90
(0] '(J Journal of
L’: (] Human Immunity

ARTICLE

The clinical utility of exome sequencing for risk
stratification in celiac disease

Talha Asif!@®, Michele Akalay?’®, Wendy K. Chung*®, Peter H.R. Green®®, and Xiao-Fei Kong">®

The potential utility of genetic testing among individuals with a positive celiac disease (CeD) family history remains limited.
We performed whole-exome sequencing in a cohort of 107 cases with CeD and 117 unaffected relatives from 66 families. We
assessed fourteen HLA-DQ genotypes, based on combinations of four risk haplotypes. Our cohort was predominantly of
European ancestry (87%). Compared with at-risk controls, CeD cases showed a significant enrichment of high-risk (22.4 vs.
10.3%) and moderate-risk (64.4 vs. 35.9%) HLA-DQ genotypes. Stratification based on the weighted impact of fourteen HLA-DQ
genotypes yields a more accurate risk assessment than assuming equal contributions from four risk haplotypes. The HLA-
B*08:01 allele was more frequent in CeD patients than in controls (32.2 vs. 16.7%). Among individuals of European ancestry, the
AH8.1 long haplotype was present in 62% of cases vs. 49% of controls. Whole-exome sequencing enables stratification of first-

degree relatives into discrete risk categories, identifying 10% as high risk and ~50% as having negligible genetic risk.

Introduction

Celiac disease (CeD) is an immune-mediated gastrointestinal
disorder precipitated by dietary gluten, with an estimated global
prevalence of ~0.7-1.4% (1, 2, 3). Prevalence is substantially
higher among first-degree relatives (7-11%) (4, 5). However,
studies report 43-75% of CeD cases remain undiagnosed (2, 3).
Untreated CeD can lead to persistent gastrointestinal inflam-
mation and is associated with long-term morbidities, including
nutritional deficiencies, osteoporosis, anemia, and increased
risk for intestinal cancer (6, 7). HLA-DQ status is historically
classified by serotypes based on specific antibodies (e.g., DQ2
and DQ8) that recognize the HLA-DQ heterodimer, a protein
complex formed by the pairing of a DQAI-encoded a chain and a
DQBl-encoded B (8). Current HLA testing directly genotypes
the DQAI and DQBI, either using allele-specific PCR or next-
generation sequencing (9, 10). Both DQBI*02:02 and DQBI*02:01
alleles can generate a DQ heterodimer that is recognized by the
DQ2-specific antibody, as the antibody primarily targets the 8
chain. However, their associated risks for CeD differ due to
distinct linkage disequilibrium patterns (11). DQBI*02:01 is linked
to DQAI*05:01 and DRBI*03:01, while DQBI*02:02 is typically
linked to DQAI1*02:01 and DRBI*07:01, each of these combinations
constitutes a distinct HLA haplotype. DQ2.5 is referred to the
heterodimer formed by the DQBI*02:01 and DQA1*05:01 alleles,
while DQ2.2 is for DQBI*02:02 and DQAI*02:01 (11). In this man-
uscript, we will use clinical abbreviations to designate four

haplotypes associated with CeD, including DQ2.5 (DQAI*05:01
and DQBI*02:01), DQ2.2 (DQAI*02:01 and DQBI1*02:02), DQ8.1
(DQAI1*03:01 and DQBI1*03:02), and DQ7.5 (DQAI1*05:05 and
DQBI*03:01). When an individual carries DQ2.2 on one chromo-
some and DQ7.5 on the other, a trans-encoded DQ2.5 hetero-
dimer can be formed through pairing of the DQAI*05:05 allele
from DQ?7.5 with the DQBI*02:02 allele from DQ2.2. DQAI*05:05 in
DQ7.5 is highly similar to DQAI*05:01 in DQ2.5, allowing the
formation of a DQ2.5 heterodimer in trans, which confers in-
creased CeD risk compared with DQ2.2 alone (11).

Current clinical guidelines recommend a uniform screening
approach for all first-degree relatives, relying on periodic
serologic testing (tissue transglutaminase immunoglobulin A
[tTG-IgA]) (12, 13). However, this “one-size-fits-all” strategy has
significant drawbacks. It subjects family members to increased
anxiety and periodic blood draws, even though many may not
carry genetic risks and thus face virtually no risk of developing
the disease (13). Furthermore, serology-only monitoring does
not account for the substantial heterogeneity in risk conferred
by specific HLA-DQ combinations (14, 15). These 4 haplotypes,
inherited across two chromosomes, can generate 14 distinct
haplotype combinations. Our study, together with others,
demonstrates that these combinations represent 14 distinct
HLA-DQ genotypes, each associated with a different level of
risk for CeD, with the highest risk observed in individuals
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homozygous for DQ2.5 (14, 15, 16). Consequently, a serology-only
approach is inefficient for individuals with the highest genetic
susceptibility, who may be monitored more frequently to iden-
tify early-onset cases (17). Genetic risk stratification may pro-
vide a practical way to address these gaps, especially with
rapidly decreasing sequencing costs (18). In contrast to tradi-
tional allele-specific PCR approaches, Whole-exome sequencing
(WES) enables comprehensive assessment of the entire HLA
region, facilitates familial segregation and haplotype analysis of
both common and rare variants, and allows genetic ancestry
inference (19, 20). In this study, we evaluated the clinical utility
of WES by enrolling participants from the same families and
estimating genetic risk among at-risk first-degree relatives.

