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Abstract

Drug hypersensitivity reactions (DHR) have been present since the advent of drugs. In particular T-cell mediated
delayed-type hypersensitivity reactions represent a heterogeneous clinical entity with a diverse pathogenesis and
result in a considerable burden of morbidity and mortality not only driven by the reactions themselves but also by
the use of alternatives which are sometimes less effective or even more dangerous. Diagnostic procedures rely on
clinical history, skin testing and potential provocation testing, whereas validated in vitro diagnostic procedures are still
lacking for most of them. Recent work in the field of pharmacogenomics combined with basic scientific research has
provided insights in the pathogenesis of abacavir and carbamazepine hypersensitivities linked with certain human
leucocyte antigen risk alleles. Nevertheless, important scientific questions on how other DHR arise and how host-drug
interactions occur, remain unanswered. Recent work indicates an intricate relation between host, drug and pathogens
in severe cutaneous and systemic reactions and provides more insights in the role of regulatory T-cells and viral reac-
tivation in these reactions. In this review we focus on type IV delayed-type DHR, and address recent advances in the
pathogenesis, pharmacogenomics, and diagnosis of these reactions with an emphasis on the understandings arising

from basic research.
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Background

Drug hypersensitivity reactions (DHR) are defined as
adverse events resembling clinical allergy to an otherwise
safe and effective therapeutic agent. Only those in which
an immunological mechanism can be demonstrated,
mostly after an allergy workup, are termed drug aller-
gies [1]. They constitute approximately 15% of all adverse
drug reactions and affect more than 7% of the general
population [2]. They result in a considerable morbidity
and mortality and will remain to be so in everyday patient
care with the ever-increasing armamentarium of drugs.
DHR have been present since the advent of drugs. Still,
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validated diagnostic procedures are lacking for many of
them. Moreover, important scientific questions on how
these DHR arise and how host-drug interactions occur,
remain to be elucidated.

Clinically, DHR are classified as immediate (typically
<1 h following the last intake of the culprit drug) or
delayed-type DHR (DTH, typically >1 h to days after the
start of a treatment with the culprit drug) [2]. Immedi-
ate reactions present as urticaria, angioedema, bron-
chospasm or anaphylaxis, whereas for DTH the clinical
spectrum is much wider ranging from fixed drug erup-
tion (FDE), maculopapular eruption (MPE), general exfo-
liative dermatitis or erythroderma, drug reaction with
eosinophilia and systemic symptoms (DRESS syndrome),
drug-induced hypersensitivity syndrome (DIHS), acute
generalized exanthematous pustulosis (AGEP), Stevens-
Johnson syndrome (SJS), toxic epidermal necrolysis
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(TEN), other bullous reactions mimicking pemphigus
vulgaris or bullous pemphigoid up to vasculitis (Table 1).
In particular erythroderma, DRESS, AGEP, SJS and TEN,
often referred to as severe cutaneous adverse reactions
(SCARs), are potentially life-threatening, with an esti-
mated mortality rate of 5-15, 10, 5, 1-5 and 20-30%
respectively [3]. Internal organs can be affected as well,
either alone or with cutaneous symptoms (as in DRESS
and SJS/TEN), and may include hepatitis, nephritis,
pneumonitis and cytopenias.

DHR are classified according to the Gell and Coombs
classification, with type IV hypersensitivity reactions
accounting for the T-cell mediated, and the majority of
DTH. Pichler et al. has subdivided type IV reactions into
4 groups according to the clinical presentation and the
involvement of different types of drug-responsive T-cells
(Table 1) [4].

In this review we focus on type IV DTH and address
recent advances in the pathogenesis, pharmacogenomics,
and diagnosis of these reactions with an emphasis on the
understandings arising from basic research.

Pathogenesis

Scrutinizing the pathogenesis of DTH focuses on the
interaction of drugs with the immune system. Multi-
ple mutually non-exclusive hypotheses explaining the
pathogenesis of DHR, including DTH, exist and include
the (pro)hapten hypothesis, the pharmacological interac-
tion (p-i) concept and the altered self-repertoire model

Page 2 of 10

(summarized in Fig. 1), as well as the danger model. For
most models, examples have been elaborated and some
proofs exist.

First, a drug can act as a hapten (or prohapten, if a
reactive metabolite acts as the hapten) whereby covalent
binding to proteins or other larger molecules results in
the formation of an antigen. This (pro)hapten hypothesis
is still considered the primary pathway by which chemical
sensitizers cause allergic contact dermatitis, and it is also
identified as a well-known pathway for B-lactam hyper-
sensitivity [1, 5]. Using mass spectrometry, conjugates of
B-lactam antibiotics, such as benzylpenicillin derivates,
but also piperacillin, meropenem, or aztreonam, bound
to specific lysine residues on serum albumin resulting
in the formation of an antigenic epitope, were identified
and/or detected in patient plasma [6]. Next, synthetic
p-lactam-albumin conjugates were able to stimulate pre-
viously identified drug-specific T-cell clones in an in vitro
lymphocyte proliferation assay (LPA) [7, 8], corroborat-
ing with the (pro)hapten hypothesis in DTH [9].

Second, according to the p-i concept [the pharmaco-
logical interaction with immune receptor (p-i)], certain
drugs interfere with the antigen presenting process,
without the requirement of a specific peptide ligand, but
through non-covalent interaction with human leucocyte
antigen (HLA) alleles and/or T-cell receptors (TCR), to
trigger an immune response [10]. This hypothesis ena-
bles to explain why some drugs, for instance contrast
media, would generate an eruption already at the first

Table 1 Classification of DHR according to Gell and Coombs and adapted by Pichler et al. [4]

Type Type of immune response Pathophysiology

Clinical symptoms Typical chronology of the

reaction

I IgE Mast cell and basophil

degranulation

Il IgG and complement IgG and complement-

dependent cytotoxicity

Il IgM or IgG and complement
or FcR

Deposition of immune
complexes

Va Th1 (IFNy) Monocytic inflammation

Vb Th2 (IL-4 and IL-5) Eosinophilic inflammation

Ve Cytotoxic T-cells (perforin, gran-

zyme B, FasL) CD4 or CD8

Ivd T-cells (IL-8/CXCL8) Neutrophilic inflammation

Keratinocyte death mediated by

Anaphylactic shock, Angio- Within 1-6 h after the last intake of

oedema, Urticaria, Bronchospasm the drug
Cytopenia 5-15 days after the start of the
eliciting drug

