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148  ABSTRACT

149  Background:

150 Food allergy is a growing health problem worldwimkeause of its increasing

151  prevalence, life-threatening potential, and shartaigeffective preventive treatments. In
152  an outbreak of wheat allergy in Japan, thousangaiénts showed allergic reactions to
153  wheat after using soap containing hydrolyzed wpeatiein (HWP).

154  Objectives:

155  The aim of the present study was to investigategerariation that may contribute to
156  susceptibility to HWP allergy.

157  Methods:

158  We conducted a genome-wide association study (GVWABWP allergy in 452 cases
159 and 2,700 controls using 6.6 million genotypednaputed single-nucleotide

160  polymorphisms (SNPs). Replication was assesse@ibgtgping SNPs in independent
161  samples comprising 45 HWP allergic patients and@g#rols.

162  Results:

163 Through the GWAS, we identified significant asstioms with the class Il human

164 leukocyte antigen (HLA) region on 6p2R £ 2.16 x 1G** for rs9271588P = 2.96 x

165 10%*for HLA-DQal amino acid position 34) and with tRBFOX1 locus at 16p13

166 (rs74575857P = 8.4 x 10°). The associations were also confirmed in theicapbn

167  dataset. Both amino acid polymorphisms (HLA{B¥Qamino acid positions 13 and 26)
168 located in the P4 binding pockets on the HLA DQ exale achieved the genome-wide
169  significance levelR < 5.0 x 10).

170  Conclusions:
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Our data provide the first demonstration of genesik for HWP allergy and show that

this genetic risk is mainly represented by multigbenbinations of HLA variants.

Key Messages

® [gE reactivity to HWP sensitized through skin was correlated with that to
omega-5-gliadin.

® In this first GWAS of patients allergic to HWP, Wieind strong associations with
HLA-DQ variants and that the properties of the ilimg pocket on the DQ
molecule seem to influence the allergenicity of HWP

® \Variants in the HLA-DQ region associated in thertture with increased risk of
peanut allergy were associated with a protectifecedbf HWP allergy.

® TheRBFOXL1 region on chromosome 16913, which has been reptytee
associated with food allergy in a European ancesthprt, is also associated with

HWP allergy.

Capsule summary
This study provides the first demonstration of dengusceptibility to adverse reactions
related to cosmetic products and wheat allergythatsusceptibility to food allergies

may be influenced by the different allergen-bindamgperties of HLA alleles.

Key Words

Hydrolyzed wheat protein, allergy, percutaneous, ABMHLA, RBFOX1

Abbreviations used

HWP: hydrolyzed wheat protein
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HWP-IWA:

GWAS:
HLA:
FLG:
Q-Q plot:
SNP:
WDEIA:
TTG:

EDC:

immediate-type wheat allergy due to hygesd wheat protein
genome-wide association study

human leukocyte antigen

filaggrin

guantile—quantile plot

single nucleotide polymorphism

wheat-dependent exercise-induced anaphylaxis
anti-tissue transglutaminase

epidermal differentiation complex
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Introduction

Food allergy is a growing health problem worldwimcause of its increasing
prevalence, life-threatening potential, and shataigeffective preventive treatments.
The prevalence of food allergy in infants and phest children is 5-10% in Japan,
4.4-5.3% in the United Kingdofand 7.6% in the United StatéEood allergy can be a
lifelong burden to many subjects, and currentlygeffective treatments are available.
The major allergens underlying most food reactioctide a relatively small number
of foods: milk, eggs, peanuts, tree nuts, seafsbellfish, soy, and wheatFood
allergies are thought to be caused by both geaaticenvironmental factors. Many
genetic studies of food allergy have focused ompeallergy, and loss-of-function
mutations in filaggrinELG) have been reported to be associated with pedetgya
and peanut sensitization, possibly due to skinidradlysfunctiort. So far, 5
genome-wide association studies have been condfgtéabd allergy. Variation within
the human leukocyte antigen (HLA) region have beported to be associated with
peanut allergy® and with self-reported allergic reactions to striamd peache¥.
SERPINB7/B2 has also been reported to be associated with keg'sllergy and
C11orf30 with peanut allergy* However, few genetic studies of wheat allergy have
been conducted.

Wheat is one of the most widely consumed foodeéwtorld, and the gluten in wheat
has been found to be linked with various diseamed) as celiac disease, wheat allergy
and gluten sensitivity? These diseases are termed “gluten-related disSrdad have
an estimated global prevalence of approximately*5ptowever, gluten-related
disorders are rare in Japan, unlike in Europeantces, possibly due to the low
consumption of wheat in the diet.
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Wheat proteins have also been widely used in adityzizd form in food as well as
cosmetics. Christensehal., reported hydrolyzed wheat protein (HWP) allergic
patients with a case history of anaphylaxis relébeidgestion of food containing HWP
called Meripro 711 and showed that these patieete wonosensitized to HWP and
tolerated ingestion of nonhydrolyzed wheat proditBatients allergic to HWP in
cosmetic products have been reported in Westemties, albeit only 20 or so patients
reported so faf” It has been suggested that percutaneous foodisatish can occur by
the application of skin oil containing a food prati(peanuts), resulting in increased
prevalence of peanut allerdyIn Japan, a total of 2,111 subjects showed atlergi
contact urticaria, anaphylaxis, and/or wheat-depehdxercise-induced allergy after

using a soap containing a specific type of HWPp8arl 19%®, causing public and

social concerrt® " Glupearl 19S was produced by acid treatment (pb+1(R) of

gluten at 95°C for 40 minutes. The soap contai®@hgpearl 19S® was very popular,
especially among women, and the total number gissald to the customers was
46,508,000 (http://www.jsaweb.jp/modules/en/indappcontent_id=11). Based on the
number of adult Japanese women (54,444,000), appately 1 in 12 Japanese adult
women were estimated to have used the sbagewever, the number of patients that
satisfy the diagnostic criteria of this HWP allesggis 2,111; therefore, only a small
fraction (< 0.1%) of HWP soap consumers developledgy/anaphylaxis. In the case of
the patients using HWP-containing soap, no patieatsshown an apparent allergy to
wheat before using the soap. The symptoms typieglpeared 1 year after starting use
of the soap, and most of the patients with ingestedated symptoms reacted to
traditional wheat products, such as pasta, noodtespread, unlike non-Japanese
patients allergic to HWP, who tolerated traditiondileat products? **The factors and

