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Abstract
The immunological mechanisms involved in drug hypersensitivity reactions (DHRs) 
are complex, and despite important advances, multiple aspects remain poorly under-
stood. These not fully known aspects are mainly related to the factors that drive to-
wards either a tolerant or a hypersensitivity response and specifically regarding the 
role of B and T cells. In this review, we focus on recent findings on this knowledge 
area within the last 2 years. We highlight new evidences of covalent and non- covalent 
interactions of drug antigen with proteins, as well as the very first characterization of 
naturally processed flucloxacillin- haptenated human leukocyte antigen (HLA) ligands. 
Moreover, we have analysed new insights into the identification of risk factors as-
sociated with the development of DHRs, such as the role of oxidative metabolism of 
drugs in the activation of the immune system and the discovery of new associations 
between DHRs and HLA variants. Finally, evidence of IgG- mediated anaphylaxis in 
humans and the involvement of specific subpopulations of effector cells associated 
with different clinical entities are also topics explored in this review. All these recent 
findings are relevant for the underlying pathology mechanisms and advance the field 
towards a more precise diagnosis, management and treatment approach for DHRs.

K E Y W O R D S
B cell, basic immunology, drug allergy, T cell

www.wileyonlinelibrary.com/journal/all
https://orcid.org/0000-0002-0255-4280
https://orcid.org/0000-0003-1524-9602
https://orcid.org/0000-0003-0625-2156
mailto:
https://orcid.org/0000-0001-8852-8077
https://orcid.org/0000-0001-5228-471X
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lina.mayorga@ibima.eu
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fall.15126&domain=pdf&date_stamp=2021-10-15


1130  |    FERNANDEZ- SANTAMARIA ET Al.

1  |  INTRODUC TION

Drug hypersensitivity reactions (DHRs) are the third most common 
cause of allergy. Their prevalence reaches 8% in the general popula-
tion1 and is increasing in both adults and children, according to studies 
in populations from Europe and the United States.2- 4 Their classifi-
cation is complex, controversial and challenging due to the hetero-
geneity regarding drugs involved, clinical symptoms and underlying 
mechanisms, which are not fully understood.5- 8 DHRs are classically 
classified according to clinical and mechanistic aspects, and more re-
cently based on drug interaction with the immune system. Clinically, 
DHRs are divided into immediate (<1– 6 h) and non- immediate reac-
tions (>1 h) depending on the time interval between drug exposure 
and onset of symptoms. Although this classification is useful in clin-
ical routine, some controversies exist mainly due to temporal over-
lap between immediate and non- immediate reaction periods.9 Based 
on the mechanism involved, DHRs can be allergic or non- allergic.10 
Allergic reactions are mediated by a specific immunological mecha-
nism and traditionally classified into type I- IV reactions,11 being types 
I (IgE- mediated, produced by B cells) and IV (T cell- mediated) the 
most frequently involved in immediate drug hypersensitivity reac-
tions (IDHRs) and in non- immediate drug hypersensitivity reactions 
(NIDHRs), respectively.9,12 Non- allergic or pseudo- allergic reactions 
include other IDHRs without a demonstrated immune mechanism.13 
Frequently, they are clinically indistinguishable from IgE- mediated 
ones, as they are produced after drug interaction with inflammatory 
cells such as mast cells, basophils and neutrophils. The mechanisms 
involved in non- allergic reactions are based on the over- inhibition of 
specific enzymes such as the cyclooxygenase- 1 (COX- 1) (pharma-
cological effect) in non- steroidal anti- inflammatory drugs (NSAIDs) 
reactions,14,15 or on the off- target occupation of receptors such as 
the Mas- related G- protein receptor (MRGPRX2) on mast cells16 by 
neuromuscular blocking agents (NMBAs),17,18 fluoroquinolones19 or 
clozapine.20 These mechanisms may be determined by how drugs 
interact with the immune system,13,14 which could explain differ-
ences in drug sensitization, uncommon clinical manifestations, dose- 
dependent, predictability and cross- reactivity.13,14 According to this, 
DHRs are developed through immune/allergic stimulation (hapten 
hypothesis), pharmacological interaction (p- i) with immune receptors 
(p- i concept) and non- immunologically mediated pathways (pseudo- 
allergy, described above). In this review, we focus on DHRs involving 
the stimulation of B cells and/or T cells.

2  |  DRUG INTER AC TION WITH THE 
IMMUNE SYSTEM

2.1  |  Hapten hypothesis

This hypothesis proposes that covalent binding of drugs or drug 
metabolites to endogenous proteins is required to elicit a DHR.21 
Some drugs reported to bind covalently to proteins are betalac-
tam (BL) antibiotics,22,23 carbamazepine (CBZ),24 sulfanilamides25 

or pyrazolones.26 Identifying the exact determinant recognized by 
the immune system is crucial to understand the mechanism involved 
and to improve diagnostic methods. A recent study27 identified an 
antigenic determinant of clavulanic acid that is responsible for IgE- 
mediated reactions and able to bind covalently to human serum 
albumin (HSA) and to activate allergic patients' basophils. Another 
interesting study has characterized for the first time naturally pro-
cessed flucloxacillin- haptenated human leukocyte antigen (HLA) li-
gands presented on the surface of antigen- presenting cells (APCs) 
that may drive drug- specific T cell responses.28 Although covalent 
drug- protein adducts are required to induce sensitization, non- 
covalent drug- protein adducts have been suggested to induce the 
effector response in previously sensitized patients.29

2.2  |  p- i concept

The p- i concept states that drugs or drug metabolites may bind di-
rectly, reversibly and non- covalently to immune receptors through 
different pathways involved in NIDHRs.13,30 Drugs can directly bind 
on T cell receptors (TCRs), promoting the activation of T cells without 
the need for peptide and HLA recognition.13 Despite the fact that the 
number of studies that address this topic is limited, those dealing with 
the potential of the sulphamethoxazole model are the most validated 
ones.31 A more recent study found to predominate and public αβTCR 
clonotype able to directly bind to CBZ and its analogues in NIDHRs.32

Other drugs can directly interact with the binding groove of HLA 
or with the peptide presented in the binding groove, which alters 
the conformation of peptide- HLA complexes and promotes the ex-
pansion and activation of T cells.33 Drugs such as CBZ34 and oxypu-
rinol35 are the most studied ones in this model. Moreover, a recent 
study detected atabecestat metabolite- responsive T cell clones ac-
tivated via non- covalent pharmacological binding interaction with 
HLA, with no requirement for protein processing.36 Moreover, di-
rect interaction of drug with HLA can alter the regular repertoire of 
peptides presented by HLA and lead to T cell proliferation.37,38 This 
has been confirmed for abacavir, which binds to HLA- B*57:01 and 
triggers the hypersensitivity reaction.37 More recently, the metabo-
lite CBZ- 10,11- epoxide, but not CBZ, has been shown to induce the 
alteration of peptides presented by HLA- B *15:02.39

Despite these advances and new findings, more studies are 
needed to fully understand how pathways of drug interaction with 
the immune system could influence the elicitation of different clin-
ical entities, cross- reactivity, dose- dependence, desensitization re-
sponses, and prediction of DHRs.

