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Genetics of eosinophilic esophagitis
LC Kottyan"? and ME Rothenberg”

Eosinophilic esophagitis (EoE) is a chronic, allergic disease associated with marked mucosal eosinophil accumulation.
EoE disease risk is multifactorial and includes environmental and genetic factors. This review will focus on the

contribution of genetic variation to EoE risk, as well as the experimental tools and statistical methodology used to
identify EoE risk loci. Specific disease-risk loci that are shared between EoE and other allergic diseases (TSLP, LRRC32)
or unique to EoE (CAPN14), as well as Mendellian Disorders associated with EoE, will be reviewed in the context of the
insight that they provide into the molecular pathoetiology of EOE. We will also discuss the clinical opportunities that

genetic analyses provide in the form of decision support tools, molecular diagnostics, and novel therapeutic

approaches.

INTRODUCTION

Eosinophilic esophagitis (EoE) is a chronic, allergic disease
associated with marked mucosal eosinophil accumulation.
Though the presenting symptoms vary with age, EoE persists
from childhood into adulthood."” Among other chronic
pediatric diseases, EoE has one of the lowest qualities of life.”
The substantial morbidity is likely due, at least in part, to the
effects of the severely restricted diets (as part of therapy), the
chronic pain, and the frequent need for recurrent invasive
interventions (endoscopies), which require general anesthesia
in children.” Removal of specific food types can lead to EoE
remission, but food reintroduction can cause disease recurrence
as measured by eosinophil accumulation and marked dysre-
gulation of esophageal gene products at the transcript and
protein level.

One of the central goals in the allergy field is to understand
why individuals develop certain tissue-specific manifestations,
such as EoE. The etiology of EoE includes environmental,
immunologic, and genetic components.*® In order to deter-
mine the magnitude of environmental and genetic factors for
EoE disease risk, our group has used a classic epidemiologic
approach of assessing disease concordance among nonrelated
individuals, siblings, dizygotic twins, and monozygotic twins*
(Figure 1). Dizygotic twins have a 22% disease concordance,
whereas 2.4% of siblings of patients with EoE have EoE and the
general risk of EoE is about (1/2,000) in the overall population.
Because dizygotic twins and siblings have the same genetic

relatedness, we were able to use this difference to determine that
environmental factors contribute 81% towards the phenotypic
variance. Similarly, monozygotic twins share 100% of their
genetic identity yet have only 41% disease concordance. The
EoE disease concordance differences between monozygotic
and dizygotic twins revealed a contribution of genetic risk
variants that accounts for 15% of the phenotypic variation of
disease risk.*

Immunologically, Th2-associated signaling pathways (espe-
cially those involving interleukin 4 (IL-4)/IL-13 signaling) are
critical for the initiation and pathoetiology of EoE. During
active disease in humans, IL-13 is induced 16-fold in the
esophagi and can induce a well-defined set of EoE-involved
transcripts in esophageal cells ex vivo.” In mice, IL-13
overexpression is sufficient to induce esophageal eosinophilia
and other structural esophageal changes, resembling EoE.*’
Allergic sensitization and exposure is sufficient to generate
EoE-like features in mice; notably, intact IL-13 signaling is
necessary for allergen-induced esophageal eosinophilia and
related esophageal remodeling.'® The reduced integrity of the
epithelial cell barrier is a critical cellular mechanism associated
with EoE. Eosinophil infiltration into the lamina propria, basal
zone and intraepithelial spaces in the esophagus are pathog-
nomonic for EoE;'! however, apart from the IL-5 and IL-13
secretion by activated effector CD4" T cells (defined
by expression of chemoattractant receptor-homologous
molecule expressed on T(H)2 cells-positive (CRTH2(+)),
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hematopoietic prostaglandin D synthase,and CD161,"? the role
of eosinophils and other specific immune cells (e.g., mast cells,
T regulatory cells, and natural killer cells) in mediating EoE are
not clearly defined.””™"

