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ABSTRACT

Background: Little is known about the genetics of food allergy (FA) to various allergens and the heterogeneity of FA in
adults.

Objective: We aimed to investigate genetic susceptibility to FA in an adult population and to assess the association between
secondary FA and allergic rhinitis (AR).

Methods: FA and allergen-specific FA were defined based on in-depth questionnaires and a previously published FA algorithm
in the Lifelines. We performed a series of genome-wide association studies (GWAS) on FA and nine allergen-specific (e.g., hazel-
nut) FA in 21,353 adults in Lifelines. Single nucleotide polymorphisms (SNPs) (p < 1E-5) were replicated in a second independent
set of 15,518 adults participating in the Lifelines followed by meta-analysis of the results of the two datasets. We subsequently
investigated the causal relationship of AR to FA using Mendelian randomization (MR) analysis.

Results: We observed co-occurrence of tree nuts and apple FA, with over 80% of this group also reporting AR. After meta-
analysis, we identified one genome-wide significant locus near HLA-DPA1 associated with self-reported hazelnut allergy (hazel-
nutFA), of which the top SNP is rs5025825 (p=2.51E-9, OR = 1.43). Two-sample MR indicated that AR is a significant causal risk
factor for hazelnutFA (p ;,,y,=5.27E-10, §=5.90, P_piciotropy = 0.46).

Conclusion: Our questionnaire enabled a large GWAS on self-reported FA in Dutch adults. We report one novel locus in the
human leukocyte antigens (HLA) region associated with hazelnutFA, implying an association with antigen recognition. Our
findings genetically link secondary FA to AR in adults.

Abbreviations: AR, allergic rhinitis; DBPCFC, double-blind placebo-controlled food challenges; dd-AR, doctor-diagnosed allergic rhinitis; EA, effect allele; eQTL, expression quantitative trait
locus; FA, food allergy; GWAS, genome-wide association studies; HLA, human leukocyte antigens; IVs, instrumental variables; IVW, inverse-variance weighted; LD, linkage disequilibrium;

LDSC, linkage disequilibrium score regression; likelyFA, likely food allergic; MHC, major histocompatibility complexes; MR, Mendelian randomization; noFA, not food allergic; OFC, oral food
challenges; PCs, principal components; SNP, single nucleotide polymorphism; SPT, skin prick tests; sr-AR, self-reported allergic rhinitis; UKB, UK Biobank.
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1 | Introduction

Food allergy (FA) is a heterogeneous, immunologic, mostly IgE-
mediated disease triggered by specific food proteins that signifi-
cantly affects quality of life for many children and adults, and
even poses a potential threat of fatality. Oral food challenge-
diagnosed FA has been reported to have a prevalence as high
as 10% in Western countries, China and Africa, affecting both
pediatric and adult populations [1]. The etiology of FA involves
a complex interplay of genetic and environmental factors [2].
Twin studies indicate a heritability range of 51%-82% for FA
[3, 4]. Previous genome-wide association studies (GWAS) have
identified various single-nucleotide polymorphisms (SNPs) and
genes associated with FA, some of which are specific to individ-
ual foods, while others are shared across different FA or over-
lap with other allergic diseases such as allergic rhinitis (AR),
asthma, and eczema [5]. These SNPs associated with genes re-
lated to barrier and immune function. However, previous rela-
tively large-scale studies have predominantly focused on FA in
European children [5]. In contrast, existing research on adults
has been limited to specific allergies and was primarily con-
ducted within East Asian populations [6, 7], often restricted by
smaller sample sizes. A comprehensive study on FA in adults is
needed to further understand the genetics of FA in this group.

