2; PLCy, phospholipase C gamma; IP3, inositol triphosphate; IP3R,
inositol triphosphate receptor; PKC, protein kinase C; P38, p38(MAPK) pathway; MAC, membrane attack complex; 12-/15-/5-HETEs, 12-/15-/5-
hydroxy eicosatetraenoic acids; 12-/15-/5-HPETE, 12-/15-/5-hydroperoxyeicosatetraenoic acid; LTA4/LTB4/LTC4/LTD4/LTEA4, leukotriene A4/
B4/C4/D4/E4; PGG2/PGI2/PGE2/PGE2a/PGD2, prostaglandin G2/12/E2/E2a/D2; TXA2, thromboxane A2; BKR-2, bradykinin receptor type 2;
JAK, Janus-activated kinase; STAT3, signal transducer and activator of transcription 3; DAG, diacylglycerol; eNOS, endothelial nitric oxide
synthase; NO, nitric oxide; PLA2, phospholipase A2; PGs, prostaglandins; LTs, leukotrienes; GDP-Rho A, an inactive GDP-bound Ras homolog
family member A; GTP-Rho A, an active GTP-bound Ras homolog family member A; ROCK, Rho-associated kinase; MLC, myosin light chain;
p-MLC, phospho-myosin light chain; MLCP, myosin light chain phosphatase.

delayed drug elimination (83, 84). In addition, individuals
harboring missense MRGPRX2 mutations (G165E, D184H,
W243R, or H259Y) have been proposed to protect NADHRs
from mast cell activation, but the results have not been verified
clinically (85).

Complement activation

To mediate NADHRs, small molecule drugs with excipients
may aggressively trigger the complement system (86) and result
in the unusually augmented generation of toxic complement
protein fragments. These non-IgE-mediated hypersensitivity
reactions are related to complement activation and are
commonly referred to as complement activation-related
pseudo-allergy (CARPA). The exact mechanism of action of
CARPA has not yet been fully elucidated. Currently, the
accepted hypothesis is that agents may prompt the
complement cascade by upregulating complement convertase,
which results in increased production of anaphylatoxins such as
C5a and C3a (87). Subsequently, anaphylatoxins bind to effector
cells, such as macrophages, basophils, and mast cells, leading to
the liberation of a multitude of vasoactive inflammatory
mediators, including tryptase, histamine, platelet- activating
factor, and leukotrienes, which continually amplify
complement-induced effects (87, 88). Inflammatory mediators
can continue to induce the generation of C3a and C5a to expand
NADHRs (89). The process of this kind of reaction may involve
the classical, alternative, and/or lectin pathways (90-92).
Complement factors are present at high concentrations in the
blood and tissues, which serve as extraordinarily efficient
regulators to ensure that the system reacts quickly when
violated by foreign agents. Among the various complement
components (>30 soluble and surface-expressed proteins), C3a
and Cb5a are recognized as the chief culprits in eliciting the
degranulation and chemotaxis of mast cells and basophils via
C3aR and C5aR on the surface of cell membranes (93, 94).
Recently, it was shown that C3a-related reactions may also be
implicated in PLCB-mediated Ca’* mobilization and
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upregulation of PKC, PI3K, and ERK. However, degranulation
caused by C5a is relevant only to PLCB (95).

NADHRs caused by radiocontrast media (96), doxorubicin
(Doxil®) (97), paclitaxel (98), and others are likely linked to
abnormal complement activation. Drug excipients such as
Cremophor-EL (98), Tween-80 (99), and liposomes (100, 101)
are considered to play an important role in NADHRs. However,
the factors affecting these reactions remain poorly understood.
In general, the primary influencing factors are exposure to the
agents and the speed of administration. The risk can be
decreased when the process of medication is well controlled
(87, 96). In addition, the surface charge, morphological
properties, size, and composition of the drugs or excipients are
reported to be related to these reactions. For example, it has been
proposed that ionic high-osmolarity radiocontrast media are
more likely to trigger ADRs than nonionic low-osmolarity
agents (96). Complement activation requires a surface that
allows the deposition of complement fragments to build
multimolecular C3 and/or C5 convertases and initiate the
complement cascade (102, 103). Elongated and irregular
liposomes with a low curvature oval and relatively long
diameter of the molecules are considered to more easily
activate the complement system (87, 103).

Inhibition of cyclooxygenases

Nonsteroidal anti-inflammatory drugs (NSAIDs) comprise a
heterogeneous group of compounds, including aspirin,
acetylsalicylic acid, and ibuprofen. These drugs can inhibit the
function of cyclooxygenases and suppress the conversion of
arachidonic acids to thromboxane and prostaglandin. As a
result, the augmented arachidonic acid shunt is metabolized
toward the 5-lipoxygenase pathway, leading to the increased
formation of leukotrienes (LTs) and cysteinyl leukotrienes (104,
105). Arachidonic acids are first transformed to 5-HPETE by 5-
lipoxygenase, which is then degraded to 5-HETE and the
unstable epoxide intermediate LTA4. LTA4 can then be
enzymatically converted to LTB4 or combined with
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glutathione to generate LTC4. Subsequently, LTC4 is
metabolized to sulfur-containing LTD4 and E4 leukotrienes by
the sequential removal of glutamic acid and glycine. To date,
four high-affinity receptors for LTs and cysteinyl leukotrienes
have been identified in lung smooth muscle cells, peripheral
blood leukocytes, and mast cells (BLT1 for LTB4, CysLT1 and
CysLT2 for LTC4 and LTD4, and GPR99 for LTE4) (106). LTB4,
C4, D4, and E4 are potent causative mediators that trigger both
immediate and delayed hypersensitivity reactions and
inflammation as well as provoke eosinophil chemotaxis,
vascular leakage, airway remodeling, and arteriolar
constriction (107-110). NADHRs resulting from the intake of
NSAIDs are attributed to the indirect abnormal upregulation of
leukotriene production (111, 112). An overdose of NSAIDs or
metabolic disorders can result in ADRs.

Elevation of bradykinin

Some non-allergic vascular leakages triggered by potentially
harmful agents are correlated with abnormally increased
bradykinin levels (113-116). The bradykinin-forming cascade
is initiated by stimulation of factor XII to produce augmented
kallikrein. Subsequently, high-molecular-weight kininogens are
digested by kallikrein to generate bradykinin (117, 118).
Bradykinin is a tissue hormone that increases vascular
permeability and decreases blood pressure. The elevation of
bradykinin in NADHRs mainly occurs as a result of unusual
kallikrein activation and abnormal CI inhibitor activity (113).
Bradykinin B2 receptors play an essential role in the induction of
angioedema. Bradykinin B2 receptors on endothelial cells can
activate PLCy, upregulate the formation of inositol 1,4,5-
triphosphate and diacylglycerol, elevate intracellular Ca**
levels, facilitate endothelial nitric oxide synthase, and trigger
PLA2. This series of processes leads to the extraordinary
generation of arachidonic acid metabolites and elevated
production of prostaglandins and LTs, which cause vascular
leakage (119-121). Drug-induced, bradykinin-related, non-
allergic angioedema is typically defined as a side effect that is
commonly observed with angiotensin-converting enzyme
inhibitors (122). Patients with CI inhibitor deficiency tend to
develop bradykinin-mediated angioedema (113).

Provocation of vascular leakage

In recent years, some small molecule drugs have been found
to directly trigger aggressive vascular hyperpermeability and
NADHRs (123, 124). Currently, hypersensitivity reactions
caused by various traditional Chinese medicine injections
(125-128), penicillin (123), and paclitaxel (124) are reported
to be related to their adverse effects on vessels. So far, this
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opinion has been mainly proven by animal experiments, and the
reactions occur in a dose-dependent manner. The RhoA/ROCK
signaling pathway, which plays an essential role in regulating the
cytoskeleton and endothelial barrier, is considered to be an
important factor influencing these reactions (123, 124, 129).

Screening hypersensitivity reactions
in clinical practice

Due to unpredictable reactions, DHRs cannot be prevented
completely before medication. In reality, a detailed clinical
history is the primary clue for identifying the possibility of an
allergic reaction. Moreover, many assays have also been
promoted to more deeply clarify whether patients labeled as
allergic are truly allergic to putative drugs and to prevent them
from further exposure to the causative agents. In addition,
several methods have been established to screen susceptible
populations. Biomarkers, including parameters obtained from
skin testing, drug-specific antibodies detected in blood, and
inflammatory factors such as histamine and cytokines, are all
crucial for allergic diagnosis (130). Risk HLA alleles that have
been identified to show strong associations with particular drugs
(such as HLA-B*5701 and abacavir) may be useful for predicting
ADHRs (3, 131, 132). Currently, no diagnostic method has been
specifically designed for NADHRs. These reactions can mostly
be defined when clinical presentations and inflammatory factors
suggest DHRs, but immune mechanisms cannot be
demonstrated in the patient.

