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Background:Food allergieposea considerablevorldwide public health burden with
incidence @as'high ame intenin 12-month old infants. Few food allergy genetic risk variants
have yet been‘identified. The Th2 immune g8 is a highly plausible genetic candidate
as it is central.to the initiation of lg8lass switching in B cells.

Objectiver™Here we sought to investigate whetlgegnetic polymorphismsat IL13 are
associated with the development of challepgeven IgEmediated food allergy.

Method: We genotypechine IL13 ‘tag’ single nucleotide polymorphisms (t&NPs) in 367
challengeproven foodallergic cases199 foodsensitiseeolerant cases antb6 nonrfood
allergic controls fromhe HealthNuts study. i2onth old infants were phenotyped using
openoral food challenge SNPs were tested ing CochrarMantelHaenszel tesadjuged
for ancestrystrata. A replication study was conducted in an independetfwcatedsanple

of four paediatric cohorts consistirj 203 food allergic cases ar330 nonfood allergic
controls Replication sample gmotypes wereeafined by clinical history of reactivity, 95%
PPV or challenge and.13 genotyping was performed.

ResultsrIL13rs1295686 was associated with challepgaven food allergy in the discovery
sample (P=0.003; OR=1.75; CI=1.2R.53) This association waslso detected in the
replication sample (P=0.03, OR=1.37, CI=1.68.82) and further supported by a meta

analysis (P=0.0006, OR=1.50). However, we cannot rule out an association with food
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sensitisationCarriage of the rs1295686 vartaA allele was also associated with elevated
total plasmalgE.

Conclusions. We show for the first time, in two independent cohorts, tHal3
polymorphism rs1295686in( complete linkage disequilibriunwith functional variant
rs20541)is-associated with challenge-proven food allergy.

Key words: food allergy, food sensitisatiol, 13, interleukin13, IgE, single nucleotide
polymorphism

I ntroductien

Interleukin13 has a weltlescribed role in mediatingymunoglobulin E IgE) class
switching,'and.is necessary for the development of T-helper type 2 (Th2) mediatgd alle
immune responsg4). IL-13 deficient mice exhibit impaired Th2 development and reduced
Th2 cytokine production and IgE levels (1). In humans, polymorphishhd 2ihave been
studied in the cantext of asthma, eczema and d&®A).IL13 is one of the most replicated
asthma and atopy genetic associatidMasiantsat|L13 have been linked to elevated cord
blood IgE (cblgE) (1112) and elevated IgE at 12-months, 2, 4 and 8 years of age (13, 14).
Of the 21 SNPs‘associated with cbIlgE inYamget al. study anL13 polymorphism was

one of the'two, SNPs with highest predictive accufacgblgE (12). One weltstudied

variant, 1205411 13+2044GA), produces an IL-13 gain of function amino acid substitution
(Arg130GlIn).variant with notably higher induction of downstream processes including CD23
monocyte expression and IgE class switching in B ¢g8s16). Another variant rs1800925
enhances [t13 production in Th2 polarised cells and has been associated with asthma,
eczema andensitisation tdoods (2, 17, 18)Liu et al., identified epistatic effectsf genetic
variants oflL13 andIL4RA on atopy and specific IgE production. Eeéndings
demonstrated that carriage of the TT genotype at rs18009R%3vas associated with
sensitisation to foods, dependent on variant&4iRA (18). Overall there is compelling
evidence.thatlL 13 polymorphisms are associated with allergic dise&isere is however a
paucity of datarregarding polymorphismslal3 and the development of challenge-proven
food allergy=We sought to comprehensively investigate a potential associati@ehii¥3
genetic polymorphisms and the development of challenge-provemdgliated food allergy

in childhoodfrem an Australian communitipased population.

M ethodol ogy
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Discovery Phase Cohort

This study included 722 Australian infants from the HealthNuts study, methodology of which
is published elsewhef&9). Briefly, recruitment for HealthNutok place between 2007 and
2011 for 5,276 12 month-old infants presenting for scheduled immunisations at council run
clinics (19)./Allsinfants underwent a skin prick test (SPT) to peanut, egg white, sesame, and
either cow’s milk or shrimp (or both) for food sensitisation status during attendance
immunisation clinics. Those who had a wheal size bfnm were invited to the Royal
Children’sgHospital for an open oral food challenge (OFC) usinglerermined objective
diagnostic criterig20). A random selection of 200 individuals wénegative SPT (no
detectable wheal) to tHeod allergensunderwent food challengés confirm their statuas
negative controls. No individuals who originally had negative SPTs had positive TfeCs.
main phenotypes of interest were dogd allergy defined as having a positive SPT result
(wheal>2mm) to peanut, egg white or sesame and clinical reactivity by OFC. Those

