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ABSTRACT

Drug-induced immune reactions are an important burden for patients and health systems. They can be classified into immediate-
drug hypersensitivity reactions (IDHRs) and delayed-DHRs (DDHRs) based on their phenotype. Drugs do not always behave as
allergens and need to bind to proteins, forming adducts. Therefore, IDHRs can be classified as antigenic (IgE, and IgG medi-

ated) and nonantigenic immune responses (complement activation-[CARPA], mas-related G-protein coupled receptor member

X2 [MRGPRX2], cyclooxygenase [COX]-1 and cytokine release reactions [CRRs]). DDHRs are even more complex due to the

different cell subsets and mechanisms involved, showing both antigenic and nonantigenic immune responses too. Since differ-

ent endotypes result in similar phenotypes, the establishment of specific biomarkers is essential for an accurate diagnosis, with
important relevance for the management of patients, as well as for risk stratification. The biomarkers of clinical utility are skin
tests, specific IgE (SIgE), tryptase, and some HLA-DR genotyping. The diagnostic performance depends on the responsible drug.
This review highlights that, unfortunately, most biomarkers have not gone beyond analytic or clinical validity. It is therefore

important to set up multicentre translational studies to advance the validation process towards reaching a clinical utility phase.

1 | Introduction

The prevalence of drug hypersensitivity reactions (DHRS) is in-
creasing in both adults and children, according to studies in pop-
ulations from Europe and the United States [1], probably due to
the higher consumption and heterogeneity of the pharmacological
molecules for treating diseases. DHRs can be divided into imme-
diate (IDHRs), when symptoms’ onset (like urticaria, angioedema

or anaphylaxis) occurs within the first hour after drug adminis-
tration, and delayed DHRs (DDHRs), when symptoms (urticaria
and maculopapular exanthema [MPE] or more severe ones like
drug rash with eosinophilia and systemic symptoms [DRESS],
acute generalized exanthematous pustulosis [AGEP], Stevens-
Johnson Syndrome [SJS] or toxic epidermal necrolysis [TEN])
appear more than 1h after drug administration [1]. Although
useful in routine clinical practice, this classification has several
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limitations. Thus, recently, the European Academy of Allergy and
Clinical Immunology (EAACI) has updated the classification of
allergic reactions [2]. However, concerning DHRs, this new no-
menclature does not fit with all types of reactions. Drugs do not
always behave as allergens and can interact with the immune
system in different ways. Therefore, the pathogenesis of hyper-
sensitivity reactions goes beyond Coombs and Gells classification
and can be divided into antigenic (covalent binding) and nonan-
tigenic (noncovalent binding) immune responses. Consequently,
the most useful classification would be based on both phenotypes
(drug exposure, timing, symptoms, and severity) and endotypes
(mechanisms), including the particular biomarkers [3, 4]. On this
basis, IDHRs can be further and endophenotypically classified
into those driven by an antigenic-immune response, including
both specific immunoglobulin E slIg-(E)- and/or —(G), and those
induced by a nonantigenic-immune response, like complement
activation-(CARPA), direct interaction with the mas-related G-
protein coupled receptor member X2 (MRGPRX2), cyclooxygen-
ase-1 (COX-1) inhibition, or cytokine release reactions (CRRs) [4].
DDHRs are even more complex due to the different cell subsets
and mechanisms involved showing also both antigenic or nonanti-
genic immune responses [5].

Based on precision medicine, the establishment of specific
biomarkers is essential for an accurate diagnosis, allowing en-
dophenotyping of each DHR, with important relevance for the
management of patients, as well as for risk stratification [6].
Therefore, the main aim of this review is to shed light on the
mechanisms involved in DHRs, as well as on the most suitable
biomarkers associated with each specific mechanism [7].

2 | Definition and Characteristics of Biomarkers

Lately, the interest in the identification, validation and qualifi-
cation of biomarkers for unveiling mechanisms of disease, med-
icine assistance, or treatments has increased. The Biomarkers,
EndpointS and other Tools (BEST) resource describes a biomarker
as “a defined characteristic that is measured as an indicator of

BOX1 | Anideal biomarker should.

