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Abstract

Eosinophilic esophagitis (EoE) was historically distinguished from gastroesophageal reflux disease on the
basis of histology and lack of responsiveness to acid suppressive therapy, but it is now appreciated that
esophageal eosinophilia can respond to proton pump inhibitors. Genetic and environmental factors
contribute to risk for EoE—particularly early-life events. Disease pathogenesis involves activation of
epithelial inflammatory pathways (production of eotaxin-3 [encodedCB\.26]), impaired barrier
function (mediated by loss of desmoglein-1), increased production and/or activity of transforming growth
factor3, and induction of allergic inflammation by eosinophils and mast cells. Susceptibility has been
associated with variants at 5gZB(P) and 2p23 CAPN14), indicating roles for allergic sensitization

and esophageal specific protease pathways. We propose that EoE is a unique disease characterized by
food hypersensitivity, strong hereditability influenced by early-life exposures and esophageal specific
genetic risk variants, and allergic inflammation and that the disease is remitted by disrupting

inflammatory and T-helper type 2 cytokine—mediated responses and through dietary elimination therapy.



Eosinophilic esophagitis (EoE) is a chronic, immune-mediated disease. Diagnostic criteria include
symptoms of esophageal dysfunction; eosinophilic inflammation localized to the esophagus, with at least
15 eosinophils per high-power field (eos/hpf) in an esophageal mucosal biopsy; and exclusion of other
recognized causes of esophageal eosinophilia, including proton pump inhibitor (PPl)-responsive
esophageal eosinophilia (REE)A PPI trial is required before a diagnosis of EOE can be made; patients
with esophageal eosinophilia that responds to PPIs do not have EoE. However, a substantial fraction of
patients with esophageal eosinophilia (>15 eos/hpf) have PPI-REE. Although EoE and PPI-REE are
considered to be separate disorders, they overlap in clinical and histologic features, so they might be
different stages of a single disorder. Figure 1A summarizes the clinical presentation of EOE and the

endoscopic approach and microscopic requirements.

EoE was rarely recognized prior to scattered reports in the 1990s, when the presence of
intraepithelial eosinophils in the esophagus was thought to indicate reflux esophaditis2004,
researchers reported that the disease could be inherited, that symptoms varied with age, and that there
were 1/10,000 new cases each year, with a prevalence of ~1/2000 individin@lsfirst consensus
guidelines for EoE were published in 200#ith revisions in 2011 and 2013.The first animal model of
the disease was described in 26@hd the EoE transcriptome was identified and findings from the first
controlled clinical trial were reported in 20068° Results from genome-wide susceptibility studies were
reported in 2010 and 201%,' and the effects of biologic therapies, including antibodies against
interleukin-5 (IL5) and 1L13, were reported in 2006 and 2014, respecti/éfyThe contribution of
genetic and environmental factors to risk of EOE was reported from a study of twins published'th 2014.
We review the molecular, cellular, and immune mechanisms involved in the pathogenesis of EOE,
interactions between genetic and environmental factors in disease susceptibility and manifestations, and

the implications of these findings for current and developing treatments.



Histopathology

In addition to high numbers of eosinophils, which are detected in all regions of the esophagus (proximal
and distal), features of EOE include a thickened mucosa with basal layer hyperplasia and papillary
lengthening® Furthermore, esophageal biopsies from patients with EOE may have eosinophil surface
layering and eosinophilic microabscesses, and increased levels of dendritic cells and degranulating mast
cells (generally found at levels higher levels than those of patients with gastroesophageal reflux disease
[GERD]). The biopsies also have higher numbers of CD8ells and lower numbers of FOXPB cells,

proposed to be T-regulatory cells, than esophageal tissues from patients without EoE. Dilated intercellular
spaces, particularly in the epithelium, are readily observed. Extracellular deposition of eosinophil granule
proteins, such as eosinophil peroxidase (EPO, also abbreviated as EPX), is present in the esophagus of
patients with EoE, and it has been proposed that EPO correlates with clinical features even better than
eosinophil levels! A large subset of patients with EOE have fibrostenotic complications associated with
radiographic and endoscopic findings, including strictures and mucosal rings. In histologic analyses, these
have been associated with collagen deposition—primarily in the lamina propria, where mast cells

accumulat® processes at rates proportional to the length of time that EOE has been left utitreated.

Heritability
Familial Clustering, Environmental Factors, and Twin Studies

Elucidating the complex inheritance of EoE involves identifying unique features of disease etiology and
pathogenesis. Among 914 pediatric probands (within 2192 first-degree family members), relative risk
ratios for EOE in family members range from 10 to 64, depending on the relationship, with higher values
for brothers (64 fold), fathers (43 fold), and men (51 fold) compared to sisters, mothers, and women,
respectively® Overall, EOE is observed in 1.8%-2.4% of relatives, depending upon their relationship and

sex™ This is a substantial rate of heritability, especially since relative risk ratios in related diseases such
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as asthma and food allergy are typically only about 2'fokhalyses of EOE concordance in twins have
provided some important information about the genetic basis of EoE. There is approximately 40%
concordance between monozygotic twins and, notably, 30% concordance between dizygotic twins
(approximately 10-fold higher than for non-twin siblings)These findings indicate a role for the
environment in EoE risk (an estimated 80% contribution)—the high concordance of EoE in dizygotic

twins implicates early-life exposures in susceptibility.