individuals with a positive SPTwheal>2mm)to peanut, egg white, cow’s mi(kr shrimp)

or sesaméut were asymptomatic by OFC were deerfmmdl sensitised tolerant. Non-food

allergic contrels.were those without a detectable SPT wheal to any foods at rentutrde

had a subsequenegative OFC resuih the clinic Eczemawvas defined by parent reported
doctor diagnosis or nurse observation on the day of ®&f&nts of study participants
completed a guestionnaire that included questions to parental country oivhigh were

used to define ancestry strata. Individuals were classified as Caucasian if both parents were
born in Australia, Europe, UK, Northern America or New Zealand (n=503). Individ@as w
classified as Asian if both parents were born in South East Asia (n=74). Thoseavith on
parent in each category were classified as mixed ASaucasian (n=145YVe validated

these ancestry strata using a random sample of 344 individuals for which ancestry was also
determined by genome-wide SNP typing and identitydégeent cluster analysishich
revealed.excellent (>90%) agreement between the pagpotted and genetically determined
categoriegSupplemental methods). Ten mL of blood was collected from 836 infants who
attended clinisfor IgE titers andyenetic studied€tthical approval was obtained from the

Office for.€hildren HREC (Human Research Ethics Committee) (CDF/07/492), the
Department'of,Human Services HREC (10/07) and the Royal Children’s Hospital (RCH)
HREC (27047).

Plasma | gE measures
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Total IgE was quantified by ImmunoCAP SystemlkEPhadia AB, Uppsala, Swedeunging
plasma aliquots derived from blood samples.

Tag-SNP selection

To comprehensively measure polymorphismdLdt3, nine tag SNPs within a region of
91.5kb incorporatingL13 and sequence ~5kb upstream and ~11kb downstream of the gene
were incorporated into a multiplex genotyping as€ypplementary figure 1). Tag SNPs

were seleeted using HapMap data (HapMap Genome Browser Phase 1; data3source:
HapMap Data,Rel 27 (Fe®9)) and the tagger function in Haplovidw broadly cover 22
variants with linkage disequilibrium (LD) of>0.8 (21). Primers for the multiplex assay
were designhed using Agena Bioscience MassArray Design 3.1 softseapeences available

from the authors).

Genotyping and quality control

Genomic DNAderived from peripheral bloogamples (n=836) were genotyped using Agena
BioscienceiPLEX Gold chemistry and the MassARRAY mass spectrometer system
according ‘to ‘manufacturer’s instructiorg@uality control of genotyping data was conducted

in PLINK (22)."Samples with a genotyping success rate of less than 95% were excluded
(n=59), resulting in &inal postQC sample size of 722 in the HealthNuts discovery cohort of
12-month old infants; 367 food allergy cases, 199 food sensitised but tolerant cases and 156
nonfood allergic controlySupplementary Table 1). All nine IL13 tag SNPs passed QC

with a genotype call rate>095% , there was no evidence of significant deviation from the
Hardy Weinberg Equilibrium (HWE) (p<0.01).

Discovery phase statistical analysis

We compared. allele frequencies between cases and couasiolg the CochraMantel
Haenszel (CMH) tesn the PLINK softwarg(22), which controls for heterogeneity arising
from population’stratification using an “average” odds rdflee totalplasmalgE data were
positively.skewed and tlsulog transformed prior to analysis. The linear regression test in
PLINK was used to test for an association betwlédl variants and log transformed total
plasmalgE, adjusted for food allergy as a covariate.

Replication phase

This article is protected by copyright. All rights reserved



164 Candidate gene associations were replicatecnnindependent paediatric sample from
165 multiple Melbourne based studies with comparable food allergy measures; 1aftengic

166 controls and 36 food allergic cases from the Barwon Infant Study (&) 198 non

167 allergic controls and 57 food allergic cases from the Melbournei@@ghort (MACs)(24),

168 72 food rallergic cases from the Peanut Allergen Threshold Study (P@5pand38 food

169 allergic cases fronthe Probiotic and Peanut Oral Immuhberapy study (PPOIT}26).