Direct testing of specific antibodies

In clinical practice, skin testing mainly consists of prick,
intradermal, and patch tests to confirm or exclude the existence
of drug-specific IgE antibodies. When drug-related allergens
enter the skin, they react with drug-specific IgE-effector cell
complexes and cause the release of histamine and other
inflammatory mediators, which results in macroscopic skin
symptoms and indicates the possibility of allergy (133).
Currently, this diagnostic method is mainly used for -lactam
antibiotics. Skin testing for penicillin has >95% negative
predictive value, and when combined with an oral challenge,
the predictive value can reach >99% (134). It is worth noting that
skin testing detects the presence of allergen-specific IgE to elicit
which small molecule drugs need to act as haptens to form
covalent hapten-biomolecule conjugates. This method is not
suitable for testing non-covalent drug-protein complexes (58).

Drug-specific IgE antibodies can be directly assessed in vitro
using a solid phase that is functionalized with drug-carrier
conjugates, followed by detection via fluoroimmunoassays,
radioallergosorbent tests, or enzyme-linked immunosorbent
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assays (135, 136). During these tests, small molecule drugs and
their metabolites must first bind to a carrier to obtain
immunological activity, and then, drug-specific IgE in serum is
quantitatively measured. In contrast to other in vitro antibody
detection methods, frozen samples can be used to determine
specific IgE levels (137). However, the complicated two-step
procedure affects the sensibility and accuracy of these methods
to some extent and limits their application. In addition, the
basophil activation test (BAT) using flow cytometry is now
widely applied as a functional assay to aid in the diagnosis of
IgE-related basophil degranulation. Patients with an allergic
history can undergo BAT for suspected, same class, and
alternative drugs (ranging from 5 to 12 drugs) (138-141). BAT
is considered to closely mimic in vivo type I allergic reactions
with high specificity because the basophil activation percentage
and mean stimulation index for CD203c expression have been
found to be much higher in allergic patients in clinical practice
(142, 143). Although BAT currently has up to 80% specificity,
the sensitivity generally ranges between only 50% and 60%; thus,
it still needs to be improved for diagnostics. At present, BAT is
mainly used to investigate the immediate DHRs of antibiotics,
neuromuscular blocking agents, and NSAIDs (144).

Determination of T-cell-induced
reactions

Until now, standardized methods used for the quantitative
measurement of relevant parameters of T- cell recruitment and
activation include enzyme-linked immune absorbent spot
(ELISpot), lymphocyte transformation test (LTT), and
cytokine/mediator detection assays (130, 145). ELISpot is a
quantitative method that measures the parameters relevant to
T- cell activation and evaluates T- cell immunity in clinical trials.
In the diagnosis of DHRs, ELISpot mainly focuses on detecting
cytokines of interest secreted by specific T- cell subsets in
response to suspected drugs. The utility of ELISpot is highly
dependent on the drug involved and biomarkers employed in the
test. For example, IFN-y can be used as a marker for CD8"
cytotoxic T cells, and it can distinguish different subsets of
activated T cells via cytokines (146-148). LTT is also a
relatively standard method based on evaluating the expansion
of drug-specific memory T cells, which are obtained by co-
incubation of the patient’s peripheral blood mononuclear cells
with the suspected drug (149-151). Currently, LTT is an
acceptable method applied in clinical experiments for
diagnosing delayed ADHRs by detecting drug-induced T- cell
proliferation. Additionally, the presence of HLA and TCR on
peripheral blood mononuclear cells enables drug interaction via
the p-i concept. Therefore, LLT may be appropriate for all DHRs
correlated with T cells, regardless of the background mechanism.
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Assessment of inflammatory factors
involved in NADHRs

To date, no exclusive assessment of NADHRs has been
performed. As NADHRs show clinical manifestations identical
to those of IgE-mediated ADHRs, some diagnostic methods
focusing on inflammatory factors that are applied in ADHRs can
also be used in NADHRs with minor modifications. For
example, the determination of IgE-independent histamine and/
or tryptase release and the evaluation of various surface markers
for basophil activation (e.g., CD63 and CD203) are valuable
markers for the identification of NADHRs (152). Additionally,
the plasma complement terminal complex (SC5b-9) was tested
to confirm the involvement of the complement system in
NADHRs (97, 103).

Hypersensitivity evaluation for
investigational new drugs or
post-marketing drugs

Many preclinical in vivo and in vitro tests have been
conducted to evaluate the risk of drug-induced hypersensitivity
reactions. However, there is currently no validated method for
assessing all types of sensitizing potentials of small molecule
drugs during the preclinical phase (153). In the FDA guidance
on immunotoxicology evaluation, passive cutaneous
anaphylaxis, active cutaneous anaphylaxis, and active systemic
anaphylaxis assays have been used to predict type I reactions.
Although these assays have been used to detect allergenic
proteins, they have not been proven to be effective enough to
determine the adverse effects of small molecule drugs because
the production of the underlying haptens cannot be considered.
Positive reactions in the assays may indicate that the drug has
sensitizing potential, whereas negative results cannot confirm a
lack of immunization. At the same time, the Buehler test, guinea
pig maximization test, and murine local lymph node assay
(LLNA) have been recommended by the Center for Drug
Evaluation and Research to evaluate the topical sensitizing
potential of drugs. These methods are considered reliable and
have a high correlation with known human skin sensitizers,
which can be used to evaluate the safety of investigational new
drugs to support clinical trials. Detailed guidelines for the
Buehler test, guinea pig maximization test, and LLNA are also
recommended by the Organization for Economic Co-operation
and Development (OECD). In addition, the lymph node
proliferation assay, a modified LLNA method, has been
reported to further predict systemic hypersensitivity (154,
155). Moreover, mechanistically based in chemico skin
sensitization assays addressing the key event of the adverse
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outcome pathway (AOP) on covalent binding to proteins, in
vitro skin sensitization assays addressing the AOP key event on
keratinocyte activation, and the key event in the activation of
dendritic cells on the AOP for skin sensitization are also issued
by the OECD for risk assessment. All three methods have been
reported to possess high sensitivity and specificity. The three
methods with LLNA build an evaluation system for the skin
sensitization AOP. In addition to the methods recommended by
the FDA and OECD, high-throughput and standardized BAT
and LTT methods can quickly deliver information to hint at the
possibility of ADHRs induced by drug-specific IgE or T cells,
which could be acceptable in preclinical hypersensitivity testing.
Additionally, the ability of drugs to bind to HLA and/or TCR via
non-covalent interactions has been widely investigated using
peripheral blood mononuclear cell stimulation in combination
with molecular docking (156).

For NADHRs, experiments focusing on abnormal histamine
release, vascular leakage, and complement activation have been
established. MrgprBZMUT mice (79) and mouse vascular
permeability evaluation models (123, 125) have been
developed to investigate these underlying mechanisms. In
addition, animal models using different species to mimic the
responses in complement activation-related NADHRs have also
been developed (157, 158). Instead of prediction, these methods
are mostly used to investigate the underlying mechanisms
involved in existing ADRs. Furthermore, some in vitro
methods focused on mast cell degranulation and histamine/f3-
hexosaminidase release, complement system activation, changes
in intracellular Ca®" levels, and alterations in the endothelial
cytoskeleton and monolayer permeability have been applied to
predict the potential of drugs to induce NADHRs (99, 123, 129,
159, 160). However, the drug concentrations used in in vitro
experiments still need to be optimized because NADHRs are
highly correlated with drug exposure.

Conclusion

As unsolved and costly public health issues, hypersensitivity
reactions to small molecule drugs have attracted widespread

References

1. Johansson SG, Bieber T, Dahl R, Friedmann PS, Lanier BQ, Lockey RF, et al.
Revised nomenclature for allergy for global use: report of the nomenclature review
committee of the world allergy organization, October 2003. ] Allergy Clin Immunol
(2004) 113(5):832-6. doi: 10.1016/j.jaci.2003.12.591

2. Cardona V, Ansotegui IJ, Ebisawa M, El-Gamal Y, Fernandez Rivas M,
Fineman S, et al. World allergy organization anaphylaxis guidance 2020. World
Allergy Organ J (2020) 13(10):100472. doi: 10.1016/j.wa0jou.2020.100472

3. Dykewicz MS, Lam JK. Drug hypersensitivity reactions. Med Clin North Am
(2020) 104 (1):109-28. doi: 10.1016/j.mcna.2019.09.003

Frontiers in Immunology

12

10.3389/fimmu.2022.1016730

attention. However, the mechanisms involved in allergic and
non-allergic reactions have not yet been fully clarified and
verified. Advanced, highly effective, and sensitive prediction
methods for clinical and non-clinical investigations are
urgently needed.

