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Abstract Aspirin-exacerbated respiratory disease (AERD)
is a nonallergic clinical syndrome characterized by a severe
decline in forced expiratory volume in one second (FEV1)
following the ingestion of non-steroidal anti-inflammatory
drugs (NSAIDs) such as aspirin. The effects of genetic
variants have not fully explained all of the observed indi-
vidual differences to an aspirin challenge despite previous
attempts to identify AERD-related genes. In the present
study, we performed genome-wide association study
(GWAS) and targeted association study in Korean asthmat-
ics to identify new genetic factors associated with AERD. A
total of 685 asthmatic patients without AERD and 117 sub-
jects with AERD were used for the GWAS of the first stage,
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and 996 asthmatics without AERD and 142 subjects with
AERD were used for a follow-up study. A total of 702 SNPs
were genotyped using the GoldenGate assay with the Vera-
Code microbead. GWAS revealed the top-ranked variants in
3" regions of the HLA-DPB1 gene. To investigate the
detailed genetic effects of an associated region with the risk
of AERD, a follow-up targeted association study with the
702 single nucleotide polymorphisms (SNPs) of 14 genes
was performed on 802 Korean subjects. In a case—control
analysis, HLA-DPB1 rs1042151 (Met105Val) shows the
most significant association with the susceptibility of AERD
(» =511 x 1077;OR = 2.40). Moreover, rs1042151 also
shows a gene dose for the percent decline of FEV1 after an
aspirin challenge (p = 2.82 x 1077). Our findings show
that the HLA-DPB1 gene polymorphism may be the most
susceptible genetic factor for the risk of AERD in Korean
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asthmatics and confirm the importance of HLA-DPB1 in the
genetic etiology of AERD.

Introduction

Aspirin-exacerbated respiratory disease (AERD) is char-
acterized by asthma, nasal polyps, chronic rhinosinusitis,
and exacerbated bronchial obstruction after the ingestion of
non-steroidal anti-inflammatory drugs in about 10-20 % of
adult asthmatics (Babu and Salvi 2000; Macy et al. 2007,
Sturtevant 1999). The main pathophysiology of AERD is
the inhibition of the cyclooxygenase (COX) pathway by
aspirin that results in the decreased synthesis of prosta-
glandin E, (PGE,) and the overproduction of cysteinyl
leukotrienes (cysLTs) (Bennett 2000). Several genetic
studies have shown that the polymorphisms of genes in the
arachidonate pathways, such as cysteinyl leukotriene
receptor 1 (Kim et al. 2007), cysteinyl leukotriene receptor
2 (Park et al. 2005), thromboxane A2 receptor (Kim et al.
2005b), and prostaglandin E2 receptor subtype 2 (Jinnai
et al. 2004), leukotriene C4 synthase (LTC4S) (Sanak and
Szczeklik 2001) and arachidonate S-lipoxygenase
(ALOX5) (Choi et al. 2004b), are associated with AERD.
However, the effects of AERD-related gene variants have
partly explained the individual differences in the airway
obstruction following aspirin challenge.

Studies have identified alterations in immune responses
(Delaney and Kay 1976; Lee et al. 2006), and alterations in
the immune and inflammatory gene responses as predis-
posing factors of the disease; genetic variants such as
FceR1p (Kim et al. 2006), HLA (Choi et al. 2004a; Dekker
et al. 1997; Park et al. 2004), TBX21 (Akahoshi et al.
2005), IL-4 (Kim et al. 2008), NLRP3 (Hitomi et al. 2009)
PPAR-gamma (Oh et al. 2009) genes were reported to be
associated with AERD. The data suggests that genetic
variants on the extra-arachidonate pathways may be more
related to the development of AERD than previously
thought.

Since genome-wide association study (GWAS) emerged
as a high throughput technology to genotype genomic
nucleotide variations, several genes (e.g., ORMDLS3,
PDE4D, and ILIRLI) have been discovered to be suscep-
tible to asthma and asthma-related phenotypes (Gudbj-
artsson et al. 2009; Himes et al. 2009; Moffatt et al. 2007).
Our previous GWAS using a low-density BeadChip
showed that a nonsynonymous single nucleotide poly-
morphism (SNP) of CEP6S8, rs7572857 G>A (Gly74Ser)
could be an important marker of AERD susceptibility (Kim
et al. 2010). However, this 100K BeadChip could cover a
small portion of genetic variants over the whole genome.
Recent technical improvements have developed a denser
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BeadChip of 657,366 (660W) that cover a wider range of
genetic variants. To identify new genetic variants associ-
ated with AERD, the present study performed GWAS
using the 660W chip as well as a replication study to
evaluate the associations between genetic variants and the
risk of AERD in the Korean population.