Taken together, the evidence support that EoE disease risk is
multifactorial and involves the complex interplay of genetic and
environmental factors, particularly early life exposure events
such as those that are likely to affect microbiome content and
diversity.*'>"” Indeed, the esophagus has its own unique
microbiome that is likely different between homeostatis and
EoE, and there is emerging evidence that diet can affect
intestinal microbiome.'®'” Previous reviews detail the envir-
onmental etiology, the clinical presentation and manifestations,
and critical molecular pathways of EoE.'>'*'*"** This review
will focus on the contribution of genetic variation on EoE risk.
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Figure1 Concordance of disease in siblings supports role of genetic and

environmental etiologic factors for EoE risk. DZ, dizygotic; EoE,
eosinophilic esophagitis; G x E, gene-by-environment; MZ, monozygotic.
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Figure2 Results of agenome-wide association study of EoE. Data from
736 subjects with EOE and 9,246 controls over 1,468,075 common genetic
variants are graphed in a Manhattan plot. The —log,, P-value of each
probability is shown as a function of genomic position on the autosomes.
Genome-wide significance (red dashed line; P=5 x 10~ 8) and
suggestive significance (solid blue line; P=1 x 10~ 7) are indicated.
CAPN14, Calpain-14; HSF2BP, Heat Shock Transcription Factor 2
Binding Protein; LRRC32, Leucine Rich Repeat Containing 32; MIR4675,
microRNA 4675; TSLP, Thymic stromal lymphopoietin; XKR6, XK
Related 6. (From ref. 5.)
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Specific EoE-risk loci will be reviewed in the context of what
insight they provide into the molecular pathoetiology of EoE.
We will highlight the opportunities provided by families with
multiplex patterns of EoE inheritance and of single-gene
Mendelian disorders that are enriched with patients who also
have EoE. We will also discuss the clinical opportunities that
genetic analyses provide in the form of decision support tools,
molecular diagnostics, and novel therapeutic approaches.

ASSESSING GENETIC VARIATION AND IDENTIFYING
EoE-RISK LOCI

Figure 2 is the Manhattan plot of a genome-wide association
study (GWAS) of EoE.” The variants that are most statistically
associated with EoE risk are those with the lowest P-values (and
graphed at the top of the figure). Because GWAS involves
assessing many different genetic variants in the same case and
control populations, the results are a normal distribution of
chi-squared statistics and a complementary distribution of
P-values. Though an o-error of 0.05 is appropriate for many
experimental studies, a multiple testing correction must be
applied to account for the million independent sections of the
human genome (P rectea = 0.05/ 10°).%° The red-dashed line in
the Manhattan plot designates “genome-wide significance”—a
P-value of 5 x 10 ~ %, For genetic variants that are associated at
P-values less than 5 x 10~ ®, the null hypothesis can be rejected,
and the genetic variant can be designated as an EoE-risk variant.
Notably, over 90% of genetic variants associated with allergic
and immunologic diseases such as EoE are in noncoding
regions.>”’~>* Therefore, it is often challenging to identify the
molecular mechanisms driving disease risk. Indeed, ascertain-
ing causality in noncoding variants is non-trivial and can be
dependent on specific cell types and the presence of specific
inflammatory signaling pathways.>*