12
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mechanisms underlying HWP allergy are largely unkmaHowever, considering the
fact that only a small fraction of consumers depebballergy/anaphylaxis, it is
speculated that genetic components are involvéldemevelopment of diseases, similar
to other allergic diseases such as asthma, atepicalitis and food allergy.

In the present study, we conducted the first geratde association study (GWAS) of
immediate-type wheat allergy due to hydrolyzed wipeatein (HWP-IWA) related to

facial soaps, a unique cosmetic-induced hydrolyzleeat allergy.

Methods

Study design and patient characteristics

A flowchart of this study is presented in Figahd the characteristics of the participants
are shown in Table E1 (see Table E1 in this atiédmline Repository at
www.jacionline.org). Because the majority (>95%}HWP-IWA patients were female,
due to the great popularity of the soap among woimeases and controls were
restricted to females. Diagnostic criteria for HWRA is as follows: (1) usage of soap
containing HWP, (2) allergic symptoms within seveéoa30 min after using the soap
and/or allergic symptoms after eating wheat proglU&) positive laboratory test result,
skin prick test using 0.1% Glupearl 19S solution, enzyme-linked immumbent
assay (ELISA), and/or basophil activation test (&df2). The age group with the
largest share to use the soaps were those indisit> and it reflected age distribution
of cases of the present study. Serum specific inoglabulin E (IgE) levels for
Glupearl 19S was quantified by the ELISA metfibdnd specific IgE levels for wheat,
gluten and omega-5-gliadin was determined with Ima@AP system (Thermo Fisher
Diagnostics K.K, Tokyo, Japan).

13
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278  GWAS and quality controls

279  Four hundred and eighty patients with HWP-IWA whtidfied the diagnostic criteria
280 described in Table E2 were recruited as GWAS castrgeen June 2013 and April 2014.
281  As GWAS controls, we included a dataset of 2,36ddle subjects without asthma,
282  atopic dermatitis, Graves’ disease, rheumatoidisighviral hepatitis, or drug eruption
283  in the BioBank Japan projett?*We also included a dataset of 336 healthy female
284  subjects from the Pharma SNP Consortium, resuiltiragtotal of 2,700 subjects as

285  controls. Subjects for GWAS were genotyped usirgliftmina HumanOmniExpress
286  BeadChip (lllumina, Inc., San Diego, CA, USA) fallmg the manufacturer’s protocols.
287  Of the 480 GWAS patients, 452 HWP-IWA patients pdshe quality controls (QC) as
288  described in the Online Repository Method. We Usast Asian samples (EAS) from
289  Phase 1, version 3, of the 1,000 Genomes Projecteference and evaluated

290 6,575,663 imputed SNPs that passed QC in GWAS aivije—quantile plot (Q—Q plot)
291 revealed no evidence of genomic infiltration (gemomiflation factor hGC] 1.013, Fig
292  E1), suggesting minimal confounding of the analysiryptic relatedness and

293  population stratification. The threshold for thengme-wide statistically significant

294  association level was setRt 5 x 108, Detailed methods on genotyping, quality

295  control, and statistical analysis are shown inMiehods section in this article’s Online
296  Repository at www.jacionline.org.

297

298  Conditional analysis of HLA regions for GWAS

299 A stepwise conditional analysis was applied tottpeassociated variants, and the

300 analysis was repeated until no variants reachedeheme-wide significant association

14



301 threshold P = 5.0 x 1(%). Detailed methods are shown in the Methods sedtidhis
302 article’s Online Repository at www.jacionline.org.

303

304 Replication analysis

305  Patients who satisfied the diagnostic criteria dbsd in Table E2 were also recruited
306  between April 2015 and January 2016, and 45 patgate informed consent to

307  participate in the study. A total of 326 femalealagse general population dataset was
308 used as replication contrdfsWe considered it to be replicated if the lead NP

309 another correlated SNP in the region showWeglues < 0.05/2 independent te$s<(
310 0.025). Detailed methods are shown in the Methedsan in this article’s Online

311  Repository at www.jacionline.org.

312

313 HLA allele determination, HLA allele replication analysis, HLA DQ haplotype

314 analysis, and HLA-DQ protein structure

315 To obtain HLA allelic types in GWAS, we used SNP2fE to impute classical 2- and
316  4-digit HLA alleles and amino acid polymorphismsHhA-A, HLA-B, HLA-C,

317 HLA-DRB1, HLA-DQA1, HLA-DQB1, HLA-DPA1, and HLA-DPR using

318  Japanese-population-specific HLA reference pamets408)** We also performed
319 HLA-DQAL1 and HLA-DQB1 genotyping for 452 discoverghort cases for GWAS,
320  replication study cases (n = 45) and replicatiogicontrols (n = 326) using the

321  polymerase chain reaction-reverse sequence-spetgmnucleotide probe (PCR-rSSO)
322  method. We considered alleles to be replicated wiheriLA allelic association in the
323  replication dataset (45 cases vs 326 controls) sd&®walues < 0.05/22 testP

324  0.0023).