One of the challenges of previous GWAS on FA is heterogene-
ity in case definition [5]. Patients with FA may have symptoms
which are not very specific and can affect multiple systems in
the body [8]. To conduct GWAS on a larger scale, it is required
to define FA precisely and efficiently. Although skin prick tests
(SPT), serum IgE tests, and oral food challenges (OFC) are rec-
ognized for supporting a more accurate diagnosis [9], these are
not feasible in studies of over tens of thousands of participants.
SPT and serum IgE tests are invasive, and their positive results
do not invariably indicate the presence of FA in clinical settings
[10]. OFC, which is so called “gold standard” for diagnosing FA,
is expensive, time-consuming, and pose potential risks to par-
ticipants [11]. However, self-reported FA may strongly overes-
timate the prevalence of FA [12], reducing the power of genetic
studies due to misclassification of cases. Therefore, our research
group developed a questionnaire and algorithm aimed at miti-
gating misclassification when identifying FA based on the use
of questionnaires only [13], enabling the recruitment of a larger
sample size necessary for GWAS. Here, we only label a partici-
pant to be “likely food allergic (likelyFA)” if a specific reaction to
a common allergen within a limited timeframe is reported [13],
thereby contributing to an improved diagnosis of FA in large-
scaled population-based studies.

The heterogeneity of FA also adds to the complexity. In addition
to directly triggering allergic reactions through food consump-
tion, cross-reactivity between certain foods and inhaled aeroal-
lergens can lead to allergic reactions [14]. The categorization of
FA into primary and secondary types is based on the mecha-
nism triggering allergic reactions: primary FA directly results
from food allergens, while secondary FA (also called pollen food
allergy syndrome) results from a cross-reactivity between tree/
grass pollen and food allergens [15]. Currently, it remains un-
certain whether the genetic factors associated with primary and
secondary FA are identical, as secondary FA is more prevalent in
adults [16] than in children.

Therefore, we aimed to investigate the genetic risk factors re-
lated to likelyFA as well as allergen-specific FA in a large
population-based adult Dutch cohort; and to assess the (causal)
relation between AR and FA.

2 | Methods

Study subjects were selected from the Lifelines. Lifelines is a
multi-disciplinary prospective population-based cohort study
examining in a unique three-generation design the health and
health-related behaviors of 167,729 persons living in the North
of the Netherlands. It employs a broad range of investigative
procedures in assessing the biomedical, socio-demographic,
behavioral, physical and psychological factors which contrib-
ute to health and disease of the general population, with a spe-
cial focus on multi-morbidity and complex genetics [17]. The
Lifelines protocol has been approved by the UMCG Medical
ethical committee under number 2007/152 and all participants
provided informed consent. Participants were invited for the fol-
low-up visits which are scheduled every 5years. FA information
was collected through a “Food Allergy Questionnaire” during
the second follow-up assessment [13].

The presence of FA was determined according to the algo-
rithm that was developed by Westerlaken-van Ginkel et al. [13].
Participants with FA were classified as likelyFA, when they re-
ported to exhibit typical reactions (Table S1) to common, well-
known allergens (Table S2). Subjects were further excluded
from the likelyFA group (1) if they were solely diagnosed by
an alternative health practitioner, (2) if the onset of symptoms
after ingesting the food is after a day or more, (3) if the duration
of symptoms exceeded 1week, or (4) if they reported a nega-
tive result in a double-blind placebo-controlled food challenge
(DBPCFC) test. Allergen-specific FA cases met both the like-
lyFA criteria and reported to a specific allergen. Within the
likelyFA group, we defined nine groups of allergen-specific
cases based on allergens reported by more than 1% of the par-
ticipants. Participants without FA were classified as not food
allergic (noFA), consisting of individuals that indicated “I don't
have food allergy” in the questionnaire. The remaining subjects
were classified as indeterminate and excluded from further
analysis. In Lifelines, self-reported allergic rhinitis (sr-AR) was
determined through questionnaire responses regarding a his-
tory of nasal allergy including hay fever [18]. The definition of
asthma and eczema in Lifelines was previously described [18].

The genetic data was collected in two sub-cohorts of Lifelines.
In 2019, the first batch of 38,030 Lifelines participants was
genotyped using the Infinium Global Screening Array (GSA)
MultiEthnic Disease Version 1.0. In 2023, a second batch of
29,166 Lifelines participants was genotyped using the FinnGen
Thermo Fisher Axiom custom array. The quality control and
genetic imputation of these two batches were performed sepa-
rately. Details on quality control and genetic imputation can be
found in the supporting data [19].

