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Abstract
Cutaneous adverse drug reactions are unpredictable and include various different skin conditions of varying degrees of severity. 
The most concerning are usually referred to as severe cutaneous adverse reactions (SCARs) and include acute generalized exan-
thematous pustulosis (AGEP), drug reaction with eosinophilia and systemic symptoms (DRESS), also known as drug-induced 
hypersensitivity syndrome (DiHS) or hypersensitivity syndrome (HSS), Stevens–Johnson syndrome (SJS) and toxic epidermal 
necrolysis (TEN). All are delayed type IV hypersensitivity reactions in which a T-cell-mediated drug-specific immune response 
is responsible for causing the disease. Nonetheless, specific T-cell subpopulations develop in response to certain environmental 
conditions and produce cytokines that orchestrate the various phenotypes. Cytotoxic T lymphocytes (CTLs), T-helper type 1 
(Th1), Th2, Th17, and regulatory T cells (Treg), among other T-cell subpopulations, participate in the development of SCAR 
phenotypes. Cell subpopulations belonging to the innate immune system, comprising natural killer cells, innate lymphoid cells, 
monocytes, macrophages and dendritic cells, can also participate in shaping specific immune responses in various clinical condi-
tions. Additionally, tissue-resident cells, including keratinocytes, can contribute to epidermal damage by secreting chemokines that 
attract pro-inflammatory immunocytes. The final phenotypes in each clinical entity result from the complex interactions between 
a variety of cell lineages, their products, soluble mediators and genetic and environmental factors. Although the pathophysiology 
of these reactions is not fully understood, intensive research in recent years has led to major progress in our understanding of the 
contribution of certain cell types and soluble mediators to the variability of SCAR phenotypes.
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1 Introduction

Aside from the intended therapeutic objective, the use of medi-
cations is associated with the risk of adverse drug reactions 
(ADRs). The World Health Organization defines an ADR as 
a harmful and unintended response to a drug that occurs upon 
patients’ exposure to medication doses normally used for the 
prophylaxis, diagnosis or therapy of disease or for the adjust-
ment of physiological functions [1]. ADRs are a common 
complication in medical practice and an important cause of 
morbidity. They are typically classified into two categories: 
type A, which depend on the pharmacological properties of 
the drug (“on-target” ADRs), and type B, classically under-
stood as not dependent on the pharmacological properties of 
the compound (“off-target” ADRs) [2]. Type B ADRs are often 
referred to as dose-independent and unpredictable, and most 
of them are considered to be drug hypersensitivity reactions.

According to the World Allergy Organization, hypersen-
sitivity causes objectively reproducible symptoms or signs 
initiated by exposure to a defined stimulus that is tolerated 
by normal subjects [3]. It comprises both non-allergic hyper-
sensitivity (the term of choice to describe reactions in which 
immunological mechanisms cannot be proven) and allergic 
hypersensitivity, which refers to immunologically mediated 
drug hypersensitivity reactions. These may be further classi-
fied as either immunoglobulin E (IgE)-mediated (immediate) 
or non–IgE-mediated (delayed) hypersensitivity reactions.

Cutaneous ADRs represent a diversity of diseases ranging 
in severity from mild, self-limited cutaneous eruptions such 
as maculopapular exanthema (MPE) to severe cutaneous 
adverse reactions (SCARs) [4, 5] that represent an uncom-
mon but potentially life-threatening form of delayed hyper-
sensitivity. Illnesses range from acute generalized exanthe-
matous pustulosis (AGEP) to drug reaction with eosinophilia 
and systemic symptoms (DRESS), also known as drug-
induced hypersensitivity syndrome (DiHS) or hypersensitiv-
ity syndrome (HSS), and the spectrum of Stevens–Johnson 
syndrome/toxic epidermal necrolysis (SJS/TEN), which is 
the most severe form of SCAR, with an overall mortality of 
34% at 1 year post-reaction [6].
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Key Points 

Severe cutaneous adverse reactions (SCARs) are type 
IV T-cell-mediated drug hypersensitivity reactions, with 
different T-cell subpopulations such as cytotoxic T lym-
phocytes (CTLs), T-helper type 1 (Th1), Th2, Th17 and 
regulatory T cells (Treg), among others, contributing to 
the clinical phenotypes.

Different immunocytes belonging to the innate immune 
system, including natural killer cells, innate lymphoid 
cells, monocytes, macrophages and dendritic cells, can 
also participate in shaping clinical pictures.

Recent reports suggest that tissue-resident cells, includ-
ing keratinocytes, play a role in the development of 
SCARs.

Certain human leukocyte antigen (HLA)-I allotypes 
have been reported as key genetic risk factors for SCARs 
induced by specific drugs.

Soluble mediators and environmental and additional 
genetic factors may also participate in the pathophysi-
ological mechanisms that shape the clinical pictures.

2  Clinical Entities and Clinicopathological 
Features

2.1  Acute Generalized Exanthematous Pustulosis 
(AGEP)

AGEP is characterized by the acute appearance of numerous 
non-follicular sterile pustules on erythematous background, 
fever and neutrophilia [9]. It is generally attributed to drugs, 
most frequently aminopenicillins [9], but other triggers have 
also been reported [10, 11]. Subcorneal or intraepidermal 
pustules formed by the accumulation of neutrophils are the 
main histologic findings. Exocytosis of neutrophils and 
eosinophils can be observed, and lymphocytes are also pre-
sent in dermal infiltrates with a predominance of cluster of 
differentiation (CD)-4 + cells [10, 12, 13].

The incidence is low, with fewer than ten cases per mil-
lion inhabitants per year [14]. An acute onset and spontane-
ous resolution within 2 weeks upon drug withdrawal are 
characteristics. An international case–control study (Euro-
SCAR) estimated a mortality rate of around 4% [9, 15], 
although a review of cases reported to the French Pharma-
covigilance Centres suggested that the rate could be lower 
[16].

2.2  Drug Reaction with Eosinophilia and Systemic 
Symptoms (DRESS)

DRESS is characterized by a polymorphous skin rash, hema-
tologic alterations (eosinophilia, atypical lymphocytosis), 
lymphadenopathy and internal organ involvement [17, 18]. 
Sequential herpesvirus reactivation has been observed [19]. 
It is characterized by a delayed onset (up to 8 weeks) and a 
prolonged course with frequent relapses. Terms such as anti-
convulsant hypersensitivity syndrome, allopurinol hyper-
sensitivity syndrome and drug-induced pseudolymphoma 
[17, 20, 21] have also been used to refer to this condition. 
The Japanese Research Committee on Severe Cutaneous 
Adverse Reactions (JSCAR) proposed the acronym DiHS 
[22]. Diagnostic criteria for DRESS were published by the 
RegiSCAR group [23]. Diagnostic criteria for DiHS include 
human herpesvirus (HHV)-6 reactivation as a requisite for 
diagnosis of a definitive case [24]. It is of note that HHV-6 
reactivation is detected at 2–4 weeks after onset exclusively 
in DiHS/DRESS but not in SJS/TEN [25]. Nonetheless, the 
exact role of HHV-6 in the pathogenesis of the disease has 
not yet been established. The term DRESS is hereinafter 
used to refer to this condition.

