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Purpose of review

NSAIDs are the main triggers of hypersensitivity reactions to drugs. However, the full genetic and
molecular basis of these reactions has yet to be uncovered. In this article, we have summarized research
from recent years into the effects of genetic variants on the different clinical entities induced by NSAID
hypersensitivity, focusing on prostaglandin and leukotriene-related genes as well as others beyond the
arachidonic acid pathway.

Recent findings

We introduce recent contributions of high-throughput approaches including genome-wide association
studies as well as available information from epigenetics and next-generation sequencing. Finally, we give
our thoughts on future directions in this field, including the scope for bioinformatics and systems biology
and the need for clear patient phenotyping.

Summary

The full genetic and molecular basis of clinical entities induced by NSAIDs hypersensitivity has yet to be
uncovered, and despite commendable efforts over recent years, no clinically proven genetic markers
currently exist for these disorders. It is clear that we will continue to find more about these reactions in the
coming years, concurrently with improvements in technology and experimental techniques, and a precise
definition of different phenotypes.
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INTRODUCTION

The increase in the prevalence of allergic diseases
worldwide [1] also includes hypersensitivity drug
reactions (HDRs), with special emphasis in nonster-
oidal anti-inflammatory drugs (NSAIDs) [2,3

&&

].
NSAIDs, the most commonly used drugs worldwide,
are the main triggers of HDRs [2,3

&&

]. HDRs to NSAIDs
can be mediated by specific immunological mechan-
isms or by others wherein vasoactive mediators are
released through pathway activation in absence of
specific immunological recognition [4,5]. In the first
group (selective reactions), symptoms appear only
after the intake of a single NSAID/NSAIDs from the
same chemical group with patients tolerating chemi-
cally unrelated drugs [6]. Reactions can be further
classified into immunoglobulin E (IgE)or T-cellmedi-
ated [4,6]. The second group of reactions (cross-intol-
erance) is more common. Symptoms are induced by
at least two chemically unrelated NSAIDs [4,5]. Alter-
ations of arachidonic acid metabolism through
ht © 2015 Wolters Kluwe
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cyclooxygenase (COX)-1 inhibition are thought to
have a central role [7]; however, current data suggest
the participation of additional mechanisms [8,9].

Three main clinical entities have been described
in cross-intolerance: NSAIDs-exacerbated respiratory
disease (NERD) in patients with an underlying
chronic airway respiratory disease (asthma/rhinosi-
nusitis/nasal polyps), previously aspirin-induced
asthma, or aspirin (ASA)-exacerbated respiratory dis-
ease (AERD); NSAIDs-exacerbated cutaneous disease
r Health, Inc. All rights reserved.
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KEY POINTS

� NSAIDs are the main elicitors of hypersensitivity
reactions to drugs.

� The study of the genetic basis of clinical entities
induced by NSAIDs hypersensitivity needs a more
precise phenotype definition.

� Most genetic association studies have been conducted
in patients with NERD in spite of NIUA being the most
frequent clinical entity.

� Few high-throughput data sets exist on NSAIDs
hypersensitivity that hampers the molecular
characterization of underlying mechanisms.

Drug allergy
(NECD) in patients with a history of chronic spon-
taneous urticaria; and NSAIDs-induced urticaria/
angioedema (NIUA) in otherwise healthy individuals
(without history of chronic spontaneous urticaria)
[4]. In a number of patients, reactions include both
respiratory and skin involvement (blended reactions)
[5], which have not been analyzed in detail in the
current classification from the European Academy of
Allergy and Clinical Immunology [4]. Although
NERD is the most studied model [10

&&

], NIUA is the
most common clinical entity induced by HDRs [2,3

&&

]
and has been defined as a consistent entity that does
not evolve to NECD [11], as supported by other
authors [12].

