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ABSTRACT

Background: Food protein-induced enterocolitis syndrome (FPIES) is a food allergy primarily affecting infants, often leading
to vomiting and shock. Due to its poorly understood pathophysiology and lack of specific biomarkers, diagnosis is frequently
delayed. Understanding FPIES genetics can shed light on disease susceptibility and pathophysiology—key to developing diag-
nostic, prognostic, preventive and therapeutic strategies. Using a well-characterised cohort of patients we explored the potential
genome-wide susceptibility factors underlying FPIES.

Methods: Blood samples from 41 patients with oral food challenge-proven FPIES were collected for a comprehensive whole
exome sequencing association study.

Results: Notable genetic variants, including rs872786 (RBM8A), rs2241880 (ATG16L1I) and rs2289477 (ATG16L1), were identified
as significant findings in FPIES. A weighted SKAT model identified six other associated genes including DGKZ and SIRPA. DGKZ
induces TGF-f signalling, crucial for epithelial barrier integrity and IgA production; RBM8A is associated with thrombocytopenia
absent radius syndrome, frequently associated with cow's milk allergy; SIRPA is associated with increased neutrophils/monocytes
in inflamed tissues as often observed in FPIES; ATGI6LI is associated with inflammatory bowel disease. Coexpression correlation
analysis revealed a functional correlation between RBM8A and filaggrin gene (FLG) in stomach and intestine tissue, with filaggrin
being a known key pathogenic and risk factor for IgE-mediated food allergy. A transcriptome-wide association study suggested
genetic variability in patients impacted gene expression of RBM8A (stomach and pancreas) and ATGI6LI (transverse colon).
Conclusions: This study represents the first case—control exome association study of FPIES patients and marks a crucial step
towards unravelling genetic susceptibility factors underpinning the syndrome. Our findings highlight potential factors and
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pathways contributing to FPIES, including epithelial barrier dysfunction and immune dysregulation. While these results are

novel, they are preliminary and need further validation in a second cohort of patients.

1 | Introduction

Food protein-induced enterocolitis syndrome (FPIES) is a non-
IgE-mediated food allergy predominantly affecting young chil-
dren. The symptoms include profuse vomiting, often lethargy
and potentially shock usually 1-4h after ingestion [1].

While FPIES involve systemic innate immune activation, their
relation to food-specific exposure, gut inflammation and symp-
toms remains unclear [2]. Understanding disease mechanisms
is crucial to develop specific diagnostic, prognostic, therapeutic
and preventive strategies, currently unavailable in FPIES. The
identification of diagnostic and prognostic biomarkers is a re-
search priority by the FPIES patient/parent community; the lack
of available tests and limited awareness often leads to missed or
delayed diagnosis, compromising safety and quality of life [1].

Allergic diseases arise from intricate interactions between en-
vironmental and genetic factors. Studying patients' genetics can
shed light on the pathophysiology and susceptibility to the dis-
ease. Twin studies on the heritability of food allergies suggest a
genetic component [3]. Genetic studies in IgE-mediated food al-
lergy have identified several genes loci associated with immune
dysregulation and epithelial barrier dysfunction, including FLG
(‘Filaggrin gene’) mutations [4]. These findings have allowed
major developments in the recent years such as biologic therapy
targeting key immune pathways for severe cases [5], or food al-
lergy prevention by early food introduction in at-risk individuals
[6]. Also, a growing list of inborn errors of immunity leading to
heritable monogenic allergic disorders has been recently iden-
tified and coined as Primary Atopic Disorders (PAD); many of
them associate food allergy due to immune dysregulation [7].

To our best knowledge, no studies have explored the association
between genome variability and FPIES. This study aimed to in-
vestigate the potential genetic basis of FPIES by conducting a
whole exome association study. The results revealed several sin-
gle nucleotide polymorphisms (SNPs) and genes as new candi-
dates for understanding the genetic susceptibility to FPIES. The
identified SNPs and genes suggest potential involvement of im-
mune dysregulation and epithelial barrier dysfunction as con-
tributing mechanisms to FPIES. The discovery of new genetic
susceptibility biomarkers holds promise for anticipating and im-
proving the diagnosis and treatment of patients, contributing to
a better understanding of the disease pathophysiology.

2 | Methods
2.1 | Sampling

This is an observational, multicentre, prospective study recruit-
ing patients with a diagnosis of acute FPIES confirmed by a stan-
dardised oral food challenge (OFC) to the culprit food (BIO-FPIES
study, ethics committee reference: 2017/396). OFC were conducted
as a part of routine care across a network of tertiary hospitals from

Spain and Italy. Informed consent from parents/guardians was ob-
tained. Participants exclusion criteria were as follows: (i) systemic
treatment with immunosuppressants or monoclonal antibodies,
(if) immunodeficiency, (iii) previous bone marrow transplant and
(iv) other comorbidity that might interfere with the OFC outcome
assessment or immune/inflammatory response.

The patient cohort consisted of 41 children aged 1-12years and
one adult. Blood (EDTA) samples were collected at baseline,
prior to starting the OFC (see clinical characteristics in Table 1).

2.2 | Suitability for OFC

Contraindications to proceed with OFC on the day were assessed
and OFC and blood extraction were postponed in the event of any
of the following circumstances: (a) vaccination or systemic corti-
costeroids (oral, intramuscular and intravenous) in the previous
2weeks, (b) proton pump inhibitors, first generation antihista-
mines (i.e., hydroxyzine [Atarax], chlorphenamine, ketotifen)
in the previous 3days, (c) second generation antihistamines (i.e.,
cetirizine, loratadine, desloratadine and fexofenadine), in the pre-
vious 5days, (d) inhaled/nebulised salbutamol, montelukast, oral
nedocromil, oral cromoglycate in the last 24 h. Physical examina-
tion is carried out to ensure that there are no significant abnor-
malities that could influence the OFC outcome assessment.

OFC were performed following current best practice recommen-
dations [1] as described elsewhere [8]. Briefly, this involved incre-
mental doses of the culprit food reaching a cumulative dose equal
or above an age-appropriate portion. Subsequent doses were given
only in the absence of significant symptoms suggesting a reaction.
Age-appropriate portions were determined using national refer-
ences. Patients were under observation for at least 4-6h following
their reaction onset. A telephone call was conducted 48h postdis-
charge to enquire about delayed symptoms as this might impact on
OFC outcome assessment. The OFC outcome as positive/negative/
inconclusive and reaction severity as mild/moderate/severe were
assessed following current consensus criteria [1]; Figure S1.