170 Demographics and clinical characteristics are present8dpplementary Table 2). Ethical

171 approval was provided by Office for Children HREC for PATS (HRECApp32166A and
172  2012P002475). The RCH Human Research and Ethics Committee HREC 27086Q (PPOIT).
173 Mercy Maternity Hospital Ethics Committee (R88/06) for MACS with-yigar followup,

174  including collection of DNA, was approved by the Royal Children's Hospital (HREC 28035);
175 BIS: Barwon Health Human Research Ethics Committee HREC (107Bé)definition of

176 phenoypes for the majority of the sample was similar to the discovery study, (BFSC

177 PPOIT, PATSs)or clear history of reactivity within-2 hours in addition to SP>2mm) or

178 sIgE (>0.35 KUA/L) sensitisationPPOIT, PATs) The widely accepted 95% PPR&PT >

179 95% PPV)(27).for diagnosing clinical allergy was utilised for MACs sampldsn-food

180 allergic cases,were defined with negative SPT to a panel of foods in the MACs study and
181 with OFC in addition to negative SPT wheal in the Barwon Infant Stkdgema was
182 defined by history of doctediagnosis or nursebservation at clinicindividuals with an
183 unclear phenotype below the 95% PPV (n=60) were rembroad analysis Assay design
184 and genotyping werearried out agor the discoveryphase Ancestry strata were genetically
185 determined (described below) using a paneWl®fancestryinformative markers (AIMSs)
186 derived from a panel described Bousmanet al., 2013(28). Ancestral population clusters
187 were determined in PLINK using ldentiby-state (IBS) distance clustering resultingdi3

188 individuals,of European descent, 51 mixed Europeasian descent and5 of Asian

189 descent(postQC). Consistent with the discovery phasadividuals with a genotyping
190 success ratevofless than 95% were exclfdedl) All SNPs pass the 95% genotyping call
191 rate and mone” significantly deviated from HWE (P<0.0Ajter QC there were533

192 phenotyped and genotyped individug®03 food allergic cases and 330 ffond allergic

193 controly.

194 The replication cohort genotyping data were analysed in PLINK uliggptic

195 regression modeladjustedfor population stratification using the first and secqmohcipal

196 components (PCsMetaanalysisof discovery and replication samplesas conducted in
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PLINK with random and fixed effectsodelsto assess any heterogeneity of effect sizes
between studie70 food allergic cases and 486 rfond allergic controls

Results

Following genotyping and quality contrd@67 outof 722 (50.8%) participating infantsvith

blood samples-in the discovery phase of the shadlclinical food allergy. Egg allergy was
the most common type of food allergy (89.3%), followed by peanut allergy (36.2%) whilst
allergy to 'sesame was less common (6.7%6pd sensited or food allergianfants were
more likely to be male with one or more Asian pareitzema ratewere higher in the food

allergy group (56.4%)Supplementary Table 1).

IL13 variant 81295686 is associated with challenge-proven food allergy

Allele and genotype frequencies between discovery pluask allergy case$n=367)and
non-allergic controls (n=156) were tested using the CMH clustering test adjusted for
ancestry stratdl 13 variant rs1295686, whicis in complete LD (f =1) with a prevously
describedfunctional variant rs20541(GIn144Arg), was associatdgiominal P<0.05with
challenge proven food allergi?£0.003 OR=175; CI=120-2.53,Table 1. A.). A sensitivity
analysis of, infants without eczem@74 food allergic cases and 90 rood allergic
controls) r@roduced this associationsuggestingit was independent of eczema-co
morbidities(P=0.0@; OR=1.82; CI=1.12.83,Supplementary Table 3). We also adjusted
for atopic morbidities using logistiegression, which did not materially alter the pattern of
associationupplementary Table 4). There was weak evidence of an association between
rs1295686 (P=0.06; OR=1.48; CI=0-283) and rs1295687 (P=0.05; OR=2.19; CI=1.01
4.76) with the food sensitd tolerantphenotype (n=199)T@ble 1. B.). There was no
evidence that any of the variants tested increased the risk for food/ alleegpn comparing
food allergiccases (n=367) to food sensgiistolerant children (n=1997 &ble 1.C)

SNPsin | L'43-are associated with variationsin total plasma lgE

Total plasmalgE measures were available for 423 individuals from the discovery study (69
non{food_allergic, 106 food sensitised but tolerant and 248 food allergic). We tested log IgE
titers as the'dependent variable in a regression analysis usirngpgshallele frequencies as
predictors. The strongest evidence for an association with IgE titres was with the minor allele
of rs1295686, which was associated with elevated log transformedlkasatalgE levels
(P=0.0003, SE=0.10, Beta=0.38). There was also evidence that three additional variants

This article is protected by copyright. All rights reserved



230 (rs3091307 rs1800925 and rs1295683 were associated with elevated IgE levels
231 (Supplementary table5 & Supplementary figure 2).