Results

Demographic and genetic ancestry analysis

A total of 224 participants were analyzed, including 107 in-
dividuals with CeD and 117 at-risk controls. The mean age of CeD
cases was 21.9 + 17.5 years, younger compared with 33.6 *
20.0 years among controls (P < 0.0001). Among the CeD cases, 33
(30.8%) were male, and 74 (69.2%) were female. In the at-risk
control group, 53 individuals (45.3%) were male and 64 (54.7%)
were female (P = 0.029). Genetic ancestry analysis showed that
195 (87%) individuals were of European ancestry, 17 (8%) of
Admixed American ancestry, 10 (4%) of South Asian ancestry,
and 2 (1%) of African ancestry (Fig. 1). In our study, we enrolled
all participants who came to our care and were interested in
participating in our study, yet we found that 88.9% of CeD cases
were of European ancestry, consistent with earlier reports, those
of European ancestry having the highest risk (1, 3).

The differential distribution of HLA-DQ genotypes in CeD cases
and at-risk controls

Al1107 individuals with CeD carried at least one of the four CeD
HLA-DQ risk haplotypes. 71 CeD cases (66%) compared with 48
(41%) at-risk controls, carry at least one HLA-DQ2.5 in cis hap-
lotype, while DQ2.5 in trans was observed in 11 (10%) CeD cases,
including 7 females, and in 3 (2%) controls. HLA-DQ genotypes
were grouped into high-, moderate-, and low-risk tiers using a
reference-based classification (Table 1 and Table S2). Using this
risk-tier framework, 24 CeD cases (22.4%) and 12 at-risk controls
(10.3%) carry the high-risk DQ2.5/DQ2.5 or DQ2.5/DQ2.2 geno-
type. Moderate risk was observed in 69 cases (64.4%) and 42
controls (35.9%), while low-risk DQ genotypes were found in 14
cases (13.1%) and 45 controls (38.5%). In addition, 18 at-risk
controls (15.4%) carried none of the four CeD HLA-DQ risk
haplotypes. The four-tier risk classification significantly im-
proved predictive accuracy compared to the classical binary
approach, achieving an receiver operating characteristic (ROC)-
AUC of 0.72 versus 0.58.

HLA-B8 and AH8.1 long haplotype in CeD

We found a significant enrichment of HLA-B*08:01 in those with
CeD. The allele frequency was 32.2% alleles in the CeD cases,
compared with 16.7% in at-risk controls (odds ratio [OR] = 2.38; P
= 0.0002, Table 2). This finding is consistent with an earlier
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Female, n (%) 64 (54.7%) 74 (69.2%) 0.029
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Figure 1. Characteristics and genetic ancestry of study participants.
(A) Table summarizing the demographic characteristics of the two study
groups. (B) Genetic ancestry of the participants compared with reference
populations from the HapMap Project. AFR, African; AMR, Admixed American;
EAS, East Asian; EUR, European; SAS, South Asian; N.S., not significant.

study of 12,016 CeD cases and 11,920 controls: HLA-B*08:01 had
an allele frequency of 39% in cases versus 12% in controls (21).
While analyzing the familial segregation of HLA genes, we
identified the extended AHS8.1 haplotype Al-B8-C7-DR3-DQ2,
which includes HLA-A*01:01 (A1), HLA-C*07:01 (C7), HLA-B*08:01
(B8), HLA-DRBI*03:01 (DR3), HLA-DQAI*05:01, and HLA-DQBI*02:
01 (DQ2.5) (22). Among individuals of European ancestry, 62% of
the 74 DQBI*02:01 alleles observed in cases carry this extended
haplotype. In contrast, 49% of at-risk controls carry the AHS8.1
haplotype (Table 3 and Fig. 2 A). Our results from this familial
CeD cohort and the All of Us research program, together with
prior studies, indicate an additive effect of HLA-B8 on DQ2.5
within this extended haplotype, thereby increasing genetic risk
for CeD (23, Preprint, 24).

A family-based interpretation for CeD genetic risks

To further illustrate the differential risks among first-degree
relatives, we selected three representative families. In family 1,
the index case (1.2, Fig. 2 B) carried a DQ2.5/X genotype; her
husband also carries one copy of DQ2.5. Their children (II.1 and
I1.2) inherited one copy of DQ2.5 from each parent, have the
high-risk homozygous DQ2.5/2.5 genotype, and have already
developed CeD. While II.3 carries one copy of DQ2.5/X, a mod-
erate risk for CeD, supporting periodic screening. In family 2, the
index case (L2, Fig. 2 C) carried DQ2.2/7.5; DQBI*02:02 and
DQAI*05:05 encode DQ2.5 in trans making her susceptible to CeD.
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Table 1. HLA-DQ genotype distribution in CeD cases and at-risk controls

Risk HLA-DQ genotype At-risk controls n = 117 (n)% CeD n = 107 (n)% OR (95% CI) P value
High 25/2.5 4 (3.4%) 8 (7.5%) 6.43 (2.57-16.07) 7.44E-05
2.5/2.2 8 (6.8%) 16 (15.0%)
Moderate 2.5/X 22 (18.8%) 32 (29.9%) 5.28 (2.59-10.76) 2.14E-06
2.2/75 3(2.6%) 11 (10.3%)
2.5/75 7 (6.0%) 5 (4.7%)
25/8.1 7 (6.0%) 10 (9.3%)
8.1/8.1 1(<1%) 5 (4.7%)
2.2/81 2 (1L.7%) 6 (5.6%)
Low 8.1/X 10 (8.5%) 6 (5.6%) 1 Reference
7.5/8.1 1(<1%) 2 (1.9%)
2.2/X 21 (17.9%) 3(2.8%)
7.5/X 9 (7.7%) 1(<1%)
2.2/22 2 (1.7%) 2 (1.9%)
7.5/1.5 2 (1.7%) 0 (0%)
None X/X 18 (15.4%) 0 (0%)

n, number. Statistical significance was determined by Fisher’s exact test.