For genomic comparisons, control groups were drawn from
the 1000 Genomes Project [9] (http://www.1000genomes.org;
hereafter referred to as 1000G). The Iberian population (IBS;
n=107) was used as control group for the association tests in
the discovery phase. In the validation phase, the candidate SNPs
and genes underwent further testing using other European data
sets: CEU (n=99), TSI (n=111), GBR (n=100) and a merged
European data set (combining IBS, CEU, TSI and GBR; n=417).

2.3 | Sequencing

DNA was isolated from blood samples using the Wizard Genomic
DNA Purification Kit (Promega). The concentration of the sam-
ples was analysed by fluorometric quantification with the Qubit
system, the degree of purity by spectrophotometry with the
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TABLE 1 | Summary of the main clinical characteristics of the

Summary FPIES cohort.

« FPIES genetics reveals significant variants and asso- Participants
ciated genes; particularly, DGKZ, RBM8A, SIRPA and (n=38)
ATGI6LI.

. . . . . Gender—n (%)

« Candidate genes are associated with TGF-f signalling,

TAR syndrome, increased neutrophils/monocytes in Female 15 (39.5)
inflamed tissues and IBD. Male 23 (60.5)

« Pathways involved in FPIES pathophysiology are re- .
lated to epithelial barrier dysfunction and immune Age (months)—Median [IQR] 62.5[51.5]
dysregulation. Age at first reaction (months)—Median 9.50 [3.75]

[IQR]
. . . FPIES culprit food—n (%)
NanoDrop system and the integrity of the DNA by TapeStation.
Paired-end sequencing (2x100bp) of the SureSelectXT librar- Milk 7(18.4)
ies, previously enriched, indexed and multiplexed, has been Vegetables 2(5.3)
performed on the NovaSeq 6000 platform (Illumina, Inc).
The quality of FastQ files for sequenced samples was assessed Egg 7(18.4)
using FastQC v0.11.9 [10]. Subsequently, the FastQ files were Fish 21(55.3)
aligned with BWA 0.7.17-r1188 [11]. The alignment of sequence )
reads, clone sequences and assembly was carried out using the Fruit 1(2.6)
BWA-MEM algorithm against the human reference genome 38 Allergic comorbidities—n (%)
(HG38). Mapping quality was evaluated using Mosdepth 0.3.2 .
[12], Bamtools 2.5.2 stats [13] and Samtools 1.15 stats [14] with IgE-mediated food allergy 7(18.4)
assistance from the MultiQC 1.12 collector [15]. The resulting Multiple food FPIES 4(10.5)
Bam files were then processed following best practices outlined h diated food all.
in Gatk 4.2.5.0 [16] and annotated with the Combined Annotation Other non-IgE-mediated food allergy 2(53)
Dependent Depletion (CADD) database GRCh38-v1.6. Asthma 8(21.1)
Allergic rhinitis 3(7.9)
2.4 | Statistical Analysis Atopic dermatitis 9(23.7)
Family background—n (%)
Statistical power was computed using the mitPower tool (Pardo- o
Seco et al. [17]). For a nominal significance threshold of 0.05, Atopy/allergic diseases 19 (50.0)
the statistical power to detect an odds ratio (OR) greater than FPIES 1(2.6)
three with a SNP frequency of 0.25 in controls exceeds 80% for Clinical i . OFC
the sample size in this study. Similarly, for a frequency of 0.1 Inical manilestations at —n (%)
in controls, the OR required to achieve an 80% statistical power Vomiting 38 (100)
houl fi higher.
should be four or higher Lethargy 34.(89.5)
The databases were initially filtered based on frequencies, re- Pallor 36 (94.7)
mov.n'lg monomorphlc., dupthit('ad, indels or triallelic variants. Diarrhoea 3(79)
Additionally, SNPs with a minimum allele frequency (MAF)
below the 0.01 threshold and/or a genotyping rate below 99.5% Hypotension 10 (26.3)
wc?re ellm.lnateq. Sex chromosomes we.re 1gr%0'rec'1 from the anal- Hypothermia 4(10.5)
ysis. Variants in Hardy-Weinberg disequilibrium (p<0.001)
were eliminated from the analysis, leaving a total of 45,302 Hypotonia 3(7.9)
SNPs for further analysis. Missing data 3(7.9)
To address the potential over-representation of allelic data from Increased neutrophil count at OFC—n (%)
duplicated or closely related individuals, a relationship analysis Increased compared to baseline 32(84.2)
was conducted using identity-by-descent pairwise values, com- o
paring them with theoretical values of family relationships. Missing data 1(2.6)
Severity of reaction at OFC—n (%)
A population analysis was performed to mitigate the influence )
of genomic interbreeding and reduce the confounding effect of Mild 2(5:3%)
potential population substructure on the false-positive rate. This Moderate 19 (50.0%)
analysis entailed referencing data from the 1000G and using S 17 (44.79%
the ADMIXTURE software [18] to estimate individual ancestry evere 7(@44.7%)
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estimation through multilocus SNP data. Thirteen population data-
sets representing major ancestral groups, including Europeans,
East Asians, sub-Saharan Africans and Native Americans, were
considered. Each sample bar represents an individual, with the
coloured proportions indicating the estimated ancestry derived
from the unsupervised ADMIXTURE analysis; this analysis rep-
resents a number K=4 ancestral clusters, each suggesting one of
the four main continental regions: Africa, Asia, Native America
and Europe. A multidimensional scaling analysis (MDS) was car-
ried out, using identity-by-state values to investigate patterns of ge-
nome variation within cohort genomes and reference populations.

Subsequent steps encompassed a single-point SNP allele asso-
ciation test, and a gene-based association testing. Allele statis-
tical association was performed using X? exact test for variants
with a minor allele frequency (MAF) exceeding 0.05 in healthy
controls and Hardy-Weinberg equilibrium p value above 0.001
for both the case and the control cohorts. We calculated the ge-
nome inflation factor lambda for all cohorts used in the discov-
ery and validation comparisons to prevent potential bias due
to population stratification; these values were used to adjust p
values (Table 2). The gene-based association test utilised the
variant collapsing method Sequence Kernel Association test
(SKAT) [19]. Variants were weighted based on their CADD val-
ues to account for their differing impacts on disease [20]. Genes
with fewer than two variants were removed.

To address multiple testing and mitigate false positives, a
Bonferroni correction was applied. Data curation, single-point
analysis, relationship analysis and population analyses were
conducted using PLINK v1.9 [21, 22], while graphical represen-
tations, such as MDS, were generated using R v4.2.2 software
[23]. Gene-based association tests were computed using the
SKAT R package [24].

The functional analysis of statistically significant genes was
performed through an over-representation analysis using the
Clusterprofiler R package [25] and using the biological processes
from the Gene Ontology (GO) as reference database.