Materials and methods
Ethics statement

A written informed consent was obtained from all subjects
to participate in the study. The protocols used in this study
were approved by the Soonchunhyang Bucheon Hospital’s
ethics committee. 1,138 DNA were obtained from the
biobank at the Genome Research Center for Allergy and
Respiratory Diseases (Soonchunhyang Bucheon Hospital),
South Korea.

Subjects

Study subjects were recruited from the Asthma Genome
Research Center; all subjects were ethnic Koreans and gave
their informed consent to participate in the study. A total of
685 asthmatic patients without AERD and 117 subjects
with AERD were used for the GWAS of the first stage, and
996 asthmatics without AERD and 142 subjects with
AERD (including samples of GWAS) were used for a
follow-up study (Table 1). All patients were diagnosed by
physicians and met the criteria for asthma according to the
Global Initiative for Asthma (GINA) guidelines (1995). All
patients had a history of dyspnea and wheezing in the
previous 12 months, plus one of the following: (1) >15 %
increase in forced expiratory volume in 1 s (FEVI1) or
>12 % increase plus 200 mL following inhalation of a
short-acting bronchodilator; (2) <10 mg/mL PC20 metha-
choline; and (3) >20 % increase in FEV1 following
2 weeks of treatment with inhaled or systemic corticoste-
roids. Total IgE was measured by the CAP system (Phar-
macia Diagnostics, Uppsala, Sweden). Twenty-four
commonly inhaled allergens were used for a skin-prick test.
Atopy was defined as a wheal reaction with a diameter of
3 mm or greater than the reaction to histamine.

Questions related to five specific elements of aspirin
hypersensitivity (dyspnea, wheezing, nasal blockage, skin
eruption, and loss of consciousness after aspirin ingestion)
were incorporated in the questionnaires. Oral aspirin
challenge (OAC) was performed to all study subjects. The
asthmatic patients had experienced no exacerbation of
asthma or respiratory tract infection in the 6 weeks pre-
ceding oral aspirin challenge (OAC). OAC was performed
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Table 1 Clinical profiles of GWAS and replication study subjects
Description First subjects for GWAS of AERD Follow-up study of AERD

AERD ATA AERD ATA
Number of subjects 117 685 142 996
Age, mean (range) 41.35 (17-72.4) 46.21 (10.8-77.4) 42.44 (17-72) 44.80 (11-77)
Onset age, mean (range 34.33 (1-68) 39.71 (1-75) 35.79 (1-71) 38.77 (1-76)
Duration, mean (range 6.97 (1-35) 6.57 (1-60) 6.40 (1-35) 6.08 (1-60)
Sex (male/female) 47/70 255/430 54/88 380/616
Current smoker/ex smoker (%) 15.38/5.98 14.60/17.81 15.49/4.93 13.76/16.57
Positive rate of skin test (%) 56.41 53.14 52.82 52.21
BMI (kg/m?) 2374 £+ 3.67 23.46 £ 3.45 23.63 £ 3.53 24.38 £ 3.58
% decline of FEV1 by aspirin provocation 3294 £ 12.12 3.56 £5.10 30.59 £ 15.37 3.81 £4.84
Blood eosinophil (%) 6.78 + 6.25 5.74 + 531 6.79 £+ 6.05 5.59 £5.21
FVC %, predicted 83.52 £+ 19.46 85.03 £ 17.46 85.01 £+ 19.15 83.07 £ 17.88
FEV1 %, predicted 80.22 £ 20.04 83.94 £+ 18.82 81.47 £ 20.12 83.38 £ 19.76
PC20, methacholine (mg/mL) 3.44 £ 6.55 5.60 £ 8.36 426+ 743 6.50 £ 8.60

