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ABSTRACT

Introduction: Eosinophilic esophagitis (EoE) is a chronic, allergen-driven inflammatory esophageal
disease characterized by predominantly eosinophilic inflammation leading to esophageal dysfunction.
Recent efforts to understand EoE have increased our knowledge of the disease.

Areas covered: Multiple cells, molecules, and genes interplay with early life environmental factors in
the pathophysiology of EoE to converge in the esophageal epithelium at the center of disease
pathogenesis. Epithelial cells constitute a mayor cytokine source for TSLP and Calpain-14; an impaired
epithelial barrier function allowing penetration of food and microbiota-derived antigens is involved in
triggering and maintaining inflammation. Eosinophil and mast cell-derived products, including TGFf3,
together with IL-13 and TNFa, promote epithelial mesenchymal transition in EoE, contributing to tissue
remodeling by synthetizing and depositing extracellular matrix in subepithelial layers. This article aims
to provide a state-of-the-art update on the pathophysiology of EoE applied to clinical practice, and
latest research and developments with potential interest to improve the diagnosis and treatment of
patients with EoE are revised.

Expert commentary: Preliminary approaches have provided promising results toward incorporating
minimally invasive methods for patient diagnosis and monitoring in clinical practice. Early diagnosis and
optimized therapies will allow for personalized medicine in EoE.
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1. Introduction

Eosinophilic esophagitis (EoE) is a chronic immune-mediated
inflammatory disorder of the esophagus, defined sympto-
matically by esophageal dysfunction and histologically by
eosinophil predominant inflammation restricted to this
organ [1]. Initially characterized as a distinct clinicopatholo-
gical disorder in the early 1990s [2,3], the incidence and
prevalence of EoE have rapidly increased in children and
adults in the last two decades to constitute a common
cause of esophageal symptoms in clinical practice [4]. EoE
is the most prevalent cause of chronic or recurrent esopha-
geal symptoms after gastroesophageal reflux disease (GERD)
and the main cause of dysphagia and food impaction in
children, adolescents, and young adults in Europe and
North America [5], where it affects 1-to-2 per 2000 inhabi-
tants [6,7]. It is also emerging in other regions, including
developing countries. As a result, EOE represents a large
financial burden to the health care systems, with an esti-
mated annual health-care cost of up to $1.4 billion in the
United States [8]. The continually developing epidemiology
of the disease, its chronic nature and the need to involve
multidisciplinary teams in its management, demand the
need for further research to understand the ultimate causes
of the disease [9], to optimize the cost-effectiveness of the
interventions, and finally, to plan preventive strategies.

Efforts to understand EoE have sharply increased in
recent years, making it one of the topics of greatest inter-
est among gastroenterologists and allergists. Research
papers addressing the many aspects of EoE have increased
almost exponentially as the disease is being recognized in
multiple settings. In addition, pharmaceutical and biotech-
nological companies have acknowledged the unmet needs
of EoE patients and are currently allocating resources to
the potentially expanding market for EoE diagnosis and
therapeutics. After 20 years of research on the causes of
this disorder, large-scale epidemiological studies to define
potential risk factors are still needed however. Integrating
knowledge from genetic susceptibility loci proposed for
EoE with environmental factors is required, and efforts
should be made to develop non or minimally invasive
tests for EoE diagnosis and monitoring. In addition, the
optimal management of EoE patients remains controversial
and widely variable [10-14] and treatment in clinical prac-
tice varies more than any other aspect related to the
disease [11,13].

This article aims to provide a state-of-the-art update on the
pathophysiology of EoE applied to clinical practice, and an
updated review of the latest research and developments with
potential interest to improve the diagnosis and treatment of
patients with EoE.
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2. Esophageal eosinophils: from the cell to the
histopathology

2.1. Eosinophils in the gastrointestinal tract and its
trafficking to the esophagus

Eosinophils are granulocytes of myeloid lineage produced in the
bone marrow and traditionally considered to be IgE-dependent
effector cells that arise in inflammatory processes in response to
allergic hypersensitivity and parasitosis. In normal conditions they
are present in many tissues, including the mucosa of most seg-
ments of the gastrointestinal (Gl) tract where they are extremely
common, except in the esophagus, which is the only digestive
organ that does not normally contain eosinophils. The ubiquity of
these cells have led some authors to consider eosinophils to be
regulatory cells involved in the maintenance of intestinal home-
ostasis [15] as opposed to the more conventionally active role they
play in several intestinal diseases -including ulcerative colitis or
EoE- and similar which occurs in bronchial asthma [16].

In order to achieve the high numbers of eosinophils that
are detected in all layers of the esophagus in patients with
EoE, they need to have first proliferated and matured in the
bone marrow under the regulatory effect of several cytokines
and growth factors. Among these Th2-cytokine interleukin (IL)-
5 is the most specific and better studied for the selective
expansion of eosinophils and their further release into the
circulating blood [17] and was one of the first proposed
therapeutic targets in EoE [18]. Research in murine models of
the disease showed that transgenic mice with overproduction
of IL-5 suffered from blood eosinophilia and intense eosino-
phils accumulation in the esophageal tissues, including the
lamina propria, as well as in the small bowel after inhaled
[19,20] or epicutaneous [21] stimulation with allergens,
which was proportional to the serum concentration of IL-5
[16]. Deletion in the IL-5 gene however protected mice from
developing tissue eosinophilia after allergen stimulation [20].
The IL-5 gene and its protein are upregulated in esophageal
biopsies from active EoE patients [22,23]; the blood lympho-
cytes of EoE patients produce significantly higher levels of IL-5
following in vitro stimulation compared to normal controls
[24] and the percentage of blood-circulating IL-5+CD4 T cells
correlates with the severity of esophageal tissue eosinophilia
[25]. Assessing the effectiveness of blocking IL-5 with mono-
clonal antibodies was, therefore, predictable.

Trafficking of eosinophils to the esophagus is accounted for the
effect of several activation signals released from the inflamed
tissue, which first induce the acquisition of tissue-specific func-
tional properties in blood eosinophils. These differ not only
depending on the tissue they exert inflammatory functions on
(such as the esophageal, bronchial or colonic mucosa) [16], but
also according to patients’ age [26] and the disease status activity
[25]. Despite the effect of homing molecules in the recruitment of
eosinophils toward the esophageal mucosa having not yet been
assessed, preliminary research, mainly with flow cytometry, has
begun to delineate specific peculiarities of blood eosinophils
which are able to lead them toward an inflamed esophagus:
circulating blood eosinophils in EoE exhibit an enhanced expres-
sion of the CC chemokine receptor CCR3 common for eotaxins
[25], the low-affinity receptor for IgE (CD23), the intercellular

adhesion molecule (ICAM)-1 (or CD54) [16,26], integrin CD11c,
the receptor for prostaglandin D2 CRTH2 [16,26] and FOXP3
mMRNA [26]. Some of these have been assessed as potential ther-
apeutic targets for EoE.

2.2. Therapeutic interventions for esophageal trafficking
of eosinophils

The IL-5 blocker mepolizumab was tested in randomized con-
trolled trials (RCT)s involving children [27] and adults [28], while
reslizumab was evaluated in children only [29], neither of them
demonstrating significant differences between the active and
placebo groups in terms of symptom relief nor histological
remission. Reslizumab has been suggested as being effective in
children with EoE when used in the long term [30].