In addition, we explored genome-wide coexpression correla-
tions to investigate gene-gene interactions using the Correlation
AnalyzeR package (17). We utilised gene expression correlation
data from samples of both healthy intestinal tissues (n=5,356)
and stomach tissues (n =320) as a reference (see Supplementary
Methods S1 for details).

To examine the biological impact of the variants detected
associated with the FPIES condition, we conducted a
transcriptome-wide association study (TWAS) analysis. We have
integrated the summary statistics results from the exome associa-
tion test and expression quantitative trait locus (eQTL) data from
different tissues related to the digestive system, namely stomach,
ileum, pancreas, muscularis oesophagus, mucosa oesophagus,
gastroesophageal oesophagus, transverse colon and sigmoid
colon [26] (see Supplementary Methods S1 for details). Gene set
enrichment analysis for the trait-associated genes derived from
MetaXcan was carried out with the Genotype Imputed Gene Set
Enrichment Analysis (GIGSEA) package [27] and KEGG (Kyoto
Encyclopedia of Genes and Genomes [28, 29]) as pathways refer-
ence database. A weighted multiple linear regression model was

applied to account for redundancy in gene sets and n=10,000
permutations to assess the significance of regression coefficients.

3 | Results
3.1 | Clinical Characteristics of the FPIES Cohort

We recruited 41 patients with acute FPIES confirmed by a stan-
dardised OFC to the culprit food. After excluding three samples
showing a non-European ancestry genetic background (see
below), a total of 38 samples were included for the downstream
analysis (Table 1). Details on the number of patients recruited
per centre are included in the Table S1.

The final cohort comprised 15 females and 23 males (median age
62.5months). OFC led to the classification of patients in severe
(n=17), moderate (n=19) and mild (n =2) phenotype (Table 1). It
is noteworthy that most reactions were triggered by fish (55.3%),
although our cohort also included a significant proportion of cases
with FPIES to other leading FPIES causes such as cow's milk
(18.4%) and egg (18.4%). Other allergic comorbidities in different
proportions were reported for our FPIES cohort, being atopic der-
matitis (24%), asthma (21%) and IgE-mediated food allergy (18%)
the most common coexisting conditions. In addition, we observed
a remarkable proportion of patients with a familiar history of al-
lergic diseases (50%). Finally, a significant increase in the number
of neutrophils was detected at OFC for most of the patients (84%),
which is in line with previous observations in FPIES patients.

3.2 | Population Genetic Characteristics of FPIES
Patients

Upon filtering out indels, triallelic and monomorphic variants
and variants with a genotyping rate <90%, we successfully
identified 141,103 biallelic SNPs. The cohort was merged with
the 1000G database yielding an overlapping set of 75,817 SNPs.
Family relationship analysis revealed that all study samples
are unrelated (Figure 1A). We then performed a MDS analy-
sis (Figure 1B,C) to identify outliers. MDS and ADMIXTURE
(Figure 1D) analysis identified ancestral population clusters,
with most samples falling within the European core with the
GBR, CEU and IBS populations serving as European reference
populations. Three samples showed a non-European ancestry
genetic component and were therefore excluded for further anal-
yses to maintain genetic homogeneity in cases and controls and
mitigate population stratification impact.

3.3 | Single Nucleotide Polymorphism
Association Test

Variants in Hardy-Weinberg disequilibrium (p value <0.001) were
eliminated from the analysis. A total of 45,302 SNPs survived and
were subsequently analysed. Then, we performed a single-point
association test. The allele test (Figure 2A) revealed four SNPs sur-
passing the Bonferroni threshold: rs201740330 (p value=3x1077;
OR2T32P gene), 15200103703 (p value=6x10"7; OR2T32P),
rs872786 (p value=5x10"7; RBM8A: ‘RNA binding motif pro-
tein 8A”) and rs9917044 (p value=2x107% ZNF28). rs2241880 (p
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FIGURE1 | Family relationships and ancestry analysis of exome data. (A) Family relationship: Ternary plot of theoretical (black dots) and FPIES
(red dots) identity-by-descent values. (B) MDS plot of pairwise individual identity-by-state values of FPIES and 1000G data sets (inset: European
cluster). (C) MDS plot for FPIES and IBS samples. (D) Admixture analysis considering FPIES cases and 1000G reference populations. Population
codes in (C): https://www.coriell.org/1/NHGRI/Collections/1000-Genomes-Project-Collection/1000-Genomes-Project.

value=1x10"% ATGI6LI: ‘Autophagy Related 16 Like 1 gene’)
falls close to the adjusted significance; and it is in high linkage
disequilibrium (LD) (r*=0.93) with rs2289477 (p value=5x1075;
ATGI6LI) (Table 2). All candidate SNPs were validated using three
additional European healthy control cohorts from the 1000G da-
tabase (GBR, TSI and CEU), as well a merged European data set.
Adjusted p values for the inflation factors maintained their statisti-
cal significance across all cohorts (Table 2).

3.4 | Gene-Based Association Test

A gene level analysis, using a CADD-weighted SKAT approach
yielded significant results, initially identifying 24,098 genes.
After applying a criterion requiring each gene to contain at least
two SNPs, the list was reduced to 18,859 genes. Seven genes
passed the Bonferroni correction threshold (Figure 2B), namely
DGKZ (‘Diacylglycerol Kinase Zeta gene’; p value=1x10718),
TMEM99 (p value=3x10"1), SIRPA (‘Signal Regulatory
Protein Alpha’; p value=1x1077), SLC9BIP4 (p value =5x1077),
PABPC1 (p value=1x107%), RBM8A (p value=1x107%) and
GnRHR2 (p value=1x107%); ATGI6L1 was suggestively sig-
nificant, nearly meeting the threshold for genome-wide signif-
icance (p value=1x107>) (Table 2). From the point of view of
FPIES, DGKZ, SIRPA and RBM8A, ATGI6L1 seem to be partic-
ularly interesting. All the genes were validated using additional
European cohorts as reference controls (Table 2).

The enrichment analysis of the significant genes identified the
nonsense-mediated mRNA decay (NMD) as the only statistically

significant pathway (adjusted p value =0.02), with two of the as-
sociated genes (RBM8A and PABPCI) involved.

In addition, RBM8A gene is located on chromosome 1q21. This re-
gion encompasses the epidermal differentiation complex, which
includes the FLG gene (> 6,400 kilobases apart) [30]. Accordingly,
and considering the association reported between risk of food
allergy and FLG mutations, we investigated genome-wide coex-
pression correlations to study interactions between RBM8A and
FLG genes in intestine and stomach. We found that RBM8A and
FLG genes, despite displaying markedly different expression val-
ues in both intestinal and stomach tissues (p value=2x10715;
Figure 2C), exhibit significant relationship between their
genome-wide coexpression correlations (Intestine: R=-0.61;
Stomach: R=-0.72; p value=-2x1071¢ in both cases); data in-
ferred from ARCHS [4].

