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Genome-wide association study reveals an association
between the HLA-DPB1*02:01:02 allele
and wheat-dependent exercise-induced anaphylaxis
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Summary
Wheat-dependent exercise-induced anaphylaxis (WDEIA) is a life-threatening food allergy triggered by wheat in combination with the

second factor such as exercise. The identification of potential genetic risk factors for this allergy might help high-risk individuals before

consuming wheat-containing food. We aimed to identify genetic variants associated with WDEIA. A genome-wide association study

was conducted in a discovery set of 77 individuals with WDEIA and 924 control subjects via three genetic models. The associations

were confirmed in a replication set of 91 affected individuals and 435 control individuals. Summary statistics from the combined set

were analyzed by meta-analysis with a random-effect model. In the discovery set, a locus on chromosome 6, rs9277630, was associated

with WDEIA in the dominant model (OR ¼ 3.95 [95% CI, 2.31�6.73], p ¼ 7.87 3 10�8). The HLA-DPB1*02:01:02 allele displayed the

most significant association withWDEIA (OR¼ 4.51 [95% CI, 2.66�7.63], p¼ 2.283 10�9), as determined via HLA imputation following

targeted sequencing. The association of the allele with WDEIAwas confirmed in replication samples (OR ¼ 3.82 [95% CI, 2.33�6.26], p ¼
3.033 10�8). Ameta-analysis performed in the combined set revealed that the HLA-DPB1*02:01:02 allele was significantly associated with

an increased risk of WDEIA (OR¼ 4.13 [95% CI, 2.89�5.93], p¼ 1.063 10�14). Individuals carrying the HLA-DPB1*02:01:02 allele have a

significantly increased risk of WDEIA. Further validation of these findings in independent multiethnic cohorts is needed.
Introduction

Wheat-dependent exercise-induced anaphylaxis (WDEIA) is

an immunoglobulin (Ig)E-mediated food allergy induced by

exercise following the ingestion of wheat products.1,2 The

prevalenceofwheat allergies, includingWDEIA,hasbeen re-

ported to be 0.10%�0.79% in adults from Japan, Europe,

LatinAmerica, andNorthAmerica.3–8 Thus, there is little dif-

ference in the prevalence of wheat allergies among ethnic-

ities.Moreover, it iswell known that thephenotypeofwheat

allergies is age dependent, that is, immediate-type wheat

allergy is dominantly observed in infants and both types of

immediate-type wheat allergy and WDEIA are observed in

children; however, in most adults, wheat allergy appears as

WDEIA.9 Therefore, several non-negligible potential indi-

viduals might suffer from WDEIA because wheat is the

main ingredient of the most widely consumed foods,

including bread, pasta, and beer.10,11 Reported clinical

WDEIAsymptoms include severe reactions, suchasurticaria,
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angioedema, generalized erythema, wheezing, and anaphy-

lactic shock.12 Kennard et al. reported that consuming a

gluten-free diet andavoidingwheat in combinationwith ex-

ercise reduced allergic reactions by 67%–69% among indi-

viduals with WDEIA.13 Therefore, the identification of

WDEIA biomarkers is critical for preventing anaphylaxis in

the individuals whomight suffer fromWDEIA in the future.

The major causative WDEIA allergen is u-5 gliadin, and

not glutenin, in the salt-insoluble wheat protein frac-

tion.14,15 In addition to the provocation test with wheat

plus exercise and skin prick test,16 measuring the serum

u-5 gliadin level with enzyme-linked immunosorbent

assay with specific IgE antibodies to u-5 gliadin is useful

for diagnosing WDEIA.17 The positive rate of specific IgE

antibodies to u-5 gliadin is reportedly 94.7% in individuals

with WDEIA aged %20 years.18 The serum levels of not

only u-5 gliadin but also histamine and IL-10 mRNA are

high in these individuals.19 Therefore, IgE-dependent

mast cell degranulation and histamine release may be
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critical inWDEIA, but the underlying mechanisms and the

genetic background remain unclear. The aim of this study

was to delineate the genetic factors contributing toWDEIA

by conducting a genome-wide association study (GWAS) of

WDEIA in a Japanese population. To the best of our knowl-

edge, this is the first report of GWAS for WDEIA.
Subjects and methods

Study populations and the definition of WDEIA
One hundred and seven subjects (77 and 30 for the discovery and