3  |  IMMUNOLOGIC AL MECHANISMS IN 
DHRs

The development of both B cell and T cell responses includes a pre-
vious phase of sensitization without clinical symptoms and a later 
phase of effector response.
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3.1  |  Sensitization phase

During first exposure, drugs or drug metabolites are presented by 
APCs through class I or II HLA to TCRs from naïve T cells, which 
are primed, activated and clonally expanded (Figure 1). In IDHRs, 
naïve T cells differentiate into T helper (Th) cells with Th2 cytokine 
pattern (interleukin (IL)- 4, IL- 5, IL- 9 and IL- 13). Then, close contact 
occurs between activated B cells after antigen encounter through 
B cell receptor (BCR) and activated Th2 cells. This contact via 
CD40- CD40 ligand causes a cognate activation of B cells that, to-
gether with IL- 4, induces B cell proliferation, B cell differentiation 
into antibody- secreting cells, IgE isotype class- switching and re-
lease of drug- specific IgE (sIgE) to the bloodstream. These drug- sIgE 
binds to high- affinity IgE receptors (FcεRI) on basophils and mast 
cells, leading to IgE sensitization.40 Beyond IgE- mediated mast cell 
and basophil sensitization, evidence supports the influence of other 
mechanisms. In this sense, different studies have shown human 
mast cell and human neutrophil activation mediated by IgG bound 
on FcγR,41,42 which would require a previous IgG sensitization.

In NIDHRs, drug presentation promotes the expansion of Th 
cells with Th1 cytokine pattern (mostly interferon (IFN)- γ, tumour 
necrosis factor (TNF)- α, and IL- 2). Nevertheless, it has been proven 

that different Th cells are involved, depending on the clinical en-
tity, such as Th2 cells in maculopapular exanthema (MPE)43 and 
drug rash with eosinophilia and systemic symptoms (DRESS)44,45 or 
Th17 in acute generalized exanthematous pustulosis (AGEP).45 The 
immune system requires at least 7 days in order to prime a new T 
cell- mediated reaction (usually 2– 8 weeks).46 During the effector re-
sponse, the time will depend on the clinical entity, with symptoms in 
MPE taking between 7 and 12 days to appear, and a longer period of 
time in severe allergic reactions such as Stevens- Johnson syndrome 
(SJS), toxic epidermal necrolysis (TEN) or DRESS. These differences 
could be explained by the drug interaction with the immune system, 
hapten hypothesis or p- i concept.13,14,47

3.2  |  Risk factors for hypersensitivity vs. tolerance

Although studies aimed to identify risk factors associated with DHRs 
have provided relevant information, there is still a lack of knowledge 
about the factors involved in the critical sensitization phase that 
leads to a hypersensitivity or tolerance response and that drives to-
wards IDHR or NIDHR48 (Figure 1). These factors could be related to 
the generated drug- protein adducts, the drug presentation through 

F I G U R E  1  Scheme representing the different key points and unsolved questions in the development of drug hypersensitivity reactions 
(DHRs). Several factors must affect the first interaction of the drug with dendritic cells and its presentation to T cells. There are unsolved 
questions regarding the factors that first drive towards tolerant or allergic responses and secondly, within the latter, towards immediate 
(IDHR) or non- immediate (NIDHR) drug hypersensitivity reactions. Once the ‘decision’ of an IDHR is taken, the second unmet key point is 
the development of a Th2 response that induces the production of IgE, which binds to effector cells, or the development of a Th1 response. 
Moreover, unknown factors can lead to the production of IgG, which can bind to neutrophils surface and induce a reaction alone or in 
synergy with an IgE response. On the contrary, once the ‘decision’ of a NIDHR is taken, undetermined factors lead to the development of a 
particular clinical manifestation with specific immunological characteristics



1132  |    FERNANDEZ- SANTAMARIA ET Al.

specific HLA molecules, the induction of specific T cells, the IgE iso-
type class- switching, the role of T- regulatory (Treg) and B- regulatory 
(Breg) cells, or the existence of some inhibitory check point recep-
tors.47,49 Independently of the mechanism involved, there is clear 
evidence that the immune system can efficiently recognize drugs, 
a process that is followed by a tolerance response in most cases.50 
Regarding this, T CD4+ and T CD8+ cells from healthy donors can 
efficiently recognize benzylpenicillin (BP)- HSA adducts51 and BP,52 
respectively. Similarly, amoxicillin (AX)-  and clavulanic acid- specific 
T cells clones have been generated, and identical drug- protein ad-
ducts have been detected from both allergic and tolerant subjects.53

Moreover, the redox status, a concomitant factor in numerous 
pathological situations that requires drug administration, can affect 
drug protein- adduct formation. In this regard, the drug oxidative 
metabolism could result in chemical modification of endogenous 
macromolecules, which may activate the immune system.54 Besides, 
oxidative stress could affect the formation of large amounts of AX- 
protein adducts involved in AX adverse reactions.55

Although the key cellular and molecular requirements for a B 
cell to undergo IgE class- switching are known, the reason why some 
patients develop a Th2 pattern response that induces IgE class- 
switching, and others do not, remains unclear. Recently, a rare pop-
ulation of IL- 13- producing follicular T helper (Tfh) cells that are also 
the major producers of IL- 4, referred to as Tfh13 cells, have been 
reported. These cells seem to be required for producing high- affinity 
IgE by B cells.56 Moreover, an additional study in house- dust- mite 
allergy has shown that follicular regulatory T (Tfr) cells control 
Tfh13 cell- induced IgE. The loss of Tfr cells, in addition to causing 
an increase in sIgE, impairs sIgE affinity.57 Interestingly, Tfr cells and 
IL- 10 have been recently shown to contribute to the generation of 
IgE58; therefore, the role of Tfr cells seems somewhat controversial. 
Moreover, these findings have not been demonstrated in DHRs yet. 
Many efforts have been made for years to understand and establish- 
specific associations between HLA alleles and DHRs.43 Despite the 
fact that a wide variety of studies have reported strong associ-
ations between HLA alleles and DHRs, most patients do not have 
a strong genetic predisposition, which suggests that other factors 
should be considered. Moreover, contradictory data exist mainly 
due to the low number of samples in each study, and specific allele 
frequencies differences between ethnic groups, as recently summa-
rized.59 Moreover, new studies in European populations have found 
associations between HLA- B*15:02 and HLA- A*31:01 with severe 
and mild- moderate DHRs to CBZ respectively,60 HLA- A*32:01 and 
DRESS induced by vancomycin.61 Other studies have suggested an 
association between HLA- B*13:01 and dapsone and dapsone me-
tabolites hypersensitivity,62 as well as between HLA- B*58:01 and 
DHRs to allopurinol in Asian populations, but not in others such as 
Europeans or Africans.63,64

On the other hand, a recent high- density genome- wide genotyp-
ing study has shown GNAI2 as a significant predictor of NSAIDs-  in-
duced hypersensitivity in a Spanish population. This association may 
reflect its influence on the recruitment of immune cells involved in 
the pathological mechanisms of NSAID hypersensitivity.65