3.5 | Transcriptome-Wide Association Study

TWAS identified four significant eQTL-regulated genes (p
value <0.05) in different tissues as potential candidates involved
in FPIES pathogenesis: RBM8A in stomach and pancreas,
ATGI6LI in the transverse colon PIAS3 in pancreas and RPIA in
esophagus mucosa (Figure 3A). RBM8A and ATGI16LI1 showed
predicted expression levels that were significantly higher in pa-
tients with FPIES than expected for these tissues (z-score =5.1
and 4.6, respectively), whereas lower predicted expression val-
ues were detected for PIAS3 and RPIA (z-score=—4.2 and —4.3,
respectively) (Figure 3B).
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and their genome-wide coexpression correlations; both in intestine/stomach from healthy subjects. Red line in (A) and (B): Bonferroni threshold.

Labelled in red SNPs/genes in the limit of significance.

Further functional analysis of the imputed expression in these
tissues highlighted several important pathways. Lysosomal ac-
tivity related pathways were among the top significant processes
in stomach and colon transverse. Top significant affected path-
way in transverse colon was ATP-binding cassette (ABC) trans-
porters. Other common significant pathways between stomach
and transverse colon included different processes related to
amino acids metabolism (Figure 3C).

4 | Discussion

We conducted a pioneering exome-wide case—control asso-
ciation study to comprehend the genetic basis of the FPIES
syndrome. We identified (and further validated using three ad-
ditional European ancestry healthy controls cohorts) different
SNPs and gene candidates statistically associated with FPIES.

These genetic factors could help to understanding the genetic
susceptibility to this condition.

The protein encoded by DGKZ belongs to the eukaryotic diacyl-
glycerol kinase family. DGKZ promotes transforming growth
factor B (TGF-P) signalling [31]; TGF-g is a key tolerogenic cy-
tokine which regulates intestinal epithelial barrier integrity by
maintaining and restoring enterocyte’ barrier function [32], and
by regulating IgA production [33]. TGF-§ and IgA are crucial
to induce tolerogenic responses through allergen-specific im-
munotherapy to inhalant allergens [33]. Children with cow's
milk-FPIES showed deficient TGF-$ responses upon casein
stimulation of peripheral blood mononuclear cells (PBMCs)
and lower serum casein-specific IgA levels compared with
milk-tolerant children [34]. Additionally, reduced expression
of TGF-B Type I receptor has been reported on epithelial and
mononuclear cells in the lamina propria of duodenal biopsies in
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TABLE 2 | p Values (and OR) for associated SNPs and genes.

Discovery Validation
IBS 1=1.04; CEU 1=1.35; TSIA=1.21; GBR 1=1.32; Europe 1=1.14;
n=107 n=99 n=111 n=100 n=417
SNP (chromosome region)
1s201740330-A (1q44) 2%x1077 (5.3) 5%1077 (7.4) —* 2%1075 (5.0) 2x10712(6.5)
Freq. (A)—FPIES 0.34 0.34 0.34 0.34 0.34
Freq. (A)—controls 0.09 0.07 0.05 0.09 0.07
1s200103703-C (1q44) 6x10~7 (4.1) 10%x 1077 (6.8) 3%107°(9.1) 5% 1075 (4.4) 2x 10711 (5.9)
Freq. (C)—FPIES 0.34 0.34 0.34 0.34 0.34
Freq. (C)—controls 0.09 0.07 0.05 0.12 0.08
1s872786-T (1g21.1) 5%1077 (5.0) 2x1074(3.4) 6x1075(3.3) 5%1076 (4.3) 4x1077 (3.7)
Freq. (T)—FPIES 0.68 0.68 0.68 0.68 0.68
Freq. (T)—controls 0.35 0.39 0.39 0.33 0.36
1$9917044-C (19q13.41) 2%107° (6.2) 8% 1074 (4.1) 3%1074(4.0) 8x1073(2.8) 3%1076 (4.0)
Freq. (C)—FPIES 0.25 0.25 0.25 0.25 0.25
Freq. (C)—controls 0.05 0.08 0.08 0.11 0.08
rs2241880-A (2g37.1) 1x1074(2.9) 0.003 (2.5) 0.002 (2.5) 2x1072(2.1) 5% 1074 (2.5)
Freq. (A)—FPIES 0.67 0.67 0.67 0.67 0.67
Freq. (A)—controls 0.41 0.44 0.44 0.49 0.44
1s2289477-T (2937.1) 5%1075(3.3) 0.001 (2.9) 8§x10-4(2.8) 0.009 (2.4) 2x1074(2.8)
Freq. (T)—FPIES 0.69 0.69 0.69 0.69 0.69
Freq. (T)—controls 0.41 0.44 0.45 0.49 0.45
Gene
RBMBS8A (1g21.1) 1x107° 1x107° 2%x1073 8x1078 9%x1078
GnRHR2 (1q21.1) 1x10-6 1x1075 2%1075 8§x 108 9% 108
ATGI6LI (2q37.1) 1x10°5 5%10~4 4x107* 1x102 2x10~4
DGKZ (11p11.2) 1x10718 10x10715 3%x10711 2x10°1 1x10720
TMEM99 (17q21.2) 3x1071 5%10713 7%x10714 1x1071° 2x10712
PABPCI (8q22.3) 1x10°6 3x107° 2x10°8 5%10~7 6x10°8
SLC9BI1P4 (22q11.1) 5%10~7 3x10°8 3%x10°° 7%1075 3%x10710
SIRPA (20p13) 1x10~7 1x10-8 2x1079 1%107° 3%x10713

Note: Discovery phase: FPIES versus IBS. Validation phase: FPIES versus CEU, GBR, and TSI data sets, and a merged European data set (combining IBS, CEU, GBR
and TSI data sets); all sourced from the 1000G. All p values were adjusted for the inflation factor lambda.

*MAF <0.05. For SNPs, Freq. denotes allele frequency for the minor allele.

FPIES [35]. Skin and gut epithelial barrier dysfunction due to
FLG mutations has been identified as a crucial pathogenic and
risk factor for IgE-mediated food allergy, even in the absence of
atopic dermatitis [4]. A disruption of the epithelial barrier func-
tion via impaired TGF-f3 signalling and reduced IgA neutralisa-
tion capability in the gut microenvironment might be plausible
mechanisms in FPIES, potentially leading to increased antigen
penetration to the submucosa and antigen-specific lympho-
cyte stimulation [36]. Given the fundamental role of the TFG-8
pathway in epithelial barrier function and generation of IgA

responses, DGKZ might play a key role in the pathophysiology
of FPIES.

