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Abstract

Background—The genetic etiology of eosinophilic esophagitis (EE) has been largely unexplored
until a recent genome-wide association study identified a disease susceptibility locus on 5922, a
region that harbors the thymic stromal lymphopoietin (TSLP) gene. However, it is unclear whether
the observed genetic associations with EE are disease-specific or confounded by the high rate of
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Capsule Summary
This work defines specific genetic associations between EE and polymorphisms in the TSLP and TSLPR genes. Notably, these
associations are not driven by patient allergic status and occur mainly within male patients, respectively.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sherrill et al. Page 2

allergy in EE patients. In addition, the genetic contributions of other allergy associated genes to EE
risk have not been explored.

Objective—We aimed to delineate single nucleotide polymorphisms (SNP)s that associated with
EE apart from allergy.

Methods—We utilized a custom array containing 738 SNPs in 53 genes implicated in allergic and/
or immune responses to genotype 220 allergic or 246 non-allergic controls and a discovery cohort
of 170 EE patients. We replicated a statistically significant SNP association in an independent case-
control cohort and examined the induction of the candidate gene in primary esophageal epithelial
cells.

Results—A single SNP residing in the TSLP gene reached Bonferroni LD adjusted significance

and only when EE cases were compared with allergic controls (rs10062929, P = 4.11 x 1073, odds
ratio = 0.35). A non-synonymous polymorphism in the TSLP receptor on Xp22.3 and Yp11.3 was
significantly associated with disease only in male EE patients. Primary esophageal epithelial cells

expressed TSLP mRNA following Toll-like receptor 3 (TLR3) stimulation.

Conclusion—These data collectively identify TSLP as a candidate gene critically involved in EE
susceptibility beyond its role in promoting Th2 responses.
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Introduction

Eosinophilic esophagitis (EE) is a chronic Th2-associated inflammatory disease of the
esophagus that affects at least 4 in 10,000 individuals®. Although symptomatically resembling
gastroesophageal reflux disease (GERD), EE is clinically defined as esophageal eosinophilia
(=15 intraepithelial eosinophils per high-powered field) in the absence of abnormal acid reflux
disease (assessed by normal pH monitoring of the distal esophagus or persistent esophagitis
while on high-dose acid suppression therapy) 2. Another distinguishing feature is the high rate
of atopic diseases including asthma, eczema, and allergic rhinitis and sensitivities to
environmental and food allergens within both pediatric and adult EE populations3- 4.
Consistent with an immune based mechanism of disease induction, the most effective therapies
used to manage EE are food antigen avoidance and swallowed glucocorticoid treatment.
However, some EE patients are refractory to glucocorticoid treatment5, suggesting an inherent
resistance with a potential genetic basis.

Reports of EE and esophageal dilatation in relatives of EE patients suggest that the incidence
of EE and associated esophageal dysfunction is common among related individuals®: 6.
Molecular analysis of the genetics behind EE was initiated in a study by Blanchard et al., which
identified a characteristic gene expression profile within the esophagus of EE patients, termed
the EE transcriptome that was distinct from that observed in other forms of chronic
esophagitis?. Interestingly, the EE transcriptome was consistent across gender, age, familial
or non-familial inheritance patterns and was independent of atopic status, suggesting acommon
disease mechanism despite phenotypic variations6: 7. The most highly expressed gene in the
EE transcriptome is eotaxin-3 (53-fold increase), an eosinophil and mast cell chemoattractant;
indeed, eotaxin-3 levels correlate with both esophageal eosinophil and mast cell levels7.
Furthermore, evidence is mounting that disease pathogenesis is mediated by the interaction of
Th2 cells and esophageal epithelial cells as the Th2 cytokine IL-13 induces a large fraction of
the EE transcriptome (including eotaxin-3) in esophageal epithelial cells8: 9. A recent genome
wide association study (GWAS) identified 50922 as a susceptibility locus for pediatric EE10.
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Notably, although two genes (TSLP and WDR36) were present in one haplotype block that
associated with EE, evidence was provided that TSLP was the stronger candidate gene because
of its overexpression in the esophagus of EE patients and its known biological activity as a key
regulator of allergic sensitization10. Yet TSLP has previously been implicated in various atopic
responses11713 and thus it is not clear whether the EE association with TSLP is reflective of
a general association with atopic processes or if it is specific to EE.

