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ABSTRACT

In this review, we provide an overview of food allergy genetics and epigenetics aimed at clinicians and researchers. This includes
a brief review of the current understanding of genetic and epigenetic mechanisms, inheritance of food allergy, as well as a dis-
cussion of advantages and limitations of the different types of studies in genetic research. We specifically focus on the results of
genome-wide association studies in food allergy, which have identified 16 genetic variants that reach genome-wide significance,
many of which overlap with other allergic diseases, including asthma, atopic dermatitis, and allergic rhinitis. Identified genes
for food allergy are mainly involved in epithelial barrier function (e.g., FLG, SERPINB7) and immune function (e.g., HLA, IL4).
Epigenome-wide significant findings at 32 loci are also summarized as well as 14 additional loci with significance at a false dis-
covery of <1x10~*. Integration of epigenetic and genetic data is discussed in the context of disease mechanisms, many of which
are shared with other allergic diseases. The potential utility of genetic and epigenetic discoveries is deliberated. In the future,
genetic and epigenetic markers may offer ways to predict the presence or absence of clinical IgE-mediated food allergy among
sensitized individuals, likelihood of development of natural tolerance, and response to immunotherapy.

Immunoglobulin-E-mediated food allergy (FA) is an improper
immune response to food allergens. Symptoms vary from mild
reactions to anaphylaxis, and FA is associated with decreased
quality of life [1]. Atopic diseases are often co-expressed,

including FA, atopic dermatitis (AD), asthma, eosinophilic
esophagitis (EoE), and allergic rhinitis (AR) [2, 3]. Prevalence
of FA varies, reflecting differences in populations, diet, and en-
vironment [1]. Heritability estimates and concordance rates for
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FA traits from twin studies vary (51%-82%), but are higher in
monozygous compared to dizygous twins (Table 1) [4-7]. There
is strong aggregation of FA within families [8] and population-
based studies show a family history of allergic disease modestly
increases the risk of FA in the offspring (odds ratio (OR) 1.4 for
one family member; OR 1.8 for >two family members with al-
lergic disease) [2]. These observations have motivated research-
ers to identify genetic and epigenetic factors of FA, which is
thought to be a complex polygenic disorder with low penetrance
rather than a Mendelian disorder. However, the role of rare
variants has not been studied outside of primary immunodefi-
ciency disorders that have FA as part of their clinical phenotype
(Table S1). Key concepts in genetics and epigenetics are provided
in Figure 1 [9-11].

1 | Genetic Risk Factors for Food Allergy and
Their Relationship With Other Atopic Diseases

Many loci for FA have been identified through large-scale ge-
netic studies, candidate gene studies, family studies, and inves-
tigation of rare (< 5%) [12] monogenic disorders that feature FA
as a primary clinical feature; each study type has advantages
and disadvantages (Table 2) [11-18]. High throughput genome-
wide association studies (GWAS) can be powerful tools for
identifying variant-trait associations and for the discovery of
new biological mechanisms through an unbiased survey of the
genome. However, these may be limited in the identification of

rare variants and common variants not captured in the chip de-
sign [14], and direct causal links cannot be made due to linkage
disequilibrium (i.e., nonrandom association of alleles at differ-
ent loci) [18]. Many tests for association are conducted, neces-
sitating correction for multiple testing. Large samples sizes are
therefore needed to achieve statistical significance, which can
make rigorous diagnosis of food allergic cases by oral food chal-
lenge (OFC) less feasible. Many studies rely on self-report or doc-
tor's diagnosis in order to accrue these samples [19], which may
lead to misclassification and reduction of power. Replication of
GWAS findings are crucial to provide convincing statistical evi-
dence for association, and to rule out association due to artifact
[20]. Candidate gene studies involve the selection of a specific
gene or genes to investigate a priori based on current knowl-
edge, and may have higher power, particularly in founder pop-
ulations, but may miss genetic factors that are yet unidentified
in association with the disease, meaning that novel pathways
and genes may be overlooked [11]. GWAS are often referred to
as hypothesis-generating studies, while candidate gene studies
are sometimes considered confirmatory studies. Family studies
may have higher statistical power to discover genes, as there is
generally a more homogeneous phenotype and probably a more
limited set of contributing genes and pathways, but this relies
on the ability to find willing participants with the appropriate
phenotype; this design has been combined with genome-wide
approaches [15, 20]. Animal studies of FA allow for more en-
vironmental controls, genetic manipulation, and specific en-
vironmental interventions, but no animal model completely

TABLE1 | Estimation of the heritability of food allergy from twin studies.

Concordance Heritability
Twin pairs Median age (range) Diagnostic criteria rate estimation Reference
14 MZ Syears (1-58 years) Clinical history AND 64.3% (peanut 81.6% (peanut  Sicherer [5]
44DZ peanut sIgE (level n/r) allergy MZ) allergy)
6.8% (peanut
allergy DZ)
34 MZ 4.8years (0.59-35.8 years) At least one twin with 59% (peanut — Kivisto [6]
46 DZ allergist-diagnosed food allergy MZ)
allergy, AND convincing 29% (peanut
history AND positive SPT/ allergy DZ)
sIgE/food challenge
55% (pistachio
allergy MZ)
0% (pistachio
allergy DZ)
1315 NR Parental report of 78% (MZ) — Ullemar [4]
(# MZ/DZ not “food allergy ever” 40% (DZ)
listed)
472 MZ 17.5 (12-28years) No clinical history 53% (peanut 51% (peanut Liu [7]
354 DZ Positive SPT to cow milk, sensitization MZ) sensitization)
egg white, soybean, wheat, 29% (peanut
peanut, walnut, fish mix, sensitization DZ)
shellfish mix, sesame
seed (MultiTest IT)
58% (shellfish MZ)  68% (shellfish
45% (shellfish DZ) sensitization)
Abbreviations: DZ, dizygotic; MZ, monozygotic; n/r, not reported; sIgE, specific IgE; SPT, skin prick test.
107

85U8017 SUOWILIOD 3RO 8|qedl(dde auy Aq pausenob ae ssppie YO ‘85N J0 S9InJ o} ArigT 8UlUO A1 O (SUOHIPUOD-PUR-SWBH 0D A8 | 1M A1 1 Ul |UO//SANY) SUORIPUOD Pue SWe | 84} 89S *[5202/T0/2T] Uo Ariqi]auliuO AB[IM * WNiUeD-%08nIqea-Xe N - IPIF Y IUON AQ 6249T |IB/TTTT OT/I0P/W00" A3 1M ARe.q 1 puluoy/:sdiy woly pepeojumod ‘T ‘5202 ‘S66686ET



Genome Proteome

Transcriptome

Production of
functional
proteins from
genomic
information

Epigenetics Changes in

proteome
Methylation )
Modifications in promoter m No protein - >
that have . Change in
impact on Methylation or Y protein level
protein level acetylation of ’
or function histone Truncated '

protein

v
~Y A

Change in %

protein function v

e —
MHOHKHONED
alcltialcltlalclr

e

WHD
alclt

miRNA linked {
to mRNA

FIGURE1 | Review of genetic and epigenetic mechanisms. Double-stranded DNA makes up the genome and is coiled to make chromatin fibers
and then wrapped around histones to make chromosomes. Genomic changes called single nucleotide polymorphisms (SNP) are a one base-pair
change in germline DNA. These can occur both in exons (protein coding) and introns (non-coding regions, which often have regulatory function).
Changes in DNA that involve a change in repetition of sections of the genome are known as copy number variants (CNV). DNA must be accessible
in order to be transcribed into messenger RNAs (mRNA), which constitute the transcriptome. mRNA are then translated into proteins which collec-
tively make up the proteome. Epigenetic mechanisms—shaped by external factors—include DNA methylation, histone modification and non-coding
RNA. Long non-coding and micro RNAs (miRNA; short single strands of RNA) can bind to transcribed mRNA affecting translation. Genetic and
epigenetic modifications can impact protein expression, including a complete lack of protein production, a change in protein levels, or a change in

protein sequence that leads to a truncated protein or a protein with impaired function. This figure has been created with BioRender.com.

recapitulates the human pathology of FA [16]. In this review,
we will focus on statistically-significant genetic risk loci for FA
found in a genome-wide approach, as identified through the
Open Targets Genetics resource (last updated October 2022),
and cross-verified with PubMed searches and the GWAS cat-
alog September 2024 (Table 3) [21]. Currently, these primarily
fall within two major groupings—immune and epithelial barrier
function.

To date, 16 loci have been associated with clinically diagnosed
FA at genome-wide significance (p<5x107%) with 10 of these
shared with other atopic diseases suggesting a common genetic
etiology (Table 3) [28-30]. These single nucleotide polymor-
phisms (SNPs) are identified by their position on a chromosome
and their reference SNP cluster ID (rs) number. Filaggrin (FLG)
loss-of-function (LoF) mutations at Chromosome (Chr) 1q and
variants on Chrl1ql13.5 [29, 31] are significantly associated with
FA, AD, asthma, and AR [32-36]. FLG encodes a skin barrier
protein, and its role in multiple atopic diseases is discussed fur-
ther below. The Chrl1ql3.5 region has additionally been iden-
tified as a risk locus for EoE [37, 38]. It contains 2 genes, leucin
rich repeat containing 32 (LRRC32), which tethers transforming
growth factor beta (TGFB) to the surface of FOXP3* regulatory
T-cells (Tregs) [39], and the histone-modification protein EMSY
(encoded by the cllorf30 gene) [40]. EMSY polymorphisms are
a risk factor for asthma in the Chinese Han population [41].
Similarly, two other loci, one located in the cytokine gene cluster
on Chr5q31 near IL4, and one on Chrl8 in SERPINB7 are also
associated with multiple allergic diseases [30, 42-45]. Additional

loci shared between FA and asthma are found in the human leu-
kocyte antigen (HLA) region [46]. The SERPINB cluster initially
identified by a GWAS on FA was also associated with early onset
of allergic diseases [30, 47]. Thus, there is considerable genetic
overlap of FA genetic variants with asthma, AD, AR, EoE, and
early onset of allergic diseases; the identified genes for FA are
discussed in further detail below.

2 | Genetic Loci Related to Epithelial Barrier
Function in Food Allergy

FLG LoF mutations result in complete lack of protein expression
of filaggrin, a skin barrier protein. FLG mutations are associated
with early onset, severity, and persistence of AD [48]. FLG mu-
tations were detected with similar cumulative allele frequencies
(~5%-5.5%) in groups of different genetic ancestries but exhibit
population-specific mutation patterns [49]. An association be-
tween FLG and FA was found in both GWAS and candidate gene
studies [50, 51], first identified for peanut allergy (PA) [51], but
now with similar risk estimates for multiple types of FA [49].
FLG mutations were associated with the persistence of hen's egg
and cow's milk allergy [49] and severe FA in AD [52].

High levels of environmental exposure to peanut allergen are
associated with increased risk of PA in individuals with known
FLG LoF mutations [53, 54], which may suggest the skin acts as
the route of sensitization in FLG-deficient children. While FLG
LoF mutations were not genotyped on any of the commercial
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TABLE 2 | Advantages and disadvantages of types of genetic studies for food allergy.

Study type Advantages

Disadvantages

Genome-wide

association study populations

« Unbiased by a priori selection of genes
« Can identify new biological mechanisms and

novel pathways

« “Hypothesis-generating” study

Candidate gene
studies

« “Confirmatory” study

Family studies
and non-genetic factors

« Powerful when performed in large study

« Less complication by surrounding SNPs in LD

 Less confounding due to more controlled genetic

« Initially more costly, but now more affordable
+ Larger sample size needed
« Phenotype may be what is available if samples
taken from larger cohort study
« Initially limited in identification of rare
variants; higher density chips and imputation
now used
« Variants depend on chip design/coverage
« Direct causal links difficult to establish due to
linkage disequilibrium
» Chips may lack ethnic diversity in the design,
which may result in loss of power when used on
admixed populations

« Selection of gene(s) to investigate a priori based
on current knowledge; may miss unidentified
genetic factors

« Requires sufficient families with affected
members to be recruited

« Higher statistical power to discover genes for

monogenic/oligogenic traits

« Can be combined with genome-wide approach

Monogenic « High penetrance of genetic effects aids in
Mendelian disorders interpretation of pathophysiology
that feature food « 23% of genes that are linked to highly penetrant

allergy as a primary
presenting clinical
feature

Mendelian disease are associated with at least one
complex disorder; may help to identify pathways
within complex common diseases

« Specific mutation in Mendelian disorder
is unlikely to be carried by individuals with
common complex diseases
« Phenotype may be rare

« May show systemic relevance of a gene or protein

Animal studies
factors

« Precise control over genetic and environmental

« No animal model completely recapitulates
human disease

« Intervention at different time points possible

« Genetic manipulation possible

References: Musunuru et al., Chakravarti, Carter et al., Tam et al., Kanzi et al., Schulke et al., Spataro et al., Uffelmann et al. [11-18].

GWAS arrays, rs12123821 in the 1.9Mb region containing
the epidermal differentiation complex on Chrlq2l exhibited
genome-wide significance for FA [22]; this area contains multi-
ple genes involved in regulation and function of the skin barrier
[55]. A conditional analysis revealed that this association was
due to the two most common FLG mutations. However, a resid-
ual association was still detectable between FLG and the repetin
gene (RPTN), suggesting additional genetic risk factors in this
region, which is unsurprising as the epidermal differentiation
complex contains over 50 genes that direct the development and
regulation of the skin [56]. FLG also contains an intragenic copy
number variant (CNV) due to its repeated FLG motif, which en-
codes the portion that becomes natural moisturizing factor [57];
low copy number is correlated with increased risk of AD and
chemical penetration through the skin barrier [58], but has not
yet been evaluated in FA.

Additional risk loci for FA have been identified in or near genes
with epithelial barrier function, including an intronic variant
in the SERPINB cluster on Chr18q22 [22]. Although most other
serpins are protease inhibitors that circulate in the bloodstream,

clade B serpins are intracellular and may protect cells from pro-
teolysis [59]. The associated FA gene, serpin family B member 7
(SERPINB?7) is implicated in Nagashima-type autosomal reces-
sive palmoplantar keratosis, a disease with a skin barrier defect
[60]. An intergenic locus near SERPINB2, also known as plas-
minogen activator inhibitor-2 (PAI2), has also been identified in
egg allergy [22]. PAI2 is a serine protease inhibitor involved in
apoptosis, cell differentiation, and the innate immune response
[61]. Leukocyte expression of SERPINBIO0, which inhibits apop-
tosis of allergenic T-cells in asthma [62], is correlated to GWAS
variants in the SERPINB7 and SERPINB2 genes in the cluster
described above [22].

Other novel loci identified may also be epithelial barrier-related.
An intergenic variant near integrin alpha 6 gene (ITGA6), in-
volved in barrier function [63], reached genome-wide signifi-
cance for PA but remains to be replicated in independent data
sets [23]. The other flanking gene for this locus, DLX2, is a ho-
meobox protein with roles in placental formation and neural
crest migration [64]. Three SNPs in an intergenic region be-
tween two genes on Chrl1 (EMSY, LRRC32) have been identified
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associated with FA in two separate GWAS [22, 23]. LRRC32 is
discussed further below [65]. Knockdown of EMSY expression is
correlated with increased expression of skin barrier proteins in
cell culture [66]. Additional loci for epithelial barrier genes have
been identified in candidate gene studies and primary immuno-
deficiency disorders (Tables S1, S2).