ATGI16L1 has been found to be associated with inflamma-
tory bowel disease (IBD) [37]. Thus, ATG16L1 is involved in
autophagy, a complex cellular process crucial for intestinal
homeostasis, that is dysregulated in IBD [38]. IBD has been
associated with FPIES in adults [39]. A barrier function de-
fect and immune dysregulation are key to IBD pathophys-
iology, and Crohn's disease is associated with an increased
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FIGURE 3 | TWAS analysis based on EWAS FPIES data. (A) Manhattan and QQ plot representations of the TWAS analysis in various tissues.
The colour scale represents SNP density in the chromosomes. Blue and red dashed line thresholds refer to p values 107¢ and 1074, respectively. (B)

TWAS z-score of the most significant genes. (C) Enrichment analysis for genes identified in the TWAS analysis conducted in the stomach, pancreas

and transverse colon.

Th17 response, the key signature in FPIES [40]. The genetic
association with ATG16L1 in both FPIES and IBD, and the
increased Th17 signalling, suggest common mechanisms in
FPIES and IBD.

SIRPA is an immunoinhibitory receptor primarily expressed by
myeloid lineage of immune cells, including neutrophil, mono-
cytes, macrophages and dendritic cells. Numerous publications
propose an association between elevated gene signatures of
monocytes and neutrophils and IBD [41]. SIRPA, as other neu-
trophil/monocyte-associated genes, show upregulation in in-
flamed tissues, most likely due to the presence of an increased
number of neutrophils/monocytes expressing SIRPa protein
[42]. Although, the pathophysiology of FPIES remains incom-
pletely elucidated, acute FPIES reactions involve profound in-
nate immune activation including neutrophils, monocytes,
eosinophils and lymphocytes [43]. Increase in neutrophils, and
decrease in eosinophil and lymphocyte counts in peripheral
blood has been reported, which might suggest migration of this
type of cells to the gut tissue [43]. Innate immune dysregulation
via the SIRPA might be a novel potential factor contributing to
this picture.

Epithelial barrier defects resulting from FLG mutations are
a major risk factor for the development of atopic eczema,
IgE-mediated food allergy, eczema-associated asthma and
allergic rhinitis [4, 44]. Interestingly, we have found a signif-
icant relationship between FLG and RBM8A genome-wide
coexpression patterns. This may indicate a functional link
between both genes through the existence of crucially cor-
related and anticorrelated gene clusters. The functional con-
nection between RBM8A and FPIES might point towards
shared pathogenic mechanisms related to IgE-mediated food
allergy. Additionally, the RBM8A gene has been found to be
associated with cow’s milk allergy. For instance, a deletion lo-
cated at chromosome band 1q21.1, and other mutations fallen
in RBM8A, are often associated with thrombocytopenia with
Absent Radius (TAR) syndrome. TAR associates cow's milk
allergy in up to two-thirds of individuals, and susceptibility
to recurrent bouts of gastroenteritis [45-47]. An association
between cow's milk allergy and carriers of 1q21.1 deletion
without TAR syndrome has been also documented [45]; this
observation could result from incomplete penetrance of
1g21.1 deletion and other mutations in RBM8A associated to
TAR [45].
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Regarding other genes identified in this work as associated with
FPIES (GnRHR2, PABPCI1, SLC9BI1P4 and TMEM99), minimal
information is available related to their biological function or
potential role in disease.

The enrichment analysis of significant genes revealed the NMD
pathway as statistically significant. NMD eliminates mRNAs
with premature translation-termination codons and plays a role
in pre-mRNA splicing, although its specific relevance to FPIES
remains uncertain.

TWAS pinpointed RBMS8SA (stomach and pancreas), and
ATGI6LI (transverse colon) as the most promising candidates,
each exhibiting predicted expression values higher in FPIES
than expected. The functional assessment of imputed gene ex-
pression in these tissues underscored pathways linked to lyso-
somes (in the transverse colon and stomach), ABC transporters
(in the transverse colon) and amino acid metabolism—all of
which have previously been associated with IBD and other in-
testinal diseases [48]. Indeed, lysosomes are also key elements
of the autophagic machinery.

The study acknowledges certain limitations, including a small
sample size and variations in patient age, potentially affecting
statistical power (and therefore precluding the possibility to
identify variation with lower effects) and result accuracy. In ad-
dition, other allergic diseases, relatively common in our FPIES
cohort, might be a confounder factor in our results. However,
no association has been reported between the genes identified
in this work and other allergic diseases (beyond the above-
mentioned RBM8A gene and milk allergy). To our knowledge,
no formal epidemiological studies have quantified the genetic
heritability. Two sets of identical twins with FPIES with close
similarities in clinical manifestations and age of onset have
been reported, suggesting a strong genetic component [49].
Given the global disparities in FPIES characteristics across the
globe [1], including regarding food culprits, further research
should explore our findings in a diverse international cohort.

5 | Conclusions

Our investigation represents the first case—control exome as-
sociation study in FPIES, revealing gene and SNP candidates.
These insights initiate genomic exploration in FPIES and pro-
vide further evidence of a role of genetics in the condition,
suggesting involvement in epithelial barrier dysfunction and
immune dysregulation—major pathogenic factors identified in
IgE-mediated food allergy [4] and IBD [40]. While our results
are novel, they are still preliminary and need additional valida-
tion in a second cohort of patients.

Author Contributions

A.G.-C, A.S., FM.-T. and M.V.-O. conceived, designed and provided
financial support to the study. M.V.-O. and L.A. analysed the clinical
data. A.F., A.M., A.P, C.G.-M., E.G., FM,,G.Z.-I., G.M., I.C.,J.D.M.-G.,
L.A., L.E, LV, M.F.-R.,, M.T.-P., M.P,, M.J.T.,, N.L.H.-M., P.G.-D., S.A.,
S.B.,S.I,S.Q., SV.-C., T.B., T.G., V.O.-A. and V.P. were involved in sam-
ple recruitment. A.C.-M., A.S., A.G.-C., J.P.-S. and X.B. analysed the
data. A.C.-M., A.S., A.G.-C., J.P.-S. and M.V.-O. wrote the initial draft of

the article. All the authors revised and contributed to the final version
of the manuscript.