Interestingly, antibiotic use in infancy, cesarean delivery, preterm birth, season of birth, birth weight, and
breastfeeding have all been identified as factors that affect the development 6 £®Bough we do

not know the specific mechanisms by which these and other early-life exposures increase or decrease risk,
all affect the microbiome, which influences the developing immune system and development &f atopy.
For example, bacterial products stimulate production of the innate cytokines thymic stromal
lymphopoietin (TSLP) and IL33, which induce and activate eosinophils to contribute to development of

atopy.?

Association with Mendelian Disorders

A small fraction of patients develop EOE in association with a genetic syndrome. The most studied is the
association of EOE with inherited connective tissue disorders (CTD) that involve hypermobility
syndromes (e.g., Loetyz-Dietz syndrome [LDS], Marfan syndrome Type Il [MF] and Ehlers-Danlos
syndrome). The co-morbidity of EOE with these disorders is now called EoEXCfBlthough only 1%

of patients with EOE have EOE-CTD, EOE increases the risk for CTD approximately 8 fold. Patients with
inherited connective tissue hypermobility syndromes are at increased risk for cardiovascular
complications, so patients with EOE should be screened for hypermobility and receive appropriate care if

they are found to also have a CTD.

EoE and CTD share excessive production of transforming growth R¢iGEH3) and TG signaling.
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LDS is caused by gain-of-function mutations in the BG&ceptors, whereas MF is caused by mutations

in connective tissue proteins that bind to PGBuch as fibrillin 1 (Type 1). Ehlers-Danlos syndrome is
caused by mutations in collagenis®® Interestingly, patients with EoE have increased levels of collagen
8A2 in the esophagus, whereas patients with EOE-CTD have reduced expression of collagen 8A2 mRNA
in the esophagus. Preliminary analyses, focused primarily on patients with LDS, indicate that these
changes promote development of T-helper type 2 (Th2) cells from naive lymphocytes in a cell-
autonomous mannétTh2 cells produce large amounts of specific cytokines (such as IL4, IL5, and I1L13)
that are involved in development of allergic disorders (such as allergic rhinitis, atopic dermatitis, and

asthma).

The finding that LDS is caused by mutation in a single gene shows that activation psiB&ling is
sufficient to cause allergic phenotypes. It also demonstrates the role fd¥ ifiGdrecting immune
responses to antigens in a manner that promotes development BffE&ients with non-syndromic EoE
produce increased amounts of eosinophil- and mast cell-derive@—F@dtticularly in the esophageal

muscularis mucosa. This process has been proposed to contribute to smooth muscle hypercdhtractility.

In addition to inherited CTDs, EoE has been associated with other autosomal dominant Mendelian
diseases, such as PTEN hamartoma tumor syndromes (PHTS). Although patients with PHTS have a more
than 200-fold increase in risk for EOE and other eosinophil-associated gastrointestinal disorders, there is
only a 4% to 9% prevalence of eosinophil-associated gastrointestinal disorders among pediatric patients
with PHTS and &#TEN mutation? The mechanism connecting PHTS and EoE has not been agreed upon.
However, transduction of PTEN into eosinophils reduces their survival and chemotaxis; furthermore,

PTEN and TGPB have been shown to cooperate to induce colon c&hcer.

Other EoE-associated, inherited diseases include severe dermatitis, multiple allergies, and metabolic
wasting (SAM) syndrome. SAM syndrome is caused by homozygous mutatiD®siy which encodes

desmoglein 1. DSG1 is a major constituent of desmosomes, which connect the cell surface to the keratin



cytoskeleton to help maintain epidermal integrity and barrier funéti8AM syndrome is a rare disorder

only reported in 3 consanguineous families. However, studies of these families have provided information
about EOE pathoetiology, since acquired loss of DSG1 and impaired barrier function in the esophagus are
general features of non-syndromic ESBE? Furthermore, EOE has been reported in 2 other atopy-
associated Mendelian disorders: autosomal dominant hyper-IgE syndrome, caused by loss-of-function
mutations in STATZ, and a syndrome characterized by increased levels of mast cell tryptase in the blood
and associated with CTB Figure 2 contains a Table that summarizes the genes and Mendelian disorders

associated with EoE.