A selective CRTH2 antagonist (OC000459) with proven effi-
cacy against eosinophilic asthma was assessed in a double-
blind, placebo-controlled RCT in adult patients with EoE [31]:
the drug induced a significant decrease in both esophageal
eosinophilia and symptoms, with a trend toward improvement
in endoscopic abnormalities compared with a placebo.
However, esophageal mucosa did not revert to normal.

Selective, competitive antagonists of CCR3 are potentially
promising drugs that are being investigated in bronchial
asthma (an eosinophilic inflammation in the airways). As yet,
no studies in EoE with these drugs have been proposed.

3. The epithelial cell: a central player in the
pathophysiology of EoE

Epithelial cells are increasingly recognized as major components of
the innate immune system that play a role in defensive functions of
the Gl mucosa [32]. The intestinal epithelium is crucial for preser-
ving gut homeostasis and acts both as a physical barrier and as
a coordinating hub for immune defense and crosstalk between
bacteria and immune cells. If deregulated, the immunomodulatory
function of epithelial cells may contribute to the development of
intestinal inflammation. Cumulative research data are placing the
esophageal epithelium in the center of the pathogenesis of EoE. As
previously described with epithelial cells from various tissues
including nasal, airway and intestinal mucosa [33,34], the esopha-
geal mucosa is able to express major histocompatibility complex
(MHQ) class Il molecules during inflammation [35,36] and thus
behave as non-professional antigen-presenting cells [25,26].

The esophageal epithelium is a relatively impermeable sur-
face unable to be passed through by medium and large-size
molecules. It has also been demonstrated that superficial layers,
but not basal and suprabasal ones, are those involved in estab-
lishing the esophageal epithelial barrier [37]. The eosinophilic
infiltration in EoE is usually organized in a density gradient
toward the more superficial layers and is more abundant on
the strata in contact with the esophageal lumen (the contact
point with swallowed allergens) [38]. In fact, eosinophils fre-
quently cluster to form microabscesses within these superficial
strata [39,40].

There is evidence that active EoE is characterized by an
impaired barrier function caused by epithelial barrier defects
[41], with reduced expression of E-cadherin, desmoglein-1,



involucrin and filaggrin, all being structural proteins involved
in maintaining mucosal integrity. Tight junctions (TJ) are multi-
protein junctional complexes that prevent leakage of trans-
ported solutes and water by sealing the paracellular pathway.
The expression of some of their components (as claudin-1,
claudin-4, claudin-7, occludin, and zonula occludin-1 proteins)
has also shown alteration in patients with active EoE [42,44]. In
addition, active eosinophilic inflammation alters the expres-
sion of the cytoskeletal protein synaptopodin in the esopha-
geal epithelium [45].

Very recently, the origin of all these changes has been related
with a depletion of the serine protease inhibitor, kazal type (SPINK)
7, a antiprotease, which is part of the differentiation program of the
esophageal epithelium. SPINK7 was practically absent in esopha-
geal biopsies taken from adults and children with active EoE but
was prevalent in biopsies from healthy people. To demonstrate the
role of SPINK7 in the pathophysiology of EoE, SPINK7 expression
was silenced in an esophageal epithelial cell line and primary
esophageal epithelial cells, which lead to barrier dysfunction and
transcriptional changes, characterized by loss of cellular differen-
tiation and altered gene expression able to stimulate allergic
responses with production of proinflammatory cytokines.
Changes associated with SPINK7 silencing were reversed after
treating the culture with antiserine protease al-antitrypsin [46].

As a consequence of the above, an increased permeability has
been demonstrated in patients with active EoE [47,48], which is
translated at a tissue level by dilated intercellular spaces, an usual
finding repeatedly reported in EoE patients of all ages [44,49].
This impaired barrier function might allow pathogens to invade
the esophagus, and facilitate antigen penetration in active EoE
patients. In fact, biopsy samples from active EoE are character-
ized by overexpression of epithelial antimicrobial peptides
(mainly beta-defensins, cathelicidin LL-37, and psoriasin) [41]
and upregulation of bacterial pattern recognition Toll-like recep-
tors (TLR) [50]. Differences in anti-gliadin staining among
patients with active and inactive EoE also suggest presence of
intraepithelial food antigens in patients with active disease [51].
Both facts potentially contribute to perpetuate the inflammatory
condition in EoE (Figure 1).

The esophageal epithelium is also the main source for thymic
stromal lymphopoietin (TSLP), a cytokine with a central role in
EoE. TSLP is mainly produced by non-hematopoietic cells such as
epithelial cells, fibroblasts, and different types of stromal cells
and its expression is linked to many allergic and immune-
mediated diseases including asthma [52], atopic dermatitis [53],
inflammatory bowel disease [54] and EoE. The factors inducing
the release of TSLP are not clearly defined, but it plays an
important role in the activation of antigen-presenting cells,
including the food antigen-presenting dendritic cells in the eso-
phageal mucosa, to promote maturation of T cell populations
and inducing Th2 polarization of naive CD4 + T cells [55,56].
These Th2 cells then secrete Th2 cytokines, including IL-13. IL-
13 is a Th2-type cytokine with pleiotropic effects that play a key
role in EoE. IL-13 gene expression is upregulated in the blood
eosinophils of patients with several eosinophilic inflammatory
disorders including EoE [57] and especially in the esophageal
epithelium of EoE patients compared with healthy controls [58].
The key role of IL-13 in the pathophysiology of EoE is supported
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by the fact that human esophageal cell cultures stimulated with
IL-13 selectively induce the expression and secretion of the
eosinophil-activating chemoattractants eotaxin-1/CCL11 and
eotaxin-3/CCL26 [59], operating through the nuclear transcrip-
tion factor STAT6 (which plays a central role in Th2 cell differ-
entiation) [58], and are capable of partially reproducing the
characteristic EoE transcriptome. This can then be reversed
after topical steroid treatment in parallel with a significant reduc-
tion in IL-13 mRNA expression levels [58]. In murine models,
intratracheal delivery of IL-13 induces experimental EoE, whereas
IL-13-deficient mice and those with a targeted deletion of STAT6
have attenuated degrees of allergen-induced experimental EoE
and are partially protected from allergen- and IL-13-induced
experimental EOE, respectively [21].

IL-13 promotes epithelial dysfunction in EoE: A decreased
expression in filaggrin (FLG) and involucrin (/VL) genes is documen-
ted in IL-13-stimulated esophageal epithelial cells and that
obtained from EoE patients compared with normal biopsy speci-
mens [60]; IL-13 also reduces the adhesion molecule desmoglein-1
[61], inhibits the expression of filaggrin and involucrin, and alters
the expression pattern of TJ-associated proteins [37]. The disrup-
tive effects of IL-13 on the esophageal epithelium are regulated
through the CAPNT74 gene, which is encoded in the EoE-
susceptibility locus 2p23 and codified for Calpain-14 (CAPN14),
an esophageal-specific protease with a role in protecting the
integrity of esophageal tissue [62]. The CAPN14 gene is dynamically
upregulated by both IL-4 and IL-13 and exerts a gatekeeper role in
EoE. Upregulation of CAPN14 is linked to impairment of the
epithelial barrier, partially mediated by loss of DSG1, whereas its
down regulation leads to failure in repairing IL-13-induced epithe-
lial changes [63].