Affiliations

1Genetics, Vaccines and Infections Research Group (GenViP),
Instituto de Investigacién Sanitaria de Santiago, Universidade
de Santiago de Compostela, Santiago de Compostela, Galicia,
Spain | ?Unidade de Xenética, Instituto de Ciencias Forenses,
Facultade de Medicina, Universidade de Santiago de Compostela,
and Genética de Poblaciones en Biomedicina (GenPoB) Research
Group, Instituto de Investigaciéon Sanitaria (IDIS), Hospital Clinico
Universitario de Santiago (SERGAS), Galicia, Spain | 3Centro de
Investigacion Biomédica en Red de Enfermedades Respiratorias
(CIBER-ES), Madrid, Spain | *Allergy Section, Clinica Universidad
de Navarra, Madrid, Spain | >Section of Inflammation, Repair and
Development, National Heart and Lung Institute, Imperial College
London, London, UK | ®Department of Infectious Disease, Imperial
College London, London, UK | 7Allergy Diseases Research Area,
Pediatric Allergology Unit, Bambino Gesu Children's Hospital
IRCCS, Rome, Italy | 8Allergy Unit, Meyer Children's Hospital
IRCCS, Florence, Italy | “Paediatric Allergy Section, Severo Ochoa
University Hospital, Madrid, Spain | °Clinical Analysis and
Clinical Biochemistry Service, Severo Ochoa University Hospital,
Madrid, Spain | !!'Paediatric Allergy Section, Arquitecto Marcide
Hospital, Ferrol, A Corufia in Galicia, Spain | '?Paediatrics
Department, Hospital Clinico Universitario de Santiago de
Compostela, Corufia, Galicia, Spain | *Allergy Department,
General University Hospital, Alicante, Spain | #Paediatric
Allergy Section, Vall D'Hebron University Hospital, Growth and
Development Research Group, Vall d'Hebron Research Institute
(VHIR), Barcelona, Spain | “Pediatric Allergy Unit, Hospital
General Universitario Gregorio Marafion, Gregorio Maranén Health
Research Institute (IiSGM), Madrid, Spain | ®Allergy and Clinical
Immunology Department, Hospital Sant Joan de Déu, Barcelona,
Spain | Immunology Department, CDB, Hospital Clinic de
Barcelona, Barcelona, Spain | 'IDIBAPS, Universitat de Barcelona,
Barcelona, Spain | Paediatric Allergy Section, General University
Hospital, Malaga, Spain | 2°Allergy Department, Hospital Clinico
San Carlos, Instituto de Investigacion Sanitaria San Carlos (IdISSC),
Madrid, Spain | 2!Allergy Department, Hospital Clinico San Carlos,
Instituto de Investigacién Sanitaria San Carlos (IdISSC), Universidad
Complutense, Madrid, Spain | ?Paediatric Allergy Section, Teresa
Herrera Hospital, Coruna, Spain | 23Clinical Immunology and
Primary Immunodeficiencies Unit, Allergy and Clinical Immunology
Department, Hospital Sant Joan de Déu, Institut de Recerca Sant Joan
de Déu and Universitat de Barcelona, Barcelona, Spain | 2*Allergy
Department, General University Hospital, Malaga, Spain | 25Allergy
Research Group, Instituto de Investigaciéon Biomédica de Malaga y
Plataforma en Nanomedicina-IBIMA Plataforma Bionand, Mdlaga,
Spain | 2°Universidad de Malaga (UMA), Malaga, Spain | ?’Allergy
Clinical Unit, Hospital Regional Universitario de Malaga, Mélaga,
Spain | ?®Department of Health Sciences, University of Florence,
Florence, Italy | 2°Department of Allergy, La Paz University Hospital,
IdiPAZ, Madrid, Spain | 3°Translational Pediatrics and Infectious
Diseases, Department of Pediatrics, Hospital Clinico Universitario
de Santiago de Compostela, Santiago de Compostela, Galicia, Spain

Acknowledgements

This study received support by: (i) Strategic Health Action, “Instituto
de Salud Carlos III” (ISCIII) cofinanciados FEDER: TRINEO:
PI22/00162; DIAVIR: DTS19/00049; Resvi-Omics: P119/01039 (to
A.S.), ReSVinext: PI16/01569, Enterogen: PI19/01090, OMI-COVI-
VAC: PI22/00406 (to F.M.-T.), BIO-FPIES: PI19/00497 (to AG-C),
(ii) Axencia Galega de Innovacion (GAIN): IN607B 2020/08 and
IN607A 2023/02 (to A.S.), GEN-COVID (IN845D 2020/23 (to F.M.-T.),
I1IN607A2021/05 (to F.M.-T.) and IN677D 2024/06 (to A.G.-C.); (iii)
Agencia Gallega de Conocimiento en Salud (ACIS): BI-BACVIR
(PRIS-3, to A.S.), CovidPhy (SA 304 C, to A.S.); (iv) Spanish Ministry

927

85U80|7 SUOWIWOD A0 3|cedldde aup Aq peusenob ae ssjplie YO ‘8sN JO Se|ni 1oy ArIqiT8ulIUO A8]1M U (SUOTPUCD-PUe-SLLBIL0D A8 | 1M ATeJq 1 BUIUO//:SANY) SUORIPUOD pue Swie | 8 88S *[20zZ/2T/TT] uo Arigiauluo A|1m eisodwoD obenues 1un Aq ¢951T 80/ TTTT OT/I0pAL0D A8 im AteIq Ul UO//SANY WOlj pepeolumod ‘TT ‘#7202 ‘Z222S9ET



of Science and Innovation (MCIN)/Spanish Research Agency (AEI)
(PID2022-1421560B-100, to AG-C); and (v) Consorcio Centro de
Investigacién Biomédica en Red de Enfermedades Respiratorias
(CB21/06/00103; to A.S. and F.M.-T.) (vi) Instituto de Salud Carlos III
(ISCIII) and co-funded by the European Union: AGC is supported by
the Miguel Servet from ISCIII (CP23/00080) contract. The funders
were not involved in the study design, collection, analysis, interpre-
tation of data, the writing of this article or the decision to submit it
for publication.

Conflicts of Interest

The authors declare no conflicts of interest.

References

1. A. Nowak-Wegrzyn, M. Chehade, M. E. Groetch, et al., “Interna-
tional Consensus Guidelines for the Diagnosis and Management of
Food Protein-Induced Enterocolitis Syndrome: Executive Summary-
Workgroup Report of the Adverse Reactions to Foods Committee,
American Academy of Allergy, Asthma & Immunology,” Journal of Al-
lergy and Clinical Immunology 139, no. 4 (2017): 1111-1126.e4.

2.S. Mehr, E. Lee, P. Hsu, et al., “Innate Immune Activation Occurs in
Acute Food Protein-Induced Enterocolitis Syndrome Reactions,” Jour-
nal of Allergy and Clinical Immunology 144, no. 2 (2019): 600-602.e2.

3.S. H. Sicherer, T. J. Furlong, H. H. Maes, R. J. Desnick, H. A. Samp-
son, 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.

4. 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.

5.S. B. Sindher, A. Fiocchi, T. Zuberbier, S. Arasi, R. A. Wood, and R. S.
Chinthrajah, “The Role of Biologics in the Treatment of Food Allergy,”
Journal of Allergy and Clinical Immunology: In Practice 151 (2023):
595-606.

