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ABSTRACT  148 

Background: 149 

Food allergy is a growing health problem worldwide because of its increasing 150 

prevalence, life-threatening potential, and shortage of effective preventive treatments. In 151 

an outbreak of wheat allergy in Japan, thousands of patients showed allergic reactions to 152 

wheat after using soap containing hydrolyzed wheat protein (HWP).  153 

Objectives: 154 

The aim of the present study was to investigate genetic variation that may contribute to 155 

susceptibility to HWP allergy. 156 

Methods: 157 

We conducted a genome-wide association study (GWAS) of HWP allergy in 452 cases 158 

and 2,700 controls using 6.6 million genotyped or imputed single-nucleotide 159 

polymorphisms (SNPs). Replication was assessed by genotyping SNPs in independent 160 

samples comprising 45 HWP allergic patients and 326 controls.  161 

Results:  162 

Through the GWAS, we identified significant associations with the class II human 163 

leukocyte antigen (HLA) region on 6p21 (P = 2.16 × 10-24 for rs9271588, P = 2.96 × 164 

10-24 for HLA-DQα1 amino acid position 34) and with the RBFOX1 locus at 16p13 165 

(rs74575857, P = 8.4 × 10-9). The associations were also confirmed in the replication 166 

dataset. Both amino acid polymorphisms (HLA-DQβ1 amino acid positions 13 and 26) 167 

located in the P4 binding pockets on the HLA DQ molecule achieved the genome-wide 168 

significance level (P < 5.0 × 10-8). 169 

Conclusions: 170 
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Our data provide the first demonstration of genetic risk for HWP allergy and show that 171 

this genetic risk is mainly represented by multiple combinations of HLA variants. 172 

Key Messages 173 

� IgE reactivity to HWP sensitized through skin was not correlated with that to 174 

omega-5-gliadin.  175 

� In this first GWAS of patients allergic to HWP, we found strong associations with 176 

HLA-DQ variants and that the properties of the P4 binding pocket on the DQ 177 

molecule seem to influence the allergenicity of HWP. 178 

� Variants in the HLA-DQ region associated in the literature with increased risk of 179 

peanut allergy were associated with a protective effect of HWP allergy. 180 

� The RBFOX1 region on chromosome 16q13, which has been reported to be 181 

associated with food allergy in a European ancestry cohort, is also associated with 182 

HWP allergy. 183 

Capsule summary 184 

This study provides the first demonstration of genetic susceptibility to adverse reactions 185 

related to cosmetic products and wheat allergy and that susceptibility to food allergies 186 

may be influenced by the different allergen-binding properties of HLA alleles. 187 

 188 

Key Words 189 

Hydrolyzed wheat protein, allergy, percutaneous, GWAS, HLA, RBFOX1 190 

 191 

Abbreviations used 192 

HWP:  hydrolyzed wheat protein 193 
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HWP-IWA: immediate-type wheat allergy due to hydrolyzed wheat protein 194 

GWAS:  genome-wide association study 195 

HLA:  human leukocyte antigen 196 

FLG:  filaggrin 197 

Q-Q plot: quantile–quantile plot 198 

SNP:  single nucleotide polymorphism 199 

WDEIA: wheat-dependent exercise-induced anaphylaxis 200 

TTG:  anti-tissue transglutaminase 201 

EDC:  epidermal differentiation complex 202 

 203 

204 
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Introduction  205 

Food allergy is a growing health problem worldwide because of its increasing 206 

prevalence, life-threatening potential, and shortage of effective preventive treatments. 207 

The prevalence of food allergy in infants and preschool children is 5-10% in Japan,1 208 

4.4-5.3% in the United Kingdom,2 and 7.6% in the United States.3 Food allergy can be a 209 

lifelong burden to many subjects, and currently, no effective treatments are available. 210 

The major allergens underlying most food reactions include a relatively small number 211 

of foods: milk, eggs, peanuts, tree nuts, seafood, shellfish, soy, and wheat.4 Food 212 

allergies are thought to be caused by both genetic and environmental factors. Many 213 

genetic studies of food allergy have focused on peanut allergy, and loss-of-function 214 

mutations in filaggrin (FLG) have been reported to be associated with peanut allergy 215 

and peanut sensitization, possibly due to skin barrier dysfunction.5 So far, 5 216 

genome-wide association studies have been conducted for food allergy. Variation within 217 

the human leukocyte antigen (HLA) region have been reported to be associated with 218 

peanut allergy6-9 and with self-reported allergic reactions to shrimp and peaches.10 219 

SERPINB7/B2 has also been reported to be associated with hen’s egg allergy7 and 220 