EoE-RISK LOCI

Both candidate and genome-wide approaches have been used
to identify specific genetic loci that increase risk of EoE.'**
Candidate analyses identified genetic variants at CCL26, FLG,
CRLF2, and DSGI with increased risk of EoE.**™* GWAS
approaches have identified and replicated association of genetic
variants at loci encoding TSLP/WDR36, CAPN14, LRRC32/
Cl1Iorf30, STAT6, and ANKRD27 with EoE risk.”>*>** Table 1
lists each of the established EoE-risk loci in the context of the
encoded gene’s effect sizes and whether the data have been
subjected to replication. In a phenotype association study
(PheWAS), a set of candidate or genome-wide genetic variants
for EoE were assessed for risk of a range of phenotypes,
identified from electronic medical records and ICD9 codes.
This analysis identified PTEN, TGFBR1/TGFBR2/PBN, and
IL5/IL13 as additional EoE-risk loci.* Many of these EoE-risk
loci are also associated with allergic sensitization, atopic
dermatitis, allergic rhinitis, and asthma. A substantial propor-
tion of patients with EoE also have a history of allergic disease,
including asthma ( ~ 50%), allergic rhinitis ( ~ 60%), and atopic
dermatitis (40%). This comorbidity of EoE with other allergic
diseases does not necessarily mean that the risk loci shared
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Table 1 Statistically significant and replicated EoE genetic risk loci
EoE Genes Odds ratio for most Putative genetic mechanism Pathogenic mechanism
genetic encoded  associated SNP at
risk loci each locus
2p23 CAPN14 1.98 Promoter variant leads to genotype- CAPN14 is aregulatory enzyme thatis induced by IL-13 and
dependent expression of CAPN14, likely  involved in epithelial homeostasis and repair
involving epigenetic mechanism
5q22 TSLP 0.74 Multiple risk alleles associated with geno- TSLP induces Th2 cell development and activates eosi-
WDR36 type-dependent expression of TSLP nophils and basophils
11913 LRRC32 2.49 Not described LRRC32 is a TGF-B binding protein
C110rf30
12q13  STAT6 1.50 Not described; STAT6 is the primary med- STATG6 is a downstream signaling mediator of IL-4Ra
iator of IL-4 and IL-13 signaling
19q13  ANKRD27 1.60 Not described ANKRD27 inhibits the SNARE complex; PDCD5 is involved
PDCD5 in apoptotic pathways. RGS9BP is not expressed in the
RGS9BP esophagus or by immune cells

Abbreviations: EoE, eosinophilic esophagitis; SNP, single-nucleotide polymorphism; TSLP, thymic stromal lymphopoietin. Each person can have 0, 1, or 2 risk alleles. In an
additive model, EOE risk is a sum of the risk for each risk allele. Risk shown is >1 and hence adjusted for being a common or rare allele.

between EoE and other allergic disease are nonspecific; these
risk loci may be specific to the esophageal allergic manifesta-
tions of EoE. In order to determine whether EoE-risk loci were
associated with EoE independently of other atopic diseases, a
logistic regression strategy was used in each of the published
EoE GWAS. Critically, logistic regression analysis at the 522,
11q13, and 12q13 loci, which adjusted for the sensitization
status, indicated that the observed association of these loci with
EoE was independent of sensitization. These analyses demon-
strate an important specific role for these risk loci for EoE as
opposed to a nonspecific role for allergic disease.’***

Established EoE-risk loci associated with other allergic
phenotypes
5922 encodes TSLP and WDR36. TSLP has wide-ranging affects
on many different cell types, including epithelial and hema-
topoietic cells. TSLP plays a critical role in promoting the
classical “Th2” responses that drive allergic inflammation.
TSLP is overexpressed in the esophagus of patients with active
EoE.** Importantly, the EoE-risk alleles are associated with
increased TSLP expression.””>*” In mouse models of EoE,
TSLP secreted from the epithelium is thought to contribute to
recruiting basophils. Importantly, depletion of basophils and
therapeutic TSLP neutralization is sufficient to resolve
established EoE-like disease in mice.*> There is a similar
correlation between TSLP expression and basophil accumula-
tion in the esophagi of patients with EoE, and a TSLP genetic
variant (identified in the original EoE GWAS>®) that results in
increased TSLP expression correlates with increased basophil
numbers.*’ Therapeutic strategies aimed at reversing the
dysregulation of TSLP are particularly promising for EoE
and other allergic diseases.”>™*