3 | Genetic Loci Related to Immunity in Food
Allergy

The most consistent genetic evidence for FA has been observed
in the human leukocyte antigen (HLA) region on Chr6, which
encodes the major histocompatibility complex responsible for
presentation of antigenic peptides. HLA genes are implicated
in many immunologically-mediated conditions and are imper-
ative for antibody generation and IgE production [67]. Evidence
for the involvement of HLA genes in FA is longstanding and
includes both genome-wide and candidate gene studies [68].
HLA loci for FA that have been identified include HLA-DPBI,
HLA-DQAI, HLA-DQA2, HLA-DQBI, HLA-DRA, and HLA-
DRBI [69]. Although the mechanism through which HLA in-
fluences FA is unknown, HLA variants affect the presentation
of non-self antigens or influence thymic selection for class II
restricted T cell receptors [70, 71]. Interestingly, different as-
sociation signals in the HLA class II gene cluster were found
for two distinct wheat allergy phenotypes in the same popula-
tion: iterative conditional analysis in the HLA region revealed
three independent association signals for allergy to hydrolyzed
wheat proteins with a coding variant in HLA-DQAI (rs9271588),
the HLA-DQA1*03:03 allele, and rs9263827 near HLA-C [27].
Conversely, wheat-dependent exercise-induced anaphylaxis
was most strongly associated with the HLA-DPBI*02:01:02 al-
lele in the Japanese population [26]. HLA-DPAI is associated
with wheat-dependent exercise-induced anaphylaxis [27]. HLA-
DPA1 has been also associated with AD [72]. Genome-wide sig-
nificant association for self-reported shrimp and peach allergy
was found upstream of HLA-DQAI in a large GWAS in 11,000
Japanese women [73]. Furthermore, the HLA-DQBI locus was
linked to PA in four GWAS [22, 25, 50, 74]. However, the as-
sociation in one of these studies did not meet the threshold of
genome-wide significance, likely attributable to small sample
size [50]. Due to the strong linkage disequilibrium at this locus,
fine-mapping to pinpoint causal variants remains a challenge.
Specific HLA haplotypes—a set of DNA variants that tend to
be inherited together—may confer increased risk and are dis-
cussed elsewhere [75]. Hong et al. performed a detailed analy-
sis of the region for PA and identified two functional variants
that were associated with differential DNA methylation levels at
multiple cytosine-phosphate-guanine (CpG) sites (p<5x107%),
and differential DNA methylation of the HLA-DQBI and HLA-
DRBI genes [25]. These results await replication, but provide a
potential epigenetic mechanism through which genetic variants
in the HLA region affect FA risk.

The same risk alleles at the LRRC32 locus were associated with
FA at genome-wide significance in two studies [22, 23] and were
also associated with multiple atopic diseases, blood eosinophil
counts, and other inflammatory disorders including ulcerative
colitis (Table 3). The associated variant is located in an enhancer
element that upon deletion in the syntenic chromosomal region

in a mouse model abolished the expression of LRRC32 in Tregs,
rendering them incapable of suppressing colitis in the mouse
[65]. Impaired Treg function is found in some Mendelian disor-
ders with FA as a symptom (Table S1) [76].

Loci in the cytokine gene cluster at Chr5q31.1 are significantly
associated with FA [22]. This region is also associated with AD,
asthma, and the atopic march [77, 78]. The SNP rs11949166 is an
intergenic variant flanked by IL4 and kinesin family member
3A (KIF3A). IL-4 is a key cytokine in allergic diseases and up-
regulates IgE [79]; IL-4 is secreted by T-helper and type-2 innate
lymphoid cells (ILC2), which leads to reduced allergen-specific
Tregs [80, 81]. IL-4 production by ILC2s and splenocytes is en-
hanced by allergen sensitization through skin [82, 83]. ILC2s
provide a link between innate and adaptive immunity, and are
found in epidermal, gastrointestinal, and respiratory epithelial
barriers [84]. KIF3A encodes a subunit of kinesin 2, a trans-
porter protein [85]. KIF3A variants have been previously associ-
ated with both AD [86] and EoE [87].

Additional significant GWAS findings in novel genetic regions
include an intronic variant found in angiopoietin 4 (ANGPT4), a
pro-angiogenic factor [23] that stimulates eosinophil migration
[88]. An intronic variant in the RNA binding fox-1 homolog 1
(RBFOX1) gene is a susceptibility locus in hydrolyzed wheat pro-
tein allergy [26] and CN'Vs in RBFOX1 as well as catenin alpha 3
(CTNNA3) have been associated with FA in children [89].

Many additional candidate genes for FA exist based on diagnos-
tic criteria that are difficult to differentiate from sensitization to
food allergens, or have reached levels suggestive of significance
(p<1x1075) but may have been impacted by sample size or
other methodological limitations. These additional candidates
have been covered in a previous systematic review of genetic de-
terminants of FA and are shown in Table S2 [69, 90].

4 | Epigenetic Modifications Associated With Food
Allergy

Epigenetic mechanisms affect gene expression without a change
in the DNA sequence and can be inherited or acquired. Inherited
epigenetic changes can be intergenerational (parent's germline
is exposed to an environmental cue leading to offspring with
same change), or transgenerational (change is inherited in fur-
ther generations without direct contact with the environmen-
tal cue) [91]. Currently known epigenetic mechanisms include
(Figure 1): (1) DNA methylation—addition of methyl groups to
CpG sites (a cytosine nucleotide is followed by a guanine sepa-
rated by a phosphate), (2) histone modification—modification of
histones, often on the tail or the globular portion, changes the
configuration of the histones to allow or deny access to DNA; (3)
non-coding RNA (ncRNA)—RNA which does not make protein,
but activates or represses genes, regulates post-translational pro-
cesses, or acts on chromatin or methylation. Epigenetic changes
can be regulated by DNA variants but also can be shaped by ex-
ternal factors, which may provide a mechanism through which
FA is influenced by the environment [92-94].

Epigenetic research is affected by phenotyping issues as in all
studies of FA [19], with some studies focusing on self-reported
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FA [95], and others concentrating on general atopy [96].
Epigenetic studies have additional complexity as epigenetic sig-
natures are dynamic and can be influenced by cell types, cell ac-
tivation, sex, age [97], and exposures such as diet [98], and may
represent causes but also consequences of FA [99]. Epigenetic
marks are also contextual; their influence on gene expression
depends on localization to promoters, gene bodies, CpG islands,
or non-coding regions; this is particularly true for DNA methyl-
ation. These factors complicate interpretation of cross-sectional
studies as well as comparisons across studies.

An increasing body of evidence highlights the association of
epigenetic markers with disease risk, including candidate gene
and epigenome-wide studies [100]. Most studies have focused on
DNA methylation in easily accessible tissues (blood or blood-
derived cells). Similar to genetic studies of FA, some have ex-
amined specific candidate genes for differential methylation
(Table S3); few have taken an epigenome-wide approach. Two
previous reviews identified candidate genes and epigenome-
wide association studies (EWAS) of FA phenotype, without
specific cut-offs for significance [100, 101]. Table 4 indicates
the methylation sites that showed epigenome-wide significant
association with FA according to the analysis method used
(p<2.4x1077 for analyses with 450k arrays and p<9x 1073 for
analyses with EPIC arrays) [102, 103]; only four studies showed
CpGs associated with p-values under this threshold and also
fulfilled phenotype criteria for this review (clinically diagnosed
FA; sensitization-only phenotype excluded). Twenty CpG sites
in CD4+ T-cells were associated with FA for pediatric hen's egg,
cow's milk, or PA in one study that showed stability in methyl-
ation levels in the first 12 months of life [104]. Two of the other
studies utilized peripheral blood DNA samples and examined
pediatric cow's milk allergy. Of these, one study of cow's milk al-
lergy defined by clinical history and laboratory testing identified
10 associated CpG sites [105], while the other with OFC criteria
for FA identified a single CpG site that met the criteria outlined
in this review, but this association was observed exclusively in
females [106]. The fourth study analyzed methylation sites from
peripheral blood mononuclear cells (PBMCs) and identified one
CpG site associated with PA. The concern that employment of
strict p-value thresholds in EWAS is overly conservative, com-
bined with the small number of studies and the use of false dis-
covery rate for correction of multiple testing [107, 108], has led
us to include results that did not reach epigenome-wide signifi-
cant associations, but used FA phenotypes with a false discovery
rate (FDR) <1x107*. These have been included in Table 4. The
functions of genes associated with the closest transcription start
sites to these CpG sites are discussed below.

5 | Epigenetic Loci Related to Epithelial Barrier
Function in Food Allergy

Several CpG sites identified in EWAS studies of FA are linked
to epithelial barrier or skin integrity, including a CpG in the
promoter region of late cornified envelope 3A (LCE3A) and
two in the 3'UTR region of delta 4-desaturase, sphingolipid
2 (DEGS2) [104, 105]. Part of the antimicrobial barrier [112],
LCE3A expression is induced by skin injury or inflammation
[113, 114]. DEGS2 is involved in the sphingolipid synthesis in
skin and other sphingolipid-containing tissues [115]. Disruption

of metabolism [116, 117] or altered response to sphingolipid me-
tabolites has been noted in FA [118], EoE [119], and asthma-risk
genotypes [120].

Some FA-associated CpG sites appear related to cell migra-
tion, including those in the genes of Enah/Vasp-like (EVL),
cell division cycle associated 7 (CDCA?7), and prostaglandin
F2 receptor inhibitor (PTGFRN), and one upstream from the
transcription site of pleckstrin homology and RhoGEF domain
containing G4B (PLEKHG4B) (104, 105]. EVL is involved in
epithelial and immune cell migration [121] and along with
PLEKHGH4B [122] has a role in actin assembly [123] CDCA7
inhibits epithelial-mesenchymal transition [124]; it also has
a CNV [125]. Contactin 6 (CNTN6) [126], cell adhesion mole-
cule L1 like (CHLI) [127], and PTGFRN encode cell adhesion
molecules [128]. EDARADD defects cause ectodermal dyspla-
sia, with abnormal development of hair, teeth, and nails, and
may be accompanied by dry skin and eczema [129]. Another
locus with FDR<1x 1074, FERM domain containing kindlin
3 (FERMTS3), has been identified as a cause of leukocyte adhe-
sion deficiency III [130].

Other significant CpGs linked to genes involving skin or epithe-
lial function include those in the promoter region of keratin as-
sociated protein 5-7 (KRTAP5-7) and the gene body of zinc finger
FYVE-type containing 28 (ZFYVE28) [104], which encodes a
protein that modulates epidermal growth factor signaling [131].
Genes in the KRTAP family are involved in hair formation; how-
ever, KRTAP homologs are present in hairless organisms, sug-
gesting KRTAP5-7 could have a more complex role [132].

6 | Epigenetic Loci Related to Immunity in Food
Allergy

Several CpGs identified with genome-wide significance for FA
occur in or near important cytokines, including CpG sites up-
stream of the transcription start sites of IL4 and IL1 receptor like
1 (ILIRLI), in the 5’UTR of IL-5 receptor alpha subunit (IL5RA),
and in the gene body of C-C motif chemokine ligand 18 (CCL18)
[105]. IL4 is of particular interest as this gene also achieved
genome-wide significance in GWAS of FA [22]. IL4, and its
flanking gene IL13, are key cytokines in AD [133], asthma [134],
EoE [135], and AR [136]. A CpG site significant for FA was also
identified in the nedd4 family interacting protein 2 (NDFIP2)
gene [105], the expression of which is regulated by IL-4 during
Th2 cell differentiation [137]. NDFIP2 promotes interferon
gamma (IFNy; IFNG) production by Th1 cells [137].

Support for the IL5RA locus in FA primarily exists through stud-
ies of its ligand, IL-5, which is important in eosinophil function
[138]. Methylation of IL5RA in blood of asthmatic children was
correlated with eosinophilia [139]. Differential expression of
IL5 was found in PBMCs of children with egg allergy [140]. IL5
was consistently overexpressed in children and adolescents who
have concomitant comorbidities of asthma, AD, and AR [141]
and was differentially methylated in a study of allergic diseases
[142]. Elevated childhood plasma levels of CCL18 precede the
development of allergy and asthma [143] and CCL18, along with
many other Th2-related cytokines, was upregulated in skin bi-
opsies of AD patients [144].
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The toll-like receptor IL1IRL1 and its ligand IL-33 are associated
with FA [145]. These play a role in airway exposure-induced
PA in mouse models [146] and anaphylaxis to food in epicuta-
neously sensitized mice [147]. However, the functional role of
this ligand and receptor in FA is unclear. ILIRLI SNPs were
associated with peanut and hen's egg sensitization but not FA,
and disease-associated SNPs in ILIRLI correlate with ILIRLI
messenger RNA (mRNA) and serum protein levels of IL-1RL1a
in asthma [148] but not in FA [149]. In a novel hyper-IgE syn-
drome characterized by FA, EoE, and asthma, duplication of the
IL33 region was not associated with any changes in circulating
peripheral IL-33 or soluble IL1RL1 levels, despite increased IL33
gene expression [150].

Other loci reaching epigenome-wide significance for FA include
a CpG site located in the gene body of the signal transducer and
activator of transcription 4 (STAT4) gene, near the transcrip-
tion site for STATI. STAT4 skews toward Th1 expression, and
binds multiple target sites on the genome [151]. STATI is over-
expressed in ileal mucosa of patients with asthma [152] and has
been implicated in steroid resistance in murine models of air-
way inflammation [153] and AR [154]. STATI gain of function
can cause chronic mucocutaneous candidiasis [155].

Ribosomal protein S6 kinase A2 (RPS6KAZ2) encodes a ser-
ine-threonine kinase, and a methylation site in this gene
(cg15090899) reached epigenome-wide significance for cow's
milk allergy [105]. The same locus, but a different CpG site
(cg05068730), was also observed in an EWAS of food sensi-
tization in mid-childhood [95], but this locus had increased
methylation compared to controls whereas less methylation
was significant at ¢g15090899 in FA. Other CpG sites at this
locus (cg06330797, cg03120116) have been identified in rela-
tion to food sensitization [104] and FA at 12 months of age [110].
Another significant locus, trafficking protein particle complex
subunit 9 (TRAPPCY9), was associated with FA in two EWAS
[105, 110], highlighting its possible role in FA, although its func-
tion is unknown [105].

Significant CpGs for FA have been identified near genes for a
metalloproteinase (ADAM metallopeptidase with thrombos-
pondin type 1 motif 12; ADAMTSI12) and an inhibitor of matrix
metalloproteinase (TIMP metallopeptidase inhibitor 3; TIMP3)
[104]. ADAMTSI12 is a disintegrin with a role in asthma and al-
lergic inflammation [156, 157] TIMP3 encodes a protease that
targets extracellular matrix [158], a process important to air-
way remodeling in asthma [159, 160]. TIMP3 gene expression
was increased in sputum samples of patients with mild to mod-
erate asthma compared to controls [161]. Two EWAS identified
11 PA-associated CpG sites [110] and 4 egg allergy-associated
CpG sites with FDR < 1x 1074 [111]. Six of the 15 genes with the
nearest transcription site are linked to atopic diseases, likely
through immune response mechanisms or regulation of lym-
phocyte function. These conditions include (1) asthma: ETS
proto-oncogene 1, transcription factor (ETSI) [162], major his-
tocompatibility complex, class I, F (HLA-F) [163], pannexin 1
(PANX1) [164], regulatory associated protein of MTOR complex
1 (RPTOR) [165], and spondin 2 (SPON2) [166]; (2) AR: ETSI
[167], nuclear receptor subfamily 4 member a2 (NR4A2) [168],
and (3) AD: ETS1, NR4A2 [169, 170].