C11orf30 with peanut allergy.11 However, few genetic studies of wheat allergy have 221 

been conducted. 222 

Wheat is one of the most widely consumed foods in the world, and the gluten in wheat 223 

has been found to be linked with various diseases, such as celiac disease, wheat allergy 224 

and gluten sensitivity.12 These diseases are termed “gluten-related disorders” and have 225 

an estimated global prevalence of approximately 5%.13 However, gluten-related 226 

disorders are rare in Japan, unlike in European countries, possibly due to the low 227 

consumption of wheat in the diet. 228 
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Wheat proteins have also been widely used in a hydrolyzed form in food as well as 229 

cosmetics. Christensen et al., reported hydrolyzed wheat protein (HWP) allergic 230 

patients with a case history of anaphylaxis related to ingestion of food containing HWP 231 

called Meripro 711 and showed that these patients were monosensitized to HWP and 232 

tolerated ingestion of nonhydrolyzed wheat products.14 Patients allergic to HWP in 233 

cosmetic products have been reported in Western countries, albeit only 20 or so patients 234 

reported so far.15 It has been suggested that percutaneous food sensitization can occur by 235 

the application of skin oil containing a food product (peanuts), resulting in increased 236 

prevalence of peanut allergy.16 In Japan, a total of 2,111 subjects showed allergic 237 

contact urticaria, anaphylaxis, and/or wheat-dependent exercise-induced allergy after 238 

using a soap containing a specific type of HWP, Glupearl 19S®, causing public and 239 

social concern.15, 17 Glupearl 19S was produced by acid treatment (pH, 0.5-1.2) of 240 

gluten at 95°C for 40 minutes. The soap containing Glupearl 19S® was very popular, 241 

especially among women, and the total number of soaps sold to the customers was 242 

46,508,000 (http://www.jsaweb.jp/modules/en/index.php?content_id=11). Based on the 243 

number of adult Japanese women (54,444,000), approximately 1 in 12 Japanese adult 244 

women were estimated to have used the soaps.15 However, the number of patients that 245 

satisfy the diagnostic criteria of this HWP allergy was 2,111; therefore, only a small 246 

fraction (< 0.1%) of HWP soap consumers developed allergy/anaphylaxis. In the case of 247 

the patients using HWP-containing soap, no patients had shown an apparent allergy to 248 

wheat before using the soap. The symptoms typically appeared 1 year after starting use 249 

of the soap, and most of the patients with ingestion-related symptoms reacted to 250 

traditional wheat products, such as pasta, noodles, and bread, unlike non-Japanese 251 

patients allergic to HWP, who tolerated traditional wheat products.14, 15 The factors and 252 
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mechanisms underlying HWP allergy are largely unknown. However, considering the 253 

fact that only a small fraction of consumers developed allergy/anaphylaxis, it is 254 

speculated that genetic components are involved in the development of diseases, similar 255 

to other allergic diseases such as asthma, atopic dermatitis and food allergy. 256 

In the present study, we conducted the first genome-wide association study (GWAS) of 257 

immediate-type wheat allergy due to hydrolyzed wheat protein (HWP-IWA) related to 258 

facial soaps, a unique cosmetic-induced hydrolyzed wheat allergy. 259 

 260 

Methods 261 

Study design and patient characteristics 262 

A flowchart of this study is presented in Fig. 1, and the characteristics of the participants 263 

are shown in Table E1 (see Table E1 in this article's Online Repository at 264 

www.jacionline.org). Because the majority (>95%) of HWP-IWA patients were female, 265 

due to the great popularity of the soap among women,15 cases and controls were 266 

restricted to females. Diagnostic criteria for HWP-IWA is as follows: (1) usage of soap 267 

containing HWP, (2) allergic symptoms within several to 30 min after using the soap 268 

and/or allergic symptoms after eating wheat products, (3) positive laboratory test result, 269 

skin prick test using ≤ 0.1% Glupearl 19S solution, enzyme-linked immunosorbent 270 

assay (ELISA), and/or basophil activation test (Table E2). The age group with the 271 

largest share to use the soaps were those in their 40’s,15 and it reflected age distribution 272 

of cases of the present study. Serum specific immunoglobulin E (IgE) levels for 273 

Glupearl 19S was quantified by the ELISA method,18 and specific IgE levels for wheat, 274 

gluten and omega-5-gliadin was determined with ImmunoCAP system (Thermo Fisher 275 

Diagnostics K.K, Tokyo, Japan). 276 
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 277 