In the present study, we sought to identify genetic variants that associated with EE using a
broad spectrum candidate gene approach involving a panel of 738 SNPs in allergy associated
molecules, especially epithelial gene products including TSLP. Furthermore, we aimed to
identify genetic variants that associated with EE independent of allergy. To address this
question we genetically compared EE patients to a set of clinically-defined allergic and non-
allergic control groups. Compared with all genetic variants tested, we demonstrate that genetic
variants within TSLP are associated with EE independent of allergy. Additionally, we present
further evidence for the importance of TSLP in EE by demonstrating that a genetic variant in
the TSLP receptor (TSLPR) also contributes to EE susceptibility. Furthermore, we show that
primary esophageal epithelial cells express TSLP mRNA in response to TLR3 activation.

Study Participants

The discovery EE case cohort consisted of 172 patients who were recruited by the Cincinnati
Center for Eosinophilic Disorders (CCED). DNA samples were collected at time of endoscopy
or at follow-up from blood or saliva specimens. Patients were identified with clinically
diagnosed EE (>24 eosinophils per high power field). All EE patients self reported race as
white. The male to female ratio was 2.18 and the mean age at diagnosis was 9.39 (SD 8.60)
years. Approximately 85% of the discovery cohort was composed of patients characterized in
a recent EE genome-wide association study19. The percentages of patients with diagnosed
asthma, allergic rhinitis, or eczema were 31%, 53%, and 39%, respectively. Approximately
50% of these EE patients were on acid-suppressive therapy and 18% were on swallowed
glucocorticoid treatment at the time of endoscopy. The discovery control cohorts were recruited
through the Greater Cincinnati Pediatric Clinic Repository (GCPCR) and Genomic Control
Cohort (GCC) at Cincinnati Children’s Hospital Medical Center (CCHMC). All consenting
patients visiting various clinics at CCHMC including the allergy, immunology and pulmonary
clinics provided buccal swabs or saliva samples for DNA isolation. Information regarding
patient history was collected through questionnaires pertaining to allergy symptoms. All
controls had self reported race as white. The allergic control cohort (n=227) was defined as
non-asthmatics having clinically-diagnosed atopic rhinitis or atopic dermatitis or a self-
reported history of environmental allergies, hay fever, or eczema. The non-allergic control
group (n=246) had no personal or family history of asthma, or a personal history of
environmental allergies, allergic rhinitis or atopic dermatitis.

The replication EE case cohort consisted of 122 independent patients with similar
characteristics as the EE discovery cohort. This cohort was also collected at the CCED using
the procedures described above. All EE patients in the replication cohort self reported race as
white and 72% of these patients were included in the EE genome-wide association study. The
replication control cohort consisted of 119 individuals. This cohort was comprised of
consenting CCHMC employees who reported race as white with no self-reported personal
history of GERD or other gastrointestinal symptoms. The percent of individuals within this
group with self reported allergy was approximately 44%. These studies were approved by the
CCHMC Institutional Review Board.
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Candidate Gene and SNP selection

For the discovery phase, we used a custom Illumina SNP chip (hgnp = 768) designed to
interrogate genes with a role in allergy-related signaling pathways and/or epithelial cell
function based on current literature searches as part of NIH grant U19 A1070235. The TSLP
gene was submitted for inclusion in the initial chip design by Dr. Yong-Jun Liu (University of
Texas, M.D. Anderson Cancer Center, Houston, Texas, USA); a total of nine TSLP SNPs were
included on the chip. In addition to candidate gene SNPs, 30 ancestry informative markers
(AIMs) were also included. Genotyping using the lllumina GoldenGate Assay
(http://www.illumina.com) system was performed at the CCHMC Genetic Variation and Gene
Discovery Core. Genotypes were assigned using Illumina’s BeadStudio 2 Software (San Diego,
CA). SNPs that exhibited differences in minor allele frequencies (MAF > 0.1) between plates
were manually examined to ensure consistent clustering patterns. For the replication set, TSLP
SNPs were genotyped using the ABI TagMan™ allelic discrimination assays (Applied
Biosystems). The initial TSLPR sequencing was performed using the ABI 3700 DNA
Analyzer™. TSLPR SNPs were genotyped using the ABI TagMan™ allelic discrimination
assays (Applied Biosystems) in the replication case-control cohorts as well as additional EE
patient and normal control DNA samples collected through the CCED.