« Be reliable and easily quantifiable.
» Show quantitative demonstrable differences.
« Correlate with a relevant clinical outcome.

« Be consistent, fast, and economical.

normal biological processes, pathogenic processes, or responses
to an exposure or intervention, including therapeutic interven-
tions” [7].

An ideal biomarker should be used in clinical practice to select
the accurate management to increase treatment success [7] and
should have several characteristics (Box 1). Biomarkers can have
different aims: susceptibility/risk, diagnostic, prognostic, and
monitoring biomarkers, mostly used for patient selection/strati-
fication, and/or enrichment, and efficacy measurement.

Successful implementation of new biomarkers will depend on their
discovery and validation process by regulators that facilitates their
harmonized use [7]. According to European and United States’
regulations (Regulation (EU) 2017/746 on in vitro diagnostic medi-
cal devices and European Union, 2012 FDA Safety and Innovation
Act, 2016 21st Century Cures Act), after the discovery, the bio-
marker approval should be based on several phases [7] (Figure 1):

1. Analytical validity: the accuracy, precision, and reproduc-
ibility that permit a biomarker to measure what it is in-
tended to.

2. Clinical validity: its ability to identify the feature of dis-
ease/treatment outcome with data about sensitivity, speci-
ficity, positive and negative predictive values, and positive
and negative likelihood ratios.

3. Clinical utility: its ability to offer useful and safe infor-
mation (high benefit/risk ratio) on diagnosis, treatment,
management, or prevention of a disease [7]. It is required
to determine how well a test balances benefits and harms
when used in patient management.

Afterwards, the biomarker qualification process includes sev-
eral steps (Box 2).

3 | Mechanism and Biomarkers in IDHRs Induced
by Antigenic-Immune Response

IDHRs vary in the severity of the reactions, with urticaria with
or without angioedema and drug-induced anaphylaxis being the
most common ones in adults and less frequent in children.

The antigenic immune responses most frequently involved in
IDHRSs imply production of drug-sIgE with mast cells (MCs) and
basophils as main effector cells involved. In antigenic-immune
IDHRSs, a prior phase of sensitization with the culprit drug is

Workflow for biomarker development and implementation
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FIGURE1 | Workflow for biomarker development and implementation.
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BOX?2 | Biomarker qualification process.

« Potential benefits and risks associated with context of
use (COU).

Existing evidence supports the COU, as well as the scien-
tific knowledge gaps and how they will be addressed.

« Description of the measurement method.

Feasibility of and risks associated with their
measurement.

Relationship of the measurement to the disease/popula-
tion area.

Biological rationale for use of the biomarker (if known).

« Assay considerations (analytical validation and un-
derstanding of potential sources of variability in the
measurement).

required [8], with subsequent production of sIgE that binds to
high-affinity receptors (FCeRI) on basophils and MCs, with the
capacity to recognize the drug on further exposures, triggering
their activation and degranulation leading to the release of cyto-
kine and proinflammatory mediators such as histamine, trypt-
ase, cysteinyl leukotrienes, and prostaglandins, responsible for
the clinical symptoms [6, 9]. In this case, multivalency of the
drug/hapten-carrier complex is needed, although monovalent
complexes have also been suggested to induce degranulation by
mobilizing and redistributing FCeRI [10].

Besides, 10%-20% of patients with anaphylaxis do not present
signs of IgE-dependent reactions, suggesting another poten-
tial mechanism [11]. Recently, a sIgG-mediated mechanism,
mainly described in animal models but also in humans, has
been proposed through the formation of sIgG-drug immune
complexes interacting with IgG receptors (FCyR) on differ-
ent cell populations, including MCs, basophils, neutrophils,
and monocytes [9, 11]. Nevertheless, due to the lower affinity
of FCyR, to elicit an IgG-mediated IDHR, a larger amount of
the drug must be administered, typical of parenteral adminis-
tration or treatments with biologics [9]. Moreover, both sIgE-
and sIgG-mediated mechanisms can coexist, as well as the
complement activation by drug-sIgG immunocomplexes and
release of anaphylatoxins (C3a and C5a) that trigger MCs acti-
vation, increasing the reaction severity [11].