15
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The haplotype association analyses for DQA1 and D@Bre performed using the
Arlequin version 3.5° We performed the haplotype analysis using 452 G\Was®s, 45
replication cases, and 326 replication controlssendQA1 and DQB1 genotypes were
available.

To visualize the molecular structure of HLA-DQ, d@tystal structure was obtained from
the Protein Data Bank (PDB ID: 2NN®. The amino acid residues were visualized
using the PyMOL Molecular Graphics System (Vers2dh Schrodinger, LLC, URL:

https://www.pymol.org/¥’

Results

Study design and patient characteristics

Fig 1 shows the flowchart of the present study.u®elgE levels of Glupearl 19S
quantified by ELISA were available for 297 patierdaad the median (range) was 18.6
(<3 — >100; rangin@rom the lower and upper bounds) (FigA), Skin prick test results
were positive for all of the HWP-IWA patients wilerum IgE levels of Glupearl 19S
negative. Serum levels of wheat, gluten, and onteghadin specific IgE were
available for 400, 390, and 377 patients, respelsthand the median (range) was 0.63
(<0.35-63.4), 0.77 (<0.35-63.5), and <0.35 (<0.33®Y respectively (Fig 2B).
Significant correlation was observed between sespsatific IgE levels of Glupearl 19S
and those of wheat (Rho = 0.99,< 0.0001 Fig 2C) and gluten (Rho = 0.6& <

0.0001, Fig 2D), but not those of omega-5-gliadin (Rho = 0.0FZ,0.26, Fig 2E).

Loci associated with HWP-IWA by GWAS and HLA imputation analysis
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Fig 3, A shows a Manhattan plot of the GWAS, identifyingptus on chromosome 6
and 1 locus on chromosome 16 that exceeded thergenade significance leveP(<
5.0 x 10°). Details of the SNPs that are strongly associatesed on GWAS analysis
are described in Table E3 (see Table E3 in thiklag Online Repository at
www.jacionline.org).

Because the most significant association was obdeim the HLA regions on
chromosome 6 (Fig 3B, rs9271763P = 8.8 x 10 odds ratio (OR) 2.65 [95%
confidence interval (Cl) 2.19-3.22] for the G adglwe performed HLA imputation
with SNP2HLA* using an HLA Japanese population reference gaféie association
results of variants, including SNPs, HLA amino acatiants, and HLA allelic variants
are shown in Table E4 (see Table E4 in this afsicl®nline Repository at
www.jacionline.org). The most significant assomati in the GWAS and HLA
imputation analysis was observed at rs9271588=(2.16 x 1G* OR 2.2 [95%
confidence interval (Cl) 1.88-2.59] for the G a#lglthat was not included in GWAS
imputation reference panel and that is in strongdge disequilibrium with rs9271763
(r> = 0.94,D’ = 0.98, Fig 3,B). One locus located in the intron BBFOXL on
chromosome 16 (rs74575857 = 8.42 x 10, OR 3.28 [95% CI 2.19-4.91] for the C

allele, Fig 3,C) that reached the genome-wide significance lewasd also detected.

Conditional analysis of HLA regions for GWAS

To identify independently associated loci in theAtlegion, we performed conditional
analysis on the top associated variants, and thlysis was repeated until no variants
reached the genome-wide significant associatioestiold. Fig E2A and E2,B show

the results of the conditional analysis. The asgmn analysis of HLA amino acid
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395

polymorphisms with HWP-IWA revealed that the mdgngicant association in amino
acid polymorphisms was observed at amino acid ipos84 of HLA-DQu1 (Poinary =
2.96 x 10°*, OR 2.20 [95% CI 1.88-2.58] for the Glu allelegf&2, B, Table E4), and
this amino acid polymorphism was in complete linkagsequilibrium with the top SNP,
rs9271588 ¢ = 1). After conditioning on rs9271588 (position 8#HLA-DQal), a
significant association was observed with HLA-DQA3*03 P = 8.14 x10, Table E4),
but most of the associations in the HLA-DR/DQ regialisappeared (Fig EB). Then,
conditioning on both rs9271588 and HLA-DQA1*03:(demtified rs9263827 as an
independent association signBl £ 3.49x10°, OR 6.93 [95% CI 3.66-13.12] for the A
allele, Table E4). SNP rs9263827 is near HLA-C.eAftonditioning on rs9271588,
HLA-DQA1*03:03 and rs9263827, no variants reachled genome-wide significant

association threshold (Fig E2).

Replication analysis using independent case-contremples and meta-analysis

We genotyped rs9271588 on chromosome 6 and rs598268 chromosome 16 in
independent replication samples comprising 45 HWWR-Ipatients and 326 female
replication controls (Table 1). rs9271588 on chreame 6 was confirmed to be
associated with HWP-IWA in the replication sampes= 1.96x 1¢, OR 3.90 [95% ClI
2.23-6.84], Table 1).

We also performed HLA-DQAL1 and HLA-DQB1 4-digitaic typing in the replication
dataset. A similar effect size to that of the GW#iScovery samples was observed in the
replication samples (Fig. 4 and Table E5). HLA-DGAIL:03 was confirmed to be
associated with HWP-IWA in the replication samples= 7.11x 10, OR 0.3 [95% CI
0.12-0.62]; Table E5), and DQB1*03:02 reached thgAS significance level in the
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meta-analysis.