3.3  |  Effector phase

3.3.1  |  Role of B cells in drug allergic reactions

The current knowledge about the involvement of B cells in the ef-
fector phase of IDHR is limited to the production of specific anti-
bodies. The mechanisms involved in the production of IgE by B 
cells are still not well known, and most of the knowledge comes 
from studies in animal models. In general, professional APCs, such 
as follicular B cells in lymphoid follicles bearing compatible B cell 
receptor (BCR), activate after having internalized and processed 
the drug. After activation, they can migrate to the T cell zone and, 
through the necessary costimulatory signals, induce naïve Th cell 
differentiation towards a Th2 phenotype. The contact of these 
activated Th2 cells bearing appropriate TCRs with activated drug- 
presenting B cells induces subsequent activation of transcription 
factors, B cell proliferation, somatic mutation, and production of 
drug- specific antibodies.66 In IgE- mediated reactions, as described 
above, a large proportion of drug- sIgE binds reversibly on FcεRI on 
mast cells and basophils during sensitization.67 While IgE is revers-
ibly bound to FcɛRI, the KD is low and, IgE can remain bound to this 
receptor for extended periods of time in the absence of circulating 
IgE.68,69 During re- exposure, drug- carrier adducts interact with at 
least two adjacent cell- surface bound sIgE (cross- linking) and lead to 
the activation and degranulation of mast cells and basophils, with in-
flammatory mediator release70 leading to urticaria or anaphylaxis.66 
Recent human studies have found evidence that mature B cells that 
produce allergen- specific IgG (sIgG) would be the previous step to 
allergen- sIgE B cells.71,72 In spite of the extreme rarity of IgE memory 
B cells,73 non- secreting IgE memory B cells have been found in the 
blood of allergic subjects,74 as well as non- circulating IgE- secreting 
plasma cells in their bone marrow.75

On the other hand, evidence of IgG- mediated activation has 
been demonstrated in different studies as an alternative pathway 
to the classical IgE- mediated one. IgG- mediated reactions are char-
acterized by the formation of drug- sIgG complexes that, depend-
ing on their nature, involve different effector cells (macrophages/
monocytes, basophils, mast cells, and neutrophils)76 able to activate 
endothelial cells and to induce Fcγ receptor (FcγR)- dependent com-
plement activation.66 The existence of IgG- mediated anaphylaxis 
has been demonstrated in mouse models, where drug- sIgG bound 
to FcγRIII stimulate the release of platelet- activating factor (PAF) by 
basophils, macrophages, or neutrophils.77- 79 Interestingly, mice stud-
ies suggest dose- dependence of IgG- mediated anaphylaxis, unlike 
IgE- mediated anaphylaxis.77 However, evidence of IgG- mediated 
anaphylaxis in drug allergy in humans are scarce. Some studies could 
demonstrate the presence of IgG anti- IgA in patients with immu-
nodeficiency that developed anaphylaxis after immunoglobulin infu-
sion.80 Biological agents have been shown to induce anaphylaxis in 
the absence of sIgE but with high levels of sIgG in patients infused 
with relatively high doses of the culprit.81 Finally, a relevant study42 
found a correlation between levels of anti- NMBA IgG, IgG receptors 
on neutrophils, and neutrophil activation with anaphylaxis severity. 
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These findings suggest the existence of an IgG- neutrophil pathway 
in human NMBA- induced anaphylaxis, which may aggravate anaphy-
laxis in combination with the IgE pathway or underlie anaphylaxis in 
the absence of sIgE.

3.3.2  |  Role of T cells in drug allergic reactions

As part of the adaptive immune system, T cells play a crucial role 
in the elicitation of DHRs, with important differences depending 
on the type of reaction. Although T cells are not the main effec-
tor cells in IDHRs, their activation can modulate basophil, mast cell 
and B cell responses by releasing different cytokines and mediators. 
Regarding NIDHRs, T cells are the common effector cells involved in 
all these reactions despite the heterogeneous clinical entities, from 
mild- moderate reactions as MPE and fixed drug reactions (FDR) to 
the most severe ones as AGEP, DRESS, or SJS/TEN.12,43,82 The com-
mon immunopathogenic mechanism for NIDHRs consists in the ac-
tivation of CD4+ drug- specific cytokine- secreting T cells and CD8+ 
cytotoxic T cells (CTLs).47 Moreover, skin is the most commonly af-
fected organ, although liver, pancreas, lungs, or kidney can be also 
involved.83

Following drug exposure in sensitized patients, naïve T cells, be-
sides drug- specific CD4+ and CD8+ T cells, are activated and, de-
pending on their homing receptors, infiltrate the skin. In this regard, 
different studies have reported that activated T cells highly express 
the cutaneous lymphocyte antigen (CLA), related to the skin- homing 
process by behaving as ligand for E- selectin.84 Moreover, infiltrating 
T cells also express a high amount of skin- homing markers such as 
CCR10, CCR6, and CXCR3.43 After migrating to the skin, they re-
lease several mediators such as granulocyte- macrophage colony- 
stimulating factor (GM- CSF), chemokines and cytokines, mainly 
IL- 12, IFN- γ and TNF- α, but also IL- 4, IL- 5, IL- 8 or IL- 17; this promotes 
the recruitment of other cell populations, which include T cells, den-
dritic cells, macrophages, eosinophils or neutrophils, responsible for 
the skin inflammation.43,45

Allergic patients can respond several years after the initial hy-
persensitivity reaction and under drug avoidance, suggesting that 
drug- specific memory T cells persist for a long time.85 Recent inter-
esting findings on the nature of tissue- resident memory T (TRM) cells 
reveal that, during the resolution phase in the skin, the majority of 
CD4+ and CD8+ T cells express CD69, which is responsible for retain-
ing them into the tissue.86 Interestingly, TRM cells can downregulate 
CD69 and exit the skin, promoting the spread of TRM cells, mainly 
of CD4+ T cells, which is consistent with the more prolonged tissue 
residency of CD8+ T cells.84

There is clear evidence that drug- specific CTLs are important 
effector cells in NIDRHs,87 although with differences in the role of 
specific T cell subpopulations in each clinical entity. Regarding this, 
it has been proposed that CD8+ T cells mediate bullous diseases as 
SJS- TEN or AGEP, whereas CD4+ T cells are more related to skin 
inflammatory non- bullous diseases as MPE,43 although controversy 
exists.50 A recent article has shown a common contribution of T 

CD4+, T CD8+ and natural killer (NK) cells in all NIDHRs; however, 
specific cell subpopulations have been reported to be involved in 
different clinical entities.44

3.3.3  |  Role of T cells in specific clinical entities

SJS/TEN
Drug- specific T CD8+ and NK cells mediate keratinocyte apoptosis 
through the release of different cytotoxic molecules, such as perforin 
and granulysin and the expression of FAS ligand (FasL).43,44,88 The 
release of cytokines such as IFN- γ and IL- 15, related to the prolifera-
tion of NK cells, has been also associated with the severity of SJS/
TEN.89 The most frequent drugs involved in SJS/TEN are sulphona-
mides, anticonvulsants and allopurinol.44,88,90