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

7. M. Vaseghi-Shanjani, K. L. Smith, R. J. Sara, et al., “Inborn Errors
of Immunity Manifesting as Atopic Disorders,” Journal of Allergy and
Clinical Immunology 148, no. 5 (2021): 1130-1139.

8. L. Argiz, S. Infante, A. Machinena, et al., “Reactions on Re-Exposure
Following Negative and Inconclusive Follow-Up Food Challenges in
Children With Acute FPIES,” Journal of Allergy and Clinical Immunol-
ogy. In Practice 8, no. 9 (2020): 3228-3231.e3.

9. 1000 Genomes Project Consortium, A. Auton, L. D. Brooks, et al., “A
Global Reference for Human Genetic Variation,” Nature 526, no. 7571
(2015): 68-74.

10.J. Brown, M. Pirrung, and L. A. McCue, “FQC Dashboard: Inte-
grates FastQC Results Into a Web-Based, Interactive, and Extensible
FASTQ Quality Control Tool,” Bioinformatics 33 (2017): 3137-3139.

11. H. Li, “Aligning Sequence Reads, Clone Sequences and Assembly
Contigs With BWA-MEM,” arXiv:13033997v2 [q-bioGN] 2013.

12. B. S. Pedersen and A. R. Quinlan, “Mosdepth: Quick Coverage Cal-
culation for Genomes and Exomes,” Bioinformatics 34, no. 5 (2018):
867-868.

13. D. W. Barnett, E. K. Garrison, A. R. Quinlan, M. P. Stromberg, and
G. T. Marth, “BamTools: A C++ API and Toolkit for Analyzing and
Managing BAM Files,” Bioinformatics 27, no. 12 (2011): 1691-1692.

14. H. Li, B. Handsaker, A. Wysoker, et al., “The Sequence Align-
ment/Map Format and SAMtools,” Bioinformatics 25, no. 16 (2009):
2078-2079.

15. P. Ewels, M. Magnusson, S. Lundin, and M. Kaller, “MultiQC: Sum-
marize Analysis Results for Multiple Tools and Samples in a Single Re-
port,” Bioinformatics 32, no. 19 (2016): 3047-3048.

16. A. McKenna, M. Hanna, E. Banks, et al., “The Genome Analysis
Toolkit: A MapReduce Framework for Analyzing Next-Generation
DNA Sequencing Data,” Genome Research 20, no. 9 (2010): 1297-1303.

17.]J. Pardo-Seco, J. Amigo, W. Gonzdalez-Manteiga, and A. Salas, “A
Generalized Model to Estimate the Statistical Power in Mitochondrial
Disease Studies Involving 2 x k Tables,” PLoS One 8, no. 9 (2013): e73567.

18. D. H. Alexander, J. Novembre, and K. Lange, “Fast Model-Based Es-
timation of Ancestry in Unrelated Individuals,” Genome Research 19,
no. 9 (2009): 1655-1664.

19. M. C. Wu, S. Lee, T. Cai, Y. Li, M. Boehnke, and X. Lin, “Rare-
Variant Association Testing for Sequencing Data With the Sequence
Kernel Association Test,” American Journal of Human Genetics 89, no.
1(2011): 82-93.

20. P. Rentzsch, M. Schubach, J. Shendure, and M. Kircher, “CADD-
Splice-Improving Genome-Wide Variant Effect Prediction Using Deep
Learning-Derived Splice Scores,” Genome Medicine 13, no. 1 (2021): 31.

21. C. C. Chang, C. C. Chow, L. C. Tellier, S. Vattikuti, S. M. Purcell, and
J.J. Lee, “Second-Generation PLINK: Rising to the Challenge of Larger
and Richer Datasets,” GigaScience 4 (2015): 7.

22.S. Purcell, B. Neale, K. Todd-Brown, et al., “PLINK: A Tool Set for
Whole-Genome Association and Population-Based Linkage Analyses,”
American Journal of Human Genetics 81, no. 3 (2007): 559-575.

23.R Core Team, R: A Language and Enviroment for Statistical Com-
puting (Vienna, Austria: R Foundation for Statistical Computing, 2019).

24.S. Zhao, “SKAT: SNP-Set (Sequence) Kernel Association Test 2023,”
https://cran.r-project.org/web/packages/SKAT/index.html.

25.T. Wu, E. Hu, S. Xu, et al., “clusterProfiler 4.0: A Universal Enrich-
ment Tool for Interpreting Omics Data,” Innovation (NY) 2, no. 3 (2021):
100141.

26. A. N. Barbeira, R. Bonazzola, E. R. Gamazon, et al., “Exploiting the
GTEx Resources to Decipher the Mechanisms at GWAS Loci,” Genome
Biology 22, no. 1 (2021): 49.

27.8S. Zhu, T. Qian, Y. Hoshida, Y. Shen, J. Yu, and K. Hao, “GIGSEA:
Genotype Imputed Gene Set Enrichment Analysis Using GWAS Sum-
mary Level Data,” Bioinformatics 35, no. 1 (2019): 160-163.

28.J. Du, Z. Yuan, Z. Ma, J. Song, X. Xie, and Y. Chen, “KEGG-PATH:
Kyoto Encyclopedia of Genes and Genomes-Based Pathway Analysis
Using a PATH Analysis Model,” Molecular BioSystems 10, no. 9 (2014):
2441-2447.

29.J. Wixon and D. Kell, “The Kyoto Encyclopedia of Genes and Ge-
nomes—KEGG,” Yeast 17, no. 1 (2000): 48-55.

30. N. Stefanovic and A. D. Irvine, “Filaggrin and Beyond: New Insights
Into the Skin Barrier in Atopic Dermatitis and Allergic Diseases, From
Genetics to Therapeutic Perspectives,” Annals of Allergy, Asthma & Im-
munology 132, no. 2 (2023): 187-195.

31.R. A. Harris, A. H. Bush, T. N. Eagar, et al., “Exome Sequencing
Implicates DGKZ, ESRRA, and GXYLT1 for Modulating Granuloma
Formation in Crohn Disease,” Journal of Pediatric Gastroenterology and
Nutrition 77, no. 3 (2023): 354-357.

32. P. Suenaert, P. Maerten, G. Van Assche, et al., “Effects of T Cell-
Induced Colonic Inflammation on Epithelial Barrier Function,” Inflam-
matory Bowel Diseases 16, no. 8 (2010): 1322-1331.

33. M. H. Shamji and S. R. Durham, “Mechanisms of Allergen Immu-
notherapy for Inhaled Allergens and Predictive Biomarkers,” Journal of
Allergy and Clinical Immunology 140, no. 6 (2017): 1485-1498.