3.1 | Biomarkers in IgE-Mediated IDHRs

Determination of serum histamine and tryptase during the
acute phase of the reaction has traditionally been used to as-
sess basophil/MCs activation in IDHRs compared to baseline
levels [6]. However, these biomarkers provide little informa-
tion on the pathomechanism involved since, besides in IgE-
mediated reactions, they can also be elevated in reactions
induced by a nonantigenic immune response [12]. Moreover,
sampling during the acute phase, lack of information on the
drug involved, and the baseline heterogeneity levels between
subjects make baseline level information necessary and rou-
tine clinical sampling difficult [3]. Similarly, other biomarkers

released after basophil/MCs degranulation such as leukot-
rienes and prostaglandins also disappear shortly after the
acute phase [3] and, although they persist longer in urine sam-
ples, their measurement in such samples makes their clinical
use difficult (Figure 2A, Table 1) [6].

Immediate-reading skin test (ST), both skin prick test (SPT) and
intradermal test (IDT) are good in vivo biomarkers for detecting
sIgE-mediated reactions, in both adults and children, although
with moderate results and with their sensitivity depending on
the nature of the drug [9, 24, 43]. Interestingly, up to 15% of pa-
tients with IDHRs were negative for ST, suggesting an alterna-
tive mechanism responsible for MCs activation [9].

The most suitable biomarker for IgE-mediated IDHRs is the de-
tection of serum sIgE, widely determined using immunoassays
like the commercially available fluorometric enzyme immuno-
assays (FEIA), although only available for a limited number of
drugs [9, 65, 72] such as betalactams (BLs), nonsteroidal anti-
inflammatory drugs (NSAIDs), fluoroquinolones (FQs), chlor-
hexidine, or neuromuscular blocking agents (NMBAs) among
others, with variable and moderate sensitivities but high spec-
ificities. When commercial FEIA is not possible, in-house ra-
dioimmunoassay (RIA) has been used for diverse drugs [65].
However, the lack of standardization and the use of radiolabelled
antibodies make their inclusion in clinical routine difficult.
Recent advances in nanotechnology open the doors to new ma-
terials with different physicochemical characteristics that can
help reach standardization and more sensitive results [73, 74], as
well as effective methods to remove serum IgG which, due to its
high abundance compared to serum sIgE, could interfere in its
detection (Table 1) [12].

The expression of CD63 and CD203c on basophils after the in-
cubation with the culprit drugs/metabolites constitutes good
in vitro biomarkers for the evaluation of sIgE-IDHRs in the
basophil activation test (BAT) [25-27, 43, 75, 76]. Nevertheless,
the determination of the most suitable activation marker is
important to improve its sensitivity, although it seems to be
highly dependent on the drug involved and the clinical entity
studied [28, 29, 72]. Although relevant advances have been
made in recent years to standardize procedures, there is still a
limitation related to BAT sensitivity and heterogeneity [72, 77].
Moreover, CD63/CD203c expression does not exclude a non-
IgE mediated mechanism, although anti-IgE biological agents
(omalizumab), IgE-FCeRI disruptors (DARPins) [78], or pro-
tein Bruton's tyrosine kinase inhibitor (ibrutinib) [79] could
be used to indirectly confirm the IgE-mediated. Therefore,
despite its potential use in clinical diagnostic routine comple-
menting ST, maintaining patients on first-line treatment or
leading to delabelling and guiding the desensitization process
in IDHRs to chemotherapeutics [3, 43], BAT has not been im-
plemented in clinics [72, 77].