Among her three children, I1.3 carried DQ2.2/7.5, forming
DQ2.5 in trans, placing the child at moderate-risk. The other two
children (IL1 and I1.2) carry the DQ7.5/X genotype, which is
considered low-risk for developing CeD. In family 3, a child (IL.3,
Fig. 2 D) was diagnosed with CeD based on an elevated deami-
dated gliadin peptide antibody level and a strong family history,
despite normal tTG-IgA levels. The patient does not carry any of
the risk haplotypes. The patient does not have CeD, and genetic
testing would prevent an incorrect diagnosis (12).

WES-based polygenic risk score

To better assess the cumulative genetic risk, we evaluated a
polygenic risk score (PRS) model based on 14 HLA-DQ genotypes
and 38 associated single nucleotide polymorphism (SNPs) with
optimal predictive value in European individuals (14). While
HLA-DQ genotypes can be called by WES, only four of 38 asso-
ciated SNPs were covered due to most of these SNPs being in

introns. We then searched for exonic variants in linkage dise-
quilibrium with those intronic SNPs; only one additional SNP
was found (r> = 0.90). Furthermore, HLA-B*08:01 status was
determined via HLA*LA typing. We evaluated a modified scoring
model that included HLA-B*08:01 and five SNPs in addition to the
HLA-DQ genotypes. The addition of these variants did not sig-
nificantly enhance predictive performance, confirming that the
model is primarily driven by HLA-DQ (14). Both analyses re-
vealed a significantly higher median PRS in CeD cases compared
with at-risk controls (Fig. 3, A and B). Compared with in-
dividuals in the lowest-risk quartile (Q1, <25%), those in higher
quartiles had significantly increased odds of CeD: 6.1-fold higher
in Q2 and 8.6-fold higher in Q3. The greatest risk was observed
in the highest quartile (Q4), where individuals had a 12.7-fold
increase in odds of CeD (Fig. 3 C). These results suggest that
genetic risks for CeD can be better evaluated by considering the
differential impact of risk genotypes.

Table 2. Differences in HLA allele frequencies between CeD cases and at-risk controls

HLA allele At risk controls % (n = 117) CeD % (n = 107) OR (95% CI) P value
B*08:01 16.67% 32.24% 2.38 (1.52-3.72) 0.0002
DRB1*03:01 22.65% 36.92% 1.99 (1.32-3.02) 0.0010
A*01:01 19.66% 31.78% 1.91 (1.24-2.94) 0.0034
DQB1*02:01 22.22% 36.45% 2.01(1.33-3.04) 0.0012
C*07:01 20.09% 30.84% 1.77 (1.15-2.73) 0.0092
DQB1*02:02 16.81% 18.87% 115 (0.71-1.87) 0.6199
DQA1*05:01 23.08% 36.45% 1.91 (1.27-2.89) 0.0026

Statistical significance was determined by Fisher’s exact test.
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Table 3. The AH8.1 long haplotype in European participants

DQB1 02:01 alleles®  At-risk controls (n)% n =49 CeD (n)% n = 74

DRB1*03:01 49 (100%) 73 (98.6%)
HLA-B*08:01 34 (69%) 59 (80%)
HLA-C*07:01 36 (74%) 54 (73%)
HLA-A*01:01 24 (49%) 50 (68%)
ALL Present 24 (49%) 46 (62%)

aThe total number of DQBI1 02:01 alleles observed.

Discussion
Our analysis demonstrates that WES effectively resolves HLA

typing and characterizes HLA linkage disequilibrium within
families, revealing the effect of HLA-B8. At the same time, WES
enables genetic ancestry inference and provides more precise
risk stratification than assessment based solely on HLA-DQ2/8
(19). HLA-DQ genotypes have been shown to predict the risk of
CeD. The longitudinal TEDDY study followed 6,403 children
from four countries with four HLA genotypes: DR3/4, DR4/4,
DR4/8, and DR3/3. Based on the known linkage disequilibrium
structure of the HLA region, the DR3/4 genotype is equivalent to
DQ2.5/8.1, while DR4/4 corresponds to DQ8.1/8.1 and DR3/3
corresponds to DQ2.5/2.5. By age 5 years, the cumulative risk of
developing positive tTG-IgA serology was 26% among children
homozygous for DQ2.5 and 11% among those with DQ2.5/8.1.
These findings support a differential gene dosage effect across
distinct HLA-DQ genotypes (24). The PreventCD birth cohort
studied 944 genetically predisposed children from affected first-
degree relatives. 35.4% with DQ2.5/DQ2.5 or DQ2.5/2.2 genotype
developed CeD. A personalized prediction of CeD was developed
based on sex, the number of affected first-degree relatives, and
five HLA risk groups (17). The preventCD study recommends
that first-degree relatives with the highest-risk DQ genotype be
screened for tTG-IgA every 6 mo during childhood, while those
with a low-risk genotype be screened every 2 years (17). Cur-
rently, no next-generation sequencing-based HLA haplotyping
data are available from either the PREVENT-CD or TEDDY co-
horts. Future investigations should incorporate advanced se-
quencing technologies for more precise HLA characterization
and improved genetic risk stratification in CeD.