3.1. Epithelial products as diagnostic markers of EoE

The histologic method is the gold standard of an EoE diagnosis
in patients with suggestive symptoms. However, EoE clinical
symptoms do not always correlate with histology [64], and the
patchy distribution of EoE limits the proper assessment of the
disease if a minimum of 5 to 6 biopsies are not obtained [65].
EoE is characterized by a well-preserved genetic transcriptome,
which was first discovered in 2006 [66], and led to the develop-
ment of the EoE diagnostic panel (EDP), a novel molecular tool
built on a Tagman®-qPCR-based low-density array system, which
has the additional advantage of identifying histologically ambig-
uous subjects who may later develop active EoE [67]. By com-
bining expression levels of 77 genes, the EDP identified adult
and pediatric patients with EoE with approximately 96% sensi-
tivity and 98% specificity, and distinguished patients with EoE in
remission from controls, as well as identified patients exposed to
swallowed glucocorticoids. A large prospective study validated
the EDP, additionally demonstrating its feasibility from a single
paraffin-embedded esophageal biopsy [68]. Among genes
represented in the EDP, the epithelial-related ones were an
essential component, with those codifying for filaggrin (FLG),
Uroplakin-1a (UPK1A), serine peptidase inhibitor kazal-type
(SPINK)7, cysteine-rich secretory protein (CRISP)3 and mucin
(MUQ)4 as the major representatives.
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Figure 1. The esophageal epithelium in eosinophilic esophagitis as an immunologically active surface, which initiates and perpetuates inflammatory and structural
changes characterizing eosinophilic esophagitis (EoE).

The activation of epithelial and dendritic cells after exposure (or lack of exposure) to components of the esophageal lumen (i.e., bacteria and food antigens) induce CXCL16 expression, which
directly promotes invariant natural killer T (iNKT) cells recruitment. iNKT cells are the major source of Th2 cytokines, including IL-13, which directly induces changes in the gene expression pattern
on epithelial cells, leading to thymic stromal lymphopoietin (TSLP) secretion. TSLP act on T-helper cells, promoting secretion of Th2 cytokines IL-13, IL4, and IL-5. IL-13, primarily acting together with
IL-4 through signal transducer and activator of transcription 6 (STAT6) promotes the transcription of calpain-14 (CAPN14) and C-C Motif Chemokine Ligand 26 (CCL26 or eotaxin-3). While the first
contributes to disrupt the epithelial surface which increases its permeability by decreased expression of the tight junction protein desmoglein 1 (DSG1) among others, CCL26 is a potent
chemoattractant for eosinophils and mast cells. IL-5 also promotes tissue recruitment and survival of eosinophils signaling primarily through STAT5. Th2 cytokines also trigger the production of IgE
by plasma cells. Activated eosinophils are multifunctional cells that regulate diverse processes including angiogenesis and endothelial activation by releasing vascular cell adhesion molecule 1
(VCAM-1), and vascular endothelial growth factor (VEGF) which are needed for recruiting inflammatory cells toward the esophagus. The effects of transforming growth factor 1 (TGF-1) and other
activated eosinophil and mast cell-derived mediators on smooth muscle fibers (as major basic protein or MBP) lead to hyperplasia and hypercontractility. At the same time, they are key mediators
for activation and proliferation of fibroblasts and for the subsequent synthesis of extracellular matrix components. Eosinophils themselves regulate the process of epithelial-mesenchymal
transition, acting in a paracrine environment characterized by the presence of Th2 cytokines and eotaxins.

3.2. Therapeutic targets focused on epithelial function in  or steroids to similar levels to subjects with no esophageal dis-
EoE ease [69,71,72]. This was manifested by normalization of esopha-
geal impedance and transepithelial small molecule flux [69,72].
With regard to investigational products, anti-TSLP antibo-
dies have been assessed in murine models of atopy, including
asthma and EoE. TSLP antibodies or antibodies that inhibit its
receptor TSLPR block CD4 Th2 development in asthma or
allergic rhinitis in mice [73,74,75], and were shown to block
the development of esophageal eosinophilia and food-related
symptoms in experimental EoE [55]. As for human research,
a fully human anti-TSLP monoclonal antibody that specifically

Several studies have demonstrated that well-established thera-
pies for EOE are able to restore the impaired esophageal barrier
by improving epithelial integrity and reducing its permeability.
This has been shown for elemental diet [69], proton pump
inhibitors (PPIs) [70] and topic swallowed steroids [44,71]. The
esophageal expression of gene encoding for several barrier
integrity proteins -filaggrin, desmoglein-1, zonula occludin-3,
and claudin-1, was impaired at baseline and restored after diet



binds human TSLP (tezepelumab or AMG 157), preventing
interaction with its receptor, has been tested in a phase llb
trial in adult patients with uncontrolled asthma with favorable
effects [76]. TSLP is also a potent chemoattractant for eosino-
phils, thus reinforcing the activity of this drug [77], making this
product a promising pharmacological target also for EoE [78].

Anti-IL-13 antibodies have also been assessed in EoE
patients in clinical trials. The first one investigated QAX576
as a potential treatment of adult EoE and was published in
2015. Patients were randomly assigned to QAX576 (6 mg/kg)
or placebo every 28 days for 3 doses with 6-month follow-up.
QAX576 led to a decrease in mean intraepithelial eosinophil
counts but reached no histologic remission, and a non-
significant trend toward improvement in dysphagia severity,
as measured by the Mayo Dysphagia Questionnaire, was docu-
mented. In addition, QAX576 normalized the expression levels
of some EoE-related genes, including eotaxin-3/CCL26, perios-
tin (POSTN), carboxypeptidase A3 (CPA3), and desmoglein-1
(DSGT). Transcriptional changes differed between responders
and nonresponders to QAX576 [79].

IL-13 exhibits a 30% sequence similarity with IL-4 and both
share similar structures. IL-13 (but not IL-4) gene expression is
upregulated in the esophageal epithelium of EoE patients
compared with healthy controls [58]. However, both cytokines
mediate downstream effects via a common heterodimeric
receptor, IL-4Ra and IL-13Ral. It has been proposed that
therapies targeting IL-4 and IL-13 separately may be ineffec-
tive because IL-4 and IL-13 have overlapping downstream
effects [80]. Dupilumab, a monoclonal antibody against IL-
4Ra, is the most promising IL-4/IL-13-targeted therapy to
date. After demonstrating effectiveness in asthma [81] and
atopic dermatitis [82], ongoing trials are now assessing dupi-
lumab in EoE [83]. A phase Il, randomized, double-blind, pla-
cebo-controlled clinical trial (NCT02379052) was carried out
with 47 participants to assess the clinical efficacy of a 12-
week treatment period with dupilumab for relieving symp-
toms in adult patients with active, moderate-to-severe EoE
[84,85]. Patients received either dupilumab 300 mg weekly
following a 600-mg loading dose or placebo. At week 10,
patients who received dupilumab reported a significant
improvement in the ability to swallow compare to placebo
(45% vs. 19% improvement from baseline in the Straumann’s
Dysphagia Symptoms Score). Esophageal eosinophil counts
significantly reduced by 93% from baseline in patients who
received dupilumab weekly compared with an increase of 14%
in those who received placebo. Long term assessment of the
effectiveness of dupilumab in the sustained control of EoE is
required.