Author contributions

JH, QL, and YZ are the major writers of the manuscript. CP
and XT have drawn the pictures. YSZ and AL have overseen the
writing. All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by grants from Beijing Natural
Science Foundation (7214291), National Natural Science
Foundation of China (82104519 and 82192913), CACMS
Innovation Fund (CI2021A04803 and CI2021B016), CACMS
Foundation (ZZ15-YQ-045), and Fundamental Research Funds
-for the Central Public Welfare Research Institutes (ZXKT21018).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

4. Dispenza MC. Classification of hypersensitivity reactions. Allergy Asthma
Proc (2019) 40 (6):470-73. doi: 10.2500/aap.2019.40.4274

5. Edwards IR, Aronson JK. Adverse drug reactions: definitions, diagnosis, and
management. Lancet (2000) 356 (9237):1255-9. doi: 10.1016/50140-6736(00)02799-9

6. Pichler W], Hausmann O. Classification of drug hypersensitivity into allergic,
p-i, and pseudo-allergic forms. Int Arch Allergy Immunol (2016) 171 (3-4):166-79.
doi: 10.1159/000453265

7. Wheatley LM, Plaut M, Schwaninger JM, Banerji A, Castells M, Finkelman
FD, et al. Report from the national institute of allergy and infectious diseases

frontiersin.org


https://doi.org/10.1016/j.jaci.2003.12.591
https://doi.org/10.1016/j.waojou.2020.100472
https://doi.org/10.1016/j.mcna.2019.09.003
https://doi.org/10.2500/aap.2019.40.4274
https://doi.org/10.1016/S0140-6736(00)02799-9
https://doi.org/10.1159/000453265
https://doi.org/10.3389/fimmu.2022.1016730
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Han et al.

workshop on drug allergy. J Allergy Clin Immunol (2015) 136 (2):262-71 e2.
doi: 10.1016/j,jaci.2015.05.027

8. Khan DA, Solensky R. Drug allergy. J Allergy Clin Immunol (2010) 125 (2
Suppl 2):5126-37. doi: 10.1016/j.jaci.2009.10.028

9. Hausmann O, Schnyder B, Pichler WJ. Etiology and pathogenesis of adverse
drug reactions. Chem Immunol Allergy (2012) 97:32-46. doi: 10.1159/000335614

10. Schnyder B, Brockow K. Pathogenesis of drug allergy—current concepts and
recent insights. Clin Exp Allergy (2015) 45 (9):1376-83. doi: 10.1111/cea.12591

11. Joint Task Force on Practice Parameters, American Academy of Allergy
AalACoA, Asthma and Immunology, Joint Council of Allergy and Asthma and
Immunology. Drug allergy: an updated practice parameter. Ann Allergy Asthma
Immunol (2010) 105 (4):259-73. doi: 10.1016/j.anai.2010.08.002

12. Jorg L, Yerly D, Helbling A, Pichler W. The role of drug, dose, and the
tolerance/intolerance of new drugs in multiple drug hypersensitivity syndrome.
Allergy (2020) 75 (5):1178-87. doi: 10.1111/all.14146

13. Franceschini F, Bottau P, Caimmi S, Cardinale F, Crisafulli G, Liotti L, et al.
Mechanisms of hypersensitivity reactions induced by drugs. Acta BioMed (2019) 90
(3-S):44-51. doi: 10.23750/abm.v90i3-S.8160

14. Demoly P, Adkinson NF, Brockow K, Castells M, Chiriac AM, Greenberger
PA, et al. International consensus on drug allergy. Allergy (2014) 69 (4):420-37.
doi: 10.1111/all.12350

15. Tanno LK, Torres MJ, Castells M, Demoly P. What can we learn in drug
allergy management from world health organization's international classifications?
Allergy (2018) 73 (5):987-92. doi: 10.1111/all.13335

16. Warrington R, Silviu-Dan F, Wong T. Drug allergy. Allergy Asthma Clin
Immunol (2018) 14 (Suppl 2):60. doi: 10.1186/s13223-018-0289-y

17. Bohm R, Proksch E, Schwarz T, Cascorbi I. Drug hypersensitivity. Dtsch
Arztebl Int (2018) 115 (29-30):501-12. doi: 10.3238/arztebl.2018.0501

18. Pichler WJ. Delayed drug hypersensitivity reactions. Ann Intern Med (2003)
139 (8):683-93. doi: 10.7326/0003-4819-139-8-200310210-00012

19. Sam-Yellowe TY. Immunology: Overview and laboratory manual.
Switzerland: Springer (eBook 2021).

20. Rozieres A, Vocanson M, Said BB, Nosbaum A, Nicolas JF. Role of T cells in
nonimmediate allergic drug reactions. Curr Opin Allergy Clin Immunol (2009) 9
(4):305-10. doi: 10.1097/ACI.0b013e32832d565¢

21. Adam J, Pichler WJ, Yerly D. Delayed drug hypersensitivity: models of T-
cell stimulation. Br ] Clin Pharmacol (2011) 71 (5):701-7. doi: 10.1111/j.1365-
2125.2010.03764.x

22. Torres MJ, Mayorga C, Blanca M. Nonimmediate allergic reactions induced
by drugs: pathogenesis and diagnostic tests. J Investig Allergol Clin Immunol (2009)
19 (2):80-90.

23. Farnam K, Chang C, Teuber S, Gershwin ME. Nonallergic drug
hypersensitivity reactions. Int Arch Allergy Immunol (2012) 159 (4):327-45.
doi: 10.1159/000339690

24. Pichler WJ. Immune pathomechanism and classification of drug
hypersensitivity. Allergy (2019) 74 (8):1457-71. doi: 10.1111/all.13765

25. Demoly P, Lebel B, Messaad D, Sahla H, Rongier M, Daures JP, et al.
Predictive capacity of histamine release for the diagnosis of drug allergy. Allergy
(1999) 54 (5):500-06. doi: 10.1034/j.1398-9995.1999.00020.x

26. Torres MJ. The complexity of drug hypersensitivity reactions. Allergy (2021)
76 (4):985-87. doi: 10.1111/all.14555

27. Bonfiglio MF, Weinstein DM. Allergic reactions to small-molecule drugs:
will we move from reaction to prediction? Am ] Health Syst Pharm (2019) 76
(9):574-80. doi: 10.1093/ajhp/zxz035

28. Chen CB, Abe R, Pan RY, Wang CW, Hung SI, Tsai YG, et al. An updated
review of the molecular mechanisms in drug hypersensitivity. J Immunol Res
(2018) 2018:6431694. doi: 10.1155/2018/6431694

29. Mayorga C, Montanez MI, Jurado-Escobar R, Gil-Ocana V, Cornejo-Garcia
JA. An update on the immunological, metabolic and genetic mechanisms in drug
hypersensitivity reactions. Curr Pharm Des (2019) 25 (36):3813-28. doi: 10.2174/
1381612825666191105122414

30. Pichler WJ. The important role of non-covalent drug-protein interactions in
drug hypersensitivity reactions. Allergy (2022) 77 (2):404-15. doi: 10.1111/
all. 14962

31. Pichler WJ, Naisbitt DJ, Park BK. Immune pathomechanism of drug
hypersensitivity reactions. J Allergy Clin Immunol (2011) 127 (3 Suppl):S74-81.
doi: 10.1016/j.jaci.2010.11.048

32. Hammond S, Thomson PJ, Ogese MO, Naisbitt DJ. T-Cell activation by low
molecular weight drugs and factors that influence susceptibility to drug hypersensitivity.
Chem Res Toxicol (2020) 33 (1):77-94. doi: 10.1021/acs.chemrestox.9b00327

33. Naisbitt DJ, Gordon SF, Pirmohamed M, Burkhart C, Cribb AE, Pichler W],
et al. Antigenicity and immunogenicity of sulphamethoxazole: demonstration of

Frontiers in Immunology

13

10.3389/fimmu.2022.1016730

metabolism-dependent haptenation and T-cell proliferation in vivo. Br ] Pharmacol
(2001) 133 (2):295-305. doi: 10.1038/sj.bjp.0704074

34. Ariza A, Mayorga C, Fernandez TD, Barbero N, Martin-Serrano A, Perez-
Sala D, et al. Hypersensitivity reactions to beta-lactams: relevance of hapten-
protein conjugates. J Investig Allergol Clin Immunol (2015) 25 (1):12-25.