replication sets, respectively) with WDEIA were recruited from

seven sites (National Hospital Organization Sagamihara National

Hospital, Shimane University Hospital, National Hospital Organi-

zation Fukuoka National Hospital, Kobe University Hospital, To-

kyo Medical and Dental University Medical Hospital, Hiroshima

University Hospital, and Osaka University Hospital) in Japan be-

tween July 2019 and January 2021. Sixty-one individuals with

WDEIA were recruited for a replication study from Fujita Health

University Bantane Hospital between October 2018 and

November 2020.We first performed a GWAS by using the genomes

of 77 individuals with WDEIA collected by June 2020 and then

conducted a replication study by using the genomes of 61 individ-

uals with WDEIA independently collected by Fujita Health Uni-

versity Bantane Hospital and the genomes of our additional 30 in-

dividuals with WDEIA collected from June 2020 to January 2021.

The diagnostic criteria of the Health Labour Sciences Research

Grant study group for WDEIA are as follows (Table S1): (1) occur-

rence of immediate-type allergic reactions, such as urticaria, after

taking wheat products owing to secondary factors, including exer-

cise, non-steroidal anti-inflammatory drugs and/or alcohol con-

sumption; (2) induction of immediate-type allergic reactions by

oral wheat provocation test15 (wheat intake þ exercise, aspirin þ
wheat intake, or aspirin þ wheat intake þ exercise); (3) detection

of wheat protein (including R0.70 kUa/L to u-5 gliadin)-specific

IgE in serum; and (4) positive results in wheat protein prick test.

Food-dependent exercise-induced anaphylaxis (FDEIA) was diag-

nosed when criteria 1 and 2 were satisfied or 1 was repeated

more than once and (3) or (4), or both, were satisfied. Serum-spe-

cific IgE levels were determined with the Immuno-CAP system

(Thermo Fisher Scientific, Waltham, MA, USA). The specific IgE

antibody levels for the three allergens, wheat, gluten, and u-5

gliadin, were measured. Subjects with R0.70 kUa/L specific IgE

to u-5 gliadin were defined as individuals with WDEIA.

We included a dataset of 924 and 435 healthy subjects from the

Pharma SNP Consortium (PSC) as the discovery set and the Japan

Biological Informatics Consortium (JBIC) as the replication set, re-

sulting in a total of 1,359 control subjects. The study protocol was

approved by the research ethics committees of RIKEN and all

participating hospitals. We performed the study according to the

provisions of the Declaration of Helsinki. All participants provided

written informed consent.
Genetic analysis
The GWAS analysis (flowchart, Figure S1) included 77 individuals

with WDEIA as a discovery set, for which 659,184 variants were

genotyped via the Illumina Infinium Asian Screening Array-24

kit (version 1, Illumina, San Diego, CA, USA). For the 927 controls

from PSC, 951,738 variants were genotyped via the Illumina Infin-

ium OmniExpressExome-8 kit (Illumina) before quality control
The American
(QC). The QC of subjects was performed with the following

exclusion criteria: (1) sample call rate < 0.98, (2) closely related

individuals identified via PLINK v.1.9.0 software,20 and (3) non-

Asian outliers estimated by principal-component analysis (PCA)

via EIGENSOFT software21 (version 7.2.1). Variants satisfying

the following criteria were also excluded: (1) single-nucleotide

polymorphism (SNP) call rate < 0.99, (2) minor allele fre-

quency (MAF) < 0.01, and (3) Hardy–Weinberg equilibrium

p value % 1.0 3 10�6, as described elsewhere.22

Because the number of overlapping variants between different

SNP arrays was very small (115,250 SNPs), we initially performed

whole-genome imputation for the datasets of affected individuals

and control individuals separately. We then combined the imputed

variants of affected individuals and control individuals after whole-

genome imputation. The same QC filters for the imputed variants

were further applied, and 3,879,004 variants were used for the asso-

ciation study (see details in the supplemental methods).