Serum sickness, urticaria, 7-8 days for serum sickness/

vasculitis urticaria
7-21 days after the start of the
eliciting drug for vasculitis
Eczema 1-21 days after the start of the
eliciting drug
MPE, DRESS 1 to several days after the start of

the eliciting drug for MPE
2-6 weeks after the start of the
eliciting drug for DRESS

FDE, MPE, SJS/TEN, Pustular 1-2 days after the start of the elicit-

exanthema ing drug for fixed drug eruption
4-28 days after the start of the
eliciting drug for SJS/TEN
AGEP Typically 1-2 days after the start of

the eliciting drug (but could be
longer)

Table adapted from [2].
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Fig. 1 Schematic examples for the (pro)hapten hypothesis, p-i concept and altered self-repertoire model (adopted from Ostrov et al. [16]). Upper
part TCR monitor the antigens or ligands presented by the HLA molecules. These HLA ligands are typically peptides loaded onto the HLA molecule
inside the antigen-presenting cells and subsequently exposed on the surface. Different allelic variants of HLA molecules result in different binding
specificities and a specific profile of presented ligands. Here, peptide A, but not peptide B, can bind to the HLA molecule. Typically, T-cells do not
react to presented self-peptides, as these auto-reactive T-cells are negatively selected during thymic development, but will react once they encoun-
ter an unknown ligand (e.g., a virus-derived peptide). In the lower part, three scenarios in which drugs can result in a HLA-dependent reaction: in (1)
a HLA-specific drug haptenated peptide is presented, according to the (pro)hapten hypothesis; in (2) the HLA molecule itself is modified in a region
exposed to the TCR, resulting in a reaction according to the p-i concept; and in (3) the binding specificity of the HLA molecule is altered by the pres-
ence of the drug, resulting in presentation of novel ligands such as peptide B, as in the altered self-repertoire hypothesis.

contact, i.e. without a known prior sensitization step.
Here, pre-activated drug-specific T-cells present in these
patients are hypothesized to display cross-reactivity for
the drug-antigen presenting complex and circumvent
the classical antigen processing steps [11]. Yang et al.
failed to demonstrate carbamazepine-modified peptides
presented by HLA-B*15:02, a known risk allele for car-
bamazepine-induced SJS/TEN in certain Asian popula-
tions [12], but detected HLA-B*15:02-specific peptides
and carbamazepine alone, suggesting a non-covalent
interaction [13]. Next, allopurinol- or its metabolite oxy-
purinol-specific T-cell lines were demonstrated to react
immediately (after seconds to minutes) to the addition of
the drug, bypassing intracellular antigen processing—as

demonstrated by the lack of inhibition by pretreat-
ment with a proteasome inhibitor—and were not lim-
ited to a particular TCR Vp-pattern, consistent with the
p-i concept [14]. An increased affinity of oxypurinol to
the peptide-binding groove of HLA-B*58:01 was calcu-
lated in silico, and put forward as an explanation for the
increased risk for allopurinol-induced DTH associated
with this specific HLA-type [14].

Ensuing on the p-i concept, the altered self-reper-
toire model emerged based on findings explaining the
increased risk for DTH upon abacavir-exposure in HLA-
B*57:01 positive individuals. Here, mass spectrometry on
HLA-associated peptides in the presence or absence of
abacavir along with crystal structure data, demonstrate
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that abacavir lies across the bottom of the HLA-B*57:01-
binding groove, interacting with several peptide binding
pockets (C, D, E) but predominantly protrudes into the F
pocket, thereby altering the repertoire of usual presented
peptides (Fig. 2) [15-17]. Moreover, abacavir interacts
with the two residues (D114 and S116) distinguishing
HLA-B*57:01 from HLA-B*57:03, thereby explaining the
lack of association with the latter HLA-type [16]. The
resulting T-cell response is not mono- or oligoclonal as
observed in cases where a drug induces a single novel
antigenic epitope, but polyclonal as illustrated by the
unbiased TCR VB-pattern and antigen-binding com-
plementarity-determining region 3 in patient-derived
abacavir-selective T-cells [15]. Together these data indi-
cate that the normally self-tolerant T-cell compartment is
exposed and activated by neo-self peptides presented by
the HLA-B*57:01-abacavir complex. In line, Lucas et al.
recently isolated abacavir-specific CD8+ T-cells from
abacavir-unexposed healthy HLA-B*57:01 positive indi-
viduals from both the memory and naive CD8+ T-cell
compartment, indicating the existence of pre- and/or
de novo primed CD8+ T-cells recognizing the abacavir-
altered self-peptide via cross-recognition with a hith-
erto unknown foreign antigen in the case of pre-existing
memory CD8+ T-cells [18]. These findings correlate with
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clinical data demonstrating that HLA-B*57:01 individu-
als exposed to abacavir can develop a DTH ranging from
as early as 48 h up to 6 weeks after the first exposure.
However, why only 55% of HLA*B-57:01-positive indi-
viduals experience abacavir hypersensitivity, although
drug-specific T-cells can be identified in vitro in 100%
of HLA-B*57:01 positive and 0% in HLA-B*57:01-nega-
tive individuals, remains to be elucidated [18]. A second
example for this model comes from studies of the associ-
ation of HLA-B*15:02 with carbamazepine-induced SJS/
TEN. Here, in silico work suggested that carbamazepine
likewise binds to the HLA-B*15:02 molecule, yet at sec-
ondary anchor sites (i.e., underneath the P4/P6 residues
of the presented peptide), resulting in a smaller shift in
presented peptides compared with that observed with
abacavir in HLA*B-57:01 [15]. Recently, also for dapsone-
induced hypersensitivity syndrome, HLA-B*13:01 was
identified as a risk-allele [19]. What distinguishes HLA-
B*13:01 from other HLA-B*13 alleles are three amino-
acid residues (at position 94, 95, 145) located at the
peptide-binding groove and binding pocket F, suggesting
similarities with the examples of abacavir and carbamaz-
epine. However, further insights in the immunopatho-
genesis of the dapsone hypersensitivity syndrome remain
to be elaborated.

HLA-B*57:01 + 'nomal’ self-
peptide repertoire

selection of shorter peptide or is recognized itself by the TCR [25].