DRESS
Clinical entity characterized by high levels of eotaxin and IL- 5 in skin 
lesions (responsible for the recruitment of eosinophils), and by skin 
infiltration of CD4+ and CD8+ T cells.90 A recently published work 
showed that if there is an exposure to antibiotics during the active 
phase of DRESS, it can trigger a sensitization to the administered 
drug; which is explained by the massive activation of reactive im-
mune cells.91 A later manuscript has shown that other drugs such 
as radiocontrast media, proton pumps inhibitors or analgesics could 
be also involved in DRESS relapses.46 These relapses may be associ-
ated with unknown mechanisms, and, in most cases, patients toler-
ate the drug after the complete recovery. On the contrary, relapses 
with proven sensitization to secondary drugs may trigger a multiple 
drug hypersensitivity syndrome and therefore, culprit drugs cannot 
be readministered.92

AGEP
It is characterized by the activation and migration of a high num-
ber of CD8+ and CD4+ T cells to the skin, mainly with a Th1/Th17 
cytokine pattern and high expression of HLA- DR. T cell activation 
promotes CXCL8, CCL27, and CCR6 secretion by keratinocytes, 
molecules involved in neutrophil recruitment.43,88,90,93 Moreover, it 
has been reported that CD4+Th1/Th2 and inflammatory/cytotoxic 
NK cells,44 as well as a high expression of FasL and release of per-
forin and granzyme B by drug- specific CTLs, provoke keratinocyte 
apoptosis.94

MPE
It is characterized by the infiltration of CD4+ T cells in the dermis, 
and of CD4+ and CD8+ T cells, with high expression of perforin and 
granzyme B, at the dermo- epidermal junction zone adjacent to basal 
keratinocytes.43,87 New insights into cytokine detection, enzyme- 
linked immunospot and T cell clone phenotyping have revealed a 
more complex immunoprofile than previously thought, which is 
composed of a high amount of Th2 cytokines, a lesser extent of Th1 
cytokines, and different regulators of eosinophil maturation and 
recruitment molecules.43,50 Moreover, a recently published study 
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has shown a higher contribution of CD4+Th2 T cells and IFN- γ+ NK 
cells.44

3.4  |  Role of Treg and Breg cells

Past and recent studies have demonstrated that different cell sub-
sets of Treg cells play an important role in the immune regulation 
to tolerate antigens.8 These cells, which constitute 5– 10% of total 
peripheral CD4+ T cells, have the ability to regulate the response of 
effector cells, mainly, CD4+ but also CD8+ T cells and B cells, which 
limits the allergic inflammation.95 It has been proposed that aller-
gic reactions can be suppressed by different mechanisms through 
Treg cells, such as the release of inhibitory cytokines (IL- 10, TGF- β, 
IL- 35) or the induction of apoptosis and cytolysis (galectin- 9 (Gal- 
9), granzymes A and B). These mechanisms induce metabolic dis-
ruption (CD25, cAMP, adenosine receptor 2, histamine receptor 2, 
CD39 and CD73) and expression of suppressive bound- membrane 
molecules (CTLA- 4, PD- 1).96,97 Related to this, patients with human 
immunodeficiency virus (HIV) infection, who are characterized by 
the loss of CD4+ T cells and expansion of CD8+ T cells, present a 
higher risk of suffering DHRs.47 This fact could be explained by the 
loss of Treg cells.98

Despite the few number of studies addressing the role of Treg 
cells in DHRs, it has been suggested that the inadequate function 
of Treg cells could impair their regulatory role in controlling se-
vere diseases such as SJS/TEN or DRESS. Moreover, a significant 
reduction in IL- 10 producing Treg cells was found in skin lesions 
during acute and recovery phases of MPE, compared with tolerant 

subjects.97 Nevertheless, other molecules and mechanisms could 
be also involved in the control of number and function of effector 
cells. The interaction between Gal- 9, secreted (among others) by 
Treg cells, and the T cell Ig-  and mucin domain- containing molecule 
(Tim- 3) on the surface of Th1 and Th17 cells induce the apoptosis of 
these effector cells. Based on this, a recent study has shown a lower 
number of Gal- 9- producing Treg cells during the resolution phase 
of MPE, compared with tolerant subjects.97 Altogether, these data 
suggest the importance of Treg cells for controlling MPE,88 although 
more studies are needed in order to understand better the role of 
Treg cells in allergic diseases (Figure 2).

Breg cells are immunosuppressive B cells that have been de-
scribed in both mice and humans and which have been receiving 
increasing attention during the last two decades.99 Certain subpop-
ulations of plasma cells have been recently included under the um-
brella of Breg cells.100,101 Three main cytokines produced by Breg 
cells have been reported to contribute significantly to suppressive 
properties: IL- 10, transforming growth factor (TGF)- β, and IL- 35.102 
IL- 10 not only displays a very potent immunosuppressive capacity 
but also regulates positively B cell survival and class- switch recom-
bination, as well as plasma cell differentiation.103,104 Importantly, 
Breg cells promote the generation of functional Treg cells and sup-
press effector T cell activation. B cells switching to IL- 10- producing 
B cells was demonstrated in humans in high- dose allergen exposure 
models and allergen immunotherapy.104 Moreover, Breg cells also 
express surface- bound molecules that enable cellular interactions of 
immunosuppressive nature (eg PD- 1, FASL, CD73, CD9, CD1d).105 
However, until now, no studies have demonstrated the role of Breg 
cells in DHRs (Figure 2).

4  |  CONCLUSIONS

The recent findings highlight the importance of improving our 
knowledge about drug interaction with immune system, with new 
evidences of antigenic determinants covalently bound on proteins 
including HLA ligands. Moreover, non- covalent interaction can be 
important in the immunological activation, as additional factors as 
oxidative metabolism of drugs have a crucial role in adduct induc-
tion. At the effector response, it has been reported new insights 
about the B and T cell subpopulations in the elicitation of the re-
sponse in DHR, including the consequences of the inadequate func-
tion of Treg cells that impair the control of effector cells.

Despite these important advances, there are still multiple immu-
nological aspects that remain poorly understood about the induction 
of either hypersensitivity or tolerance responses, and specifically 
about the role of B and T cells in these responses. In order to under-
stand the underlying pathology mechanisms of DHRs, it is required 
to further advance the knowledge of the interaction of drugs with 
the immune system, the effector cells involved in different clinical 
entities and the identification of relevant risk factors. This would be 
essential to achieve in future a more precise diagnosis, management 
and treatment of DHRs.

F I G U R E  2  Role of T regulatory (Treg) and B regulatory (Breg) 
cells in drug hypersensitivity reactions (DHRs). Treg cells can 
modulate the allergic response by different ways: through the 
release of IL- 10 and Gal- 9 inhibiting the proliferation of CD4+ and 
CD8+ T cells and also of B cells. On the contrary, Breg cells have 
the ability to inhibit CD4+ and CD8+ proliferation through the 
production of IL- 10, IL- 35 and TGFβ. Moreover, they can induce the 
differentiation of Treg cells and regulate the B cell survival, class 
switch recombination and plasma cell differentiation
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Major milestones discoveries:

• New DHR classification based on the interaction between drugs 
and the immune system.