Genome-wide association studies involving >100,000 pa-
tients with CeD have identified >40 risk loci (25). While the bio-
logical impact of any single SNP is limited, their collective
contribution provides valuable predictive power. Our data,
along with others, support the prediction can be further im-
proved by treating each HLA-DQ genotype as an independent
risk factor and incorporating additional genetic risks. Romanos
et al. classified HLA-DQ genotypes into three risk groups (high,
intermediate, and none) and incorporated 57 non-HLA SNPs,
achieving an area under the AUC of 0.86 in CeD prediction (26).
Abraham et al. constructed a PRS using ~200 SNPs, including
HLA tagSNPs instead of HLA-DQ genotypes, which modestly
improved performance to an AUC of 0.87 (27). Sharp et al. fur-
ther advanced this approach by integrating 14 HLA-DQ
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genotypes (based on four tag SNPs), five non-DQ HLA variants,
and 33 SNPs outside the HLA region, achieving an AUC of 0.88
for distinguishing CeD cases from controls (14). The recent
HUNT study reported no significant difference in PRS based on
1,582 SNPs when comparing previously diagnosed CeD cases
with newly diagnosed cases, with the model achieving an AUC of
0.86 (28). From our analysis of All of Us data, we modified
Sharp’s model by computing 14 HLA-DQ genotypes using HIBAG,
achieving an AUC of 0.86 for discriminating seropositive CeD
patients from non-CeD controls (23, Preprint). While WES pro-
vides coverage of HLA-DQ genotypes and HLA class I and II loci,
it does not cover the majority of intronic SNPs used for PRS
calculations; moreover, no coding variants in LD with these as-
sociated SNPs could be identified.

The optimal interval for tTG-IgA screening should be further
studied. Sequencing of DNA obtained from saliva represents a
low-risk, noninvasive approach for predicting CeD risk. With
the FDA approval of GlutenID (29) and the declining cost of ge-
netic sequencing, an increasing number of individuals will have
access to HLA-DQ genotyping or CeD genetic risk scores. This
provides an opportunity to longitudinally follow individuals
with different HLA-DQ genotypes and to better determine the
optimal interval and the risk-benefit of periodic screening.
Furthermore, future studies should include a higher number of
non-European celiac patients, as this study included a very small
number of non-European individuals.

In the future, additional approaches may further improve
CeD risk prediction, including comprehensive in vitro im-
munophenotyping, assessment of gluten-specific memory T cell
responses, and integration of RNA-seq data to functionally in-
terpret both common and rare CeD risk loci. Future clinical trials
can evaluate the potential benefits of initiating a preemptive
gluten-free diet in high-risk individuals compared to standard
implementation following formal diagnosis. Ultimately, these
complementary strategies may help advance a model of preci-
sion prevention, enabling more efficient allocation of healthcare
resources, reducing unnecessary anxiety, and improving the
diagnostic accuracy of CeD for clinical management.

Materials and methods

Study design and cohort

This study was approved by the UT Southwestern Medical
Center Institutional Review Board (ID: STU112010-130). Writ-
ten informed consent was obtained from all participants en-
rolled in the study. CeD cases were defined based on a prior
clinical diagnosis supported by serologic testing and/or histo-
logic confirmation. Controls were first-degree relatives of CeD
cases. A total of 227 individuals were enrolled from 2022 to
2025. One individual was excluded due to insufficient se-
quencing coverage. Further review of two cases diagnosed with
CeD in the absence of HLA-DQ risk variants revealed a lack of
characteristic serologic and pathological features. These in-
dividuals were excluded from the final analysis. The final an-
alytic cohort, therefore, included 224 individuals. The cohort
was predominantly family-based, with 209 individuals be-
longing to 66 families.
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Figure 2. HLA genes and familial segregation of HLA alleles in three families. (A) Schematic representation of the HLA gene region on the short arm of
chromosome 6. The lower right panel shows the maternal haplotype carrying the extended AH8.1 haplotype with characteristic linkage disequilibrium.
(B) Family 1, showing two affected individuals carrying the high-risk DQ2.5/2.5 genotype. (C) Family 2, in which the index case carries DQ2.5 in trans due to the
DQ2.2/7.5 combination. (D) Family 3, showing a child with abnormal DGP antibodies but without a DQ risk haplotype. Arrows indicate the index cases. DGP,

deamidated gliadin.

Genetic sequencing and genetic ancestry analysis

Genomic DNA was extracted from saliva samples collected using
an Oragene collection kit (ON-500, Genoteck). Genomic DNA
samples were sent to Azenta or Novogene for DNA fragmenta-
tion, library preparation, and capture-based WES on the Illumina
platform. Raw read quality was assessed using FastQC and
MultiQC (30, 31). Data were processed using a GATK-based
pipeline implemented on a high-performance computing clus-
ter. Following base quality score recalibration, variants were
called using HaplotypeCaller and jointly genotyped using Geno-
typeGVCFs, with exome target regions restricted to 100 bp
padding. The resulting variant call format (VCFs) were normal-
ized, and multiallelic variants were split using bcftools (32). The
final output consisted of high-quality, per-sample VCFs prepared
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for downstream analysis. Data from sequencing batches using
different capture kits were harmonized and merged, with one
batch serving as the reference. Population structure was assessed
via principal component analysis using the HapMap reference
panel, following the reported protocols (33, 34). Data manage-
ment and merging were performed using PLINK v1.9 (35).