Table E6 shows the results of the conditional asslyof the HLA-DQAL1l and
HLA-DQB1 4-digit allele on rs9271588 in both the %/ and the replication dataset.
In the replication dataset, DQA1*03:03 was not agged with HWP-IWA after
conditioning on rs9271588(= .65, OR 1.15 [95% CI 0.62-2.15]). The meta-asialy
results showed that no HLA-DQ alleles achieved GWgignificance levels after
conditioning on rs9271588.

The top associated SNP in the chromosome 16 regisnrs74575857°(= 8.4 x 10,
Table E3), but we could not perform genotypingsif4575857 for the replication study
because a suitable TagMan assay design was nahedbtal herefore, we performed
genotyping using the second most associated SNEha@nchromosome 16 region
(rs59325236), which was in strong linkage disefuiilim with rs745758570} = 1, and

r? = 0.8). Although rs59325236 did not achid¥e 0.025 in the replication sampld3 (
=0.097, OR 2.27 [95% CI 0.87-5.98], Table 1) beseaof the reduced statistical power
caused by its low allele frequency, both SNPs hadlas effect sizes, which were
observed in the GWAS discovery samples, and rs58282%eached the genome-wide
significance level in the meta-analys® £ 1.31 x 1¢, OR 2.57 [95% CI 1.85-3.55],

test for heterogeneity, = 0.79).

Haplotype analysis of DQA1 and DQB1

Because we have observed a strong association dretieA class Il alleles and
HWP-IWA, we performed haplotype association analyssing actual genotypes of
HLA-DQA1 and HLA-DQB1 (all HWP-IWA cases; n = 49@&nd replication control; n

= 326). DQA1*01:03-DQB1*06:01 haplotype achieve@ thenome-wide significance
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level P = 3.34 x 10° Table E7). No HLA-DQ haplotypes achieved GWAS

significance levels after conditioning on rs9271%88&ble E7).

FLG loss-of-function mutation analysis

Becausd-LG loss-of-function mutations have been reportede@$sociated with food
allergy?® we performed genotyping of the 5 most comnflnG loss-of-function
mutations in the Japanese population. As showralleTES8, the frequencies of these
FLG loss-of-function mutations did not differ betweetWP-IWA patients and the
Japanese general populatiéhX 0.05), suggesting that skin barrier dysfunctigh not

play a major role in the development of HWP-IWA.

Association analysis of HWP-IWA with previously reprted HLA variants/SNPs of
food allergy/gluten-related diseases by GWAS

Table 2 shows the previously reported associagsalts of HLA alleles and amino acid
polymorphisms in food aller§yand provides a comparison with the results of
HWP-IWA in the present study. The opposite diratid association, except at
position 26 of HLA-D@1, was observed between peanut allergy and HWP-iWhAe
HLA 2- and 4-digit and amino acid variant analys&® also examined possible
associations of HWP-IWA with published food alledggi’** and celiac disease 16¢i

by GWAS (Table E9). Three of the examined variavegse nominally significant & <

0.05, and all were within the HLA region.

Discussion

This is the first GWAS in patients allergic to HW&Ad we found strong associations of
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444  HWP allergy with HLA-DQ variants.

445 Many HWP-IWA patients experienced serious symptoams] we previously reported
446  that 25% of patients experienced anaphylactic shock 43% experienced dyspriéa.
447 Most patients with conventional wheat-dependent r@se-induced anaphylaxis
448 (WDEIA) are specific IgE positive for omega-5-gliadin the present study, specific
449 IgE levels for Glupearl 19S were statistically sigantly correlated with those of
450 wheat and gluten-specific IgE, but not with omeggh&din specific IgE (Fig. 2),
451  suggesting distinct allergenicity of Glupearl 19&i omega-5-gliadin.

452  Antigenic peptides are bound in the binding groo¥eéHLA class Il molecules in an
453  extended conformation, and the binding grooves bAldlass 1l isotypes are mainly
454 characterized by the properties of the P1, P4,am6, P9 pocket® The molecular
455  structure of the extracellular region of the HLA-D@olecule, position 34 of
456  HLA-DQa1, the top associated variant; and the positionthefP1, P4, P6 and P9
457  pockets of HLA-D@L1 in the crystal structure of the HLA-DQ molecubes shown in
458  Fig. 5, along with the associated variants in eaiclding pocket. The risk-associated
459  amino acid residue 34 of HLA-D&1 (Fig. 5, pink sphere) is located in the second
460  hypervariable region of the first domain in theoflaf the antigen binding cleft. Both
461  amino acid polymorphisms located in the P4 bingiagkets achieved the genome-wide
462  significance level. Therefore, the effect of HWRPesure on skin and nasal/eye mucosa
463  may be influenced by the properties of the P4 Ibiggiocket on the DQ molecule.