The pathophysiology of these reactions was hitherto 
not fully understood. However, intensive research in recent 
years has contributed greatly to our understanding of the 
roles played by specific cell types in the variability of SCAR 
phenotypes. All of them are delayed type IV hypersensitiv-
ity reactions triggered by a T-cell-mediated drug-specific 
immune response. Nonetheless, specific T-cell subpopula-
tions develop in response to certain environmental condi-
tions and produce cytokines that orchestrate a variety of 
specific immune responses. T-cell subpopulations such as 
cytotoxic T lymphocytes (CTLs), T-helper type 1 (Th1), 
Th2, Th17, and regulatory T cells (Treg), among others, 
may contribute to the development of SCARs. Cell popu-
lations belonging to the innate immune system, including 
natural killer (NK) cells, innate lymphoid cells, monocytes, 
macrophages and dendritic cells (DCs), can also participate 
in shaping clinical phenotypes. Additionally, tissue-resident 
cells, including keratinocytes, can contribute to epidermal 
damage by secreting chemokines that attract pro-inflamma-
tory immunocytes [7, 8]. In addition, environmental and 
genetic factors may participate in the pathophysiological 
mechanisms responsible for the various clinical pictures.
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Drug causality has been reported as highly probable in 
about 80% of cases of DRESS [26, 27]. Anticonvulsants, 
allopurinol, sulfonamides and antibiotics were responsible 
for 96% of cases in a European study [27]. Antiretrovi-
ral agents such as nevirapine and abacavir are commonly 
reported in association with this syndrome [26, 28, 29], 
although hypersensitivity reactions to abacavir generally 
exhibit earlier onset and different symptoms from those of 
classical DRESS [14, 30, 31]. Therefore, severe adverse 
reactions to abacavir are preferably classified as abacavir 
hypersensitivity.

Various inflammatory patterns can be found in a single 
biopsy, namely interface dermatitis, lichenoid, eczematous, 
AGEP-like vascular damage, superficial perivascular infiltra-
tion, peri-appendage infiltration and erythema-multiforme-
like patterns. Although no single pathological finding is 
specific enough to confirm a diagnosis, the co-existence of 
three histopathological patterns in a skin specimen has a 
higher likelihood of being a definite case and is correlated 
with clinical severity. Interestingly, despite being considered 
a Th2 disease, infiltrating cutaneous lymphocytes include 
high numbers of CD8 + and granzyme B + T cells [32, 33].

The exact incidence is difficult to calculate because of 
the variable presentation of this syndrome. It was estimated 
as ten cases per million inhabitants per year in Japanese 
patients [34]. Nonetheless, the frequency could be grow-
ing, as milder forms of the disease are being described [18, 
35, 36]. Retrospective analyses have reported the principal 
causes of death as multiorgan failure and septic or cardio-
genic shock, with mortality rates of 5–10% [26, 37], and a 
prospective study reported a mortality rate of 1.7% [27].

Key aspects of management are withdrawal of the culprit 
drug and close monitoring, with evaluation of hepatic and 
renal function. Evidence is insufficient to support the best 
pharmacological treatment for SCARs. Systemic corticos-
teroids are the mainstay treatment for patients with DRESS, 
although other alternatives have been proposed (reviewed 
by Cho and Chu [38]).

2.3  Stevens–Johnson Syndrome/Toxic Epidermal 
Necrolysis (SJS/TEN)

Epidermal detachment mimicking burned skin and mucosal 
involvement are typical manifestations of SJS/TEN. Two 
or more mucous membranes are affected, with often severe 
conjunctival affectation. Internal organs may also be 
involved, and lymphopenia, primarily affecting CD4 + T 
cells, has also been reported [39–41].

SJS and TEN are severity variants of the same clinical 
condition, differing only in the percentage of body surface 
area (BSA) detached: < 10% in SJS, > 30% in TEN, and 
cases with 10–30% of detached BSA are considered as 
SJS-TEN overlapping forms [42]. Full-thickness epidermal 

necrosis is the pathognomonic feature of SJS/TEN. Although 
in skin biopsies the infiltrate is scarce, the analysis of blister 
fluids reveals the presence of large amounts of lymphocytes 
[43] and monocytes at later stages [44, 45]. Although epi-
dermal necrolysis (EN) has been proposed as an alternative 
name for this spectrum of conditions [46], the term SJS/TEN 
continues to be used.

A drug reaction is most often the etiological cause [47, 
48]. Aromatic anticonvulsants, allopurinol, sulfonamides, 
nonsteroidal anti-inflammatory drugs (NSAIDs) and anti-
biotics are most frequently associated [49]. However, other 
etiologic factors may be responsible in up to 15% of cases. 
Idiopathic cases of SJS/TEN are more common in children, 
and only a very small fraction of these can be consistently 
attributed to infectious agents such as Mycoplasma pneu-
moniae [50, 51]. A variant of Coxsackie virus A6 has been 
reported to cause a severe mucocutaneous blistering condi-
tion that is indistinguishable from SJS/TEN, principally in 
children [52].

A prospective population-based registry in Germany esti-
mated an incidence of 1.53–1.89 cases per million inhabitants 
per year [15], although rates may be higher in certain ethnic 
groups such as patients of Asian descent [53], and the occur-
rence is approximately 100-fold higher among HIV-infected 
individuals [54]. Mortality rates are related to the % BSA 
affected. Frequencies of 12%, 29% and 46% for SJS, SJS/
TEN overlap, and TEN, respectively, have been reported by 
the RegiSCAR study group [6]. Moreover, patients surviving 
SJS/TEN are at risk for a multitude of sequelae, including 
cutaneous scarring; dyspigmentation; dental, genitourinary 
and pulmonary complications; and, most often, ocular lesions 
[55]. Most of these have a considerable impact on the patient’s 
quality of life and make SJS/TEN a chronic condition [56, 57].

As mentioned, evidence is insufficient to support a phar-
macological treatment for SJS/TEN. The mainstay of treat-
ment is the identification and removal of the culprit drug, 
and no therapies beyond supportive care have been estab-
lished. Several immunomodulatory treatments have been 
used, including systemic corticosteroids, cyclosporine, intra-
venous immunoglobulin, plasmapheresis, and anti-TNF-α, 
among others [38].

3  Immune‑Mediated Mechanisms Involved 
in Severe Cutaneous Adverse Reactions 
(SCARs)

SCARs are delayed T-cell-mediated type IV hypersensitiv-
ity reactions in the Gell and Coombs classification [58] in 
which drug-specific T cells can be identified in the peripheral 
blood or skin infiltrates. The variation in clinical conditions 
has resulted in type IV reactions being further sub-classified 
according to different cytokine production patterns by T cell 
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subsets and to the contribution of certain subpopulations 
of leukocytes to the inflammation and tissue damage. In 
this classification, type IVa reactions include Th1 immune 
responses with the release of large quantities of interferon 
(IFN)-γ and the participation of monocytes. Type IVb reac-
tions correspond to Th2 responses with production of inter-
leukin (IL)-4, IL-13 and IL-5, which result in the eosinophilia 
characteristics in some drug allergies. In type IVc reactions, 
CTLs are the main effectors of tissue injury. Finally, in type 
IVd reactions, T cells promote the recruitment of neutrophils 
to affected tissue through the secretion of IL-8/CXCL8 [59, 
60]. Traditionally, DRESS is considered a type IVb Th2-
driven reaction, SJS/TEN a type IVc cytotoxic reaction, and 
AGEP a type IVd reaction [61] (Fig. 1). Although this classifi-
cation may be useful for the understanding of T-cell-mediated 
adverse reactions, there is overlap between the subtypes, and 
they are not mutually exclusive. For example, high IFN-γ lev-
els (typical of type IVa) have been identified in serum and 
blister fluid from patients with SJS/TEN [41, 62], and drug-
specific CD8 + cytotoxic T cells (typical of type IVc) may also 
be involved in DRESS and AGEP [12, 32, 63]. On the other 
hand, any of these reactions may occur in response to any 
drug, meaning that similar immune mechanisms are triggered 
in response to different chemical compounds.