In recent years, mast cell activation test (MAT) has emerged
as a promising technique that overcomes some limitations of
BAT. Expression of CD63, CD203c, and CD107a as a conse-
quence of drug exposure after MCs sensitization with patient
serum is the most commonly used biomarkers [29]. Detection
of externalized granule matrix formation using cationic
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FIGURE2 | Endotypes and biomarkers in immediate drug hypersensitivity reactions (IDHRs).

fluorescent avidin probes [29] or externalized histamine
using fluorescent diamine oxidase (DAO), and the cytosolic
Cat* staining [29] is also used. For IgE-mediated reactions,
MAT appears to be less sensitive than BAT [75], because MC
lines show a reduced ability to bind to IgE after several weeks
of culture, and it also requires serum with high sIgE titres,
which are not frequent for IDHRs [75, 80]. To overcome these
limitations, drug-conjugated nanoarchitectures are promising
to determine the specific requirements for effective degran-
ulation [35]. The combination of BAT and MAT results can
provide important information regarding the mechanism in-
volved, helping to differentiate between mechanisms induced
by antigenic vs. nonantigenic immune responses [75].

3.2 | Biomarkers in IgG-Mediated IDHRs

Different biomarkers have been proposed to assess these re-
actions (Figure 2B, Table 1). The interaction between drug-
IgG complexes with FCyR on different immune cells triggers
receptor internalization [81], and can be used as a biomarker.
Besides, neutrophils seem to be relevant effector cells, mainly
related to the most severe reactions. To assess neutrophil
degranulation, the release of mediators such as neutrophil
extracellular traps (NETs) and platelet-activating factor
(PAF) [11] with or without histamine, or the quantification
of PAF-acetyl hydrolase have emerged as useful biomarkers
[3, 11]. Moreover, neutrophil activation markers such as CD18,
CD11b, CD66b, or elastase can also be used, although other
cell populations such as monocytes may also play an active
role in IgG-mediated IDHRs.

4 | Mechanisms and Biomarkers in IDHRs
Induced by Nonspecific Activation of the Immune
System

4.1 | Mechanisms and Biomarkers in
MRGPRX2-Mediated Reactions

Positively charged drugs (i.e., NMBAs, FQs, icatibant, ...) can in-
duce IDHRSs by nonantigenic immune response through the ac-
tivation of the MRGPRX2 receptor that could happen within the
first exposure to the drug [82]. This receptor is predominantly
expressed in skin MCs, and its engagement requires sustained
high plasma/tissue drug concentrations [83]. Although plausi-
ble, currently there is no irrefutable evidence that this receptor
may play a role in human pathology. Importantly, the above-
mentioned drugs are also able to induce IgE-mediated reactions,
and the half-maximal effective concentration (EC50) required
for MRGPR X2 activation often exceeds the peak plasma concen-
trations observed in vivo [82, 83].

At present, no specific biomarker has been identified for this
mechanism. It is suspected after ruling out reactions induced by
antigenic immune response combining clinical information and
results of routine and research examinations [9, 41, 83]. Drug
naivety, high dose, and presence of comorbidity (i.e., chronic ur-
ticaria) as prerequisite for their occurrence, and fast resolution
of (cutaneous) symptoms represent possible clinical biomarkers.
Recent in vitro [38] and in vivo [49] tests show that neither the
increase of tryptase nor positive ST can be used as diagnostic
biomarkers for distinguishing IgE vs. MRGPRX2 mediated re-
actions. Although it is tempting to speculate that in the case
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of the MRGPRX2 endotype, IDTs are expected to be positive
at higher nonirritative concentrations and are not inhibited by
bruton tyrosin kinase inhibitors (BTKi) [41], further studies are
needed. Thus, although no in vivo or in vitro assay can be used
in isolation for the diagnosis of MRGPRX2-mediated reactions
(Figure 2C, Table 1), the positive direct MC activation test (d-
MAT) and in vitro analysis of “conditioned” basophils (i.e., stim-
ulated basophils that upregulated MRGPRX2) could be used
as tests to prove MRGPRX2 agonism. Moreover, passive MAT
(p-MAT) based on sensitization with serum sIgE, MRGPRX2-
silenced MCs, negative BAT (resting basophils do not respond
to MRPGRPX2 stimulation), and T-lymphocyte activation tests
(TATS) can be used to document an IgE endotype. In this sense,
a theoretical mechanistic algorithm using an exclusion decision
tree has recently been published [83]. Finally, MRGPRX2 poly-
morphisms are candidates as genetic biomarkers due to their po-
tential significant impact on the responsiveness of the receptor
to specific agonists [49].