464  Celiac disease is a gluten-intolerance disorded, its major genetic factors are the
465 HLA-DQA1l and DQB1 loci. Approximately 95% of patiesn possess DQ2.5
466 (DQA1*05:01/DQB1*02:01), while the remaining 5% car DQ8
467 (DQA1*03:01/DQB1*03:02), and the estimated herilidypifor classical HLA-DQ
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alleles and independent MHC variants outside of HX@ has been reported as 0.232
and 0.18, respectivef§}. Celiac disease is considered a common diseasarop& and
USA* but is very rare in Japan, possibly due to lovelallfrequencies for the
predisposing DQ alleles and low consumption of egiutelated food products.
Fukunaga et al. reported that high levels (>10 U/mL anti-tissue transglutaminase
(TTG) immunoglobulin A antibody were observed iro#2,008 nonclinical Japanese
subjects tested (0.2%), and only 1 of them (0.0%P6ray nonclinical subjects) was
confirmed to have celiac disease by duodenal hastmpogical findings® The allele
frequencies of the predisposing alleles, DQB1*0228d DQB1*03:02, in the Japanese
general population are 0.134% and 9.6%, respegfiteind this allele frequency of
DQB1*02:01 is extremely low compared with thoseother East Asian and European
countries (http://pypop.org/popdata/2008/byfreq-pi@.html)** In the present study,
DQB1*03:02 (DQ8) was also a risk allele for HWP-IWAnother risk allele for
HWP-IWA, DQB1*03:03 (DQ9), is not a predisposingled# for celiac disease,
although only 1 amino acid change (position 57 Q) in the antigen binding pocket
(P9) differentiates DQ8 and DQ9. Glupearl 19S dosta variety of gluten-derived
peptides with or without deamination, and our dstggest that common as well as
different antigenic peptides for celiac disease ldidP-IWA may exist.

Genome-wide significant associations were alsomvesen the SNPs rs74575857 and
rs59325236, located in the intronRBFOX1. RBFOX1 is an RNA-binding protein that
plays important roles in alternative spliciignd has been reported to be associated
with neurodevelopmental disea$é# recent report showed that copy number variants
of RBFOX1 are associated with food allergy in a Europearesing cohort® Although

copy number variation analysis was not applieduodataset, it is possible that copy
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number variation ilRBFOX1 plays a role in the development of HWP-IWA.
Compared with other allergic diseases such as as#imul atopic dermatitis, the number
of GWAS/genetic studies related to food allerggnsall. Hong et al. conducted GWAS
for patients with food allergy, including egg, milknd peanut, and they found that
rs7192 and rs9275596, located in the HLA-DQ regveere strongly associated with
peanut allergy.The opposite direction of association, excepbaitjpn 26 of
HLA-DQP1, was observed between peanut allergy and HWP-iWbdth SNP and
HLA 2- and 4-digit associations (Tables 2 and Tadbl¢, suggesting that the same
variant in this HLA-DQ region may exert an effetther enhancing or reducing
allergen-binding property depending on the strigtifrfood allergens. Recently, 5
GWASs related to food allergy have been publish&@nd a comparison between the
previously published GWAS results and those inpitesent study revealed no
associations of HWP-IWA with previously reportediaats, except those in the HLA
regions.

Skin barrier disruption in early life has been shdw be associated with both food
allergen sensitization and clinical food allergyee in those without atopic dermatitis,
supporting the notion that a defective skin bamméght be a route of sensitization to
food allergeng? Exposure to environmental food allergens can ottmaugh the skin,
and loss-of-function mutations in tR&G gene are strong predisposing factors for the
development of food allerdl.In addition, a recent GWAS reported that rs1212382
located in the epidermal differentiation compleXo(® near thd-LG gene on
chromosome 121, was associated with food allétgythe present study, we
examined whether skin barrier dysfunction was daseat with the development of

HWP-IWA by genotyping the 5 most commBhG loss-of-function mutations in the
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Japanese population. As shown in TableE8; loss-of-function mutations are not
associated with HWP-IWA. HWP-IWA patients were espd to wheat protein
extensively through the cutaneous and mucosal wwhén they used facial soaps
containing HWP and detergent; therefore, it is fimsghat allergen sensitization
occurred in patients with HWP regardless of thkin ®arrier status, due to repeated use
of these soaps.

In conclusion, we conducted the first GWAS for HVdRergy, and we identified
associations with HLA-DQ variants and tHRBFOX1 locus. To the best of our
knowledge, this is the first GWAS combining adversactions related to cosmetic
products and wheat allergy. HWP is widely usedoodf as well as cosmetic products.
In a recent report, the Cosmetic Ingredient Rei€WiR) Expert Panel reported that the
use of HWP was safe in cosmetics when they wergiatesl to average molecular
weight of 3.5 kDa or les¥,and the results obtained in the present studybeamsed to
support safer manufacturing and use of HWP. Alttofigther studies are needed to
understand the precise mechanisms underlying ghefated disorders, our data
suggest that subjects genetically susceptible aledant to HWP exist when exposed
through the skin and/or mucosa, leading to an asmd understanding of immunologic

disorders, such as wheat allergy and celiac diseaskof wheat protein risk prediction.

ACKNOWLEDGEMENT

We thank the HWP-IWA patients who participated e tStudy. We also thank all
doctors/staffs who contributed to Special Committee the Safety of Protein
Hydrolysates in Cosmetics, Flaminia Miyamasu fanmotents that greatly improved the

manuscript, and Dr. Hiroko Miyadera for criticatigading the manuscript.

24



540

541

542

543

544

545

546

547

548

549

550

5561

552

553

554

555

556

557

558

559

560

561

562

563

References

Ebisawa M, lIto K, Fujisawa T, Committee for Jagse Pediatric Guideline for
Food Allergy TJSoPA, Clinical Immunology TJSodapanese guidelines for
food allergy 2017 Allergol Int 2017; 66:248-64.

Venkataraman D, Erlewyn-Lajeunesse M, Kurukatdry RJ, Potter S, Roberts
G, Matthews S, et alPrevalence and longitudinal trends of food allergy
during childhood and adolescence: Results of thelésof Wight Birth Cohort
study. Clin Exp Allergy 2018; 48:394-402.

Gupta RS, Warren CM, Smith BM, Blumenstock Jiang J, Davis MM, et al.
The Public Health Impact of Parent-Reported Childhad Food Allergies in
the United States Pediatrics 2018.