4. EoE as an allergic disease

EoE constitutes a particular allergic condition triggered and
maintained by food allergens [86—88], with a potential role for
aeroallergen exposure in the genesis and exacerbations of EoE
which is not supported by most of the current evidence
[87,88]. Atopy has been linked to EoE since the initial reports
of the disease, with most patients having a family history of
bronchial asthma or allergic rhinitis; atopic dermatitis; hyper-
sensitivity to drugs, blood eosinophilia; or elevated serum
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total and specific IgE levels [89]. IgE-mediated food allergy is
also common among EoE patients and alters its clinical pre-
sentation during childhood [90]. Overall, atopic manifestations
are 3 to 5 times more common among patients with EoE
compared with control subjects [91]. The definitive demon-
stration of EoE as a food allergy came in 1995, when Kelly et al.
provided firm evidence of resolution of histological lesions
and symptoms in pediatric patients following elemental
amino acid-based diets lacking antigenic capacity [92]. In chil-
dren, retrospective cohort analyses have suggested that EoE is
a late manifestation of the allergic march in some individuals,
with a peak of incidence which appears after that of atopic
dermatitis, IgE-mediated food allergy and bronchial asthma.
There was also a cumulative effect of multiple preceding
allergic conditions in the rate of subsequent EoE diagnosis,
which was higher in individuals with more than one preceding
allergic condition [93].

4.1. iNKT lymphocyte responses as initiators of allergy
and EoE

Inflammatory responses in food allergy, including EoE and
atopic dermatitis, occurs on the epidermal border and are
closely related to the microbiota and its metabolites able to
modulate host immune responses [94], leading to the devel-
opment of both tolerance or allergy. The global increase in all
kind of allergies and immune-mediated diseases, especially in
industrialized countries to represent a major health concern
has been interrelated through the hygienic hypothesis. That is,
reduced exposure to microorganisms during childhood has
modified the patterns of gut microflora, leading to a change
in the fine tuning of Th1, Th2 and regulatory T-lymphocytes
(Treg) responses [95]. A lack of appropriate immune stimula-
tion during early childhood leads to disturbed alignment in
the sequence of encountering self- or non-self-antigens and
accounts for the rise of atopy and autoimmune disease.
A central role of ‘training’ regulatory T-cells through sufficient
microbial exposure, leading to a robust, healthy balance
between inflammation and anti-inflammation or immune tol-
erance has been recognized in the so call ‘early immune
challenge hypothesis’ [96].

Invariant natural killer T (iNKT) cells are innate-like T cells
that recognize glycolipid antigens rather than protein antigens
via the MHC class I-like protein, CD1d, which is involved in the
initial phases of a great variety of immune responses from oral
tolerance to autoimmunity [97]. iNKT cells rapidly produce
Th2-type cytokines (IL4, IL5 and IL13), as well as eotaxins;
this leads to IgE production and subsequent sensitization to
protein antigens [98]. Thus, iNKT cells play an important role in
affecting the pathogenesis of allergic diseases. An age-
sensitive contact with commensal microbes is critical for
establishing mucosal iNKT cell tolerance to later environmen-
tal exposures [99,100]. When early-life microbial signals are
not provided to mucosal tissues that are usually exposed to
commensal microbiota, such as the intestine and airways
(either by restricting microbial exposition or by using antibio-
tics during the first year of life [101], an excessive and persis-
tent accumulation of iINKT cells occurs [99]. Consequently,
these mucosal tissues are rendered more susceptible to later-
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life environmental triggers of iNKT cells, which will mediate
allergic sensitization and tissue inflammation [102].

iNKT lymphocytes are recognized as the major source for
pro inflammatory cytokines in EoE [103,104]. Thus, although
iNKT cells primarily recognize glycolipid structures located in
pathogenic bacteria [105,106] and presented by CD1d, they
can also be activated by sphingolipids found in food. For
example, milk sphingolipids were shown to activate peripheral
blood iNKTs in EoE-active children, producing Th2 cytokines
[104]. Sphingolipids are present in many other common foods,
with the foods richest in these components (i.e., milk and
eggs) being the major common triggers of food allergies and
EoE [86] (Figure 1).

The contribution of iNKT cells to the pathophysiology of
EoE have been recently demonstrated: In animal models, acti-
vation of iNKT is sufficient to induce EoE, while neutralization
of iNKT cells protects against experimental EoE [107,108]. CD1-
deficient mice are protected from experimental EoE [109]. EoE
patients have reduced peripheral blood iNKTs, and increased
esophageal iNKTs compared to controls. Additionally, iNKTs
from patients with active EoE expand more readily and pro-
duce more IL-13 in response to stimulation when compared to
controls [104]. A study on children with EoE provided compel-
ling evidence of insufficient immune imprinting by environ-
mental microorganisms resulting in esophageal upregulation
of epithelial and dendritic cell-derived CXCL16 [103],
a chemokine that induces chemotaxis of iNKT cells into the
esophagus. Esophageal samples from children with EoE show
an increase in iNKT cells and components that regulate its
chemotaxis and activity. iNKT cells activity was more pro-
nounced in patients with early-onset EoE, who also had high
levels of sensitization to food allergens. The elimination of
allergens from the diet normalized cellular markers of iNKT
activity. The modulation of the CXCL16-iINKT-CD1d axis
remains a challenging therapeutic target to be investigated
not only for allergic disorders such as EoE, but also in inflam-
matory bowel disease, celiac disease and cancer therapy.

4.2. Immunoglobulin involvement in EoE

The generation of antigen-specific IgE induced by a Th2 cell-
mediated class switching of plasma cells is a central process to
the pathophysiology of multiple allergic disorders. The effect
IgE over FcRI receptors to induce degranulation from mast
cells and basophils leads to immediate responses, anaphylaxis
representing the clearest and most severe example [110]. Total
and food-specific serum IgE levels are usually increased in
patients with EoE, who frequently show allergen-specific skin
prick test (SPT) responses [111], providing evidence of an
immediate hypersensitivity in EoE. B cells have been identified
within the inflammatory infiltrate of EoE [38,112], which have
been shown to perform class switching and generation of IgE
locally within the esophagus of both atopic and non-atopic
patients with EoE [112], similarly to shown in IgE-mediated
conditions as bronchial asthma [113] and allergic rhinitis [114].
The esophageal lining acquires the characteristic elements of
an IgE-mediated response such as dendritic cells [38,115],
class-switched B-cells [112], tryptase-positive mast cells [55]

and Th2-cytokines [23,58]. However, the role of IgE in EoE is
not still clear.

Evidence points to the independent evolution of EoE and
concurrent atopies in the same patients. The elimination of
foods that give positive results on skin prick tests usually fails
to achieve disease remission [116,117] even though positive
skin prick testing (SPT) results are observed in more than 80%
of adult patients [89]. Atopic features and allergy sensitization
patterns in EoE appear to be no different from those in atopic
individuals without EoE living in the same geographic area
and exposed to common allergens [118] with no significant
differences regarding history of allergic rhinitis, atopic derma-
titis, IgE-mediated food allergy, sensitization to aeroallergens,
and family history of atopy [119]. Demographic, clinical, and
histopathologic esophageal features were identical in patients
with EoE who did not present with other atopic manifesta-
tions. Serum levels of allergen-specific IgE and the results from
SPT correlate poorly with the food trigger(s), with the
response to food elimination diets being equally effective in
patients with EoE with negative allergy test results [120]. Food
reintroduction in EoE does not determine immediate
responses such as anaphylaxis. IgE-deficient [55], and B-cell
deficient [109] mice are able to develop experimental EoE, as
well as those exposed to the IgE-independent aeroantigen
Aspergillus [19], which supports the dispensability of IgE in
the pathogenesis of EoE. Collectively, these observations sug-
gest there are other non-lgE-mediated pathways important in
the EoE pathogenesis. Common genetic and environmental
etiologic factors that contribute to the independent develop-
ment of atopy and EoE might explain the association of both
entities [101,121].