4.2 | Biomarkers in Cross-Reactive NSAIDs
Reactions

Being one of the most consumed drugs, hypersensitivity
reactions to NSAIDs are common worldwide. These reac-
tions can be induced by both antigenic and nonantigenic
immune responses. Then, two main clinical conditions,
namely NSAIDs-exacerbated respiratory disease (NERD) and
NSAIDs-exacerbated cutaneous disease (NECD) are driven by
nonantigenic immune responses in a cross-reactive (CR) way
[84]. CRs is a pharmacological mechanism in which patients
develop reactions to different chemically nonrelated NSAIDs
through cyclooxygenase (COX)-1 inhibition that causes dys-
regulation of arachidonic acid (AA) pathways with a decrease
in prostaglandin (PG) E2, which is important for controlling
overproduction of cysteinyl leukotrienes (cysLTs) through the
lipoxygenase (LO) pathway [84]. However, the pathophysiol-
ogy of NERD is heterogeneous and complex, with an additional
T2 inflammation resulting in persistent eosinophilic inflam-
mation both in the upper and lower airway mucosa. Recently,
chronic MC activation, as well as the interaction of epithelial
cells and platelets with immune cells, has been suggested to be
other outstanding pathways underlying the clinical manifesta-
tion of NERD [85].

So far, based on the underlying mechanisms of NERD and
NECD, biomarkers related to the AA pathway, eosinophilic
inflammation, MCs, epithelial cells, and platelets have been
studied (Table 1). The most commonly studied biomarkers in-
clude serum and urinary LTE, [48] and the ratio LTE /9a,11b-
PGF, [50], B4 glucuronide [86], plasma eosinophil-derived
neurotoxin [36], serum periostin, and dipeptidyl-peptidase
10 [37] (Figure 2D). Among them, urinary uLTE, is consid-
ered the most available biomarker in NERD and NECD so far
[49]. Suggestively, a recent meta-analysis showed that uLTE,
is higher in NERD [49]. However, variations in measure-
ment methods and unavailability in clinical practice limit its
clinical utility. Increases in tryptase levels after MCs activa-
tion have been described in NERD and NECD [51] (Table 1),
whereas platelet adherent leukocytes have also been related to
NECD [87].

Although significant attempts have been performed for finding
biomarkers in NSAIDs-induced reactions, they have not been
incorporated into in vitro diagnosis since validation is deeply
required. The identification of biomarkers in tissues other than
peripheral blood would be of particular interest. Future studies
should aim to standardize and increase the clinical significance
and interpretability of the results.

4.3 | Biomarkers in Cytokine Release Reactions

CRRs phenotype can occur during first or after repeated expo-
sures to a drug, mostly after the administration of biological or
chemotherapeutic agents, such as platins [3]. The endotype un-
derlying CRRs is not completely understood, but symptoms are
hypothesized to be caused by the release of pro-inflammatory
mediators, like IL-6, TNF-a, IFN-y, IL-8, IL-10, and IL-1, from
multiple cellular sources including monocytes, macrophages,
endothelial cells, and T lymphocytes (mainly cytotoxic CD8
lymphocytes) (Figure 2E, Table 1) [44]. This could derive in a
‘cytokine storm’, an acute, severe, and potentially lethal reaction
due to the release of large amounts of cytokines and chemok-
ines, which could lead to systemic symptoms including multiple
organ failure.

In vivo biomarkers, such as STs, are not useful to confirm a
CRR phenotype [3, 43]. However, in vitro tests can show an
increase in TNF-a and IL-6 serum levels during reaction com-
pared to baseline values. IL-6 has been identified as an im-
portant biomarker that verifies this phenotype-endotype and
correlates with thermal and hemodynamic changes accom-
panied by constitutional, cardiovascular, and neuromuscular
symptoms [45]. Otherwise, BAT does not produce positive re-
sults in CRRs [43].