HLA-DQ genotyping

High-resolution HLA class I and class II genotypes were inferred
from WES data using the graph-based algorithm HLA*LA (36).
We assessed sequencing quality by calculating read depth across
all target loci. The overall average coverage was ~71.8x for class I
genes. The average coverage across all class II genes was slightly
lower (~49.7x), with highly variable loci such as DQAI and DQBI
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Figure 3. Genetic risk scoring for CeD risk stratification. (A) PRS based
on 14 HLA-DQ genotypes. (B) PRS based on 14 HLA-DQ genotypes, HLA-B*08:
01, and five additional non-HLA SNPs, difference between CeD cases and at-
risk controls were evaluated using Student’s t test to compare mean values.
(C) Distribution of PRS quartiles in the CeD and control groups.

averaging 31.9x and 48.7x, respectively, due to known exome-
capture biases in the highly polymorphic HLA region, yet it
remained sufficient for reliable allele calling (37). Detailed cov-
erage statistics per gene are provided in Table S1.

Statistics

Statistical analyses were performed using R software (version
4.5.1). Continuous variables are presented as means + standard
deviation (SD) or medians, while categorical variables are ex-
pressed as counts and percentages. Differences in genotype
distributions between cases and controls were evaluated using
Fisher’s exact test. To quantify the strength of associations, ORs
and 95% confidence intervals were calculated. To generate a
comprehensive reference dataset for HLA-DQ genotype risk
evaluation, we aggregated case-control data from two published
reports (14, 15), yielding a total of 16,540 CeD cases and 22,673
controls enrolled from the United Kingdom, Finland, the Neth-
erlands, and Italy (Table S2). By calculating ORs for the
14 HLA-DQ genotypes, we stratified the genotypes into a four-
tier classification based on effect size: High-risk (OR >90),
moderate-risk (OR 9-36), low-risk (OR 1-5), and no risk (OR <1).
For the ROC analysis, four tiers were assigned ordinal risk
weights of 3, 2, 1, and O, respectively. For comparison with
standard binary classification, we assigned a binary risk weight
of 1 for the presence and 0 for the absence of any of the four CeD-
associated haplotypes (HLA-DQ2.5, DQ2.2, DQ8, or DQ7.5).

Online Supplemental material
Table S1 details the sequencing coverage statistics. Table S2
presents the detailed HLA-DQ genotype frequencies and ORs
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from two previous studies. Table S3 provides annotation infor-
mation about five of the 38 CeD-associated SNPs.

Data availability

All authors disclose no conflicts of interest. The data generated
during the current study are not publicly available due to on-
going analysis.

Acknowledgments
This work was supported by the National Institute of Diabetes
and Digestive and Kidney Diseases of the National Institutes of
Health (KO8DK128631 and RO3DK144282 to X.-F. Kong).
Author contributions: Talha Asif: conceptualization, data
curation, formal analysis, methodology, software, validation,
visualization, and writing—original draft, review, and editing.
Michele Akalay: investigation and writing—review and editing.
Wendy K. Chung: formal analysis and writing—review and ed-
iting. Peter H.R. Green: conceptualization, investigation, re-
sources, supervision, and writing—original draft, review, and
editing. Xiao-Fei Kong: conceptualization, data curation, formal
analysis, funding acquisition, investigation, methodology, pro-
ject administration, resources, supervision, validation, visuali-
zation, and writing—original draft, review, and editing.

Disclosures: X. Kong reported grants from the National In-
stitutes of Health during the conduct of the study. No other
disclosures were reported.

Submitted: 23 March 2026
Revised: 7 June 2026
Accepted: 13 August 2026

References

1. Singh, P., A. Arora, T.A. Strand, D.A. Leffler, C. Catassi, P.H. Green, C.P.
Kelly, V. Ahuja, and G.K. Makharia. 2018. Global Prevalence of Celiac
Disease: Systematic review and meta-analysis. Clin. Gastroenterol. Hep-
atol. 16:823-836.e2. https://doi.org/10.1016/j.cgh.2017.06.037

2. Choung, R.S., A. Unalp-Arida, C.E. Ruhl, T.L. Brantner, T.L. Everhart, and

J.A. Murray. 2016. Less hidden celiac disease but increased gluten

avoidance without a diagnosis in the United States: Findings from the

National Health and Nutrition Examination surveys from 2009 to 2014.

Mayo Clin. Proc. S0025-56196:30634-30636. https://doi.org/10.1016/j

.mayocp.2016.10.012

Kvamme, J.-M., S. Serbye, J. Florholmen, and T.S. Halstensen. 2022.

Population-based screening for celiac disease reveals that the majority of

patients are undiagnosed and improve on a gluten-free diet. Sci. Rep. 12:

12647. https://doi.org/10.1038/s41598-022-16705-2

4. Karimzadhagh, S., E. Abbaspour, S. Ghodous, S. Poursadrolah, M. Jafari, S.

Mazloom, M. Mosavi, G.K. Makharia, and M. Rostami-Nejad. 2025. Global
prevalence and clinical manifestations of celiac disease among first-degree
relatives: A systematic review and meta-analysis. Am. J. Gastroenterol. 120:
1488-1501. https://doi.org/10.14309/ajg.0000000000003227

. Rubio-Tapia, A., C.T. Van Dyke, B.D. Lahr, A.R. Zinsmeister, M. El-

Youssef, S.B. Moore, M. Bowman, L.J. Burgart, L.J. Melton 3rd, and J.A.

Murray. 2008. Predictors of family risk for celiac disease: A population-

based study. Clin. Gastroenterol. Hepatol. 6:983-987. https://doi.org/10

.1016/j.cgh.2008.04.008

Godfrey, J.D., T.L. Brantner, W. Brinjikji, K.N. Christensen, D.L. Brogan,

C.T. Van Dyke, B.D. Lahr, ].J. Larson, A. Rubio-Tapia, L.J. Melton 3rd, et al.