Statistical Analyses

All analyses were performed separately among the allergic and non-allergic control cohorts.
No TSLP SNPs failed Hardy Weinberg equilibrium in the control dataset (P < 103), were
removed for poor genotype calling (missing rate greater than 10%) or were excluded with
minor allele frequencies below 10%. A single TSLP SNP was removed prior to analysis due
to poor clustering. To adjust for multiple testing, we applied a Bonferroni adjustment after
correcting for LD correlation among the SNPs which passed quality control. This approach is
less conservative than the standard Bonferroni adjustment as it incorporates an LD block-based
correction to reduce the total number of independent tests, thus preventing type | error
inflation1?. Filtering of individuals with greater than 20% missing genotypic information over
the chip resulted in the removal of 2 EE patients and 7 allergic controls prior to analysis,
yielding a total of 170 cases and 220 allergic and 246 non-allergic controls that entered the
analyses. To account for potential population stratification/confounding or admixture in these
samples, principal component analyses (PCA) was performed using 30 AIMs and the
EIGENSTRAT software. The principal component score for each individual was included as
a covariate in all models along with age and gender in logistic regression models. As a general
association screen, we tested for the additive models of single SNP analysis, which assume
that each copy of the risk allele will increase disease prevalence. Unconditional logistic
regression was used to calculate P-values and odds ratios for each SNP using the software
PLINK (V1.05)15. Statistical analyses of the TSLPR SNPs (dominant model) and the TSLP
SNPs (Cochran-Armitage trend test) in the replication cohorts were also performed in PLINK.
Fisher’s method16, which calculates the combined probability from independent tests
addressing the same hypothesis, was used in the meta-analysis of the discovery and replication
cohorts.

TSLP Expression in Stimulated Esophageal Epithelial Cells

Primary esophageal epithelial cells were cultured from patient esophageal biopsies as
previously described®. Cells were grown in hydrocortisone-free media 24 to 48 hours prior to
stimulation. Cells were then treated with 10 or 100 pg/ml poly I:C (InvivoGen) for 3 or 8 hours.
RNA was isolated using TRIzol (Invitrogen) and cDNA was synthesized using iScript (Bio-
Rad). RT-PCR analysis for TSLP expression was performed using the following primers:
forward (5’-cccaggctattcggaaactca-3’), reverse (5’-acgccacaatccttgtaattgtg-3’). Graphed data

J Allergy Clin Immunol. Author manuscript; available in PMC 2011 July 1.


http://www.illumina.com

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sherrill et al.

Results

Page 5

were normalized to GAPDH expression from 3 to 4 independent experiments performed in
duplicate.

In our effort to identify EE-specific genetic susceptibility loci, we utilized a custom Hlumina
SNP genotyping chip to screen for variants within candidate genes involved in allergy and/or
epithelial cell function. In order to account for multiple testing, the Bonferroni LD adjusted
P-value required for statistical significance in this study was determined to be P = 3 x 1074,
As the coincidence of allergy is high (approximately 70%) in EE, we first chose to investigate
the specificity of any potential associations of candidate gene SNPs by stratifying the discovery
control cohort into two phenotypically defined groups based on a history of allergy (see
Methods). When comparing EE to the allergic controls, we found that only TSLP harbored
variants which reached statistical significance (Table I and Fig. 1, and Supplementary Table
). Indeed, seven SNPs in TSLP exhibited association with EE (4.11 x 107° <P < 3.29 x
1073). However, when comparing EE to the non-allergic controls, no genes exhibited variants
which reached statistical significance; the strongest observed TSLP SNP association only
reached P = 7.35 x 1073 in this analysis. When the two control groups were combined (allergic
and non-allergic), the association strengthened, most likely owing to the increase in sample
size of the control group. Interestingly, polymorphisms in IL4, a known allergy susceptibility
gene, were associated with EE (best P = 1.33 x 1073, OR = 1.91) using the non-allergic controls
but not with the allergic controls (best P = 0.27) (see Supplementary Table 1), emphasizing the
importance of using phenotypic matched controls for identifying risk variants associated with
primary disease. Moreover, these data highlight the specificity of the TSLP genetic association
with EE.