Ho MH, Wong WH, Chang CcClinical spectrum of food allergies: a
comprehensive reviewClin Rev Allergy Immunol 2014; 46:225-40.

Brough HA, Simpson A, Makinson K, Hankinson Jp®n S, Douiri A, et al.
Peanut allergy: effect of environmental peanut expsure in children with
filaggrin loss-of-function mutations. J Allergy Clin Immunol 2014; 134:867-75
el.

Hong X, Hao K, Ladd-Acosta C, Hansen KD, Tsai, Hiu X, et al.
Genome-wide association study identifies peanut algy-specific loci and
evidence of epigenetic mediation in US childremNat Commun 2015; 6:6304.
Marenholz I, Grosche S, Kalb B, RuschendorflEnphen K, Schlags R, et al.
Genome-wide association study identifies the SERPBNgene cluster as a
susceptibility locus for food allergy Nat Commun 2017; 8:1056.

Martino DJ, Ashley S, Koplin J, Ellis J, SaffeB, Dharmage SC, et al.

25



564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

10.

11.

12.

13.

14.

Genomewide association study of peanut allergy repduces association
with amino acid polymorphisms in HLA-DRB1. Clin Exp Allergy 2017,
47:217-23.

Asai Y, Eslami A, van Ginkel CD, Akhabir L, Wa, Yin D, et al.A Canadian
genome-wide association study and meta-analysis ¢om HLA as a risk
factor for peanut allergy independent of asthmaJ Allergy Clin Immunol
2018; 141:1513-6.

Khor SS, Morino R, Nakazono K, Kamitsuji S, #&kiM, Kawajiri M, et al.
Genome-wide association study of self-reported fooekactions in Japanese
identifies shrimp and peach specific loci in the HA-DR/DQ gene region
i Rep 2018; 8:1069.

Asai Y, Eslami A, van Ginkel CD, Akhabir L, WaM, Ellis G, et al.
Genome-wide association study and meta-analysis multiple populations
identifies new loci for peanut allergy and establises C110rf30/EMSY as a
genetic risk factor for food allergy. J Allergy Clin Immunol 2018;
141:991-1001.

Sapone A, Bai JC, Ciacci C, Dolinsek J, Greeh Radjivassiliou M, et al.
Spectrum of gluten-related disorders: consensus amew nomenclature and
classification BMC Med 2012; 10:13.

Valenti S, Corica D, Ricciardi L, Romano Gluten-related disorders:
certainties, questions and doubtsAnn Med 2017; 49:569-81.

Christensen MJ, Stahl Skov P, Poulsen LK, Bewd3ensen C, Mortz CG.
Clinical relevance of sensitization to hydrolyzed Wweat protein in

wheat-sensitized subjects] Allergy Clin Immunol 2018; 141:802-5 el.

26



588  15. Yagami A, Aihara M, lkezawa Z, Hide M, KishikawR, Morita E, et al.
589 Outbreak of immediate-type hydrolyzed wheat proteinallergy due to a
590 facial soap in JapanJAllergy Clin Immunol 2017; 140:879-81 e7.

591 16. Lack G, Fox D, Northstone K, Golding J, Avonnigiudinal Study of P,
592 Children Study TFactors associated with the development of peanutlergy
593 in childhood. N Engl J Med 2003; 348:977-85.

594 17. Fukutomi Y, Itagaki Y, Taniguchi M, Saito A, M#eda H, Nakazawa T, et al.

595 Rhinoconjunctival sensitization to hydrolyzed wheatprotein in facial soap
596 can induce wheat-dependent exercise-induced anaphyis. J Allergy Clin
597 Immunol 2011; 127:531-3 e1-3.

598 18. Nakamura M, Yagami A, Hara K, Sano A, Kobayadshhihara M, et alA new

599 reliable method for detecting specific IgE antibodés in the patients with
600 immediate type wheat allergy due to hydrolyzed whegorotein: correlation
601 of its titer and clinical severity. Allergol Int 2014; 63:243-9.

602  19. Hirata M, Kamatani Y, Nagai A, Kiyohara Y, Nimgya T, Tamakoshi A, et al.
603 Cross-sectional analysis of BioBank Japan clinicalata: A large cohort of
604 200,000 patients with 47 common diseasekEpidemiol 2017; 27:S9-S21.

605  20. Nagai A, Hirata M, Kamatani Y, Muto K, Matsudg Kiyohara Y, et al.
606 Overview of the BioBank Japan Project: Study designand profile. J
607 Epidemiol 2017; 27:S2-S8.

608 21. Okada Y, Momozawa Y, Ashikawa K, Kanai M, MatalK, Kamatani Y, et al.

609 Construction of a population-specific HLA imputation reference panel and
610 its application to Graves' disease risk in JapaneseNat Genet 2015;
611 47:798-802.

27



612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

22.

23.

24.

25.

26.

27.

28.

29.

Morii W, Sakai A, Ninomiya T, Kidoguchi M, Sumaki R, Fujieda S, et al.
Association of Japanese cedar pollinosis and sernzsdtion with HLA-DPB1
in the Japanese adolescenfllergol Int 2018; 67:61-6.

Jia X, Han B, Onengut-Gumuscu S, Chen WM, Camea PJ, Rich SS, et al.
Imputing amino acid polymorphisms in human leukocye antigens PLoS
One 2013; 8:e64683.

Hirata J, Hirota T, Ozeki T, Kanai M, Sudo Bnaéka T, et alVariants at
HLA-A, HLA-C, and HLA-DQB1 Confer Risk of Psoriasis Vulgaris in
JapaneseJ Invest Dermatol 2018; 138:542-8.