2010. Morbidity and mortality among older individuals with undiagnosed

hed

w

o

Journal of Human Immunity
https://doi.org/10.70962/jhi.20260051

920z Jequieydag g0 uo 3senb Aq 4pd*1.500920Z Ul/Z9¥0¥0Z/150092022/9/Z/3Ppd-8jone/yl/Bio sseidni wouy papeojumoq

6of 7


https://doi.org/10.1016/j.cgh.2017.06.037
https://doi.org/10.1016/j.mayocp.2016.10.012
https://doi.org/10.1016/j.mayocp.2016.10.012
https://doi.org/10.1038/s41598-022-16705-2
https://doi.org/10.14309/ajg.0000000000003227
https://doi.org/10.1016/j.cgh.2008.04.008
https://doi.org/10.1016/j.cgh.2008.04.008

(o]

Nl

10.

1L

12.

13.

14.

15.

16.

17.

18.

19.

20.

2L

—

celiac disease. Gastroenterology. 139:763-769. https://doi.org/10.1053/
j.gastro.2010.05.041

. Choung, R.S., S.A. Larson, S. Khaleghi, A. Rubio-Tapia, I.G. Ovsyannikova,

K.S. King, JJ. Larson, B.D. Lahr, G.A. Poland, M.]J. Camilleri, and J.A.
Murray. 2017. Prevalence and morbidity of undiagnosed celiac disease
from a community-based study. Gastroenterology. 152:830-839.e5. https://
doi.org/10.1053/j.gastro.2016.11.043

. Brown, N.K., S. Guandalini, C. Semrad, and S.S. Kupfer. 2019. A clini-

cian's guide to celiac disease HLA genetics. Am. ]. Gastroenterol. 114:
1587-1592. https://doi.org/10.14309/ajg.0000000000000310

. Pietzak, M.M., T.C. Schofield, M.J. McGinniss, and R.M. Nakamura.

2009. Stratifying risk for celiac disease in a large at-risk United States
population by using HLA alleles. Clin. Gastroenterol. Hepatol. 7:966-971.
https://doi.org/10.1016/j.cgh.2009.05.028

Kim, ].Y., S.Y. Lee, G.-G. Kim, H.-I. Song, M.M. Jang, C.S. Lee, ].Y. Hong,
M.-G. Shin, and H.-J. Choi. 2023. Validation and application of new NGS-
based HLA genotyping to clinical diagnostic practice. HLA. 101:496-506.
https://doi.org/10.1111/tan.15003

Iversen, R., and L.M. Sollid. 2023. The immunobiology and pathogenesis
of celiac disease. Annu. Rev. Pathol. 18:47-70. https://doi.org/10.1146/
annurev-pathmechdis-031521-032634

Rubio-Tapia, A., 1.D. Hill, C. Semrad, C.P. Kelly, K.B. Greer, B.N. Limketkai,
and B. Lebwohl. 2023. American College of Gastroenterology guidelines
update: Diagnosis and management of celiac disease. Am. J. Gastroenterol.
118:59-76. https://doi.org/10.14309/ajg.0000000000002075

Husby, S., S. Koletzko, I. Korponay-Szabd, K. Kurppa, M.L. Mearin, C. Ribes-
Koninckx, R. Shamir, R. Troncone, R. Auricchio, G. Castillejo, et al. 2020.
European Society Paediatric Gastroenterology, Hepatology and nutrition
guidelines for diagnosing coeliac disease 2020. J. Pediatr. Gastroenterol. Nutr.
70:141-156. https://doi.org/10.1097/MPG.0000000000002497

Sharp, S.A., S.E. Jones, R.A. Kimmitt, M.N. Weedon, A.M. Halpin, A.R.
Wood, R.N. Beaumont, S. King, D.A. van Heel, P.M. Campbell, et al. 2020.
A single nucleotide polymorphism genetic risk score to aid diagnosis of
coeliac disease: A pilot study in clinical care. Aliment. Pharmacol. Ther. 52:
1165-1173. https://doi.org/10.1111/apt.15826

Erlichster, M., J. Bedo, E. Skafidas, P. Kwan, A. Kowalczyk, and B. Gou-
dey. 2020. Improved HLA-based prediction of coeliac disease identifies
two novel genetic interactions. Eur. J. Hum. Genet. 28:1743-1752. https://
doi.org/10.1038/s41431-020-0700-2

Murray, J.A., S.B. Moore, C.T. Van Dyke, B.D. Lahr, R.A. Dierkhising, A.R.
Zinsmeister, L.J. Melton 3rd, C.M. Kroning, M. El-Yousseff, and A.J.
Czaja. 2007. HLA DQ gene dosage and risk and severity of celiac disease.
Clin. Gastroenterol. Hepatol. 5:1406-1412. https://doi.org/10.1016/j.cgh
.2007.08.013

Meijer, C.R., R. Auricchio, H. Putter, G. Castillejo, P. Crespo, J. Gyimesi, C.
Hartman, S. Kolacek, S. Koletzko, 1. Korponay-Szabo, et al. 2022. Pre-
diction models for celiac disease development in children from high-risk
families: Data from the PreventCD cohort. Gastroenterology. 163:426-436.
https://doi.org/10.1053/j.gastro.2022.04.030

Wetterstrand, K.A. 2023. DNA sequencing costs: Data. [cited 2026 March
4, 2026]. Available from: https://www.genome.gov/about-genomics/
fact-sheets/DNA-Sequencing-Costs-Data