Genetic Variants

There have been 3 basic approaches to identify the genetic factors associated with EOE: association of
EoE with Mendelian disorders, candidate-gene identification, and genome-wide association studies
(GWASSs). Using the candidate-gene approach, researchers identified a common single-nucleotide
polymorphism (SNP) in the 3’ untranslated regionGffL26 (encodes eotaxin-3)—the most highly
overexpressed esophageal transcript in the EoE transcripterpeession of£CL26 is induced by IL13

in esophageal epithelial cells, a@€L26 mMRNA and protein are overexpressed in significantly more

patients with EoE in than contrdls.

EoE risk has also been associated with coding variants (2282déld{5invhich encodes the epidermal
barrier protein filaggrin. Expression &fLG is negatively regulated by IL13 and decreased in the
esophageal mucosa of patients with EbEh a small cohort of patients with EOE who had received
treatment with steroids, a variant in the promoter of T@B gene was associated with steroid
unresponsiveness. The variant also correlated with increased numbers fpdsitive cells in the

esophagud!

To identify disease risk variants in a more unbiased fashion, researchers performed a GWAS, genotyping
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351 patients with EoE and 3104 healthy controls and evaluating 550,000 common variants. On
chromosome 5g22, a single locus spanningrtid® and WD repeat domain 38VDR36) genes showed

a significant association with EGE.TSLP is a cytokine that has been shown to be produced by
keratinocytes and to promote the development of Th2 dells? mRNA was increased in esophageal
tissues from patients with EOE, compared with controls. The most strongly associated variant was found
to increaseTSLP expressiort! TSLP risk genotypes correlated with increased numbers of basophils,
which promote EoE-like disease in mice, and of granulocyte-monocyte progenitor-like cells in the

esophagu¥

A separate candidate-gene approach also associated varid®sPimith EoE risk® In an analysis of

more than 700 variants in epithelial-derived genes linked to atopy, thd&®& fhwere most strongly
associated with Eo®.Moreover, a coding variant in the gene encoding cytokine receptor—like factor 2
(CRLF2), which encodes for the receptor for TSLP, was associated with EoE risk in onf§} &P

activates basophils, which are increased in the esophagus of patients with EoE and required in a mouse
model of EoF* These findings indicate that the TSLP pathway is contributory in patients with EoE.
However, many studies have associated the locus that cofi@iRsand WDR36, as well as TSLP

protein, with other atopic diseases and resporées.

A deeper GWAS was performed, focusing on approximately 2.5 million genetic variants in 736
individuals with EoE and 9246 controls (without ESEn addition to identifying th&g22 locus (meta-
analysisP=1.9x10"9), this analysis made 4 other genome-wide significant associations; the strongest was
located at 2p23 (encodif@APN14, P=2.5x10"%.? RemarkablyCAPN14 was specifically expressed in

the esophagus, in comparison to 130 other tisSuBss finding was recently independently replicated.

It was also upregulated with disease activity and in patients with the EoE-associated genetic haplotypes;
CAPN14 mRNA levels and calpain protein activity were also shown to be increased in esophageal

epithelial cells incubated with 1L1'3.



CAPN14 is located in an epigenetic hotspot modified by IL13. IL13 induces histone 3 lysine 27 (H3K27)
acetylation in theCAPN14 promoter, and the disease-associated risk haplotype promotes binding of
nuclear proteins expressed by esophageal epitheliac€ISPN14 belongs to the classical calpain sub-
family of proteolytic systems (in addition to the proteasomal, lysosomal, and caspase systems). Classical
calpains are calcium-dependent proteases. Their substrates include structural proteins, signaling
molecules, transcription factors, cell adhesion molecules, and inflammatory mediators of allergic

responses, such as STAT6 and IL33. IL33 has been associated with EoE.

Collectively, these findings support a 2-hit mechanism of EoE susceptibility. The first hit occurs at 5922
(leading to TSLP-induced allergic sensitization) and the second occurs at 2p23 (leading to activation of
esophageal-specific protease CAPN14). Consistent with this concept, there is increased esophageal
expression of the genes neighboring the top 208 EoE-associated sequence'¥atianggore, the tissue
specificity of EoE appears to be manifested, at least partially, by esophageal-specific pathways. See

Figure 2 for a summary of the genetic variants associated with’EoE.

Pathogenesis
Allergic Sensitization

EoE pathogenesis is highly linked with atopy on the basis of disease co-occurrence, the success of
allergen avoidance (primarily dietary control), animal models, and genetic linkage. Most patients with
EoE have evidence of food and aeroallergen hypersensitasity a concurrent history of respiratory
allergy®® ®" Food anaphylaxis occurs in about 15% of patients with 'EQBLike patients with food
anaphylaxis, most patients with EOE are sensitive to a variety of foods, as assessed by skin-prick tests,
serum levels of food-specific immunoglobulin (Ig)Es, and dietary add-back stfidibs. role of food

antigen sensitization has been demonstrated by the success of reducing specific food exposures (selected

by skin and patch tests), empiric avoidance of the 6 most common allergenic food types, and use of amino
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acid-based formula, all of which are capable of inducing disease reniissioEoE flares upon
reintroduction of the eliciting foods, which are most commonly milk-, wheat-, and/or egg-containing
foods”®. Food-specific IgE is clearly present but not likely to be required for disease induction and/or
maintenance, because IgE-deficient, B cell-deficient mice develop experimentit EéEministration

of humanized anti-IgE to mice with experimental EoE is ineffeéfivaterestingly, food-specific 1gG4 is

locally produced in the esophagus and might block IgE, yet propagate EoE in a food-specific*hanner.

has been proposed that birch pollen sensitization may lead to cross reactivity to a variety of foods and be

partially responsible for the prevalence of food-specific IgE in patients witH¥EoE.