HLA-B*57:01 + abacavir +
altered self-peptide repertoire

HLA-B*57:01 + abacavir +
‘normal’ or altered self-peptide

Fig. 2 Abacavir-induced altered self-peptide presentation (adopted from Ostrov et al. [16] and Yun et al. [25]). a Crystal structure of a peptide,
HSITYLLPV or Pep-V (cyan) bound to HLA-B*57:01 (gray) together with abacavir (shown as spheres, orange for carbon, blue for nitrogen, and red for
oxygen) [16]. b Without abacavir, the HLA-B*57:01 presents the ‘normal’ self-repertoire peptides and thus does not trigger an immune response
(left). In the presence of abacavir, the drug can be incorporated in the F pocket of the HLA molecule thereby altering the peptide repertoire that is
loaded onto this molecule. Abacavir binding favors binding of peptides with tryptophan (W) or phenylalanine at the C-terminus (position 9) rather
than the small aliphatic residues (e.g., valinine, alanine, or isoleucine) which are normally bound to unmodified HLA-B*57:01 [16, 28]. This results in
recognition of neo-antigens by neo-antigen primed CD8+ T-cells (middle). On the right, a hypothetical model of how abacavir might result in the
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Finally, according to the danger model the barrier for
the development of DHR may be overcome if other risk
factors are present. According to this model proposed by
Matzinger [20], the immune system is more concerned
with potential danger than foreignness [21]. Therefore
an exogenous pathogen or chemical, or an endogenous
intracellular molecule released from necrotic cells, might
not evoke an immune response unless the immune sys-
tem detects ‘danger’ [22, 23]. In the absence of danger,
tolerance will result. Therefore, it is hypothesized that
concomitant exposure to other signals such as chemi-
cals, drugs or infectious agents, can trigger or amplify
the innate immune response, resulting in amplification of
insufficient stimuli over a critical threshold, thereby ena-
bling DTH to occur [24]. For instance in the case of an
infection, inflammatory cytokines that are produced by
the innate immune system in response to the pathogen
might provide a danger signal that directly or indirectly
enables the generation or activation of drug-specific
T-cells. On the other hand, this could also explain why
in the absence of these co-stimuli, testing for DTH later
could remain negative. Although this hypothesis, con-
sidered additive to the other models, might be consistent
with certain clinical observations, it currently lacks clear
experimental evidence. Next, many questions remain
unanswered such as why some drugs induce stress and/
or cell death, but apparently do not result in an immune
reaction as in the example of paracetamol-induced hepa-
totoxicity [23].

Pharmacogenomics

During the last decade many associations between
HLA molecules and the development of certain DHR
have been reported (Table 2 and reviewed in [25]). The
strongest associations have been described for HLA-
B*57:01 with the abacavir hypersensitivity syndrome,
HLA-B*15:02 with carbamazepine-induced SJS/TEN,
and HLA-B*58:01 with allopurinol-induced severe cuta-
neous adverse reactions [26]. Most associations are with
class I but also class I molecules are described, both with

Table 2 Well-defined HLA associations in DHR [28]
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varying degrees of association [26]. Next, also ethnicity
plays a role, possibly reflecting in part the differences in
HLA-backgrounds. However, HLA-associations do not
explain all cases, indicating additional factors contribute
to the mechanisms of drug hypersensitivity. Linkage dis-
equilibrium and the presence of certain TCR clonotypes
have been considered as a potential explanation for these
discrepancies.

Carbamazepine hypersensitivity is found to be asso-
ciated with HLA-B*15:02 in most Asian populations,
but not Japanese or Korean, and with HLA-B*31:01 in
Europeans, although this was not reported consistently
in all studies [12, 27, 28]. In the Han Chinese popula-
tion, HLA-B*15:02 was present in 100% of the SJS/TEN
patients [29]. However this risk-allele was also found in
3% of carbamazepine-tolerant individuals, in 8.6% of the
general population, and no association was observed
in Caucasian or Japanese populations, although here a
lower incidence of HLA-B*15:02 is observed, nor was
there an association with carbamazepine-induced MPE,
indicating additional associated risk factor(s) are yet
to be identified [12]. Ko et al. provided strong evidence
that in addition to the associated HLA allele, particu-
lar TCRs play a role in the development of the immune
response in the case of carbamazepine-induced SJS/TEN
in HLA-B*15:02 positive individuals [30]. They identified
a skewed and restricted TCR usage in affected patients
and identified these clonotypes in blister fluid cells from
patients. The identified TCR clonotypes (predominantly
VB-11-ISGSY and VB-11-GLAGVDNY) were absent in
11 carbamazepine-tolerant subjects of whom 2 carried
the HLA-B*15:02 risk allele. Moreover, the two clono-
types could be observed in respectively 4/29 (14%) and
2/29 (7%) of healthy carbamazepine-unexposed HLA-
B*15:02-positive subjects in whom a cytotoxic response
could be identified in vitro in the presence of carbamaze-
pine, suggesting these patients would develop a SJS/TEN
if exposed in vivo. The in vitro cytotoxic response could
be blocked with an antibody against TCR-VB-11, suggest-
ing routes for future therapeutic strategies. Of note, these

Drug Syndrome HLA allele HLA carrier rate NPV PPV (%) NNT

Abacavir ABC HS B¥57:01 [31, 34] 5-8% Caucasian 100% 55 13

Allopurinol SJS/TEN and DRESS/DIHS  B*58:01 [25] 9-11% Han Chinese 100% in Han Chinese 3 250
1-6% Caucasian

Carbamazepine SJS/TEN B*15:02 [12,27,28] 10-15% Han Chinese 100% in Han Chinese 3 1,000

Dapsone DRESS/DIHS B*13:01 [25] 28% Papuans, Australian aborigines; 99.8% 7.8 84

2-20% Chinese; 1.5% Japanese; 1-12%
Indian; 2-4% Southeast Asians

NPV negative predictive value, PPV positive predictive value, NNT numbers needed to test (to prevent one case), ABC HS abacavir hypersensitivity syndrome.
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findings are consistent with the observations of a smaller
shift in presented peptides by HLA-B*15:02 upon expo-
sure to carbamazepine compared with the shift observed
with HLA-B*57:01 exposed to abacavir in vitro [15]. In
the former, a smaller shift of presented peptides might
also explain a more biased T-cell response. However, also
direct interaction, without the presence of loaded altered
peptides, has been suggested for carbamazepine and
HLA*B-15:02 [28].