Additionally, patients suffering from CRRs can either switch
into another phenotype or coexist along with IgE-mediated
reactions, presenting a mixed phenotype [5]. Recently, a study
has shown that patients allergic to oxaliplatin with initial IgE-
mediated or mixed phenotype are more prone to switch to an-
other phenotype compared to those with initial CRRs, who are
more likely to continue in the same phenotype [5]. Moreover,
although CRRs are considered IDHRSs, they may appear more
than 6h after the infusion of the drug that elicited the reaction
[46, 47].

5 | Mechanism and Biomarkers in DDHRs

The term DDHR covers a range of adverse events of varying
severity and organ selectivity. Almost all marketed drugs are
known to cause DDHRs, but reaction frequency varies greatly.
T-cells are involved in the initiation, progression, and regula-
tion of DDHR, bringing about tissue damage directly through
the release of cytolytic molecules or indirectly through cy-
tokine/chemokine release and the recruitment of different
immune cells (e.g., macrophages, eosinophils, neutrophils...)
(Figure 3). To initiate an immune response, the drug (me-
tabolite or degradation product) forms a complex with HLA
proteins, HLA embedded peptides, and/or the T-cell receptor
[5]. The drug molecule essentially provides a molecular bridge
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FIGURE3 | Endotypes and biomarkers in delayed drug hypersensitivity reactions (DDHRs).

between the antigen-presenting cell (APCs), the T-cell, and
the binding energy to initiate stimulatory T-cell signal trans-
duction events. Three defining concepts explain the drug
immune receptor interaction: hapten, pharmacological inter-
action (PI) and altered peptide repertoire that will determine
how the drug is loaded on MHC and may initiate the same
immune-mediated reactions.

5.1 | Hapten Hypothesis

For hapten recognition, the electrophilic drug (hapten), or a reac-
tive metabolite, binds covalently to endogenous protein forming
a hapten-protein adduct. The adduct is then processed within
the APCs liberating hapten-modified peptides that bind to HLA
proteins for presentation on their surface. The hapten structure is
presumed to extend beyond the HLA peptide binding cleft and de-
termine the specificity of T-cell binding interaction [88, 89]. This
interaction will develop antigenic-immune IDHRs and DDHRs
and requires a sensitization phase.

5.2 | Pharmacological Interaction

The PI concept states that drugs or metabolites bind directly,
without APCs processing, to HLA proteins or HLA-associated
peptides and cross-link T-cell receptors. Unlike hapten peptide
binding, the interaction is labile and readily reversible; however,
similarly, T-cell receives signals from the HLA protein, bound
peptide, and drug [90]. These DDHRs are produced by a phar-
macological interaction and can be named nonantigenic im-
mune responses as covalent drug-adducts are not formed. This
interaction can happen after the first drug exposure.

5.3 | Altered Peptide Repertoire

The altered peptide repertoire concept has been described for
abacavir, which specifically binds to an HLA variant (HLA-
B*57:01) deep within the HLA peptide binding cleft. Binding
alters the binding cleft surface area, and when proteins are nat-
urally processed, peptides with different amino acid sequences
bind. T-cells are stimulated by this repertoire of novel peptides
displayed on the cell surface, with little or no interaction be-
tween the T-cell receptor and drug [91]. These reactions are also
nonantigenic immune responses.

5.4 | Biomarkers for DDHRs

Some drugs are mainly associated with specific forms of
DDHRs; for example, flucloxacillin causes very frequent liver
injury compared to other $-lactam antibiotics. However, fluclox-
acillin exposure is also associated with mild and serious skin
reactions. These varied clinical presentations illustrate that a
structural alert within a given drug moiety impacts whether a
DDHR develops and the nature of the adverse event; however,
as most individuals tolerate drugs with no noticeable adverse
event, the primary determinant of susceptibility must lie within
the individual's immune handling and perception of the drug. In
this respect, the expression of single HLA molecules is strongly
associated with antigenic and nonantigenic immune DDHR
[52]. The sensitivity and specificity of a handful of drug HLA
DDHR associations have resulted in HLA prescreening of pa-
tients before drug use, effectively eradicating the development
of the adverse event (table 1, Figure 3) [53, 92]. However, as
most individuals expressing an HLA protein associated with a
specific DDHR tolerate the drug safely, additional factors must
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determine susceptibility. Researchers have worked extensively
to explore whether the expression of a specific T-cell receptor
is key to developing a DDHR. However, it seems that different
T-cell receptor clonotypes are activated in patients who develop
a DHRs [93].