Although a family history of NSAIDs-HDRs has
been reported in 6% of patients [13], supporting
 Copyright © 2015 Wolters Kluwer 
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FIGURE 1. Potential factors involved in the pathogenesis of NSA
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some genetic influence, there is a lack of studies
addressing this point. However, it has been shown
that NIUA aggregates in families inheriting the
minor allele of the �444A>C polymorphism in
the leukotriene C4 synthase (LTC4S) gene, although
segregation did not follow a clear Mendelian pattern
[14]. A case of two homozygous twins with the same
NSAIDs-HDRs has recently been reported [15

&

].
However, NSAIDs hypersensitivity is expected to
result from the interaction of different factors as
occurs in other complex diseases (Fig. 1).

Despite the recent increase in interest in NIUA
[16,17

&

,18], most information comes from NERD
[19,20]. However, many studies [19–21] have
included limited numbers of individuals, often
without replication, largely in Asian populations.
Overall, there is a lack of consistent genetic markers
for HDRs to NSAIDs.

As NSAIDs block COX-1 and shunt the metab-
olism of arachidonic acid from prostaglandins to
leukotrienes (CysLT) synthesis, most genetic associ-
ation studies have focused on polymorphisms
in genes from this pathway (candidate gene
approach) (Fig. 2). Other studies have analyzed
the immunoglobulin E receptor, cytokines and his-
tamine homeostasis-related genes. Although most
NSAIDs-HDRs are not thought to be immunologi-
cally mediated, several studies have also found
associations with the human leukocyte antigen
(HLA) system. Finally, despite the relevance of
NSAIDs-HDRs, few genome-wide association
studies (GWAS) are available, hampering the identi-
fication of other mechanisms.
Health, Inc. All rights reserved.
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FIGURE 2. Arachidonic acid metabolism. COX, cyclooxygenase.
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CANDIDATE GENE APPROACH

Arachidonic acid pathways

Initial genetic research on NSAIDs-HDRs focused on
LTC4S, a key enzyme in arachidonic acid metabolism.
The frequency of the minor allele (MAF) of LTC4S
�444A>C polymorphism (rs730012) was higher in
patients with NERD than in ASA-tolerant asthmatic
(ATA) patients and healthy individuals [22], corre-
sponding to increased LTC4S expression in peripheral
eosinophils [22]. NERD patients have also shown
increased LTC4S mRNA in bronchial biopsies
[23,24]. A mouse model overexpressing LTC4S has
shown increased production of T-helper type 2 cyto-
kines in bronchoalveolar lavage fluid and an
increased production of LTC4 by mast cells, eosino-
phils, and macrophages even in the absence of
NSAIDs, reproducing key aspects of NERD [25]. How-
ever, association with rs730012 and its functional
consequences could not be replicated in American
[26] or Asian populations [27,28]. In NSAIDs-HDRs
with cutaneous involvement, MAF of rs730012 was
also higher in a Polish population of patients with
NECD [29]. MAF was also higher in urticaria patients
compared with those with a mixed reaction pattern
(both skin and respiratory airways involvement) in a
Venezuelan population [30], but not in Spanish
patients with NSAIDs-induced periorbital angioe-
dema [31]. However, these studies included relatively
small numbers of cases. We did not find any associ-
ation between LTC4S �444A>C polymorphism and
NIUA in a Spanish study [16] that included the largest
number of such patients published to date.

Concerning arachidonate 5-lipoxygenase
(ALOX5), a particular haplotype comprising four
single nucleotide polymorphisms (SNPs) in the pro-
moter region, was more frequent in Korean patients
with NERD [28]. However, no evidence was found for
 Copyright © 2015 Wolters Kluwe
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rs1132340 (ALOX5-activating protein), which we
found in patients with NIUA [16]. Another study
[18] of Spanish patients with NIUA analyzed the
rs4948672 polymorphism in ALOX5; however, results
were not significant after multiple testing correction.
This study [18] also included a large population of
patients with selective NSAID-induced urticaria and
found that three SNPs in ALOX5 were nominally
associated. We have found a significant association
between ALOX15 rs7220870 (�272C>A) and NIUA in
two independent Spanish populations [16], although
different results were found in Korean patients [32].