35. Naisbitt DJ, Hough SJ, Gill HJ, Pirmohamed M, Kitteringham NR, Park BK.
Cellular disposition of sulphamethoxazole and its metabolites: implications for
hypersensitivity. Br ] Pharmacol (1999) 126 (6):1393-407. doi: 10.1038/
5j.bjp.0702453

36. Pichler W], Adam ], Watkins S, Wuillemin N, Yun J, Yerly D. Drug
hypersensitivity: how drugs stimulate T cells via pharmacological interaction
with immune receptors. Int Arch Allergy Immunol (2015) 168 (1):13-24.
doi: 10.1159/000441280

37. Fan WL, Shiao MS, Hui RC, Su SC, Wang CW, Chang YC, et al. HLA
association with drug-induced adverse reactions. J Immunol Res (2017)
2017:3186328. doi: 10.1155/2017/3186328

38. Usui T, Naisbitt DJ. Human leukocyte antigen and idiosyncratic adverse
drug reactions. Drug Metab Pharmacokinet (2017) 32 (1):21-30. doi: 10.1016/
j.dmpk.2016.11.003

39. Pavlos R, Mallal S, Ostrov D, Buus S, Metushi I, Peters B, et al. T Cell-
mediated hypersensitivity reactions to drugs. Annu Rev Med (2015) 66:439-54.
doi: 10.1146/annurev-med-050913-022745

40. Mallal S, Nolan D, Witt C, Masel G, Martin AM, Moore C, et al. Association
between presence of HLA-B*5701, HLA-DR?7, and HLA-DQ3 and hypersensitivity
to HIV-1 reverse-transcriptase inhibitor abacavir. Lancet (2002) 359 (9308):727-
32. doi: 10.1016/s0140-6736(02)07873-x

41. Mallal S, Phillips E, Carosi G, Molina JM, Workman C, Tomazic J, et al.
HLA-B*5701 screening for hypersensitivity to abacavir. N Engl ] Med (2008) 358
(6):568-79. doi: 10.1056/NEJM0a0706135

42. Yu KH, Yu CY, Fang YF. Diagnostic utility of HLA-B*5801 screening in
severe allopurinol hypersensitivity syndrome: an updated systematic review and
meta-analysis. Int ] Rheum Dis (2017) 20 (9):1057-71. doi: 10.1111/1756-
185X.13143

43. Stamp LK, Day RO, Yun J. Allopurinol hypersensitivity: investigating the
cause and minimizing the risk. Nat Rev Rheumatol (2016) 12 (4):235-42.
doi: 10.1038/nrrheum.2015.132

44, Yun J, Marcaida MJ, Eriksson KK, Jamin H, Fontana S, Pichler W], et al.
Oxypurinol directly and immediately activates the drug-specific T cells via the
preferential use of HLA-B*58:01. ] Immunol (2014) 192 (7):2984-93. doi: 10.4049/
jimmunol.1302306

45. Yun J, Mattsson J, Schnyder K, Fontana S, Largiader CR, Pichler W7, et al.
Allopurinol hypersensitivity is primarily mediated by dose-dependent oxypurinol-
specific T cell response. Clin Exp Allergy (2013) 43 (11):1246-55. doi: 10.1111/
cea.12184

46. Simper GS, Graser LS, Celik AA, Kuhn J, Kunze-Schumacher H, Ho GT,
et al. The mechanistic differences in HLA-associated carbamazepine
hypersensitivity. Pharmaceutics (2019) 11 (10):536. doi: 10.3390/
pharmaceutics11100536

47. Grover S, Kukreti R. HLA alleles and hypersensitivity to carbamazepine: an
updated systematic review with meta-analysis. Pharmacogenet Genomics (2014) 24
(2):94-112. doi: 10.1097/FPC.0000000000000021

48. Tangamornsuksan W, Lohitnavy M. Association between HLA-B*5901 and
methazolamide-induced stevens-Johnson syndrome/toxic epidermal necrolysis: a
systematic review and meta-analysis. Pharmacogenomics J (2019) 19 (3):286-94.
doi: 10.1038/s41397-018-0052-2

49. Huang PW, Chu CY. Genetic markers for methazolamide-induced stevens-
Johnson syndrome and toxic epidermal necrolysis. ] Eur Acad Dermatol Venereol
(2022) 36 (6):764. doi: 10.1111/jdv.18158

50. Liu H, Wang Z, Bao F, Wang C, Sun L, Zhang H, et al. Evaluation of
prospective HLA-B*13:01 screening to prevent dapsone hypersensitivity syndrome
in patients with leprosy. JAMA Dermatol (2019) 155 (6):666-72. doi: 10.1001/
jamadermatol.2018.5360

51. Chen WT, Wang CW, Lu CW, Chen CB, Lee HE, Hung SI, et al. The
function of HLA-B*13:01 involved in the pathomechanism of dapsone-induced
severe cutaneous adverse reactions. ] Invest Dermatol (2018) 138 (7):1546-54.
doi: 10.1016/j.jid.2018.02.004

52. Chen CB, Hsiao YH, Wu T, Hsih MS, Tassaneeyakul W, Jorns TP, et al. Risk
and association of HLA with oxcarbazepine-induced cutaneous adverse reactions
in asians. Neurology (2017) 88 (1):78-86. doi: 10.1212/WNL.0000000000003453

53. Nakkam N, Konyoung P, Kanjanawart S, Saksit N, Kongpan T, Khaeso K,
et al. HLA pharmacogenetic markers of drug hypersensitivity in a Thai population.
Front Genet (2018) 9:277. doi: 10.3389/fgene.2018.00277

54. Krebs K, Bovijn J, Zheng N, Lepamets M, Censin JC, Jurgenson T, et al.
Genome-wide study identifies association between HLA-b* 55:01 and self-reported

frontiersin.org


https://doi.org/10.1016/j.jaci.2015.05.027
https://doi.org/10.1016/j.jaci.2009.10.028
https://doi.org/10.1159/000335614
https://doi.org/10.1111/cea.12591
https://doi.org/10.1016/j.anai.2010.08.002
https://doi.org/10.1111/all.14146
https://doi.org/10.23750/abm.v90i3-S.8160
https://doi.org/10.1111/all.12350
https://doi.org/10.1111/all.13335
https://doi.org/10.1186/s13223-018-0289-y
https://doi.org/10.3238/arztebl.2018.0501
https://doi.org/10.7326/0003-4819-139-8-200310210-00012
https://doi.org/10.1097/ACI.0b013e32832d565c
https://doi.org/10.1111/j.1365-2125.2010.03764.x
https://doi.org/10.1111/j.1365-2125.2010.03764.x
https://doi.org/10.1159/000339690
https://doi.org/10.1111/all.13765
https://doi.org/10.1034/j.1398-9995.1999.00020.x
https://doi.org/10.1111/all.14555
https://doi.org/10.1093/ajhp/zxz035
https://doi.org/10.1155/2018/6431694
https://doi.org/10.2174/1381612825666191105122414
https://doi.org/10.2174/1381612825666191105122414
https://doi.org/10.1111/all.14962
https://doi.org/10.1111/all.14962
https://doi.org/10.1016/j.jaci.2010.11.048
https://doi.org/10.1021/acs.chemrestox.9b00327
https://doi.org/10.1038/sj.bjp.0704074
https://doi.org/10.1038/sj.bjp.0702453
https://doi.org/10.1038/sj.bjp.0702453
https://doi.org/10.1159/000441280
https://doi.org/10.1155/2017/3186328
https://doi.org/10.1016/j.dmpk.2016.11.003
https://doi.org/10.1016/j.dmpk.2016.11.003
https://doi.org/10.1146/annurev-med-050913-022745
https://doi.org/10.1016/s0140-6736(02)07873-x
https://doi.org/10.1056/NEJMoa0706135
https://doi.org/10.1111/1756-185X.13143
https://doi.org/10.1111/1756-185X.13143
https://doi.org/10.1038/nrrheum.2015.132
https://doi.org/10.4049/jimmunol.1302306
https://doi.org/10.4049/jimmunol.1302306
https://doi.org/10.1111/cea.12184
https://doi.org/10.1111/cea.12184
https://doi.org/10.3390/pharmaceutics11100536
https://doi.org/10.3390/pharmaceutics11100536
https://doi.org/10.1097/FPC.0000000000000021
https://doi.org/10.1038/s41397-018-0052-2
https://doi.org/10.1111/jdv.18158
https://doi.org/10.1001/jamadermatol.2018.5360
https://doi.org/10.1001/jamadermatol.2018.5360
https://doi.org/10.1016/j.jid.2018.02.004
https://doi.org/10.1212/WNL.0000000000003453
https://doi.org/10.3389/fgene.2018.00277
https://doi.org/10.3389/fimmu.2022.1016730
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Han et al.

penicillin allergy. Am J Hum Genet (2020) 107 (4):612-21. doi: 10.1016/
j.ajhg.2020.08.008

55. Goh SJR, Tuomisto JEE, Purcell AW, Mifsud NA, Illing PT. The complexity
of T cell-mediated penicillin hypersensitivity reactions. Allergy (2021) 76 (1):150—
67. doi: 10.1111/all.14355

56. Redwood AJ, Pavlos RK, White KD, Phillips EJ. HLAs: key regulators of T-
cell-mediated drug hypersensitivity. HLA (2018) 91 (1):3-16. doi: 10.1111/
tan.13183

57. Shirayanagi T, Aoki S, Fujimori S, Watanabe K, Aida T, Hirasawa M, et al.
Detection of abacavir-induced structural alterations in human leukocyte antigen-
B*57:01 using phage display. Biol Pharm Bull (2020) 43 (6):1007-15. doi: 10.1248/
bpb.b20-00102

58. Pichler WJ. Anaphylaxis to drugs: overcoming mast cell unresponsiveness
by fake antigens. Allergy (2021) 76 (5):1340-49. doi: 10.1111/all.14554