3.1  Soluble Mediators, Cytokines, Chemokines 
and Leukocyte Subpopulations Involved

3.1.1  Soluble Mediators and Leukocyte Subpopulations 
in AGEP

In addition to drug-specific T cells, neutrophils and the neu-
trophil chemotactic factor IL-8/CXCL8 are key players in 

the skin phenotype in AGEP. IL-8/CXCL8 may also contrib-
ute to the activation and mobilization of neutrophils from the 
bone marrow to the peripheral blood, causing leukocytosis 
and neutrophilia. Drug-specific CD4 + T cells expanded 
from patients with AGEP have been shown to produce IL-8/
CXCL8 and granulocyte macrophage colony-stimulating 
factor (GM-CSF) [12, 64, 65], which could also stimulate 
myelopoiesis. These T-cell clones also expressed the IL-8/
CXCL8-specific receptor CXCR1, which could explain their 
recruitment to the skin [12]. Drug-specific T-cell clones 
also released IFN-γ and TNF-α [65], and a small propor-
tion secreted IL-4 and IL-5 [12]. The expression of IL-8/
CXCL8 by keratinocytes was also detected in skin biopsies 
from patients with AGEP [12, 13, 66]. The local produc-
tion of IL-8 in the skin may create a gradient for neutrophil 
and T-cell recruitment to the epidermis. Early infiltration by 
CD8 + cytotoxic T cells can also facilitate epidermal leuko-
cyte exocytosis [64].

The cytokines IL-17 and IL-22 are hallmarks of Th17 
immune responses. Increased frequencies of circulating 
Th17 cells as well as elevated serum concentrations of IL-22 
have been reported in AGEP [67]. In addition, Th17 cells 
have been identified in skin infiltrates [68]. In this sense, 
IL-17 has been shown to cooperate with IFN-γ and TNF-α 
in stimulating the production of IL-8 by keratinocytes [69, 
70]. C-C motif chemokine receptor (CCR)-6 expression is a 
distinctive feature of Th17 lymphocytes [71]. Interestingly, 
CCR6 +-infiltrating lymphocytes have been described in 
affected skin [65], as has the expression of the CCR6 ligand 
CCL20 [66]. Altogether, these findings suggest cooperation 
between IL-8/CXCL8 and Th17 lymphocytes in the neutro-
philic inflammation characteristic of this clinical condition 
(Fig. 2a).

Fig. 1  Proposed model for severe cutaneous adverse reaction immu-
nopathogenesis. a Drug-specific T cells release cytolytic proteins 
and other mediators of inflammation. b A revised Gell and Coombs 
classification has been proposed according to the effector cells and 
cytokine profiles involved. AGEP acute generalized exanthematous 

pustulosis, DRESS drug reaction with eosinophilia and systemic 
symptoms, HLA human leukocyte antigen, IL interleukin, NK natural 
killer, SCAR  severe cutaneous adverse reaction, SJS Stevens–Johnson 
syndrome, TcR T-cell receptor, TEN toxic epidermal necrolysis, Th2 
T-helper type 2
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Genetic studies have suggested that the IL-36–IL-36Ra 
axis could be involved in AGEP [72]. IL-36α and IL-36γ 
expression was observed in in AGEP skin biopsies [73, 
74], being keratinocytes, T cells and macrophages the main 
source of IL-36 in the skin, and monocytes are the main 
source of IL-36 in peripheral blood mononuclear cells 
(PBMCs) stimulated in vitro with the culprit drugs [74]. 
However, further research is needed to elucidate the involve-
ment of IL-36 in the pathophysiological mechanisms of the 
disease.

3.1.2  Soluble Mediators and Leukocyte Subpopulations 
in DRESS

Activated lymphocytes and eosinophils are the main play-
ers in the cutaneous and systemic inflammation in DRESS. 
CD4 + and cytotoxic T cells were identified in biopsies of 
skin and affected organs [75], as were dense infiltrations of 
eosinophils [76, 77], supporting a role for these leukocyte 
subpopulations as mediators of tissue damage (Fig. 2b). 
Increased levels of IL-5, an eosinophil-specific differentia-
tion factor and a Th2 chemokine, are associated with the 
development of eosinophilia [78, 79]. As a result of these 
findings, the anti-IL-5 monoclonal antibody mepolizumab 
was recently proposed as a novel therapeutic approach for 
DRESS [80]. IL-13- and IL-4-producing CD4 + T cells 
may also play a role [81], which confirms a Th2 pattern 
for this disease. On the other hand, CCL17 (TARC), which 
is also regarded as a Th2 chemokine expressed by dermal 

macrophages in skin biopsies, has been associated with 
the recruitment of CCR4 + Th2 lymphocytes to the skin. 
Moreover, the frequencies of Th2 lymphocytes positively 
correlated with serum TARC levels in patients with DRESS. 
Additionally, serum TARC levels correlated with HHV-6 
reactivation [76, 82]. The serum levels of other proinflam-
matory cytokines such as TNF-α and IFN-γ were also found 
to be elevated in the acute stages of DRESS [83].

Fig. 2  Various immunocytes and skin stromal cells cooperate to 
induce the clinical phenotypes in SCARs. Subcorneal pustules are 
generated in AGEP-affected skin by the accumulation of neutrophils 
(PMN) recruited through CXCL8/IL-8 production by CD4 + T cells 
and keratinocytes. The chemokine CCL20 recruits CCR6 + Th17 
lymphocytes to the skin (a). DRESS-affected skin is infiltrated with 
CD4 +, CD8 + and Tregs as well as with monomyeloid cells such 
as pDCs and Mo. The chemokine CCL17/TARC produced by der-
mal DCs recruits CCR4 + Th2 T cells. High levels of IL-5 and Th2 
chemokines produced by Th2 and ILC2 promote peripheral and tis-
sular eosinophilia (b). Detachment of the dermo-epidermal junc-
tion, and keratinocyte necrosis are the hallmarks of SJS/TEN. The 
chemokine CCL27/TARC recruits CCR10 + T cells to the skin. CTLs 
as well as NK cells secrete cytolytic molecules leading to keratino-
cyte necrosis. Among them, granulysin may also act as an alarmin 
in recruiting Mo and DCs, which in turn may produce death ligands 
such as TNF-α, Tweak and TRAIL. Th17 cells may also contribute to 
create a pro-inflammatory environment (c). AGEP acute generalized 
exanthematous pustulosis, BM bone marrow, CD cluster of differen-
tiation, CTL cytotoxic T lymphocyte, DC dendritic cell, DRESS drug 
reaction with eosinophilia and systemic symptoms, GNLY granulysin, 
GM-CSF granulocyte macrophage colony-stimulating factor, IFN 
interferon, IL interleukin, ILC2 type 2 innate lymphocytes, Mo mono-
cytes, NK natural killer, NO nitric oxide, PBC, pDCs plasmacytoid 
dendritic cells, PMNs polymorphonuclear neutrophils, SCAR  severe 
cutaneous adverse reaction, SJS Stevens–Johnson syndrome, TEN 
toxic epidermal necrolysis, Th2 T-helper type 2, TNF tumor necrosis 
factor, Treg regulatory T cells

▸
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Innate type 2 lymphoid cells (ILC2s) expressing the 
IL-33 receptor ST2 were recently identified in the skin 
and blood of patients with DRESS during the acute phase, 
together with high serum concentrations of soluble ST2 and 
IL-33 [84].

3.1.3  Soluble Mediators and Leukocyte Subpopulations 
in SJS/TEN

Full-thickness epidermal necrosis upon massive apoptosis 
of keratinocytes is the characteristic feature of SJS/TEN 
[85]. Cytotoxic CD8 + T cells are thought to be the prin-
cipal effectors of epidermal necrosis [86], although some 
researchers have suggested that a fratricide killing mediated 
through Fas–FasL interactions on the membrane of adjacent 
cells could also induce apoptosis of keratinocytes [87]. How-
ever, multiple players may be involved (Fig. 2c).