Several genes linked to methylation sites are relatively unknown
in the FA literature but are related to other allergic diseases or
immune function, such as response to bacteria [171, 172]; these
include CpGs in the 5’UTR of ribosomal protein L9 (RPL9), and
near coagulation factor III, tissue factor (F3) [104]. Expression
of family with sequence similarity 180 member A (FAM180A)
is regulated by TGFB [173]; an intergenic CpG near FAMI80A
was significantly associated with PA [109]. The mitochondrial
ribosomal protein L28 (MRPL28) [174] has a FA-associated CpG
located in its 5’UTR [104]; a different CpG in the first exon had
increased methylation in infants exposed to maternal asthma
during pregnancy [175]. A CpG located near the transcription
start site of branched chain amino acid transaminase 1 (BCATI)
is significant for FA [104]. Its gene expression and protein lev-
els were increased in OVA-challenged mice, and inhibition of
BCATI decreased airway remodeling and levels of autophagy
markers [176, 177]. RPTOR and NR4A2 may be involved in auto-
phagy [178, 179], Autophagy genes are associated with asthma
prognosis, progression, and remodeling [180, 181], and inter-
twined with apoptosis [182, 183]. CpG sites in genes associated
with apoptosis are also significant in FA, including a CpG in the
promoter region of lipoic acid synthetase (LIAS) [184], and the
gene body of bridging integrator 1 (BIN1) [104, 185], as well as
RPS6KA2 [105, 186].

7 | Epigenetic Loci Currently Unrelated to
Immunity and Barrier Function

The remaining CpGs associated with FA correspond with genes
that have no known relationship to barrier, immunity or atopy.
Many of these loci are involved in growth, development, and cell
division or proliferation, or have roles in metabolism or signal-
ing [187-200].

8 | Integration of Genetic and Epigenetic Findings
in Food Allergy and Knowledge Gaps

Some identified risk loci have both genetic and epigenetic as-
sociations with FA (Tables 3, 4), including IL4 which was a sig-
nificant locus both in EWAS and GWAS of FA [22, 105]. Other
loci, including HLA and FLG have genome-wide or epigenome-
wide significance with candidate gene or longitudinal studies
supporting their role in FA (Tables S2, S3). HLA has multiple
significant risk loci from GWAS and candidate gene studies,
with smaller studies showing DNA methylation at HLA-DQBI
and HLA-DRB [104, 105]. DNA methylation may regulate FLG
transcription [201], although this has not yet been shown in FA
[202]. DNA methylation has been the main focus of epigenetic
studies of FA, but other mechanisms may play a role, includ-
ing histone modification [196], and ncRNA [203-206], which
have links to loci identified through GWAS [22-24]. Alternative
splicing can be influenced by epigenetic marks [207, 208]; and
RBFOX1, a GWAS locus [26], belongs to a family of proteins
that regulates tissue-specific alternative splicing [209]. Work on
desensitization and development of natural tolerance may also
provide insight into epigenetic mechanisms in the pathogenesis
of FA [104, 111, 210-212]. However, it may be unclear whether
observed changes are cause or effect.
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9 | Gene-Environment Interactions in Food
Allergy

Gene-environment interactions are key to development of FA,
sensitization to food, or tolerance. This has primarily been in-
vestigated with regards to diet, peanut allergen exposure, and
vitamin D. Children with high levels of environmental cutane-
ous exposure to peanut allergen, as measured by peanut dust,
had an incremental increased risk of sensitization to peanut in
individuals with known FLG LoF mutations [53, 54]; this dose—
response relationship was not seen in individuals with wildtype
FLG. MALTI risk allele carriers who avoided oral peanut expo-
sure were more likely to develop PA, indicating it may be an in-
dependent risk factor for PA in individuals who avoid peanut.
This carrier effect was abrogated by the intervention of early
oral peanut exposure [213]. Polymorphisms that lower vitamin
D binding protein (and thus increase vitamin D serum levels)
have also been studied in infants, with maternal antenatal vi-
tamin D supplementation associated with less FA, particularly
with the GT/TT genotype, which lowers vitamin D binding pro-
tein [214]. Further work is needed regarding gene-environment
interactions in FA.

10 | Population Differences and Diagnostic
Criteria: Implications for Future Research

Ethnicity and socioeconomic status are correlated with FA
[215]. Most genetic studies of FA were completed on individuals
of self-identified Caucasian or Western European ancestry. HLA
SNPs rs7192 and rs9275596 were significantly associated with
PA in Caucasians, but not in individuals of non-European ances-
try [25]. While the sample size was small, the direction of the ef-
fect of the OR of r$9274496 was actually opposite, with an OR of
0.6 in non-European compared to 1.7 in European ancestry [25].
This suggests that distinctions exist in genetic risk loci for FA in
populations from different genetic ancestry, which may be due to
difference in LD structure of these populations, a phenomenon
that has also been described in other atopic diseases [216-220].
Epigenetic differences between populations can be caused by
genetic factors or environmental exposures, or a combination of
both [221], but the majority of ancestry-related DNA methyla-
tion variation is driven by genetic factors [222]. Seafood allergy
is more common in Asian and Hispanic than in White popula-
tions [223]. This may be due to genetic variation, or could point to
the role of different diets or other allergen exposures [224, 225],
providing distinct gene by environment interactions across dif-
ferent populations. Approximately 25% of the variation in gene
expression in a study of individuals sampled for human genome
diversity panel could be attributed to population differences
[226]. Differences in DNA methylation of populations of diverse
ethnicity have been identified in several studies [227-229]; this
may be attributed to both genetic and environmental influences
[227]. A strong evidence base for FA genetics and epigenetics in
diverse and admixed populations is lacking, which supports the
call for more diversity in FA genetic research and should be re-
flected in GWAS and EWAS chip design [217, 230]. Increasing
diversity in chip design is especially important given the rise of
FA in developing nations [231] and the complexity of diagnosis
and management of FA in regions subject to food insecurity and
limited health care infrastructure [232].

Research has been complicated by difficulties in defining FA
based on clinical history and laboratory cut-offs, including skin
prick test (SPT) and specific immunoglobulin E (sIgE), in the ab-
sence of an oral food challenge, prompting us to create proposed
groups of FA phenotypes for future large-scale genetic studies
[19]. The interwoven nature of allergic diseases adds complexity
that can limit the ability to detect specific genetic variants for FA
versus general allergic disease risk. Researchers must also de-
cide on whether to combine all types of FA together or focus on
allergies to a specific type of food. It is yet unknown if an allergy
to a specific food is driven by an environmental exposure inter-
acting with a general susceptibility to FA, or if genetic and epi-
genetic risk factors for specific FA exist. Studies can be designed
with the assumption that the underlying genetic model involves
specific risk loci for specific foods, or that all FA are influenced
by the same specific risk loci. Grouping all FA together, which
is often done to maximize sample size and increase power, may
favor identification of general susceptibility loci but obscure loci
for specific food allergens.

11 | Prevention and Treatment of Food Allergy
and Role of (Epi)-genetics: Future Directions

Primary prevention of FA centers around timing of introduction
to foods and regular ingestion during infancy [233-235], and has
been shown to significantly reduce development of PA in chil-
dren both with and without AD [236, 237], with data support-
ing this premise for cow's milk [238-240], cashew [241] and egg
[242]. Development of tolerance to one allergen does not prevent
the development of FA to another food [243]. Current guidelines
suggesting early oral introduction are suitable for the general
population [244]. However, up to 12% of infants at higher risk
may already be allergic at time of food introduction [245-247].

The mainstay of secondary prevention and treatment of FA is
immunotherapy. Previously management relied on allergen
avoidance and treatment of exposure with epinephrine [248]; it
is now estimated that 80% of children [245-247, 249] can be de-
sensitized through gradual, medically supervised introduction
of the allergen [247, 250]. Established protocols exist for oral im-
munotherapy (OIT) [247, 251] and further evidence for immu-
notherapy continues to accrue [252], including adjuvant therapy
[253]. Immunotherapy is resource-intensive, requires access to
allergists [254], and can have risks to patients [245, 255]. In ad-
dition to the influence HLA has on FA susceptibility, outlined
above, specific HLA alleles have been investigated in PA desen-
sitization and maintenance of tolerance. HLA-DQAI1*01:02 has a
protective role against PA in the setting of peanut consumption,
but is a risk allele if peanut is avoided [256]. A higher proportion
of carriers of HLA-DQA1*01:02 receiving OIT were desensitized
compared to non-carriers (93% vs. 78%; OR 5.74, p=0.06) in a
study of 126 children aged 12-<48 months [257]. Other factors
such as age and prior sensitization likely play a role in success
of OIT; while not significant, HLA-DQAI*01:02 carriers more
frequently attained continued desensitization and sustained
unresponsiveness than non-carriers in a cohort aged 7-55years
(80% vs. 61% for continued desensitization and 52% vs. 31% for
sustained unresponsiveness) [257]. Genetic or epigenetic risk
scores [258] could be a tool to guide decisions regarding optimal
management, such as identifying those at highest risk in order
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to intervene earlier, those most likely to have side effects from
oral immunotherapy such as severe reactions or EoE, and those
most likely to achieve sustained unresponsiveness.

12 | Conclusion

An improved ability to distinguish predict, diagnose, and char-
acterize FA would benefit clinical management and research.
Evaluation of shared and distinct pathways in atopic diseases
is necessary to reveal potential targets for future treatments.
The pathways currently identified through large-scale studies
on FA include epithelial barrier and immune function. Genetic
and epigenetic markers may ultimately offer ways to predict the
presence or absence of clinical IgE-mediated FA among sensi-
tized individuals [19, 259], or likelihood of development of natu-
ral tolerance and response to immunotherapy. Further research
is required in specific populations and to elucidate the mecha-
nisms through which these markers elicit their effects.

Author Contributions

All authors listed are members of the InFAC consortium and each au-
thor has met the criteria for authorship.

Affiliations

Max Delbriick Center for Molecular Medicine in the Helmholtz
Association (MDC), Berlin, Germany | 2Charité—Universitdtsmedizin
Berlin, Corporate Member of Freie Universitidt Berlin and Humboldt-
Universitdt Zu Berlin, Berlin, Germany | 3Experimental and Clinical
Research Center, a Joint Cooperation of Max Delbruck Center for
Molecular Medicine and Charité—Universititsmedizin Berlin,
Berlin, Germany | 4German Center for Child and Adolescent
Health (DZKJ), Berlin, Germany | °Département Des Sciences
Fondamentales, Université du Québec a Chicoutimi, Saguenay,
Quebec, Canada | ®Department of Pediatric Pulmonology and
Pediatric Allergology, University Medical Center Groningen, Beatrix
Children's Hospital, University of Groningen, Groningen, the
Netherlands | "University of Groningen, University Medical Center
Groningen, Groningen Research Institute for Asthma and COPD
(GRIAC), Groningen, the Netherlands | ®Translational Medicine
Program, Research Institute, Hospital for Sick Children, Toronto,
Ontario, Canada | °Department of Immunology, Temerty Faculty of
Medicine, University of Toronto, Toronto, Ontario, Canada | °Karl
Landsteiner University of Health Sciences, Krems an der Donau,
Austria | 'Department of Pediatric and Adolescent Medicine,
University Hospital St. Pdlten, St. Polten, Austria | ?Department of
Paediatrics, Division of Clinical Immunology and Allergy, Food Allergy
and Anaphylaxis Program, the Hospital for Sick Children, The University
of Toronto, Toronto, Ontario, Canada | '*Section of Allergy & Clinical
Immunology, Department of Pediatrics & Child Health, University
of Manitoba, Children's Hospital Research Institute, Winnipeg,
Manitoba, Canada | “Division of Allergy, Department of Pediatrics,
The University of British Columbia, Vancouver, British Columbia,
Canada | "Department of Environmental Studies, Harvard T.H. Chan
School of Public Health, Boston, Massachusetts, USA | ®Research
Institute of the McGill University Health Centre, Montreal, Quebec,
Canada | "DepartmentofGeographyand Environmental Management,
University of Waterloo, Waterloo, Ontario, Canada | ®The Sandbox
Project, Toronto, Ontario, Canada | 19Department of Medicine,
The University of British Columbia, Vancouver, British Columbia,
Canada | °Centre for Heart Lung Innovation, Vancouver, British
Columbia, Canada | 'Department of Pediatrics, Service of Allergy and
Clinical Immunology, Centre Hospitalier Universitaire Sainte-Justine,
Montréal, Québec, Canada | ?*Department of Medicine, Service of

Allergy and Clinical Immunology, Centre Hospitalier de 1'Univer-
sité de Montréal, Montréal, Québec, Canada | 23School of Population
Health, University of Western Australia, Perth, Western Australia,
Australia | 2*School of Medicine, Department of Medicine, Queen's
University, Kingston, Ontario, Canada | *Food Allergy Canada,
Toronto, Ontario, Canada | *Division of Allergy & Immunology,
Department of Medicine, Queen's University, Kingston, Ontario,
Canada | ?"Department of Medicine, Cumming School of Medicine,
University of Calgary, Calgary, Alberta, Canada | 2®Département de
médecine Sociale et préventive, Faculté de médecine, Université Laval,
Quebec, Canada | *°Division of Allergy and Clinical Immunology,
Department of Pediatrics, Montréal Children's Hospital, McGill
University Health Centre, Montréal, Quebec, Canada | 3°Wal-
Yan Respiratory Research Centre, Telethon Kids Institute, Perth,
Australia | 3'Division of Dermatology, Department of Medicine,
Queen's University, Kingston, Ontario, Canada

Acknowledgments

Chao Xue, Andrew Nguyen, Diana Royce, Brie Fraser.

Conflicts of Interest

KN currently reports grants from National Institute of Allergy and
Infectious Diseases (NIAID), National Heart, Lung, and Blood
Institute (NHLBI), National Institute of Environmental Health
Sciences (NIEHS); Stock options from Phylaxis, IgGenix, Seed Health,
ClostraBio, Cour; Advisory board for Aravax, Consultant for Excellergy,
and Regeneron; Co-founder of IgGenix; National Scientific Committee
member at Immune Tolerance Network (ITN), and National Institutes
of Health (NIH) clinical research centers; Scientific advisor for World
Health Organization; Patents include, “Mixed allergen com-position
and methods for using the same,” “Granulocyte-based methods for de-
tecting and monitoring immune system disorders,” and “Methods and
Assays for Detecting and Quantifying Pure Subpopulations of White
Blood Cells in Immune System Disorders.” PB reports grants from
Sanofi, Novartis, and DBV technologies and honoraria from Prizer,
Sanofi, Novartis, ALK, DBV technologies, and Astra-Zeneca. JH has
no conflicts of interest to declare. ESC has received research support
from DBV Technologies; and has been a member of advisory boards
for Pfizer, Miravo, Medexus, Leo Pharma, Kaleo, DBV, AllerGenis,
Sanofi, Bausch Health, Avir Pharma, AstraZeneca, ALK, Alladapt. In
the past, Dr. Anne K. Ellis has participated in advisory boards for ALK
Abello, AstraZeneca, Bausch Health, LEO Pharma, Miravo, Merck,
Novartis, has been a speaker for ALK Abello, AstraZeneca, Bausch,
Miravo, Medexus, Mylan, Novartis, Pfizer, Sanofi, StallergenesGreer
and Regeneron. Her institution has received research grants from ALK
Abello, Aralez, AstraZeneca, Bayer LLC, Medexus, Novartis, Sanofi,
and Regeneron. She has also served as an independent consultant to
Bayer LLC, Pharming, and Regeneron. YA reports grants from the
Canadian Dermatology Foundation, the Eczema Society of Canada
and unrestricted institutional research support from Sanofi, AbbVie,
Pfizer, Novartis, Leo Pharma, performs clinical trials for Leo Pharma
and Novartis, and has received speakers’ or advisory board honoraria
from Pfizer, Sun Pharma, Taro, Sanofi, Eli Lilly, Abbvie, Novartis,
Searchlight Pharma, Leo Pharma, UCB, L'Oreal, Boehringer Ingelheim,
Kyowa Kirin, Arcutis, Bristol Myers Squibb, Incyte, and Recordati.
GHK reports grants from the Netherlands Lung Foundation, ZON-MW,
Ubbo Emmius Foundation, GSK, Vertex, TEVA the Netherlands; all
outside the submitted work. His institution has received speakers’
honoraria from the exquAlro foundation, Sanofi, Astra-Zeneca, and
Boehringer Ingelheim. MBS is a member of advisory boards for Pfizer,
Miravo, Medexus, Sanofi, Novartis, and reports speakers honoraria
from Novartis, Sanofi, Medexus, and StallergenesGreer. His institu-
tion has received research support from Novartis, Sanofi, and DBV
Technologies. TE reports personal fees from Danone/Nutricia/Milupa,
grants from DBV, non-financial support from Novartis, personal fees
from ThermoFisher, personal fees from Aimmune, grants and personal
fees from ALK, non-financial support from MADX, personal fees from
EFSA, outside the submitted work; he is Co-I or scientific lead in three

123

85U8017 SUOWILIOD 3RO 8|qedl(dde auy Aq pausenob ae ssppie YO ‘85N J0 S9InJ o} ArigT 8UlUO A1 O (SUOHIPUOD-PUR-SWBH 0D A8 | 1M A1 1 Ul |UO//SANY) SUORIPUOD Pue SWe | 84} 89S *[5202/T0/2T] Uo Ariqi]auliuO AB[IM * WNiUeD-%08nIqea-Xe N - IPIF Y IUON AQ 6249T |IB/TTTT OT/I0P/W00" A3 1M ARe.q 1 puluoy/:sdiy woly pepeojumod ‘T ‘5202 ‘S66686ET



investigator initiated oral immunotherapy trials supported by the Food
Allergy and Anaphylaxis Program Sickkids and serve as associate edi-
tor for Allergy. he recently was and is acting site PI of company spon-
sored trials by DBV, Novartis and Stallergen. LS, CL, MS, BLT, AMM,
MBS, AEC, DV, CH, AJS, BFW, AB, AE, AAS, YS, ET, GK, DD, DM, SE,
JG, VS, BDM, and YL report no conflicts of interest.

