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Drug hypersensitivity reactions are a serious concern in clinical practice because they can be severe and result in lifelong
sequelae. An accurate diagnosis and identification of the culprit drug is essential to prevent future reactions as well as for
the identification of safe treatment alternatives.
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| 1. Introduction

Drug hypersensitivity reactions (DHRs) are adverse effects of pharmaceutical formulations (including active drugs and
excipients) that clinically resemble allergies. DHRs can be allergic or non-allergic in nature, with drug allergies being
immunologically mediated DHRs. The term non-allergic hypersensitivity is preferred for those reactions in which the
underlying pathogenic mechanisms do not involve a B cell-mediated or T cell-mediated drug-specific immune response,
which have also been referred to as anaphylactoid or pseudoallergic by several authors 2, However, B and T cell-
specific immune mechanisms are not always easily identified, even in allergic reactions.

2. Drug Hypersensitivity Reactions: Clinical Classification and
Phenotypes

The classification of drug allergic reactions is challenging. From the clinical point of view, DHRs are usually classified as
immediate or non-immediate (delayed) depending on the time of onset during treatment [&. Immediate reactions typically
appear within 1-6 h after the last drug administration; non-immediate reactions take place any time from 1 h after the
initial drug administration . They commonly occur after several days of treatment and are often associated with a
delayed T cell-dependent type of allergic mechanism &, although 1gG/IgM and immune complex-mediated diseases can
also manifest as delayed hypersensitivity. Non-immediate reactions can also occur more rapidly after re-exposure in
patients with prior adverse events.

2.1. Immediate Drug Hypersensitivity Reactions

Immediate allergic DHRs are induced by an IgE-mediated mechanism that activates mast cells and basophils in an
antigen-specific manner through the high-affinity IgE receptor (FceRl) expressed on their cell membrane. This activation
promotes the release of preformed mediators (mainly tryptase and histamine), inducing symptoms within minutes, and the
production of new mediators (such as leukotrienes, prostaglandins, and cytokines) .

Symptoms induced by the activation of mast cells and basophils range from mild exanthemas and urticaria/hives, flushing,
pruritus, angioedema, gastrointestinal, and respiratory symptoms (rhinorrhea, dyspnea, bronchospasm) to cardiovascular
involvement (tachycardia, hypotension) and life-threatening reactions such as severe anaphylaxis . Recognition of
anaphylaxis can be difficult, given that different reaction patterns could cause clinical uncertainty. A detailed assessment
of clinical reaction features and severity grading might help in diagnosis 31,

Recently, immediate reactions induced by specific IgG anti-drug antibodies (ADAs) have been described 4, called ADA-
mediated reactions [&l. The cytokine release induced by some specific drugs, such as chemotherapeutics and biologics, is
also related to the development of immediate DHRs, termed cytokine release reactions, with symptoms differing from
those triggered by mast cell/basophil activation, including fever, chills, pain (head, back, chest), rigors, and desaturation
Bl When symptoms of both ADA-mediated reactions and cytokine release reactions concur, the reactions are called
mixed reactions [,



2.2. Non-Immediate/Delayed Allergic Drug Hypersensitivity Reactions

Non-immediate or delayed allergic DHRs can manifest with variable cutaneous symptoms, such as delayed urticaria,
maculopapular eruptions, fixed drug eruptions (FDES), vasculitis, Stevens-Johnson syndrome/toxic epidermal necrolysis
(SJSITEN), generalized bullous fixed drug eruptions, drug reaction with eosinophilia and systemic symptoms (DRESS),
acute generalized exanthematous pustulosis (AGEP), and symmetrical drug-related intertriginous and flexural
exanthemas (SDRIFE). Internal organs can be affected either alone or with cutaneous symptoms (hypersensitivity
syndrome (HSS)/DRESS/drug-induced hypersensitivity, vasculitis, SJS/TEN) and can include hepatitis, renal failure,
pneumonitis, anemia, neutropenia, and thrombocytopenia 2,

DRESS, SJS/TEN, and AGEP are considered severe cutaneous adverse reactions (SCARs) to drugs due to their high
morbidity and mortality €, with SIS/TEN being the most severe form of SCAR @, with an overall mortality of 34% at one
year post-reaction (&,

Accurate diagnosis of specific clinical entities is key for identification of potential culprits. An exhaustive description of

criteria for differential diagnosis is beyond the scope of this research. Details on this topic can be found in several
previous publications [ZI&I0NLL[12]

| 3. Pathogenesis and Pathophysiology

Adverse drug reactions (ADRs) are due to various mechanisms. Rawlings and Thompson proposed a first classification
including two groups of ADRs: type A and type B 13!, Type A reactions are due to the pharmacological activity of the drug;
they can occur in every individual and are predictable to some extent. Type B reactions are less well defined and
comprise approximately 15% of all adverse reactions. Allergic DHRs are a subgroup of type B reactions. In recent
classifications, Type A reactions are labeled as “on-target” reactions, whereas type B are referred to as “off-target”
adverse reactions 141,

As previously mentioned, the most accepted clinical classification of DHRs takes into account the time between the start
of treatment and the onset of symptoms.