Thromboxane (TBX) A1 synthase (TBXAS1) cata-
lyzes the formation of TBXA2, an eicosanoid respon-
sible for platelet aggregation, bronchoconstriction,
and bronchial hyperresponsiveness through its inter-
action with the G protein-coupled TBXA2 receptor
(TBXA2R) [33]. Vidal et al. [18] showed, for the first
time, an association of a TBXAS1 polymorphism
(rs6962291) in patients with NIUA. The protective
role of this variant, which leads to a reduction in
catalytic activity, was also reported in NERD [34].

The receptors of arachidonic acid pathway prod-
ucts also appear to have a role in NSAIDs-HDRs [33].
Significant associations with NERD have been found
for prostaglandin receptors PGER1–4 and PGGIR
[35,36]. We have also found associations with NIUA
for two SNPs in PGE1R (rs3810253 and rs3810255)
and rs1254598 in PGER2 [16], which were not found
in East Asian patients with NERD [35]. A recent
study [37] found the MAF of PTGER4 �1254G>A
to be higher in patients with NECD compared with
controls. The minor allele showed reduced luciferase
activity and decreased PTGDR4 expression in vitro
[37]. A polymorphism in PGDR (rs8004654) was
shown to be significantly associated with NIUA in
two independent Spanish populations, as it was in
an American asthma study [38].
r Health, Inc. All rights reserved.
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Drug allergy
Three SNPs in the promoter of CysLT receptor
1 gene (CYSLTR1) (�634C>T, �475A>C and
�336A>G), which affect its expression, have been
associated with NERD by Kim et al. [39] in Koreans.
We have also found a synonymous SNP in CYSLTR1
(rs320995) to be associated with NIUA [16]. However,
this polymorphism has been inconsistently associ-
ated with NERD, asthma and lung function in differ-
ent studies [39–42], as well as urinary LTE4 in
asthmatic patients [43]. Interestingly, this variant is
in strong linkage disequilibrium with the promoter
polymorphisms analyzed by Kim et al. [39] that affect
gene transcription. Concerning CYSLTR2, some SNPs
that affect its expression have been associated with
NERD [44]. However, no CYSLTR2 SNPs have been
found to be associated with NIUA [16].

A significant association of the�4684T>C poly-
morphism on the promoter of TBXA2R in NIUA has
recently been reported compared with controls but
not to NECD [45]. However, associations have not
been found for other TXBA2R SNPs in Spain [18].
Finally, MAF of TBXA2R þ795T>C was found to be
higher in NERD than ATA [46].
Immunoglobulin E receptor, histamine
homeostasis-related genes, and cytokines

Immunoglobulin E high-affinity receptor (FceRI) is
a main player in mast cells/basophil activation
and inflammatory mediators release, including
histamine, cytokines, and leukotrienes [47]. FceRI
is a tetramer, comprising a ligand-binding a-chain,
a signal-amplifying b-chain, and a g-chain dimer
involved in signal transduction. An association
has been reported for FCER1G �237A>G in NERD,
but this was not statistically significant after
multiple testing corrections [48]. Another study
[49] from the same group found no association for
a number of SNPs in FceRI, although FCER1B
E237G and FCER1G �237A>G were associated
with atopy within patients with NECD. MAF of
FCER1A �344C>T was significantly higher in
NECD compared with patients having chronic
urticaria and good tolerance to ASA and healthy
individuals, and was also significantly associated
with total serum IgE [50]. However, a recent study
[51], albeit of a small sample size, could not rep-
licate these results.