11q13 encodes LRRC32 (also known as GARP) and C110rf30
(also known as EMSY).>*? LRRC32 has a role in latent surface
expression of transforming growth factor beta (TGF-f3), and
LRRC32 mRNA is highly expressed in activated forkhead box
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P3 (FOXP3) ¥ T regulatory cells.**™** C110rf30 encodes EMSY,
which suppresses the transactivation activity of BRCA2.*
EMSY is part of a histone H3-specific methyltransferase
complex and may mediate ligand-dependent transcriptional
activation by nuclear hormone receptors.**~>' Both EMSY and
LRRC32 are expressed in esophageal epithelial cells, and the
roles of these genes in EoE are yet to be reported.

12q13 encodes STAT6. STAT6 is a transcription factor that is
activated by the allergy-associated cytokines IL-4 and IL-13 and
possibly IL-33.°°7°® Esophageal epithelial cell lines have intact
STAT6 signaling,”” > and STAT6 drives the expression of
many of the genes in the EoE transcriptome.”**® Indeed,
STATG6 had a critical and established role in the pathophysiol-
ogy of EoE before its identification as an EoE-risk locus.>®
Inhibitors upstream of STAT6 are being actively pursued, and a
confluence of genetic, transcriptional and physiologic evidence
supports their potential in treating patients with EoE.°'
Examples include dupilibumab (a human monoclonal antibody
against the common IL-4 and IL-13 receptor, IL-4Ra), which is
in phase-3 clinical trials,"**> and two inhibitors of IL-13
(humanized anti-IL-13), which are in phase-2 trials.**

EoE-risk loci that are tissue specific

2p23 encodes CAPNI4. Calpain 14 belongs to the classical
calpain subfamily, a set of calcium-activated intracellular
regulatory proteases.*>®> When the 2p23 risk locus was first
identified, no published studies assessed calpain 14 expression
or function. The GWAS identified this locus and resulted in
new and exciting opportunities for understanding EoE
pathoetiology and finding novel therapeutic targets. Indeed,
calpain 14 expression is relatively limited to the esophagus.
CAPNI14 is dynamically upregulated as a function of EoE
disease activity and after exposure of esophageal epithelial cells
to IL-13.%° Calpain 14 overexpression is sufficient to induce
EoE-associated morphologic changes in esophageal epithelial
cells and has been identified as a regulator of desmoglien 1
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(DSG1), an intercellular junctional protein key for barrier
formation.” A regulatory role for calpain 14 in both disease
induction and repair has begun to emerge, as there is a
proinflammatory effect of both gene silencing and over-
expression of CAPN14.%” These data support a model of calpain
14 as being central to EoE and part of a critical feedback loop in
the context of IL-13 signaling. Indeed, molecular analysis
demonstrates that EoE risk variants at this locus are associated
with genotype-dependent expression of calpain 14 in the
esophageal biopsies of patients with active EoE.*?

19q13 encodes several genes including ANKRD27, PDCD5,
and RGS9BP. ANKRD27 (also known as VARP) regulates the
trafficking of enzymes involved in melanin processing to
the epidermal melanocytes.®**> ANKRD27 also inhibits the
SNARE complex, which could have important implications for
apical transport in esophageal epithelial cells and wound
healing.”*”! PDCD5 is upregulated during apoptosis, translo-
cating to the nucleus from the cytoplasm.”>”> The encoded
protein is hypothesized to be an important regulator of lysine
acetyltransferase 5 by inhibiting its proteasome-dependent
degradation.”* PDCD5 is implicated in transcriptional regula-
tion, DNA damage response, and cell cycle control.”> RGS9BP
encodes a gene product whose expression is limited to the
retina, limiting the potential of this gene to be relevant in
EoE.”*”” Like other EoE-risk loci, the EoE-risk variants at this
locus are noncoding and likely affect gene expression of one or
more of the nearby genes by direct effects or by modulation of
chromatin structure. Further molecular studies are required to
identify the expression of surrounding genes in the esophagus
of patients in the context of disease and genotype.