Total IgE (IU/mL) 431.30 4+ 684.42

348.18 £ 549.38

408.78 + 644.51

395.34 £+ 635.53

The samples for follow-up study include the samples of GWAS

AERD aspirin-exacerbated respiratory disease, ATA aspirin-tolerant asthma

with increasing doses of aspirin using the methods previ-
ously described (Chang et al. 2011; Nizankowska-
Mogilnicka et al. 2007). Patients having a history of aspirin
hypersensitivity were given a dose of 30 mg and those with
no history were started on 100 mg of aspirin orally.
Symptoms, external signs (urticaria, angioedema, and rhi-
norrhea), blood pressure, and FEV1 were documented
every 30 min for a period of 2 h. In the absence of any
symptoms or signs suggestive of an adverse reaction,
100 mg of aspirin were administered and the same mea-
surements were repeated every hour, with doses of 450 mg
given until the patient developed a reaction. The test was
deemed negative if no reaction occurred within 4 h after
the final dose. Aspirin-induced bronchospasms were cal-
culated as the pre-challenge FEV1 minus the post-chal-
lenge FEV1 divided by the pre-challenge FEV1. OAC
reactions were categorized into two groups as follows: (1) a
15 % or greater decrease in FEV1 or naso-ocular reactions
(AERD); and (2) a decrease of less than 15 % in FEV1
without naso-ocular or cutaneous reactions [aspirin-tolerant
asthma (ATA)]. The protocols were approved by the Ethics
Committee of the Soonchunhyang University Hospital.

Genome-wide SNP genotyping

Approximately 200 ng of genomic DNA was used to
genotype each sample on the Illumina Human660W
BeadChip® (Illumina, Inc., San Diego, CA). Samples were
processed according to the Illumina Infinium assay manual.
Each sample was whole-genome amplified, fragmented,

precipitated, and resuspended in an appropriate hybridiza-
tion buffer. Denatured samples were hybridized on a pre-
pared Human660W BeadChip® for a minimum of 16 h at
48 °C. Following hybridization, the BeadChips were pro-
cessed for the single-base extension reaction, stained, and
imaged on an Illumina Bead Array Reader. Normalized
bead intensity data obtained for each sample were loaded
into the GenomeStudio® software (Illumina, Inc.), which
converted fluorescent intensities into SNP genotypes. SNP
clusters for genotype calling were examined for all SNPs
using the GenomeStudio® software. For quality control,
SNPs that met the following criteria were retained: call rate
>0.98, minor allele frequency >0.05 except for the SNPs
of the X chromosome. The overall call rate for all SNPs
was 99.89 %.

Fine-mapping study

A total of 14 genes (Supplementary Table 1), which
included the SNPs showing significant association signals,
were selected. SNPs on these genes were selected using the
database of Asian populations from the International
HapMap Project database (http://hapmap.ncbi.nlm.nih.gov/)
and the NCBI database (http://www.ncbi.nlm.nih.gov). SNP
selection was based on the following scheme. At first, can-
didate SNPs were extracted in the intragenic region including
2 kb of the 5’ region of each gene using Asian data of Inter-
national HapMap database, and then LD structures of each
gene were analyzed using SNPs with over 5 % of minor allele
frequencies. Among SNPs in almost absolute LD (ID'l = 1
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and 7 > 0.95), one representative SNP was selected. A total
of 702 SNPs were selected from the sequential processing and
genotyped using the GoldenGate assay with the VeraCode
microbead (Illumina, Inc.) (Lin et al. 2009). This was fol-
lowed by a scan using the BeadXpress® system (Illumina,
Inc.).

Statistics

For association analysis, genotype distributions between
asthmatics with and without AERD were compared using
logistic regression analyses adjusted for age, sex, atopic
status, smoking status, and BMI as covariates using the
HelixTree® software (Golden Helix Inc., Bozeman, MT,
USA). Regression models were used for an association
analysis of the percent decrease of FEV1 after an aspirin
challenge. Haploview v4.2 software downloaded from
the Broad Institute (http:/www.broadinstitute.org/mpg/
haploview) was used to determine the LD of the candidate
genes (Barrett et al. 2005). Haplotypes were first estimated
using the PHASE software (Stephens et al. 2001) and then
computed by logistic analyses using the HelixTree® software.