Variants in histamine homeostasis genes may
also play a role in NSAID-HDRs given the role of this
biogenic amine [52–54]. Variability in the genes
related to histamine homeostasis has been impli-
cated in allergic disorders [55,56]. The histamine N-
methyltransferase 939A>G polymorphism has been
shown to be associated with NECD, potentially
decreasing mRNA stability, causing reduced enzyme
 Copyright © 2015 Wolters Kluwer 
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activity and increased cellular histamine [57]. A
recent study [58] from our group could not find
associations for common variants in three hista-
mine receptors with NSAIDs hypersensitivity.
Nevertheless, we found that the missense polymor-
phism rs10156191 (Thr16Met) in diamine oxidase,
which causes impaired metabolism of circulating
histamine, was associated with NIUA, NERD, and
a mixed reaction pattern [59]. Adenosine is a purine
nucleotide that may influence mast cell activation
and histamine release [60]. A high-transcript hap-
lotype comprising two SNPs in the promoter of
adenosine receptor A3 (�1050G>T and �564C>T)
was more frequent in patients with urticaria induced
by ASA compared with healthy individuals and
basophil histamine release was also increased in
TC carriers [61]. However, the authors did not differ-
entiate between NIUA and NECD [61].

Interleukin-4 is a key cytokine involved in baso-
phil/mast cell activation. A higher MAF of�589T>C
in patients with NERD than ATA has been described,
with a gene dose-dependent decline in forced expir-
atory volume in one second (FEV1) after challenge
[62]. Homozygous genotypes for the common allele
of the �1111C>T polymorphism in IL-13, a cyto-
kine which shares signaling pathways and the a-
chain of the IL4 receptor [63], have been shown to
be less frequent in NERD than in ATA, and FEV1 was
lower when compared with carriers of the minor
allele [64]. Although no statistically significant
differences could be found for two promoter SNPs
in IL-13 (�1510 A>C and �1055C>T) or the non-
synonymous Arg110Gln (110G>A) polymorphisms
between NERD, ATA, and healthy controls in a
Korean population, homozygous patients with
NERD for the common allele showed a significantly
higher peripheral eosinophils count and higher
serum eotaxin-1 level compared with homozygotes
for the minor allele [65]. No association between
these SNPs and NECD were found in a previous
study [66] from the same group.

IL-5 and its receptor (IL-5R) influence eosinophil
activation, a key feature of NERD. Patients with
NERD having a homozygous genotype for the minor
allele of the �5993G>A polymorphism in the a-
chain of IL-5R have higher serum levels of specific
IgE to staphylococcal enterotoxin A [67].

Tumor necrosis factor alpha (TNF-a) is a proin-
flammatory cytokine involved in various diseases.
The minor allele of the �308 G>A SNP has been
associated with ASA-HDRs in patients with chronic
rhinosinusitis and nasal polyposis in a Hungarian
population [68], although it was not associated with
ASA-induced urticaria in Korean patients [69]. In
the latter study [69], two SNPs in the promoter of
TNFA (�1031T>C and �863C>A) were marginally
Health, Inc. All rights reserved.
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associated with NIUA when compared with healthy
controls although no differences were found
between NIUA and NECD. IL-10 is a cytokine with
pleiotropic effects in immunoregulation and
inflammation, whose levels have been shown to
decrease in patients with NERD after ASA desensiti-
zation [70]. The IL-10 polymorphism �819 T>C has
shown association with NERD in a Korean popu-
lation [71].

A polymorphism in IL-18 (�607A>C), a cyto-
kine involved in acute inflammation through mast
cell activation, has been associated with NIUA, and
carriers of the minor allele along with the common
allele of �137G>C have shown high transcription
activity and neutrophil chemotactic activity [72].

Another proinflammatory cytokine is IL-17,
which can stimulate COX-2 expression [73]. MAFs
of three SNPs on the promoter of IL-17 receptor a-
chain (�1075 A>G, �947 A>G, �50C>T) were
lower in NERD patients than in ATA [74]. Interest-
ingly, peripheral blood monocytes and mono-
nuclear cells IL-17 receptor a-chain protein
expression and mRNA levels were significantly
lower in homozygote individuals for the minor
allele, suggesting that these SNPs could decrease
NERD risk by diminishing its expression [74]. A
higher frequency of homozygotes for the common
allele of IL-17A�737C>T was found in patients with
NERD compared with ATA; these individuals
showed lower peripheral eosinophil counts com-
pared with arachidonic acid carriers [64]. Associ-
ations with other eosinophils-related molecules
have been found in NERD for chemokine CC motif
receptor 3 [57] and prostaglandin D2 receptor 2 [75].
HLA system