59. Vayne C, Guery EA, Rollin J, Baglo T, Petermann R, Gruel Y.
Pathophysiology and diagnosis of drug-induced immune thrombocytopenia. J
Clin Med (2020) 9 (7):2212. doi: 10.3390/jcm9072212

60. Wang H, Wang HS, Liu ZP. Agents that induce pseudo-allergic reaction.
Drug Discovery Ther (2011) 5 (5):211-9. doi: 10.5582/ddt.2011.v5.5.211

61. Metcalfe DD, Baram D, Mekori YA. Mast cells. Physiol Rev (1997) 77
(4):1033-79. doi: 10.1152/physrev.1997.77.4.1033

62. Cardamone C, Parente R, Feo GD, Triggiani M. Mast cells as effector cells of
innate immunity and regulators of adaptive immunity. Immunol Lett (2016)
178:10-4. doi: 10.1016/j.imlet.2016.07.003

63. Reber LL, Sibilano R, Mukai K, Galli SJ. Potential effector and
immunoregulatory functions of mast cells in mucosal immunity. Mucosal
Immunol (2015) 8 (3):444-63. doi: 10.1038/mi.2014.131

64. Redegeld FA, Yu Y, Kumari S, Charles N, Blank U. Non-IgE mediated mast
cell activation. Immunol Rev (2018) 282 (1):87-113. doi: 10.1111/imr.12629

65. Tatemoto K, Nozaki Y, Tsuda R, Konno S, Tomura K, Furuno M, et al.
Immunoglobulin e-independent activation of mast cell is mediated by mrg
receptors. Biochem Biophys Res Commun (2006) 349 (4):1322-8. doi: 10.1016/
j.bbrc.2006.08.177

66. Ali H. Mas-related G protein coupled receptor-X2: a potential new target for
modulating mast cell-mediated allergic and inflammatory diseases. J Immunobiol
(2016) 1 (4):115. doi: 10.4172/2476-1966.1000115

67. Kumar M, Duraisamy K, Chow BK. Unlocking the non-IgE-mediated
pseudo-allergic reaction puzzle with mas-related G-protein coupled receptor
member X2 (MRGPRX2). Cells (2021) 10 (5):1033. doi: 10.3390/cells10051033

68. Subramanian H, Gupta K, Ali H. Roles of mas-related G protein-coupled
receptor X2 on mast cell-mediated host defense, pseudoallergic drug reactions, and
chronic inflammatory diseases. J Allergy Clin Immunol (2016) 138 (3):700-10.
doi: 10.1016/j.jaci.2016.04.051

69. Yuan F, Zhang C, Sun M, Wu D, Cheng L, Pan B, et al. MRGPRX2 mediates
immediate-type pseudo-allergic reactions induced by iodine-containing iohexol.
BioMed Pharmacother (2021) 137:111323. doi: 10.1016/j.biopha.2021.111323

70. Che D, Wang J, Ding Y, Liu R, Cao ], Zhang Y, et al. Mivacurium induce mast
cell activation and pseudo-allergic reactions via MAS-related G protein coupled
receptor-X2. Cell Immunol (2018) 332:121-28. doi: 10.1016/j.cellimm.2018.08.005

71. Che D, Rui L, Cao J, Wang J, Zhang Y, Ding Y, et al. Cisatracurium induces
mast cell activation and pseudo-allergic reactions via MRGPRX2. Int
Immunopharmacol (2018) 62:244-50. doi: 10.1016/j.intimp.2018.07.020

72. Lin Y, WangJ, Hou Y, Fu ], Wei D, Jia Q, et al. Isosalvianolic acid c-induced
pseudo-allergic reactions via the mast cell specific receptor MRGPRX2. Int
Immunopharmacol (2019) 71:22-31. doi: 10.1016/j.intimp.2019.03.013

73. Wei D, Hu T, Hou YJ, Wang XJ, Lu JY, Ge S, et al. MRGPRX2 is critical for
clozapine induced pseudo-allergic reactions. Immunopharmacol Immunotoxicol
(2021) 43 (1):77-84. doi: 10.1080/08923973.2020.1861006

74. Roy S, Ganguly A, Haque M, Ali H. Angiogenic host defense peptide AG-
30/5C and bradykinin B2 receptor antagonist icatibant are G protein biased
agonists for MRGPRX2 in mast cells. J Immunol (2019) 202 (4):1229-38.
doi: 10.4049/jimmunol.1801227

75. Hou Y, Che D, Wei D, Wang C, Xie Y, Zhang K, et al. Phenothiazine
antipsychotics exhibit dual properties in pseudo-allergic reactions: activating
MRGPRX2 and inhibiting the H1 receptor. Mol Immunol (2019) 111:118-27.
doi: 10.1016/j.molimm.2019.04.008

76. Zhang F, Hong F, Wang L, Fu R, Qi J, Yu B. MrgprX2 regulates mast cell
degranulation through PI3K/AKT and PLCgamma signaling in pseudo-allergic
reactions. Int Immunopharmacol (2022) 102:108389. doi: 10.1016/
j.intimp.2021.108389

77. Mi YN, Ping NN, Cao YX. Ligands and signaling of mas-related G protein-
coupled receptor-X2 in mast cell activation. Rev Physiol Biochem Pharmacol (2021)
179:139-88. doi: 10.1007/112_2020_53

Frontiers in Immunology

14

10.3389/fimmu.2022.1016730

78. Takamori A, Izawa K, Kaitani A, Ando T, Okamoto Y, Maehara A, et al.
Identification of inhibitory mechanisms in pseudo-allergy involving Mrgprb2/
MRGPRX2-mediated mast cell activation. J Allergy Clin Immunol (2019) 143
(3):1231-35 el2. doi: 10.1016/j.jaci.2018.10.034

79. McNeil BD, Pundir P, Meeker S, Han L, Undem BJ, Kulka M, et al.
Identification of a mast-cell-specific receptor crucial for pseudo-allergic drug
reactions. Nature (2015) 519 (7542):237-41. doi: 10.1038/nature14022

80. Grimes J, Desai S, Charter NW, Lodge ], Moita Santos R, Isidro-Llobet A,
et al. MrgX2 is a promiscuous receptor for basic peptides causing mast cell pseudo-
allergic and anaphylactoid reactions. Pharmacol Res Perspect (2019) 7 (6):e00547.
doi: 10.1002/prp2.547

81. Hamamura-Yasuno E, Iguchi T, Kumagai K, Tsuchiya Y, Mori K.
Identification of the dog orthologue of human MAS-related G protein coupled
receptor X2 (MRGPRX2) essential for drug-induced pseudo-allergic reactions. Sci
Rep (2020) 10 (1):16146. doi: 10.1038/s41598-020-72819-5

82. McNeil BD. MRGPRX2 and adverse drug reactions. Front Immunol (2021)
12:676354. doi: 10.3389/fimmu.2021.676354

83. Shtessel M, Limjunyawong N, Oliver ET, Chichester K, Gao L, Dong X, et al.
MRGPRX2 activation causes increased skin reactivity in patients with chronic
spontaneous urticaria. J Invest Dermatol (2021) 141 (3):678-81 e2. doi: 10.1016/
1jid.2020.06.030

84. Merk HF, Bickers DR. Hypersensitivity to non-beta-lactam antibiotics.
Allergol Select (2022) 6:11-7. doi: 10.5414/ALX02311E

85. Alkanfari I, Gupta K, Jahan T, Ali H. Naturally occurring missense
MRGPRX2 variants display loss of function phenotype for mast cell
degranulation in response to substance p, hemokinin-1, human beta-defensin-3,
and icatibant. J Immunol (2018) 201 (2):343-49. doi: 10.4049/jimmunol.1701793

86. Szebeni J. Complement activation-related pseudoallergy: a new class of
drug-induced acute immune toxicity. Toxicology (2005) 216 (2-3):106-21.
doi: 10.1016/j.t0x.2005.07.023

87. Mohamed M, Abu Lila AS, Shimizu T, Alaaeldin E, Hussein A, Sarhan HA,
et al. PEGylated liposomes: immunological responses. Sci Technol Adv Mater
(2019) 20 (1):710-24. doi: 10.1080/14686996.2019.1627174

88. Finkelman FD, Khodoun MYV, Strait R. Human IgE-independent systemic
anaphylaxis. ] Allergy Clin Immunol (2016) 137 (6):1674-80. doi: 10.1016/
}.jaci.2016.02.015

89. Fukuoka Y, Xia HZ, Sanchez-Munoz LB, Dellinger AL, Escribano L,
Schwartz LB. Generation of anaphylatoxins by human beta-tryptase from C3,
C4, and C5. ] Immunol (2008) 180 (9):6307-16. doi: 10.4049/jimmunol.180.9.6307

90. Zhang B, Li Q, Shi C, Zhang X. Drug-induced pseudoallergy: a review of the
causes and mechanisms. Pharmacology (2018) 101 (1-2):104-10. doi: 10.1159/
000479878