EoE is associated with celiac disease but not the human
leukocyte antigen (HLA) genetic locus

Celiac disease is linked with EoE;"*"* in fact, a diagnosis of
celiac disease increases risk for EoE by at least 25%.”® EoE and
celiac disease share common features including that both are
food antigen-driven, although there is limited evidence that
gluten is a causal food in EoE,*" both involve a pathophysiology
that places epithelial cells in the center stage, and both resolve
upon removal of causal foods. Unlike celiac disease, there is no
evidence that EoE is auto-immune in nature. Celiac disease
affects the small intestine through gluten-specific T cells,
autoantibodies against tissue transglutaminase (tTG) and
tTG-induced neo-antigens. In one study of adult patients
with both EoE and celiac disease, a gluten-free diet resolved
patients’ esophageal eosinophilia, which raises the possibility of
shared pathophysiology in those subjects.”® In another study,
gluten removal successfully treated the celiac component but
not the EoE component of patients with concurrent disease.”®
Altogether, additional studies are required to elucidate the
pathoetiological and genetic links between EoE and celiac
disease. Over 95% of patients with celiac disease have the HLA-
DQ2 allele, and the remaining patients have the HLA-DQ8
allele. Though these specific class-2 human leukocyte antigen
genotypes are necessary for celiac disease, they are not
sufficient. Over 45 common genetic risk loci apart from the
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human leukocyte antigen locus on chromosome 6 have been
statistically associated with celiac disease risk. Most of the celiac
disease-risk loci are shared with other autoimmune diseases,
such as systemic lupus erythematosus, rheumatoid arthritis,
and multiple sclerosis. Unlike celiac disease and the other
autoimmune diseases, no human leukocyte antigen association
has been identified as increasing disease risk for EoE. Indeed, to
date, no common genetic mechanisms linking EoE and celiac
disease or any other autoimmune disease have been identified,
although increasing evidence for clinical co-occurrence is
emerging.82

Families with multiplex inheritance of EoE

Though the majority of patients with EoE do not have parents
or siblings with EoE, there are some families in which EoE is
inherited in a manner that implicates single, extremely rare
genetic mutations. Indeed, the literature contains over 50
examples of these multiplex families in which numerous
affected members have pathologically confirmed EoE.*®
Often, these multiplex families also contain other family
members with clinical histories suggesting the presence of EoE
(e.g., an uncle with a history of dysphagia without follow-up
pathology of his symptoms). Patients within these families had
pathologic, clinical, and esophageal gene expression findings
consistent with patients with EoE.* Genetic studies on
multiplex EoE families may be complicated by the presence
of family members with variable EoE phenotypes, including an
EoE-like esophagitis that is devoid of eosinophilia, suggesting
partial penetrance of different disease features.** Nonetheless,
these families provide a unique opportunity to identify rare
genetic variants and mutations in pathways so important to the
etiology of EoE that the variants are not commonly found in the
population. Even in cases in which the mutation is only carried
by a small proportion of subjects with EoE, therapeutics
targeting these pathways might well be effective for a much
larger group of patients.

The sequencing of the entire genomes or exomes of these
family members with and without disease could lead to
significant breakthroughs of monogenetic causes of EoE. Using
another approach, a whole-exome sequencing study of 33
unrelated patients with EoE identified esophageal genes with an
increased burden of rare, damaging mutations. Strikingly 39
rare genetic variants in 18 genes were identified in this study,
and this preliminary analysis indicates enrichment in gene in
epithelial differentiation.®’

Mendelian diseases associated with EoE

EoE co-occurs with several Mendelian and non-Mendelian
disorders (Table 2 and refs 86,87). For example, EoE is enriched
in patients with hypermobility-associated connective-tissue
disorders including Loeys-Dietz syndrome (also known as
Marfan syndrome type I1)*® and the hypermobility variant of
Ehlers-Danlos syndrome."” Indeed, a diagnosis of EoE
increases risk for connective-tissue disease by eightfold."
Mechanistically, there is enhanced TGF-B production and
signaling in both EoE and connective-tissue disease. Genetic
mutations that result in single amino acid changes in proteins
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Table 2 Mendelian diseases associated with EOE