Experimental EoE can be induced in mice by allergen exposure through tH& Skiaspiratory’ or
gastrointestinal traéf; “>as well as by overexpression of select Th2 cytokines (e.g., IL5 and®t®d
IL15*). For example, repeated intranasal exposure to aeroallergen#\§eeggjllus fumigatus) or food
allergen?’ induces simultaneous eosinophilic airway and esophageal inflammation (without inducing
lower gastrointestinal eosinophili&)Furthermore, 1L13 is overexpressed in the esophagus of patients
with EoE and selectively induces expressionGgiL26 in esophageal epithelial ceffs.Transgenic
overexpression of IL13 in mice induces an EoE-like disease with molecular features of hunin EoE.
Intra-tracheal delivery of human or mouse IL13 induces dose-dependent experimeftaihEoprocess

can be blocked with an antibody against human f2XBonsistent with this, STAT6-deficient mice are
partially protected from allergen- and IL13-induced experimental ‘E8EFurther, IL13-deficient mice

have impaired allergen-induced EoE in some motets.

Epicutaneous allergen sensitization is a strong primer for respiratory allergen-induced experimental
EoE3* * This finding may be particularly important for understanding EoE because a large fraction of
patients with EOE have preceding allergic skin disease (atopic dermatitis). Also, allergy-inducing innate
cytokines such as TSLP are derived from the $kimd genetic studies have linked EoE susceptibility to
TSLP.* 2 These findings indicate that sensitization could occur via cutaneous antigen exposure and that

there is a connection between eosinophil-mediated inflammation of the respiratory tract and esophagus in
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response to not only external allergic triggers, but also intrinsic Th2 cytokines. Notably, patients with
allergic rhinitis have seasonal increases in esophageal eosinopalients with EOE have seasonal
variations in their sympton§, and birth season has been associated with EoE susceptibility. These
observations support the roles of environmental factors and allergen-induced, eosinophil-associated
responses in the esophagus. Importantly, the relationship between EoE and allergic sensitization is
supported by the association of EOE susceptibility with 9 of 22 allergic sensitizatidhAdtbiough only

some individuals without atopy develop EoE, the mechanisms of allergic inflammation are likely to still
operate, regardless of the initial triggering stimuli. Figure 3 summarizes key steps involved in eosinophil

development at baseline and during the development of EoE.

The EOE Transcriptome

There is marked overexpression of approximately 1% of the human genome in the esophagus of patients
with active EOE compared to individuals without any esophageal pathology, individuals with chronic
esophagitis without eosinophilia, or individuals with symptomatic GERD (confirmed by multi-channel
intraluminal impedance testind)>” * This EoE transcriptome is highly conserved among patients
regardless of sex, age, history of atopy, or genetic variantC&h@6 is consistently the most highly
induced gené.*®  Levels of CCL26 mRNA in paraffin-embedded esophageal tissues have been
proposed to distinguish EoE from GEREFigure 1B summarizes the EoE transcriptome and its potential

usage for diagnosing and characterizing EoE.

Comparing patients with EOE who did or did not have co-occurring allergies revealed that the gene
transcript signature is markedly conserved across these 2 major EoE phehdtyisesemonstrates that

the effector phase of the disease is conserved between individuals with EOE, irrespective of the
inflammatory trigger. Interestingly, a marked portion of the EoOE transcriptome is directly induced by

exposure of primary esophageal epithelial cells to IL13 (includ@i@@26, which is the gene most
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strongly induced by IL13j or overexpression of transgenic 1L13 in mitéL13-regulated genes in the

EoE transcriptome include those encoding periostin (markedly induced by IL13 and overexpressed in
EoEf?and FLG (markedly downregulated by I1L13 and decreased in He&jostin is a fascilin domain-
containing extracellular matrix molecule that regulates eosinophil adhesion and promotes eotaxin-induced
eosinophil recruitmerft Its levels correlate with esophageal and pulmonary eosinophéiad it is a

marker used to predict response to anti-IL13 drugs in patients with a&thma.