Early studies found increased serum and blister fluid con-
centrations of TNF-α, IFN-γ, IL-6, IL-1 and IL-10. Gene 
expression studies indicated that only IFN-γ and IL-18 were 
produced by mononuclear cells present in the vesicles and 
suggested that other cytokines present, such as TNF-α, sFas-
L and IL-10, more likely originated from tissue-resident or 
stromal cells [62, 88, 89]. Fas-L was indeed overexpressed 
on the membranes of keratinocytes in affected skin [62]. 
However, the role of Fas-L as an effector molecule in SJS/
TEN remains a matter of debate as previous findings have 
not always been reproduced [90]. On the other hand, ele-
vated concentrations of soluble Fas-L (sFas-L) in blister 
fluid and serum, and the release of sFas-L by drug-activated 
lymphocytes, led to the hypothesis of T-cell-derived sFas-
L involvement in the induction of keratinocyte apoptosis 
[91, 92]. This hypothesis was confronted by the finding that 
only membrane-bound Fas-L is essential for T-cell-induced 
apoptosis [93]. In the same publication, the authors stated 
that excess sFas-L appeared to promote autoimmunity and 
tumorigenesis through non-apoptotic activities. However, it 
was recently reported that sFas-L could induce keratinocyte 
apoptosis and epidermal detachment in a murine model of 
pemphigus vulgaris [94]. These novel findings suggest that 
further investigation into the putative role of Fas–Fas-L 
interactions in affected skin in SJS/TEN is needed and 
highlight the relevance of accurate differential diagnosis, as 
different findings may be associated with different clinical 
presentations.

Recent reports have also identified IL-17-expressing cells 
in the peripheral blood and blister fluid of patients with SJS/
TEN [95, 96], as well as high frequencies of CCR6 + Th17 
lymphocytes infiltrating the skin [95]. IL-17 and IFN-γ may 
act synergistically to increase the production of pro-inflam-
matory cytokines by human keratinocytes [69].

In addition to pro-inflammatory cytokines, the blister 
fluid of patients with SJS/TEN is rich in cytolytic proteins 

such as perforin, granzyme B and granulysin, in agreement 
with the identification of CD3 + CD8 + T cells and other 
cytotoxic lymphocytes such as CD3-CD56 + NK cells [41, 
97]. Previous studies have reported drug-specific, major his-
tocompatibility complex (MHC) class I-restricted, perforin/
granzyme-mediated cytotoxicity of CTLs [86], as well as 
NK cell activity within blisters of patients with SJS/TEN 
[44]. Among the cytolytic proteins evaluated, granulysin, a 
component of the cytotoxic granules of CTLs and NK cells, 
was highly expressed at the messenger RNA (mRNA) and 
protein levels. In vitro studies showed that blister fluids may 
decrease keratinocyte viability in a granulysin-dependent 
manner, and the cutaneous injection of granulysin led to 
epidermal necrosis in mice. Granulysin was then proposed 
as the principal mediator of disseminated keratinocyte death 
in SJS/TEN [97]. Various levels of granulysin were also 
detected in CD8 + and NKP46 + (NK) cells in other cutane-
ous drug reactions [98].

The presence of NK cells expressing granulysin within 
the blister fluid suggests that this lymphocyte subpopulation 
may cooperate with CTLs in the killing of keratinocytes. 
While T-cell activation is highly dependent on T-cell recep-
tor (TCR) recognition of the specific antigen, NK cell activ-
ity is the result of a balance between activating and inhibi-
tory signals, which are sensed by an array of activating and 
inhibitory receptors [99]. Among NK-activating receptors, 
CD94/NKG2C might be involved in the killing of keratino-
cytes through the recognition of its ligand human leukocyte 
antigen (HLA)-E [41].

A recent report identified serum IL-15 as a biomarker of 
SJS/TEN [100]. IL-15 and granulysin levels were signifi-
cantly correlated with the severity of the disease as meas-
ured with the SCORTEN scale [101]. Furthermore, serum 
IL-15 concentrations were positively correlated with mortal-
ity. Therefore, the study proposed serum IL-15 as a diagnos-
tic and prognostic molecule in SJS/TEN [100]. The results 
are particularly relevant, as IL-15 is one of the main factors 
supporting the differentiation and acquisition of effector 
functions by cytotoxic lymphocytes, including CTLs and 
NK cells [102]. In particular, the expression of granulysin 
in CTLs and NK cells is highly dependent on IL-15 [103]. 
It has been thus suggested that IL-15 could not only be a 
diagnostic and prognostic marker but also a therapeutic tar-
get in SJS/TEN [104].

Single nucleotide polymorphisms of IKZF1 encoding ika-
ros, a transcription factor involved in T-cell development, 
have been identified as risk factors for SJS/TEN with severe 
mucosal involvement [105].

The keratinocyte-specific chemokine CCL27 (CTACK) 
recruits CCR10 + lymphocytes. Increased CCL27 expres-
sion in SJS/TEN-affected skin, along with increased lev-
els of CCR10 transcripts within the infiltrate and in blister 
fluid cells, strongly suggests that CCL27 may be involved in 
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the recruitment of CCR10 + lymphocytes to the epidermis. 
Moreover, higher frequencies of CCR10 + lymphocytes were 
found in the peripheral blood of patients in the acute phase 
of SJS/TEN [106].

Other than lymphocytes, monocytes, macrophages and 
DCs may also infiltrate the skin and contribute to cutane-
ous inflammation through the release of soluble mediators. 
Tohyama et al. [107] reported finding CD137L-expressing 
pro-inflammatory CD14 + CD16 + monocytes in the dermo-
epidermal junction in SJS/TEN skin lesions and suggested 
that they may stimulate the activity of CTLs. Araujo et al. 
[108] found CD1a + and CD14 + monocytes in blister fluid 
and demonstrated that these cells were able to produce the 
death ligands TNF-α, TWEAK and TRAIL. Moreover, con-
centrations of these proteins in blister fluid from patients 
with SJS/TEN were higher than those in normal human 
serum or blister fluid from patients with other clinical con-
ditions [108]. Among these, TNF-α has been proposed as a 
therapeutic target in SJS/TEN [109].

Additional products of monomyeloid cells, such as matrix 
metalloproteinase (MMP)-9 and lipocalin 2, were also found 
to be overexpressed in acute SJS/TEN [110–112], suggesting 
their involvement in epidermal detachment. A recent report 
also identified MMP-9 in tears from patients with SJS [113].

3.2  Damage‑Associated Molecular Patterns 
(Alarmins) in SCARs

Immune cells recognize broadly expressed pathogen-asso-
ciated molecular patterns (PAMPs) through an array of pat-
tern-recognition receptors (PRRs) such as toll-like receptors 
(TLRs). Damage-associated molecular patterns (DAMPs), 
or “alarmins”, are endogenous agonists of PRRs released by 
injured tissues to alert and activate the immune system [114, 
115]. Overexpression of genes encoding several alarmins 
has been found in acute SJS/TEN samples [110], including 
S100A8 and S100A9 genes, among others. In line with this 
finding, S100A8/S100A9 protein complexes (calprotectin) 
have been identified in skin biopsies from patients with SJS/
TEN [116, 117].

Transcripts of other members of the alarmin family, such 
as antimicrobial human neutrophil peptides (HNP)-1, 3 and 
HNP4, also known as α-defensins, were found to be over-
expressed in T cells, and protein levels in blister fluid were 
higher than those in plasma samples from the same donors 
[118]. Besides their antimicrobial properties, α-defensins 
may regulate inflammatory processes such as wound heal-
ing [119], and elevated concentrations can show cytotoxic 
activity against mammalian cells [120], suggesting that they 
could also mediate epidermal damage.

Interestingly, granulysin has been reported to be a TLR4 
ligand and to function as an endogenous alarmin through 
the activation and recruitment of antigen-presenting cells 

(APCs) [121]. Moreover, differentiation of monocytes into 
antigen-presenting DCs is induced by 15 KDa granulysin 
[122].

HMGB1 is a well-known member of the DAMP/alarmin 
family. It is a non-histone chromatin protein with dual func-
tions: transcriptional regulation and extracellular trigger-
ing of inflammation through the recruitment and activation 
of immunocompetent cells. High levels of HMGB-1 have 
been detected in blood and skin lesions in the active phase 
of DRESS [123–125]. However, other authors have found 
higher levels in the serum of patients with SJS/TEN than in 
serum from patients with DRESS [126, 127] and in blister 
fluid from patients with SJS/TEN than in serum samples 
from the same donors [128].