GWAS and quality controls 278 

Four hundred and eighty patients with HWP-IWA who satisfied the diagnostic criteria 279 

described in Table E2 were recruited as GWAS cases between June 2013 and April 2014. 280 

As GWAS controls, we included a dataset of 2,364 female subjects without asthma, 281 

atopic dermatitis, Graves’ disease, rheumatoid arthritis, viral hepatitis, or drug eruption 282 

in the BioBank Japan project.19-21 We also included a dataset of 336 healthy female 283 

subjects from the Pharma SNP Consortium, resulting in a total of 2,700 subjects as 284 

controls. Subjects for GWAS were genotyped using the Illumina HumanOmniExpress 285 

BeadChip (Illumina, Inc., San Diego, CA, USA) following the manufacturer’s protocols. 286 

Of the 480 GWAS patients, 452 HWP-IWA patients passed the quality controls (QC) as 287 

described in the Online Repository Method. We used East Asian samples (EAS) from 288 

Phase 1, version 3, of the 1,000 Genomes Project as a reference and evaluated 289 

6,575,663 imputed SNPs that passed QC in GWAS. A quantile–quantile plot (Q–Q plot) 290 

revealed no evidence of genomic infiltration (genomic inflation factor [λGC] 1.013, Fig 291 

E1), suggesting minimal confounding of the analysis by cryptic relatedness and 292 

population stratification. The threshold for the genome-wide statistically significant 293 

association level was set at P = 5 × 10−8. Detailed methods on genotyping, quality 294 

control, and statistical analysis are shown in the Methods section in this article’s Online 295 

Repository at www.jacionline.org.  296 

 297 

Conditional analysis of HLA regions for GWAS 298 

A stepwise conditional analysis was applied to the top associated variants, and the 299 

analysis was repeated until no variants reached the genome-wide significant association 300 
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threshold (P = 5.0 × 10-8). Detailed methods are shown in the Methods section in this 301 

article’s Online Repository at www.jacionline.org. 302 

 303 

Replication analysis 304 

Patients who satisfied the diagnostic criteria described in Table E2 were also recruited 305 

between April 2015 and January 2016, and 45 patients gave informed consent to 306 

participate in the study. A total of 326 female Japanese general population dataset was 307 

used as replication controls.22 We considered it to be replicated if the lead SNP or 308 

another correlated SNP in the region showed P values < 0.05/2 independent tests (P < 309 

0.025). Detailed methods are shown in the Methods section in this article’s Online 310 

Repository at www.jacionline.org. 311 

 312 

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

analysis, and HLA-DQ protein structure 314 

To obtain HLA allelic types in GWAS, we used SNP2HLA23 to impute classical 2- and 315 

4-digit HLA alleles and amino acid polymorphisms in HLA-A, HLA-B, HLA-C, 316 

HLA-DRB1, HLA-DQA1, HLA-DQB1, HLA-DPA1, and HLA-DPB1 using 317 

Japanese-population-specific HLA reference panels (n = 908).24
 We also performed 318 

HLA-DQA1 and HLA-DQB1 genotyping for 452 discovery cohort cases for GWAS, 319 

replication study cases (n = 45) and replication study controls (n = 326) using the 320 

polymerase chain reaction-reverse sequence-specific oligonucleotide probe (PCR-rSSO) 321 

method. We considered alleles to be replicated when the HLA allelic association in the 322 

replication dataset (45 cases vs 326 controls) showed P values < 0.05/22 tests (P < 323 

0.0023). 324 
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The haplotype association analyses for DQA1 and DQB1 were performed using the 325 

Arlequin version 3.5.25 We performed the haplotype analysis using 452 GWAS cases, 45 326 

replication cases, and 326 replication controls whose DQA1 and DQB1 genotypes were 327 

available.  328 

To visualize the molecular structure of HLA-DQ, its crystal structure was obtained from 329 

the Protein Data Bank (PDB ID: 2NNA26). The amino acid residues were visualized 330 

using the PyMOL Molecular Graphics System (Version 2.0, Schrödinger, LLC, URL: 331 

https://www.pymol.org/).27
 332 

 333 

Results 334 

Study design and patient characteristics 335 

Fig 1 shows the flowchart of the present study. Serum IgE levels of Glupearl 19S 336 

quantified by ELISA were available for 297 patients, and the median (range) was 18.6 337 

(<3 – >100; ranging from the lower and upper bounds) (Fig 2, A). Skin prick test results 338 

were positive for all of the HWP-IWA patients with serum IgE levels of Glupearl 19S 339 

negative. Serum levels of wheat, gluten, and omega-5-gliadin specific IgE were 340 

available for 400, 390, and 377 patients, respectively, and the median (range) was 0.63 341 