The EoE transcriptome also contains a series of non-coding RNAs including microRNAs (miRs) and long
non-coding RNAs, which regulate transcription and translafidiLevels of the BRAF-activated non-

protein coding RNA BANCR) are increased in esophageal tissues of patients with EoE and in primary
esophageal epithelial cells exposed to IL13. Reducing levels of BANCR with small hairpin RNAs alters
the expression of IL13-induced genes that promote inflamm&tibsa-miR-21 is the most strongly
induced miR in human EoE sampfédt stimulates Th2-associated hypersensitivity by down-regulating
IL12p35 mRNA in dendritic cell® and promotes induction of experimental EoE in nifdeevels of hsa-

miR-375 are reduced in human EOE tissues; hsa-miR-375 is expressed by esophageal epithelial cells and

involved in an IL13-induced auto-inflammatich.

Impaired Barrier Function

Biopsy specimens from patients with EoE show dilated intercellular spaces and impaired barrier function
(see Figure 4 for a conceptual and microscopic view of impaired barrier function); these observations are
supported by ex vivo measurements of permeability and resistafite epidermal differentiation
complex locus, at 1921, has the highest density of genes with altered expression in EOE tissues, as
measured by transcriptome analySinterestingly, most of these genes are downregulated and encode
factors that regulate formation of structured epithelium and barrier function, such as involucrin, small

proline-rich protein, and FLG. FLG is a structural barrier protein in the skin; its loss of function is
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associated with increased permeability and susceptibility to atopic dermatitis in Alarathsatopic
sensitization in mic&’ The impaired barrier function observed in esophageal tissues of patients with EoE
can be explained, at least in part, by loss of expression of the desmosomal cadherin DSG1. Silencing of
DSG1 weakens esophageal epithelial integrity, induces separation of epithelial cells, and impairs barrier
function independent of changes in levels of FLG and the other major epithelial cadherin?’DSG3.
Notably, DSG1 deficiency induces transcriptional changes in esophageal epithelial cells that partially
overlap with the transcriptome of inflamed esophageal mucosa; periostin is the most highly induced
overlapping gené. Considering the ability of 1L13 to strongly downregul@8G1, and that EOE is
associated with homozygous disruption$G1%, we propose that loss of DSG1 propagates allergic
esophageal inflammation. Loss of DSG1 provides a mechanism by which food antigen-induced Th2 cell-
mediated adaptive immunity leads to impaired barrier function, propagation of local inflammatory

processes (including sensitivity to acid), and increased antigen uptake in the esophagus (Figure 4).

Immune Cdlls

Manipulation of eosinophil numbers in mice by overexpression of IL5, disruption of the gene encoding
the chemokine receptor CCR3, or lineage ablation leads to reduced esophageal remodeling, including
epithelial cell hyperplasia and collagen deposifionntestinal eosinophils regulate production of
secretory IgA (slgA), and eosinophil-deficient mice have markedly reduced levels &t §l¢far review

of eosinophils in inflammation se€ and ™). Figure 3 summarizes eosinophil development and

regulation.

Eosinophil granules contain a crystalloid core composed of major basic proteins (MBPs) 1 and 2, and a
matrix composed of cytotoxic proteins including eosinophil cationic protein (ECP), eosinophil-derived
neurotoxin (EDN), and EPH.Additionally, ECP and EDN belong to the ribonuclease A superfamily and

have anti-viral and ribonuclease activities. EDN is an endogenous ligand of Toll-like receptor 2 (TLR2);
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EDN activates myeloid dendritic cells by activating a signaling pathway that includes the TLR2—-myeloid
differentiation factor 88° Importantly, EDN provides dendritic cells with the ability to promote Th2-cell
responses. EDN therefore provides a potential endogeneous signal that primes the adaptive immune
system toward an antigen-specific Th2-cell-mediated immune response. ECP can insert voltage-
insensitive, ion-nonselective toxic pores into the membranes of target cells, which facilitates the entry of
other toxic molecules. MBP directly increases smooth muscle reactivity by causing dysfunction of vagal

muscarinic M2 receptors and also induces degranulation of mast cells and basophils.

Eosinophils are activated via receptors for cytokines, Igs, and complement, leading to production of
inflammatory cytokines such as IL1, IL3, IL4, IL5, IL13, GMCSF, TiGH GH3, TNF, RANTES,

MIPla, and eotaxin-1. Eosinophils therefore have the potential to modulate multiple aspects of the
immune response. Notably, eosinophil-derived B@Hlinked with epithelial growth, fibrosis, and tissue
remodeling—processes that are associated with the fibrostenotic complications'd &iiophils are a

source of TGPB in EoE tissues, and T@Flevels correlate with esophageal fibroSidnterestingly,
eosinophils rapidly release mitochondrial DNA following exposure to bacteria, C5a, or CCR3 [fyands.
Eosinophil DNA traps contain the granule proteins ECP and MBP and display antimicrobial &ctivity.
Further, eosinophils cause damage via toxic hydrogen peroxide and halide acids, generated by EPO, and
by superoxide, generated by the respiratory burst oxidase enzyme pathway. Eosinophils also generate

large amounts of cysteinyl leukotrieng Cwhich increases vascular permeability and mucus secretion

and is a potent stimulator of smooth muscle contraction, which might contribute to dysmotility in EoE
tissues. However, agents designed to inhibit cysteinyl leukotriene C4 have not shown efficacy in

patients”