Data Availability Statement

Data sharing is not applicable to this article as no new data were created
or analyzed in this study.

References

1. C. M. Warren, J. Jiang, and R. S. Gupta, “Epidemiology and Burden of
Food Allergy,” Current Allergy and Asthma Reports 20, no. 2 (2020): 6.

2.J.J. Koplin, K. J. Allen, L. C. Gurrin, et al., “The Impact of Family
History of Allergy on Risk of Food Allergy: A Population-Based Study
of Infants,” International Journal of Environmental Research and Public
Health 10, no. 11 (2013): 5364-5377.

3.K. M. Guarnieri, N. K. Saba, J. T. Schwartz, et al., “Food Allergy
Characteristics Associated With Coexisting Eosinophilic Esophagitis
in FARE Registry Participants,” Journal of Allergy and Clinical
Immunology in Practice 11, no. 5 (2023): 1509-1521.e1506.

4. V. Ullemar, P. K. Magnusson, C. Lundholm, et al., “Heritability and
Confirmation of Genetic Association Studies for Childhood Asthma in
Twins,” Allergy 71, no. 2 (2016): 230-238.

5. S. H. Sicherer, T. J. Furlong, H. H. Maes, R.J. Desnick, H. A. Sampson,
and B. D. Gelb, “Genetics of Peanut Allergy: A Twin Study,” Journal of
Allergy and Clinical Immunology 106, no. 1 Pt 1 (2000): 53-56.

6.J. E. Kivisto, A. Clarke, A. Dery, et al., “Genetic and Environmental
Susceptibility to Food Allergy in a Registry of Twins,” Journal of Allergy
and Clinical Immunology in Practice 7, no. 8 (2019): 2916-2918.

7.X. Liu, S. Zhang, H. J. Tsai, et al., “Genetic and Environmental
Contributions to Allergen Sensitization in a Chinese Twin Study,”
Clinical and Experimental Allergy: Journal of the British Society for
Allergy and Clinical Immunology 39, no. 7 (2009): 991-998.

8. X. Hong and X. Wang, “Epigenetics and Development of Food Allergy
(FA) in Early Childhood,” Current Allergy and Asthma Reports 14, no.
9 (2014): 460.

9.J. C. Chan and I. Maze, “Nothing Is Yet Set in (Hi)stone: Novel Post-
Translational Modifications Regulating Chromatin Function,” Trends
in Biochemical Sciences 45, no. 10 (2020): 829-844.

10. G. Cavalli and E. Heard, “Advances in Epigenetics Link Genetics to
the Environment and Disease,” Nature 571, no. 7766 (2019): 489-499.

11. K. Musunuru, K. T. Hickey, S. M. Al-Khatib, et al., “Basic Concepts
and Potential Applications of Genetics and Genomics for Cardiovascular
and Stroke Clinicians: A Scientific Statement From the American Heart
Association,” Circulation, Cardiovascular Genetics 8, no. 1 (2015):
216-242.

12. A. Chakravarti, “Genomic Contributions to Mendelian Disease,”
Genome Research 21, no. 5 (2011): 643-644.

13. C. A. Carter and P. A. Frischmeyer-Guerrerio, “The Genetics of Food
Allergy,” Current Allergy and Asthma Reports 18, no. 1 (2018): 2.

14.V. Tam, N. Patel, M. Turcotte, Y. Bosse, G. Pare, and D. Meyre,
“Benefits and Limitations of Genome-Wide Association Studies,”
Nature Reviews, Genetics 20, no. 8 (2019): 467-484.

15. A. M. Kanzi, J. E. San, B. Chimukangara, et al., “Next Generation
Sequencing and Bioinformatics Analysis of Family Genetic Inheritance,”
Frontiers in Genetics 11 (2020): 544162.

16. S. Schulke and M. Albrecht, “Mouse Models for Food Allergies:
Where Do we Stand?,” Cells 8, no. 6 (2019): 546.

17. N. Spataro, J. A. Rodriguez, A. Navarro, and E. Bosch, “Properties
of Human Disease Genes and the Role of Genes Linked to Mendelian
Disorders in Complex Disease Aetiology,” Human Molecular Genetics
26, no. 3 (2017): 489-500.

18. E. H. Uffelmann, N. S. Munung, J. de Vries, et al., “Genome-Wide
Association Studies,” Nature Reviews Methods Primers 1, no. 59 (2021):
1-21.

19.Y. Asai, D. Martino, T. Eiwegger, et al., “Phenotype Consensus Is
Required to Enable Large-Scale Genetic Consortium Studies of Food
Allergy,” Allergy 75, no. 9 (2020): 2383-2387.

20. P. Kraft, E. Zeggini, and J. P. Ioannidis, “Replication in Genome-
Wide Association Studies,” Statistical Science 24, no. 4 (2009): 561-573.

21. M. Ghoussaini, E. Mountjoy, M. Carmona, et al., “Open Targets
Genetics: Systematic Identification of Trait-Associated Genes Using
Large-Scale Genetics and Functional Genomics,” Nucleic Acids
Research 49, no. D1 (2021): D1311-D1320.

22.1.Marenholz, S. Grosche, B. Kalb, et al., “Genome-Wide Association
Study Identifies the SERPINB Gene Cluster as a Susceptibility Locus for
Food Allergy,” Nature Communications 8, no. 1 (2017): 1056.

23.Y. Asai, A. Eslami, C. D. van Ginkel, et al., “Genome-Wide
Association Study and Meta-Analysis in Multiple Populations Identifies
New Loci for Peanut Allergy and Establishes C11orf30/EMSY as a
Genetic Risk Factor for Food Allergy,” Journal of Allergy and Clinical
Immunology 141, no. 3 (2018): 991-1001.

24. B. Neale. (2018), https://www.nealelab.is/uk-biobank/.

25. X. Hong, K. Hao, C. Ladd-Acosta, et al., “Genome-Wide Association
Study Identifies Peanut Allergy-Specific Loci and Evidence of Epigenetic
Mediation in US Children,” Nature Communications 6 (2015): 6304.

26. E. Noguchi, M. Akiyama, A. Yagami, et al., “HLA-DQ and RBFOX1
as Susceptibility Genes for an Outbreak of Hydrolyzed Wheat Allergy,”
Journal of Allergy and Clinical Immunology 144, no. 5(2019): 1354-1363.

27.K. Fukunaga, Y. Chinuki, Y. Hamada, et al., “Genome-Wide
Association Study Reveals an Association Between the HLA-
DPB1(*)02:01:02 Allele and Wheat-Dependent Exercise-Induced
Anaphylaxis,” American Journal of Human Genetics 108, no. 8 (2021):
1540-1548.

28. M. A. Ferreira, J. M. Vonk, H. Baurecht, et al., “Shared Genetic
Origin of Asthma, Hay Fever and Eczema Elucidates Allergic Disease
Biology,” Nature Genetics 49, no. 12 (2017): 1752-1757.

29. L. Paternoster, M. Standl, J. Waage, et al., “Multi-Ancestry Genome-
Wide Association Study of 21,000 Cases and 95,000 Controls Identifies
New Risk Loci for Atopic Dermatitis,” Nature Genetics 47, no. 12 (2015):
1449-1456.

30. Z. Zhu, Y. Guo, H. Shi, et al., “Shared Genetic and Experimental
Links Between Obesity-Related Traits and Asthma Subtypes in UK
Biobank,” Journal of Allergy and Clinical Immunology 145, no. 2 (2020):
537-549.

31. H. Baurecht, M. Hotze, S. Brand, et al., “Genome-Wide Comparative
Analysis of Atopic Dermatitis and Psoriasis Gives Insight Into Opposing
Genetic Mechanisms,” American Journal of Human Genetics 96, no. 1
(2015): 104-120.

32. R. A.vanden Oord and A. Sheikh, “Filaggrin Gene Defects and Risk
of Developing Allergic Sensitisation and Allergic Disorders: Systematic
Review and Meta-Analysis,” BMJ (Clinical Research Ed) 339 (2009):
b2433.

33. M. L. Schuttelaar, M. Kerkhof, M. F. Jonkman, et al., “Filaggrin
Mutations in the Onset of Eczema, Sensitization, Asthma, Hay Fever
and the Interaction With Cat Exposure,” Allergy 64, no. 12 (2009):
1758-1765.

34. A. Ramasamy, I. Curjuric, L. J. Coin, et al., “A Genome-Wide Meta-
Analysis of Genetic Variants Associated With Allergic Rhinitis and

124

Allergy, 2025

85U8017 SUOWILIOD 3RO 8|qedl(dde auy Aq pausenob ae ssppie YO ‘85N J0 S9InJ o} ArigT 8UlUO A1 O (SUOHIPUOD-PUR-SWBH 0D A8 | 1M A1 1 Ul |UO//SANY) SUORIPUOD Pue SWe | 84} 89S *[5202/T0/2T] Uo Ariqi]auliuO AB[IM * WNiUeD-%08nIqea-Xe N - IPIF Y IUON AQ 6249T |IB/TTTT OT/I0P/W00" A3 1M ARe.q 1 puluoy/:sdiy woly pepeojumod ‘T ‘5202 ‘S66686ET


https://www.nealelab.is/uk-biobank/

Grass Sensitization and Their Interaction With Birth Order,” Journal of
Allergy and Clinical Immunology 128, no. 5 (2011): 996-1005.

35. M. A. Ferreira, M. C. Matheson, C. S. Tang, et al., “Genome-Wide
Association Analysis Identifies 11 Risk Variants Associated With the
Asthma With Hay Fever Phenotype,” Journal of Allergy and Clinical
Immunology 133, no. 6 (2014): 1564-1571.

36. S. Weidinger, S. A. Willis-Owen, Y. Kamatani, et al., “A Genome-
Wide Association Study of Atopic Dermatitis Identifies Loci With
Overlapping Effects on Asthma and Psoriasis,” Human Molecular
Genetics 22, no. 23 (2013): 4841-4856.

37. P. M. Sleiman, M. L. Wang, A. Cianferoni, et al., “GWAS Identifies
Four Novel Eosinophilic Esophagitis Loci,” Nature Communications 5
(2014): 5593.

38. L. C. Kottyan, M. P. Trimarchi, X. Lu, et al., “Replication and
Meta-Analyses Nominate Numerous Eosinophilic Esophagitis Risk
Genes,” Journal of Allergy and Clinical Immunology 147, no. 1 (2021):
255-266.

39.D. Q. Tran, J. Andersson, R. Wang, H. Ramsey, D. Unutmaz, and E.
M. Shevach, “GARP (LRRC32) is Essential for the Surface Expression
of Latent TGF-Beta on Platelets and Activated FOXP3+ Regulatory T
Cells,” Proceedings of the National Academy of Sciences of the United
States of America 106, no. 32 (2009): 13445-13450.

40. L. Hughes-Davies, D. Huntsman, M. Ruas, et al., “EMSY Links the
BRCAZ2 Pathway to Sporadic Breast and Ovarian Cancer,” Cell 115, no.
5(2003): 523-535.

41. M. Zhang, G. Chen, Y. Wang, S. Q. Wu, A. J. Sandford, and J. Q. He,
“Polymorphisms in the Airway Epithelium Related Genes CDHR3 and
EMSY Are Associated With Asthma Susceptibility,” BMC Pulmonary
Medicine 20, no. 1 (2020): 305.

42. M. A.R.Ferreira, R. Mathur, J. M. Vonk, et al., “Genetic Architectures
of Childhood- and Adult-Onset Asthma Are Partly Distinct,” American
Journal of Human Genetics 104, no. 4 (2019): 665-684.

43, A. Johansson, M. Rask-Andersen, T. Karlsson, and W. E. Ek,
“Genome-Wide Association Analysis of 350 000 Caucasians From the
UK Biobank Identifies Novel Loci for Asthma, Hay Fever and Eczema,”
Human Molecular Genetics 28, no. 23 (2019): 4022-4041.

44.7. Zhu, X. Zhu, C. L. Liu, et al., “Shared Genetics of Asthma and
Mental Health Disorders: A Large-Scale Genome-Wide Cross-Trait
Analysis,” European Respiratory Journal 54, no. 6 (2019): 1901507.

45.T. A. Olafsdottir, F. Theodors, K. Bjarnadottir, et al., “Eighty-
Eight Variants Highlight the Role of T Cell Regulation and Airway
Remodeling in Asthma Pathogenesis,” Nature Communications 11, no.
1(2020): 393.

46.G. G. Song and Y. H. Lee, “Pathway Analysis of Genome-Wide
Association Study on Asthma,” Human Immunology 74, no. 2 (2013):
256-260.

47.M. A. R. Ferreira, J. M. Vonk, H. Baurecht, et al., “Age-Of-Onset
Information Helps Identify 76 Genetic Variants Associated With
Allergic Disease,” PLoS Genetics 16, no. 6 (2020): €1008725.

48.S. J. Brown, M. S. Elias, and M. Bradley, “Genetics in Atopic
Dermatitis: Historical Perspective and Future Prospects,” Acta
Dermato-Venereologica 100, no. 12 (2020): adv00163.

49. B. Kalb, I. Marenholz, A. Jeanrenaud, et al., “Filaggrin Loss-Of-
Function Mutations Are Associated With Persistence of Egg and
Milk Allergy,” Journal of Allergy and Clinical Immunology 150 (2022):
1125-1134.

50. D. J. Martino, S. Ashley, J. Koplin, et al., “Genomewide Association
Study of Peanut Allergy Reproduces Association With Amino Acid
Polymorphisms in HLA-DRB1,” Clinical and Experimental Allergy:
Journal of the British Society for Allergy and Clinical Immunology 47, no.
2(2017): 217-223.