Abacavir hypersensitivity is associated with HLA-
B*57:01 probably in most ethnic groups [31]. However,
it is a rare HLA-type (<1% [32]) in Taiwanese or Korean
populations where abacavir hypersensitivity is less fre-
quent and might be mediated via other mechanisms
[32, 33]. DHR after abacavir exposure are potentially
life-threatening, CD8+ T-cell mediated, HLA-B*57:01-
restricted, and previously occurring in ~5% of treated
individuals [34]. HLA-B*57:01 screening has a negative
predictive value (NPV) of 100% for abacavir hypersensi-
tivity syndrome and a positive predictive value (PPV) of
58% [34, 35], precluding further use of abacavir in case of
positivity.

Next, HLA-B*58:01 is associated with a risk for allopu-
rinol (or its metabolite oxypurinol) induced DRESS or
SJS/TEN, mostly in Han Chinese [14] with a PPV of 2.7—
18% [25].

Recently, HLA-B*13:01, present in 28% of Papuans and
Australian aborigines, 2-20% of Chinese, 1.5% of Japa-
nese, 1-12% of Indian, 2-4% Southeast Asians but largely
absent in Europeans and Africans, was identified as a risk
factor for dapsone hypersensitivity syndrome, developing
in 0.5-3.6% of treated individuals. HLA-B*13:01 had an
estimated PPV of 7.8% and NPV of 99.8% [19].

The findings from pharmacogenomic studies are highly
translational. Current HIV guidelines recommend HLA-
B*57:01 testing prior to initiating abacavir treatment
[36]. The Food and Drug Administration recommends
screening for HLA-B*15:02 before starting a treatment
with carbamazepine in patients with ancestry in at-risk
populations [37]. Also, the use of a HLA library contain-
ing different HLA molecules to screen new drugs for
their ability to bind these molecules as a screen for their
potential to cause severe DHR has been proposed [38].
The development of congeners that retain pharmacologi-
cal activity, but do not cause immune reactions could be
imagined [2].

Relation between host, drug and pathogen

Recent work suggests an intricate relation between the
host, drug and pathogen in severe cutaneous and sys-
temic reactions, in particular in DRESS or DIHS [26].
Drugs typically involved in DRESS comprise antibiotic
sulphonamides, anticonvulsants, B-lactam antibiotics,
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allopurinol, NSAIDs, and nevirapine and for most of
these drugs, an association with the reactivation of latent
human herpes viruses (HHVs such as EBV, CMV, HHV-
6, and HHV-7), in some cases sequentially [39], has been
observed [40, 41]. However, not always cell free viral
load but also increase in virus-specific immunoglobulins
have been used as a measure for viral reactivation [42—
44]. Whether HHYV reactivation is a complication or an
innocent bystander phenomenon rather than a cause of
drug-induced DRESS/DIHS remains a matter of debate
[26, 43]. HHV reactivation may be associated with more
severe reactions [45] and viral reactivation correlated
with the degree of inflammation [41]. Reactivation can
be asymptomatic, but is also associated with prolonged
symptoms in DRESS, long after stopping the causative
drugs, or may cause organ-specific viral disease [46].
The demonstration of HHV reactivation may be a useful
marker for the diagnosis of DRESS, and has been added
to the DRESS-scoring criteria in Japan [39]. In contrast
to DRESS/DIHS, viral reactivation seems to be uncom-
mon to occur in other severe cutaneous DHR such as
SJS/TEN, AGEP.

What might be the relation of viral reactivation with
DRESS/DIHS? It has been hypothesized that in the pres-
ence of viral replication, co-stimulatory molecules are
up-regulated, lowering the threshold that is required
for T-cell activation. Also, virus-specific T-cells from
previous immunization may cross-react with drug-
altered HLA-presented peptides according to the heter-
ologous immunity model [28]. Picard et al. demonstrated
expanded populations of CD8+4 T-cells from DRESS
patients recognizing EBV epitopes [47], although this
awaits further independent confirmation [26]. Next, the
drug may interact more favorably with viral peptides
loaded onto HLA molecules, stimulating T-cell responses
[25]. Also, the direct activation of virus production by
culprit drugs has been suggested and demonstrated for
EBV in EBV-transformed B-lymphocytes from patients
with DRESS [47]. Finally, when the causative drug or con-
comitant drugs induce a degree of immunosuppression,
the altered immune conditions might facilitate reactiva-
tion of latent HHVs.

Skin-resident memory T-cells and regulatory T-cells
in DTH

Recent studies have shown that after viral infection,
a small fraction of memory T-cells persist in periph-
eral tissues such as the skin and are considered tis-
sue-resident memory T-cells (Trm, characterized as
CD69+ CD103+ CD8+ T-cells) [41, 48, 49]. These skin-
resident memory T-cells may also play an important role
in DHR, in particular in FDE [41, 50]. For instance, Trm
in resting lesions evolved to protect epidermal tissue
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from invading pathogens might cross-recognize a drug
antigen, resulting in localized epidermal damage upon
exposure to the eliciting drug. This hypothesis would
explain the intriguing observation of why FDE lesions
often appear at exactly the same site as a previous HSV
infection or trauma [50]. It has also been proposed that
Trm cells develop after an abacavir hypersensitivity
syndrome as suggested by positive patch testing in 79%
of cases versus negative patch testing in HLA-B*57:01-
positive yet abacavir-naive individuals, although in both
groups circulating abacavir-reactive T-cells could be
identified. The authors suggest a prior systemic reaction
to be necessary to generate Trm cells that hence enable
positive patch testing [51]. These abacavir-specific-Trm
cells however remain to be identified. These findings also
indicated that patch testing in HLA-B*57:01-positive
abacavir-naive individuals probably cannot distinguish
between those who will and those who will not develop
an abacavir hypersensitivity syndrome upon exposure.

FoxP3+ regulatory T-cells (Tregs) suppress effector
T-cells and play a pivotal role in the balance between
increased susceptibility for infections and autoimmunity
and the role of Tregs in DTH is increasingly being recog-
nized. Tregs expand at the acute stages of DRESS/DIHS
but decrease and become functionally deficient upon res-
olution of DRESS/DIHS, possibly explaining the delayed
onset and viral activation at the acute stage and the risk
of subsequent autoimmune disease upon resolution [52].
Alternatively in SJS/TEN, the suppressive function of
Tregs was reduced in the acute stage, possibly reflecting
increased epidermal toxicity at this stage [52]. Recently,
also a case where drug-specific Tregs were increased dur-
ing the recovery stage was described [53]. Next, Tregs
were demonstrated to play a role in FDE. Tregs migrate
to the extending edges of the inflammatory sites of FDE,
where they inhibit intradermal CD8+ cytotoxic T-cells
and prevent further disease progression [54].