This GWAS on FA in adults included individuals of 18years
or older, who completed the Food Allergy Questionnaire, and
whose DNA was genotyped. Cases were individuals who are
classified as likelyFA or allergen-specific FA. Controls were
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individuals who are classified as noFA. We used a two-stage
GWAS strategy: discovery and replication (Figure 1).

We conducted a series of GWAS in the discovery set (21,353)
which consisted of the first batch of genotyped Lifelines par-
ticipants. SAIGEgds (1.12.2) [20-22] was used for association
analysis on chromosome 1-22, incorporating age, sex, and ge-
netic principal components (PCs) 1-10 as covariates. SAIGEgds
was employed to adjust for potential family structure and to ad-
dress the imbalance in case-control ratios within our dataset.
R (4.2.1), qgman (0.1.9) [23], and LocusZoom [24] was used for
statistical analysis and graphing. Our genome-wide significance
threshold was set at p <5E-8. In the FA with significant SNPs,
we extended the threshold and created a list of lead SNPs with
p <1E-5 for replication; FA without significant results were not

Adults (age > 18) Completed

FA questionnaire in Lifelines Cohort —
(N =97,869)

L 4

Discovery Set (N = 21,353)
(Genotyped by Infinium Global Screening Array® MultiEthnic Disease

Version 1.0 )
1
v L 4
19,438 controls 1915 cases (likelyFA)
(noFA) 9 allergen-specific FA
[ |
v
GWAS

21 candidate SNPs for hazelnutFA
19 candidate SNPs for walnutFA

A

Replication Set (N =15,518)
(Genotyped by FinnGen Thermo Fisher Axiom® custom array )

v

Exclude people who are 1st and 2¢ degree
relatives of Discovery Set

|
v A 4

cases

10,236 controls

(noFA) 238 hazelnutFA

215 walnutFA

—> Replication on the candidate SNPs

v

Meta-analysis of discovery and replication set

v

One SNP for hazelnutFA (p < 5E-8)
See Figure 4

FIGURE1 | Study design. The discovery cohort consisted of 21,353
individuals. GWAS on 10 phenotypes (likelyFA and nine allergen-
specific FA) were conducted. Phenotypes with SNPs with p < 5E-8 were
selected for replication. A looser threshold of p < 1E-5 was used to select
SNPs in independent loci for replication. Following the replication
phase and subsequent meta-analysis, one SNP was identified as being
associated with hazelnutFA.

followed-up in replication analyses. Finally, previously reported
FA SNPs [6, 7, 25-28] and proxy SNPs which in linkage disequi-
librium (LD) with FA SNPs were also tested in the discovery set
(See Data S1).

In the replication set, which encompasses 15,518 individuals
genotyped in the second batch of Lifelines participants, we re-
moved samples found to be first or second-degree relatives of
those in the discovery set (PI_HAT>0.1875). The case and
control definitions and were the same as in the discovery set.
Subsequently, we conducted an association analysis on the SNP
list generated in the discovery set using SAIGEgds [20-22], em-
ploying the same model as that used in the GWAS. Bonferroni
adjustment was used to correct for multiple testing, using the
number of independent SNPs as the number of independent tests.
The significance threshold was calculated as p <(0.05 divided
by the number of SNPs). We meta-analyzed these SNPs across
the discovery and replication sets using effect size estimates and
standard errors based on the Inverse Variance Weighted (IVW)
model, implemented in the METAL software [29].

To determine if the SNPs had any effect on gene expression, we
search the SNPs in the GTEx portal and visualized the colocal-
ization using LocusCompare [30]. Human leukocyte antigens
(HLA) imputation was performed using the HIBAG R packages
(v1.38.0) [31, 32] to predict HLA alleles from nearby genetic
markers according to LD in both the discovery and replication
set and obtained 183 variants in the major histocompatibility
complexes (MHC) region in the discovery set. The association
analysis in HLA region and meta-analysis was conducted using
the same method as in the GWAS. In the discovery set, p-values
of the association of HLA alleles with FA were corrected for
the number of alleles/haplotypes tested (shown as p-corrected
[pc] =p*(number of test), applying the significance threshold of
pc<0.05 [33] for replication).