Recently, an increasing role for IgG4 in EoE is been recog-
nized, after a seminal study which demonstrated a 45-fold
increase in 1gG4 concentration compared to controls in the
esophageal tissues of adult EoE patients with active disease, as
well as increased food-specific serum 1gG4 to the foods that are
most associated with EoE: milk, wheat, egg and nuts [122].
Additional studies in children [123-125] and adults [126] con-
firmed these results; tissue 1gG4 levels correlated with esopha-
geal peak eosinophil count, degree of histological features, IL-4,
IL-10 and IL-13 gene expression level in subjects with EoE [125],
thus supporting the potential role of IgG4 in EoE.

IgE and 1gG4 are the most prominent isotypes of Ig in
human immune responses to allergens. Similarities in allergen
specificity patterns of IgE and IgG4 are due to their common
dependence on IL-4 as a switching factor [127]. Upon natural
exposure, IgE antibodies appear earlier, but exposure to most if
not all allergens will induce substantial amounts of IgG4 anti-
bodies [128]. Only upon frequent exposure the plasma IgG4
level rises and IgG4 becomes the dominating antibody [129],
suggesting that IgG4 antibodies are associated with prolonged
exposure to antigens, including food antigens. As a result, IgG4
has been involved in allergen-specific immunotherapy (AIT) in
the treatment of IgE-mediated food allergy. In AT, incremen-
tally increasing doses of inciting allergen are given with the aim
of increasing tolerance, initially through desensitization, which
relies on regular exposure to allergen. With prolonged therapy
in some subjects, AIT may induce sustained unresponsiveness,
in which tolerance is retained after a period of allergen



avoidance [130]. Due to its poor capacity to activate effector
cells or complement, IgG4 has been commonly associated with
‘tolerance’ and its appearance during the treatment of food
allergy through oral immunotherapy (OIT) for food (one the
methods of AIT) has been related to the protective role played
by IgG4 in avoiding IgE-mediated responses after exposure to
culprit antigens. Interestingly, together with enabling the pro-
duction of IgG4, OIT is known to induce de novo EoE after being
used to treat food specific IgE-mediated food allergy in up to
4% of patients [131]. The reasons why Ig4 seems to lose its
tolerogenic capacity in these circumstances have not been
clarified, but it has been proposed that T cells that home
toward the esophagus in EoE enhance IgG4 antibody local
production [128] or the role of eosinophils to support plasma
cell survival [132] maybe also relevant in this condition.

4.3. Steroid treatment for EoE patients

As in other atopic disorders, topical steroids currently constitute
the prevailing therapeutic option for EoE; the development of
new formulations targeted to provide an optimal esophageal
coverage suppose that they will probably continue to do so in
the near future. Several RCTs summarized in sequential meta-
analyses [133-136] have demonstrated that topically adminis-
tered fluticasone propionate and budesonide are highly effective
in children and adults, significantly superior to a placebo and
comparable to oral prednisone [137] in inducing histological and
symptomatic disease remission. However, despite the efficacy of
steroids in treating the symptoms of EoE, their action is not
sustained after discontinuation of medication. The ability of
topical steroids to reverse EoE has been repeatedly demon-
strated at a gene expression and molecular level [58,138], exert-
ing their actions through a variety of mechanisms including
transcriptional inhibition of specific promoter response ele-
ments, destabilization of cytokine mRNA and direct induction
of cellular apoptosis. In the specific case of EoE, swallowed
steroid therapy has been demonstrated to act topically and
mediates its effects by directly regulating gene expression in
esophageal epithelial cells [139]; thus, after binding to the glu-
cocorticosteroid receptor, steroids repress IL-13-induced
eotaxin-3 expression while induce FK506-binding protein 5
(FKBP51) gene expression. This inhibits glucocorticoid receptor-
mediated signaling, which in turn represses IL-13-induced
eotaxin-3 promoter activity [139].

4.4. The anti-inflammatory effects of PPIs in EoE

The consideration of proton pump inhibitor (PPI) therapy
within the diagnostic and/or therapeutic algorithm has been
the most evolving topic in EoE over the past decade. As for
patients with PPl-responsive esophageal eosinophilia (PPI-REE)
, it was demonstrated that baseline expression of markers of
Th2-mediated and eosinophilic inflammation (including CCL26,
IL-13, TSLP and POSTN) in esophageal tissue largely overlaps in
non-responders and responders to PPl therapy [22,70].
Patients with PPI-REE also showed a transcriptome that almost
completely overlapped with non-responders to PPIs, including
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the hallmark EoE gene for eosinophil chemotaxis (CCL26),
barrier molecules (DSGT), tissue remodeling (POSTN), and
mast cells (CPA3) [140,141], constituting a genetic profile that
was radically different from that observed in patients with
GERD and control subjects. PPl monotherapy in PPI-REE
patients can almost completely reverse the Th2 signature
and normalize the EoE diagnostic panel expression [22,140],
similar to other anti-inflammatory drugs, like topical steroids
or anti IL-13 blockers. The molecular mechanisms whereby
PPIs blocks Th2 cytokine-driven esophageal eosinophilia
in vitro, independently of effects on gastric acid secretion,
include its ability to inhibit IL-4 and IL-13-stimulated eotaxin-
3 expression in esophageal cells and block STAT6 by binding
the promoter [142,143].

5. Mast cells and other components of the
inflammatory infiltration in EoE

Mast cells are mesenchymal bone marrow-derived myeloid
cells widely distributed in vascular connective tissues. As
a part of the innate immunity, they act against parasites and
bacteria. In humans, mast cells are classified into two types
depending on their granule content [144,145]: MCy (mast cells
with tryptase) and MCyc (mast cells with tryptase and chy-
mase). The mast cell population within the esophageal epithe-
lium predominantly consists of MCy¢ cells, both under normal
conditions and in EoE [146]. This phenotypic diversity is not
only a descriptor of tissue location, but also of the regulation
of cytokine gene expression and, as such, is associated with
functional differences [147-149].

A role for mast cells in the pathogenesis of EoE was pro-
posed after studies demonstrated both their activation [150]
and increased density in the esophageal mucosa of experimen-
tal [150,151] and human EoE in adults [23,38,146,152] and
children [66,149,153-156]. These increases were significant
compared with healthy controls as well as with patients with
GERD; in fact, mast cell density has been proposed as a marker
to distinguish GERD from EoE [153,157]. Several pieces of
research have supported the potential role played by mast
cells in EoE: Its density correlates with eosinophilic infiltration
within the esophageal epithelium [158], with a reduction in
both cell types after treatment with topical steroids [159,160]
or anti-IL-5 [161], anti-IL-13 [79] or 6-food elimination diet [146],
in association with clinical remission [146,152,160,162].

Mast cell infiltration, together with eosinophils, is directly
associated and significantly correlated with symptoms in adult
patients with EoE [146]: The peak number and activation of mast
cells, and the expression of major mast cell proteases (including
CPA3, chymase/CMA and tryptase/TPSB2) in the esophageal
mucosa directly and significantly correlated with symptom
scores in adult patients with EoE. Mast cell-mediators have
been shown to be upregulated in EoE in several reports.

The expression of specific mast cell-mediators has also been
shown to be upregulated in several reports [66,149,155], with
mast cell-derived TGF-b1 contributing to esophageal dysmotility
in both human [155] and murine experimental EoE [150] through



106 (&) A.ARIAS AND A. J. LUCENDO

the induction of smooth muscle hypertrophy and hyperplasia,
thus contributing to esophageal symptoms.