Although cross-intolerance to NSAIDs is not con-
sidered immunologically mediated, some HLA
alleles associations have been reported. A seminal
Polish study [76] found the frequency of DPB1�0301
to be higher in patients with NERD compared with
ATA and healthy controls, whereas DPB1�0401 was
lower. Similar results for DPB1�0301 in NERD were
found in a Korean population [77], wherein this
allele might also predict leukotriene receptor
antagonist responsiveness [78]. Gene–gene inter-
actions between a TNFA promoter polymorphism
and HLA DPB1�0301 may also increase suscepti-
bility to NERD [79]. The HLA DRB1�1302-
DQB1�0609-DPB1�0201 haplotype has also been
suggested as a marker for aspirin-induced urticaria
by the same group although NIUA and NECD were
not analyzed independently [80]. No association
between polymorphisms in CD55, a key protein
in self-recognition and autoimmunity and a central
 Copyright © 2015 Wolters Kluwe
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component of the complement system, and NERD
were found in a recent study [81].
MISCELLANEOUS ASSOCIATIONS

A number of genetic associations with different
genes beyond the arachidonic acid pathway and
the immune system have been reported over recent
years. Rs17048175 in dipeptidyl-peptidase 10
(DPP10), a protein associated with asthma suscepti-
bility, has been recently associated with NERD and a
strong correlation between serum DPP10 and 15-
hydroxyeicosatetraenoic acid levels was also
reported [82

&

].
The polymorphism 9246G>C and a particular

haplotype of acetyl coenzyme A-dependent N-ace-
tyltransferase, an enzyme involved in CysLTs inac-
tivation, was associated with NERD in Korean
patients [83]. NSAIDs are mainly metabolized by
cytochrome P450 (CYP)2C9 in vitro and two poly-
morphisms in this gene with functional effects have
been recently explored, finding that MAF of
681G>A and 636G>A were higher in patients with
NERD compared with ATA [84]. Functional N-ace-
tyltransferase and CYP2C polymorphisms have
recently been analyzed in relation to metamizole
metabolic profile [85

&&

]. Associations with NERD
have been also reported for SNPs in formyl peptide
receptor 2, a high-affinity ligand receptor for lip-
oxins [86], heat shock protein 70 [87], and members
of the rat sarcoma viral (RAS) oncogene family [88].
GENOME-WIDE ASSOCIATION STUDIES
APPROACH

GWAS have been extensively used to identify new
genes and pathways involved in common complex
diseases by employing a free hypothesis approach.
However, few studies have used this method to
disentangle the genetic basis of NSAIDs hypersensi-
tivity. The first GWAS was conducted in a Korean
population of NERD patients [89]. The most signifi-
cant associations were found for SNPs in centroso-
mal protein of 68 kDa (CEP68), involved in
centrosome cohesion and epidermal growth factor
signaling, and the nonsynonymous polymorphism
rs7572857 (Gly74Ser) was associated with the FEV1
decline [89]. We have recently analyzed 53 CEP68
common variants in a Spanish population of
NSAIDs hypersensitivity patients including NIUA,
NERD, and blended reactions [89]. Seventeen SNPs
were associated with NIUA, including the Gly74Ser
variant. Although not remaining significant after
multiple testing corrections, eight of these variants
were also associated with NERD and blended reac-
tions [89]. These results suggest that CEP68 variants
r Health, Inc. All rights reserved.
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may play a key role in the development of various
manifestations of NSAIDs hypersensitivity.

In another GWAS, these authors found the most
significant association with NERD susceptibility for
HLA-DPB1 rs1042151 (Met105Val) that also showed
a gene dose effect on FEV1 decrease after ASA chal-
lenge [90]. In-silico analysis suggested that this SNP
could act as a cis-regulator for HLA-DPB1 and be
located in an exonic splicing enhancer region [90].
More recently, another polymorphism in HLA-DPB1
(rs3128965), which is in perfect linkage disequili-
brium with rs3128965, has been associated with
NERD in Koreans, and with FEV1 reduction after
challenge as well as with leukotriene receptor
antagonist requirements [91].