IL-33 is a recently identified DAMP/alarmin. Like 
HMGB1, it is a nuclear protein that is released to the extra-
cellular space upon cell damage. Recent investigations have 
identified high serum levels of IL-33 specifically in patients 
with TEN compared with patients with SJS, DRESS, mild 
cutaneous reactions, and healthy individuals [125]. There-
fore, the presence of IL-33 in serum at high concentrations 
has been proposed as a biomarker of severity in SJS/TEN. 
On the other hand, high serum levels of IL-33 were recently 
reported in the acute stages of DRESS, and it was suggested 
as a potential biomarker of severity [84].

Further research is needed to clarify the involvement of 
DAMPs in SCARs.

3.3  Human Leukocyte Antigens as Determinants 
of Drug‑Specific Immune Responses 
and Genetic Risk Factors for SCARs

Early studies suggesting a weak association between some 
HLA serotypes and SJS/TEN [129] and the report of a few 
family cases [130, 131] led researchers to suspect a genetic 
susceptibility to SCARs. This was strongly supported by the 
finding of a robust association between HLA-B*57:01 and 
hypersensitivity reactions to abacavir [132, 133] followed by 
the report of a 100% association of HLA-B*15:02 with SJS/
TEN to carbamazepine [134] and the identification of HLA-
B*58:01 as a risk factor for allopurinol-induced SCARs in 
Han Chinese patients [135]. These seminal investigations 
have been followed by HLA-typing studies confirming 
the significant associations of these alleles across various 
populations in which the respective alleles are prevalent 
(reviewed in White et al. [136], Sousa-Pinto et al. [137] 
and Chen et al. [138]). It is of note that the HLA encod-
ing genes are the most polymorphic of the whole human 
genome, and the distribution of the various alleles is quite 
heterogeneous across human populations from different 
geographic locations. This makes necessary specific stud-
ies on defined ethnic groups and hinders the identification 
of strongly associated HLA alleles in populations with high 
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rates of genetic exchange resulting from migration, such as 
the populations of Europe and North America [139]. In this 
regard, it is interesting that the prognostic value of HLA-
B*57:01 as a risk factor to develop abacavir hypersensitiv-
ity was initially questioned after reports of low sensitivity 
in some population groups such as Hispanic patients and 
those of African descent. However, further studies showed 
a strong association for patch test-confirmed cases across all 
ethnicities [140].

A study in European patients found an association 
between HLA-A*31:01 and cutaneous hypersensitivity reac-
tions to carbamazepine [141]. A further analysis found this 
allele was strongly associated with DRESS to carbamaz-
epine in Europeans and Han Chinese and weakly associated 
with SJS/TEN in Europeans but not Han Chinese patients 
[142]. Interestingly, the association between HLA-A*31:01 
and carbamazepine-induced MPE had been previously 
described in Han Chinese patients [143].

Associations between HLA-B*38:01 and lamotrigine-
induced SJS/TEN and between HLA-A*24:02 and lamotrig-
ine-induced DRESS have been reported in Spanish patients 
[144]. The association between HLA-B*38:01 and lamotrig-
ine-induced SJS/TEN had been previously reported among 
European patients [145]. On the other hand, HLA-A*24:02 
was found to be a genetic risk factor for lamotrigine-induced 
MPE in Norwegian [146] and Korean populations [147].

Altogether, these findings underscore the importance of 
accurate phenotyping to perform genetic studies and suggest 
that the HLA allele may somehow shape the clinical pheno-
type. Moreover, the common alleles in carbamazepine- and 
maybe also lamotrigine-induced DRESS and MPE suggest 
a continuum between MPE and DRESS, in agreement with 
recent publications [35, 36]. Further research is needed to 
confirm these data and to clarify how specific HLA alleles 
may influence the clinical picture.

Strong associations were recently identified between 
HLA-B*13:01 and dapsone-induced hypersensitivity 
reactions in Asians [148], between HLA-B*59:01 and 

methazolamide-induced SJS/TEN in Korean, Japanese and 
Han Chinese patients [149] and between HLA-A*32:01 and 
vancomycin-induced DRESS in North American patients 
[150] (Table 1).

The identification of certain HLA-I alleles as risk fac-
tors has impelled the implementation of genetic testing for 
the prevention of severe hypersensitivity reactions [151]. 
HLA-B*57:01 has 100% negative predictive value (NPV) for 
abacavir hypersensitivity reactions and 55% positive predic-
tive value (PPV) [136]. This makes HLA-B*57:01 testing 
highly cost effective for the prevention of hypersensitivity 
reactions. HLA-B*57:01 screening before abacavir prescrip-
tion is part of guideline-based routine HIV practice in the 
developed world [30]. With respect to other HLA alleles 
that show strong associations with SCARs, high NPVs have 
also been calculated for HLA-B*15:02 in relationship with 
carbamazepine-induced SJS/TEN and for HLA-B*58:01 in 
allopurinol-induced SCARs in Asian populations. Although 
the PPV is low in both cases [152], HLA-B*15:02 screening 
before carbamazepine prescription has been introduced into 
routine clinical practice in several Southeast Asian countries 
such as Taiwan, Singapore, and Hong Kong, where signifi-
cant reductions in carbamazepine-associated SJS/TEN have 
been achieved [153].

3.4  Mechanisms of Drug‑Specific T‑Cell Recognition

The in vitro development of drug-specific T-cell clones and 
the identification of memory T-cell responses to drugs in the 
peripheral blood of patients strongly support the concept that 
cutaneous ADRs are drug-specific T-cell-mediated diseases.

The specificity of each T-cell clone results from its unique 
TCR. Somatic recombination of the TCR genes can lead 
to a theoretical number of  1016 different specificities [154]. 
Unlike immunoglobulins, the TCR cannot recognize solu-
ble antigens. In order to be stimulated, T cells need APCs 
that display antigen-derived proteolytic peptides bound to 
HLA molecules on the cell surface. Under conditions of 

Table 1  Human leukocyte antigen class I alleles with well-established associations in severe cutaneous adverse reactions [136, 149]

DRESS drug reaction with eosinophilia and systemic symptoms, HLA human leukocyte antigen, OR odds ratio, SCAR  severe cutaneous adverse 
reaction, SJS Stevens–Johnson syndrome, TEN toxic epidermal necrolysis

HLA risk allele Drug SCAR Population OR

HLA-B*57:01 Abacavir HSS Abacavir hypersen-
sitivity

All 960

HLA-B*58:01 Allopurinol SJS/TEN DRESS All 580
HLA-B*15:02 Carbamazepine SJS/TEN South East Asian > 1000
HLA-A*31:01 Carbamazepine DRESS European, South East Asian, Japanese 57.6
HLA-B*13:01 Dapsone DRESS All 20
HLA-B*59:01 Methazolamide SJS/TEN Han Chinese, Korean, Japanese 715.3
HLA-A*32:01 Vancomycin DRESS North American (European ancestry) 70
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homeostasis, HLA molecules are loaded with endogenous 
peptides, and T cells are “educated” during thymic develop-
ment not to be reactive against those endogenous peptides. 
According to this model, since most drugs are small non-
peptide molecules, they cannot be directly recognized by 
the TCR and thus cannot stimulate T cells. However, some 
drugs, such as β-lactam antibiotics, behave as haptens, as 
they spontaneously form covalent bonds with peptide resi-
dues in serum or cellular proteins. In this way, drugs can 
be presented by APCs and recognized by specific T cells. 
Other compounds do not have chemically reactive groups 
but can acquire them through cellular metabolism and sub-
sequently form covalent bonds to cellular proteins. The abil-
ity to form protein adducts is the basis for the hapten/pro-
hapten model of T-cell drug recognition. However, many 
drugs, such as carbamazepine, allopurinol or sulfameth-
oxazole, have been shown to be directly recognized by the 
TCR upon non-covalent interactions with HLA and/or TCR 
molecules. This mechanism of T-cell recognition was called 
“pharmacological interaction” or “p-i” concept and also 
works for drugs that are capable of forming covalent bonds, 
such as β-lactams [155]. These models (hapten, pro-hapten 
and “p-i”) involve a direct interaction or recognition of the 
drug by the TCR. More recently, three different research 
groups have independently and simultaneously described 
an additional mechanism for drug-specific T-cell activation 
[156–158]. In particular, this mechanism was described 
specifically for T-cell stimulation of abacavir-specific HLA-
B*57:01-restricted T cells. Several groups have reported the 