(<0.35-63.4), 0.77 (<0.35-63.5), and <0.35 (<0.35-9.39), respectively (Fig 2, B). 342 

Significant correlation was observed between serum-specific IgE levels of Glupearl 19S 343 

and those of wheat (Rho = 0.59, P < 0.0001 Fig 2, C) and gluten (Rho = 0.66, P < 344 

0.0001, Fig 2, D), but not those of omega-5-gliadin (Rho = 0.072, P = 0.26, Fig 2, E). 345 

 346 

Loci associated with HWP-IWA by GWAS and HLA imputation analysis  347 
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Fig 3, A shows a Manhattan plot of the GWAS, identifying 1 locus on chromosome 6 348 

and 1 locus on chromosome 16 that exceeded the genome-wide significance level (P < 349 

5.0 × 10-8). Details of the SNPs that are strongly associated based on GWAS analysis 350 

are described in Table E3 (see Table E3 in this article's Online Repository at 351 

www.jacionline.org).  352 

Because the most significant association was observed in the HLA regions on 353 

chromosome 6 (Fig 3, B, rs9271763, P = 8.8 × 10-23, odds ratio (OR) 2.65 [95% 354 

confidence interval (CI) 2.19-3.22] for the G allele), we performed HLA imputation 355 

with SNP2HLA24 using an HLA Japanese population reference panel.25 The association 356 

results of variants, including SNPs, HLA amino acid variants, and HLA allelic variants 357 

are shown in Table E4 (see Table E4 in this article's Online Repository at 358 

www.jacionline.org). The most significant association in the GWAS and HLA 359 

imputation analysis was observed at rs9271588 (P = 2.16 × 10-24, OR 2.2 [95% 360 

confidence interval (CI) 1.88-2.59] for the G allele), that was not included in GWAS 361 

imputation reference panel and that is in strong linkage disequilibrium with rs9271763 362 

(r2 = 0.94, D’ = 0.98, Fig 3, B). One locus located in the intron of RBFOX1 on 363 

chromosome 16 (rs74575857, P = 8.42 × 10-9, OR 3.28 [95% CI 2.19-4.91] for the C 364 

allele, Fig 3, C) that reached the genome-wide significance level was also detected.  365 

 366 

Conditional analysis of HLA regions for GWAS 367 

To identify independently associated loci in the HLA region, we performed conditional 368 

analysis on the top associated variants, and the analysis was repeated until no variants 369 

reached the genome-wide significant association threshold. Fig E2, A and E2, B show 370 

the results of the conditional analysis. The association analysis of HLA amino acid 371 
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polymorphisms with HWP-IWA revealed that the most significant association in amino 372 

acid polymorphisms was observed at amino acid position 34 of HLA-DQα1 (Pbinary = 373 

2.96 × 10-24, OR 2.20 [95% CI 1.88-2.58] for the Glu allele, Fig E2, B, Table E4), and 374 

this amino acid polymorphism was in complete linkage disequilibrium with the top SNP, 375 

rs9271588 (r2 = 1). After conditioning on rs9271588 (position 34 of HLA-DQα1), a 376 

significant association was observed with HLA-DQA1*03:03 (P = 8.14 ×10-9, Table E4), 377 

but most of the associations in the HLA-DR/DQ regions disappeared (Fig E2, B). Then, 378 

conditioning on both rs9271588 and HLA-DQA1*03:03 identified rs9263827 as an 379 

independent association signal (P = 3.49×10-8, OR 6.93 [95% CI 3.66-13.12] for the A 380 

allele, Table E4). SNP rs9263827 is near HLA-C. After conditioning on rs9271588, 381 

HLA-DQA1*03:03 and rs9263827, no variants reached the genome-wide significant 382 

association threshold (Fig E2).  383 

 384 

Replication analysis using independent case-control samples and meta-analysis  385 

We genotyped rs9271588 on chromosome 6 and rs59325236 on chromosome 16 in 386 

independent replication samples comprising 45 HWP-IWA patients and 326 female 387 

replication controls (Table 1). rs9271588 on chromosome 6 was confirmed to be 388 

associated with HWP-IWA in the replication samples (P = 1.96× 10-6, OR 3.90 [95% CI 389 

2.23-6.84], Table 1).  390 

We also performed HLA-DQA1 and HLA-DQB1 4-digit allelic typing in the replication 391 

dataset. A similar effect size to that of the GWAS discovery samples was observed in the 392 

replication samples (Fig. 4 and Table E5). HLA-DQA1*01:03 was confirmed to be 393 

associated with HWP-IWA in the replication samples (P = 7.11× 10-4, OR 0.3 [95% CI 394 