We performed human leukocyte antigen (HLA) imputation

separately for each dataset by using the genotyped SNPs located

in a region that included the entire major histocompatibility com-

plex (MHC) (29–34 Mb on chromosome 6, hg19). We adopted the

Japanese imputation reference panel constructed previously.23 We

applied HLA imputation by using SNP2HLA24 software (version

1.0.3) to impute all HLA variants, including the selected SNPs,

two- and four-digit classical HLA alleles, and amino acid polymor-

phisms of the HLA genes. Combining the imputed variants of

affected individuals and control individuals yielded a total of

12,092 imputed variants for the association study.
Target sequencing
We preformed target sequencing of 168 affected individuals and

1,359 control individuals to validate the imputed alleles of HLA-

DPA1 (MIM: 142880) andHLA-DPB1 (MIM: 142858) in the discov-

ery set and determine the alleles of HLA-DPA1, -DPB1, and -DPB2

in the replication set. To genotype two variants (rs480413 and

rs2775248) that were suggestive of an association with WDEIA

in the discovery set, we also performed targeted sequencing of

168 affected individuals and 1,359 control individuals, as

described above, by using specific primers (Table S2).
Transcriptomic data analysis
Tissue-specific expression profiles of HLA-DPA1, -DPB1, and -DPB2

were obtained from the GTEx Portal database. The expression

quantitative trait locus (eQTL) of variants was obtained from the

eQTL catalog, NESDA NTR Conditional eQTL Catalog, and

JENGER databases.
Statistical analysis
Age is summarized as median and interquartile range (IQR), and it

was compared via Mann–Whitney test. Individuals of each sex are

summarized as number and percentage, and the data were

compared via Fisher’s exact test.

The genomic inflation factor (l) was calculated with PLINK soft-

ware. We conducted a GWAS in the discovery set to identify

WDEIA-associated variants and validated the significant variant

with the lowest p value and two variants suggestive of an associa-

tion with WDEIA in the replication set. Association analyses were

conducted with Fisher’s exact test in three different geneticmodels

(allelic, dominant, and recessive) with PLINK software. The lowest

p value among these models was utilized. Summary statistics from

the discovery and replication sets were analyzed by a fixed-effect
Journal of Human Genetics 108, 1540–1548, August 5, 2021 1541



Table 1. Demographic and clinical characteristics of the discovery and replication sets

Variables

Discovery set Replication set

Affected individuals
(n ¼ 77)

Control individuals
(n ¼ 924)

Affected individuals
(n ¼ 91)

Control individuals
(n ¼ 435)

Age, median (IQR), years 51 (42–63) 36 (29–46) 44 (36–54) 37 (29–47)

Female sex, no. (%) 30 (39) 354 (38) 33 (36) 199 (46)

Wheat-specific IgE, median (IQR), Ua/mL 0.27 (0.10–1.14) – 0.48 (0.17–1.23) –

Gluten-specific IgE, median (IQR), Ua/mL 0.75 (0.17–1.98) – 1.33 (0.44–3.12) –

u-5 gliadin-specific IgE, median (IQR), Ua/
mL

6.36 (3.28–11.90) – 6.73 (2.79–10.90) –

Abbreviation: IQR, interquartile range. Age available for 77 affected individuals and 924 control individuals in the discovery set and 91 affected individuals and 432
control individuals in the replication set. Sex available for 77 affected individuals and 924 control individuals in the discovery set and 91 affected individuals and
435 control individuals in the replication set. Wheat-specific IgE available for 76 affected individuals in the discovery set and 87 affected individuals in the repli-
cation set. Gluten-specific IgE available for 75 affected individuals in the discovery set and 89 affected individuals in the replication set. u-5 gliadin-specific IgE
available for 77 affected individuals in the discovery set and 91 affected individuals in the replication set.
and random-effect meta-analysis with codes based on the meta

package in R software (version 3.5.0). We generated a Manhattan

plot by using the qqman package in R software to visualize overall

associations with SNPs. Regional plots of genome-wide significant

loci were created via LocusZoom25 software (version 2.7.2). The

genome-wide significance and suggestive significance thresholds

were 5.0 3 10�8 and 1.0 3 10�5, respectively.

The associations of HLA variants with WDEIA were evaluated

with additive logistic regression models implemented in R soft-

ware. We defined the HLA variants as bi-allelic single-nucleotide

variants in the MHC region, two- and four-digit bi-allelic HLA al-

leles, and bi-allelic HLA amino acid variants corresponding to their

respective residues.We conducted conditional association analysis

of the HLA variants by additionally including the HLA-DPB1*

02:01 or -DPB1*02:01:02 allele as a covariate.