91. Mathern DR, Heeger PS. Molecules great and small: the complement
system. Clin ] Am Soc Nephrol (2015) 10 (9):1636-50. doi: 10.2215/CJN.06230614

92. Szebeni J. Complement activation-related pseudoallergy: a stress reaction in
blood triggered by nanomedicines and biologicals. Mol Immunol (2014) 61
(2):163-73. doi: 10.1016/j.molimm.2014.06.038

93. Yu Y, Blokhuis BR, Garssen ], Redegeld FA. Non-IgE mediated mast cell
activation. Eur J Pharmacol (2016) 778:33-43. doi: 10.1016/j.ejphar.2015.07.017

94. Erdei A, Andrasfalvy M, Peterfy H, Toth G, Pecht I. Regulation of mast cell
activation by complement-derived peptides. Immunol Lett (2004) 92 (1-2):39-42.
doi: 10.1016/j.imlet.2003.11.019

95. Ali H. Regulation of human mast cell and basophil function by
anaphylatoxins C3a and C5a. Immunol Lett (2010) 128 (1):36-45. doi: 10.1016/
j.imlet.2009.10.007

96. Szebeni ]. Hypersensitivity reactions to radiocontrast media: the role of
complement activation. Curr Allergy Asthma Rep (2004) 4 (1):25-30. doi: 10.1007/
511882-004-0038-9

97. Chanan-Khan A, Szebeni J, Savay S, Liebes L, Rafique NM, Alving CR, et al.
Complement activation following first exposure to pegylated liposomal
doxorubicin (Doxil): possible role in hypersensitivity reactions. Ann Oncol
(2003) 14 (9):1430-7. doi: 10.1093/annonc/mdg374

98. Szebeni J, Muggia FM, Alving CR. Complement activation by cremophor EL
as a possible contributor to hypersensitivity to paclitaxel: an in vitro study. J Natl
Cancer Inst (1998) 90 (4):300-6. doi: 10.1093/jnci/90.4.300

99. Weiszhar Z, Czucz ], Revesz C, Rosivall L, Szebeni ], Rozsnyay Z.
Complement activation by polyethoxylated pharmaceutical surfactants:
Cremophor-EL, tween-80 and tween-20. Eur J Pharm Sci (2012) 45 (4):492-8.
doi: 10.1016/j.ejps.2011.09.016

100. Szebeni ], Baranyi L, Savay S, Milosevits ], Bunger R, Laverman P, et al.
Role of complement activation in hypersensitivity reactions to doxil and hynic PEG
liposomes: experimental and clinical studies. J Liposome Res (2002) 12 (1-2):165-
72. doi: 10.1081/lpr-120004790

frontiersin.org


https://doi.org/10.1016/j.ajhg.2020.08.008
https://doi.org/10.1016/j.ajhg.2020.08.008
https://doi.org/10.1111/all.14355
https://doi.org/10.1111/tan.13183
https://doi.org/10.1111/tan.13183
https://doi.org/10.1248/bpb.b20-00102
https://doi.org/10.1248/bpb.b20-00102
https://doi.org/10.1111/all.14554
https://doi.org/10.3390/jcm9072212
https://doi.org/10.5582/ddt.2011.v5.5.211
https://doi.org/10.1152/physrev.1997.77.4.1033
https://doi.org/10.1016/j.imlet.2016.07.003
https://doi.org/10.1038/mi.2014.131
https://doi.org/10.1111/imr.12629
https://doi.org/10.1016/j.bbrc.2006.08.177
https://doi.org/10.1016/j.bbrc.2006.08.177
https://doi.org/10.4172/2476-1966.1000115
https://doi.org/10.3390/cells10051033
https://doi.org/10.1016/j.jaci.2016.04.051
https://doi.org/10.1016/j.biopha.2021.111323
https://doi.org/10.1016/j.cellimm.2018.08.005
https://doi.org/10.1016/j.intimp.2018.07.020
https://doi.org/10.1016/j.intimp.2019.03.013
https://doi.org/10.1080/08923973.2020.1861006
https://doi.org/10.4049/jimmunol.1801227
https://doi.org/10.1016/j.molimm.2019.04.008
https://doi.org/10.1016/j.intimp.2021.108389
https://doi.org/10.1016/j.intimp.2021.108389
https://doi.org/10.1007/112_2020_53
https://doi.org/10.1016/j.jaci.2018.10.034
https://doi.org/10.1038/nature14022
https://doi.org/10.1002/prp2.547
https://doi.org/10.1038/s41598-020-72819-5
https://doi.org/10.3389/fimmu.2021.676354
https://doi.org/10.1016/j.jid.2020.06.030
https://doi.org/10.1016/j.jid.2020.06.030
https://doi.org/10.5414/ALX02311E
https://doi.org/10.4049/jimmunol.1701793
https://doi.org/10.1016/j.tox.2005.07.023
https://doi.org/10.1080/14686996.2019.1627174
https://doi.org/10.1016/j.jaci.2016.02.015
https://doi.org/10.1016/j.jaci.2016.02.015
https://doi.org/10.4049/jimmunol.180.9.6307
https://doi.org/10.1159/000479878
https://doi.org/10.1159/000479878
https://doi.org/10.2215/CJN.06230614
https://doi.org/10.1016/j.molimm.2014.06.038
https://doi.org/10.1016/j.ejphar.2015.07.017
https://doi.org/10.1016/j.imlet.2003.11.019
https://doi.org/10.1016/j.imlet.2009.10.007
https://doi.org/10.1016/j.imlet.2009.10.007
https://doi.org/10.1007/s11882-004-0038-9
https://doi.org/10.1007/s11882-004-0038-9
https://doi.org/10.1093/annonc/mdg374
https://doi.org/10.1093/jnci/90.4.300
https://doi.org/10.1016/j.ejps.2011.09.016
https://doi.org/10.1081/lpr-120004790
https://doi.org/10.3389/fimmu.2022.1016730
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Han et al.

101. Kozma GT, Meszaros T, Vashegyi I, Fulop T, Orfi E, Dezsi L, et al. Pseudo-
anaphylaxis to polyethylene glycol (PEG)-coated liposomes: roles of anti-PEG IgM
and complement activation in a porcine model of human infusion reactions. ACS
Nano (2019) 13 (8):9315-24. doi: 10.1021/acsnano.9b03942

102. Pedersen MB, Zhou X, Larsen EK, Sorensen US, Kjems ], Nygaard JV, et al.
Curvature of synthetic and natural surfaces is an important target feature in
classical pathway complement activation. J Immunol (2010) 184 (4):1931-45.
doi: 10.4049/jimmunol.0902214

103. Szebeni J. Complement activation-related pseudoallergy caused by
amphiphilic drug carriers: the role of lipoproteins. Curr Drug Delivery (2005) 2
(4):443-9. doi: 10.2174/156720105774370212

104. Berges-Gimeno MP, Martin-Lazaro J. Allergic reactions to nonsteroidal
anti-inflammatory drugs: is newer better? Curr Allergy Asthma Rep (2007) 7
(1):35-40. doi: 10.1007/s11882-007-0028-9

105. Grattan CE. Aspirin sensitivity and urticaria. Clin Exp Dermatol (2003) 28
(2):123-7. doi: 10.1046/j.1365-2230.2003.01228.x

106. Sasaki F, Yokomizo T. The leukotriene receptors as therapeutic targets of
inflammatory diseases. Int Immunol (2019) 31 (9):607-15. doi: 10.1093/intimm/
dxz044

107. Byrum RS, Goulet JL, Snouwaert JN, Griffiths RJ, Koller BH.
Determination of the contribution of cysteinyl leukotrienes and leukotriene B4
in acute inflammatory responses using 5-lipoxygenase-and leukotriene A4
hydrolase-deficient mice. J Immunol (1999) 163 (12):6810-9.