Immune cells other than eosinophils also appear to be involved in EoE. Analyses of lymphocyte-deficient
mice have indicated a role for T cells in EoE pathogenesis; B-cell-deficient, but not T-cell-deficient,

mice develop antigen-induced EGENotably, CD8+ and CD4+ cells are not required for induction of
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allergen-induced experimental E&Ejndicating the involvement of the adaptive immune system.
Invariant natural killer T cells may be involved in EoE pathogenesis—their levels are increased in the
esophageal tissues of patients with EoE, and milk-derived sphingolipids cause them to produce Th2
cytokines® Increased levels of circulating CIMOXP3 T cells produce high levels of IL13 and
contribute to the increased numbers of Th2 cells observed in patients witff Ho®ever, it is not yet

clear whether these cells are involved in non-syndromic EOE.

Numbers of mast cells and mast-cell degranulation are markedly increased in the epithelium and smooth
muscles of patients with EoE. Mast cells are leading sources o, Téich has been proposed to
stimulate smooth muscle contractility and thereby contribute to esophageal dysféhéfidtast cell-
deficient mice have impaired development of muscle cell hyperplasia and hypeffrégtditionally,
TSLP-regulated basophils contributed to experimental EoE in mice. These findings might apply to human
EoE, because a gain-of-function polymorphisnT8wP is associated with increased basophil responses

in patients with EoE?

Dietary, Anti-inflammatory, and Biologic Therapies

One key feature of EOE is its reversibility with appropriate treatment and its nearly universal
recrudescence after withdrawal of therapy. Even the fibrostenotic complications can reverse with
treatment in some patients. However, there are a few caveats that are worth emphasizing. Although
dietary therapy can be highly effective and is considered the most upstream therapy, it typically requires
removal of a number of food groups or the strict usage of amino acid—based formulas (e.g., Neocate or
Elecare). Dietary elimination therapy is thought to target the adaptive immune system, presumably by

suppressing antigen-driven T-cell responses, although this has not been empirically demonstrated.

Anti-inflammatory agents have substantial rates of failure. For example, 30% of patients do not respond
to topical delivery of high-dose fluticasoffeSwallowed glucocorticoids exert local anti-inflammatory
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effects in the esophagus, indicated by esophageal induction of steroid-responsive genes (e.g., FK506-
binding proteinj* and miRs (e.g., hsa-miR-675)and partially reverse the EoE transcriptdthé’
However, despite complete histologic resolution, transcripts of many genes that regulate epithelial
differentiation remain abnormally expressédndicating their roles in disease predisposition and/or

relapse.

There is often a discrepancy between improvement of clinical symptoms and tissue hisfolemall

subset of patients has continued symptoms despite complete resolution of pathologic features in tissue.
Clinical trials have been limited because we do not understand the causes of these continued symptoms
and also because we lack of validated clinical outcome metrics, which have only been recently

generated®

Identification of the EoE transcriptome and elucidation of EOE immunopathogenesis have provided
opportunities to develop mechanism-based therapeutics. Humanized antibodies against IL5
(mepolizumab, reslizumab) and IL13 (QAX576) reduced numbers of esophageal eosinophils and mast
cells, albeit modestly compared with dietary and glucocorticoid therapy. However, these humanized
antibodies did not yield robust clinical effects, perhaps because of the lack of validated, disease-specific
clinical outcome metric¥: 8 " It is encouraging that inhibiting 1L13 improves indices of barrier
function, tissue remodeling, and inflammation on the basis of changes in the EoE transcriptome (Figure
5). Findings from these early-stage clinical trials have prompted further studies of these and related

biological agents.

An orally active small-molecule inhibitor of the eosinophil and Th2-cell chemoattractant receptor
prostaglandin D2 receptor 2 (also known as CRTH2) modestly reduces esophageal eosinophilia and
warrants further stud¥. Additional agents in development for treatment of EoE include inhibitors of

TSLP (e.g., AMG 157), CCR3, eotaxin (e.g., bertilimumab), l4fthe common receptor for IL4 and
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IL13; e.g., duplibumab). Other agents include eosinophil-depleting antibodies, such as those against
IL5Ra (e.g., benralizumab) or sialic acid-binding Ig-like lectiff 8osartan has been shown to reduce
levels of TGIB and connective tissue complications in patients with MF, so it might also be effective for

patients with EoE, with or without CT1.