5.1. Activation of mast cells in EoE

Antigen cross-linking of IgE antibodies on the mast cell sur-
face is the most extensively studied mechanism leading to
mast cell activation and degranulation. This results in a rapid
release of autacoid mediators and a sustained synthesis and
release of cytokines, chemokines and growth factors [163]
and leads to anaphylaxis as its most characteristic conse-
quence. However, immediate systemic reactions to the foods
responsible for EoE are not described in these patients,
despite the fact that local IgE production has been demon-
strated in the esophageal mucosa of patients with EoE
regardless of their atopic background [112]. No differences
in esophageal mast cell densities were shown between EoE
patient with and without an atopic background [146],
despite IgE-bearing mast cells being described in the eso-
phageal epithelium of the former [164,165]. This suggests
that IgE is not the main trigger of mast cell activation in EoE,
with other IgE-independent mechanisms playing the princi-
pal roles. In fact, MCyc are also strong responders to non-IgE
-mediated regulation including the activation of toll-like
receptors [166], exposure to gastric reflux [167,168], bile
acids [169], the enteric nervous system [170], and certain
eosinophil-derived proteins, mainly major basic protein
[171]. In any case, the definitive exclusion of a putative
role for IgE-promoting, mast cell-dependent, immediate
reactions would require evidence of mast cell activation
just after challenging a patient with a known food trigger
for EoE, and this has yet to be demonstrated.

5.2. Treatments acting on mast cell activation in EoE

Cromolyn, as a mast cell stabilizer, is a first-line agent to treat
Gl symptoms of systemic mastocytosis with a poor absorption
and almost nonexistent side effects. When used in patients
with asthma it is able to significantly decrease activated eosi-
nophils in bronchial mucosa, similarly to fluticasone propio-
nate and superiorly to placebo or beta-2 agonists [172,173].
Early case reports in children with EoE failed to demonstrate
a beneficial effect for cromolyn on symptoms and inflamma-
tion [174]. A very recent randomized placebo-controlled trial
has structurally assessed viscous oral cromolyn for EoE in 16
pediatric patients [175]. Esophageal peak eosinophil counts
and blood eosinophilia did not change after an 8-week treat-
ment. A non-significant trend to symptoms improvement was
documented in the intervention arm. It should be noted that
MCqc cells do not specifically respond to mast cell-stabilizer
drugs such as cromolyn in the same way as MC; cells, which
are predominant in the bronchial mucosa and alveolar wall,
a finding which explains the documented lack of efficacy of
these drugs in treating EoE.

Montelukast, a leukotriene D4 receptor antagonist, is used
for the maintenance treatment of asthma and to relieve symp-
toms of seasonal allergies. Montelukast also inhibits mast cell
degranulation in the skin [176] and gastrointestinal tract

mucosa [177] and has been assessed as a potential therapy
for EoE. Used at standard doses in children [178] led to some
symptomatic improvement in an open-label trial, with no
patients achieving histologic response. Montelukast did not
demonstrate superiority over placebo in maintaining remis-
sion in adult patients with EoE [179,180].

Omalizumab is an anti-IgE monoclonal antibody effective in
controlling asthma in severely allergic asthmatic patients. It
has also been assessed as a treatment for EoE in short case
pediatric series [181] and recently in an open-label trial on 15
adolescents and young adults [182]. After 12 weeks, histologi-
cal and clinical remission of EoE was documented in one third
of participants, who were those with low peripheral blood
absolute eosinophil counts. Finally, 30 adults with EoE were
randomly assigned to receive omalizumab or placebo in
a double-blind trial in which omalizumab did not alter eso-
phageal symptoms or eosinophil counts in biopsy samples
compared with placebo [122]. Despite these disappointing
results, this trial observed granular deposits of IgG4, abundant
IgG4-containing plasma cells, and serum levels of IgG4 reac-
tive to specific foods in patients with EoE, indicating that, in
adults, eosinophilic esophagitis is [gG4-associated, and not an
IgE-induced allergy. Similar findings have been recently repro-
duced in children [123].

6. Genes and environment in EoE

As in other immunoallergic diseases, EoE arises from the inter-
action of environmental, host immunologic and genetic com-
ponents [183,184]. The relative weight of each one in the final
result of the disease has just begun to be defined. The con-
tribution of genetic heritability to EOE has been defined in two
family-based studies. In the first one, concordances for EoE
among nonrelated individuals, siblings, dizygotic twins, and
monozygotic twins were assessed. While the prevalence of EoE
in the general population (or its general risk) was estimated in
about 0.05% (1/2,000 inhabitants), it increased to 2,4% in
siblings, 22% in dizygotic twins and 41% in monozygotic
twins, despite the last sharing 100% of their genetic identity
[183]. Since dizygotic twins and siblings have the same genetic
relatedness, the authors used this difference to determine that
environmental factors contributed 81% toward the phenoty-
pic variance in the development of EoE. The contribution of
genetic risk variants accounted for only 15% of the phenotypic
variation of disease risk. More recently, a population-based
genealogy resource linked to electronic medical records for
health care systems across the state of Utah was used to
estimate familial aggregation and risk of EoE in extended
relatives to clarify the contribution of genetic factors to the
disease [184]. Risks of EoE increased among first-degree rela-
tives (OR 7.19), especially if they were diagnosed <18 years of
age (OR, 16.3). In second-degree relatives and first cousins, the
risk was also significant (OR 1.99 and 1.03, respectively).
However, spouses of EoE patients were observed to be also
at increased risk of EoE (OR 2.86), which suggested a shared
environmental exposition leading to the disease.

To identify genes providing susceptibility to EoE, candidate
gene approaches and genome-wide association studies
(GWAS) were developed [185]. Microarray analysis of RNA



expression (or transcriptome) in EoE patients compared with
control subjects shows significant changes in 1% of the
human genome, which are remarkably conserved across sex,
age and allergic status [66]. Eotaxin-3/CCL26 is by far the most
highly expressed gene in the EoE transcriptome, with a 53-fold
increase compared with the controls. Both the TSLP receptor
and its ligand seem to be implicated in the genetic links in
EoE, especially after 5922 (which contains the TSLP gene) was
identified as a susceptibility locus for pediatric EOE through
genome-wide association studies [186]. Single nucleotide
polymorphisms (SNP) in CCL26, TGF3 and its binding protein
LRRC32, FLG, TSLP, DSGI1, CRLF2 and TLR3 genes have been
described as risk factors for EoE [56,61,185-189]. The male
predominance (~70%) traditionally described in EoE [4], imply-
ing that currently unidentified sexual chromosome-related
genes or hormonal factors may be involved in the develop-
ment of the disease, have been explained by a mutation in the
X chromosome affecting two chains for the IL-13 receptor (IL-
13 Ra 1 and 2 located in position Xq13.1-g28), which would
remain uncorrected by the Y chromosome genes in males
[189]. More recently, an SNP in the gene encoding for the
TSLP receptor (TSLPR) located in the pseudoautosomal region
on Xp22.3 and Yp11.3 has been shown to be directly involved
in the male predominance of EoE [184]. The comorbidity of
EoE with other allergic diseases and the involvement of some
of the genetic variants in other diseases have given rise to the
identification of specific EoE risk and esophageal tissue-related
loci by GWAS, which was significant, independent of the
sensitization status of the patients [190]. Among them
CAPN14 (located in 2p23), TSLP and WDR36 (the second coding
for a protein involved in facilitating multiprotein complexes)
(located in 5g922), LRRC32 and C170rf30 (11913) and the down-
stream primary mediator for IL-13 and IL-14 signaling STAT6
(12g13) were the most relevant. However, the extent of the
association with disease susceptibility for the currently
described gene variants is modest (<2 fold), similar to the
magnitude described in other allergic and immunologic
diseases.