To better understand the secondary FA caused by cross-reacting
allergens found in both pollen and food, we used AR as a proxy
for pollen allergy to assess the causal relation between pollen
allergy and FA. First, we investigated the associations between
FA-specific SNPs and sr-AR within the Lifelines dataset. Then
we incorporated GWAS summary statistics for doctor diagnosed
allergic rhinitis (dd-AR), obtained from public GWAS studies
conducted within the UK Biobank (UKB) to indicate the genet-
ics of AR [34, 35]. We assessed the genetic overlap and potential
causal relationships between FA outcomes and dd-AR using
LDSC (Linkage Disequilibrium Score Regression) [36, 37|, and
TwoSampleMR (0.5.7) [35, 38]. IVW multivariable Mendelian
randomization (MR) analysis and MR Egger were used as the
MR method, using all independent dd-AR SNPs (p < 5E-8) ob-
tained from GWAS in UKB [34, 35] as instrumental variables
(IVs) after sensitivity analysis.

3 | Results
3.1 | Study Population
The discovery set consisted of 1915 likelyFA cases (8.67% of the

total), which were compared to 19,438 control subjects. In like-
lyFA, nine allergens had a prevalence higher than 1%, including
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apple (appleFA, N=577), hazelnut (hazelnutFA, N=489), cow
milk (cowsmilkFA, N=436), walnut (walnutFA, N=395), wheat
(wheatFA, N=271), shellfish (shellfishFA, N=225), peanut
(peanutFA, N=223), almond (almondFA, N=221), and kiwi
(kiwiFA, N=219). Demographic characteristics of the subjects
including age, sex, and other allergic diseases are shown in
Table 1.

TABLE1 | Demographics of the discovery and replication sets.

The co-occurrence of likelyFA, allergen-specific FA, as well
as with other allergic diseases (asthma, sr-AR, and eczema),
can be observed in Figure 2. We observed co-occurrence of
reported allergies between tree nuts and apples. Among in-
dividuals reporting an allergy to apple, hazelnut, walnut, or
almond, more than 80% also reported having sr-AR (Table 1
and Figure 2). We also observed co-occurrence of reported

Age inyears Sex Allergic rhinitis Eczema Asthma
Affected Affected Affected
Mean (SD) Female (%) individuals (%) individuals (%) individuals (%)
Discovery
Controls
NoFA 48.6 (14.3) 11,419 (58.7%) 4348 (22.8%) 2638 (14.0%) 1400 (7.4%)
(N=19,438)
Cases
LikelyFA 46.4 (13.5) 1419 (74.1%)? 1146 (60.9%)? 511 (27.5%)? 327 (17.4%)?
(N=1915)
Top 9 reported allergies in likelyFA
AppleFA 45.0 (13.1)2 402 (69.7%)> 503 (88.2%)? 157 (27.9%)2 108 (19.0%)?
(N=577)
HazelnutFA 45.3 (13.3)2 341 (69.7%)* 437 (90.3%)* 151 (31.7%)? 123 (25.5%)?
(N=489)
CowsmilkFA 45.3 (13.7) 356 (81.7%)? 207 (48.9%)° 126 (30.1%)? 77 (18.3%)?
(N=436)
WalnutFA 44.3 (13.1)? 287 (72.7%)? 329 (83.9%)? 134 (34.8%)? 99 (25.3%)2
(N=395)
WheatFA 45.5 (13.4) 230 (84.9%)? 119 (45.2%)? 70 (27.0%)? 46 (17.6%)?
(N=271)
ShellfishFA 52.1 (12.9) 159 (70.7%)? 92 (41.4%)? 44 (20.4%) 33 (14.9%)2
(N=225)
PeanutFA 44.3 (15.8) 156 (70.0%)? 153 (69.9%)2 87 (40.7%)? 66 (30.3%)>
(N=223)
AlmondFA 43.6 (13.7)* 166 (75.1%)* 181 (82.6%)* 80 (37.4%)* 72 (32.9%)?
(N=221)
KiwiFA 45.8 (13.0) 186 (84.9%)? 122 (57.0%)2 73 (34.3%) 37 (17.3%)
(N=219)
Replication
Controls
NoFA 49.1(12.8) 6350 (62.0%) 2372 (23.3%) 1445 (14.3%) 802 (7.9%)
(N=10,236)
Cases
HazelnutFA 45.9 (12.7) 177 (74.4%)? 196 (83.1%)? 78 (33.2%)? 57 (24.3%)?
(N=238)
WallnutFA 45.1 (13.1) 150 (69.8%)° 159 (74.6%)? 68 (32.1%)? 50 (23.6%)2
(N=215)