The classification of hypersensitivity reactions proposed by Gell and Coombs links the clinical phenotype to the immune
mechanism involved. The immediate symptoms (urticaria, anaphylaxis) are categorized as type | hypersensitivity and are
caused by allergen-specific IgE and mast cell degranulation. Delayed symptoms (e.g., exanthemas, hepatitis, Stevens-
Johnson Syndrome/toxic epidermal necrolysis, DRESS) that are dependent on the activation of drug-specific T cells are
classified as type IV hypersensitivity reactions. Some delayed reactions, such as hemolysis, thrombocytopenia, arthralgia,

and vasculitis, could be due to drug-induced IgG/IgM antibodies (type Il and type Il hypersensitivity) and are less frequent
(15]116] (Figure 1).
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Figure 1. Mechanisms involved in drug hypersensitivity reactions.

Most medications are small molecular weight compounds with simple chemical structures that are not easily recognized
by the immune system so as to elicit a primary immune response involving specific T or B cells. Thus, most drugs are not



effective immunogens. However, some drugs (or their metabolites) can become immunogenic after covalent binding to
host proteins (e.g., albumin). The drug is then referred to as a “hapten”, the host protein as a “carrier”, and the complex or
conjugate as “hapten—carrier”. Hapten—carrier conjugates are immunogenic for B cells (antibody responses) and for T
cells. Drugs that cannot act directly as haptens but give rise to reactive metabolites are referred to as prohaptens.

Drugs with the capability to haptenate host proteins are penicillins and other beta-lactam antibiotics (cephalosporins,
carbapenems, and monobactams), sulfonamides, metamizole, quinolones, radiocontrast media, and muscle relaxants
(rocuronium, succinylcholine), although the list is not exhaustive. Drugs that can generate reactive metabolites
(prohaptens) are sulfonamide antimicrobials (sulfamethoxazole), phenacetin, or halothane, phenytoin, carbamazepine,
and lamotrigine (although aromatic anticonvulsants are not common elicitors of IgE response). Also, several drugs can
behave as a hapten, and their metabolites also have this capacity (e.g., metamizole). Recombinant proteins such as
monoclonal antibodies, solubilized receptors and cytokines, insulin and other hormones, enzymes, protamine, antisera,
and vaccines are pharmaceutical products that can elicit an antibody response by themselves because they are peptides
or proteins (true allergens or immunogens) 4. Hapten—carrier complexes are processed by antigen-presenting cells, and
the haptenated peptides are then presented to T cells via human leukocyte antigen (HLA) molecules, which are
recognized by T cell receptors.

3.1. Immediate IgE-Mediated Allergic Reactions (Type | Reactions)

Various mechanisms and pathways can be involved in mast cell activation that lead to immediate hypersensitivity
symptoms, including immunoglobulin-mediated and direct mast cell activation. Symptoms are similar, independent of the
underlying mechanism involved and caused by the release of mediators such as histamine, tryptase, platelet-activating
factor (PAF), and cysteinyl leukotrienes. Histamine induces smooth muscle constriction and increases vascular
permeability, leading to flushing, pruritus, rhinorrhea, tachycardia, and bronchospasm. Tryptase activates the complement
cascade, the coagulation pathway, and the kallikrein—kinin system, contributing to the development of hypotension and
angioedema. PAF and cysteinyl leukotrienes also enhance vascular permeability, leading to hypotension 18, Type |
reactions require the presence of drug-specific immunoglobulin IgE.

The formation of drug-specific IgE starts with the sensitization stage, including the activation of Th2 and Tfh cells by the
drug. B and T cell interactions allow the production of primary response of antibodies (IgM). Upon antigen encounter and
B and T cell activation, CD40-CD40L interactions, in conjunction with interleukin (IL)-21 and Th2 cytokines, enable further
immunoglobulin class-switching 2229, The B cells then proliferate, mature, and differentiate into IgE-secreting plasma
cells. Drug-specific IgE molecules diffuse through the circulation and attach to the high-affinity IgE receptor (FceRl) on the
surface of mast cells and basophils throughout the body.

When an individual is re-exposed to the medication, the effector stage is induced. During the effector stage, the drug—
carrier complex binds to drug-specific IgE on the surface of mast cells and/or basophils. Consequently, the cross-linking of
two or more high-affinity IgE receptors results in a sudden and widespread activation and release of an array of
vasoactive mediators (e.g., histamine, prostaglandins, leukotrienes) 24,

Sensitization and effector stages can also occur during the same treatment course if it lasts long enough.