Excoffier L, Laval G, Schneider 8rlequin ver. 3.0: An integrated software
package for population genetics data analysigvol Bioinform Online 2007,
1:47-50.

Henderson KN, Tye-Din JA, Reid HH, Chen Z, Bbig, Beissbarth T, et aA
structural and immunological basis for the role ofhuman leukocyte antigen
DQ8 in celiac diseasd mmunity 2007; 27:23-34.

DeLano W.The PyMOL Molecular Graphics System. San Carlos, CA
DeLano Scientific 2002.

Hirota T, Nakayama T, Sato S, Yanagida N, MafguSugiura S, et al.
Association study of childhood food allergy with geome-wide association
studies-discovered loci of atopic dermatitis and esinophilic esophagitis J
Allergy Clin Immunol 2017; 140:1713-6.

Dubois PC, Trynka G, Franke L, Hunt KA, RomanhsCurtotti A, et al.
Multiple common variants for celiac disease influening immune gene

expression Nat Genet 2010; 42:295-302.

28



636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

30.

31.

32.

33.

34.

35.

36.

37.

38.

Jones EY, Fugger L, Strominger JL, SieboldMEIC class Il proteins and
disease: a structural perspectiveNat Rev Immunol 2006; 6:271-82.
Gutierrez-Achury J, Zhernakova A, Pulit SL, kg G, Hunt KA, Romanos J, et
al. Fine mapping in the MHC region accounts for 18% addional genetic
risk for celiac diseaseNat Genet 2015; 47:577-8.

Catassi C, Gatti S, Lionetti BNorld perspective and celiac disease
epidemiology. Dig Dis 2015; 33:141-6.

Fukunaga M, Ishimura N, Fukuyama C, Izumi hikawa N, Araki A, et al.
Celiac disease in non-clinical populations of Japan] Gastroenterol 2018;
53:208-14.

Ikeda N, Kojima H, Nishikawa M, Hayashi K, Fggni T, Tsujino T, et al.
Determination of HLA-A, -C, -B, -DRB1 allele and halotype frequency in
Japanese population based on family studylissue Antigens 2015; 85:252-9.
Solberg OD, Mack SJ, Lancaster AK, Single RBRiTY, Sanchez-Mazas A, et
al. Balancing selection and heterogeneity across the askical human
leukocyte antigen loci: a meta-analytic review of 47 population studies
Hum Immunol 2008; 69:443-64.

Jin Y, Suzuki H, Maegawa S, Endo H, Sugano 8shiinoto K, et alA
vertebrate RNA-binding protein Fox-1 regulates tisse-specific splicing via
the pentanucleotide GCAUG EMBO J 2003; 22:905-12.

Conboy JGDevelopmental regulation of RNA processing by Rbfoproteins.
Wiley Interdiscip Rev RNA 2017; 8.

Li J, Fung |, Glessner JT, Pandey R, Wei Z,dyakK, et al.Copy Number

Variations in CTNNA3 and RBFOX1 Associate with Pedatric Food Allergy.

29



660

661

662

663

664

665

666

667

668

39.

40.

41.

J Immunol 2015; 195:1599-607.

Kelleher MM, Dunn-Galvin A, Gray C, Murray DNKiely M, Kenny L, et al.
Skin barrier impairment at birth predicts food allergy at 2 years of ageJ
Allergy Clin Immunol 2016; 137:1111-6 e8.

Irvine AD, McLean WH, Leung D¥ilaggrin mutations associated with skin
and allergic diseasesN Engl JMed 2011; 365:1315-27.

Burnett C, Bergfeld WF, Belsito DV, Hill RA, Kassen CD, Liebler DC, et al.
Safety Assessment of Hydrolyzed Wheat Protein and ydrolyzed Wheat

Gluten as Used in Cosmeticdnt J Toxicol 2018; 37:555-66S.

30



Table 1. Results of 2 SNPs for the development\WWiFHHIWA in GWAS and replication samples

Discovery Replication Meta-analysis
SNP Allele |AFcase AFconmo OR (95% CI) P AFcase  AFcomo OR(95% CI) P OR(95% Cl) P
rs9271588 A/G |0.701 0.523 2.21(1.88-2.59) 2.16x10?* [0.779  0.494  3.90 (2.23-6.84) 1.96x10° |2.30 (1.98-2.70) 1.11x10%® 0.056
rs59325236 A/G |0.057 0.024 2.60(1.84-3.68) 519x10° [0.068  0.033  2.27(0.87-5.98) 0.097 2.57 (1.85-3.55) 1.31x10® 0.79
In the Allele column, the first of the 2 allelestie minor allele. The risk allele is indicatedbiold, and the effect of the risk allele is
examined. The association analysis was performed) uke additive genetic model. AF, allele frequen€ the risk allele; OR, odds
ratio; 95% Cl, 95% confidence interv&'c", P value for test of heterogeneity.

HET
P
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Table 2. Association of HLA alleles and amino acid polymorphisms with HWP-IWA and comparison with Hong et al’s findings
regarding peanut-allergy-associated alleles/polymorphisms.