51.S. J. Brown, Y. Asai, H. J. Cordell, et al., “Loss-Of-Function
Variants in the Filaggrin Gene Are a Significant Risk Factor for
Peanut Allergy,” Journal of Allergy and Clinical Immunology 127, no.
3(2011): 661-667.

52. A. Astolfi, F. Cipriani, D. Messelodi, et al., “Filaggrin Loss-Of-
Function Mutations Are Risk Factors for Severe Food Allergy in
Children With Atopic Dermatitis,” Journal of Clinical Medicine 10, no.
2(2021): 233.

53.H. A. Brough, A. Simpson, K. Makinson, et al., “Peanut Allergy:
Effect of Environmental Peanut Exposure in Children With Filaggrin
Loss-Of-Function Mutations,” Journal of Allergy and Clinical
Immunology 134, no. 4 (2014): 867-875.e861.

54.H. A. Brough, A. H. Liu, S. Sicherer, et al., “Atopic Dermatitis
Increases the Effect of Exposure to Peanut Antigen in Dust on Peanut
Sensitization and Likely Peanut Allergy,” Journal of Allergy and Clinical
Immunology 135, no. 1 (2015): 164-170.

55.S. Abhishek and K. S. Palamadai, “Epidermal Differentiation
Complex: A Review on Its Epigenetic Regulation and Potential Drug
Targets,” Cell Journal 18, no. 1 (2016): 1-6.

56. M. Kypriotou, M. Huber, and D. Hohl, “The Human Epidermal
Differentiation Complex: Cornified Envelope Precursors, S100 Proteins
and the ‘fused genes’ Family,” Experimental Dermatology 21, no. 9
(2012): 643-649.

57.M. M. F. van Mierlo, P. J. Caspers, M. S. Jansen, et al., “Natural
Moisturizing Factor as a Biomarker for Filaggrin Mutation Status in
a Multi-Ethnic Paediatric Atopic Dermatitis Cohort,” Clinical and
Experimental Allergy: Journal of the British Society for Allergy and
Clinical Immunology 51, no. 11 (2021): 1510-1513.

58. E. Rietz Liljedahl, G. Johanson, H. Korres de Paula, et al., “Filaggrin
Polymorphisms and the Uptake of Chemicals Through the Skin-A
Human Experimental Study,” Environmental Health Perspectives 129,
no. 1(2021): 17002.

59. G. A. Silverman, J. C. Whisstock, D. J. Askew, et al., “Human Clade
B Serpins (Ov-Serpins) Belong to a Cohort of Evolutionarily Dispersed
Intracellular Proteinase Inhibitor Clades That Protect Cells From
Promiscuous Proteolysis,” Cellular and Molecular Life Sciences: CMLS
61, no. 3 (2004): 301-325.

60. A. Kubo, A. Shiohama, T. Sasaki, et al., “Mutations in SERPINB7,
Encoding a Member of the Serine Protease Inhibitor Superfamily,
Cause Nagashima-Type Palmoplantar Keratosis,” American Journal of
Human Genetics 93, no. 5 (2013): 945-956.

61.R. L. Medcalf, “Chapter Six - Plasminogen Activator Inhibitor
Type 2: Still an Enigmatic Serpin but a Model for Gene Regulation,” in
Methods in Enzymology, vol. 499, eds. J. C. Whisstock and P. I. Bird (San
Diego, CA: Academic Press, 2011), 105-134.

62.Y. Mo, L. Ye, H. Cai, et al., “SERPINB10 Contributes to Asthma by
Inhibiting the Apoptosis of Allergenic Th2 Cells,” Respiratory Research
22, no. 1(2021): 178.

63. L. Pulkkinen, F. Rouan, L. Bruckner-Tuderman, et al., “Novel
ITGB4 Mutations in Lethal and Nonlethal Variants of Epidermolysis
Bullosa With Pyloric Atresia: Missense Versus Nonsense,” American
Journal of Human Genetics 63, no. 5 (1998): 1376-1387.

64.Y. Tan and J. R. Testa, “DLX Genes: Roles in Development and
Cancer,” Cancers (Basel) 13, no. 12 (2021): 3005.

65. R. Nasrallah, C. J. Imianowski, L. Bossini-Castillo, et al., “A Distal
Enhancer at Risk Locus 11q13.5 Promotes Suppression of Colitis by
Treg Cells,” Nature 583, no. 7816 (2020): 447-452.

66. M. S. Elias, S. C. Wright, J. Remenyi, et al., “EMSY Expression
Affects Multiple Components of the Skin Barrier With Relevance to
Atopic Dermatitis,” Journal of Allergy and Clinical Immunology 144, no.
2(2019): 470-481.

125

85U8017 SUOWILIOD 3RO 8|qedl(dde auy Aq pausenob ae ssppie YO ‘85N J0 S9InJ o} ArigT 8UlUO A1 O (SUOHIPUOD-PUR-SWBH 0D A8 | 1M A1 1 Ul |UO//SANY) SUORIPUOD Pue SWe | 84} 89S *[5202/T0/2T] Uo Ariqi]auliuO AB[IM * WNiUeD-%08nIqea-Xe N - IPIF Y IUON AQ 6249T |IB/TTTT OT/I0P/W00" A3 1M ARe.q 1 puluoy/:sdiy woly pepeojumod ‘T ‘5202 ‘S66686ET



67. C. A. Dendrou, J. Petersen, J. Rossjohn, and L. Fugger, “HLA Variation
and Disease,” Nature Reviews, Immunology 18, no. 5 (2018): 325-339.

68.J. A. Hemler, E. J. Phillips, S. A. Mallal, and P. L. Kendall, “The
Evolving Story of Human Leukocyte Antigen and the Immunogenetics
of Peanut Allergy,” Annals of Allergy, Asthma & Immunology: Official
Publication of the American College of Allergy, Asthma, & Immunology
115, no. 6 (2015): 471-476.

69. K. Kanchan, S. Clay, H. Irizar, S. Bunyavanich, and R. A. Mathias,
“Current Insights Into the Genetics of Food Allergy,” Journal of Allergy
and Clinical Immunology 147, no. 1 (2021): 15-28.

70. M. M. de Lima, M. N. T. Souter, Z. Chen, et al., “Hypersensitivities
Following Allergen Antigen Recognition by Unconventional T Cells,”
Allergy 75, no. 10 (2020): 2477-2490.

71. A. Abdel-Gadir, A. H. Massoud, and T. A. Chatila, “Antigen-Specific
Treg Cells in Immunological Tolerance: Implications for Allergic
Diseases,” F1000Res 7 (2018): 38.

72. G.Damianos, J. L. Duke, I. Pagkrati, D. J. Margolis, and D. S. Monos,
“Identification of HLA-DPA1*01:03:01:57 and HLA-DPA1*02:01:01:29
From a Case-Control Study of Atopic Dermatitis,” Hla 101, no. 3 (2023):
307-3009.

73.S.S.Khor,R.Morino, K. Nakazono, et al., “Genome-Wide Association
Study of Self-Reported Food Reactions in Japanese Identifies Shrimp
and Peach Specific Loci in the HLA-DR/DQ Gene Region,” Scientific
Reports 8, no. 1 (2018): 1069.

74.Y. Asai, A. Eslami, C. D. van Ginkel, et al., “A Canadian Genome-
Wide Association Study and Meta-Analysis Confirm HLA as a Risk
Factor for Peanut Allergy Independent of Asthma,” Journal of Allergy
and Clinical Immunology 141, no. 4 (2018): 1513-1516.

75. M. Kostara, V. Chondrou, A. Sgourou, K. Douros, and S. Tsabouri,
“HLA Polymorphisms and Food Allergy Predisposition,” Journal of
Pediatric Genetics 9, no. 2 (2020): 77-86.

76. M. Narula, U. Lakshmanan, S. Borna, et al., “Epigenetic and
Immunological Indicators of IPEX Disease in Subjects With FOXP3
Gene Mutation,” Journal of Allergy and Clinical Immunology 151, no. 1
(2023): 233-246 €210.

77.1. Marenholz, J. Esparza-Gordillo, F. Ruschendorf, et al., “Meta-
Analysis Identifies Seven Susceptibility Loci Involved in the Atopic
March,” Nature Communications 6 (2015): 8804.

78. A.S. Paller, J. M. Spergel, P. Mina-Osorio, and A. D. Irvine, “The Atopic
March and Atopic Multimorbidity: Many Trajectories, Many Pathways,”
Journal of Allergy and Clinical Immunology 143, no. 1 (2019): 46-55.

79.1. S. Junttila, “Tuning the Cytokine Responses: An Update on
Interleukin (IL)-4 and IL-13 Receptor Complexes,” Frontiers in
Immunology 9 (2018): 888.

80. M. Noval Rivas, O. T. Burton, H. C. Oettgen, and T. Chatila, “IL-4
Production by Group 2 Innate Lymphoid Cells Promotes Food Allergy
by Blocking Regulatory T-Cell Function,” Journal of Allergy and Clinical
Immunology 138, no. 3 (2016): 801-811 e809.

81. H. Nakajima-Adachi, K. Shibahara, Y. Fujimura, et al., “Critical
Role of Intestinal Interleukin-4 Modulating Regulatory T Cells for
Desensitization, Tolerance, and Inflammation of Food Allergy,” PLoS
One 12, no. 2 (2017): €0172795.

82.J. M. Leyva-Castillo, C. Galand, C. Kam, et al., “Mechanical Skin
Injury Promotes Food Anaphylaxis by Driving Intestinal Mast Cell
Expansion,” Immunity 50, no. 5 (2019): 1262-1275.e1264.

83.R. Koshiba, T. Oba, A. Fuwa, et al., “Aggravation of Food Allergy
by Skin Sensitization via Systemic Th2 Enhancement,” International
Archives of Allergy and Immunology 182, no. 4 (2021): 292-300.

84.U. M. Sahiner, J. A. Layhadi, K. Golebski, et al., “Innate Lymphoid
Cells: The Missing Part of a Puzzle in Food Allergy,” Allergy 76, no. 7
(2021): 2002-2016.

85. S. P. Gilbert, S. Guzik-Lendrum, and I. Rayment, “Kinesin-2 Motors:
Kinetics and Biophysics,” Journal of Biological Chemistry 293, no. 12
(2018): 4510-4518.

86. L. Paternoster, M. Standl, C. M. Chen, et al., “Meta-Analysis of
Genome-Wide Association Studies Identifies Three New Risk Loci for
Atopic Dermatitis,” Nature Genetics 44, no. 2 (2011): 187-192.

87.L.J. Martin, H. He, M. H. Collins, et al., “Eosinophilic Esophagitis
(EoE) Genetic Susceptibility Is Mediated by Synergistic Interactions
Between EoE-Specific and General Atopic Disease Loci,” Journal of
Allergy and Clinical Immunology 141, no. 5 (2018): 1690-1698.

88. C. Feistritzer, B. A. Mosheimer, D. H. Sturn, K. Bijuklic, J. R. Patsch,
and C. J. Wiedermann, “Expression and Function of the Angiopoietin
Receptor Tie-2 in Human Eosinophils,” Journal of Allergy and Clinical
Immunology 114, no. 5 (2004): 1077-1084.

89.J. Li, I. Fung, J. T. Glessner, et al., “Copy Number Variations in
CTNNA3 and RBFOX1 Associate With Pediatric Food Allergy,” Journal
of Immunology 195, no. 4 (2015): 1599-1607.

90. N. H. A. Suaini, Y. Wang, V. X. Soriano, et al., “Genetic Determinants
of Paediatric Food Allergy: A Systematic Review,” Allergy 74, no. 9
(2019): 1631-1648.

91.M. H. Fitz-James and G. Cavalli, “Molecular Mechanisms of
Transgenerational Epigenetic Inheritance,” Nature Reviews, Genetics
23, no. 6 (2022): 325-341.

92. K. M. Junge, T. Bauer, S. Geissler, et al., “Increased Vitamin D Levels
at Birth and in Early Infancy Increase Offspring Allergy Risk-Evidence
for Involvement of Epigenetic Mechanisms,” Journal of Allergy and
Clinical Immunology 137, no. 2 (2016): 610-613.

93. M. Luu, H. Monning, and A. Visekruna, “Exploring the Molecular
Mechanisms Underlying the Protective Effects of Microbial SCFAs on
Intestinal Tolerance and Food Allergy,” Frontiers in Immunology 11
(2020): 1225.

94. N. Acevedo, B. Alashkar Alhamwe, L. Caraballo, et al., “Perinatal
and Early-Life Nutrition, Epigenetics, and Allergy,” Nutrients 13, no. 3
(2021): 724.

95. C. Peng, E. R. Van Meel, A. Cardenas, et al., “Epigenome-Wide
Association Study Reveals Methylation Pathways Associated With
Childhood Allergic Sensitization,” Epigenetics 14, no. 5 (2019):
445-466.

96.T. M. Everson, G. Lyons, H. Zhang, et al., “DNA Methylation
Loci Associated With Atopy and High Serum IgE: A Genome-Wide
Application of Recursive Random Forest Feature Selection,” Genome
Medicine 7 (2015): 89.

97.1. Shchukina, J. Bagaitkar, O. Shpynov, et al., “Enhanced Epigenetic
Profiling of Classical Human Monocytes Reveals a Specific Signature
of Healthy Aging in the DNA Methylome,” Nature Aging 1, no. 1 (2021):
124-141.

98.]J. A. Canas, R. Nunez, A. Cruz-Amaya, et al., “Epigenetics in Food
Allergy and Immunomodulation,” Nutrients 13, no. 12 (2021): 4345.

99. D. P. Potaczek, H. Harb, S. Michel, B. A. Alhamwe, H. Renz, and
J. Tost, “Epigenetics and Allergy: From Basic Mechanisms to Clinical
Applications,” Epigenomics 9, no. 4 (2017): 539-571.

100. R. Safar, A. Oussalah, L. Mayorga, et al., “Epigenome Alterations in
Food Allergy: A Systematic Review of Candidate Gene and Epigenome-
Wide Association Studies,” Clinical and Experimental Allergy: Journal
of the British Society for Allergy and Clinical Immunology 53, no. 3
(2023): 259-275.

101. Y. Chun,J. H. Lee, and S. Bunyavanich, “Epigenomic and Epigenetic
Investigations of Food Allergy,” Pediatric Allergy and Immunology:
Official Publication of the European Society of Pediatric Allergy and
Immunology 35, no. 1 (2024): e14065.

126

Allergy, 2025

85U8017 SUOWILIOD 3RO 8|qedl(dde auy Aq pausenob ae ssppie YO ‘85N J0 S9InJ o} ArigT 8UlUO A1 O (SUOHIPUOD-PUR-SWBH 0D A8 | 1M A1 1 Ul |UO//SANY) SUORIPUOD Pue SWe | 84} 89S *[5202/T0/2T] Uo Ariqi]auliuO AB[IM * WNiUeD-%08nIqea-Xe N - IPIF Y IUON AQ 6249T |IB/TTTT OT/I0P/W00" A3 1M ARe.q 1 puluoy/:sdiy woly pepeojumod ‘T ‘5202 ‘S66686ET



102. A. Saffari, M. J. Silver, P. Zavattari, et al.,, “Estimation of a
Significance Threshold for Epigenome-Wide Association Studies,”
Genetic Epidemiology 42, no. 1 (2018): 20-33.

103. G. Mansell, T. J. Gorrie-Stone, Y. Bao, et al., “Guidance for DNA
Methylation Studies: Statistical Insights From the Illumina EPIC
Array,” BMC Genomics 20, no. 1 (2019): 366.

104. D. Martino, J. E. Joo, A. Sexton-Oates, et al., “Epigenome-Wide
Association Study Reveals Longitudinally Stable DNA Methylation
Differences in CD4+ T Cells From Children With IgE-Mediated Food
Allergy,” Epigenetics 9, no. 7 (2014): 998-1006.