Alongside effector immune pathways, there is a complex net-
work of regulatory pathways (cytokines, receptors, and cells)
that work together to prevent effector T-cell responses to inad-
vertent antigens and to restrict the duration and impact of ef-
fector T-cells once activated [94]. The presence and activity of
these immune regulatory pathways vary across individuals and
within individuals throughout their life as they are impacted
by environmental, disease-related, and genetic factors. This in-
terindividual variation and lack of knowledge relating to drug-
specific T-cell activation regulation pathways make it impossible
to predict a DDHR currently. The use of checkpoint inhibitor
therapy for cancer treatment, which is associated with an in-
creased frequency of DDHRs [95], provides an ideal opportunity
to dissect the importance of individual regulatory pathways in
patient susceptibility.

Diverse in vivo (STs) and in vitro assays (TAT) have been devel-
oped and are widely used in specialist centers to diagnose both
antigenic and nonantigenic immune DDHRs and to determine
whether reactions might develop to closely related drug struc-
tures. The testing strategies available are the subject of exten-
sive review [63, 66, 96]. ST is widely available in clinics but is
restricted by the absence of test materials for many drugs and
reduced sensitivity, which may relate to the drug not reaching
the site of immune activation after application to the skin. In
this regard, patch tests (PTs) and IDTs with delayed readings
are the most valuable methods. IDTs are not recommended as
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3 Viral modulation altered
. of drug uptake peptide drug Modulation of IS by
and presentation display by : :
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metabolites/ L
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TCR triggering and T-
cell proliferation and
effector molecule
release

adhesion molecules
and cytokines

first-line in severe DDHRs, but some centers perform it in pa-
tients with negative PT, circumventing its use to look for alter-
native drugs [63].

TATs (e.g., lymphocyte transformation test, multi cytokine
ELIspot, molecule expression or cytokine release) display good
sensitivity and specificity for many drugs (Figure 3, Table 1)
[66, 69, 96, 97]; however, problems arise with (i) drugs that sup-
press T-cell responses due to their pharmacology (e.g., kinase
inhibitors); (ii) specific clinical entities and severity of DDHR
such as SJIS-TEN or DRESS; and (iii) unexpectedly negative
testing with the parent drug as the only testing reagent when
stable or reactive metabolites are unavailable. Due to this het-
erogeneity, despite the good sensitivity/specificity balance,
in vitro diagnostic testing is not always widely used in clini-
cal use.

Several soluble secreted proteins (e.g., TNF-a, IFN-y, perfo-
rin, granzyme B, granulising, HMGB1) from different cell
sources and cell surface receptors (e.g., CCL27, CCR6, CCR10)
are elevated in plasma or blister fluid of patients with the dif-
ferent severe DDHRs (Figure 3, Table 1) [98]. Most of these
proteins have a direct role in the pathogenesis and measure-
ment of their over-expression and may be useful as biomark-
ers. However, these proteins are unlikely to be specific, which
might require a biomarker panel to differentiate between dif-
ferent forms of DDHRSs. Progress in this area will benefit from
the increased accessibility to single-cell sequencing methods
for comparison of drug-tolerant and hypersensitivity patients
expressing similar genetic risk factors and patients that de-
velop different forms of adverse events. These methods will
also identify functional subsets of immune cells that interact
to initiate DDHRs.

Late autoimmune
sequelae

TNF-a IFN-y
IL-1B, IL-4, 5, 13
IL-17 IL-22

Perforin FasL
granzyme B
granulysin

Tissue damage
HMGB1 MMP9

FIGURE 4 | Different mechanisms of infectious disease interactions with DHRs.
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6 | Molecular Mechanisms of Viral Infections in
DHRs

Viral infections and DHRs manifestations can influence each
other since they can exacerbate or trigger DHRs through several
molecular mechanisms, which often coexist (Figure 4). These
mechanisms include viral-induced immune activation (activa-
tion of APCs, increased expression of costimulatory molecules,
cytokine storm), molecular mimicry, viral modulation of drug
metabolism, immune response, or enhanced drug uptake by in-
fected cells. DHRs can also lead to viral reactivation via some
of these immunological phenomena [99]. The topic can be com-
plex due to the variety of viral infections, the number of culprit
drugs, and the clinical manifestations.