Diagnosis of DTH

Diagnosis of DTH after systemic administration remains
difficult in everyday clinical practice. Currently, once a
patient presents with a potential DTH, assessment of
causality is based on a clinical judgment evaluating the
relationship between drug intake and the time of onset,
type of drug and aspect of the adverse reaction. This
approach often leads to the eviction of numerous drugs
and drug classes and/or the switch towards suboptimal
alternatives. Clarification of the culprit drug(s) and/or
chemicals, identification of potential cross-reactive mol-
ecules and safe alternatives require a complete allergy
workup including skin testing [55—57] followed by a drug
provocation test if indicated and if no contra-indications
exist [2]. These in vivo tests can only be performed after
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a certain delay (at least after healing of the initial reac-
tion) and are accompanied with the risk for re-eliciting
symptoms (locally and/or systemically), fueling research
for validated in vitro tests. Moreover, both clinicians and
researchers working in the field of DHR agree that there
is a need for diagnostic tools, in particular for the diag-
nosis of severe cutaneous DHR, or those DHR affecting
internal organs including the liver, lungs, kidneys, and
bone marrow. The development of tools for biological
diagnosis is indeed crucial for those cases where a drug
provocation test is not possible.

The presence of drug-specific T-cells that are not
detected in tolerant (exposed) controls plays a central
role in the pathogenesis of almost all known forms of
DTH. Therefore, the most commonly used in vitro test,
the LPA, aims to detect these drug-specific T-cells as a
marker of sensitization. The assay is based on the incu-
bation of freshly isolated peripheral blood mononuclear
cells (PBMCs) from hypersensitive patients with titrated
concentrations of the suspected drug or a vehicle control
enabling the determination of a stimulation/prolifera-
tion-index 5-7 days later. Although safe and able to test
many different drugs in various types of DTH, the assay
is technically demanding, subject to toxicity issues, and
unable to evaluate drug metabolites or most drug anti-
gens acting as haptens. Moreover, although specificity of
the LPA is high (at least 85% [58]), the sensitivity of the
assay is rather low (~60 to 70% [59]) and probably reflects
the low frequency of drug-specific T-cells in hypersensi-
tive patients (estimated to be 1:250 to 1:10,000 [60]) and/
or insufficiently sensitive read-out. Currently, a DHR
cannot be ruled out in case a negative result is obtained.
The sensitivity also depends on the type of reaction, with
low sensitivities being reported in CD8* T-cell mediated
reactions [1].

To improve the sensitivity of this in vitro assay, sev-
eral strategies have been evaluated recently. Addition of
anti-CTLA4 and anti-PDL1 to LPA cultures increased
the sensitivity of the assay with more positive LPA assays
and an increased proliferation index in already posi-
tive cases [61]. Similarly, removal of Tregs from in vitro
stimulated cell cultures, increased sensitivity of the LPA
from 25 to 82% as well as the overall stimulation-index
whilst preserving specificity [62]. In 15 patients with SJS/
TEN, the LPA alone had a sensitivity of only 27%, whilst
a combined approach evaluating granulysin expression
in CD4+ T-cells, together with a granzyme B enzyme-
linked immunosorbent spot (ELIspot) and IFNy produc-
tion, provided a sensitivity of 80% and specificity of 95%
[63]. Similarly, Polak et al. compared LPA with cytokine
assays in the acute phase in 43 patients with DHR during
and/or after the acute phase and observed a high speci-
ficity: 95% for the LPA, 83% for IFNy detection and 92%
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for IL-4 detection, with a sensitivity of 82% for the com-
bined IFNy and IL-4 detection versus only 50% for the
LPA in the acute setting [64].

In order to evaluate the profile of drug-activated
T-cells, alternative techniques have been developed such
as flow cytometry—based methods using carboxyfluores-
cein diacetate succinimidyl ester staining alone [60] or in
combination with 5-bromo-2-deoxyuridine [53] enabling
the specific characterization of the fraction of prolifer-
ating cells in the LPA. The evaluation of more surface
markers of T-cell activation (e.g. CD69, CD107a, CD40L
and HLA-DR), and the evaluation of cytokine secre-
tion using the antibody-based ELIspot assay to quantify
the number of cytokine-secreting cells in antigen-stim-
ulated PBMCs have been studied as well [1]. The latter
has the advantage that low numbers, as low as 1:30,000,
of drug-specific T-cells can be detected [65]. A panel of
ELIspot assays to detect IFNy, IL-4, IL-5, IL-13, IL-17,
IL-22, FasL, TNF-a, granzyme B, and perforin producing
T-cells is currently being investigated [1]. Most of these
assays resulted in improved sensitivities whilst preserv-
ing specificity, indicating considerable progress in the
in vitro diagnosis of DTH [64].

Next, Adachi et al. suggested combined testing for
DTH using the basophil activation test and LPA and
observed that samples that yielded positive results for
LPA and basophil activation test did not overlap, suggest-
ing that the two analyses might compensate each other
for false-negativity. Combined sensitivity was higher
compared with the sensitivity for the single assays (NPV
of 14.7% for the basophil activation test, 28.2% for the
LPA, and 96.4% for the combination) [66].

Recently, an alternative assay using the determination
of IL-6 production early (20 min) after in vitro exposure
of PBMC:s to suspected drugs in a heterogeneous patient
population (both immediate and DTH were evaluated)
was reported to have a sensitivity and specificity of
respectively 85 and 82%, yet it awaits further validation
[67].

Conclusions

In conclusion, considerable progress has been made in
our understandings of the disease mechanisms in various
DTH, with the best examples coming from HLA-asso-
ciated DHR with abacavir, carbamazepine and allopuri-
nol. Whether or not these findings can be extrapolated
to other DTH remains to be elucidated. The complex
interplay between host, drug and other potential factors
such as infectious diseases and/or environmental factors
remains to be explored. Nevertheless, pharmacogenomics
studies have paved the way for pre-treatment screening
for potentially severe DHR and further work in this field
is highly anticipated. Also, improvements in the in vitro
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diagnostics will most likely enhance our understandings
of DTH, and aid in the daily clinical practice of diagnosis
and proper management of drug hypersensitivities.