• New evidence of antigenic determinants covalently bound on 
proteins and the very first characterization of naturally processed 
flucloxacillin- haptenated HLA ligands.

• New evidence of non- covalent interaction of drugs with immune 
system involved in immunological activation: non- covalent phar-
macological interaction of atabecestat metabolites with HLA and 
capacity of CBZ metabolites to induce alteration of peptides pre-
sented by HLA.

• New insights into the oxidative metabolism of drugs which can 
be an important factor in the activation of the immune system in 
DHRs.

• New associations between DHRs and HLA variants in European 
populations (HLA- B*15:02 and severe DHRs to CBZ; HLA- 
A*31:01 and mild- moderate DHRs to CBZ; HLA- A*32:01 and 
vancomycin DRESS), and in Asian populations (HLA- B*13:01 and 
DRHs to dapsone; HLA- B*58:01 and DHRs to allopurinol).

• Evidences of the existence of IgG- mediated anaphylaxis (IgG- 
neutrophil pathway) in humans.

• Involvement of different cell subpopulations in the elicitation of 
the effector phase in NIDHR, depending on the clinical entity.

• The inadequate function of Treg cells impairs the control of effec-
tor cells in NIDHRs by different mechanisms.

Future research perspectives:

• To identify the antigenic determinants (drug or drug metabolite) 
that are immunologically recognized and their mechanism of in-
teraction with the immune system.

• To understand better the direct interaction between different 
drugs or drug metabolites with TCRs and HLAs.

• To get a deeper insight into the specific factors involved in drug 
sensitization, which can trigger a tolerance or a hypersensitivity 
response, as well as to determine the type of DHR elicited.

• To increase the current limited knowledge about the role of B 
cells, and especially Breg cells, in DHRs.

• To confirm genetic associations recently established between 
DHRs and HLA variants.

ACKNOWLEDG EMENTS
We thank Claudia Corazza for her invaluable English language support. 
This work has been supported by Institute of Health ‘Carlos III’ (ISCIII) 
of the Ministry of Economy and Competitiveness (MINECO) (grants 
co- funded by European Regional Development Fund: PI15/01206, 
PI17/01237, PI18/00095, RETICS ARADYAL RD16/0006/0001). 
Andalusian Regional Ministry of Health (grants PI- 0241- 2016, PE- 
0172- 2018, PI- 0127- 2020). AA holds a Senior Postdoctoral Contract 
(RH- 0099- 2020) from Andalusian Regional Ministry of Health (co-
funded by European Social Fund (ESF): ‘Andalucía se mueve con 
Europa’). ML holds a ‘Rio Hortega’ contract (CM20/00210) by ISCIII of 

MINECO (cofunded by ESF). CM holds a ‘Nicolas Monardes’ research 
contract by Andalusian Regional Ministry Health (RC- 0004- 2021).

CONFLIC T OF INTERE S T
The authors declare that they have no conflict of interest.

ORCID
Ruben Fernandez- Santamaria  https://orcid.
org/0000-0002-0255-4280 
Adriana Ariza  https://orcid.org/0000-0003-1524-9602 
Tahia D. Fernandez  https://orcid.org/0000-0003-0625-2156 
Cristobalina Mayorga  https://orcid.org/0000-0001-8852-8077 
María J. Torres  https://orcid.org/0000-0001-5228-471X 

R E FE R E N C E S
 1. Gomes E, Cardoso MF, Praca F, Gomes L, Marino E, Demoly P. Self- 

reported drug allergy in a general adult Portuguese population. 
Clin Exp Allergy. 2004;34(10):1597- 1601.

 2. Ojeda P, Ibanez MD, Olaguibel JM, Sastre J, Chivato T. Alergologica 
2015: a national survey on allergic diseases in the Spanish pediat-
ric population. J Investig Allergol Clin Immunol. 2018;28(5):321- 329.

 3. Wong A, Seger DL, Lai KH, Goss FR, Blumenthal KG, Zhou L. 
Drug hypersensitivity reactions documented in electronic health 
records within a large health system. J Allergy Clin Immunol Pract. 
2019;7(4):1253- 1260 e1253.

 4. Mayorga C, Fernandez TD, Montanez MI, Moreno E, Torres MJ. 
Recent developments and highlights in drug hypersensitivity. 
Allergy. 2019;74(12):2368- 2381.

 5. Romano A, Atanaskovic- Markovic M, Barbaud A, et al. Towards 
a more precise diagnosis of hypersensitivity to beta- lactams -  an 
EAACI position paper. Allergy. 2020;75(6):1300- 1315.

 6. Torres MJ. The complexity of drug hypersensitivity reactions. 
Allergy. 2021;76(4):985- 987.

 7. Caubet JC. Management of children with a suspicion of immediate 
drug hypersensitivity. Allergy. 2021;76(3):940- 941.

 8. Breiteneder H, Diamant Z, Eiwegger T, et al. Future research 
trends in understanding the mechanisms underlying allergic dis-
eases for improved patient care. Allergy. 2019;74(12):2293- 2311.

 9. Demoly P, Adkinson NF, Brockow K, et al. International consensus 
on drug allergy. Allergy. 2014;69(4):420- 437.

 10. Johansson S, Bieber T, Dahl R, et al. Revised nomenclature 
for allergy for global use: Report of the Nomenclature Review 
Committee of the World Allergy Organization, October 2003. J 
Allergy Clin Immunol. 2004;113(5):832- 836.

 11. Gell PGH, Coombs RRA. Clinical Aspects in Immunology. Blackwell 
Scientific Publications; 1968.

 12. Brockow K, Ardern- Jones MR, Mockenhaupt M, et al. EAACI po-
sition paper on how to classify cutaneous manifestations of drug 
hypersensitivity. Allergy. 2019;74(1):14- 27.

 13. Pichler WJ. Immune pathomechanism and classification of drug 
hypersensitivity. Allergy. 2019. Aug;74(8):1457- 1471.

 14. Kowalski ML, Asero R, Bavbek S, et al. Classification and prac-
tical approach to the diagnosis and management of hyper-
sensitivity to nonsteroidal anti- inflammatory drugs. Allergy. 
2013;68(10):1219- 1232.

 15. Doña I, Pérez- Sánchez N, Eguiluz- Gracia I, et al. Progress in un-
derstanding hypersensitivity reactions to nonsteroidal anti- 
inflammatory drugs. Allergy. 2020;75(3):561- 575.

 16. Wedi B, Gehring M, Kapp A. The pseudoallergen receptor 
MRGPRX2 on peripheral blood basophils and eosinophils: expres-
sion and function. Allergy. 2020;75(9):2229- 2242.

https://orcid.org/0000-0002-0255-4280
https://orcid.org/0000-0002-0255-4280
https://orcid.org/0000-0002-0255-4280
https://orcid.org/0000-0003-1524-9602
https://orcid.org/0000-0003-1524-9602
https://orcid.org/0000-0003-0625-2156
https://orcid.org/0000-0003-0625-2156
https://orcid.org/0000-0001-8852-8077
https://orcid.org/0000-0001-8852-8077
https://orcid.org/0000-0001-5228-471X
https://orcid.org/0000-0001-5228-471X


1136  |    FERNANDEZ- SANTAMARIA ET Al.