exquisite restriction of HLA-B*57:01 for T-cell responses 
to abacavir, as highly homologous alleles such as HLA-
B*57:02 cannot stimulate T cells in response to abacavir 
[156]. The crystal structure of HLA-B*57:01 in complex 
with abacavir and peptide was solved and revealed that, in 
this case, the drug (abacavir) binds to the F pocket of the 
peptide-binding groove in HLA-B*57:01, changing its stoi-
chiometry and thus the amino acid sequences of the peptides 
presented by the HLA-B*57:01 molecule to the TCR. In this 
case, abacavir-stimulated T cells do not recognize the drug 
directly, instead recognizing a set of endogenous autologous 
peptides that were not previously captured by HLA-B*57:01 
in the absence of abacavir, and thus no thymic education 
could be achieved in order not to be reactive. The response 
to abacavir in HLA-B*57:01 carriers is likely polyclonal as 
an array of new peptides are exposed in all tissues, and HLA 
class I molecules are expressed in all the nucleated cells of 
the body. This is a possible explanation for the high PPV 
of HLA-B*57:01 for predicting abacavir hypersensitivity. 
This model is known as the “altered peptide” model [159]. 
To date, it has only been described for the recognition of 
abacavir, but its potential applicability to other small com-
pounds cannot be ruled out (Fig. 3).

Mechanistic studies following epidemiological studies 
have also confirmed that carbamazepine-specific T cells are 
restricted by HLA-B*15:02 [160]. Other HLA-B15 mem-
bers of the B75 serotype may also facilitate carbamazepine-
induced keratinocyte killing in vitro [160]. The mechanism 
for T-cell recognition involves non-covalent interactions 

Fig. 3  Models of T-cell activation by drugs. Three models have been 
proposed. The hapten/pro-hapten model postulates that drugs form 
covalent bonds with protein residues to generate neoantigens that are 
recognized by T cells. This model may require protein metabolism 
and antigen processing of haptenized proteins. The pharmacologic 
interaction (p-i) model postulates that labile non-covalent interac-
tions are established between the drug and the HLA molecule (or the 
TCR). This model does not require drug metabolism and may require 

high concentrations of soluble drugs. In the third model, known as 
the altered peptide model, the drug binds with high affinity to the 
peptide-binding cleft before peptide loading. This alters its conforma-
tion and causes an alteration of the peptide repertoire presented by 
the HLA molecule. The new peptides are then recognized as “for-
eigners” by the T cells. HLA human leukocyte antigen, TCR  T-cell 
receptor
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between carbamazepine and HLA-B*15:02. Site-directed 
mutagenesis analysis suggest that a few heavy chain resi-
dues are key to allowing carbamazepine presentation and 
a shared and restricted (public) TCR clonotype was iden-
tified as being responsible for carbamazepine recognition 
within the context of HLA-B*15:02 [161]. As the somatic 
rearrangement of TCR genes is a stochastic process, this 
may explain why only a small fraction of the population 
develops carbamazepine-induced SCARs. Yet, we cannot 
explain why certain HLA alleles determine a specific cuta-
neous phenotype. The model for T-cell recognition involves 
a direct interaction between TCR and carbamazepine on the 
surface of the peptide–HLA–drug molecular complex. Much 
less is known about HLA-A*31:01-restricted carbamazepine 
recognition by T cells even though HLA-A*31:01-restricted 
specific T-cell clones were identified in a carbamazepine-
allergic patient [162].

Regarding allopurinol, oxypurinol (the principal metabo-
lite) has been described as being responsible for eliciting 
most of the HLA-B*58:01-restricted T-cell responses [163], 
although allopurinol-specific T cells were also detected. 
Oxypurinol-specific T cells were mainly restricted by HLA-
B*58:01, whereas allopurinol-specific T cells were less allo-
type specific. Current evidence suggests that oxypurinol-
specific T-cell recognition also occurs upon non-covalent 
interactions between the drug and the HLA molecule. How-
ever, mutagenesis analysis indicated that R97V substitution, 
involving the antigen-binding cleft of HLA-B*58:01 reduced 
T-cell activation. In silico models also support a role of the 
antigen-binding cleft as a docking site for oxypurinol. The 
model proposes that, at high concentrations, oxypurinol may 
be incorporated into the HLA-peptide complex on the cell 
surface, thereby altering its conformation and creating a new 
antigen that would be recognized by specific TCRs. The gen-
eration of a multiple collection of novel HLA–peptide–drug 
complexes is consistent with the private and diverse TCR 
usage in allopurinol/oxypurinol allergic and control donors 
[163–165]. In this case, and unlike the model proposed for 
carbamazepine, the surface of interaction would involve pri-
marily the peptide and the TCR. Interestingly, a protruding 
peptide conformation (consistent with the model proposed 
for carbamazepine presentation to T cells) has been observed 
for some public TCRs [154].

Recent reports have also confirmed the involvement of 
HLA-B*13:01 in drug presentation to dapsone-specific T 
cells [166, 167].

An exhaustive review of the mechanisms involved in drug 
recognition by T cells can be found in Illing et al. [168].

3.5  Mechanisms Proposed for the Development 
of Drug‑Specific T Cells: De Novo Immune 
Responses and Heterologous Immunity

3.5.1  De Novo Immune Responses

Few data are available regarding the nature of drug-specific 
immune responses in drug hypersensitivity reactions. Some 
research has focused on finding pathways that would facili-
tate de novo immune responses to medications within the 
context of sterile inflammation. Naïve T cells need to receive 
at least two signals to be activated and to acquire effector 
functions, namely the antigenic signal (signal 1) received 
through stimulation of the TCR, and costimulatory signals 
(signal 2), provided by professional APCs, such as mature 
DCs. DCs might receive maturation signals from other 
cells (keratinocytes, NK cells and B cells). However, some 
reports suggest that DCs may be able to metabolize certain 
drugs and that these drugs or drug adducts could induce a 
semimature status in DCs, enabling them to induce a T-cell 
response. Moreover, a proinflammatory environment could 
enhance the formation of protein adducts in DCs [169, 170]. 
Not only drug–protein conjugates but also anticonvulsants 
or oxypurinol can stimulate phenotypic and functional 
changes in DCs. Activation of the p38 mitogen-activated 
protein kinase (MAPK) signaling pathway may be involved 
in drug-induced maturation of DCs [171].

3.5.2  Heterologous Immunity

A second hypothesis postulates that pre-existing memory T 
cells are responsible for the development of drug-induced 
hypersensitivity reactions.

Heterologous immunity refers to the phenomenon 
whereby a history of an immune response against one pre-
viously encountered pathogen can provide a level of immu-
nity to another unrelated pathogen or graft. It is generally 
attributed to the generation of immunological cross-reac-
tivity between viral epitopes and grafts or other antigens 
and can be mediated via memory CD8 + T cells. Heterolo-
gous immunity has been demonstrated for cytomegalovirus 
(CMV) and Epstein-Barr virus (EBV) and is mostly ben-
eficial, mediating protective immunity. However, in some 
individuals, it may trigger a cascade of events that result in 
severe immunopathology [172].