Abbreviations

DHR: drug hypersensitivity reactions; DTH: non-immediate/delayed-type DHR;
MPE: maculopapular eruptions; DRESS: drug reaction with eosinophilia and
systemic symptoms; DIHS: drug-induced hypersensitivity syndrome; AGEP:
acute generalized exanthematous pustulosis; FDE: fixed drug eruptions;

SJS: Stevens—Johnson syndrome; TEN: toxic epidermal necrolysis; SCARs:
severe cutaneous adverse reactions; p-i: pharmacological interaction; LPA:
lymphocyte proliferation assay; HLA: human leucocyte antigen; TCR: T-cell
receptors; NPV: negative predictive value; PPV: positive predictive value; HHV:
human herpes virus; Trm: tissue-resident memory T-cells; Tregs: regulatory
T-cells; PBMCs: peripheral blood mononuclear cells; ELIspot: enzyme-linked
immunosorbent spot.

Authors’ contributions
RS, LG, AMC, PD wrote the manuscript. All authors read and approved the final
manuscript.

Author details

! Laboratory of Clinical Immunology, KU Leuven, Leuven, Belgium. % Depart-
ment of Internal Medicine, University Hospitals Leuven, Leuven, Belgium.

® Department of Dermatology, University Hospitals Leuven, Leuven, Belgium.
“ Exploration des Allergies, Département de Pneumologie et Addictologie,
Hopital Arnaud de Villeneuve, University Hospital of Montpellier, Paris, France.
> Sorbonne Universités, UPMC Paris 06, UMR-S 1136, IPLESP, Equipe EPAR,
75013 Paris, France.

Compliance with ethical guidelines

Competing interests
The authors declare that they have no competing interests.

Received: 12 May 2015 Accepted: 29 July 2015
Published online: 03 September 2015

References

1. Naisbitt DJ, Nattrass RG, Ogese MO (2014) In vitro diagnosis of delayed-
type drug hypersensitivity. Immunol Allergy Clin N Am. 34:691-705

2. Demoly P, Adkinson NF, Brockow K, Castells M, Chiriac AM, Green-
berger PA et al (2014) International consensus on drug allergy. Allergy.
69:420-437

3. Husain Z, Reddy BY, Schwartz RA (2013) DRESS syndrome: Part Il. Manage-
ment and therapeutics. J Am Acad Dermatol 68:709.e1-709.€9

4. Pichler WJ (2003) Delayed drug hypersensitivity reactions. Ann Intern
Med 139:683-693

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

6. Whitaker P Meng X, Lavergne SN, El-Ghaiesh S, Monshi M, Earnshaw C
etal (2011) Mass spectrometric characterization of circulating and func-
tional antigens derived from piperacillin in patients with cystic fibrosis. J
Immunol (Baltim Md 1950) 187:200-211

7. Jenkins RE, Yaseen FS, Monshi MM, Whitaker P, Meng X, Farrell J et al
(2013) B-Lactam antibiotics form distinct haptenic structures on albumin
and activate drug-specific T-lymphocyte responses in multiallergic
patients with cystic fibrosis. Chem Res Toxicol 26:963-975

8.  El-Ghaiesh S, Monshi MM, Whitaker P, Jenkins R, Meng X, Farrell J et al
(2012) Characterization of the antigen specificity of T-cell clones from
piperacillin-hypersensitive patients with cystic fibrosis. J Pharmacol Exp
Ther 341:597-610

9. Whitaker P, Naisbitt D, Peckham D (2012) Nonimmediate B-lactam
reactions in patients with cystic fibrosis. Curr Opin Allergy Clin Immunol
12:369-375



Schrijvers et al. Clin Transl Allergy (2015) 5:31

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

Adam J, Pichler WJ, Yerly D (2011) Delayed drug hypersensitivity: models
of T-cell stimulation: mechanisms of drug allergy. Br J Clin Pharmacol
71:701-707

. Gerber BO, Pichler WJ (2006) Noncovalent interactions of drugs with

immune receptors may mediate drug-induced hypersensitivity reactions.
AAPS J 8E160-E165

Bharadwaj M, llling P, Theodossis A, Purcell AW, Rossjohn J, McCluskey J
(2012) Drug hypersensitivity and human leukocyte antigens of the major
histocompatibility complex. Annu Rev Pharmacol Toxicol 52:401-431
Yang CWO, Hung SI, Juo CG, Lin YP, Fang WH, Lu IH et al (2007) HLA-
Bx1502-bound peptides: Implications for the pathogenesis of carba-
mazepine-induced Stevens-Johnson syndrome. J Allergy Clin Immunol
120:870-877

Yun J, Marcaida MJ, Eriksson KK, Jamin H, Fontana S, Pichler WJ et al (2014)
Oxypurinol directly and immediately activates the drug-specific T cells via
the preferential use of HLA-B*58:01. J Immunol 192:2984-2993

llling PT, Vivian JP, Dudek NL, Kostenko L, Chen Z, Bharadwaj M et al
(2012) Immune self-reactivity triggered by drug-modified HLA-peptide
repertoire. Nature. 486:554-558

Ostrov DA, Grant BJ, Pompeu YA, Sidney J, Harndahl M, Southwood S et al
(2012) Drug hypersensitivity caused by alteration of the MHC-presented
self-peptide repertoire. Proc Natl Acad Sci 109:9959-9964

Norcross MA, Luo S, Lu L, Boyne MT, Gomarteli M, Rennels AD et al (2012)
Abacavir induces loading of novel self-peptides into HLA-B*57: 01: an
autoimmune model for HLA-associated drug hypersensitivity. AIDS Lond
Engl 26:21

Lucas A, Lucas M, Strhyn A, Keane NM, McKinnon E, Pavlos R et al (2015)
Abacavir-reactive memory T cells are present in drug Naive individuals.
PLoS One. 10:e0117160

Zhang FR, Liu H, Irwanto A, Fu XA, LiY, Yu GQ et al (2013) HLA-

B*13:01 and the dapsone hypersensitivity syndrome. N Engl J Med
369:1620-1628

Matzinger P (2002) The danger model: a renewed sense of self. Science
296:301-305

Gruchalla RS (2001) Drug metabolism, danger signals, and drug-induced
hypersensitivity. J Allergy Clin Immunol. 108:475-488