Beta-lactam antibiotics are considered the primary hapten triggers of IgE-mediated anaphylaxis induced by drugs 22. An
additional mechanism by which IgE-mediated reactions arise is previous sensitization to a cross-reacting agent, e.g.,
sensitization to quaternary ammonium compounds in cosmetic and personal care products, leading to type | reactions to
neuromuscular-blocking agents used in anesthesia induction, which contain tertiary and quaternary substituted
ammonium structures 7,

3.2. Non-Immediate T Cell-Mediated Allergic Reactions (Type IV Reactions)

Type IV hypersensitivity reactions are induced by activated T cells, with participation of both CD4+ and CD8+ T cells.
Advances in the understanding of T cell functions led to a sub-classification of T cell-mediated hypersensitivity reactions
into three subgroups (types IVa, IVb, IVc) 28], A fourth subgroup, type IVd, was later added to sub-categorize type IV
reactions into types IVa—IVd according to the dominant cytokines and to the contribution of certain subpopulations of
leukocytes to skin inflammation and tissue damage 24! (Figure 1).

In this classification, type IVa reactions involve the actions of CD4+ T helper (Th)1 cells. Type Vb reactions correspond to
Th2 responses with production of IL-4, IL-13, and IL-5, which facilitate eosinophilic inflammation. In type IVc reactions,
cytotoxic CD8+ T cells are the main effectors of tissue injury, with contribution of natural killer cells. Lastly, in type 1vVd



reactions, T cells secreting IL-8/CXCL8 promote neutrophilia as well as neutrophil recruitment to affected tissue 24,
Traditionally, DRESS is considered a type IVb Th2-driven reaction, SIS/TEN is a type IVc cytotoxic reaction, and AGEP is
a type Ivd reaction [25128] (Figure 1). Although this classification might be useful, there is overlap between the subtypes,
which are not mutually exclusive. For example, high interferon (IFN)-y levels have been identified in serum and blister fluid
from patients with SIS/TEN 24, and drug-specific CD8+ cytotoxic T cells can also be involved in DRESS and AGEP [28,
Of note, any of these reactions can occur in response to any drug, meaning that similar immune mechanisms are
triggered in response to different chemical compounds.

T cells recognize the antigen through their antigen-specific T cell receptors (TCRs). Somatic recombination of the TCR
genes can lead to a unique, randomly generated repertoire of TCR specificities in each individual 2. To be stimulated,
TCRs must bind a bimolecular complex displayed at the surface of the antigen-presenting (or target) cells, consisting of a
fragment of a protein antigen (peptide) bound in the peptide-binding cleft of an HLA molecule. The genes coding HLA
molecules are clustered together in the major histocompatibility complex (MHC) in chromosome 6 in humans. Given that
the MHC is the most polymorphic region in the human genome, the available HLA haplotypes tend to be specific for each
individual. The repertoire of available TCRs, together with the available HLA haplotype in each individual, limits the
possibilities for developing specific adaptive immune cell responses to encountered antigens. The occurrence of a DHR

needs the conjunction of several risk factors, including the availability of adequate HLA and TCR variants (Jackpot theory)
(50

Various models have been proposed for xenobiotic drug recognition by specific TCRs. The first model considers the fact
that some drugs behave as haptens, as explained above. Hapten—protein conjugates can elicit hapten-specific adaptive
immune responses because the hapten can be recognized by specific TCRs after covalent binding to protein-derived
peptides presented by HLA molecules. However, in vitro development of drug-specific T cell clones has led to the finding
that some lymphocytes can be stimulated in the presence of specific drugs and HLA molecules in the absence of antigen-
presenting cells’ active metabolism. This led to the hypothesis of non-covalent interaction between TCR, the HLA—peptide
complex, and the drug (no need for haptenization), and the development of the so-called “pharmacological interaction (p-
i)” model BY. Any drug can stimulate specific T cells through this mechanism. More recently, it has been demonstrated
that the anti-retroviral drug, abacavir, can accommodate itself within one of the pockets of the peptide-binding cleft,
specifically in HLA-B*57:01, changing its conformation and allowing the binding of a new repertoire of peptides. Given that
this new peptide repertoire is not found in the thymus at the moment of thymic selection, T cells autoreactive to these new
peptides presented by HLA-B*57:01 “filled” with abacavir can be found in the periphery and can behave as alloreactive T
cells, leading to the development of hypersensitivity reactions to abacavir in carriers of the risk allele HLA-B*57:01 [B233]
(34, This is known as the altered peptide model (Reviewed in 53).

Although primary immune responses are well demonstrated for xenobiotics behaving as haptens, the tendency for some
drug reactions to occur with short latency periods while maintaining long-lasting memory T cell responses suggests the
absence of a sensitization or priming phase. It also suggests that cross-reactive memory T cells could be important in
individuals exposed to a drug for the first time. As an example, abacavir-reacting memory CD8+ T cells have been
identified in unexposed individuals, suggesting priming by earlier exposure to another antigen B€. This phenomenon is
known as heterologous immunity B4, and it is not mutually exclusive to other models of T cell activation in drug
hypersensitivity reactions [28l,
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