232

233  Replication confirmsL13 variant rs1295686 is associated with food aller gy

234  To supperteurfindings frorthe discovery phasae genotypeds1295686 and rs1295687 in
235 an additional 533 independently selected childherthe replicatiorsample egg allergy was

236 again the "'most common food allergy2(3%), followed by peanut§2.1%) Eczema was

237 more common among food allergic childrétl.9%) andthere was a higher proportion of
238 Europeans (78.5%i the ontrol group.

239 In a logistic regression analysis adjusted for ancestry, we replicated the association between
240 food allergy and rs1295686 in the independent sample d¢iuaP.03, OR=1.37, CI=1.03

241 1.82) Table2.'A)). A sensitivity analysis of infants without eczen® food allergiccases

242 and 201 norfeod allergic controls) again did not suggest eaewas a significant

243 confounderThe rs12954687 SNP did not show evidence of an association with phenotype in
244  this population Table 2.A). To maximize the study power, we performed a ragtalysis of

245 both discoveryand replication samples. Genotyped SNP rs1295686 remained the top
246 associatedwariarfP=0.0006, OR=1.50, Q=0.31, 1=3.3&hile rs129568#vas not associated

247 (Table 21B)"Ifthis analysigshe pvalue for Cochrane’s Q statisi{@) and F heterogeneity

248 index (I) (0200) was indicative of low heterogeneity of effect sizes betwesndy

249 populations

250

251 Discussion

252 Genetic variantat1L13 have been reported to increase the risk of a range of atopic
253 conditions including asthm@, 6, 7, 9)and eczem#b, 8). To our knowledge this is tHest

254 demonstration of an associatioh IL13 variantswith clinical food allergy in an ethnically

255 diverse population. Our datarovide evidencehat the minor allele of variant rs1295686
256  (r’=1 with=functional variantrs20541 see Supplementary figure 1) predisposes to an
257 increasedwrisk<of food sensdison and food allergy, possibly through enhanced IgE
258 productionsThese conclusions are basedtha following lines of evidence: Association
259 testing of allele. frequencies between food allergy cases and controls imdejmendent

260 samplesidentified rs1295686 as the strongest association with food allergy phenotype
261 independently of eczemaxhibiting a consistent direction of effect between discovery and
262 replication analysesDespite there being noted differences in some clinical characteristics

263 between the discovery and replication populations (eczema rates, ethnicity ageataf
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diagnosi$, andcriteria used for phenotyping (OFC, 95%PPV) a natalysis across both
cohorts suggestelimited heterogeneity of observed effect sizes between siudtisative

of a robust associatiolVe also found evidence that rs1295686 was associated with elevated
total plasmalgE levels supporting a functional role in disease etiology.

Thers1295686 variant s T -> C polymorphism located in the intronic region of
IL13 that has previously been associated with asthma in a consddisea metanalysis
(6), with dysregulated totgblasmalgE in a US populatioi), andwith elevatedcord blood
plasmalgk levels (11, 14). This particularfunctional variant is in complete linkage
disequilibriumwith rs20541(Supplementary figure 1), an A-> G missense mutation that
has previously been linked &dlergic rhinitis in a metanalysis ofightstudies (10)asthma
in a metaanalysis of 34 studie§’) andelevated IgE levelg4). In our study we found
evidence that rs1295686 was associated with eleyddésdhalgE levels in addion to food
sensitgation and food allergy, however we are unable to distinguish which variant is driving
these associations, and future fine mapping studies would be needed to resolve this.

A, strength of this studyvas the robust phenotyping measuiesthe discovery
cohortdetermined by open food challenge with predetermineectibg diagnostic criteria,
standard for ‘infants as per PRACTALL food challenge guideli2®. These measures
provide'the study with the rare opportunitydistinguish between the mechanisms of allergic
sensitisationand clinical food allergyVe found only weak evidence (p = 0.06) that
rs1295686 was associated with food sesaitin although the diréion and size of the effect
was consistent with that observed for thesociatiorbetween rs1295686 and clinical food
allergy. These observations suggest that the lack of associat®most likely a function of
reduced sample size. There was no evidence of an effect when clinically alssggcwere
compaed to_sensitisd tolerant controls suggestittgat variantrs129568ancreases thegk
of food allergy via sensitisation to dietary antigen.