Mendelian disease
associated with EoE

Genetic mutation

Plausible etiologic
mechanism

Loeys-Dietz
syndrome (LDS)

Ehlers-Danlos
syndrome,
hypermobility type

Severe atopy syn-
drome associated
with metabolic wast-
ing (SAM syndrome)

Netherton’s
syndrome

PTEN hamartoma
tumor syndrome
(PHTS)

Autosomal dominant
hyper-IgE syndrome

Autosomal recessive
form of hyper-IgE
syndrome

Mutations in transform-
ing growth factor beta
receptors 1 and 2
(TGFBR1 and TGFBR2,
respectively)

Unknown—other sub-
types of Ehlers-Danlos
syndrome are caused
by mutations in collagen
genes

Homozygous mutations
in desmoglein 1 (DSG7)

Loss-of-function muta-
tions in skin protease
inhibitor, kazal type 5
(SPINKS5)

Mutations in
phosphatase and
tensin homolog (PTEN)

Deleterious mutations in
signal transducer and
activator of transcription
3 (STAT3)

Loss-of-function
mutations in
dedicator of
cytokinesis 8 (DOCKS8)

Enhanced transforming
growth factor beta

(TGF-B) signaling

Disrupted joint and skin
development; increased
activity of TGF-B due to
altered binding by
extracellular matrix

Disrupted epithelial
barrier

Unrestricted protease
activity of kallikrein 5 and
7 (KLK5, KLK?7)

Inhibited regulation of
the phosphatidylinosi-
tol-4,5-bisphosphate
3-kinase (PI3K)
signaling pathway

Dysregulated response
toIL-6 and possibly IL-5

Loss of T-cell homeos-
tasis; lack of durable
secondary antibody
response against
specific antigens

that bind TGF-p-related proteins have been shown to cause
Loeys-Dietz syndrome,*® whereas Ehlers-Danlos syndrome is

caused by genetic mutation in collagen-encoding genes.

89,90

Notably, TGF-B has been shown to directly regulate the

transcription of collagen,

91,92

and EoE is associated with both

increased production of TGF-f and dysregulated expression of
collagen in the esophagus, especially in patients with the
connective-tissue disease variant.”>”’

Homozygous mutations in epithelial adhesion molecule

desmoglein 1 (DSG1) causes a severe atopy syndrome
associated with metabolic wasting (SAM syndrome) and is
indeed associated with EoE.” Interestingly, DSG1 expression is
downregulated in the esophageal epithelia of patients with
active EoE (with and without SAM syndrome), and IL-13
treatment of esophageal epithelial cells decreases DSG1
expression.”® In vivo and ex vivo approaches demonstrated
that disrupted DSGI1 expression has a critical role in the
epithelial barrier defects seen in EoE.”® Thus, these human
experiments of nature prove that loss of DSGL is causal of EoE,
at least in some patients.

EoE is enriched in patients with Netherton’s syndrome, a
disease caused by loss-of-function mutations in the skin
protease inhibitor SPINK5 gene.”” Netherton’s syndrome is
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characterized clinically by the triad of atopic diathesis,
congenital ichthyosiform erythroderma, and a specific hair
shaft abnormality termed trichorrhexis invaginata ("bamboo
hair").”® SPINKS5 is an important regulator of the epidermal
proteases kallikrein-related peptidase KLK5 and KLK7. With-
out SPINKS5, the unrestricted KLK protease activity is sufficient
to cause substantial disruption of the skin.”” The severe hyper-
atopy phenotype seen in Netherton’s syndrome, now linked
with EoE, highlights the central role that barrier impairment
has in EoE.