34. G. N. Konstantinou, R. Bencharitiwong, A. Grishin, et al., “The
Role of Casein-Specific IgA and TGF-Beta in Children With Food

928

Clinical & Experimental Allergy, 2024

85U80|7 SUOWIWOD A0 3|cedldde aup Aq peusenob ae ssjplie YO ‘8sN JO Se|ni 1oy ArIqiT8ulIUO A8]1M U (SUOTPUCD-PUe-SLLBIL0D A8 | 1M ATeJq 1 BUIUO//:SANY) SUORIPUOD pue Swie | 8 88S *[20zZ/2T/TT] uo Arigiauluo A|1m eisodwoD obenues 1un Aq ¢951T 80/ TTTT OT/I0pAL0D A8 im AteIq Ul UO//SANY WOlj pepeolumod ‘TT ‘#7202 ‘Z222S9ET


https://cran.r-project.org/web/packages/SKAT/index.html

Protein-Induced Enterocolitis Syndrome to Milk,” Pediatric Allergy and
Immunology 25, no. 7 (2014): 651-656.

35. H. L. Chung, J. B. Hwang, J. J. Park, and S. G. Kim, “Expression of
Transforming Growth Factor Betal, Transforming Growth Factor Type
Iand II Receptors, and TNF-Alpha in the Mucosa of the Small Intestine
in Infants With Food Protein-Induced Enterocolitis Syndrome,” Journal
of Allergy and Clinical Immunology 109, no. 1 (2002): 150-154.

36. L. P. Shek, L. Bardina, R. Castro, H. A. Sampson, and K. Beyer, “Hu-
moral and Cellular Responses to Cow Milk Proteins in Patients With
Milk-Induced IgE-Mediated and Non-IgE-Mediated Disorders,” Allergy
60, no. 7 (2005): 912-919.

37.J. Hampe, A. Franke, P. Rosenstiel, et al., “A Genome-Wide Asso-
ciation Scan of Nonsynonymous SNPs Identifies a Susceptibility Vari-
ant for Crohn Disease in ATG16L1,” Nature Genetics 39, no. 2 (2007):
207-211.

38. A. M. Kabat, O. J. Harrison, T. Riffelmacher, et al., “The Autophagy
Gene Atglé6ll Differentially Regulates Treg and TH2 Cells to Control
Intestinal Inflammation,” eLife 5 (2016): e12444.

39. P. Gonzalez-Delgado, J. Muriel, T. Jimenez, J. I. Cameo, A. Palazon-
Bru, and J. Fernandez, “Food Protein-Induced Enterocolitis Syndrome
in Adulthood: Clinical Characteristics, Prognosis, and Risk Factors,”
Journal of Allergy and Clinical Immunology. In Practice 10, no. 9 (2022):
2397-2403.

40. M. C. Berin, D. Lozano-Ojalvo, C. Agashe, M. G. Baker, J. A. Bird,
and A. Nowak-Wegrzyn, “Acute FPIES Reactions Are Associated With
an IL-17 Inflammatory Signature,” Journal of Allergy and Clinical Im-
munology 148, no. 3 (2021): 895-901.e6.

41. D. Aschenbrenner, M. Quaranta, S. Banerjee, et al., “Deconvolution
of Monocyte Responses in Inflammatory Bowel Disease Reveals an IL-1
Cytokine Network That Regulates IL-23 in Genetic and Acquired IL-10
Resistance,” Gut 70, no. 6 (2021): 1023-1036.

42.M. M. Xie, B. Dai, J. A. Hackney, et al., “An Agonistic Anti-Signal
Regulatory Protein Alpha Antibody for Chronic Inflammatory Dis-
eases,” Cell Reports Medicine 4, no. 8 (2023): 101130.

43.R. Goswami, A. B. Blazquez, R. Kosoy, A. Rahman, A. Nowak-
Wegrzyn, and M. C. Berin, “Systemic Innate Immune Activation in
Food Protein-Induced Enterocolitis Syndrome,” Journal of Allergy and
Clinical Immunology 139, no. 6 (2017): 1885-1896.€9.

44.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 339 (2009): b2433.

45. C. A. Albers, R. Newbury-Ecob, W. H. Ouwehand, and C. Ghevaert,
“New Insights Into the Genetic Basis of TAR (Thrombocytopenia-
Absent Radii) Syndrome,” Current Opinion in Genetics & Development
23, no. 3 (2013): 316-323.

46. K.L.Greenhalgh,R.T.Howell, A. Bottani, etal., “Thrombocytopenia-
Absent Radius Syndrome: A Clinical Genetic Study,” Journal of Medical
Genetics 39, no. 12 (2002): 876-881.

47. M. F. Whitfield and D. G. Barr, “Cows’ Milk Allergy in the Syndrome
of Thrombocytopenia With Absent Radius,” Archives of Disease in
Childhood 51, no. 5 (1976): 337-343.

48. E. G. Foerster, T. Mukherjee, L. Cabral-Fernandes, J. D. B. Rocha, S.
E. Girardin, and D. J. Philpott, “How Autophagy Controls the Intestinal
Epithelial Barrier,” Autophagy 18, no. 1 (2022): 86-103.

49, T. Shoda, A. Isozaki, and Y. Kawano, “Food Protein-Induced Gas-
trointestinal Syndromes in Identical and Fraternal Twins,” Allergology
International 60, no. 1 (2011): 103-108.

Supporting Information

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

929

85U80|7 SUOWIWOD A0 3|cedldde aup Aq peusenob ae ssjplie YO ‘8sN JO Se|ni 1oy ArIqiT8ulIUO A8]1M U (SUOTPUCD-PUe-SLLBIL0D A8 | 1M ATeJq 1 BUIUO//:SANY) SUORIPUOD pue Swie | 8 88S *[20zZ/2T/TT] uo Arigiauluo A|1m eisodwoD obenues 1un Aq ¢951T 80/ TTTT OT/I0pAL0D A8 im AteIq Ul UO//SANY WOlj pepeolumod ‘TT ‘#7202 ‘Z222S9ET



	Whole Exome Sequencing Identifies Epithelial and Immune Dysfunction-Related Biomarkers in Food Protein-Induced Enterocolitis Syndrome
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Sampling
	2.2   |   Suitability for OFC
	2.3   |   Sequencing
	2.4   |   Statistical Analysis

	3   |   Results
	3.1   |   Clinical Characteristics of the FPIES Cohort
	3.2   |   Population Genetic Characteristics of FPIES Patients
	3.3   |   Single Nucleotide Polymorphism Association Test
	3.4   |   Gene-Based Association Test
	3.5   |   Transcriptome-Wide Association Study

	4   |   Discussion
	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	References