2Represents statistical significance compared to the noFA (p <0.001).
bRepresents statistical significance compared to the noFA (p<0.01).
“Represents statistical significance compared to the noFA (p <0.05).
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LikelyFA 11.78 22.84 14.13 11.47 11.63 30.14

Almond 7.24 10.86 5.43 7.69 38.01
Walnut 6.33 6.33 6.33 8.86 27.09
Hazelnut 4.5 6.95 6.54 7.16 22.7

Apple 3.29 8.48 5.71 9.34

Peanut 5.83 17.94 13.9 31.84

Kiwi 4.55 24.55

Wheat 4.43 11.44 12.18

Cows milk 25.34 3.2 9.13 11.19

Shellfish 5.33 4.44 5.78 8.44

Wheat Kiwi

Shellfish  Cows milk

Peanut Apple

43.25

49.78

15.91

Hazelnut

25.5 20.59 11.52 60.83 27.44 17.42

37.38 32.88

34.81 25.32

Percentage
31.72 25.47 100
27.94 18.98 l 75
40.65 30.28 50
7.73 57.01 34.27 17.29 25
11.81 9.23 4.43 45.25 27.03 17.56
7.76 5.71 5.48 48.82 30 18.29
9.78 11.11 7.11 41.44 20.37 14.93
Walnut Almond sr-AR Eczema  Asthma

FIGURE2 | Co-occurrence of different allergies and allergic diseases in discovery set. Heatmap to show the percentage of overlapping individuals
who self-reported one FA (likelyFA and allergen specific FA) on the y-axis that also reported FA or allergic diseases on the x-axis. The color gradient
toward red on the plot signifies that a greater proportion of individuals exhibiting the phenotype represented on the y-axis also report the phenotype

on the x-axis.

allergies between wheat and cow's milk. In addition, individ-
uals reporting allergies to kiwi, wheat, cow's milk, and shell-
fish are less likely to suffer from AR compared to those with
tree nuts or apple allergies. It was shown that peanut allergy
is more frequently associated with eczema than other FA
(Table 1 and Figure 2).

3.2 | Discovery Analysis

No genome-wide significant loci were detected in the GWAS
on likelyFA (Figure S1). A locus in the intergenic region be-
tween HLA-DOA and HLA-DPA1 on chromosome 6 (rs5025825,
p=1.26E-38, effect allele (EA)=A, OR=1.52, Figure 3) was sig-
nificantly associated with hazelnutFA in adults. A locus in the
intergenic region between the MEAT6 and LOC124901500 on
chromosome 6 (rs117169933, p=4.94E-08, EA=T, OR=4.96,
Figure S1) was associated with walnutFA. Conditional analy-
sis did not reveal additional variants within the corresponding
locus that associated with hazelnutFA or walnutFA. When set-
ting threshold p value for replication to < 1E-5, 21 independent
SNPs were selected with suggestive associations with hazel-
nutFA (Table S3) and 19 independent SNPs with suggestive asso-
ciations (p <1E-5) with walnutFA (Table S4). No genome-wide
significant loci were detected from the other seven allergen-
specific FA GWAS, which therefore were not followed up in
replication (Figure S1). Finally, we observed that several proxy
SNPs that have LD with previous FA SNPs had a p-value <0.05
in our data (Table S5).