Matzinger P (1994) Tolerance, danger, and the extended family. Annu Rev
Immunol 12:991-1045

Pirmohamed M, Naisbitt DJ, Gordon F, Park BK (2002) The danger
hypothesis—potential role in idiosyncratic drug reactions. Toxicology
181-182:55-63

LiJ, Uetrecht JP (2010) The danger hypothesis applied

to idiosyncratic drug reactions. Handb Exp Pharmacol.
doi:10.1007/978-3-642-00663-0_18

Yun J, Adam J, Yerly D, Pichler WJ (2012) Human leukocyte antigens (HLA)
associated drug hypersensitivity: consequences of drug binding to HLA.
Allergy 67:1338-1346

Pavlos R, Mallal S, Ostrov D, Pompeu Y, Phillips E (2014) Fever, rash, and
systemic symptoms: understanding the role of virus and HLA in severe
cutaneous drug allergy. J Allergy Clin Immunol Pract 2:21-33

Amstutz U, Ross CJD, Castro-Pastrana LI, Rieder MJ, Shear NH, Hayden MR
etal (2013) HLA-A 31:01 and HLA-B 15:02 as genetic markers for carba-
mazepine hypersensitivity in children. Clin Pharmacol Ther 94:142-149
Pavlos R, Mallal S, Ostrov D, Buus S, Metushi |, Peters B et al (2015) T cell-
mediated hypersensitivity reactions to drugs. Annu Rev Med 66:439-454
Chung WH, Hung SI, Hong HS, Hsih MS, Yang LC, Ho HC et al (2004) Medi-
cal genetics: a marker for Stevens-Johnson syndrome. Nature. 428:486
Ko TM, Chung WH, Wei CY, Shih HY, Chen JK, Lin CH et al (2011) Shared
and restricted T-cell receptor use is crucial for carbamazepine-induced
Stevens-Johnson syndrome. J Allergy Clin Immunol 128:1266
Sousa-Pinto B, Pinto-Ramos J, Correia C, Gongalves-Costa G, Gomes L,
Gil-Mata S et al (2015) Pharmacogenetics of abacavir hypersensitivity:

a systematic review and meta-analysis of the association with HLA-
B*57:01.J Allergy Clin Immunol. doi:10.1016/jjaci/2015.03.019

Sun HY, Hung CC, Lin PH, Chang SF, Yang CY, Chang SY et al (2007)
Incidence of abacavir hypersensitivity and its relationship with HLA-
B*5701 in HIV-infected patients in Taiwan. J Antimicrob Chemother
60:599-604

Park WB, Choe PG, Song KH, Lee S, Jang HC, Jeon JH et al (2009) Should
HLA-B*5701 screening be performed in every ethnic group before start-
ing abacavir? Clin Infect Dis Off Publ Infect Dis Soc Am 48:365-367

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Page 9 of 10

Mallal S, Phillips E, Carosi G, Molina JM, Workman C, Tomazic J et al (2008)
HLA-B*5701 screening for hypersensitivity to abacavir. N Engl J Med
358:568-579

Phillips EJ, Chung W-H, Mockenhaupt M, Roujeau J-C, Mallal SA (2011)
Drug hypersensitivity: pharmacogenetics and clinical syndromes. J
Allergy Clin Immunol 127:560-S66

Panel on Antiretroviral Guidelines for Adults and Adolescents. Guidelines
for the use of antiretroviral agents in HIV-1-infected adults and adoles-
cents. Department of Health and Human Services. http://aidsinfo.nih.
gov/ContentFiles/AdultandAdolescentGL.pdf. Accessed 2 May 2015
Research C for DE. Postmarket Drug Safety Information for Patients and
Providers—Information for Healthcare Professionals: Dangerous or Even
Fatal Skin Reactions—Carbamazepine (marketed as Carbatrol, Equetro,
Tegretol, and generics) (Internet). http://www.fda.gov/Drugs/DrugSafety/
PostmarketDrugSafetylnformationforPatientsandProviders/ucm124718.
htm. Accessed 3 May 2015

Wei C (2014) The HLA library for drug screening in preventing severe
drug hypersensitivity. Clin Transl Allergy 4:P51

ShioharaT, Inaoka M, Kano Y (2006) Drug-induced hypersensitivity
syndrome (DIHS): a reaction induced by a complex interplay among
herpesviruses and antiviral and antidrug immune responses. Allergol Int
Off J Jpn Soc Allergol 55:1-8

Tohyama M, Hashimoto K, Yasukawa M, Kimura H, Horikawa T, Nakajima
K et al (2007) Association of human herpesvirus 6 reactivation with the
flaring and severity of drug-induced hypersensitivity syndrome. Br J
Dermatol 157:934-940

Shiohara T, Ushigome Y, Kano Y, Takahashi R (2014) Crucial role of viral
reactivation in the development of severe drug eruptions: a comprehen-
sive review. Clin Rev Allergy Immunol. doi:10.1007/512016-014-8421-3
Broccolo F, Drago F, Paolino S, Cassina G, Gatto F, Fusetti L et al (2009)
Reactivation of human herpesvirus 6 (HHV-6) infection in patients with
connective tissue diseases. J Clin Virol 46:43-46

Chen YC, Chiang HH, Cho YT, Chang CY, Chen KL, Yang CW et al (2015)
Human herpes virus reactivations and dynamic cytokine profiles in
patients with cutaneous adverse drug reactions—a prospective com-
parative study. Allergy 70:568-575

Descamps V, Mahe E, Houhou N, Abramowitz L, Rozenberg F, Ranger-
Rogez S et al (2003) Drug-induced hypersensitivity syndrome associated
with Epstein-Barr virus infection. Br J Dermatol 148:1032-1034
Ahluwalia J, Abuabara K, Perman MJ, Yan AC (2015) Human herpesvirus 6
involvement in paediatric drug hypersensitivity syndrome. Br J Dermatol
172:1090-1095

Harding DJ, Subramaniam K, MacQuillan G, Davis J, Nolan D (2012) Severe
drug-induced hypersensitivity syndrome with a shared HLA-B allele. Med
J Aust 197:411-413

Picard D, Janela B, Descamps V, D'Incan M, Courville P, Jacquot S et al
(2010) Drug reaction with eosinophilia and systemic symptoms (DRESS):
a multiorgan antiviral T cell response. Sci Transl Med 2:46ra62