0.12–0.62]; Table E5), and DQB1*03:02 reached the GWAS significance level in the 395 
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meta-analysis. 396 

Table E6 shows the results of the conditional analysis of the HLA-DQA1 and 397 

HLA-DQB1 4-digit allele on rs9271588 in both the GWAS and the replication dataset. 398 

In the replication dataset, DQA1*03:03 was not associated with HWP-IWA after 399 

conditioning on rs9271588 (P = .65, OR 1.15 [95% CI 0.62–2.15]). The meta-analysis 400 

results showed that no HLA-DQ alleles achieved GWAS significance levels after 401 

conditioning on rs9271588.  402 

The top associated SNP in the chromosome 16 region was rs74575857 (P = 8.4 × 10-9, 403 

Table E3), but we could not perform genotyping of rs74575857 for the replication study 404 

because a suitable TaqMan assay design was not obtained. Therefore, we performed 405 

genotyping using the second most associated SNP in the chromosome 16 region 406 

(rs59325236), which was in strong linkage disequilibrium with rs74575857 (D’ = 1, and 407 

r2 = 0.8). Although rs59325236 did not achieve P < 0.025 in the replication samples (P 408 

= 0.097, OR 2.27 [95% CI 0.87-5.98], Table 1) because of the reduced statistical power 409 

caused by its low allele frequency, both SNPs had similar effect sizes, which were 410 

observed in the GWAS discovery samples, and rs59325236 reached the genome-wide 411 

significance level in the meta-analysis (P = 1.31 × 10-8, OR 2.57 [95% CI 1.85-3.55], 412 

test for heterogeneity, P = 0.79).  413 

 414 

Haplotype analysis of DQA1 and DQB1 415 

Because we have observed a strong association between HLA class II alleles and 416 

HWP-IWA, we performed haplotype association analysis using actual genotypes of 417 

HLA-DQA1 and HLA-DQB1 (all HWP-IWA cases; n = 497, and replication control; n 418 

= 326). DQA1*01:03-DQB1*06:01 haplotype achieved the genome-wide significance 419 
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level (P = 3.34 × 10-10, Table E7). No HLA-DQ haplotypes achieved GWAS 420 

significance levels after conditioning on rs9271588 (Table E7). 421 

 422 

FLG loss-of-function mutation analysis 423 

Because FLG loss-of-function mutations have been reported to be associated with food 424 

allergy,28 we performed genotyping of the 5 most common FLG loss-of-function 425 

mutations in the Japanese population. As shown in Table E8, the frequencies of these 426 

FLG loss-of-function mutations did not differ between HWP-IWA patients and the 427 

Japanese general population (P > 0.05), suggesting that skin barrier dysfunction did not 428 

play a major role in the development of HWP-IWA.   429 

 430 

Association analysis of HWP-IWA with previously reported HLA variants/SNPs of 431 

food allergy/gluten-related diseases by GWAS 432 

Table 2 shows the previously reported association results of HLA alleles and amino acid 433 

polymorphisms in food allergy6 and provides a comparison with the results of 434 

HWP-IWA in the present study. The opposite direction of association, except at 435 

position 26 of HLA-DQβ1, was observed between peanut allergy and HWP-IWA in the 436 

HLA 2- and 4-digit and amino acid variant analyses. We also examined possible 437 

associations of HWP-IWA with published food allergy loci7-11 and celiac disease loci29 438 

by GWAS (Table E9). Three of the examined variants were nominally significant at P < 439 

0.05, and all were within the HLA region. 440 

 441 

Discussion 442 

This is the first GWAS in patients allergic to HWP, and we found strong associations of 443 
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HWP allergy with HLA-DQ variants.  444 

Many HWP-IWA patients experienced serious symptoms, and we previously reported 445 

that 25% of patients experienced anaphylactic shock and 43% experienced dyspnea.15 446 

Most patients with conventional wheat-dependent exercise-induced anaphylaxis 447 

(WDEIA) are specific IgE positive for omega-5-gliadin. In the present study, specific 448 

IgE levels for Glupearl 19S were statistically significantly correlated with those of 449 

wheat and gluten-specific IgE, but not with omega-5-gliadin specific IgE (Fig. 2), 450 

suggesting distinct allergenicity of Glupearl 19S from omega-5-gliadin.   451 

Antigenic peptides are bound in the binding groove of HLA class II molecules in an 452 

extended conformation, and the binding grooves of HLA class II isotypes are mainly 453 

characterized by the properties of the P1, P4, P6, and P9 pockets.30 The molecular 454 

structure of the extracellular region of the HLA-DQ molecule, position 34 of 455 

HLA-DQα1, the top associated variant; and the positions of the P1, P4, P6 and P9 456 

pockets of HLA-DQβ1 in the crystal structure of the HLA-DQ molecules are shown in 457 