3.3 | Replication and Meta-Analysis

In the replication study, we investigated 21 hazelnutFA SNPs
in 258 hazelnutFA case subjects and 11,475 control sub-
jects and found that rs5025825 was associated with hazel-
nutFA (p=0.02, EA=A, OR=1.27). Meta-analysis showed
a genome-wide significant association between rs5025825

and hazelnutFA across the discovery and replication sets
(p=2.51E-09, OR=1.43) (Figure 4, Figure S2, Table S3).
Twenty other SNPs associated with hazelnutFA at a looser p-
value threshold (5E-8 < p <1E-5) that did not reach genome-
wide significance in either the replication set or the combined
meta-analysis (Figure S2, Table S3). The analysis of 19 SNPs
(p<1E-5) associated with walnutFA showed no significant
associations in either the replication set (investigated in 235
cases and 11,475 controls) or the combined meta-analysis
(Figure S3, Table S4).

3.4 | Association of HLA Region Genes With
hazelnutFA

The nearest gene of r$5025825 is HLA-DPA1I (Figure 3C). This
SNP serves as an expression quantitative trait locus (eQTL) of
multiple nearby genes across multiple tissues including esoph-
agus (HLA-DPAI, p=3.3E-7), lung (HLA-DPAI, p=1.53E-5),
and skin (HLA-DPAI, p=6.03E-19) (Table S6). It was implied
that rs5025825 (risk allele = A) is associated with a lower ex-
pression of HLA-DPAI in esophagus, skin, and lung (Table Sé6,
Figure S4). Association tests on HLA genotype indicated
that there were six HLA alleles associated with hazelnutFA
(pc<0.05), and HLA-DPBI*04:01 is the most significant
(pc=1.89E-05, OR =0.73). Four of six HLA alleles were im-
puted in the replication set and HLA-DQBI 05:01 was repli-
cated (Table S7).

3.5 | The hazelnutFA Variant is Associated With
likelyFA and Other Allergen-Specific FA

We next examined the top hazelnutFA SNP (rs5025825, risk
allele = A) for associations with likelyFA and other top aller-
gens respectively in the discovery set. The rs5025825 was as-
sociated with appleFA (p=5.93E-07, OR=1.40), almondFA
(p=0.001, OR=1.40), walnutFA (p=0.002, OR=1.29),
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FIGURE 3 | GWAS on hazelnutFA in adults shows an association at the HLA region (discovery, N=19,927). (A) Manhattan plot of GWAS
on hazelnutFA. The red horizontal line represents the genome-wide significant threshold (p <5E-8), and the blue horizontal line represents the
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Regional plot of hazelnutFA association signal. The gray dotted horizontal line represents the genome-wide significant threshold (p < 5E-8). Points

colored by LD (?) to the top SNP (rs5025825, the purple rhombus).

likelyFA (p=0.003, OR=1.12), and peanutFA (p=0.038,
OR =1.25) (Figure S5).

3.6 | The Association Between hazelnutFA and AR

We used AR as a proxy for grass and tree pollen allergy and
next investigated the association of hazelnutFA with sr-AR
in Lifelines. It was observed that 90.3% of the participants in
the discovery cohort and 83.1% in the replication cohort with

hazelnutFA also had sr-AR (Table 1). Rs5025825 (risk al-
lele= A) was modestly associated to sr-AR in Lifelines (p=0.02,
OR=1.04). When we adjusted the genetic association between
rs5025825 (risk allele = A) and hazelnutFA for sr-AR, it became
less significant (p="7.14E-08, OR=1.38).

To further understand the genetic correlation between ha-
zelnutFA in adults and AR, we investigated the relationship
between hazelnutFA and AR, and found a significant genetic
correlation between hazelnutFA (Lifelines) and dd-AR (UKB)
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[34, 35] (rg=0.87, p=0.04). We investigated a potential causal
relationship between hazelnutFA and dd-AR by performing
a two-sample MR. We analyzed a causal effect of dd-AR on
hazelnutFA using 31 IVs obtained from GWAS in UKB [34, 35]
after sensitive analysis (Figures S6-S8). The IVW MR estimate
for hazelnutFA was statistically significant (p=5.27E-10,
£=5.90) without pleiotropy (p_\x Beger intercept=O.21) or het-
erogeneity (p_q 1y =0.425), suggesting a causal relationship
of dd-AR on hazelnutFA in adults (Figure 5). A comprehen-
sive sensitivity analysis confirmed the consistency of the ef-
fect sizes estimated by individual genetic variants (Figure S6).
Furthermore, no single variant was found to disproportion-
ately influence the MR results (Figure S7), and there were no
indications of potential biases in our analysis (Figure S8).