As we have outlined, although the high NPV for certain 
HLA risk alleles indicates that the presence of a particu-
lar HLA allele may be necessary for the development of 
HLA-class I-restricted drug hypersensitivities, the low PPV 
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indicates that the HLA allotype alone is not enough. The 
pathophysiological mechanism responsible for this “posi-
tive predictive gap” and the foundations of the variety of 
clinical phenotypes and tissue distribution of a given reac-
tion remain unknown. In an attempt to fill this gap, a double 
HLA restriction-heterologous immunity model has been pro-
posed. This model postulates that type IV T-cell-mediated 
drug hypersensitivity reactions may result from the cross-
reaction between memory T cells developed during a previ-
ous immune response to a prevalent and persistent pathogen 
(likely a virus) and a new epitope that is created when the 
drug is present [173]. In this model, resident memory T cells 
could provide for the tissue specificity of clinical phenotypes 
[174]. The finding that abacavir-responsive and oxypurinol-
responsive CD8 + T lymphocytes could be expanded from 
drug-naïve individuals [175, 176] and that these cells arise 
from both naïve and memory T-cell compartments, as well 
as long-lasting memory T-cell responses as assessed by skin 
patch tests and drug-specific proliferation assays, established 
the grounds for this theory.

3.6  Regulatory T Cells in SCARs

Tregs may play a critical role in maintaining self-tolerance 
and immune homeostasis. They are CD127-CD4 + T cells 
characterized by the high cell surface expression of CD25 
and induced expression of the nuclear transcription factor 
FoxP3. Tetsuo Shiohara’s group first reported an expan-
sion of Foxp3 + Tregs during acute DRESS as well as skin 
infiltration by Tregs [63]. The frequencies of FoxP3 + Tregs 
returned to the normal range after resolution of DRESS and 
were normal among CD4 + T cells in acute TEN cases. How-
ever, a functional Treg impairment was detected in acute 
TEN as well as in lymphocytes isolated from DRESS cases 
after resolution [63]. The lack of Treg function during acute 
TEN could lead to excessive activation of effector T cells. 
On the other hand, it has been speculated that expansions 
of Tregs during acute DRESS could explain the delayed 
onset of this clinical entity and that Treg skin infiltration in 
DRESS could limit epidermal damage by effector T cells 
[177].

Plasticity is a central feature of Tregs, which, depend-
ing on the cytokine microenvironment, can acquire dif-
ferent transcriptional profiles, including the possibility of 
differentiation into Th17 cells [178]. In fact, the balance 
and interplay between Th17 and Tregs is thought to play 
a major role in the regulation of immune homeostasis and 
inflammation [179]. Reciprocal contribution of Tregs and 
Th17 lymphocytes to SCARs has been suggested [95]. A 
recent report in patients with DRESS undergoing resolu-
tion of the disease found that as Treg frequencies decreased 
there was a parallel increase in the frequencies of Th17 lym-
phocytes. The authors also observed that the population of 

proinflammatory CD14 + CD16 + monocytes was severely 
reduced in acute DRESS and recovered after resolution. 
Moreover, the frequencies of CD16 + monocytes were 
inversely correlated with those of Tregs and positively cor-
related with those of Th17. As CD14 + CD16 + monocytes 
are major producers of IL-6, and IL-6 promotes the develop-
ment of the Th17 phenotype in Tregs, the authors proposed 
that low IL-6 levels due to reduced frequencies of proin-
flammatory monocytes would be the mechanism leading to 
expansion of T regs during acute DRESS [180].

It is noteworthy that, although the frequencies of Foxp3 
among CD4 + T cells were not altered in acute TEN, sus-
tained lymphopenia affecting mainly the CD4 + population 
in patients [39, 40] would severely decrease the absolute 
numbers of circulating Tregs. In this sense, it has been pro-
posed that the loss of skin-protective CD4 + CD25 + Tregs 
may contribute to an increased risk for developing SJS/
TEN in HIV patients [181]. Along this line, results obtained 
from a transgenic mouse model analyzing abacavir-induced 
hypersensitivity strongly suggest that CD4 + T cells (which 
contain the Treg population) are key players in the induction 
of active tolerance to the new antigens induced by abacavir 
[182].

4  Mechanisms of Cell Death in SCARs: 
Apoptosis and Necroptosis

The full-thickness necrosis of all epidermal layers with 
dermoepidermal detachment is the pathognomonic charac-
teristic of SJS/TEN. Early studies described that massive 
apoptosis of the keratinocytes was the cause of epidermal 
death [85, 183].

Current knowledge establishes two pathways eliciting 
apoptosis. The extrinsic pathway relies on the stimulation 
of death receptors by ligands, whereas the intrinsic pathway 
is triggered by disruption of the mitochondrial outer mem-
brane. Both routes converge in the activation of caspase-3 
and DNA degradation (Fig. 4).

In SJS/TEN, two principal mechanisms have been pro-
posed for the induction of keratinocyte apoptosis, namely 
Fas–FasL interactions and lymphocyte cytotoxicity.

Early reports suggested a pivotal role for Fas–FasL-
induced “fratricide” keratinocyte apoptosis [87]. Moreover, 
it has been suggested that the proinflammatory cytokines 
TNF-α and IFN-γ indirectly upregulate membrane FasL 
expression in keratinocytes through the induction of induci-
ble nitric oxide synthase (iNOS) [184]. As we have outlined, 
the role of Fas–FasL remains controversial. However, as 
explained in Sect. 3.1.3, additional ligands for death recep-
tors such as TRAIL or TWEAK [108] have been identified 
in blister fluids from patients with SJS/TEN, which could 
induce apoptosis through the extrinsic pathway.
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On the other hand, the cytotoxic killing of targets induced 
by degranulation of CTLs and NK cells also induces cas-
pase-3 activation and apoptosis. There is ample evidence 
of the involvement of cytotoxic proteins such as perforin, 
granzymes and granulysin in the pathogenesis of SJS/TEN 
[122, 183, 185]. Granzymes are a family of serine proteases 
present in the cytotoxic granules of CTLs and NK cells. 
The formation of the immune synapse upon target cell rec-
ognition leads to the rapid delivery of cytotoxic granules 
to a precisely defined point between the effector and target. 
Granzyme B is a major constituent of CTL/NK granules and 
promotes apoptosis in humans either by direct cleavage of 
caspase-3 or by increasing the permeability of the mitochon-
drial outer membrane (intrinsic pathway) [186].

The intrinsic pathway of apoptosis is inhibited by BCL2 
proteins. A recent report identified the microRNA (miRNA) 
mir-18a-5p as significantly upregulated in the skin of 
patients with SJS/TEN. Among the identified targets of this 
miRNA, BCL2L10 mRNA and protein expression levels 
were found to be downregulated in the skin of patients with 
SJS/TEN, supporting a role for mir-18a-5p in the pathogen-
esis of SJS/TEN through the release of control mechanisms 
for keratinocyte apoptosis [187].

Electron microscopy examination of morphological 
changes in active skin lesions of patients with SJS/TEN 
led to the recent observation of both apoptotic and necrotic 
cells in affected skin. Necrotic features were also observed 
in skin biopsies from erythematous areas with no epidermal 

Fig. 4  Pathways of signaling for apoptotic cell death. The extrinsic 
pathway is initiated by the ligation of death receptors with their cog-
nate ligands, such as FASL, TRAIL or TNF. As a consequence, an 
adaptor molecule (FADD) activates caspase-8. Activated caspase-8 
can directly cleave and activate executioner caspases such as cas-
pase-3, thus promoting apoptosis. The intrinsic pathway is modulated 
by the activation of proteins sensing different types of cell stress, 
and then activating BAX/BAK. These molecules then migrate to 
the mitochondria where they facilitate or induce the release of apop-
togenic factors, such as cytochrome c to the cytosol. Cytochrome c 
associates with APAF-1 and pro-caspase-9 to form the apoptosome, 

resulting in the activation of caspase-9, which activates caspase-3, 
where both pathways interface. Granzyme B is released to the cyto-
sol of target cells upon cytotoxic cell degranulation. It may directly 
activate caspase-3 or induce Bax activation. BCL2 family proteins are 
negative regulators of the intrinsic pathway. The human microRNA 
mir-18a-5p is a negative regulator of the expression of BCL2 family 
members such as BCL2L10. High levels of mir-18a-5p in SJS/TEN 
may favor apoptosis by releasing the negative regulation of the intrin-
sic pathway. CTL cytotoxic T lymphocyte, SJS Stevens–Johnson syn-
drome, TEN toxic epidermal necrolysis, TNFR tumor necrosis factor 
receptor
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detachment, suggesting that this is an early event leading 
to epidermal cell death. Supernatants from drug-stimulated 
PBMCs from patients with SJS/TEN reduced the viability of 
keratinocytes cultured in vitro in a necrostatin-1-dependent 
manner. The authors identified annexin A1 in the superna-
tants of drug-stimulated PBMCs and concluded that cell 
death in at least a fraction of keratinocytes in the epider-
mis of SJS/TEN cases occurred through programmed cell 
necrosis or necroptosis and that this process was initiated by 
annexin-1 binding to FPR1 expressed in keratinocytes [188].