Fig. 5, along with the associated variants in each binding pocket. The risk-associated 458 

amino acid residue 34 of HLA-DQα1 (Fig. 5, pink sphere) is located in the second 459 

hypervariable region of the first domain in the floor of the antigen binding cleft. Both 460 

amino acid polymorphisms located in the P4 binding pockets achieved the genome-wide 461 

significance level. Therefore, the effect of HWP exposure on skin and nasal/eye mucosa 462 

may be influenced by the properties of the P4 binding pocket on the DQ molecule.  463 

Celiac disease is a gluten-intolerance disorder, and its major genetic factors are the 464 

HLA-DQA1 and DQB1 loci. Approximately 95% of patients possess DQ2.5 465 

(DQA1*05:01/DQB1*02:01), while the remaining 5% carry DQ8 466 

(DQA1*03:01/DQB1*03:02), and the estimated heritability for classical HLA-DQ 467 
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alleles and independent MHC variants outside of HLA-DQ has been reported as 0.232 468 

and 0.18, respectively.31 Celiac disease is considered a common disease in Europe and 469 

USA32 but is very rare in Japan, possibly due to low allele frequencies for the 470 

predisposing DQ alleles and low consumption of gluten-related food products. 471 

Fukunaga et al. reported that high levels (>10 U/mL) of anti-tissue transglutaminase 472 

(TTG) immunoglobulin A antibody were observed in 4 of 2,008 nonclinical Japanese 473 

subjects tested (0.2%), and only 1 of them (0.05% among nonclinical subjects) was 474 

confirmed to have celiac disease by duodenal histopathological findings.33 The allele 475 

frequencies of the predisposing alleles, DQB1*02:01 and DQB1*03:02, in the Japanese 476 

general population are 0.134% and 9.6%, respectively,34 and this allele frequency of 477 

DQB1*02:01 is extremely low compared with those in other East Asian and European 478 

countries (http://pypop.org/popdata/2008/byfreq-DQ.php.html).35 In the present study, 479 

DQB1*03:02 (DQ8) was also a risk allele for HWP-IWA. Another risk allele for 480 

HWP-IWA, DQB1*03:03 (DQ9), is not a predisposing allele for celiac disease, 481 

although only 1 amino acid change (position 57 of DQβ1) in the antigen binding pocket 482 

(P9) differentiates DQ8 and DQ9. Glupearl 19S contains a variety of gluten-derived 483 

peptides with or without deamination, and our data suggest that common as well as 484 

different antigenic peptides for celiac disease and HWP-IWA may exist. 485 

Genome-wide significant associations were also observed in the SNPs rs74575857 and 486 

rs59325236, located in the intron of RBFOX1. RBFOX1 is an RNA-binding protein that 487 

plays important roles in alternative splicing36 and has been reported to be associated 488 

with neurodevelopmental diseases.37 A recent report showed that copy number variants 489 

of RBFOX1 are associated with food allergy in a European-ancestry cohort.38 Although 490 

copy number variation analysis was not applied to our dataset, it is possible that copy 491 
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number variation in RBFOX1 plays a role in the development of HWP-IWA. 492 

Compared with other allergic diseases such as asthma and atopic dermatitis, the number 493 

of GWAS/genetic studies related to food allergy is small. Hong et al. conducted GWAS 494 

for patients with food allergy, including egg, milk, and peanut, and they found that 495 

rs7192 and rs9275596, located in the HLA-DQ region, were strongly associated with 496 

peanut allergy.6 The opposite direction of association, except at position 26 of 497 

HLA-DQβ1, was observed between peanut allergy and HWP-IWA in both SNP and 498 

HLA 2- and 4-digit associations (Tables 2 and Table E4), suggesting that the same 499 

variant in this HLA-DQ region may exert an effect either enhancing or reducing 500 

allergen-binding property depending on the structure of food allergens. Recently, 5 501 