Study p val OR
Discovery —&— 1.26E-08 1.52
Replication —m 2.27E-02 1.27
Meta—-Analysis - 2.51E-09 1.43
T T T 1
0.75 1.25 1.75
OR

FIGURE 4 | Forest plots for lead SNP associated with hazelnutFA.
Meta-analysis between the discovery and replication sets for the lead
SNP (rs5025825) showed genome-wide significance. OR and 95%
confidence interval are displayed on the x-axis.

4 | Discussion

This large GWAS on any FA and nine allergen-specific FA in
Dutch adults identified a genetic variant near the HLA-DPA1
locus on chromosome 6 as a risk factor for self-reported history
of likely hazelnut FA at genome wide significance after meta-
analysis. This locus also showed evidence for association with
other FA, specifically apple, and with sr-AR. Using MR, we
characterized AR as a causal risk factor of hazelnutFA. A strong
association of many tree-nut allergy and apple allergy in adults
was observed with sr-AR, and to a smaller extent with eczema
and asthma (Figure 2). The co-occurrence suggests a differen-
tial pattern of cross-reactivity among food and environmental
allergens. These results implied that information on allergen-
specific FA may assist us in further subclassifying FA in adults;
specifically, hazelnut allergy may serve as a representative
marker to define this subgroup of FA.

Currently, multiple HLA loci related to FA have been dis-
covered [39]. HLA genes which are located within the major
MHC on chromosome 6p21.3 are divided into three classes in
humans. Classes I and II encode a family of cell-surface pro-
teins that play a key role in antigen presentation. There are
many alleles of HLA genes: more than 25,000 HLA genes have
been identified so far [40], and they are usually named by se-
rological antigen types. We identified associations between
the HLA-DP (HLA Class II) locus and hazelnutFA in our
meta-analysis. The most significant SNP (rs5025825, allele
A) which is near HLA-DPA1 was shown to be associated with

Inverse variance weighted / Weighted median

/ MR Egger

Simple mode

0.5-

0.0-

SNP effect on HazelnutFA

-0.5-

0.02

Weighted mode

0.04 0.06
SNP effect on Doctor diagnosed allergic rhinitis

FIGURE 5 | Scatter plot for Mendelian randomization. Mendelian randomization scatter plot with effect sizes (8+ SE) of each variation allergic

rhinitis as exposure and hazelnutFA as outcome (p ;,,y, = 5.27E-10, p

-pleiotropy

=0.46; Figures S6-S8).
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lower expression of HLA-DPAI in esophagus, skin, and lung
(Table S6). Previously one other SNP near HLA-DPA1 and HLA-
DPBI was reported to be related to wheat-dependent exercise-
induced anaphylaxis in a Japanese cohort [6]. However, the
wheat-dependent exercise-induced anaphylaxis related locus
seems to be independent from the hazelnutFA locus (r* < 0.01).
To better characterize the HLA locus, we performed HLA im-
putation. Here, we observed a negative association between
hazelnutFA and HLA-DQBI*05:01 in the discovery set and
verified this in the replication set (Table S7). This is in line
with a previous study, that showed a significantly lower allele
frequency of HLA-DQBI1#05:01 in patients with birch pollen-
associated hazelnut allergy [41] and peach allergy [28] com-
pared to non-affected controls. The HLA-DPBI1*04:01 allele
displayed the most significant association with hazelnutFA in
the discovery set (Table S7). HLA-DPBI1#04:01 was previously
reported to protect genetically susceptible children from celiac
disease autoimmunity [42]. Furthermore, a positive associa-
tion between HLA-DPBI*09:01 and hazelnutFA was observed
in the discovery set (Table S7). HLA-DPBI*09:01 was reported
to be an HLA susceptibility risk haplotype for peach allergy
[28]. HLA alleles could play an important role in the etiology
of FA and further studies are needed to investigate this.