Genotyping validation of discovery set variants and alleles was

conducted by targeted sequencing. Replication set genotype data

were assessed via the targeted sequencing results as validated in

the discovery set. Results with p values % 0.05 obtained with

Fisher’s exact test in the replication set were considered

significant.
Results

Individuals, genotyping, and quality control

After applying stringent QC filters for excluding samples

with low call rates, closely related subjects, and outliers

in the PCA (Figure S2), the discovery set comprised 77 in-

dividuals with WEDIA and 924 control subjects from a

general Japanese population, whereas the replication set

had 91 affected individuals and 435 control individuals.

The demographic characteristics of the subjects after QC

are shown in Table 1. Our study included 168 affected in-

dividuals and 1,359 control individuals with no significant

sex-related differences.
Genome-wide association analysis for WDEIA

After performing whole-genome imputation and applying

QC for the variants, we obtained 3,879,004 variants. Com-
1542 The American Journal of Human Genetics 108, 1540–1548, Aug
mon variants with an MAF > 0.01 were investigated for as-

sociations with WDEIA in three different genetic models,

namely, allelic, dominant, and recessive. The genomic

inflation factor (l) in the discovery set was 1.0444. We

plotted the minimal p (pmin) values from these genetic

models as �log10 (pmin) against the chromosome position

across the genome to construct a Manhattan plot (Figure 1

and Table S3). A substantial signal with genome-wide sig-

nificance was detected on chromosome 6. The regional

plot of this position demonstrated that all genome-wide

associated variants were located near HLA-DPA1, -DPB1,

and -DPB2 (Figure 2). We validated the lead SNP

(rs9277630) on chromosome 6 with a genome-wide signif-

icant p value by targeted sequencing. After validation, the

dominant model had the lowest p value among the three

models (Table S4, odds ratio [OR] ¼ 3.95; 95% confidence

interval [CI], 2.31�6.73; p ¼ 7.87 3 10�8).

Whenwe extended the threshold p value to<1.03 10�5,

we identified two SNPs with suggestive associations:

rs480413 near GLYATL2 (glycine-N-acyltransferase like 2

[MIM: 614762]) on chromosome 11 and rs2775248 near

OR4L1 (olfactory receptor 4L1) on chromosome 14 (Table

S4 and Figure S5).
Analysis of the association of the HLA-imputed variants

with WDEIA

By performing HLA imputation with the large-scale popu-

lation-specific HLA reference panel of Japanese individ-

uals, we obtained imputed genotypes of 12,092 imputed

variants in the MHC region. We conducted a dominant lo-

gistic regression analysis of HLA alleles, amino acid substi-

tutions, and variants within the MHC region (for regional

associations, see Table S5 and Figure 3). The HLA allele

located in the MHC class 2 region had the most significant

association withWDEIA (HLA-DPB1*02:01, OR¼ 5.2 [95%

CI, 3.0�8.9], p¼ 6.193 10�11), which was in a strong link-

age disequilibrium with rs9277630 (r2 ¼ 0.930). The HLA-

DPB1*02:01:02 allele had the second highest frequency
ust 5, 2021



Figure 1. Manhattan plot of a genome-wide association of SNPs with WDEIA in the discovery set of 77 affected individuals and 924
control individuals
The x axis indicates chromosomal positions and the y axis shows the �log10 minimum p values calculated with three genetic models.
Each dot represents a SNP. The dotted line indicates the genome-wide significance level.
among the HLA-DPB1 alleles in the Japanese population

(Table S6). When we conditioned on HLA-DPB1*02:01 to

identify an independently associated locus in the HLA re-

gion, no other variant satisfied the significance p value

(5.70 3 10�6) after Bonferroni correction (Figure 3). The

HLA-DPB2*01:01:02 allele’s p value was close to the

genome-wide significance threshold (OR ¼ 3.95 [95% CI,
Figure 2. Regional association plot of susceptibility locus associate
924 control individuals
SNPs are colored according to their linkage disequilibrium (LD; based
the lead SNP, rs9277630, is marked with a purple diamond.