We next aimed to replicate the observed genetic association with TSLP variants using a
completely independent replication cohort of EE cases and controls (Table II). Although the
replication control cohort was composed of both allergic and non-allergic individuals, three
TSLP SNPs were significantly associated with EE (Table I1) in this independent analysis. In
a meta-analysis of the associated TSLP variants from both the discovery and replication
cohorts, the association of rs10062929 strengthened (combined P = 3.16 x 10-6) approximately
2-logs above the threshold of the Bonferroni adjustment. Moreover, the combined P-values
for rs11466750 and rs11466749 were nominally significant (combined P = 8.48 x 1074 and
1.86 x 1073, respectively).

The prevalence of EE in males is approximately 2.5-fold higher than in females. To determine
whether TSLP variants contribute to this gender bias, we performed a gender-stratified analysis
of EE cases and allergic controls from the discovery cohort and determined the SNPs with the
greatest change in P-value in either the male or female cohorts (See Supplementary Table 11).
Of the nine TSLP SNPs, only rs10062929 and rs11466749 also associated in the female EE
cohort (P =0.016 and P = 0.048 in EE vs. female atopic controls, respectively), while the P-
values of most variants in TSLP remained unchanged in the male-only analyses.

Interestingly, the TSLP receptor (TSLPR) is encoded on a pseudoautosomal region on Xp22.3
and Yp11.3, which further underscores the potential significance of finding SNPs in the TSLP/
TSLPR pathway observed among males with EE17. We were interested in testing the
hypothesis that variants in the TSLPR may also associate with EE in a gender-specific manner.
Therefore, we genotyped three coding SNPs recently validated from direct sequencing of the
TSLPR gene (P.G., unpublished data): rs36139698, rs36177645, and rs36133495. Of these,
the SNP rs36133495 (Ala to Val) was significantly associated with disease risk in a cohort of
male EE patients and normal male controls (% Val/Val, 27% in male EE cases vs. 15% in male
controls) with a P = 0.039, OR = 2.05 (Fig. 2 and Table III). Conversely, rs36133495 was not
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significantly associated in a female case-control analysis (P = 0.929, OR = 1.22). Taken
together, these data present evidence that the TSLP signaling pathway may contribute to the
male bias in EE.

Inthe lung and skin, TSLP is produced primarily by epithelial cells in response to Th2 cytokines
or TLR3 agonists, subsequently targeting dendritic cells to develop Th2-polarizing activity
including cytokine and chemokine production!3: 18; however, it has been observed that
activated mast cells can also express TSLP to similarly drive Th2 responses12: 19: 20. Indeed,
we have recently observed increased expression of TSLP mRNA in the esophagus of EE
patients compared with control individuals!®. Accordingly, we aimed to determine if primary
esophageal epithelial cells could produce TSLP. Notably, exposure to the TLR3 ligand poly
I:C (a dsRNA mimetic) robustly increased TSLP mRNA expression in as little as 3 hours post-
treatment with either 10 or 100 pg/ml poly I:C (Fig. 3). These data suggest that the esophageal
epithelium is a source of TSLP expression in EE.

Discussion

Herein, we report that TSLP is the most dominant genetic variant associated with EE risk using
a large SNP panel within relevant allergy and epithelial gene products. We demonstrate that
the genetic association of EE with TSLP occurs largely independent of allergy, providing
compelling evidence in support of our recent GWAS analysis that identified the 5922 locus as
arisk locus for EE susceptibility10. It is notable that the direction of the disease risk (OR < 1)
was similar in the discovery and replication cohorts in our present study and recent EE GWAS,
supporting the genetic association to this region. However, given that the more common allele
is associated with disease susceptibility, the causative allele in EE is unlikely to have been
identified. That the same genetic region (5922) has been linked to blood eosinophilia further
implicates a potential relationship between TSLP and eosinophilic disease?!.