Results
Genome-wide associations

A total of 430,486 SNPs passed our quality control and
were used for association analysis with the risk of AERD in
117 subjects with AERD and 685 ATA subjects. The
results of the genome-wide association analyses of all
SNPs with the risk of AERD are represented in a Man-
hattan plot (Fig. 1). 152281389 (p = 5.6 x 107%;
OR = 2.41; Table 2) on the intergenic area adjacent to the
3’ region of HLA-DPBI was the most strongly associated
SNP, although it failed to meet the statistical significance
(1.17 x 10~7) when adjusted by a Bonferroni correction
(Table 2). The 49 top-ranked SNPs associated with the risk
of AERD are listed in Table 2. In the association analysis
with the percent decline of FEV1 after an aspirin challenge,
all 49 SNPs showed significant associations with the per-
cent decline of FEV1 after an aspirin challenge (Table 2);
subsequently, a follow-up study selected 14 genes based on
two kinds of association analyses (Supplementary Table 1,
Table 2).
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Fig. 1 p values of GWAS. The Manhattan plot shows p values for

AERD versus ATA using the logistic regression analysis. X-axis
represents the SNP markers in each chromosome. A total of 430,487
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SNPs are presented. The highest p value (p =35.6 x 1075
OR = 2.41) was observed in rs2281389 on the intergenic area
adjacent to the 3’ region of HLA-DPBI on 6p21.3
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Fig. 2 Regional association plots showing signals in follow-up
association study of HLA-DPBI and 3’ expanded region. SNPs are
plotted by position on chromosome against association with risk of
AERD (—log;g p value). Circles mean the SNPs of GWAS and
squares mean the added SNPs for follow-up study. The figures
highlight the most significantly associated SNP after the follow-up
study. Estimated recombination rates, averaged across populations
from HapMap DB, are plotted in blue to reflect the local LD structure.
SNPs surrounding the most significant SNP are color-coded to reflect
their LD with this SNP as in the insert. Genes and the plotted SNPs,
the direction of transcription, and the LDs among SNPs are noted
below the plots. Haplotype blocks are parsed by ID'I values
(ID'1 > 0.9) (color figure online)

the Caucasian population may be due to racial differences
and the genotyping methods between the studies. Dekker
and colleagues performed HLA-DPB 1 typing of 19 rec-
ognized alleles (Bodmer et al. 1990) by a restriction
enzyme analysis of the exon 2 amplified by PCR (Dekker
and Easteal 1990). The Korean study (Dekker et al. 1997)

performed a high-resolution genotyping of HLA-DPB 1
alleles on amplified gene products using 21 recognized
locus specific primers (Van der Zwan and Tilanus 2000)
and automatic direct sequencing. In the present study, the
minor allele frequency of rs1042151 A>G is 17.7 % in 142
AERD and 8.3 % in 996 ATA. The data indicates that the
minor allele frequency of rs/042151 A>G in the present
study is higher than the frequency of DPB1*0301 in AERD
(13.8 %) and in ATA (4.1 %) of the previous Korean
population study (Choi et al. 2004a). The differences may
originate from the HLA-DPBI1 alleles other than HLA-
DPB1*0301 having the minor allele of rs/042151 A>G.
Because more than hundred alleles have been described for
DPB1 locus (http://hla.alleles.org/data/txt/dpb_prot.txt),
frequency of other HLA-DPBI alleles may be important
information in the study of immune responses. There are 40
DPBI1 alleles having valine at 76 AA in exon 2. Among
them, the DPB1*0301 may be the most frequent allele
having rs1042151 (Met105Val) in exon 2 in Koreans (41)
and Caucasians (22). Dekker and collaborators reported a
higher frequency of DPB1*0101 allele and lower fre-
quency of 0401 in AERD compared to ATA (22). HLA-
DPB1#0101 have valine while HLA-DPB1#0401 have
methionine in exon 2; subsequently, the summation of
DPB1*#0101 and DPB1*0301 may increase the frequency
of the minor allele of rs/042151 A>G. In addition, high-
density sequencing analysis of HLA-DPB1 alleles would
provide more detailed information on the immunogenetic
mechanism of AERD. A Korean study of 152 subjects with
AERD reported the frequency of 10 alleles in HLA-DPB1
(Kim et al. 2005a). The minor allele frequencies of
HLA-DPB1* rsi04215] A>G in AERD are 13.8 %
(DPB1%#0301), 2 % (DPB1*0901), and 2 % (DPB1%1401),
respectively. The summation of the alleles frequency is
17.8 %, which is almost similar to the allele frequency of
rs1042151 A>G (17.7 %) in the present study. In addition,
they genotyped DPB1*0301 in 188 subjects with aspirin-
induced urticaria and found no difference in the frequency
of DPB1#0301 compared to that of the normal control
(Kim et al. 2005a). The data suggest that aspirin-induced
urticaria may have different immunologic backgrounds
from AERD.