The American
2.31�6.37], p ¼ 7.87 3 10�8). Genotype validation by tar-

geted sequencing yielded six-digit HLA alleles from all cod-

ing regions. In the WDEIA association study on all alleles

in HLA-DPA1, -DPB1, and -DPB2, the p value of the HLA-

DPB1*02:01:02 allele was below the genome-wide signifi-

cance threshold (Table S6). The frequency of HLA-DPB1*

02:01:02 allele carriers in the discovery set was 0.740
d with WDEIA in the discovery set of 77 affected individuals and

on the 1000 Genomes Project, phase 3, ASN reference panel), and

Journal of Human Genetics 108, 1540–1548, August 5, 2021 1543



Figure 3. Conditional regression results of the HLA locus independently associated with WDEIA susceptibility
The lowest p value was observed for a classical allele (HLA-DPB1*02:01) in the HLA-DPB1 locus (top). After adjustment for HLA-DPB1*
02:01, none of the remaining variants in the HLA region reached the Bonferroni-adjusted significance level (bottom).
among affected individuals and 0.387 among control indi-

viduals (OR ¼ 4.51 [95% CI, 2.66�7.63], p ¼ 2.28 3 10�9).

Replication study and meta-analysis

We genotyped rs9277630, rs480413, and rs2775248, along

with all alleles in HLA-DPA1, -DPB1, and -DPB2, by tar-

geted sequencing in an independent replication set con-

sisting of 91 individuals with WDEIA and 435 general Jap-

anese control subjects (Table 1). We confirmed rs9277630

and the HLA-DPB1*02:01:02 allele to be significantly asso-

ciated with WDEIA by using the dominant genetic model

in replication samples (Tables S4 and S6, rs9277630: OR

¼ 3.19 [95% CI, 1.93�5.28], p ¼ 2.97 3 10�6; HLA-

DPB1*02:01:02: OR ¼ 3.82 [95% CI, 2.33�6.26], p ¼
3.033 10�8). The results of the fixed-effect and random-ef-

fect meta-analyses in the combined set for rs9277630 and

HLA-DPB1*02:01:02 are shown in Figure 4. The HLA-

DPB1*02:01:02 allele had the most significant association

with WDEIA (OR ¼ 4.13 [95% CI, 2.89�5.93], p ¼
1.06 3 10�14). The conditional analysis of the HLA-

DPB1*02:01:02 allele in the combined set indicated that

the remaining alleles in HLA-DPA1, -DPB1, and -DPB2

did not reach the Bonferroni-adjusted significance level

(Table S7). The associations of rs480413 and rs2775248

were not confirmed for the replication samples (Table S4).

Functional in-vitro assay of the lead SNP from a public

database

We examined the biological function of the HLA-DP locus

by assessing tissue-specific expression profiles of HLA-
1544 The American Journal of Human Genetics 108, 1540–1548, Aug
DPA1, -DPB1, and -DPB2 obtained from the GTEx data-

base. The mRNA expression levels of HLA-DPA1 and

-DPB1 in Epstein-Barr virus-transformed lymphocytes

were, respectively, 231.2 and 85.5 times higher than that

of HLA-DPB2 (Figure S4).

We also examined the eQTL of rs9277630 in the eQTL

catalog, NESDA NTR Conditional eQTL Catalog, and

JENGER databases (Figure S5 and Table S8). Of 111 inde-

pendent datasets of the eQTL catalog, the mRNA expres-

sion of HLA-DPA1 and -DPB1 was detected in all datasets,

whereas the mRNA expression of HLA-DPB2 was detected

in only GTEx database. rs9277630 had a positive correla-

tion with the HLA-DPA1 mRNA expression level in 21

datasets, while a significant negative correlation with

HLA-DPB2 was observed in 35 tissues. No correlation

with HLA-DPB1 was observed in almost all datasets. In

the NESDA NTR Conditional eQTL Catalog and JENGER

databases, rs9277630 was significantly and positively

correlated with the HLA-DPA1 and -DPB1 expression levels

in peripheral blood. In the JENGER database, rs9277630

was significantly and negatively correlated with the

expression of HLA-DPB2.
Discussion

This was a GWAS in individuals withWDEIAwhowere pre-

dominantly sensitized to u-5 gliadin. We identified associ-

ations between the HLA-DP locus andWDEIA, which were

replicated in an independent Japanese cohort. On the basis
ust 5, 2021



Figure 4. Forest plots and meta-analysis between the discovery and replication sets for a lead SNP (rs9277630) and an HLA-DPB1*
02:01:02 allele achieving a genome-wide significance
Forest plots for each marker associated with WDEIA at a genome-wide level of significance were generated according to the Mantel-
Haenszel method. Odds ratio (OR) and 95% confidence interval (CI) are displayed on the x axis. The number of carriers and total indi-
viduals with each marker of each cohort (discovery and replication sets) and the combined analysis are shown. The diamond shows the
final ORs and 95% CIs for fixed-effect and random-effect meta-analyses of two cohorts, and we used heterogeneity (I2) and between-
study variance (t2) to assess the heterogeneity of random-effect model in effect sizes between cohorts.
of association data obtained by HLA imputation and tar-