In exploring potential mechanisms for the male predilection observed in EE, we performed a
gender stratified analysis for TSLP and TSLPR polymorphisms. Indeed, a sex-specific
interaction was supported for TSLP variants as well as a non-synonymous SNP within the
TSLPR on Xp22.3/Yp11.3 in male EE patients. Bioinformatic analysis of the variant suggests
that the mutant TSLPR has increased stability compared to wild type protein, which could
conceivably prolong TSLP-induced signal transduction?2. In a recent study by Mullighan et
al., comparative genomic hybridization analysis in B-progenitor acute lymphoblastic leukemia
patients identified a fusion event between exon 1 of the P2RY8 receptor and TSLPR, resulting
in a constitutive activation of the Jak-STAT pathway23, indicating the profound ability of the
TSLP pathway to induce disease.

We also demonstrate that TSLP mRNA expression is induced in primary esophageal epithelial
cells following activation of the TLR3 pathway; it is notable that viral gastroenteritis-like
symptoms often precede the onset of EE. TSLP was originally identified as a pro-survival
factor that could induce pre-B cell differentiation and proliferation?4. Constitutive
phosphorylation of STATS has been linked with lymphoproliferative diseases and
malignancies2°. Perhaps TSLP overexpression could contribute to both the inflammatory and
hyperproliferative states observed in the esophageal epithelium of EE patients.

Beyond elucidating a role for TSLP in EE, these results have broad implications for the
discovery of rare disease risk variants. Specifically, these results demonstrate the importance
of appropriate control cohort selection. Consideration of co-morbid diseases may provide
insight into the role of genetic risk variants, particularly when a rare disease phenotype (EE)
tracks with a more common phenotype (allergy). In the present study, we show that use of well
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characterized control populations in genetic association studies can overcome relatively small
sample sizes to identify true risk variants.

In conclusion, we have identified a specific genetic contribution of TSLP to EE susceptibility,
a finding which provides key insight into disease pathogenesis, and likely explains, at least in
part, the male gender bias in this disease. We propose that activation of the innate immune
system in the esophageal epithelium involving TSLP is likely to have a key role in the
subsequent adaptive allergic response, ultimately triggered by food antigens. These findings
present TSLP as a potential molecular target for therapeutic intervention and thus highlight the
key role of innate immunity in the development of specific allergic disease.

Key Messages

e Polymorphisms in TSLP are risk factors for EE independent of underlying allergy
phenotypes.

e A gender-specific association between SNPs in TSLP as well as a non-
synonymous SNP in the TSLPR suggests a mechanism for the male predilection
of the EE.

e Primary esophageal epithelial cells express TSLP mRNA in response to TLR3
signaling.
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Figure 1. Associations of TSLP SNPs with EE are independent of allergy phenotypes

Upper panel, the associated —logg P-values for the genotyped TSLP SNPs from each analysis
(EE vs. allergic or non-allergic controls) are plotted by relative base pair location. The dashed
line represents the Bonferroni threshold for significance (P = 3 x 1074). Lower panel, the TSLP
SNPs reside within an approximate 8 kilobase interval on 5q22.1 encoding the TSLP gene
isoforms (NM_ 033035 and NM_138551). Represented are exons (white boxes), introns (bold
lines), and untranslated regions (gray boxes).
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Figure 2. A non-synonymous SNP in the TSLPR associates with EE in a gender-specific manner
A non-synonymous SNP (rs36133495) in the TSLPR, which results in an Ala to Val coding
change shows a gender-based association with increased disease risk in male EE patients, with
Val/Val and Ala/Val individuals at higher risk (OR = 2.05) compared to Ala/Ala individuals.
Genotyped were 199 male EE patients and 78 male normal (NL) controls.
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Figure 3. TLR signaling stimulates TSLP expression in primary esophageal epithelial cells
Treatment of primary esophageal epithelial cells with the TLR3 agonist poly I:C induces a
robust increase in TSLP mRNA levels. The data shown are the mean + SEM from 4-5
independent experiments performed in duplicate (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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