108. Housholder GT. Intolerance to aspirin and the nonsteroidal anti-
inflammatory drugs. J Oral Maxillofac Surg (1985) 43 (5):333-7. doi: 10.1016/
0278-2391(85)90252-6

109. Samuelsson B. Leukotrienes: mediators of immediate hypersensitivity
reactions and inflammation. Science (1983) 220 (4597):568-75. doi: 10.1126/
science.6301011

110. Ogawa Y, Grant JA. Mediators of anaphylaxis. Immunol Allergy Clin North
Am (2007) 27 (2):249-60. doi: 10.1016/j.iac.2007.03.013

111. Dona I, Jurado-Escobar R, Perkins JR, Ayuso P, Plaza-Seron MC, Perez-
Sanchez N, et al. Eicosanoid mediator profiles in different phenotypes of
nonsteroidal anti-inflammatory drug-induced urticaria. Allergy (2019) 74
(6):1135-44. doi: 10.1111/all.13725

112. Tsuji F, Aono H, Tsuboi T, Murakami T, Enomoto H, Mizutani K, et al.
Role of leukotriene B4 in 5-lipoxygenase metabolite- and allergy-induced itch-
associated responses in mice. Biol Pharm Bull (2010) 33 (6):1050-3. doi: 10.1248/
bpb.33.1050

113. Obtulowicz K. Bradykinin-mediated angioedema. Pol Arch Med Wewn
(2016) 126 (1-2):76-85. doi: 10.20452/pamw.3273

114. Oschatz C, Maas C, Lecher B, Jansen T, Bjorkqvist J, Tradler T, et al. Mast
cells increase vascular permeability by heparin-initiated bradykinin formation in
vivo. Immunity (2011) 34 (2):258-68. doi: 10.1016/j.immuni.2011.02.008

115. Sala-Cunill A, Bjorkqvist ], Senter R, Guilarte M, Cardona V, Labrador M,
et al. Plasma contact system activation drives anaphylaxis in severe mast cell-
mediated allergic reactions. J Allergy Clin Immunol (2015) 135 (4):1031-43 e6.
doi: 10.1016/j.jaci.2014.07.057

116. Gao Y, Han Y, Zhang X, Fei Q, Qi R, Hou R, et al. Penicillin causes non-
allergic anaphylaxis by activating the contact system. Sci Rep (2020) 10 (1):14160.
doi: 10.1038/s41598-020-71083-x

117. Maurer M, Bader M, Bas M, Bossi F, Cicardi M, Cugno M, et al. New topics
in bradykinin research. Allergy (2011) 66 (110:1397-406. doi: 10.1111/j.1398-
9995.2011.02686.x

118. Schmaier AH. The contact activation and kallikrein/kinin systems:
pathophysiologic and physiologic activities. ] Thromb Haemost (2016) 14 (1):28—
39. doi: 10.1111/jth.13194

119. Bas M, Adams V, Suvorava T, Niehues T, Hoffmann TK, Kojda G.
Nonallergic angioedema: role of bradykinin. Allergy (2007) 62 (8):842-56.
doi: 10.1111/j.1398-9995.2007.01427.x

120. Venema V], Ju H, Sun J, Eaton DC, Marrero MB, Venema RC. Bradykinin
stimulates the tyrosine phosphorylation and bradykinin B2 receptor association of
phospholipase ¢ gamma 1 in vascular endothelial cells. Biochem Biophys Res
Commun (1998) 246 (1):70-5. doi: 10.1006/bbrc.1998.8574

121. Krybus M, Sieradzki M, Fahimi E, Metry S, Nusing R, Geisslinger G, et al.
Contribution of cyclooxygenase-1-dependent prostacyclin synthesis to bradykinin-
induced dermal extravasation. BioMed Pharmacother (2022) 148:112786.
doi: 10.1016/j.biopha.2022.112786

122. Lerch M. Drug-induced angioedema. Chem Immunol Allergy (2012)
97:98-105. doi: 10.1159/000335621

123. Han J, Yi Y, Li C, Zhang Y, Wang L, Zhao Y, et al. Involvement of
histamine and RhoA/ROCK in penicillin immediate hypersensitivity reactions. Sci
Rep (2016) 6:33192. doi: 10.1038/srep33192

Frontiers in Immunology

15

10.3389/fimmu.2022.1016730

124. Pan C, Zhang YS, Han JY, Li CY, Yi Y, Zhao Y, et al. The involvement of
the RhoA/ROCK signaling pathway in hypersensitivity reactions induced by
paclitaxel injection. Int ] Mol Sci (2019) 20 (20):4988. doi: 10.3390/ijms20204988

125. Han ], Zhao Y, Zhang Y, Li C, Yi Y, Pan C, et al. RhoA/ROCK signaling
pathway mediates shuanghuanglian injection-induced pseudo-allergic reactions.
Front Pharmacol (2018) 9:87. doi: 10.3389/fphar.2018.00087

126. Han J, Zhang Y, Pan C, Xian Z, Pan C, Zhao Y, et al. Forsythoside a and
forsythoside b contribute to shuanghuanglian injection-induced pseudoallergic
reactions through the RhoA/ROCK signaling pathway. Int J Mol Sci (2019) 20
(24):6266. doi: 10.3390/ijms20246266

127. Yi Y, Li CY, Zhao Y, Zhang YS, Pan C, Wang LM, et al. Pseudoallergic
reaction characteristics of qingkailing injection and preliminary screening of
allergic substances. Zhongguo Zhong Yao Za Zhi (2018) 43 (1):154-59.
doi: 10.19540/j.cnki.cjemm.20171027.025

128. YiY, Li CY, Zhao Y, Pan C, Liu SY, Wang LM, et al. Preclinical study on
adverse reactions of xingnaojing injection. Zhongguo Zhong Yao Za Zhi (2018) 43
(13):2789-95. doi: 10.19540/j.cnki.cjcmm.20180130.005

129. Mikelis CM, Simaan M, Ando K, Fukuhara S, Sakurai A, Amornphimoltham P,
et al. RhoA and ROCK mediate histamine-induced vascular leakage and anaphylactic
shock. Nat Commun (2015) 6:6725. doi: 10.1038/ncomms7725

130. Thong BY, Vultaggio A, Rerkpattanapipat T, Schrijvers R. Prevention of
drug hypersensitivity reactions: prescreening and premedication. J Allergy Clin
Immunol Pract (2021) 9(8):2958-66. doi: 10.1016/j.jaip.2021.04.006

131. Phillips EJ, Bigliardi P, Bircher AJ, Broyles A, Chang YS, Chung WH, et al.
Controversies in drug allergy: testing for delayed reactions. J Allergy Clin Immunol
(2019) 143 (1):66-73. doi: 10.1016/.jaci.2018.10.030

132. Faulkner L, Gibson A, Sullivan A, Tailor A, Usui T, Alfirevic A, et al.
Detection of primary T cell responses to drugs and chemicals in HLA-typed
volunteers: implications for the prediction of drug immunogenicity. Toxicol Sci
(2016) 154 (2):416-29. doi: 10.1093/toxsci/kfw177

133. Patel G, Saltoun C. Skin testing in allergy. Allergy Asthma Proc (2019) 40
(6):366-68. doi: 10.2500/aap.2019.40.4248

134. Zembles T, Mitchell M, Alqurashi W, Castells M, Phillips EJ, Vyles D. Skin
testing for penicillin allergy: a review of the literature. Curr Allergy Asthma Rep
(2021) 21 (3):21. doi: 10.1007/511882-021-00997-x

135. Tourlas K, Burman D. Allergy testing. Prim Care (2016) 43 (3):363-74.
doi: 10.1016/j.pop.2016.04.001

136. Mayorga C, Celik G, Rouzaire P, Whitaker P, Bonadonna P, Rodrigues-
Cernadas J, et al. In vitro tests for drug hypersensitivity reactions: an ENDA/
EAACI drug allergy interest group position paper. Allergy (2016) 71 (8):1103-34.
doi: 10.1111/all.12886

137. Brockow K. Detection of drug-specific immunoglobulin e (IgE) and acute
mediator release for the diagnosis of immediate drug hypersensitivity reactions. J
Immunol Methods (2021) 496:113101. doi: 10.1016/j.jim.2021.113101

138. Santos AF, Alpan O, Hoffmann HJ. Basophil activation test: mechanisms
and considerations for use in clinical trials and clinical practice. Allergy (2021) 76
(8):2420-32. doi: 10.1111/all.14747

139. Hemmings O, Kwok M, McKendry R, Santos AF. Basophil activation test:
old and new applications in allergy. Curr Allergy Asthma Rep (2018) 18 (12):77.
doi: 10.1007/s11882-018-0831-5

140. Mayorga C, Ebo DG, Lang DM, Pichler W], Sabato V, Park MA, et al.
Controversies in drug allergy: in vitro testing. J Allergy Clin Immunol (2019) 143
(1):56-65. doi: 10.1016/j.jaci.2018.09.022

141. Miller RL, Shtessel M, Robinson LB, Banerji A. Advances in drug allergy,
urticaria, angioedema, and anaphylaxis in 2018. J Allergy Clin Immunol (2019) 144
(2):381-92. doi: 10.1016/.jaci.2019.06.010

142. Simon D. Recent advances in clinical allergy and immunology 2019. Int
Arch Allergy Immunol (2019) 180 (4):291-305. doi: 10.1159/000504364

143. Marraccini P, Pignatti P ADAA, Salimbeni R, Consonni D. Basophil
activation test application in drug hypersensitivity diagnosis: an empirical
approach. Int Arch Allergy Immunol (2018) 177 (2):160-66. doi: 10.1159/
000490116

144. Ansotegui IJ, Melioli G, Canonica GW, Caraballo L, Villa E, Ebisawa M,
et al. IgE allergy diagnostics and other relevant tests in allergy, a world allergy
organization position paper. World Allergy Organ ] (2020) 13 (2):100080.
doi: 10.1016/j.wa0jou.2019.100080