Necroptosis is a form of programmed cell death that is 
activated by the “necrosome”, which consists of the kinases 
RIP1 and RIP3 and the pseudokinase MLKL. The activa-
tion of the necrosome induces phosphorylation of MLKL, 
which can then form aggregates that lead to the disruption 
of the cellular membrane and necrosis. Many proapoptotic 

stimuli or death ligands such as TNF-α or FasL may also 
induce necroptosis in conditions in which caspases are inac-
tivated [189]. Necroptosis is also favored under conditions 
of RIP3 overexpression. Saito et al. [188] found high levels 
of RIP3 expression in the epidermis of patients with SJS/
TEN. This finding was further confirmed [190] and phos-
phorylation of MLKL was detected in the affected epider-
mis, supporting the hypothesis of necroptosis as a cell death 
mechanism in SJS/TEN. Interestingly, it was recently dis-
covered that RIP3 levels are regulated by PELI1, a protein 
that catalyzes the degradation of RIP3. The expression of 
PELI1 was extremely low in SJS/TEN-affected tissue com-
pared with healthy skin biopsies [191], thus favoring necrop-
tosis through the maintenance of high RIP3 epidermal levels 
(Fig. 5). Further research is needed to confirm these results 
and to analyze how the expression of PELI1 is regulated in 
keratinocytes.

Fig. 5  Death receptors may 
induce necroptosis. Death 
receptor stimulation promotes 
the activation of caspase-8 by 
RIP1 via the adaptor pro-
tein FADD, and this leads to 
apoptosis. When caspases are 
inhibited, or in conditions where 
RIP3 is overexpressed, RIP1 
can associate with RIP3 and 
MLKL. Upon activation, RIP3 
phosphorylates MLKL, which 
promotes oligomerization and 
insertion into the plasma mem-
brane to execute necroptosis. 
PELI1 is a negative regulator of 
RIP3 levels. In SJS/TEN, low 
levels of PELI1 expression in 
keratinocytes lead to RIP3 over-
expression, allowing necropto-
sis. Activation of the receptor 
FPR1 upon binding to annexin 
A1 could also lead to keratino-
cyte death by necroptosis in 
SJS/TEN. SJS Stevens–Johnson 
syndrome, TEN toxic epidermal 
necrolysis
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5  Other Non‑Immune, Environmental 
and Genetic Factors Involved in SCARs

Some environmental factors, such as certain infectious 
agents, may cause or modulate the course of SCARs. As 
we have outlined, certain pathogens such as Mycoplasma 
pneumoniae, herpesviruses or enteroviruses may also induce 
mucocutaneous blistering diseases mediated by CTLs and 
NK cells. Reactivation of certain herpesviruses such as 
CMV may worsen the clinical course in DRESS [192] and 
HIV active infection is a risk factor for developing SCARs 
[193].

Drug metabolism and the patient’s underlying illnesses 
may also affect the clinical course of SCARs. In this sense, 
it has been shown that renal insufficiency or chronic kidney 
disease considerably impact the clearance of oxypurinol, 
leading to elevated plasma concentrations with subsequent 
worsening of the clinical course of allopurinol-induced 
SCARs [194]. Slow introduction of allopurinol may be ben-
eficial to induce tolerance in at-risk patients [151].

The cytochrome P450 (CYP) enzymes metabolize endog-
enous and exogenous chemicals and are highly involved in 
drug metabolism. A recently published genome-wide asso-
ciation study (GWAS), including individuals from Taiwan, 
Japan, and Malaysia with phenytoin-related SCARs, iden-
tified 16 single nucleotide polymorphisms (SNPs) in the 
CYP2C gene, encoding a hepatic enzyme responsible for 
metabolizing phenytoin. The variant identified (CYP2C9*3) 
was strongly associated with the development of SCARs 
and reduced phenytoin clearance leading to high circulating 
concentrations [195]. Reduced phenytoin clearance was also 
found in patients not carrying this allele, which suggests that 
additional factors, such as liver or renal function, may also 
affect the development of phenytoin-induced SCARs.

Along this line, a genetic association related to the 
reduced clearance of nevirapine has been reported among 
carriers of allelic variants of CYP2B6 G516T and T983C, 
who are at higher risk for developing nevirapine-induced 
SJS/TEN, whereas the wild-type genotype for both SNPs 
showed a protective effect [196]. The null phenotype for 
glutathione transferase GSTM1 also showed a weak asso-
ciation with SJS/TEN susceptibility in patients treated with 
nevirapine [197].

A novel bioinformatics analysis of GWAS results revealed 
that the ABC transporter pathway was significantly enriched 
in genetic variants associated with SJS/TEN. The same study 
also identified genetic variants of the proteasome [198]. 
The proteasome complex pathway was identified not only 
in genetic variants but also in genes that were differentially 
expressed in blister fluid cells as assessed in a previous 
study by another group [97]. Proteasome-mediated protein 

degradation is implicated in generating the peptide reper-
toire to be presented in HLA molecules and plays an impor-
tant role in T-cell proliferation, activation and apoptosis pro-
cesses. Genetic variants of proteins involved in this pathway 
could affect the development of SJS/TEN in some patients.

6  Conclusions

Current data position HLA-I genes as the main suscepti-
bility risk factors in SJS/TEN and DRESS and support a 
major role for CD8 + T cells as triggers of the disease in an 
HLA-I and drug-specific manner. In vitro development of 
drug-specific T-cell clones strongly supports this hypothesis. 
In this sense, and although traditionally type B ADR were 
claimed to be unpredictable and concentration-independent, 
at least for SCARs, the genetic associations allow for some 
predictability regarding at-risk patients, and studies on drug 
metabolism suggest that higher circulating levels may favor 
the development of hypersensitivity reactions.

NK cells, monocytes, macrophages, DCs, eosinophils and 
neutrophils might interact and cooperate with CTLs, Th1, 
Th17 and Tregs for the final phenotype. Several chemokines 
that may drive lymphocyte recruitment to the skin have been 
identified. Despite these advances, the ultimate reason for 
the diversity of clinical presentations and the pathogenic 
T-cell clones have yet to be identified, and little information 
is available regarding mechanisms of systemic inflamma-
tion affecting patients with DRESS, partly because of the 
complexity involved in analyzing tissue-specific immune 
responses in internal organs.

It is tempting to speculate that tissue-resident memory 
T-cell clones are triggered by certain drugs when the right 
allele is present and that phenotypic differences may reside 
in the available repertoire of cross-reactive T cells available 
and their respective specificities. Nevertheless, we must keep 
in mind that the final clinical presentation is likely the result 
of multiple events occurring in vivo and that several mecha-
nisms may be at work, including current or past pathogen 
infections and physical conditions or genetic factors, leading 
to a higher availability of the culprit drug for its interaction 
with immune receptors. Accurate diagnosis and phenotyping 
are crucial to achieve consistent and reliable data.

Unanswered questions, such as the relevance of drug-spe-
cific immune tolerance mechanisms versus immune igno-
rance, and new activities discovered for old players, such as 
the cleavage of extracellular matrix proteins by granzyme 
B [199], deserve more attention. New or old drugs able to 
target soluble mediators of inflammation and apoptotic or 
necroptotic pathways could be explored for the treatment 
of SJS/TEN.
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