105. X. Hong, C. Ladd-Acosta, K. Hao, et al., “Epigenome-Wide
Association Study Links Site-Specific DNA Methylation Changes With
cow's Milk Allergy,” Journal of Allergy and Clinical Immunology 138,
no. 3 (2016): 908-911 €909.

106. N. C. M. Petrus, P. Henneman, A. Venema, et al., “Cow’'s Milk
Allergy in Dutch Children: An Epigenetic Pilot Survey,” Clinical and
Translational Allergy 6 (2016): 16.

107.J. Huang, L. Bai, B. Cui, et al., “Leveraging Biological and
Statistical Covariates Improves the Detection Power in Epigenome-
Wide Association Testing,” Genome Biology 21, no. 1 (2020): 88.

108. K. Korthauer, P. K. Kimes, C. Duvallet, et al., “A Practical Guide
to Methods Controlling False Discoveries in Computational Biology,”
Genome Biology 20, no. 1 (2019): 118.

109. M. Worm, A. Alexiou, V. Hofer, et al., “An Interdisciplinary
Approach to Characterize Peanut-Allergic Patients-First Data From
the FOOD@ Consortium,” Clinical and Translational Allergy 12, no. 10
(2022): €12197.

110. A. N. Do, C. T. Watson, A. T. Cohain, et al., “Dual Transcriptomic
and Epigenomic Study of Reaction Severity in Peanut-Allergic
Children,” Journal of Allergy and Clinical Immunology 145, no. 4 (2020):
1219-1230.

111. D. Martino, M. Neeland, T. Dang, et al., “Epigenetic Dysregulation
of Naive CD4+ T-Cell Activation Genes in Childhood Food Allergy,”
Nature Communications 9, no. 1 (2018): 3308.

112. H. Niehues, L. C. Tsoi, D. A. van der Krieken, et al., “Psoriasis-
Associated Late Cornified Envelope (LCE) Proteins Have Antibacterial
Activity,” Journal of Investigative Dermatology 137, no. 11 (2017):
2380-2388.

113. B. Jackson, C. M. Tilli, M. J. Hardman, et al., “Late Cornified
Envelope Family in Differentiating Epithelia-Response to Calcium and
Ultraviolet Irradiation,” Journal of Investigative Dermatology 124, no. 5
(2005): 1062-1070.

114.7J. G. Bergboer, G. S. Tjabringa, M. Kamsteeg, et al., “Psoriasis Risk
Genes of the Late Cornified Envelope-3 Group Are Distinctly Expressed
Compared With Genes of Other LCE Groups,” American Journal of
Pathology 178, no. 4 (2011): 1470-1477.

115.Y. Mizutani, A. Kihara, and Y. Igarashi, “Identification of the
Human Sphingolipid C4-Hydroxylase, hDES2, and Its Up-Regulation
During Keratinocyte Differentiation,” FEBS Letters 563, no. 1-3 (2004):
93-97.

116. H. Jang, E. G. Kim, M. Kim, et al., “Metabolomic Profiling Revealed
Altered Lipid Metabolite Levels in Childhood Food Allergy,” Journal of
Allergy and Clinical Immunology 149, no. 5 (2022): 1722-1731 e1729.

117. K. Lee-Sarwar, R. S. Kelly, J. Lasky-Su, et al., “Intestinal Microbial-
Derived Sphingolipids Are Inversely Associated With Childhood Food
Allergy,” Journal of Allergy and Clinical Immunology 142, no. 1 (2018):
335-338 €339.

118. S. Jyonouchi, V. Abraham, J. S. Orange, et al., “Invariant Natural
Killer T Cells From Children With Versus Without Food Allergy Exhibit
Differential Responsiveness to Milk-Derived Sphingomyelin,” Journal
of Allergy and Clinical Immunology 128, no. 1 (2011): 102-109 e113.

119. S. Jyonouchi, C. L. Smith, F. Saretta, et al., “Invariant Natural
Killer T Cells in Children With Eosinophilic Esophagitis,” Clinical
and Experimental Allergy: Journal of the British Society for Allergy and
Clinical Immunology 44, no. 1 (2014): 58-68.

120.J. G. Ono, B. I. Kim, Y. Zhao, et al., “Decreased Sphingolipid
Synthesis in Children With 17q21 Asthma-Risk Genotypes,” Journal of
Clinical Investigation 130, no. 2 (2020): 921-926.

121. M. M. Waldman, J. T. Rahkola, A. L. Sigler, et al., “Ena/VASP
Protein-Mediated Actin Polymerization Contributes to Naive CD8(+) T
Cell Activation and Expansion by Promoting T Cell-APC Interactions in
Vivo,” Frontiers in Immunology 13 (2022): 856977.

122. K. Ninomiya, K. Ohta, K. Yamashita, K. Mizuno, and K. Ohashi,
“PLEKHG4B Enables Actin Cytoskeletal Remodeling During Epithelial
Cell-Cell Junction Formation,” Journal of Cell Science 134, no. 2 (2021):
jcs249078.

123. H. C. Yu-Kemp, J. P. Kemp, Jr., and W. M. Brieher, “CRMP-1
Enhances EVL-Mediated Actin Elongation to Build Lamellipodia
and the Actin Cortex,” Journal of Cell Biology 216, no. 8 (2017):
2463-2479.

124. H. Li, S. Wang, X. Li, et al., “CDCA7 Promotes TGF-Beta-Induced
Epithelial-Mesenchymal Transition via Transcriptionally Regulating
Smad4/Smad7 in ESCC,” Cancer Science 114, no. 1 (2023): 91-104.

125.C. Cheng, Y. Zhou, H. Li, et al.,, “Whole-Genome Sequencing
Reveals Diverse Models of Structural Variations in Esophageal
Squamous Cell Carcinoma,” American Journal of Human Genetics 98,
no. 2 (2016): 256-274.

126. S. Lee, Y. Takeda, H. Kawano, et al., “Expression and Regulation of
a Gene Encoding Neural Recognition Molecule NB-3 of the Contactin/
F3 Subgroup in Mouse Brain,” Gene 245, no. 2 (2000): 253-266.

127. M. Yoo, N. Kayastha, O. Kwon, W. Man, L. Cai, and M. Schachner,
“Analysis of the Functional Sequences in the Promoter Region of the
Human Adhesion Molecule Close Homolog of L1,” International
Journal of Neuroscience 132, no. 5 (2022): 483-489.

128. U. Mala, T. K. Baral, and K. Somasundaram, “Integrative Analysis
of Cell Adhesion Molecules in Glioblastoma Identified Prostaglandin
F2 Receptor Inhibitor (PTGFRN) as an Essential Gene,” BMC Cancer
22, no. 1(2022): 642.

129.N. Asano, S. Yasuno, R. Hayashi, and Y. Shimomura,
“Characterization of EDARADD Gene Mutations Responsible for
Hypohidrotic Ectodermal Dysplasia,” Journal of Dermatology 48, no. 10
(2021): 1533-1541.

130. N. Koker, I. Deveci, K. van Leeuwen, et al., “A Novel Deletion in
FERMT3 Causes LAD-III in a Turkish Family,” Journal of Clinical
Immunology 43, no. 4 (2023): 741-746.

131.S. Zambrano, P. Q. Rodriguez, J. Guo, K. Moller-Hackbarth,
A. Schwarz, and J. Patrakka, “FYVE Domain-Containing Protein
ZFYVE28 Regulates EGFR-Signaling in Podocytes but Is Not Critical
for the Function of Filtration Barrier in Mice,” Scientific Reports 8, no.
1(2018): 4712.

132. T. Litman and W. D. Stein, “Ancient Lineages of the Keratin-
Associated Protein (KRTAP) Genes and Their Co-Option in the
Evolution of the Hair Follicle,” BMC Ecology and Evolution 23, no. 1
(2023): 7.

133. C. Dubin, E. Del Duca, and E. Guttman-Yassky, “The IL-4, IL-13
and IL-31 Pathways in Atopic Dermatitis,” Expert Review of Clinical
Immunology 17, no. 8 (2021): 835-852.

134. H. Hammad and B. N. Lambrecht, “The Basic Immunology of
Asthma,” Cell 184, no. 6 (2021): 1469-1485.

135. K. M. O'Shea, S. S. Aceves, E. S. Dellon, et al., “Pathophysiology
of Eosinophilic Esophagitis,” Gastroenterology 154, no. 2 (2018):
333-345.

127

85U8017 SUOWILIOD 3RO 8|qedl(dde auy Aq pausenob ae ssppie YO ‘85N J0 S9InJ o} ArigT 8UlUO A1 O (SUOHIPUOD-PUR-SWBH 0D A8 | 1M A1 1 Ul |UO//SANY) SUORIPUOD Pue SWe | 84} 89S *[5202/T0/2T] Uo Ariqi]auliuO AB[IM * WNiUeD-%08nIqea-Xe N - IPIF Y IUON AQ 6249T |IB/TTTT OT/I0P/W00" A3 1M ARe.q 1 puluoy/:sdiy woly pepeojumod ‘T ‘5202 ‘S66686ET



136. A. Kato, R. P. Schleimer, and B. S. Bleier, “Mechanisms and
Pathogenesis of Chronic Rhinosinusitis,” Journal of Allergy and Clinical
Immunology 149, no. 5 (2022): 1491-1503.

137.R. J. Lund, M. Loytomaki, T. Naumanen, et al., “Genome-Wide
Identification of Novel Genes Involved in Early Thl and Th2 Cell
Differentiation,” Journal of Immunology 178, no. 6 (2007): 3648-3660.

138. S. Greenfeder, S. P. Umland, F. M. Cuss, R. W. Chapman, and R.
W. Egan, “Th2 Cytokines and Asthma. The Role of Interleukin-5 in
Allergic Eosinophilic Disease,” Respiratory Research 2, no. 2 (2001):
71-79.

139. C. J. Xu, C. Soderhall, M. Bustamante, et al., “DNA Methylation
in Childhood Asthma: An Epigenome-Wide Meta-Analysis,” Lancet
Respiratory Medicine 6, no. 5 (2018): 379-388.

140. R. Kosoy, C. Agashe, A. Grishin, et al., “Transcriptional Profiling
of Egg Allergy and Relationship to Disease Phenotype,” PLoS One 11,
no. 10 (2016): e0163831.

141. N. Lemonnier, E. Melen, Y. Jiang, et al., “A Novel Whole Blood
Gene Expression Signature for Asthma, Dermatitis, and Rhinitis
Multimorbidity in Children and Adolescents,” Allergy 75, no. 12 (2020):
3248-3260.

142. C. J. Xu, O. Gruzieva, C. Qi, et al.,, “Shared DNA Methylation
Signatures in Childhood Allergy: The MeDALL Study,” Journal of
Allergy and Clinical Immunology 147, no. 3 (2021): 1031-1040.

143.J. Huoman, S. Haider, A. Simpson, C. S. Murray, A. Custovic,
and M. C. Jenmalm, “Childhood CCL18, CXCL10 and CXCL11 Levels
Differentially Relate to and Predict Allergy Development,” Pediatric
Allergy and Immunology: Official Publication of the European Society of
Pediatric Allergy and Immunology 32, no. 8 (2021): 1824-1832.

144.C. C. V. Lang, Y. Renert-Yuval, E. Del Duca, et al., “Immune
and Barrier Characterization of Atopic Dermatitis Skin Phenotype in
Tanzanian Patients,” Annals of Allergy, Asthma & Immunology: Official
Publication of the American College of Allergy, Asthma, & Immunology
127, no. 3 (2021): 334-341.

145. A. M. Miller, “Role of IL-33 in Inflammation and Disease,” Journal
of Inflammation (London) 8, no. 1 (2011): 22.

146.7J. J. Dolence, T. Kobayashi, K. Iijima, et al., “Airway Exposure
Initiates Peanut Allergy by Involving the IL-1 Pathway and T Follicular
Helper Cells in Mice,” Journal of Allergy and Clinical Immunology 142,
no. 4 (2018): 1144-1158 e1148.

147. C. Galand, J. M. Leyva-Castillo, J. Yoon, et al., “IL-33 Promotes
Food Anaphylaxis in Epicutaneously Sensitized Mice by Targeting Mast
Cells,” Journal of Allergy and Clinical Immunology 138, no. 5 (2016):
1356-1366.

148. F. N. Dijk, C. Xu, E. Melen, et al., “Genetic Regulation of IL1RL1
Methylation and IL1RL1-a Protein Levels in Asthma,” European
Respiratory Journal 51, no. 3 (2018): 1701377.

149. M. E. Ketelaar, C. D. Westerlaken-van Ginkel, M. C. Nawijn, A. Ej
Dubois, and G. H. Koppelman, “IL-1RL1a Serum Levels and IL1RL1
SNPs in the Prediction of Food Allergy,” Clinical and Experimental
Allergy:Journal of the British Society for Allergy and Clinical Immunology
51, no. 4 (2021): 614-619.

150. A. K. Marwaha, R. Laxer, M. Liang, A. M. Muise, T. Eiwegger,
and D. G. Immune, “A Chromosomal Duplication Encompassing
Interleukin-33 Causes a Novel Hyper IgE Phenotype Characterized
by Eosinophilic Esophagitis and Generalized Autoimmunity,”
Gastroenterology 163, no. 2 (2022): 510-513 e513.

151.S. R. Good, V. T. Thieu, A. N. Mathur, et al., “Temporal Induction
Pattern of STAT4 Target Genes Defines Potential for Th1 Lineage-Specific
Programming,” Journal of Immunology 183, no. 6 (2009): 3839-3847.

152.J. K. Nowak, M. Dworacka, N. Gubaj, A. Dossimov, Z. Dossimov,
and J. Walkowiak, “Expression Profiling of Ileal Mucosa in Asthma
Reveals Upregulation of Innate Immunity and Genes Characteristic of

Paneth and Goblet Cells,” Allergy, Asthma, and Clinical Immunology:
Official Journal of the Canadian Society of Allergy and Clinical
Immunology 17, no. 1 (2021): 82.

153.B. W. Lewis, D. Jackson, S. A. Amici, et al.,, “Corticosteroid
Insensitivity Persists in the Absence of STAT1 Signaling in Severe
Allergic Airway Inflammation,” American Journal of Physiology, Lung
Cellular and Molecular Physiology 321, no. 6 (2021): L1194-L1205.

154. H. Hattori, L. E. Rosas, M. Okano, J. E. Durbin, K. Nishizaki, and A.
R. Satoskar, “STAT1 Is Involved in the Pathogenesis of Murine Allergic
Rhinitis,” American Journal of Rhinology 21, no. 2 (2007): 241-247.

155. H. Niehues, B. Rosler, D. A. van der Krieken, et al., “STAT1 Gain-
Of-Function Compromises Skin Host Defense in the Context of IFN-
Gamma Signaling,” Journal of Allergy and Clinical Immunology 143, no.
4(2019): 1626-1629 e1625.

156. T.Kurz, S. Hoffjan, M. G. Hayes, et al., “Fine Mapping and Positional
Candidate Studies on Chromosome 5pl3 Identify Multiple Asthma
Susceptibility Loci,” Journal of Allergy and Clinical Immunology 118,
no. 2 (2006): 396-402.

157. G. Paulissen, M. El Hour, N. Rocks, et al., “Control of
Allergen-Induced Inflammation and Hyperresponsiveness by the
Metalloproteinase ADAMTS-12,” Journal of Immunology 189, no. 8
(2012): 4135-4143.

158. H. Nagase and J. F. Woessner, Jr., “Matrix metalloproteinases,”
Journal of Biological Chemistry 274, no. 31 (1999): 21491-21494.