We carefully addressed the issue of population structure in the discoveryoghase
CMH analyseswith clustedefined by parental country of birind validated our categories
using genemavide SNP data. In the replication sample population structure was adjusted for
with principal components. One limitation of the study was the absence of challevga
food allergy*phenotyping measures in some of the studies utilised for replicastead
relying upon 95% PPV definitions. This may have led to inclusion of some food sensitised
but tolerant individuals in the groups and/or the exclusion of some true fooglyatkeses.

We addressed this by comparing effect sizes athestifferent study populations within the
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replication sample, which did not suggest phenotype definition or age at diagnosis between
studies as a significant source of heterogeneity.

Our studyestablishesissociation between food allergy dhd3 genetic variation in
two Australian food allergy samples. Further indepensgtmtiesto confirm and extend these
findings are'now warranted. Understanding the genetic factors and molecular pathtvays tha
contribute/to perturbation of Th2 immune responses will assist in the developimentl

therapeuti@pproaches to immuneediated diseases.
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Table 1: Cochran-Mantel-Haenszel 2x2xK associations between 1L13 SNPs and food allergy phenotypes in the discovery sample, with strata defined
reported parental country of bir&) 367 food allergic cases and 156 non-allegatrols only B) 199 food sensitised, tolerant and 156 non-allergic

controls C) 36/ food allergic cases and 199 food sensitised-tolerant cases

A Food allergic cases Vv B. Food sensitised- C. Food allergic
non-food allergic tolerant vs non-fooo cases Vs sensitisel
controls allergic controls tolerant cases

SNP ‘AL'| P OR 195 U9 |[P OR L95 U9 |P OR L95 U95

rs1295686 A /| 0.003 1.75 120 253 |0.06 1.48 098 223 |0.23 1.18 0.90 1.55
rs2243297/A |0.13 2.10 0.80 551|023 191 0.67 542 |0.72 1.12 0.61 2.04
rs1295687¢G+|0.19 163 0.78 341|005 219 101 4.76 |[0.25 0.77 049 1.21
rs2243213=A=-= 022 145 0.80 2.64 087 094 048 187 |0.08 1.52 0.95 244
rs1295683-T | 025 132 082 213|032 130 0.78 219 |0.88 1.03 0.72 1.46
rs2243248 G | 051 121 0.69 211|037 0.74 038 142 |0.03 1.68 1.05 2.69
rs2243300 /=, 051 1.19 0.70 2.02 | 043 0.78 0.42 145 |0.11 143 0.92 2.23
rs1800925T (060 1.11 0.75 163|084 105 068 160 |[0.74 1.05 0.78 1.43
I‘83091307: G=— 062 110 0.75 1.60 |0.67 1.10 0.72 1.66 |0.90 1.02 0.76 1.37

*P is the p-value determined by CMH testing with clusters defined by parental country of birth, Al is the effect allele, OR is the odds ratio and L95

and U95 the lower and upper 95% confidence intervals.
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Table 2 A. Logistic regression analysis of SNP-food allergy associations in the replication sample, adjusted for ancestry by principal components.
203 food allergic cases vs 330 non-food allergic contBlbeta-analysis of discovery and replication samples modelled with random and fixed

effects. 570 food allergic cases vs 486 non-food allergic controls

A Replication analysis: food allergic cas B. Meta-analysis- Discovery and

vs non-food allergic control Replication

SNP‘ Al OR L9 U9 P P P(R) OR OR(R) Q I
r51295686‘ A 1.37 1.03 1.82 0.03 |0.0005 0.0006 1.50 1.50 0.31 3.32
r51295687‘ C 1.10 0.68 1.78 0.70 0.30 0.30 1.24 1.24 0.38 0.00
*A) Al is the'reference allele; OR is the odds ratio; L95 and U95 are the lower and upper confidence intervals; P is the p-value obtained from logistic
regressiorB).P.is the P-value calculated by fixed-effects meta-analysis model; P(R) is the P-value determined from random-effects meta-analysis
model. OR is the odds ratio determined from fixed-effects; OR(R) is the odds ratio determined from random-effects. The @ulalueis P-value,

a measure of effect size heterogeneity between studies. 1 is the I-index (0-100), another measure of effect size heterogeneity between studies.
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