Concerning NIUA, we have recently conducted
a GWAS using both Spanish and Han Chinese
patients [92]. We obtained suggestive associations
for three clusters in the Spanish population (RIMS1,
BICC1, and RAD51L1) and one region in the Han
Chinese population (ABI3BP). The majority of the
regions that showed suggestive associations after
meta-analysis are related to Ca2þ, cAMP, and/or
P53 signaling pathways [92].
BEYOND CANDIDATE GENE AND
GENOME-WIDE ASSOCIATION STUDIES
APPROACHES

High-throughput technologies have been used for
not only GWAS purposes but also epigenetic, gene
expression, and deep sequencing studies, which can
be useful for disentangling the genetic mechanisms
involved in NSAIDs hypersensitivity. In a recent
genome-wide methylation study [93] on nasal pol-
yps, a differential pattern was found in NERD com-
pared with ATA, with PGD synthase, ALOX5AP, and
LTB4R showing hypomethylation and PGE synthase
hypermethylation. Eleven other pathways were
shown to be differentially methylated, including
some related to asthma, T-cell receptor signaling
pathway, cytokine–cytokine receptor interactions,
and leukocyte transendothelial migration [93].

A set of two gene markers identified from a
microarray gene expression analysis of PBMCs has
been recently proposed to discriminate NERD from
ATA: connector enhancer of kinase suppressor of
RAS3 (CNKSR3) and spectrin b nonerythrocytic 2
(SPTBN2) [94], although their role in NSAIDs hyper-
sensitivity needs further investigation.

More recently, exome sequencing has been used
to identify new variants associated with NSAIDs
hypersensitivity [95

&&

]. In this study, three of the
top 20 SNPs were located in HLA-DPB1: exm537513,
exm537522, and exm537523. The first one
represents a novel SNP associated with NERD. The
 Copyright © 2015 Wolters Kluwer 
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exm537522 is the same as HLA-DPB1 rs1042151
from the previous GWAS by the same authors
[90].
CONCLUSION

Despite great interest in recent years in the genetics
of NSAIDs hypersensitivity, there is still a lack of
generalizable predictive genetic markers. However, a
set of eight SNPs has been proposed for discriminat-
ing NERD from ATA with a sensitivity and specificity
of 78 and 88%, respectively [96]. The same group
recently developed other set by summing risk scores
of 14 SNPs, with a sensitivity and specificity of 64.7
and 85.0%, respectively, and 42.1% positive and
93.4% negative predictive values [97]. However,
further validation in other populations is required.

For further studies, bioinformatics tools may also
be of interest to analyze how genetic variants affect
gene expression in normal and pathologic states. We
have recently used such an approach to analyze the
putative function of genomic variants, taken from
1000 Genomes Project data, in the 50 upstream
regions of COX-1 and COX-2 by measuring their
influence on transcription factor binding and gene
expression [98

&

]. Other different SNPs with func-
tional effects in these genes exist [99] and next-
generation sequencing studies of these genes in
patients with NSAIDs hypersensitivity are ongoing.
Systems biology represents a powerful way to inte-
grate the vast quantity of data from different studies
[100,101] to shed new light on the pathognomonic
mechanisms underlying drug hypersensitivity. There
are now many examples that have integrated high-
throughput technology-derived data using systems
biology approaches to elucidate the functional net-
works involved in various diseases including NSAIDs
hypersensitivity [102

&&

].
In addition to a more detailed definition of

blended reactions, another key point in NSAIDs
hypersensitivity is the role of atopy that has been
highlighted by different authors [5,103,104]. We
must elucidate whether this is because of a genetic
link [48,50], some effect of allergens on COX-1
activity [105], or to the participation of an innate
immune response [106], among other possibilities.
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