The PTEN (phosphatase and tensin) hamartoma tumor
syndrome is also associated with eosinophilic gastrointestinal
disorders including EoE.'” PTEN hamartoma tumor syn-
drome is caused by mutations in the tumor suppressor PTEN
homolog. PTEN is a critical regulator of the phosphatidyli-
nositol-4,5-bisphosphate 3-kinase signaling pathway through
PTEN’s lipid and protein phosphatase activities.'”" Unlike the
other Mendelian diseases associated with EoE, it is notable that
eosinophils express PTEN, which is involved in cytokine
signaling, including IL-5 responses.

Autosomal-dominant hyper-IgE syndrome is also associated
with EoE and is caused by deleterious mutations in signal
transducer and activator of transcription 3 (STAT3). Patients
develop elevated IgE, staphylococcal abscesses, and pneumonia
and markedly higher peripheral eosinophilia.'”> STAT3 has a
central role in the signaling pathway of growth factors,
hormones and multiple cytokines. In the absence of functional
STATS3, cells have a dysregulated response to IL-6, leading to a
deficit in T-helper 17 cells, central T cell memory and memory
B cells.'”'% Though the role of eosinophils in hyper-IgE
syndrome is unknown, STAT3 is activated in eosinophils
following IL-5 signaling, and a gain-of-function mutation
has been identified in Iymphocytic hypereosinophilic
syndrome.'**'"7

An autosomal recessive form of hyper-IgE syndrome
associated with EoE is caused by loss-of-function mutations
in dedicator of cytokinesis 8 (DOCKS).'”” These patients have
elevated IgE, recurrent infections, severe atopic dermatitis,
asthma, food allergy and eosinophilia.'”® DOCKS function is
important for T-cell homeostasis, and mouse models have
confirmed the necessity of DOCKS in generating a durable
secondary antibody response.'®” DOCKS acts through CDC42
and p2l-activated kinase (PAK) to maintain morphologic
shape and nuclear integrity in T and natural killer cells during
chemotaxis.'' DOCKS is expressed on human eosinophils and
putatively plays an important role in their chemotaxis and
homeostasis.

FUTURE DIRECTIONS IN GENETIC ANALYSIS OF EoE

Identifying and replicating EoE-risk loci requires studies with
sufficient statistical power to reach the low P-values resulting
from the multiple testing correction of genome-wide studies.
To date, genome-wide studies of EoE have been moderately
powered, but they can be improved by including more
independent cohorts of subjects with and without EoE. The
next phase of genetic studies needs to not only identify loci but
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Figure3 Eosinophilic esophagitis (EoE)-risk loci contain genes with known roles in the pathoetiology of EoE. Esophageal epithelial cells secrete thymic
stromal lymphopoietin (TSLP, encoded by EoE-risk locus 5g22) and interleukin-33 (IL-33) in response to stimuli from various environmental factors.
These cytokines act on T-helper cells, leading to their secretion of allergic cytokines including IL-13, IL-4, and IL-5. IL-5 signals primarily through signal
transducer and activator of transcription 5 (STAT5) in eosinophils to promote tissue recruitment and survival. IL-13 signals primarily through signal
transducer and activator of transcription 6 (STAT6, encoded by EoE-risk locus 12q13) and promotes the transcription of calpain-14 (CAPN14, encoded by
EoE-risk locus 2p23) and C-C Motif Chemokine Ligand 26 (CCL26, also known as eotaxin-3). STAT6-dependent IL-13 signaling also leads to decreased
expression of the tight junction protein desmoglein 1 (DSG1). Altogether, these signaling pathways lead to eosinophil recruitment and survival, a
disrupted esophageal epithelial barrier, and a disorganized esophageal epithelium.

also identify molecular mechanisms driving the genetic
associations. Causal variant statistical analysis and geno-
type-dependent transcriptional analysis are needed to identify
candidate mechanisms that can be further tested using genome-
edited, patient-derived esophageal culture systems. The EoE-
risk loci contain genes with known roles in the pathoetiology of
EoE (Figure 3); careful mechanistic studies are important
because they will reveal specific molecular pathways that
increase disease risk in patients with EoE. Given the important
role of early life exposure events as EoE-risk factors,''" a deeper
analysis of the microbiome and its interaction with EoE-risk
variants is likely to be informative.