The potential role of environmental exposure in the etiology
of EoE has been assessed in retrospective cohort studies and
case-control designs. Despite appropriate inference, the overall
risk of bias of these studies was high, with selection of patients
being limited to single centers for the most part [191,192].
Available research showed that prenatal and early life factors
seems essential to determine risk of EoE, including exposure to
antibiotics during childhood [101,193,194], cesarean delivery
[101,192-194], maternal fever, and preterm labor [192]. All
these factors have been associated with dysbiosis in gut coloni-
zation in early life [195,196]. In contrast, having a furry pet in
infancy has been proposed as providing a protective role [192].
Population density (rural versus urban) [197,198], aeroallergen
exposition [116,199] and pollen season were also described as
risk factors. For the later, a systematic review with meta-
regression found no significant variations in the seasonal dis-
tribution of either the diagnosis or clinical recrudescence of EoE
throughout the year [87]. A supposed inverse relationship
between EoE and Helicobacter pylori infection [200,201] has
been also excluded by a recent large case-control study [202].
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The interplay between genes and environmental factors in
EoE has only been assessed very recently in a preliminary study.
Interactions between EoE-predisposing polymorphisms (within
TSLP, LOC283710/KLF13, CAPN14, CCL26, and TGFf) and early-life
factors (antibiotic use in infancy, cesarean delivery, breast-
feeding, neonatal intensive care unit admission, and absence
of pets in the home) were tested in a case-control study recently
published [203]. Interactions between rs6736278 (CAPN14) and
breast-feeding (p = 0.02) and rs17815905 (LOC283710/KLF13)
and neonatal intensive care unit admission (p = 0.02) were
demonstrated, but not with the remaining factors examined.
In addition, the authors found that breast-feeding had a strong
protective effect in those with the susceptibility genotype in
CAPN14 gene, suggesting for the first time in the literature that
risk of EoE disease might be modifiable in subjects with certain
environmental exposures and gene variants.

Taken together, the evidence supports that EoE is
a multifactorial and genetically complex disease, which
involves an interplay between genetic predisposition and
environmental factors, among which early life exposure likely
to affect esophageal/gut microbiome content and diversity
appear to be the most relevant.

7. Fibrous remodeling in EoE patients

Subepithelial fibrous remodeling as a consequence of chronic
esophageal inflammation has been demonstrated in children
and adults with EoE, and reproduced in animal models [204].
Eosinophil-associated tissue remodeling is a common process
found in several conditions in which chronic eosinophilic
inflammation is the common hallmark, including bronchial
asthma [205], hypereosinophilic syndrome [206], eosinophilic
gastroenteritis [207], and lastly, EoE [204]. All share structural
changes within the affected tissue, including subepithelial
fibrosis, which ultimately alter the functionality of the affected
organs. Uncontrolled remodeling due to ongoing inflamma-
tion in EoE may adversely affect esophageal function, leading
to dysmotility [208], esophageal rigidity [209], progressive
dysphagia and food impaction and, finally, stricture formation.

Esophageal strictures constitute one of the most severe com-
plications of EoE that develop as a result of a long-standing
untreated eosinophilic inflammation. Despite patient age and
delayed diagnosis being recognized as determining factors for
fibrotic esophageal strictures [210-212], not every patient with
prolonged EoE evolution develops such strictures. Esophageal
strictures are less commonly found in pediatric cases of EoE,
likely due to the limited progression of the disease.

7.1. Cellular & molecular basis of tissue remodeling in
EoE

Several mediators released from inflammatory cells are
involved in driving esophageal remodeling in EoE, with
a particular role for transforming growth factor (TGF)-p1
[213], analogous to the one observed in airway remodeling
associated with asthma [214]. In addition to TGF-1 signaling,
other mechanisms involved in EoE remodeling include epithe-
lium-mesenchymal transition and angiogenesis [215].
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Research conducted in a murine model [216] and on esopha-
geal cell cultures [217] has shown that subepithelial fibrosis in
EoE develops as a consequence of IL-5, IL-4 and IL-13-
promoted tissue eosinophilia [218,219]; blocking its respective
activation pathways represents potential therapeutic targets.
The esophageal tissue of EoE patients shows higher levels of
angiogenic factors compared with control samples including
CD31, von Willebrand factor, VEGF-A and vascular cell adhe-
sion molecule-1, all of which promote neovascularization and
angiogenic remodeling [220]. An activated endothelium facil-
itates the arrival of bone marrow-derived inflammatory cells
into the esophagus, which are activated to release their gran-
ule proteins locally. Eosinophils and other proinflammatory
cells interface with mesenchymal cell components in the
deep esophageal layers, affecting fibroblasts and muscle cells
by making them direct targets of activated eosinophils and
their products [217]. Fibrosis in EoE has been related with
eosinophil activation [221] which can be determined by
immunohistochemical staining for eosinophilic major basic
protein (MBP) [158]. Eosinophil-released MBP increases the
expression of FGF-9 in biopsies of EoE patients [222], correlates
with the basal cell hyperplasia in the esophageal epithelium,
and directly promotes both fibroblast activation and deposi-
tion of extracellular matrix (ECM) (Figure 1). Eosinophils also
produce and secrete high amounts of CCL18, a type 2 chemo-
kine implicated in fibrous remodeling of the lungs, through
fibroblast proliferation and collagen deposition. High expres-
sion levels of this chemokine have been shown in EoE [223].

7.2. Epithelial mesenchymal transition in EoE

Epithelial mesenchymal transition (EMT), a process character-
ized by activating quiescent epithelial cells and fibroblasts,
causing them to transdifferentiate into myofibroblasts, and
defined by gain of mesenchymal markers (such as a-smooth
muscle actin and vimentin) and loss of epithelial (E-cadherin)
gene expression, has been recognized as a key process in all
models of fibrosis [224]. TGF-B released from activated eosi-
nophils and mast cells [225] strongly induces EMT in the
esophageal epithelium [215] and is the most extensively ana-
lyzed cytokine in EoE-associated fibrous remodeling. In addi-
tion, EMT in EoE can also occur independently of TFG-f but
mediated by IL-13 and TNFa as previously implicated in other
models of cross-talk and fibrosis [226].

Myofibroblasts share features of both fibroblasts and
smooth muscle cells and simultaneously participate in the
synthesis, deposition and degradation of ECM along with
the contraction of wound tissue [227]. Tissue remodeling
also involves morphological and functional changes in
smooth muscle components. In fact, esophageal muscle
cells respond to various profibrogenic stimuli and eosinophil
products. Thus, while MBP is a strong agonist of the M2-
type receptors of acetylcholine, which governs smooth mus-
cle function [228], at the same time, eosinophil-derived
mediators affect the release of acetylcholine from the neu-
romuscular junction [217]. Hypertrophy of the muscularis
mucosa along with the circular and longitudinal muscle
layers has also been reported in patients with EoE [229],

contributing to the esophageal dysfunction
demonstrated in EoE patients of all ages.

repeatedly

7.3. Clinical assessment of esophageal remodeling in
EoE

As a result of fibrous remodeling, alterations in the biomecha-
nical properties of the esophageal wall are common features
of EoE [230]. The distensibility of the esophageal body was
significantly reduced compared to controls in patients with
EoE when assessed using the EndoFLIP system (Crospon
Medical Devices, Galway, Ireland) [231], which uses impedance
planimetry to calculate multiple adjacent cross-sectional areas
within a cylindrical bag while simultaneously measuring intra-
luminal pressure during controlled volumetric distension
[232]. EndoOFLIP research in EoE has shown that a reduced
esophageal distensibility predicts the risk of food impaction
[233] and correlates with endoscopically-identified ring sever-
ity [234]. Improvements in esophageal body distensibility are
achieved with medical and dietary therapies without dilation
[235]. However, a lack of correlation between eosinophil
counts and esophageal distensibility has been shown with
EndoFLIP [233], partially explaining the dissociation between
inflammatory activity and symptoms in EoE. Whether the addi-
tion of the EndoFLIP system to patient reported outcome
measures can enhance the accuracy of predicting the biologi-
cal activity of EoE and improve results of EoE therapies, includ-
ing endoscopic dilation, warrants further investigation [236].