HWP-IWA (present study) Peanut allergy (Hong et al, 2015)

Gene Allele AFcase AFcontrol OR (95%Cl) P value AFcase AFconro P Vvalue
HLA-DQA1  DQA1*01:02 Present 0.108 0.135  0.79 (0.63-0.99) 0.043 0.28 0.2 2.7 x10°®
HLA-DQB1 DQB1*06 Present 0.216 0.337  0.53(0.44-0.63) 55 %10 0.35 025 54 x10°
amino acid position | AFcase  AFcontrol OR (95%Cl) P value AFcase AFcono P value
HLA-DRB1 Arg 71 0.821 0.735  1.69(1.40-2.03)  6.84 x10?° 0.38 045 2.3x10™°
HLA-DQal Met 207 0.109 0.136  0.79 (0.63-0.99) 0.045 0.28 0.2 2.7 x10°®
HLA-DQR1 Leu 26 0.522 0.398  1.73(1.49-2.00) 2.45 x10%3 0.71 0.63 1.1 x10°
HLA-DQR1 Gly 86 0.065 0.068  0.97 (0.72-1.29) 0.82 0.1 0.06 1.6x10®

HWP-IWA (present study): Afasg, allele frequency of GWAS cases; &kio, allele frequency of GWAS controls; OR, odds ra856%
Cl, 95% confidence interval; The association analy&s performed using the additive genetic model.

Peanut allergy (Hong et al, reference 6)cAdeandAFcontois allele frequencies of HLA classical alleles andre acid polymorphisms
imputed by SNP2HLA for peanut allergy patients aadtrols of discovery samples (reference 6 in thertext).
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Figure Legends
Figure 1. Flowchart of the present study.
EAS samples of 1KGP, east Asian samples from Phasgersion 3, of the 1000

Genomes Project; SNP, single-nucleotide polymomhis

Figure 2. Specific IgE values of HWP-IWA patients.

(A) Specific IgE values for Glupearl 19S in HWP-IWA ieats (n = 297). Values <
lower limit detection values (3 unit) were recordedl unit, and thoseupper limit
detection values as 100 units for analydy.Wheat (n = 400), gluten (n = 390), and
omega-5-gliadin (n = 377) specific IgE levels in IRVIWA patients. Bars indicate
median values. Specific IgE values for wheat, glugand omega-5-gliadin < lower limit
detection values (0.35A/ml) were recorded as 0.1al4nl, and those upper limit
detection values (100Adml) were recorded as 100, kunl.

Spearman rank correlation between Glupearl 19SfapkyE and whea{C), Glupearl
19S specific IgE and glutdD), and Glupearl 19S specific IgE and omega-5-gliélin

are shown.

Figure 3. Manhattan plots of the GWAS and regional assamigpiots on HWP-IWA.

(A) The Manhattan plots for genotyped and imputed Sit®shown for the GWAS on
HWP-IWA (452 cases vs. 2700 controls). The X-ardigates the chromosomal
position, and the Y-axis shows -lgdP value). The red line indicates the thresholds for
genome-wide significanc®(< 5.0 x 10%).

(B) Regional association plot on chromosome 6 thatedhgenome-wide significance.

Each dot represents the -lg@P value) for genotyped and imputed SNPs with
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Minimac3 software using the EAS samples of 1IKGRa§aliv3). Genomic locations of
genes within the regions of interest are showheabbttom. SNP color represents
pairwise linkage disequilibriunt?) between the index SNP (rs9271763) and each
genotyped and imputed SNP based on 1000 Genome2arASN (hg19) as the
reference.

(C) Regional association plot on chromosome 16 thahe genome-wide
significance. Each dot represents the @B value) for genotyped and imputed SNPs
with Minimac3 software using the EAS samples of EX@haselv3). SNP color
represents pairwise linkage disequilibriurf) petween the index SNP (rs74575857)
and each genotyped and imputed SNP based on 10afir®ee Mar 2012 ASN (hg19)

as the reference.

Figure 4. Association results for HLA DQA(A) /DQB1 (B) 4-digit alleles in GWAS
(discovery), replication, and meta-analysis. Oddi®for GWAS @), replication ),
and meta-analysis&) and 95% confidence interval (bars) are showreémh HLA-DQ

4-digit allele. TheP values that achieve GWAS significanée<{5 x 10°) are marked

with asterisks.

Figure 5. HLA-DQ protein structure. The molecular structufeéhe extracellular region
of the HLA-DQ molecule (PDB ID: 2NNA), along withmano acid position 34 of
HLA-DQa1l (pink sphere), and the locations of pocket 1kpbd, pocket 6, and pocket
9 of HLA-DQa1/HLA-DQp1 and their polymorphic amino acid (AA_) positicare

shown. An arrow indicates each pocket locationnenHLA-DQ molecule. Amino acid
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polymorphisms with asterisks (*) indicate those tleched the genome-wide
significance level® < 5.0 x 10%) in GWAS and/or the meta-analysis, and amino acid
polymorphisms with asterisks (**) indicate thosattkept the genome-wide
significance level after conditioning on rs92715B&A1*01:03, DQB1*06:01, and
DQB1*03:01 are protective alleles (marked with bbador), while DQA1*03:02,
DQB1*03:02, and DQB1 *03:03 are susceptibility lke(marked with red color) for
HWP-IWA that reached the genome-wide significamesel for HLA classical allelic

association analysis.
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GWAS / HLA imputation (Discovery)

Gatform: Illumina Human OmniExpress BeadChip

Patients participated in the study
(N = 480)

GWAS controls: Japanese general

28 samples excluded

Discovery cohort cases for GWAS
(N =452)

i population (N =2700)

Jo

HLA imputation: SNP2HLA

[ Imputation using EAS samples of 1KGP (phaselv3): minimac3 ]

Replication study

- “~

L

¥

SNPs in chromosomal regions that
satisfy GWAS significant level

Number of SNPs for replication analysis by TagMan genotyping assay: 2 SNPs
HLA direct genotyping by PCR-rSSO : HLA-DQB1

SNPs/HLA replication controls Japanese
general population (N =544)

]4—»

Replication cases (N = 45)
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