145. Demoly P, Castells M. Important questions in drug allergy and
hypersensitivity: consensus papers from the 2018 AAAAI/WAO international
drug allergy symposium. World Allergy Organ J (2018) 11 (1):42. doi: 10.1186/
540413-018-0224-1

146. Porebski G, Piotrowicz-Wojcik K, Spiewak R. ELISpot assay as a diagnostic
tool in drug hypersensitivity reactions. J Immunol Methods (2021) 495:113062.
doi: 10.1016/j.jim.2021.113062

frontiersin.org


https://doi.org/10.1021/acsnano.9b03942
https://doi.org/10.4049/jimmunol.0902214
https://doi.org/10.2174/156720105774370212
https://doi.org/10.1007/s11882-007-0028-9
https://doi.org/10.1046/j.1365-2230.2003.01228.x
https://doi.org/10.1093/intimm/dxz044
https://doi.org/10.1093/intimm/dxz044
https://doi.org/10.1016/0278-2391(85)90252-6
https://doi.org/10.1016/0278-2391(85)90252-6
https://doi.org/10.1126/science.6301011
https://doi.org/10.1126/science.6301011
https://doi.org/10.1016/j.iac.2007.03.013
https://doi.org/10.1111/all.13725
https://doi.org/10.1248/bpb.33.1050
https://doi.org/10.1248/bpb.33.1050
https://doi.org/10.20452/pamw.3273
https://doi.org/10.1016/j.immuni.2011.02.008
https://doi.org/10.1016/j.jaci.2014.07.057
https://doi.org/10.1038/s41598-020-71083-x
https://doi.org/10.1111/j.1398-9995.2011.02686.x
https://doi.org/10.1111/j.1398-9995.2011.02686.x
https://doi.org/10.1111/jth.13194
https://doi.org/10.1111/j.1398-9995.2007.01427.x
https://doi.org/10.1006/bbrc.1998.8574
https://doi.org/10.1016/j.biopha.2022.112786
https://doi.org/10.1159/000335621
https://doi.org/10.1038/srep33192
https://doi.org/10.3390/ijms20204988
https://doi.org/10.3389/fphar.2018.00087
https://doi.org/10.3390/ijms20246266
https://doi.org/10.19540/j.cnki.cjcmm.20171027.025
https://doi.org/10.19540/j.cnki.cjcmm.20180130.005
https://doi.org/10.1038/ncomms7725
https://doi.org/10.1016/j.jaip.2021.04.006
https://doi.org/10.1016/j.jaci.2018.10.030
https://doi.org/10.1093/toxsci/kfw177
https://doi.org/10.2500/aap.2019.40.4248
https://doi.org/10.1007/s11882-021-00997-x
https://doi.org/10.1016/j.pop.2016.04.001
https://doi.org/10.1111/all.12886
https://doi.org/10.1016/j.jim.2021.113101
https://doi.org/10.1111/all.14747
https://doi.org/10.1007/s11882-018-0831-5
https://doi.org/10.1016/j.jaci.2018.09.022
https://doi.org/10.1016/j.jaci.2019.06.010
https://doi.org/10.1159/000504364
https://doi.org/10.1159/000490116
https://doi.org/10.1159/000490116
https://doi.org/10.1016/j.waojou.2019.100080
https://doi.org/10.1186/s40413-018-0224-1
https://doi.org/10.1186/s40413-018-0224-1
https://doi.org/10.1016/j.jim.2021.113062
https://doi.org/10.3389/fimmu.2022.1016730
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Han et al.

147. Ranieri E, Netti GS, Gigante M. CTL elispot assay and T cell detection.
Methods Mol Biol (2021) 2325:65-77. doi: 10.1007/978-1-0716-1507-2_5

148. Lochmatter P, Beeler A, Kawabata TT, Gerber BO, Pichler WJ. Drug-
specific in vitro release of IL-2, IL-5, IL-13 and IFN-gamma in patients with
delayed-type drug hypersensitivity. Allergy (2009) 64 (9):1269-78. doi: 10.1111/
j.1398-9995.2009.01985.x

149. Fatangare A, Glassner A, Sachs B, Sickmann A. Future perspectives on in-
vitro diagnosis of drug allergy by the lymphocyte transformation test. J Immunol
Methods (2021) 495:113072. doi: 10.1016/j.jim.2021.113072

150. Srinoulprasert Y. Lymphocyte transformation test and cytokine detection
assays: determination of read out parameters for delayed-type drug hypersensitivity
reactions. ] Immunol Methods (2021) 496:113098. doi: 10.1016/j.jim.2021.113098

151. Sachs B, Fatangare A, Sickmann A, Glassner A. Lymphocyte
transformation test: history and current approaches. J Immunol Methods (2021)
493:113036. doi: 10.1016/j.jim.2021.113036

152. Veien M, Szlam F, Holden JT, Yamaguchi K, Denson DD, Levy JH.
Mechanisms of nonimmunological histamine and tryptase release from human
cutaneous mast cells. Anesthesiology (2000) 92 (4):1074-81. doi: 10.1097/
00000542-200004000-00026

153. Galbiati V, Papale A, Kummer E, Corsini E. In vitro models to evaluate
drug-induced hypersensitivity: potential test based on activation of dendritic cells.
Front Pharmacol (2016) 7:204. doi: 10.3389/fphar.2016.00204

Frontiers in Immunology

16

10.3389/fimmu.2022.1016730

154. Weaver JL, Chapdelaine JM, Descotes ], Germolec D, Holsapple M, House
R, et al. Evaluation of a lymph node proliferation assay for its ability to detect
pharmaceuticals with potential to cause immune-mediated drug reactions. J
Immunotoxicol (2005) 2 (1):11-20. doi: 10.1080/15476910590930100

155. Whritenour J, Cole S, Zhu X, Li D, Kawabata TT. Development and partial
validation of a mouse model for predicting drug hypersensitivity reactions. J
Immunotoxicol (2014) 11 (2):141-7. doi: 10.3109/1547691X.2013.812164

156. Pichler W], Watkins S, Yerly D. Risk assessment in drug hypersensitivity:
detecting small molecules which outsmart the immune system. Front Allergy (2022)
3:827893. doi: 10.3389/falgy.2022.827893

157. Szebeni J, Alving CR, Rosivall L, Bunger R, Baranyi L, Bedocs P, et al.
Animal models of complement-mediated hypersensitivity reactions to liposomes
and other lipid-based nanoparticles. J Liposome Res (2007) 17 (2):107-17.
doi: 10.1080/08982100701375118

158. Neun BW, Barenholz Y, Szebeni J, Dobrovolskaia MA. Understanding the
role of anti-PEG antibodies in the complement activation by doxil in vitro.
Molecules (2018) 23 (7):1700. doi: 10.3390/molecules23071700

159. Kun T, Jakubowski L. Influence of MRI contrast media on histamine
release from mast cells. Pol ] Radiol (2012) 77 (3):19-24. doi: 10.12659/pjr.883370

160. PiJ, Huang L, Yang F, Jiang ], Jin H, Liu J, et al. Atomic force microscopy
study of ionomycin-induced degranulation in RBL-2H3 cells. Scanning (2016) 38
(6):525-34. doi: 10.1002/sca.21291

frontiersin.org


https://doi.org/10.1007/978-1-0716-1507-2_5
https://doi.org/10.1111/j.1398-9995.2009.01985.x
https://doi.org/10.1111/j.1398-9995.2009.01985.x
https://doi.org/10.1016/j.jim.2021.113072
https://doi.org/10.1016/j.jim.2021.113098
https://doi.org/10.1016/j.jim.2021.113036
https://doi.org/10.1097/00000542-200004000-00026
https://doi.org/10.1097/00000542-200004000-00026
https://doi.org/10.3389/fphar.2016.00204
https://doi.org/10.1080/15476910590930100
https://doi.org/10.3109/1547691X.2013.812164
https://doi.org/10.3389/falgy.2022.827893
https://doi.org/10.1080/08982100701375118
https://doi.org/10.3390/molecules23071700
https://doi.org/10.12659/pjr.883370
https://doi.org/10.1002/sca.21291
https://doi.org/10.3389/fimmu.2022.1016730
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Hypersensitivity reactions to small molecule drugs
	Introduction
	Classification of drug hypersensitivity reactions
	Mechanisms of allergic hypersensitivity reactions from small molecule drugs
	Hapten theory
	Pharmacological interaction with immune receptor theory
	Fake antigen model
	Drug-induced immune thrombocytopenia

	Mechanisms of non-allergic hypersensitivity reactions from small molecule drugs
	Direct activation of mast cells
	Complement activation
	Inhibition of cyclooxygenases
	Elevation of bradykinin
	Provocation of vascular leakage

	Screening hypersensitivity reactions in clinical practice
	Direct testing of specific antibodies
	Determination of T-cell-induced reactions
	Assessment of inflammatory factors involved in NADHRs

	Hypersensitivity evaluation for investigational new drugs or post-marketing drugs
	Conclusion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