Moving beyond etiologic, genetic loci that increase risk for
disease initiation, these same data sets can be used to perform
subphenotypic studies that will identify genetic loci that
increase risk for specific disease manifestations. Similarly,
pharmacogenomic studies of patients with EoE who are
responsive and unresponsive to specific therapeutic strategies
(such as swallowed glucocorticoids) are possible with sufficient
clinical data associated with the genome-wide genotyping data.
Early proof-of-principle examples of this type of test are the
correlation of a genetic variant in the TGF-f promoter with
responsiveness to swallowed budesonide therapy in a small
study of patients with EoE*® and the preliminary identification
of a set of esophageal transcripts that predict responsiveness
to topical fluticasone.''

Genetic analyses might also help to explain the male
predominance of patients with EoE. Around 65% of patients
are males."'"*"'"> Environmental factors, physiologic differ-
ences between males and females, and genetic risk loci on the
non-autosomal chromosomes are candidate hypotheses to
explain the male predominance, but no definitive studies have
explained the sex bias of EoE. Sex-specific genetic analyses of
autosomal genetic variation did not reveal risk loci that were
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statistically significant in a sex-specific manner after applying a
genome-wide, multiple-testing correction.’

CLINICAL POTENTIAL OF GENETIC STUDIES OF EoE RISK
The current clinical diagnosis of EoE depends upon careful
analysis by trained, often specialized pathologists. The progress
presented in the newly available EoE Diagnostic Panel (EDP)
allows a clinician to extract RNA from an esophageal biopsy
and make a diagnosis on the basis of the expression of a
carefully selected set of genes; see www.eogenius.com for
details.""'*"''® The EDP was recently assessed in a prospective
cohort study, which confirmed the utility and sensitivity of this
assay regardless of biopsy location or sample preservative and
that it performs well even with only one biopsy.''” Similarly, the
EDP facilitates disease characterization in addition to diag-
nosis. For example, transcriptional signatures from the EDP
and other genes can be used to predict the response to particular
therapeutics such as swallowed glucocorticoid steroids''* and
anti-IL-13.""® A clinical decision support tool using a variety of
input data, including genotypes of EoE-risk loci, to help
physicians decide who is a strong candidate for endoscopy
could greatly reduce the diagnostic odyssey experienced by
many families.

To date, each of the studies of genetic loci that increase EOE
risk have been performed at a population level using the
genotypes of groups of people with and without EoE to identify
loci that are statistically different and affect EoE risk in
individual patients. In a predictive tool, the results of these
studies would be used to create models of cumulative genetic
risk for individual patients. For example, the individual effect
sizes at 2p23 (odds ratio ~2.0) and 5922 (odds ratio ~ 1.5) are
still not yet useful for clinicians treating and diagnosing patients
with suspected EoE in the clinic. However, by considering all of
the risk loci, we are able to identify more clinically relevant risk
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assessments. For example, if an individual carried the
risk variants for both the 2p23 and the 5q22 loci in a
homozygous fashion (i.e., the risk variant on each homologous
chromosome), that person would have a sevenfold increased
risk of EOE compared with the general population (unpublished
results). Similarly, tools could be developed to guide treatment
of patients with EoE. The discovery of the tissue-specific 2p23
EoE-risk loci encoding calpain 14 has led to substantial
opportunities for new therapies and understanding of disease
etiology. The potential to find similar tissue-specific, pathoe-
tiologic pathways is driving continuing efforts to fully identify
the genetic etiology of EoE.
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