Butler-Laporte, G., ]. Farjoun, T. Nakanishi, T. Lu, E. Abner, Y. Chen, M.
Hultstrém, A. Metspalu, L. Milani, R. Mégi, et al. 2023. HLA allele-calling
using multi-ancestry whole-exome sequencing from the UK Biobank
identifies 129 novel associations in 11 autoimmune diseases. Commun.
Biol. 6:1113. https://doi.org/10.1038/s42003-023-05496-5

Wang, LJ., C.W. Zhang, S.C. Su, H.-LH. Chen, Y.-C. Chiu, Z. Lai, H.
Bouamar, A.G. Ramirez, F.G. Cigarroa, L.-Z. Sun, and Y. Chen. 2019. An
ancestry informative marker panel design for individual ancestry esti-
mation of Hispanic population using whole exome sequencing data. BMC
Genomics. 20:1007. https://doi.org/10.1186/512864-019-6333-6
Gutierrez-Achury, J., A. Zhernakova, S.L. Pulit, G. Trynka, K.A. Hunt, J.
Romanos, S. Raychaudhuri, D.A. van Heel, C. Wijmenga, and P.I.W. de
Bakker. 2015. Fine mapping in the MHC region accounts for 18% addi-
tional genetic risk for celiac disease. Nat. Genet. 47:577-578. https://doi
.0rg/10.1038/ng.3268

Asif et al.

Exome sequencing-based risk stratification in CeD

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—_

32.

33.

34.

35.

36.

37.

Price, P., C. Witt, R. Allcock, D. Sayer, M. Garlepp, C.C. Kok, M. French, S.
Mallal, and F. Christiansen. 1999. The genetic basis for the association of
the 8.1 ancestral haplotype (Al, B8, DR3) with multiple immunopatho-
logical diseases. Immunol. Rev. 167:257-274. https://doi.org/10.1111/j.1600
-065x.1999.tb01398.x

Karnati, H., W. Ying, X. Long, M.-J. Touma, I. Smith, S. Lewis, C. Xing, E.
Burstein, A. Bolze, P.H.R. Green, et al. 2024. Minority populations exhibit
distinct clinical and genetic features of celiac disease in the United States.
medRxiv. https://doi.org/10.1101/2024.12.20.24319436 (Preprint posted
December 24, 2024).

Liu, E., H.-S. Lee, C.A. Aronsson, W.A. Hagopian, S. Koletzko, M.]. Re-
wers, G.S. Eisenbarth, P.J. Bingley, E. Bonifacio, V. Simell, et al. 2014. Risk
of pediatric celiac disease according to HLA haplotype and country. N.
Engl. J. Med. 371:42-49. https://doi.org/10.1056/NE]Moal313977
Withoff, S., Y. Li, I. Jonkers, and C. Wijmenga. 2016. Understanding celiac
disease by genomics. Trends Genet. 32:295-308. https://doi.org/10.1016/j
.tig.2016.02.003

Romanos, J., A. Rosén, V. Kumar, G. Trynka, L. Franke, A. Szperl], J. Gu-
tierrez-Achury, C.C. van Diemen, R. Kanninga, S.A. Jankipersadsing,
et al. 2014. Improving coeliac disease risk prediction by testing non-HLA
variants additional to HLA variants. Gut. 63:415-422. https://doi.org/10
.1136/gutjnl-2012-304110

Abraham, G., J.A. Tye-Din, O.G. Bhalala, A. Kowalczyk, ]J. Zobel, and M.
Inouye. 2014. Accurate and robust genomic prediction of celiac disease
using statistical learning. PLoS Genet. 10:e1004137. https://doi.org/10
.1371/journal.pgen.1004137

Alam, M.S., B.N. Wolford, K. Hveem, K.E.A. Lundin, S. Withoff, I.H.
Jonkers, L.M. Sollid, R. Hjort, and E. Ness-Jensen. 2025. Genetic differ-
ences between diagnosed and undiagnosed celiac disease: A population-
based study. Hum. Genet. 144:1071-1078. https://doi.org/10.1007/s00439
-025-02778-2

U.S. Food and drug administration. 2025. 510(k) Premarket Notification:
GlutenID (K241456). Available from: https://www.accessdata.fda.gov/
scripts/cdrh/cfdocs/cfpmn/pmn.cfm?ID=K241456

Ewels, P., M. Magnusson, S. Lundin, and M. Kéller. 2016. MultiQC: Sum-
marize analysis results for multiple tools and samples in a single report.
Bioinformatics. 32:3047-3048. https://doi.org/10.1093/bioinformatics/
btw354

. Andrews, S. 2010. FastQC: A quality control tool for high throughput

sequence data. https://www.bioinformatics.babraham.ac.uk/projects/
fastqc/

Danecek, P., ].K. Bonfield, J. Liddle, . Marshall, V. Ohan, M.O. Pollard, A.
Whitwham, T. Keane, S.A. McCarthy, R.M. Davies, and H. Li. 2021.
Twelve years of SAMtools and BCFtools. Gigascience. 10:giab008. https://
doi.org/10.1093/gigascience/giab008

Syed, M., C. Walter, and H.V. Meyer. 2026. Processing HapMap III ref-
erence data for ancestry estimation. https://meyer-lab-cshl.github.io/
plinkQC/articles/HapMap.html