geted sequencing of HLA-DPA1, -DPB1, and -DPB2, the

HLA-DPB1*02:01:02 allele displayed the most significant

association with WDEIA. Although previous studies found

significant associations between other food allergies,

including those caused by shrimp, peaches, milk, eggs,

and peanuts, and the HLA-DQ locus,26–28 our study did

not detect significant WDEIA-related associations with

the HLA-DQ locus (Table S5). Therefore, the mechanism

ofu-5 gliadin-induced allergymay differ from that of other

food allergies. Because these previous association studies

examined allergies without inducing exercise, it is possible

that the HLA-DP locus is specifically associated with

WDEIA. Further studies should elucidateHLA involvement

in the mechanism of WDEIA.

The HLA-DPB1*02:01:02 allele frequency was 0.432

and 0.220 in the groups of affected individuals and

control individuals, respectively (Table S6). Our control

group allele frequency was comparable with that

(0.228) in a different general Japanese population cohort

(n ¼ 1,120),29 indicating that our targeted sequencing

approach was appropriate. The HLA-DPB1*02:01:02

allele frequency is 0.140, 0.138, 0.103, and 0.361, in

Chinese,30 European American,31 Mexican,32 and Span-

ish populations,33 respectively. In almost all populations,

this allele has the second or third highest frequency, sug-

gesting that it may be used globally as a WDEIA-risk

biomarker.
The American
A previousGWAS aimed to identify a biomarker for wheat

allergies following the use of a soap containing hydrolyzed

wheat protein (HWP) by participants.34 In 2012–2014, a

study found that 2,111 Japanese subjects suffered from

allergic urticaria, anaphylaxis, and/or WDEIA after using

this soap, causing public and social concerns.35 The major

allergen of this soap is Glupearl 19S, produced by the acid

treatment of gluten at a high temperature for a short

time.36,37 The allergy to this HWP-containing soap was

significantly associatedwith theHLA-DQ locus. Specifically,

amino acid position 34 of HLA-DQa1 (OR ¼ 0.45 [95% CI,

0.39�0.53], p ¼ 2.96 3 10�24) had the most significant as-

sociation in the GWAS set. In contrast to the findings of

these previous studies, our study detected no significant as-

sociation of the amino acid position 34 with WDEIA (OR ¼
1.2 [95% CI, 0.7�2.1], p ¼ 0.477; data not shown), indi-

cating differences in the major allergens between WDEIA

and HWP allergy. Gluten from fractionated wheat protein

contains glutenins and gliadins.38 Noguchi et al. reported

that the major HWP allergen might be glutenin recognized

by the amino acid residue 34 of HLA-DQa1.39

In this study, HLA-DPB1*02:01:02 showed the most

significant association with WDEIA, but HLA-DPB2*

01:01:02 was also suggestive of an association withWDEIA.

Although HLA-DPB2 is a pseudogene, its mRNA expression

might upregulate HLA-DPB1 expression.40 Moreover, allele-

specific expression in HLA and other autoimmune loci is

known to change dynamically during T cell activation.41
Journal of Human Genetics 108, 1540–1548, August 5, 2021 1545



The expression level of HLA-DPB2*01:01:02 might control

that of HLA-DPB1*02:01:02. The GTEx database indicated

high HLA-DPA1 and HLA-DPB1 expression, along with

low HLA-DPB2 expression, in various tissues (Figure S4).

On the basis of the three eQTL databases, the lead SNP

rs9277630 was positively associated withHLA-DPB1 expres-

sion and negatively associated with HLA-DPB2 expression

(Table S7). In the future, it would be necessary to clarify

the relationship between HLA-DPB1 and HLA-DPB2 in the

pathogenesis of WDEIA.

Not only genetic factors but also environmental factors

may affect the WDEIA risk. For example, administering

aspirin facilitates the absorption of non-digested gliadin

from the intestine into blood circulation17,42 and aug-

ments the allergic reaction in WDEIA by lowering the

threshold and increasing the severity of the adverse reac-

tion.43 Furthermore, the gut microbiome was previously

assessed to identify other environmental factors,43 but

the microbial diversity did not differ between 25 individ-

uals with WDEIA and 25 healthy control individuals

owing to the small sample size. Hence, an integrative anal-

ysis, including genetic and environmental factors, will be

useful in elucidating the WDEIA mechanism.