The subgroup of patients with FA represented by tree nuts al-
lergy may represent secondary FA in adults. Secondary FA, also
known as pollen-food allergy syndrome, is more prevalent in
adults [16] than in children. It is conceivable that the genetic risk
factors for primary and secondary FA differ, as well as its over-
lap with pollen allergy. Apple and tree nuts are recognized aller-
gens with known cross-reactivity with pollen [43]. In our study,
we found that individuals with allergies to apple and tree nuts
exhibited a higher prevalence of sr-AR, and subsequently genet-
ically confirming the correlation of AR with tree-nut FA, spe-
cifically hazelnut allergy. The association between rs5025825
and hazelnutFA is partly driven by sr-AR and rs5025825 showed
association with sr-AR in Lifelines, suggesting a shared mecha-
nism of AR and hazelnutFA. We provided evidence for a causal
relationship from dd-AR to hazelnutFA in MR analysis, sup-
porting the concept of secondary allergies: pollen triggers pollen
food allergy syndrome [44].

Previous GWAS identified several loci related to FA [25, 26],
peanut allergy [25-27], egg allergy [26], wheat allergy [6, 7],
peach allergy [28], and shrimp allergy [28]. In our discovery
set these SNPs did not achieve nominal significance (p <0.05),
however, we identified 1 proxy SNP of previous FA SNP that
was nominally associated with likelyFA on chromosome 11
near EMSY, 2 proxy SNPs were related to peanutFA on chro-
mosome 6 near HLA-DPAland HLA-DQBI-HLA-DQAI, and
2 proxy SNPs that were related to wheatFA on chromosome
6 near HLA-DPA1 and HLA-DRBI-HLA-DQA (Table S5).
Although we provide support for several previously reported
loci, the challenges in achieving replication may stem from
variations in definition of FA, population demographics, dif-
ferences between genetic risk factors for FA presenting in
children and adults, and genetic heterogeneity. The genetic
risk factors may differ between primary FA and secondary
FA. Some previous GWAS studies were performed in popu-
lations from East Asia, while our studies were performed in
a European white population, for example, rs74995702 risk

allele is common in East Asians, while it is rare in Europeans
(Table S5). Differences in allele types and frequencies, may
make transethnic replication studies difficult [45].

This study has several strengths and limitations that need
to be considered when interpreting our data. It is one of the
largest GWAS on FA in an adult population utilizing a spe-
cific questionnaire to improve FA assessment in large genetic-
epidemiological studies. Our questionnaire helps reducing false
positive FA cases [13], which enabled us to study FA in large
population. This is further supported by replication of previ-
ous results. However, questionnaire defined hazelnutFA may
still be different from a diagnosis of hazelnut allergy by OFC,
and some misclassification may still be present. Although this
may reduce power, it is not likely to cause false-positive results.
Further validation of the hazelnutFA associated SNP in addi-
tional populations with more strict phenotypes such as OFC is
warranted. One limitation of our study is the lack of data on the
age of onset of FA, which could further facilitate the verifica-
tion of secondary FA. In addition, we note that the number of
cases in our study is still limited for a genome wide association
study. The other limitation is that we only performed one di-
rection of MR because enough instrumental variables for the
hazelnutFA (or FA) were lacking. These analyses can only be
performed if future, well-powered GWAS studies reveal a ro-
bust SNP-set for FA. Finally, we restricted our analysis of the
Dutch population to mostly European ancestry and were not
able to investigate people of other ancestries, reflecting the ge-
netic make-up of the population of the Northern Netherlands.

In conclusion, this study identified a subgroup of FA marked
by hazelnut allergy in adults using a questionnaire. Using the
MR framework, we have provided evidence for a potential
causal effect of AR on this subgroup. We identified an asso-
ciated variant for Hazelnut allergy in the HLA region, which
also was associated with allergies to apple, almond, walnut,
or peanut. We propose that our work may help to disentangle
mechanisms and perhaps provide biomarkers of primary FA
from secondary FA.
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