 17. Chompunud Na Ayudhya C, Amponnawarat A, Roy S, Oskeritzian 
CA, Ali H. MRGPRX2 activation by Rocuronium: insights from 
studies with human skin mast cells and missense variants. Cells. 
2021;10(1):156.

 18. Fernandopulle NA, Zhang SS, Soeding PF, Mackay GA. MRGPRX2 
activation in mast cells by neuromuscular blocking agents and 
other agonists: modulation by sugammadex. Clin Exp Allergy. 
2021;51(5):685- 695.

 19. Liu R, Hu S, Zhang Y, et al. Mast cell- mediated hypersensitivity to 
fluoroquinolone is MRGPRX2 dependent. Int Immunopharmacol. 
2019;70:417- 427.

 20. Wei DI, Hu T, Hou Y- J, et al. MRGPRX2 is critical for clozapine in-
duced pseudo- allergic reactions. Immunopharmacol Immunotoxicol. 
2021;43(1):77- 84.

 21. Landsteiner K, Jacobs J. Studies on the sensitization of animals 
with simple chemical compounds. J Exp Med. 1935;61(5):643- 656.

 22. Ariza A, Collado D, Vida Y, et al. Study of protein haptenation by 
amoxicillin through the use of a biotinylated antibiotic. PLoS One. 
2014;9(3):e90891.

 23. Meng X, Earnshaw CJ, Tailor A, et al. Amoxicillin and clavulanate 
form chemically and immunologically distinct multiple haptenic 
structures in patients. Chem Res Toxicol. 2016;29(10):1762- 1772.

 24. Yip VLM, Meng X, Maggs JL, et al. Mass spectrometric character-
ization of circulating covalent protein adducts derived from ep-
oxide metabolites of carbamazepine in patients. Chem Res Toxicol. 
2017;30(7):1419- 1435.

 25. Ogese MO, Jenkins RE, Maggs JL, et al. Characterization of perox-
idases expressed in human antigen presenting cells and analysis of 
the covalent binding of nitroso sulfamethoxazole to myeloperoxi-
dase. Chem Res Toxicol. 2015;28(1):144- 154.

 26. Ariza A, García- Martín E, Salas M, et al. Pyrazolones metabolites 
are relevant for identifying selective anaphylaxis to metamizole. 
Sci Rep. 2016;6:23845.

 27. Barbero N, Fernández- Santamaría R, Mayorga C, et al. Identification 
of an antigenic determinant of clavulanic acid responsible for IgE- 
mediated reactions. Allergy. 2019;74(8):1490- 1501.

 28. Waddington JC, Meng X, Illing PT, et al. Identification of flucloxacillin- 
haptenated HLA- B*57:01 ligands: evidence of antigen processing 
and presentation. Toxicol Sci. 2020;177(2):454- 465.

 29. Pichler WJ. Anaphylaxis to drugs: Overcoming mast cell unrespon-
siveness by fake antigens. Allergy. 2021. May;76(5):1340- 1349.

 30. Pichler WJ. The important role of non- covalent drug- protein interac-
tions in drug hypersensitivity reactions. Allergy. 2022;77(2):404- 415.

 31. Watkins S, Pichler WJ. Sulfamethoxazole induces a switch mecha-
nism in T cell receptors containing TCRVbeta20- 1, altering pHLA 
recognition. PLoS One. 2013;8(10):e76211.

 32. Pan R- Y, Chu M- T, Wang C- W, et al. Identification of drug- specific 
public TCR driving severe cutaneous adverse reactions. Nat 
Commun. 2019;10(1):3569.

 33. Pichler WJ, Hausmann O. Classification of drug hypersensitiv-
ity into allergic, p- i, and pseudo- allergic forms. Int Arch Allergy 
Immunol. 2016;171(3– 4):166- 179.

 34. Simper GS, Gräser LS, Celik AA, et al. The mechanistic differences 
in HLA- associated carbamazepine hypersensitivity. Pharmaceutics. 
2019;11(10):536.

 35. Yun J, Marcaida MJ, Eriksson KK, et al. Oxypurinol directly and 
immediately activates the drug- specific T cells via the preferential 
use of HLA- B*58:01. J Immunol. 2014;192(7):2984- 2993.

 36. Thomson PJ, Kafu L, Meng X, et al. Drug- specific T- cell responses 
in patients with liver injury following treatment with the BACE in-
hibitor atabecestat. Allergy. 2021;76(6):1825- 1835.

 37. Illing PT, Vivian JP, Dudek NL, et al. Immune self- reactivity 
triggered by drug- modified HLA- peptide repertoire. Nature. 
2012;486(7404):554- 558.

 38. Ostrov DA, Grant BJ, Pompeu YA, et al. Drug hypersensitivity 
caused by alteration of the MHC- presented self- peptide reper-
toire. Proc Natl Acad Sci U S A. 2012;109(25):9959- 9964.

 39. Simper GS, Ho GT, Celik AA, et al. Carbamazepine- mediated ad-
verse drug reactions: CBZ- 10,11- epoxide but not carbamazepine 
induces the alteration of peptides presented by HLA- B *15:02. J 
Immunol Res. 2018;2018:5086503.

 40. Hoffmann HJ, Santos AF, Mayorga C, Nopp A, Eberlein B, Ferrer 
M, Rouzaire P, Ebo DG, Sabato V, Sanz ML, Pecaric- Petkovic T, 
Patil SU, Hausmann OV, Shreffler WG, Korosec P, Knol EF. The 
clinical utility of basophil activation testing in diagnosis and moni-
toring of allergic disease. Allergy. 2015;70(11):1393- 1405.

 41. Tkaczyk C, Okayama Y, Metcalfe DD, Gilfillan AM. Fcgamma re-
ceptors on mast cells: activatory and inhibitory regulation of medi-
ator release. Int Arch Allergy Immunol. 2004;133(3):305- 315.

 42. Jönsson F, de Chaisemartin L, Granger V, et al. An IgG- induced 
neutrophil activation pathway contributes to human drug- induced 
anaphylaxis. Sci Transl Med. 2019;11(500):eaat1479.

 43. Goh SJR, Tuomisto JEE, Purcell AW, Mifsud NA, Illing PT. The 
complexity of T cell- mediated penicillin hypersensitivity reactions. 
Allergy. 2021;76(1):150- 167.

 44. Fernandez- Santamaria R, Bogas G, Palomares F, et al. Dendritic 
cells inclusion and cell- subset assessment improve flow- 
cytometry- based proliferation test in non- immediate drug hyper-
sensitivity reactions. Allergy. 2021;76(7):2123- 2134.

 45. Bellon T. Mechanisms of severe cutaneous adverse reactions: re-
cent advances. Drug Saf. 2019;42(8):973- 992.

 46. Jorg L, Helbling A, Yerly D, Pichler WJ. Drug- related relapses in 
drug reaction with eosinophilia and systemic symptoms (DRESS). 
Clin Transl Allergy. 2020;10(1):52.