GWASs related to food allergy have been published,7-11 and a comparison between the 502 

previously published GWAS results and those in the present study revealed no 503 

associations of HWP-IWA with previously reported variants, except those in the HLA 504 

regions.  505 

Skin barrier disruption in early life has been shown to be associated with both food 506 

allergen sensitization and clinical food allergy, even in those without atopic dermatitis, 507 

supporting the notion that a defective skin barrier might be a route of sensitization to 508 

food allergens.39 Exposure to environmental food allergens can occur through the skin, 509 

and loss-of-function mutations in the FLG gene are strong predisposing factors for the 510 

development of food allergy.40 In addition, a recent GWAS reported that rs12123821, 511 

located in the epidermal differentiation complex (EDC) near the FLG gene on 512 

chromosome 1q21, was associated with food allergy.7 In the present study, we 513 

examined whether skin barrier dysfunction was associated with the development of 514 

HWP-IWA by genotyping the 5 most common FLG loss-of-function mutations in the 515 
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Japanese population. As shown in Table E6, FLG loss-of-function mutations are not 516 

associated with HWP-IWA. HWP-IWA patients were exposed to wheat protein 517 

extensively through the cutaneous and mucosal route when they used facial soaps 518 

containing HWP and detergent; therefore, it is possible that allergen sensitization 519 

occurred in patients with HWP regardless of their skin barrier status, due to repeated use 520 

of these soaps. 521 

In conclusion, we conducted the first GWAS for HWP allergy, and we identified 522 

associations with HLA-DQ variants and the RBFOX1 locus. To the best of our 523 

knowledge, this is the first GWAS combining adverse reactions related to cosmetic 524 

products and wheat allergy. HWP is widely used in food as well as cosmetic products. 525 

In a recent report, the Cosmetic Ingredient Review (CIR) Expert Panel reported that the 526 

use of HWP was safe in cosmetics when they were restricted to average molecular 527 

weight of 3.5 kDa or less,41 and the results obtained in the present study can be used to 528 

support safer manufacturing and use of HWP. Although further studies are needed to 529 

understand the precise mechanisms underlying gluten-related disorders, our data 530 

suggest that subjects genetically susceptible and tolerant to HWP exist when exposed 531 

through the skin and/or mucosa, leading to an increased understanding of immunologic 532 

disorders, such as wheat allergy and celiac disease, and of wheat protein risk prediction.  533 
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Table 1. Results of 2 SNPs for the development of HWP-IWA in GWAS and replication samples 
Discovery Replication Meta-analysis

SNP Allele AFCASE AFControl OR (95% CI) P AFCASE AFControl OR (95% CI) P OR (95% CI) P P HET

rs9271588 A/G 0.701 0.523 2.21 (1.88-2.59) 2.16×10-24 0.779 0.494 3.90 (2.23-6.84) 1.96×10-6 2.30 (1.98-2.70) 1.11×10-26 0.056

rs59325236 A/G 0.057 0.024 2.60 (1.84-3.68) 5.19×10-8 0.068 0.033 2.27 (0.87-5.98) 0.097 2.57 (1.85-3.55) 1.31×10-8 0.79

In the Allele column, the first of the 2 alleles is the minor allele. The risk allele is indicated in bold, and the effect of the risk allele is 
examined. The association analysis was performed using the additive genetic model. AF, allele frequency of the risk allele; OR, odds 
ratio; 95% CI, 95% confidence interval; PHET, P value for test of heterogeneity. 
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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. 

Gene Allele AFCASE AFControl OR (95%CI) P  value AFCASE AFControl P  value

HLA-DQA1 DQA1*01:02 Present 0.108 0.135 0.79 (0.63-0.99) 0.043 0.28 0.2 2.7 ×10-8

HLA-DQB1 DQB1*06 Present 0.216 0.337 0.53 (0.44-0.63) 5.5 ×10-14 0.35 0.25 5.4 ×10-9

amino acid position AFCASE AFControl OR (95%CI) P  value AFCASE AFControl P  value

HLA-DRβ1 Arg 71 0.821 0.735 1.69 (1.40-2.03) 6.84 ×10-9 0.38 0.45 2.3 ×10-10

HLA-DQα1 Met 207 0.109 0.136 0.79 (0.63-0.99) 0.045 0.28 0.2 2.7 ×10-8

HLA-DQβ1 Leu 26 0.522 0.398 1.73 (1.49-2.00) 2.45 ×10-13 0.71 0.63 1.1 ×10-8

HLA-DQβ1 Gly 86 0.065 0.068 0.97 (0.72-1.29) 0.82 0.1 0.06 1.6 ×10-8

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

 
HWP-IWA (present study): AFCASE, allele frequency of GWAS cases; AFControl, allele frequency of GWAS controls; OR, odds ratio; 95% 
CI, 95% confidence interval; The association analysis was performed using the additive genetic model.  
Peanut allergy (Hong et al, reference 6): AFCASE and AFControls, allele frequencies of HLA classical alleles and amino acid polymorphisms 
imputed by SNP2HLA for peanut allergy patients and controls of discovery samples (reference 6 in the main text). 
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Figure Legends 1 