Zhu J, Peng T, Johnston C, Phasouk K, Kask AS, Klock A et al (2013)
Immune surveillance by CD8aa+ skin-resident T cells in human herpes
virus infection. Nature. 497:494-497

Jiang X, Clark RA, Liu L, Wagers AJ, Fuhlbrigge RC, Kupper TS (2012) Skin
infection generates non-migratory memory CD8+ T(RM) cells providing
global skin immunity. Nature 483:227-231

Shiohara T, Mizukawa Y (2012) Fixed drug eruption: the dark side of
activation of intraepidermal CD8+ T cells uniquely specialized to mediate
protective immunity. Chem Immunol Allergy 97:106-121

Schnyder B, Adam J, Rauch A, Thurnheer MC, Pichler WJ (2013) HLA-
B*57:01(+) abacavir-naive individuals have specific T cells but no patch
test reactivity. J Allergy Clin Immunol. 132:756-758

Takahashi R, Kano Y, Yamazaki Y, Kimishima M, Mizukawa Y, Shiohara T
(2009) Defective regulatory T cells in patients with severe drug eruptions:
timing of the dysfunction is associated with the pathological phenotype
and outcome. J Immunol (Baltim Md 1950) 182:8071-8079

Hanafusa T, Azukizawa H, Matsumura S, Katayama | (2012) The predomi-
nant drug-specific T-cell population may switch from cytotoxic T cells to
regulatory T cells during the course of anticonvulsant-induced hypersen-
sitivity. J Dermatol Sci 65:213-219

Mizukawa Y, Yamazaki Y, Shiohara T (2008) In vivo dynamics of intraepi-
dermal CD8+ T cells and CD4+ T cells during the evolution of fixed drug
eruption. Br J Dermatol 158:1230-1238


http://dx.doi.org/10.1007/978-3-642-00663-0_18
http://dx.doi.org/10.1016/j.jaci/2015.03.019
http://aidsinfo.nih.gov/ContentFiles/AdultandAdolescentGL.pdf
http://aidsinfo.nih.gov/ContentFiles/AdultandAdolescentGL.pdf
http://www.fda.gov/Drugs/DrugSafety/PostmarketDrugSafetyInformationforPatientsandProviders/ucm124718.htm
http://www.fda.gov/Drugs/DrugSafety/PostmarketDrugSafetyInformationforPatientsandProviders/ucm124718.htm
http://www.fda.gov/Drugs/DrugSafety/PostmarketDrugSafetyInformationforPatientsandProviders/ucm124718.htm
http://dx.doi.org/10.1007/s12016-014-8421-3

Schrijvers et al. Clin Transl Allergy (2015) 5:31

55.

56.

57.

58.

59.

60.

61.

62.

Barbaud A, Gongalo M, Bruynzeel D, Bircher A, European Society of
Contact Dermatitis (2001) Guidelines for performing skin tests with drugs
in the investigation of cutaneous adverse drug reactions. Contact Derma-
titis. 45:321-328

Brajon D, Menetre S, Waton J, Poreaux C, Barbaud A (2014) Non-irritant
concentrations and amounts of active ingredient in drug patch tests.
Contact Dermatitis. 71:170-175

Brockow K, Garvey LH, Aberer W, Atanaskovic-Markovic M, Barbaud A,
Bilo MB et al (2013) Skin test concentrations for systemically administered
drugs—an ENDA/EAACI Drug Allergy Interest Group position paper.
Allergy. 68:702-712

Porebski G, Gschwend-Zawodniak A, Pichler WJ (2011) In vitro diagnosis
of T cell-mediated drug allergy. Clin Exp Allergy 41:461-470

Pichler WJ, Tilch J (2004) The lymphocyte transformation test in the
diagnosis of drug hypersensitivity. Allergy 59:809-820

Beeler A, Engler O, Gerber BO, Pichler WJ (2006) Long-lasting reactivity
and high frequency of drug-specific T cells after severe systemic drug
hypersensitivity reactions. J Allergy Clin Immunol. 117:455-462
Valeyrie-Allanore L, Mockenhaupt M, Sekula P, Berrehar F, Ortonne N,
Assier H et al (2014) Mechanisms that limit proliferative potential of drug-
specific LTT in drug-induced severe cutaneous adverse reaction patients.
ClinTrans| Allergy 4(Suppl 3).01

Srinoulprasert Y, Pichler WJ (2014) Enhancement of drug-specific lympho-
cyte proliferation using CD25(hi)-depleted CD3(+) effector cells. Int Arch
Allergy Immunol 163:198-205

63.

64.

65.

66.

67.

Page 10 of 10

Porebski G, Pecaric-Petkovic T, Groux-Keller M, Bosak M, Kawabata TT,
Pichler WJ (2013) In vitro drug causality assessment in Stevens—Johnson
syndrome—alternatives for lymphocyte transformation test. Clin Exp
Allergy J Br Soc Allergy Clin Immunol. 43:1027-1037

Polak ME, Belgi G, McGuire C, Pickard C, Healy E, Friedmann PS et al (2013)
In vitro diagnostic assays are effective during the acute phase of delayed-
type drug hypersensitivity reactions: In vitro assays in drug allergy
diagnostics. Br J Dermatol 168:539-549

Rozieres A, Hennino A, Rodet K, Gutowski M-C, Gunera-Saad N, Berard

F et al (2009) Detection and quantification of drug-specific T cells in
penicillin allergy. Allergy. 64:534-542

AdachiT, Takahashi H, Funakoshi T, Hirai H, Hashiguchi A, Amagai M et al
(2014) Comparison of basophil activation test and lymphocyte trans-
formation test as diagnostic assays for drug hypersensitivity. Clin Trans!
Allergy 4:P30

Balé-Banga JM, Schweitzer K, Lakatos S, Sipka S (2015) A novel rapid
(20-minute) IL-6 release assay using blood mononuclear cells of patients
with various clinical forms of drug induced skin injuries. World Allergy
Organ. J. 81

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

* Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

® Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central
J




	Pathogenesis and diagnosis of delayed-type drug hypersensitivity reactions, from bedside to bench and back
	Abstract 
	Background
	Pathogenesis
	Pharmacogenomics
	Relation between host, drug and pathogen
	Skin-resident memory T-cells and regulatory T-cells in DTH
	Diagnosis of DTH
	Conclusions
	Authors’ contributions
	Received: 12 May 2015   Accepted: 29 July 2015References