 47. Vocanson M, Naisbitt DJ, Nicolas JF. Current perspective of the etio-
pathogenesis of delayed- type, and T- cell- mediated drug- related 
skin diseases. J Allergy Clin Immunol. 2020;145(4):1142- 1144.

 48. Naisbitt DJ, Olsson- Brown A, Gibson A, et al. Immune dysregula-
tion increases the incidence of delayed- type drug hypersensitivity 
reactions. Allergy. 2020;75(4):781- 797.

 49. Pierau M, Lingel H, Vogel K, Arra A, Brunner- Weinzierl MC. 
CTLA- 4- competent conventional T cells back up regulatory T 
cells to restrain memory T- helper type 2 cell responses. Allergy. 
2020;75(3):684- 687.

 50. Rozieres A, Vocanson M, Rodet K, et al. CD8+ T cells mediate skin al-
lergy to amoxicillin in a mouse model. Allergy. 2010;65(8):996- 1003.

 51. Azoury ME, Filì L, Bechara R, et al. Identification of T- cell epitopes 
from benzylpenicillin conjugated to human serum albumin and im-
plication in penicillin allergy. Allergy. 2018;73(8):1662- 1672.

 52. Bechara R, Maillere B, Joseph D, Weaver RJ, Pallardy M. 
Identification and characterization of a naive CD8+ T cell reper-
toire for benzylpenicillin. Clin Exp Allergy. 2019;49(5):636- 643.

 53. Ariza A, Fernández- Santamaría R, Meng X, et al. Characterization 
of amoxicillin and clavulanic acid specific T- cell clones from 
patients with immediate drug hypersensitivity. Allergy. 
2020;75(10):2562- 2573.

 54. Elzagallaai AA, Sultan EA, Bend JR, Abuzgaia AM, Loubani E, 
Rieder MJ. Role of oxidative stress in hypersensitivity reactions to 
sulfonamides. J Clin Pharmacol. 2020;60(3):409- 421.

 55. Pajares MA, Zimmerman T, Sánchez- Gómez FJ, et al. Amoxicillin 
inactivation by thiol- catalyzed cyclization reduces protein hapte-
nation and antibacterial potency. Front Pharmacol. 2020;11:189.

 56. Gowthaman U, Chen JS, Zhang B, et al. Identification of a T fol-
licular helper cell subset that drives anaphylactic IgE. Science. 
2019;365(6456):eaaw6433.

 57. Clement RL, Daccache J, Mohammed MT, et al. Follicular regula-
tory T cells control humoral and allergic immunity by restraining 
early B cell responses. Nat Immunol. 2019;20(10):1360- 1371.



    |  1137FERNANDEZ- SANTAMARIA ET Al.

 58. Xie MM, Chen Q, Liu H, et al. T follicular regulatory cells 
and IL- 10 promote food antigen- specific IgE. J Clin Invest. 
2020;130(7):3820- 3832.

 59. Oussalah A, Yip V, Mayorga C, et al. Genetic variants associ-
ated with T cell- mediated cutaneous adverse drug reactions: a 
PRISMA- compliant systematic review- An EAACI position paper. 
Allergy. 2020;75(5):1069- 1098.

 60. Mockenhaupt M, Wang CW, Hung SI, et al. HLA- B*57:01 con-
fers genetic susceptibility to carbamazepine- induced SJS/TEN in 
Europeans. Allergy. 2019;74(11):2227- 2230.

 61. Konvinse KC, Trubiano JA, Pavlos R, et al. HLA- A*32:01 is 
strongly associated with vancomycin- induced drug reaction 
with eosinophilia and systemic symptoms. J Allergy Clin Immunol. 
2019;144(1):183- 192.

 62. Zhao Q, Alhilali K, Alzahrani A, et al. Dapsone-  and nitroso dapsone- 
specific activation of T cells from hypersensitive patients express-
ing the risk allele HLA- B*13:01. Allergy. 2019;74(8):1533- 1548.

 63. Park H- W, Kim DK, Kim S- H, et al. Efficacy of the HLA- B(*)58:01 
screening test in preventing allopurinol- induced severe cutaneous 
adverse reactions in patients with chronic renal insufficiency- a pro-
spective study. J Allergy Clin Immunol Pract. 2019;7(4):1271- 1276.

 64. Shim J- S, Yun J, Kim M- Y, et al. The presence of HLA- B75, DR13 ho-
mozygosity, or DR14 additionally increases the risk of allopurinol- 
induced severe cutaneous adverse reactions in HLA- B*58:01 
carriers. J Allergy Clin Immunol Pract. 2019;7(4):1261- 1270.

 65. Blanca M, Oussalah A, Cornejo- Garcia JA, et al. GNAI2 variants 
predict nonsteroidal anti- inflammatory drug hypersensitivity in a 
genome- wide study. Allergy. 2020;75(5):1250- 1253.

 66. Schnyder B, Brockow K. Pathogenesis of drug allergy– current con-
cepts and recent insights. Clin Exp Allergy. 2015;45(9):1376- 1383.

 67. Sutton BJ, Gould HJ. The human IgE network. Nature. 
1993;366(6454):421- 428.

 68. Kubo S, Nakayama T, Matsuoka K, Yonekawa H, Karasuyama H. 
Long term maintenance of IgE- mediated memory in mast cells in the 
absence of detectable serum IgE. J Immunol. 2003;170(2):775- 780.

 69. Jiménez- Saiz R, Chu DK, Mandur TS, et al. Lifelong memory re-
sponses perpetuate humoral TH2 immunity and anaphylaxis in 
food allergy. J Allergy Clin Immunol. 2017;140(6):1604- 1615 e1605.

 70. Siraganian RP. Mechanism of IgE- mediated hypersensitivity. In: 
Middleton E, Reed CE, Elliot EF, Adkinson NF, Yunginger JW, eds. 
Middleton's Allergy: Principles and Practice. St. Louis; 1988:105- 134.

 71. Looney TJ, Lee J- Y, Roskin KM, et al. Human B- cell isotype switch-
ing origins of IgE. J Allergy Clin Immunol. 2016;137(2):579- 586 
e577.

 72. Bruhns P, Chollet- Martin S. Mechanisms of human drug- induced 
anaphylaxis. J Allergy Clin Immunol. 2021;147(4):1133- 1142.

 73. Jiménez- Saiz R, Ellenbogen Y, Bruton K, et al. Human BCR analysis 
of single- sorted, putative IgE(+) memory B cells in food allergy. J 
Allergy Clin Immunol. 2019;144(1):336- 339 e336.

 74. Croote D, Darmanis S, Nadeau KC, Quake SR. High- affinity 
allergen- specific human antibodies cloned from single IgE B cell 
transcriptomes. Science. 2018;362(6420):1306- 1309.

 75. Asrat S, Kaur N, Liu X, et al. Chronic allergen exposure drives accu-
mulation of long- lived IgE plasma cells in the bone marrow, giving 
rise to serological memory. Sci Immunol. 2020;5(43):eaav8402.

 76. Jimenez- Saiz R. Drug- induced IgG- neutrophil- mediated anaphy-
laxis in humans: uncovered! Allergy. 2020;75(2):484- 485.