Altshuler, D.M., D.M. Altshuler, R.A. Gibbs, L. Peltonen, D.M. Altshuler,
R.A. Gibbs, L. Peltonen, E. Dermitzakis, S.F. Schaffner, F. Yu, et al. 2010.
Integrating common and rare genetic variation in diverse human pop-
ulations. Nature. 467:52-58. https://doi.org/10.1038/nature09298
Purcell, S., B. Neale, K. Todd-Brown, L. Thomas, M.A.R. Ferreira, D.
Bender, J. Maller, P. Sklar, P.1.W. de Bakker, M.J. Daly, and P.C. Sham.
2007. PLINK: A tool set for whole-genome association and population-
based linkage analyses. Am. ]. Hum. Genet. 81:559-575. https://doi.org/10
.1086/519795

Dilthey, A.T., A.]. Mentzer, R. Carapito, C. Cutland, N. Cereb, S.A. Madhi,
A. Rhie, S. Koren, S. Bahram, G. McVean, and A.M. Phillippy. 2019.
HLA*LA-HLA typing from linearly projected graph alignments. Bio-
informatics. 35:4394-4396. https://doi.org/10.1093/bioinformatics/
btz235

Cao, H.,]J. Wu, Y. Wang, H. Jiang, T. Zhang, X. Liu, Y. Xu, D. Liang, P. Gao,
Y. Sun, et al. 2013. An integrated tool to study MHC region: Accurate SNV
detection and HLA genes typing in human MHC region using targeted
high-throughput sequencing. PLoS One. 8:e69388. https://doi.org/10
.1371/journal.pone.0069388

Journal of Human Immunity
https://doi.org/10.70962/jhi.20260051

920z Jequieydag g0 uo 3senb Aq 4pd*1.500920Z Ul/Z9¥0¥0Z/150092022/9/Z/3Ppd-8jone/yl/Bio sseidni wouy papeojumoq

70of7


https://doi.org/10.1053/j.gastro.2010.05.041
https://doi.org/10.1053/j.gastro.2010.05.041
https://doi.org/10.1053/j.gastro.2016.11.043
https://doi.org/10.1053/j.gastro.2016.11.043
https://doi.org/10.14309/ajg.0000000000000310
https://doi.org/10.1016/j.cgh.2009.05.028
https://doi.org/10.1111/tan.15003
https://doi.org/10.1146/annurev-pathmechdis-031521-032634
https://doi.org/10.1146/annurev-pathmechdis-031521-032634
https://doi.org/10.14309/ajg.0000000000002075
https://doi.org/10.1097/MPG.0000000000002497
https://doi.org/10.1111/apt.15826
https://doi.org/10.1038/s41431-020-0700-2
https://doi.org/10.1038/s41431-020-0700-2
https://doi.org/10.1016/j.cgh.2007.08.013
https://doi.org/10.1016/j.cgh.2007.08.013
https://doi.org/10.1053/j.gastro.2022.04.030
https://www.genome.gov/about-genomics/fact-sheets/DNA-Sequencing-Costs-Data
https://www.genome.gov/about-genomics/fact-sheets/DNA-Sequencing-Costs-Data
https://doi.org/10.1038/s42003-023-05496-5
https://doi.org/10.1186/s12864-019-6333-6
https://doi.org/10.1038/ng.3268
https://doi.org/10.1038/ng.3268
https://doi.org/10.1111/j.1600-065x.1999.tb01398.x
https://doi.org/10.1111/j.1600-065x.1999.tb01398.x
https://doi.org/10.1101/2024.12.20.24319436
https://doi.org/10.1056/NEJMoa1313977
https://doi.org/10.1016/j.tig.2016.02.003
https://doi.org/10.1016/j.tig.2016.02.003
https://doi.org/10.1136/gutjnl-2012-304110
https://doi.org/10.1136/gutjnl-2012-304110
https://doi.org/10.1371/journal.pgen.1004137
https://doi.org/10.1371/journal.pgen.1004137
https://doi.org/10.1007/s00439-025-02778-2
https://doi.org/10.1007/s00439-025-02778-2
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpmn/pmn.cfm?ID=K241456
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpmn/pmn.cfm?ID=K241456
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1093/bioinformatics/btw354
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1093/gigascience/giab008
https://meyer-lab-cshl.github.io/plinkQC/articles/HapMap.html
https://meyer-lab-cshl.github.io/plinkQC/articles/HapMap.html
https://doi.org/10.1038/nature09298
https://doi.org/10.1086/519795
https://doi.org/10.1086/519795
https://doi.org/10.1093/bioinformatics/btz235
https://doi.org/10.1093/bioinformatics/btz235
https://doi.org/10.1371/journal.pone.0069388
https://doi.org/10.1371/journal.pone.0069388

Supplemental material

Provided online are Table S1, Table S2, and Table S3. Table S1 details the sequencing coverage statistics. Table S2 presents the
detailed HLA-DQ genotype frequencies and ORs from two previous studies. Table S3 provides annotation information about five of
the 38 CeD-associated SNPs.

Asif et al. Journal of Human Immunity
Exome sequencing-based risk stratification in CeD https://doi.org/10.70962/jhi.20260051

S1

920z Jequieydag g0 uo 3senb Aq 4pd*1.500920Z Ul/Z9¥0¥0Z/150092022/9/Z/3Ppd-8jone/yl/Bio sseidni wouy papeojumoq



	The clinical utility of exome sequencing for risk stratification in celiac disease
	Introduction
	Results
	Demographic and genetic ancestry analysis
	The differential distribution of HLA
	HLA
	A family
	WES

	Discussion
	Materials and methods
	Study design and cohort
	Genetic sequencing and genetic ancestry analysis
	HLA
	Statistics
	Online Supplemental material

	Acknowledgments
	References

	Outline placeholder
	Supplemental material
	Provided online are Table S1, Table S2, and Table S3. Table S1 details the sequencing coverage statistics. Table S2 present ...