159. M. Weitoft, C. Andersson, A. Andersson-Sjoland, et al., “Controlled
and Uncontrolled Asthma Display Distinct Alveolar Tissue Matrix
Compositions,” Respiratory Research 15, no. 1 (2014): 67.

160. H. Matsumoto, A. Niimi, M. Takemura, et al., “Relationship
of Airway Wall Thickening to an Imbalance Between Matrix
Metalloproteinase-9 and Its Inhibitor in Asthma,” Thorax 60, no. 4
(2005): 277-281.

161. G. Paulissen, N. Rocks, F. Quesada-Calvo, et al., “Expression of
ADAMSs and Their Inhibitors in Sputum From Patients With Asthma,”
Molecular Medicine 12, no. 7-8 (2006): 171-179.

162. T. Wang, Q. Zhou, and Y. Shang, “Downregulation of miRNA-451a
Promotes the Differentiation of CD4+ T Cells Towards Th2 Cells by
Upregulating ETS1 in Childhood Asthma,” Journal of Innate Immunity
13, no. 1 (2021): 38-48.

163. S. Fiouane, M. Chebbo, S. Beley, et al., “Mobilisation of HLA-F
on the Surface of Bronchial Epithelial Cells and Platelets in Asthmatic
Patients,” Hla 100, no. 5 (2022): 491-499.

164.Y. A. Huang, J. C. Chen, P. C. Chiang, L. C. Chen, and M. L. Kuo,
“Adeno-Associated Viral Vector-Delivered Pannexin-1 Mimetic Peptide
Alleviates Airway Inflammation in an Allergen-Sensitized Mouse
Model,” Human Gene Therapy 34, no. 21-22 (2023): 1107-1117.

165. C. Y. Yick, A. H. Zwinderman, P. W. Kunst, et al., “Gene Expression
Profiling of Laser Microdissected Airway Smooth Muscle Tissue in
Asthma and Atopy,” Allergy 69, no. 9 (2014): 1233-1240.

166. P. Zhou, C. X. Xiang, and J. F. Wei, “The Clinical Significance of
Spondin 2 Eccentric Expression in Peripheral Blood Mononuclear Cells
in Bronchial Asthma,” Journal of Clinical Laboratory Analysis 35, no. 6
(2021): €23764.

167. S. Bruhn, F. Barrenas, R. Mobini, et al., “Increased Expression of
IRF4 and ETS1 in CD4+ Cells From Patients With Intermittent Allergic
Rhinitis,” Allergy 67, no. 1 (2012): 33-40.

168. P. Jin, H. Zhang, X. Zhu, et al., “Bioinformatics Analysis of mRNA
Profiles and Identification of microRNA-mRNA Network in CD4(+) T
Cells in Seasonal Allergic Rhinitis,” Journal of International Medical
Research 50, no. 8 (2022): 3000605221113918.

169. C. G. Lee, H. K. Kwon, H. Kang, et al., “Etsl Suppresses Atopic
Dermatitis by Suppressing Pathogenic T Cell Responses,” JCI Insight 4,
no. 5 (2019): €124202.

128

Allergy, 2025

85U8017 SUOWILIOD 3RO 8|qedl(dde auy Aq pausenob ae ssppie YO ‘85N J0 S9InJ o} ArigT 8UlUO A1 O (SUOHIPUOD-PUR-SWBH 0D A8 | 1M A1 1 Ul |UO//SANY) SUORIPUOD Pue SWe | 84} 89S *[5202/T0/2T] Uo Ariqi]auliuO AB[IM * WNiUeD-%08nIqea-Xe N - IPIF Y IUON AQ 6249T |IB/TTTT OT/I0P/W00" A3 1M ARe.q 1 puluoy/:sdiy woly pepeojumod ‘T ‘5202 ‘S66686ET



170.D. Hijnen, E. Nijhuis, M. Bruin-Weller, et al., “Differential
Expression of Genes Involved in Skin Homing, Proliferation, and
Apoptosis in CD4+ T Cells of Patients With Atopic Dermatitis,” Journal
of Investigative Dermatology 125, no. 6 (2005): 1149-1155.

171.S. Lara, S. Akula, Z. Fu, A. K. Olsson, S. Kleinau, and L. Hellman,
“The Human Monocyte-A Circulating Sensor of Infection and a Potent
and Rapid Inducer of Inflammation,” International Journal of Molecular
Sciences 23, no. 7 (2022): 3890.

172. T. Huang, C. Jiang, M. Yang, et al., “Salmonella enterica Serovar
Typhimurium Inhibits the Innate Immune Response and Promotes
Apoptosis in a Ribosomal/TRP53-Dependent Manner in Swine
Neutrophils,” Veterinary Research 51, no. 1 (2020): 105.

173.7. Kosla, M. Dvorak, and V. Cermak, “Molecular Analysis of the
TGF-Beta Controlled Gene Expression Program in Chicken Embryo
Dermal Myofibroblasts,” Gene 513, no. 1 (2013): 90-100.

174.N. Mai, Z. M. Chrzanowska-Lightowlers, and R. N. Lightowlers,
“The Process of Mammalian Mitochondrial Protein Synthesis,” Cell and
Tissue Research 367, no. 1 (2017): 5-20.

175. L. P. Gunawardhana, K. J. Baines, J. Mattes, V. E. Murphy, J. L.
Simpson, and P. G. Gibson, “Differential DNA Methylation Profiles of
Infants Exposed to Maternal Asthma During Pregnancy,” Pediatric
Pulmonology 49, no. 9 (2014): 852-862.

176.J. Li, M. Chen, L. Lu, J. Wang, and L. Tan, “Branched-Chain
Amino Acid Transaminase 1 Inhibition Attenuates Childhood Asthma
in Mice by Effecting Airway Remodeling and Autophagy,” Respiratory
Physiology & Neurobiology 306 (2022): 103961.

177. L. Luo, W. Sun, W. Zhu, et al., “BCAT1 Decreases the Sensitivity
of Cancer Cells to Cisplatin by Regulating mTOR-Mediated Autophagy
via Branched-Chain Amino Acid Metabolism,” Cell Death & Disease 12,
no. 2 (2021): 169.

178.C. M. Xie and Y. Sun, “The MTORC1-Mediated Autophagy Is
Regulated by the FBXW7-SHOC2-RPTOR Axis,” Autophagy 15, no. 8
(2019): 1470-1472.

179. H. Liu, P. Liu, X. Shi, D. Yin, and J. Zhao, “NR4A2 Protects
Cardiomyocytes Against Myocardial Infarction Injury by Promoting
Autophagy,” Cell Death Discovery 4 (2018): 27.

180. F. Yang, J. Kong, Y. Zong, et al., “Autophagy-Related Genes Are
Involved in the Progression and Prognosis of Asthma and Regulate
the Immune Microenvironment,” Frontiers in Immunology 13 (2022):
897835.

181. K. D. McAlinden, D. A. Deshpande, S. Ghavami, et al., “Autophagy
Activation in Asthma Airways Remodeling,” American Journal of
Respiratory Cell and Molecular Biology 60, no. 5 (2019): 541-553.

182. M. S. D'Arcy, “Cell Death: A Review of the Major Forms of
Apoptosis, Necrosis and Autophagy,” Cell Biology International 43, no.
6(2019): 582-592.

183. H. Wu, X. Che, Q. Zheng, et al., “Caspases: A Molecular Switch Node
in the Crosstalk Between Autophagy and Apoptosis,” International
Journal of Biological Sciences 10, no. 9 (2014): 1072-1083.

184. P. Tsvetkov, S. Coy, B. Petrova, et al., “Copper Induces Cell Death
by Targeting Lipoylated TCA Cycle Proteins,” Science 375, no. 6586
(2022): 1254-1261.

185. K. Elliott, K. Ge, W. Du, and G. C. Prendergast, “The c-Myc-
Interacting Adaptor Protein Bin1 Activates a Caspase-Independent Cell
Death Program,” Oncogene 19, no. 41 (2000): 4669-4684.

186. Z. Fu, C. Ding, W. Gong, and C. Lu, “ncRNAs Mediated RPS6KA2
Inhibits Ovarian Cancer Proliferation via p38/MAPK Signaling
Pathway,” Frontiers in Oncology 13 (2023): 1028301.

187. E. Revenkova, M. Eijpe, C. Heyting, B. Gross, and R. Jessberger,
“Novel Meiosis-Specific Isoform of Mammalian SMC1,” Molecular and
Cellular Biology 21, no. 20 (2001): 6984-6998.

188. D.C.J.Ferguson,J. H. Mokim, M. Meinders, et al., “Characterization
and Evolutionary Origin of Novel C(2)H(2) Zinc Finger Protein (ZNF648)
Required for Both Erythroid and Megakaryocyte Differentiation in
Humans,” Haematologica 106, no. 11 (2021): 2859-2873.

189.7Y.Lu, L. Yang, A. Qin, et al., “miR-1470 Regulates Cell Proliferation
and Apoptosis by Targeting ALX4 in Hepatocellular Carcinoma,”
Biochemical and Biophysical Research Communications 522, no. 3
(2020): 716-723.

190. N.Steinauer, C. Guo,andJ.Zhang, “The Transcriptional Corepressor
CBFA2T3 Inhibits All-Trans-Retinoic Acid-Induced Myeloid Gene
Expression and Differentiation in Acute Myeloid Leukemia,” Journal of
Biological Chemistry 295, no. 27 (2020): 8887-8900.

191. N. Tanno, S. Kuninaka, S. Fujimura, et al., “Phosphorylation of the
Anaphase Promoting Complex Activator FZR1/CDH]1 Is Required for
Meiosis I Entry in Mouse Male Germ Cell,” Scientific Reports 10, no. 1
(2020): 10094.

192.X. Yang, G. Liu, L. Zang, et al., “ZNF703 Is Overexpressed
in Papillary Thyroid Carcinoma Tissues and Mediates K1 Cell
Proliferation,” Pathology Oncology Research 26, no. 1 (2020): 355-364.

193. V. Evtimova, R. Zeillinger, S. Kaul, and U. H. Weidle, “Identification
of CRASH, a Gene Deregulated in Gynecological Tumors,” International
Journal of Oncology 24, no. 1 (2004): 33-41.

194.S. H. Adams, C. Chui, S. L. Schilbach, et al., “BFIT, a Unique Acyl-
CoA Thioesterase Induced in Thermogenic Brown Adipose Tissue:
Cloning, Organization of the Human Gene and Assessment of a Potential
Link to Obesity,” Biochemical Journal 360, no. Pt 1 (2001): 135-142.

195. L. Fagerberg, B. M. Hallstrom, P. Oksvold, et al., “Analysis of
the Human Tissue-Specific Expression by Genome-Wide Integration
of Transcriptomics and Antibody-Based Proteomics,” Molecular &
Cellular Proteomics: MCP 13, no. 2 (2014): 397-406.

196. P. Enyedi and G. Czirjak, “Molecular Background of Leak K+
Currents: Two-Pore Domain Potassium Channels,” Physiological
Reviews 90, no. 2 (2010): 559-605.

197. 1. Del Castillo, M. Morin, M. Dominguez-Ruiz, and M. A. Moreno-
Pelayo, “Genetic Etiology of Non-syndromic Hearing Loss in Europe,”
Human Genetics 141, no. 3-4 (2022): 683-696.

198. Z. Liang, C. E. Wilson, B. Teng, S. C. Kinnamon, and E. R. Liman,
“The Proton Channel OTOP1 Is a Sensor for the Taste of Ammonium
Chloride,” Nature Communications 14, no. 1 (2023): 6194.

199. K. Steger and R. Balhorn, “Sperm Nuclear Protamines: A
Checkpoint to Control Sperm Chromatin Quality,” Anatomia,
Histologia, Embryologia 47, no. 4 (2018): 273-279.

200. G. E. Merges, J. Meier, S. Schneider, et al., “Loss of Prm1 Leads
to Defective Chromatin Protamination, Impaired PRM2 Processing,
Reduced Sperm Motility and Subfertility in Male Mice,” Development
149, no. 12 (2022): dev200330.

201.J. Lee, A. Jang, S. J. Seo, and S. C. Myung, “Epigenetic Regulation
of Filaggrin Gene Expression in Human Epidermal Keratinocytes,”
Annals of Dermatology 32, no. 2 (2020): 122-129.

202. H.T.Tan,J. A. Ellis,J.J. Koplin, et al., “Methylation of the Filaggrin
Gene Promoter Does Not Affect Gene Expression and Allergy,” Pediatric
Allergy and Immunology: Official Publication of the European Society of
Pediatric Allergy and Immunology 25, no. 6 (2014): 608-610.

203. X. Liu, X. Hong, H. J. Tsai, et al., “Genome-Wide Association Study
of Maternal Genetic Effects and Parent-Of-Origin Effects on Food
Allergy,” Medicine 97, no. 9 (2018): e0043.

204. E. Ahlberg, A. Al-Kaabawi, R. Thune, et al., “Breast Milk microR-
NAs: Potential Players in Oral Tolerance Development,” Frontiers in
Immunology 14 (2023): 1154211.

205.V. D'Argenio, V. Del Monaco, L. Paparo, et al., “Altered miR-
193a-5p Expression in Children With cow's Milk Allergy,” Allergy 73,
no. 2 (2018): 379-386.

129

85U8017 SUOWILIOD 3RO 8|qedl(dde auy Aq pausenob ae ssppie YO ‘85N J0 S9InJ o} ArigT 8UlUO A1 O (SUOHIPUOD-PUR-SWBH 0D A8 | 1M A1 1 Ul |UO//SANY) SUORIPUOD Pue SWe | 84} 89S *[5202/T0/2T] Uo Ariqi]auliuO AB[IM * WNiUeD-%08nIqea-Xe N - IPIF Y IUON AQ 6249T |IB/TTTT OT/I0P/W00" A3 1M ARe.q 1 puluoy/:sdiy woly pepeojumod ‘T ‘5202 ‘S66686ET



206. L. Paparo, R. Nocerino, C. Bruno, et al., “Randomized Controlled
Trial on the Influence of Dietary Intervention on Epigenetic Mechanisms
in Children With cow's Milk Allergy: The EPICMA Study,” Scientific
Reports 9, no. 1 (2019): 2828.

207.L.Y. Zhu, Y. R. Zhu, D. J. Dai, X. Wang, and H. C. Jin, “Epigenetic
Regulation of Alternative Splicing,” American Journal of Cancer
Research 8, no. 12 (2018): 2346-2358.

208.R. F. Luco, M. Allo, I. E. Schor, A. R. Kornblihtt, and T. Misteli,
“Epigenetics in Alternative Pre-mRNA Splicing,” Cell 144, no. 1 (2011):
16-26.

209.J. G. Conboy, “Developmental Regulation of RNA Processing by
Rbfox Proteins. Wiley Interdiscip Rev,” RNA 8, no. 2 (2017): 1398.

210. D. J. Martino, A. Bosco, K. L. McKenna, et al., “T-Cell Activation
Genes Differentially Expressed at Birth in CD4+ T-Cells From Children
Who Develop IgE Food Allergy,” Allergy 67, no. 2 (2012): 191-200.

211. R. Berni Canani, L. Paparo, R. Nocerino, et al., “Differences in DNA
Methylation Profile of Thl and Th2 Cytokine Genes Are Associated
With Tolerance Acquisition in Children With IgE-Mediated cow's Milk
Allergy,” Clinical Epigenetics 7 (2015): 38.

212. A.Syed, M. A. Garcia, S. C. Lyu, et al., “Peanut Oral Immunotherapy
Results in Increased Antigen-Induced Regulatory T-Cell Function and
Hypomethylation of Forkhead Box Protein 3 (FOXP3),” Journal of
Allergy and Clinical Immunology 133, no. 2 (2014): 500-510.