More often, DHRs during viral infections are driven either by
costimulation of T cells or increased expression of TCR/HLA.
In homeostatic conditions, neo-antigens do not induce im-
mune reactions. However, during viral infections, which are
often systemic, they can be presented by APCs in an immune-
stimulatory environment, characterized by high expression of
adhesion molecules and cytokines (IFN-y, TNF, IL-1, IL-6, etc.)
promoting the reactions [100].

Moreover, DHRs during viral infections could happen through
a p-i mechanism [101]. Since during viral infections, immune
receptors are widely expressed, thus increasing the p-i avidity
and subsequently allows more frequent immune interactions
through the formation of an “allo-HLA-peptide-TCR complex”
that may be sufficient for eliciting DHRs. These reactions occur
in patients who have restricted TCRs or HLA that can be acti-
vated by the drug. P-i stimulation, with activation and expansion
of many polyclonal cytotoxic CD4* and CD8* T cells, underlies
severe DHRs like DRESS [101]. Moreover, the p-i-activation of T
cells in DRESS has also been associated with the occurrence of
late autoimmune sequelae, with a switch to a cytotoxic effector
pathway in autoreactive T cells [101].

Sometimes the virus-DHR sequence of events is inverted: within
a DRESS, a DHR can precede reactivation and herpes viraemia.
This phenomenon may be partially explained through the mas-
sive immune stimulation during the acute phase within the p-i
activated T-lymphocyte specific for endogenous herpes viruses
[99] that can control viral replication, likely through IFN-y re-
lease [102]. Virus-specific T-cells become cytotoxic due to the
p-i stimulation, and when they encounter their target stimulus
(i.e., HHV6, CMV, EBV) in the peripheral tissue, they attack the
herpes-infected cells [103] and the intracellular herpes viruses
are released, leading to viral reactivation. Some authors have
correlated systemic cytokine storm with viral replication, as
shown for TNFa and HHV6 [101], and severe, potentially fatal
complications.

Special attention should be given to patients with severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) who have
been registered for DHRs, especially those documented during
the first wave of the pandemic in 2020 and in cases of severe dis-
ease. These DHRs were characterized by important cutaneous
involvement, eosinophilia, slow clinical improvement, and poor
responsiveness to high-dose systemic corticosteroids in subjects
with DRESS. Preliminary studies suggest that SARS-CoV-2

could induce DHRs indirectly by triggering a cytokine storm.
Massive SARS-CoV-2 infection in airway epithelial cells or many
other infected cell types via ACE2 and other potential receptors
[104] lead to a cytokine storm [105], followed by hyperactivation
of APCs [106] and T cell response to drugs. This is in line with
the clinical findings that these DHRs mostly occurred during
the later stages of SARS-CoV-2 infections and that almost only
patients with severe infections were affected [107, 108].

7 | Conclusions

The mechanisms underlying DHRs are complex and diagnosis
requires a detailed in vivo and in vitro assessment on an indi-
vidual basis. Although recent developments provided more clues
for biomarkers, most of them are still on analytic or clinical va-
lidity. The biomarkers of clinical utility are STs, sIgE, tryptase,
and some HLA-DR genotyping. The diagnostic performance
depends on the responsible drug. Major limiting factors in the
identification of specific biomarkers are: (i) different endotypes
result in similar clinical features; (ii) to date, some endotypes
with different mechanisms are diagnosed by an exclusion pro-
cess; (iii) the same drug might be associated with different en-
dotypes which could coexist. Moreover, some already identified
biomarkers (e.g., tryptase) are not widely available.

Therefore, it is important to set up multicentee translational
studies in order to advance the process of validation toward
achieving a clinical utility phase.
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