Molecular Diagnostics and Per sonalized M edicine

Molecular analysis of esophageal biopsies provides not only an opportunity to probe EOE pathogenesis,
but also the ability to extend diagnosis and monitoring beyond visual inspection of endoscopic and
microscopic findings (Figure 1B). Transcriptome analysis of a single biopsy can identify patients with
EoE with 96% sensitivity and 98% specificity vs the standard of histologic analysis. These values might
not be 100% because of limitations of histology, rather than transcriptome aralyssscriptome

assays might also be used to predict clinical outcomes, such as responsiveness to glucotoktiseids.

of 15 genes has been reported to predict which patients will and will not respond to glucocdftticoids.

Levels of specific biomarkers may predict responsiveness to drugs that target specific pathways. For
examples, levels of periostin expression might identify patients most likely to respond to anti-IL13.
Residual gene expression after initial treatment provides an opportunity for targeted add-on therapy,
directed at correcting the remaining activated inflammatory pathways. Molecular profiling of esophageal
tissue for genes that distinguish EoE from PPI-REE provides an opportunity to definitively differentiate
esophageal eosinophilia subtypes and thereby promptly direct therapy accordingly (FigthrddrC).
example, esophageal levels of the potassium inwardly-rectifying channel, subfamily J, member 2
(encoded byKCNJ11) have been proposed to distinguish patients with EoE from those with PPI-REE

before PPI therap¥.

Patient care could be transformed by non-invasive biomarkers that can provide definitive diagnoses
and/or be used to monitor disease status. Though circulating levels of miRs (hsa-miR-146a, hsa-miR-
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146b and hsa-miR-223) can distinguish patients with EoE from controls, their predictive value is not yet
of clinical relevanc& Semi-invasive tests that measure eosinophils or eosinophil-derived products from a

retrieved swallowed string or cytosponge are promising and in developfriént.

Conclusion and Future Directions

Immunophenotype and genome-wide expression analyses of esophageal biopsies, animal models,
translational medicine systems focused on ex vivo culture of cells procured during endoscopic biopsy,
GWASs, and now proof-of-concept clinical intervention trials have elucidated key features of EoE
(Figure 4). On the basis of these collective approaches, we conclude that EoE is characterized by immune
hypersensitivity to food, heritability composed of genetic susceptibility elements interacting with early-
life exposures, activation of innate epithelial inflammatory pathways (resulting in eotaxin-3 production),
impaired barrier function (mediated by loss of DSG1), augmented Edduction and signaling, and
allergic inflammation mediated by eosinophils and mast cells. We propose a 2-hit mechanism involving
allergic sensitization and esophageal specific pathways, in combination with genetic risk factors at 5922
(TSLP) and 2p23 CAPN14), respectively. Although the distinction between EoE and PPI-REE has been
emphasized, these disorders have overlapping molecular patterns of pathogenesis. We might therefore
need to re-consider the classification of esophageal eosinophilia into allergic EoE or PPI-REE, as these
might be different stages of the same diséhseis notable that PPIs reduce IL13-induced signaling,
STATG6 activation, and eotaxin-3 production in esophageal epithelial cells. This could be the mechanism
by which PPIs block components of allergic inflammatfibr Future studies are needed to identify the
genetic and environmental factors that contribute to PPI-REE, as well as its mechanisms of induction and

progression—especially in comparison to EoOE.

Notably, EOE susceptibility genes do not overlap with those of other gastrointestinal diseases but instead

cluster with atopic diseases. Therapies that target allergic inflammation, already in development for other
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allergic diseases (e.g., anti-IL5 and anti-IL13) are therefore being actively developed for EoE. A better
understanding of EoE-specific pathways (e.g., calpain proteases) and how early-life exposures increase
susceptibility to EOE could transform treatment. Therapeutic agents such as drugs and microorganisms are
easy to deliver to the esophagus, so it might be possible to prevent EoE in individuals with high risk for

this disease.

Molecular analyses of esophageal tissues could improve diagnosis and clinical monitoring, patient-
specific therapy, and predictive and personalized medicine approaches to EoE. For example, a molecular
diagnostic test for EoE is now available in the clinic (Eng&ugPiagnovis, LLC) (Figure 1B). Notably,
development of EOE is now recognized as an adverse event of oral desensitization treatment for food
anaphylaxis, indicating the intimate relationship between IgE-mediated food allergy and the chronic, Th2
cell-associated immunity in EcE.A better understanding of the balance between IgE-mediated
anaphylaxis and EOE pathogenesis may lead to tolerance induction protocols for treatment and to an

eventual cure of EoE.