213. A. Winters, H. T. Bahnson, I. Ruczinski, et al., “The MALT1 Locus
and Peanut Avoidance in the Risk for Peanut Allergy,” Journal of Allergy
and Clinical Immunology 143, no. 6 (2019): 2326-2329.

214.7J. J. Koplin, N. H. Suaini, P. Vuillermin, et al., “Polymorphisms
Affecting Vitamin D-Binding Protein Modify the Relationship Between
Serum Vitamin D (25[OH]D3) and Food Allergy,” Journal of Allergy and
Clinical Immunology 137, no. 2 (2016): 500-506 e504.

215. E. Coulson, S. L. Rifas-Shiman, J. Sordillo, et al., “Racial, Ethnic,
and Socioeconomic Differences in Adolescent Food Allergy,” Journal of
Allergy and Clinical Immunology in Practice 8, no. 1 (2020): 336-338 e333.

216.T. Nomura, J. Wu, K. Kabashima, and E. Guttman-Yassky,
“Endophenotypic Variations of Atopic Dermatitis by Age, Race, and
Ethnicity,” Journal of Allergy and Clinical Immunology in Practice 8, no.
6 (2020): 1840-1852.

217.X. Chang, M. March, F. Mentch, et al., “Genetic Architecture of
Asthma in African American Patients,” Journal of Allergy and Clinical
Immunology 151, no. 4 (2023): 1132-1136, https://doi.org/10.1016/j.jaci.
2022.09.001.

218. K. Abuabara, Y. You, D. J. Margolis, T. J. Hoffmann, N. Risch, and
E. Jorgenson, “Genetic Ancestry Does Not Explain Increased Atopic
Dermatitis Susceptibility or Worse Disease Control Among African
American Subjects in 2 Large US Cohorts,” Journal of Allergy and
Clinical Immunology 145, no. 1 (2020): 192-198 e111.

219. D. J. Margolis, N. Mitra, B. Wubbenhorst, et al., “Association
of Filaggrin Loss-Of-Function Variants With Race in Children
With Atopic Dermatitis,” JAMA Dermatology 155, no. 11 (2019):
1269-1276.

220.T. Sasaki, N. Furusyo, A. Shiohama, et al., “Filaggrin Loss-
Of-Function Mutations Are Not a Predisposing Factor for Atopic
Dermatitis in an Ishigaki Island Under Subtropical Climate,” Journal of
Dermatological Science 76, no. 1 (2014): 10-15.

221. 0. Carja, J. L. Maclsaac, S. M. Mah, et al., “Worldwide Patterns
of Human Epigenetic Variation,” Nature Ecology & Evolution 1, no. 10
(2017): 1577-1583.

222. L. T. Husquin, M. Rotival, M. Fagny, et al., “Exploring the Genetic
Basis of Human Population Differences in DNA Methylation and Their
Causal Impact on Immune Gene Regulation,” Genome Biology 19, no. 1
(2018): 222.

223.7J. Jiang, C. M. Warren, A. Brewer, G. Soffer, and R. S. Gupta,
“Racial, Ethnic, and Socioeconomic Differences in Food Allergies in
the US,” JAMA Network Open 6, no. 6 (2023): e2318162.

224. E. C. McGowan, R. Peng, P. M. Salo, D. C. Zeldin, and C. A. Keet,
“Cockroach, Dust Mite, and Shrimp Sensitization Correlations in the
National Health and Nutrition Examination Survey,” Annals of Allergy,
Asthma & Immunology: Official Publication of the American College of
Allergy, Asthma, & Immunology 122, no. 5 (2019): 536-538.e531.

225.L. Wong, C. H. Huang, and B. W. Lee, “Shellfish and House
Dust Mite Allergies: Is the Link Tropomyosin?,”> Allergy, Asthma &
Immunology Research 8, no. 2 (2016): 101-106.

226. A. R. Martin, H. A. Costa, T. Lappalainen, et al., “Transcriptome
Sequencing From Diverse Human Populations Reveals Differentiated
Regulatory Architecture,” PLoS Genetics 10, no. 8 (2014): e1004549.

227.]. M. Galanter, C. R. Gignoux, S. S. Oh, et al., “Differential
Methylation Between Ethnic Sub-Groups Reflects the Effect of Genetic
Ancestry and Environmental Exposures,” eLife 6 (2017): 6.

228. H. M. Natri, K. S. Bobowik, P. Kusuma, et al., “Genome-Wide DNA
Methylation and Gene Expression Patterns Reflect Genetic Ancestry
and Environmental Differences Across the Indonesian Archipelago,”
PLoS Genetics 16, no. 5 (2020): e1008749.

229. A. K. Giri, S. Bharadwaj, P. Banerjee, et al., “DNA Methylation
Profiling Reveals the Presence of Population-Specific Signatures
Correlating With Phenotypic Characteristics,” Molecular Genetics and
Genomics: MGG 292, no. 3 (2017): 655-662.

230. S. Wei, J. Tao, J. Xu, et al., “Ten Years of EWAS,” Advanced Science
8, no. 20 (2021): €2100727.

231. A.S.Y. Leung, G. W. K. Wong, and M. L. K. Tang, “Food Allergy in
the Developing World,” Journal of Allergy and Clinical Immunology 141,
no. 1 (2018): 76-78 e71.

232.E. Hossny, M. Ebisawa, Y. El-Gamal, et al., “Challenges of
Managing Food Allergy in the Developing World,” World Allergy
Organization Journal 12, no. 11 (2019): 100089.

233. G. Du Toit, G. Roberts, P. H. Sayre, et al., “Randomized Trial of
Peanut Consumption in Infants at Risk for Peanut Allergy,” New
England Journal of Medicine 372, no. 9 (2015): 803-813.

234. G. Du Toit, P. H. Sayre, G. Roberts, et al., “Effect of Avoidance on
Peanut Allergy After Early Peanut Consumption,” New England Journal
of Medicine 374, no. 15 (2016): 1435-1443.

235. E. M. Abrams, M. Ben-Shoshan, J. L. P. Protudjer, E. Lavine, and
E.S. Chan, “Early Introduction Is Not Enough: CSACI Statement on the
Importance of Ongoing Regular Ingestion as a Means of Food Allergy
Prevention,” Allergy, Asthma, and Clinical Immunology: Official
Journal of the Canadian Society of Allergy and Clinical Immunology 19,
no. 1(2023): 63.

236. K. Logan, H. T. Bahnson, A. Ylescupidez, et al., “Early Introduction
of Peanut Reduces Peanut Allergy Across Risk Groups in Pooled and
Causal Inference Analyses,” Allergy 78, no. 5 (2023): 1307-1318.

237. H. O.Skjerven, A. Lie, R. Vettukattil, et al., “Early Food Intervention
and Skin Emollients to Prevent Food Allergy in Young Children
(PreventADALL): A Factorial, Multicentre, Cluster-Randomised Trial,”
Lancet (London, England) 399, no. 10344 (2022): 2398-2411.

238. T. Sakihara, K. Otsuji, Y. Arakaki, K. Hamada, S. Sugiura, and K.
Ito, “Randomized Trial of Early Infant Formula Introduction to Prevent
cow's Milk Allergy,” Journal of Allergy and Clinical Immunology 147, no.
1(2021): 224-232 228.

239.Y. Katz, N. Rajuan, M. R. Goldberg, et al., “Early Exposure to cow’s
Milk Protein Is Protective Against IgE-Mediated cow's Milk Protein
Allergy,” Journal of Allergy and Clinical Immunology 126, no. 1 (2010):
77-82 e71.

130

Allergy, 2025

85U8017 SUOWILIOD 3RO 8|qedl(dde auy Aq pausenob ae ssppie YO ‘85N J0 S9InJ o} ArigT 8UlUO A1 O (SUOHIPUOD-PUR-SWBH 0D A8 | 1M A1 1 Ul |UO//SANY) SUORIPUOD Pue SWe | 84} 89S *[5202/T0/2T] Uo Ariqi]auliuO AB[IM * WNiUeD-%08nIqea-Xe N - IPIF Y IUON AQ 6249T |IB/TTTT OT/I0P/W00" A3 1M ARe.q 1 puluoy/:sdiy woly pepeojumod ‘T ‘5202 ‘S66686ET


https://doi.org/10.1016/j.jaci.2022.09.001
https://doi.org/10.1016/j.jaci.2022.09.001

240.1. Lachover-Roth, A. Cohen-Engler, Y. Furman, et al., “Early,
Continuing Exposure to cow's Milk Formula and cow's Milk Allergy:
The COMEET Study, a Single Center, Prospective Interventional
Study,” Annals of Allergy, Asthma & Immunology: Official Publication
of the American College of Allergy, Asthma, & Immunology 130, no. 2
(2023): 233-239.€234.

241.R. L. Peters, D. Y. Barret, V. X. Soriano, et al., “No Cashew Allergy
in Infants Introduced to Cashew by Age 1 Year,” Journal of Allergy and
Clinical Immunology 147, no. 1 (2021): 383-384.

242.B. Al-Saud and S. T. Sigurdardottir, “Early Introduction of Egg and
the Development of Egg Allergy in Children: A Systematic Review and
Meta-Analysis,” International Archives of Allergy and Immunology 177,
no. 4 (2018): 350-359.

243.G. du Toit, P. H. Sayre, G. Roberts, et al., “Allergen Specificity
of Early Peanut Consumption and Effect on Development of Allergic
Disease in the Learning Early About Peanut Allergy Study Cohort,”
Journal of Allergy and Clinical Immunology 141, no. 4 (2018): 1343-1353.

244.D.M. Fleischer, E. S. Chan, C. Venter, et al., “A Consensus Approach
to the Primary Prevention of Food Allergy Through Nutrition: Guidance
From the American Academy of Allergy, Asthma, and Immunology;
American College of Allergy, Asthma, and Immunology; and the
Canadian Society for Allergy and Clinical Immunology,” Journal of
Allergy and Clinical Immunology in Practice 9, no. 1 (2021): 22-43 e24.

245.R. L. Wasserman, J. Factor, H. H. Windom, et al., “An Approach
to the Office-Based Practice of Food Oral Immunotherapy,” Journal of
Allergy and Clinical Immunology in Practice 9, no. 5 (2021): 1826-1838
€1828.

246.S. De Schryver, B. Mazer, A. E. Clarke, et al., “Adverse Events in
Oral Immunotherapy for the Desensitization of Cow's Milk Allergy
in Children: A Randomized Controlled Trial,” Journal of Allergy and
Clinical Immunology in Practice 7, no. 6 (2019): 1912-1919.

247.P. Begin, E. S. Chan, H. Kim, et al., “CSACI Guidelines for the
Ethical, Evidence-Based and Patient-Oriented Clinical Practice of Oral
Immunotherapy in IgE-Mediated Food Allergy,” Allergy, Asthma, and
Clinical Immunology: Official Journal of the Canadian Society of Allergy
and Clinical Immunology 16 (2020): 20.

248. A. W. O'Keefe, S. De Schryver, J. Mill, C. Mill, A. Dery, and M.
Ben-Shoshan, “Diagnosis and Management of Food Allergies: New
and Emerging Options: A Systematic Review,” Journal of Asthma and
Allergy 7 (2014): 141-164.

249.L. Soller, E. M. Abrams, S. Carr, et al., “First Real-World
Effectiveness Analysis of Preschool Peanut Oral Immunotherapy,”
Journal of Allergy and Clinical Immunology in Practice 9, no. 3 (2021):
1349-1356.e1341.

250. Investigators PGoC, B. P. Vickery, A. Vereda, et al., “AR101 Oral
Immunotherapy for Peanut Allergy,” New England Journal of Medicine
379, no. 21 (2018): 1991-2001.

251. G. B. Pajno, M. Fernandez-Rivas, S. Arasi, et al., “EA ACI Guidelines
on Allergen Immunotherapy: IgE-Mediated Food Allergy,” Allergy 73,
no. 4 (2018): 799-815.

252.D. de Silva, P. Rodriguez Del Rio, N. W. de Jong, et al., “Allergen
Immunotherapy and/or Biologicals for IgE-Mediated Food Allergy: A
Systematic Review and Meta-Analysis,” Allergy 77,no. 6 (2022): 1852-1862.

253. C. Braun, K. Samaan, F. Graham, L. Paradis, A. D. Roches, and
P. Begin, “Delayed-Type Hypersensitivity Gastrointestinal Symptoms
Induced by Food Oral Immunotherapy and Efficiently Treated by
Dupilumab: A Case Report,” Pediatric Allergy and Immunology: Official
Publication of the European Society of Pediatric Allergy and Immunology
34, no. 3 (2023): €13935.

254. L. Diwakar, C. Cummins, R. Lilford, and T. Roberts, “Systematic
Review of Pathways for the Delivery of Allergy Services,” BMJ Open 7,
no. 2 (2017): e012647.

255.D. K. Chu, R. A. Wood, S. French, et al., “Oral Immunotherapy
for Peanut Allergy (PACE): A Systematic Review and Meta-Analysis of
Efficacy and Safety,” Lancet 393 (2019): 2222-2232.

256. K. Kanchan, S. Grinek, H. T. Bahnson, et al., “HLA Alleles and
Sustained Peanut Consumption Promote IgG4 Responses in Subjects
Protected From Peanut Allergy,” Journal of Clinical Investigation 132,
no. 1(2022): €152070.

257. K. Kanchan, G. Shankar, M. F. Huffaker, et al., “HLA-Associated
Outcomes in Peanut Oral Immunotherapy Trials Identify Mechanistic
and Clinical Determinants of Therapeutic Success,” Frontiers in
Immunology 13 (2022): 941839.

258. M. Simard, A. M. Madore, S. Girard, et al., “Polygenic Risk Score
for Atopic Dermatitis in the Canadian Population,” Journal of Allergy
and Clinical Immunology 147, no. 1 (2021): 406-409.

259.D. Martino, T. Dang, A. Sexton-Oates, et al., “Blood DNA
Methylation Biomarkers Predict Clinical Reactivity in Food-Sensitized
Infants,” Journal of Allergy and Clinical Immunology 135, no. 5 (2015):
1319-1328.e1311-1312, 1328.e12.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

131

85U8017 SUOWILIOD 3RO 8|qedl(dde auy Aq pausenob ae ssppie YO ‘85N J0 S9InJ o} ArigT 8UlUO A1 O (SUOHIPUOD-PUR-SWBH 0D A8 | 1M A1 1 Ul |UO//SANY) SUORIPUOD Pue SWe | 84} 89S *[5202/T0/2T] Uo Ariqi]auliuO AB[IM * WNiUeD-%08nIqea-Xe N - IPIF Y IUON AQ 6249T |IB/TTTT OT/I0P/W00" A3 1M ARe.q 1 puluoy/:sdiy woly pepeojumod ‘T ‘5202 ‘S66686ET



	Food Allergy Genetics and Epigenetics: A Review of Genome-Wide Association Studies
	ABSTRACT
	1   |   Genetic Risk Factors for Food Allergy and Their Relationship With Other Atopic Diseases
	2   |   Genetic Loci Related to Epithelial Barrier Function in Food Allergy
	3   |   Genetic Loci Related to Immunity in Food Allergy
	4   |   Epigenetic Modifications Associated With Food Allergy
	5   |   Epigenetic Loci Related to Epithelial Barrier Function in Food Allergy
	6   |   Epigenetic Loci Related to Immunity in Food Allergy
	7   |   Epigenetic Loci Currently Unrelated to Immunity and Barrier Function
	8   |   Integration of Genetic and Epigenetic Findings in Food Allergy and Knowledge Gaps
	9   |   Gene–Environment Interactions in Food Allergy
	10   |   Population Differences and Diagnostic Criteria: Implications for Future Research
	11   |   Prevention and Treatment of Food Allergy and Role of (Epi)-genetics: Future Directions
	12   |   Conclusion
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