Figure 1. Flowchart of the present study. 2 

EAS samples of 1KGP, east Asian samples from Phase 1, version 3, of the 1000 3 

Genomes Project; SNP, single-nucleotide polymorphism.  4 

 5 

Figure 2. Specific IgE values of HWP-IWA patients. 6 

(A) Specific IgE values for Glupearl 19S in HWP-IWA patients (n = 297). Values < 7 

lower limit detection values (3 unit) were recorded as 1 unit, and those ≥ upper limit 8 

detection values as 100 units for analysis. (B) Wheat (n = 400), gluten (n = 390), and 9 

omega-5-gliadin (n = 377) specific IgE levels in HWP-IWA patients. Bars indicate 10 

median values. Specific IgE values for wheat, gluten, and omega-5-gliadin < lower limit 11 

detection values (0.35 UA/ml) were recorded as 0.1 UA/ml, and those ≥ upper limit 12 

detection values (100 UA/ml) were recorded as 100 UA/ml.  13 

Spearman rank correlation between Glupearl 19S specific IgE and wheat (C), Glupearl 14 

19S specific IgE and gluten (D), and Glupearl 19S specific IgE and omega-5-gliadin (E) 15 

are shown.  16 

 17 

Figure 3. Manhattan plots of the GWAS and regional association plots on HWP-IWA. 18 

(A) The Manhattan plots for genotyped and imputed SNPs are shown for the GWAS on 19 

HWP-IWA (452 cases vs. 2700 controls). The X-axis indicates the chromosomal 20 

position, and the Y-axis shows -log10 (P value). The red line indicates the thresholds for 21 

genome-wide significance (P < 5.0 × 10−8).  22 

(B) Regional association plot on chromosome 6 that reached genome-wide significance. 23 

Each dot represents the -log10 (P value) for genotyped and imputed SNPs with 24 
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Minimac3 software using the EAS samples of 1KGP (phase1v3). Genomic locations of 25 

genes within the regions of interest are shown at the bottom. SNP color represents 26 

pairwise linkage disequilibrium (r2) between the index SNP (rs9271763) and each 27 

genotyped and imputed SNP based on 1000 Genomes Mar 2012 ASN (hg19) as the 28 

reference.  29 

(C) Regional association plot on chromosome 16 that reached genome-wide 30 

significance. Each dot represents the -log10 (P value) for genotyped and imputed SNPs 31 

with Minimac3 software using the EAS samples of 1KGP (phase1v3). SNP color 32 

represents pairwise linkage disequilibrium (r2) between the index SNP (rs74575857) 33 

and each genotyped and imputed SNP based on 1000 Genomes Mar 2012 ASN (hg19) 34 

as the reference. 35 

 36 

Figure 4. Association results for HLA DQA1 (A) /DQB1 (B) 4-digit alleles in GWAS 37 

(discovery), replication, and meta-analysis. Odds ratio for GWAS (■), replication (○), 38 

and meta-analysis (▲) and 95% confidence interval (bars) are shown for each HLA-DQ 39 

4-digit allele. The P values that achieve GWAS significance (P < 5 × 10−8) are marked 40 

with asterisks. 41 

 42 

Figure 5. HLA-DQ protein structure. The molecular structure of the extracellular region 43 

of the HLA-DQ molecule (PDB ID: 2NNA), along with amino acid position 34 of 44 

HLA-DQα1 (pink sphere), and the locations of pocket 1, pocket 4, pocket 6, and pocket 45 

9 of HLA-DQα1/HLA-DQβ1 and their polymorphic amino acid (AA_) positions are 46 

shown. An arrow indicates each pocket location on the HLA-DQ molecule. Amino acid 47 
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polymorphisms with asterisks (*) indicate those that reached the genome-wide 48 

significance level (P < 5.0 × 10−8) in GWAS and/or the meta-analysis, and amino acid 49 

polymorphisms with asterisks (**) indicate those that kept the genome-wide 50 

significance level after conditioning on rs9271588. DQA1*01:03, DQB1*06:01, and 51 

DQB1*03:01 are protective alleles (marked with blue color), while DQA1*03:02, 52 

DQB1*03:02, and DQB1 *03:03 are susceptibility alleles (marked with red color) for 53 

HWP-IWA that reached the genome-wide significance level for HLA classical allelic 54 

association analysis.  55 

 56 
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