In conclusion, EOE is a unique disease characterized by hypersensitivity to food, strong hereditability
influenced by early-life exposures and genetic variants, and allergic inflammation that is reversible by
anti-inflammatory, anti-Th2 cytokine, and/or dietary elimination therapy. Improvement of barrier function

and modification of environmental exposures might also benefit patients with this disease.
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Figure 1. Diagnostic Evaluation of EOE, Including Next-generation Molecular Analysis. A, EoE

should be considered for patients with characteristic symptoms of upper gastrointestinal diseases (note the
age dependence) that are refractory to PPI treatment, and for patients with typical features of EoE (male,
atopic, family history of esophageal dysfunction, and family history of EOE; note the high relative risk
Ratid"]. Patients with these features should undergo esophagogastroduodenoscopy; a diagnosis of EoE
can be made for those with at least 15 eosinophils/hpf in esophageal biopsies. B, diagnosis and
assessment of disease activity is facilitated by molecular analysis of esophageal tissue for the expression
of 94 EoE-related transcripts (via the EoE Diagnostic Panel [EDP]). The EDP involves panel expression
acquisition, signature analysis, and quantitative scoring for EoE-related processes (a Molecular
Diagnostic Report); it can be performed througjigauge Gl-Eosinophilic Esophagitis™ (Diagnovus).

Recent attention has focused on analysis of PPI-responsive esophageal eosinophilia (PPI-REE), which has
a transcript profile that overlaps with that of EoE but normalizes following PPl treatment. C,
representative heat diagrams of the esophageal transcript profiles in EoE, PPI-REE before and after PPI

therapy, as well as control normal (NL) and GERD patients. Figure is adapted from a recent publication.

Figure 2. Genetic Associationsin EoE. A, a Manhattan Plot with data from 736 subjects with EoE and
9246 controls (1,468,075 genetic variants) with minor allele frequencies greater than 1% in the subjects
with EOE. The —log of the probability is shown as a function of the genomic position of the autosomes.
Genome-wide significance (red dotted lines px10®) and suggestive significance (solid blue liRe,

107) are shown. The figure is adopted from a recent public&iBn.a summary of the specific genes
implicated in EoOE susceptibility. The putative genes, the approach by which they were discovered, the
type of identified genetic modifications, and plausible genetic mechanisms are listed. Mendelian inherited

diseases associated with EoE are indicated.

Figure 3. Eosinophil Development and Tissue L ocalization. Hematopoietic progenitor cells expand in
response to FLT3 ligand (FLT3L) and stem cell factor (SCF); the eosinophil lineage is regulated by IL5

and the GATAL transcription factor. IL5 subsequently promotes eosinophil migration from the bone
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marrow into the blood and maintains circulating levels of eosinophils. Eosinophil adhesion moftules (
and VLA4) interact with their respective endothelium receptors MAACAM1 and VCAM1. Under baseline
conditions, eosinophils migrate into all segments of the gastrointestinal tract (except the esophagus) in
response to tissue eotaxinl. Intestinal eosinophils regulate slgA production and intestinal microbiota
composition. Innate lymphoid type 2 cells (ILC2) produce high levels of IL5 and IL13 in response to
IL33 (via its receptor ST2). IL13 subsequently binds to its receptor I13RR epithelial cells, which

then produce eotaxin. In the esophagus, eosinophils accumulate in response to local production of

eotaxin-3 and promote esophageal dysfunction and tissue remodeling.

Figure 4. Pathogenesis and M echanism-based Therapy for EoE. A model of eosinophil development

in the bone marrow, transit into the peripheral blood, trafficking to the esophagus, and the subsequent
tissue changes, including impaired barrier function. In brief, allergens (aeroallergens and food allergens)
induce Th2-associated inflammation, with a primary IL13-induced tissue response that involves
modification of an extensive set of esophageal transcripts, including eotaxin3, which recruits eosinophils.
Impaired barrier function is mediated by a pathogenic cycle induced by IL13 that results in decreased
expression of desmoglein-1 (DSG1) (also associated with SAM) and subsequent induction of periostin.
These changes promote tissue remodeling and eosinophil adhesion, as well as production of TSLP, which
propagates the allergic inflammatory cascade. Local IgE and IgG4 are produced and mast cells are
sensitized. Certain genetic elements increase susceptibility to EOE, including 2p23 (CAPN14), 5922
(TSLP), and genes encoding the TSLP receptor and filaggrin. Their expression is modulated by miR-21
and miR-223. Therapies for EoE include PPI agents, topical glucocorticoids, elimination diets, and anti-

cytokine humanized antibodies (e.g. anti-IL5, anti-IL13, anti-ItidR

Figure 5. Molecular Evidence for the Efficacy of Anti-IL13 and |dentification of |L13-associated
Molecular Nodes. Transcriptome profile of esophageal biopsies at baseline and following 3 months of
treatment with humanized anti-IL13 or placebo. A shows the heat map of the top differentially modified

genes. B shows the the quantitative levels of representative genes. Note the increased expression of genes
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involved in eosinophil chemoattractioBGL26), tissue remodelingP?OSTN), mast cell activity CPA3),

and barrier dysfunctiorDSG1). C, the comprehensive pathways, focused on protein-protein interactions,
shows the in vivo IL13 networks. Several communication centers (shown as blue nodes) contribute to
most of the organization and regulating functions. The different levels of red indicate the statistical

strength of the interactions. Figures are adapted from a recent publiéation.
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