Although association studies using an additive model are

common,44 HLA was associated in a dominant manner

with disease in a previous report,45 and highly significant,

non-additive dominance effects within HLA loci were

observed in rheumatoid arthritis, type 1 diabetes, psoriasis

vulgaris, and celiac disease.46 Therefore, we performed an as-

sociation study by using three common genetic models to

determine the best inheritance model, finding that the lead

SNP rs9277630 of the HLA-DPB1*02:01:02 allele in the

dominant model showed the highest OR and minimum p

value comparedwith the othermodels (Table S4). Therefore,

we selected thedominantmodel for the subsequent analysis.

Although we detected a statistically significant associa-

tion between HLA-DPB1*02:01:02 and the WDEIA risk,

the underlying causal mechanisms remain to be elucidated.

In addition to genetic studies in a variety of populations,

functional assessment of the underlying mechanisms will

provide deeper insights into the pathogenesis of WDEIA.

The HLA-DPB1*02:01:02 allele is significantly associated

with WDEIA in the Japanese population. If validated in

additional populations, this may have broad implications

for risk assessment, diagnosis, and treatment of WDEIA.
Data and code availability

All data are contained in the paper and its supplemental informa-

tion are available upon request to the corresponding author. The

genotyping datasets are not publicly available because of institu-

tional ethics restrictions. The R code used is publicly available

and cited in the subjects and methods.
Supplemental information

Supplemental information can be found online at https://doi.org/

10.1016/j.ajhg.2021.06.017.
1546 The American Journal of Human Genetics 108, 1540–1548, Aug
Acknowledgments

We appreciate the participants of this study. We would like to

thank Editage (see web resources) for English language editing.

This work was supported by the Practical Research Project for

Allergic Diseases and Immunology (Research on Allergic Diseases

and Immunology) from the Japan Agency for Medical Research

and Development; AMED (JP17ek0410020); and the Clinical

Research Support Program from the Japanese Society of Allergol-

ogy. This work was also partially supported by JSPS KAKENHI grant

number JP17K00938, Japan Agency for Medical Research and

Development; AMED (JP20ek0410076); and a grant from Nippon-

ham Foundation for the Future of Food.
Declaration of interests

The authors declare no competing interests.

Received: March 19, 2021

Accepted: June 15, 2021

Published: July 9, 2021
Web resources

Editage, https://www.editage.com/

GTEx Portal database, https://gtexportal.org/home/

JBIC, https://www.jbic.or.jp/english/

JENGER databases, http://jenger.riken.jp

NESDA NTR Conditional eQTL Catalog, https://eqtl.

onderzoek.io/index.php?page¼info

OMIM, https://www.omim.org/

PSC, http://www.jpma.or.jp/information/research/psc/

e02psc/about.html
References

1. Scherf, K.A., Brockow, K., Biedermann, T., Koehler, P., and

Wieser, H. (2016). Wheat-dependent exercise-induced

anaphylaxis. Clin. Exp. Allergy 46, 10–20.

2. Kushimoto, H., and Aoki, T. (1985). Masked type I wheat al-

lergy. Relation to exercise-induced anaphylaxis. Arch. Derma-

tol. 121, 355–360.

3. Morita, E., Chinuki, Y., Takahashi, H., Nabika, T., Yamasaki,

M., and Shiwaku, K. (2012). Prevalence of wheat allergy in Jap-

anese adults. Allergol. Int. 61, 101–105.
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Hofmeier, K., Treudler, R., Pföhler, C., Hawranek, T., Poziom-
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son, H.E. (2019). HLA high-resolution typing by next-genera-

tion sequencing in Pandemrix-induced narcolepsy. PLoS ONE

14, e0222882.

31. Creary, L.E., Gangavarapu, S., Mallempati, K.C., Montero-

Martı́n, G., Caillier, S.J., Santaniello, A., Hollenbach, J.A., Ok-

senberg, J.R., and Fernández-Viña, M.A. (2019). Next-genera-

tion sequencing reveals new information about HLA allele

and haplotype diversity in a large European American popula-

tion. Hum. Immunol. 80, 807–822.
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