 77. Finkelman FD, Khodoun MV, Strait R. Human IgE- independent sys-
temic anaphylaxis. J Allergy Clin Immunol. 2016;137(6):1674- 1680.

 78. Jönsson F, Mancardi DA, Kita Y, et al. Mouse and human neutro-
phils induce anaphylaxis. J Clin Invest. 2011;121(4):1484- 1496.

 79. Tsujimura Y, Obata K, Mukai K, et al. Basophils play a pivotal role in 
immunoglobulin- G- mediated but not immunoglobulin- E- mediated 
systemic anaphylaxis. Immunity. 2008;28(4):581- 589.

 80. van der Heijden J, Geissler J, van Mirre E, et al. A novel splice vari-
ant of FcgammaRIIa: a risk factor for anaphylaxis in patients with 

hypogammaglobulinemia. J Allergy Clin Immunol. 2013;131(5):1408- 
1416 e1405.

 81. Steenholdt C, Svenson M, Bendtzen K, Thomsen OO, Brynskov 
J, Ainsworth MA. Acute and delayed hypersensitivity reactions 
to infliximab and adalimumab in a patient with Crohn's disease. J 
Crohns Colitis. 2012;6(1):108- 111.

 82. Ariza A, Mayorga C, Bogas G, et al. Advances and novel de-
velopments in drug hypersensitivity diagnosis. Allergy. 
2020;75(12):3112- 3123.

 83. Gomez E, Ruano M, Somoza ML, Fernandez J, Blanca- Lopez N. 
Role of T cells in non- immediate drug allergy reactions. Curr Opin 
Allergy Clin Immunol. 2019;19(4):294- 301.

 84. Klicznik MM, Morawski PA, Höllbacher B, Varkhande SR, Motley 
SJ, Kuri- Cervantes L, Goodwin E, Rosenblum MD, Long SA, 
Brachtl G, Duhen T, Betts MR, Campbell DJ, Gratz IK. Human 
CD4+CD103+ cutaneous resident memory T cells are found in the 
circulation of healthy individuals. Sci Immunol. 2019; Jul 5; 4(37): 
eaav8995.

 85. Beeler A, Engler O, Gerber BO, Pichler WJ. Long- lasting reac-
tivity and high frequency of drug- specific T cells after severe 
systemic drug hypersensitivity reactions. J Allergy Clin Immunol. 
2006;117(2):455- 462.

 86. Trubiano JA, Gordon CL, Castellucci C, et al. Analysis of skin- 
resident memory T cells following drug hypersensitivity reactions. 
J Invest Dermatol. 2020;140(7):1442- 1445 e1444.

 87. Zawodniak A, Lochmatter P, Yerly D, et al. In vitro detection of cy-
totoxic T and NK cells in peripheral blood of patients with various 
drug- induced skin diseases. Allergy. 2010;65(3):376- 384.

 88. Ariza A, Torres MJ, Moreno- Aguilar C, Fernandez- Santamaria R, 
Fernandez TD. Early biomarkers for severe drug hypersensitivity 
reactions. Curr Pharm Des. 2019;25(36):3829- 3839.

 89. Su S- C, Mockenhaupt M, Wolkenstein P, et al. Interleukin- 15 
is associated with severity and mortality in Stevens- Johnson 
syndrome/toxic epidermal necrolysis. J Invest Dermatol. 
2017;137(5):1065- 1073.

 90. Rozieres A, Vocanson M, Said BB, Nosbaum A, Nicolas JF. Role of T 
cells in nonimmediate allergic drug reactions. Curr Opin Allergy Clin 
Immunol. 2009;9(4):305- 310.

 91. Santiago LG, Morgado FJ, Baptista MS, Goncalo M. 
Hypersensitivity to antibiotics in drug reaction with eosinophilia 
and systemic symptoms (DRESS) from other culprits. Contact 
Dermatitis. 2020;82(5):290- 296.

 92. Jorg L, Yerly D, Helbling A, Pichler W. The role of drug, dose, and 
the tolerance/intolerance of new drugs in multiple drug hypersen-
sitivity syndrome. Allergy. 2020;75(5):1178- 1187.

 93. Phillips EJ, Bigliardi P, Bircher AJ, et al. Controversies in drug 
allergy: testing for delayed reactions. J Allergy Clin Immunol. 
2019;143(1):66- 73.

 94. Chen C- B, Abe R, Pan R- Y, et al. An updated review of the mo-
lecular mechanisms in drug hypersensitivity. J Immunol Res. 
2018;2018:6431694.

 95. Okeke EB, Uzonna JE. The pivotal role of regulatory T cells in the 
regulation of innate immune cells. Front Immunol. 2019;10:680.

 96. Palomares O, Akdis M, Martin- Fontecha M, Akdis CA. Mechanisms 
of immune regulation in allergic diseases: the role of regulatory T 
and B cells. Immunol Rev. 2017;278(1):219- 236.

 97. Fernandez- Santamaría R, Palomares F, Salas M, et al. Expression of 
the Tim3- galectin- 9 axis is altered in drug- induced maculopapular 
exanthema. Allergy. 2019;74(9):1769- 1779.

 98. Peter J, Choshi P, Lehloenya RJ. Drug hypersensitivity in HIV in-
fection. Curr Opin Allergy Clin Immunol. 2019;19(4):272- 282.

 99. Ma S, Satitsuksanoa P, Jansen K, Cevhertas L, van de Veen W, Akdis 
M. B regulatory cells in allergy. Immunol Rev. 2021;299(1):10- 30.

 100. Lino AC, Dang VD, Lampropoulou V, et al. LAG- 3 inhibitory recep-
tor expression identifies immunosuppressive natural regulatory 
plasma cells. Immunity. 2018;49(1):120- 133 e129.



1138  |    FERNANDEZ- SANTAMARIA ET Al.

 101. Matsumoto M, Baba A, Yokota T, et al. Interleukin- 10- producing 
plasmablasts exert regulatory function in autoimmune inflamma-
tion. Immunity. 2014;41(6):1040- 1051.

 102. Rosser EC, Mauri C. Regulatory B cells: origin, phenotype, and 
function. Immunity. 2015;42(4):607- 612.

 103. Palomares O, Martin- Fontecha M, Lauener R, et al. Regulatory T 
cells and immune regulation of allergic diseases: roles of IL- 10 and 
TGF- beta. Genes Immun. 2014;15(8):511- 520.

 104. Akdis M, Aab A, Altunbulakli C, et al. Interleukins (from IL- 1 to IL- 
38), interferons, transforming growth factor beta, and TNF- alpha: 
receptors, functions, and roles in diseases. J Allergy Clin Immunol. 
2016;138(4):984- 1010.

 105. Mauri C, Menon M. Human regulatory B cells in health and dis-
ease: therapeutic potential. J Clin Invest. 2017;127(3):772- 779.

How to cite this article: Fernandez- Santamaria R, Ariza A, 
Fernandez TD, et al. Advances and highlights in T and B cell 
responses to drug antigens. Allergy. 2022;77:1129– 1138. 
https://doi.org/10.1111/all.15126

https://doi.org/10.1111/all.15126