Table 3 Association analysis of three variants of HLA-DPBI with the risk of ARED in GWAS and fine-mapping study

Locus Alleles  Position (amino acid ~ GWAS Fine-mapping study
change)
ARED ATA OR (95 % CI) p ARED ATA OR (95 % CI) P
(n=117) (n = 685) (n = 141) (n = 996)
rs1042151  A>G Exon 2 (M105V) 0.177 0.083 2.40 (1.68-3.42) S5.11E-07
1s2281389 T>C 3 0.179 0.082 2.40 (1.61-3.58) 5.60E—06 0.177 0.085 2.35 (1.65-3.34) 8.85E—07
rs3117230 T>C 3 0.179 0.084 2.36 (1.58-3.51) 8.81E—06 0.177 0.086 2.31 (1.62-3.29) 1.37E—06

Bold values indicate statistically significant (P < 0.00001)

AERD aspirin-exacerbated respiratory disease, ATA aspirin-tolerant asthma, OR odd ratio, CI confidence interval
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In our previous low-density BeadChip GWAS (Kim
et al. 2010), we could not find any association of HLA-
DPBI with AERD. This result is caused by the low SNP
coverage of the region that includes the HLA-DPB1 gene;
rs1042151 was excluded in the contents of the low-density
BeadChip. In addition, CEP68 gene polymorphisms were
not replicated in the present study. In our previous study,
the nonsynonymous rs7572857 G>A variant of the CEP68
gene showed the most significant association with AERD
compared to ATA controls in co-dominant model
(p = 6.0 x 107°). In the present study, the Illumina
Human660W contains rs2302647 and rs10496123 SNPs on
the CEP68 gene instead of rs7572857 SNP. The two SNPs
rs2302647 and rs10496123 showed a statistically insig-
nificant association with AERD both in the present and in
the previous study. Because the 660 Chip includes only
one-thirties of the SNP contents of the 100K chip (3,178
SNPs), combination of the two results would provide more
additive information on the genetic variants related to
human diseases.

Additional in silico analyses were performed to inves-
tigate the potential functions of the nonsynonymous
rsl042151 of HLA-DPBI. Using the ELM program
(http://elm.eu.org/index.html), the amino acid change from
the methionine to valine of the rs/042151 was not pre-
dicted as a functional linear motif. We applied the eQTL
browser (http://eqtl.uchicago.edu/cgi-bin/gbrowse/eqtl/) to
expect whether rs/042151 could regulate the expression of
protein(s) and/or mRNAC(s). Intriguingly, rs1042151 was
found to act as a potential cis-regulator for HLA-DPB1
expression with a high eQTL score of 36.83 (Supplemen-
tary Fig. 1). In addition, the SNP function prediction
(http://snpinfo.niehs.nih.gov/snpfunc.htm) indicates that the
rs1042151 could be located in an exonic splicing enhancer
(ESE) region (Supplementary Table 6). The findings suggest
that HLA-DPBI rs1042151 could be a functional nonsyn-
onymous variant for AERD development.

In conclusion, we demonstrated that SNPs on 3’ regions
of the HLA-DPB1 gene were significantly associated with
the risk of AERD on a GWAS in a Korean asthmatic
cohort. The genetic effects of HLA-DPBI polymorphisms
were scrutinized for AERD via fine mapping and
rs1042151 (Metl05Val) was revealed to be the most
important genetic variant for the risk of AERD. The find-
ings confirm previous studies and provide new insight into
the genetic factors associated with AERD.
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