7.4. Therapeutic interventions for EoE-associated fibrous
remodeling

Mechanical dilation with through-the-scope hydropneumatic
balloons and Maloney or Savary bougies constitutes
a preferred treatment option for EoE patients with esophageal
strictures or a narrow-caliber esophagus, which improves dys-
phagia in 95% of patients, according to a recent meta-analysis
including 27 studies assessing 845 individual patients under-
going 1,820 dilation procedures [237-239]. Because endo-
scopic dilation is a mechanical procedure with no effect on
the underlying inflammatory process [238], its efficacy is lim-
ited over time, with duration of the effect ranging from 1 to
36 months [237].

Swallowed topical steroids have been demonstrated effec-
tive to reverse fibrous remodeling in children and adults with
EoE, as well as in reducing the consequences of fibrosis in the
esophageal distensibility. Research in children documented
first that collagen deposition was a reversible phenomenon
[188,239,240]. Reduction in epithelial eosinophils was
a predictor of resolution of remodeling that accounted, in
parallel, for the reduction in TGF-b and pSmad 2/3-positive
cells and decrease in vascular activation, as determined by
reduced expression of vascular cell adhesion molecule-1
[188]. Subsequent research in adult patients showed that
fluticasone propionate use for one year were also able to non-
significantly reduce collagen deposits in the esophageal sub-
epithelium despite the treatment induced down regulation of
profibrogenic cytokine gene expression [223]. In contrast no
changes were noted with low doses of budesonide [241]. The



fact that the drug formulas used were not designed for eso-
phageal targeting or insufficient amounts for esophageal cov-
ering were applied might explain the difference among ages.
The effectiveness of novel formulas of budesonide specifically
developed for EoE [242] in reducing subepithelial fibrosis is yet
to be determined.

As for dietary therapy, studies in adult patients have shown
its effectiveness in reversing clinical, endoscopic, and histolo-
gic features in EoE [120,243,244], but suggest that fibrosteno-
tic phenotype may be less likely to respond [243].

Both elimination diet and topical steroid therapy may
improve esophageal distensibility using FLIP together with
reducing esophageal eosinophilia [235]. The lasting effect on
esophageal distensibility to a complete esophageal recovery is
yet to be determined.

Among the investigational therapies in fibrous remodeling,
losartan, an angiotensin Il receptor blocker approved to treat
high blood pressure in children and adults, which has proven
safe when administered to patients with normal blood pres-
sure, is currently been tested for EoE. Losartan may reduce the
amount of TGF-f thus constituting a potential treatment for
fibrosis in EOE. A Phase Il trial with increasing doses of losartan
is currently underway to evaluate endoscopic, histological and
symptomatic improvement [245]. An additional open-label
study will assess changes from baseline in peak esophageal
eosinophil count and in blood and esophageal TGFp levels at
the end of treatment [246].

8. Expert commentary

Early diagnosis of patients with EoE, providing them with effective
therapies and developing non-invasive monitoring methods are
currently the most relevant goals for clinicians. Identifying the
specific risk factors for developing EoE and defining their relative
weight is key to proposing future preventive strategies in popula-
tions at risk.

The relative contribution of genes and the environment in
the origin of EoE has been analyzed by some studies with
different approaches, all assigning a predominant role to the
latter [180,184]. The environmental risk factors leading to EoE
and the way they interact with the host toward losing immu-
nological tolerance in the esophageal mucosa are still to be
revealed [192,203]; its discovery is essential to propose pre-
ventive strategies for EoE. The underexplored potential role of
esophageal microbiota in mediating the interplay between the
environment and the esophageal mucosal surveillance system
appears as one the most promising approaches. Changes in
the esophageal microbiome composition in adult and pedia-
tric EoE patients compared to non-EoE controls have also been
recently described [247,248] while antibiotic-induced changes
in the microbiota represents an early life risk factor for devel-
oping EoE [192]. Biopsy samples from adults with active EoE
have increased bacterial load by 16S expression and upregula-
tion of several TLRs compared to controls which reverse after
dietary therapy. Mediators of inflammation in the TLR signal-
ing pathways were also upregulated. Finally, innate immune
effector proteins also showed increased activity. All of these
corrected after disease remission induced by a dietary inter-
vention [50]. Genotyping of nucleotide polymorphisms (tSNPs)
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revealed TLR3 as a novel genetic susceptibility locus for devel-
oping EoE, with independent effects of TSLP [187].

The discrepancy between symptoms and histopathologic fea-
tures is one of the major challenges in patients with EoE. Significant
esophageal eosinophilia can be present in many patients with
minimal symptoms due to food behavior adaptations, and some
patients under histologic remission may suffer food impaction
episodes due to a reduced esophageal caliber. Endoscopy with
biopsies is essential for the initial diagnosis of EoE and the only
accurate method for disease monitoring [1]. Identifying reliable
non- or minimally invasive markers for EoE is, therefore, urgently
required. Several candidate single molecules obtained mainly from
blood have been studied in patients with EoE, none of them
having provided enough accuracy to be incorporated into clinical
practice [249]. However, efforts to identify new EoE biomarkers
have rapidly expanded to include complex combination of mole-
cules which could provide a reliable distinction of active EoE from
inactive EoE, and both from normal controls and atopic subjects. In
fact, a well-preserved EoE transcriptome has facilitated the devel-
opment of an EoE diagnostic panel that provides the additional
advantage of identifying histologically ambiguous subjects who
may later develop active EoE [67]. The utility of such a panel to
elucidate key elements in EoE, including the potential responsive-
ness to drug-based or dietary therapies, predicting the disease
course, or in identifying atopic patients or relatives at risk of
developing EoE, is a potential utility that should be assessed [250].

9. Five-year view

The expansion of EoE and its wide recognition across multiple
settings will undoubtedly facilitate in coming years significant
advances in the knowledge of the intimate mechanisms of the
disease, in the optimization of diagnostic and disease moni-
toring methods to make them less dependent on endoscopy,
and in its therapeutic approach toward personalized medicine.

Minimally invasive methods for patient diagnosis and monitor-
ing are urgently needed in clinical practice; and some preliminary
approaches have provided promising results. Among them, sub-
stituting endoscopy with biopsies by cytology have been assessed
recently. The cytosponge consists of an ingestible gelatin capsule
comprising compressed mesh attached to a string, able to obtain
cells from the esophageal surface when removed. Its accuracy
compared to endoscopy with biopsies has been recently assessed
in a multicenter study, which provided a sensitivity and specificity
of 75% and 86%, respectively (AUC 0.87) for disease activity,
defined by a cutoff of 15 eos/HPF. No complications were reported,
and patients preferred cytosponge to endoscopy as a monitoring
method [251].

An alternative approach to cytology is to retrieve eosinophil-
derived proteins obtained from esophageal exudates. A minimally
invasive string-based technology composed of a capsule filled
with 10 cm of string, derived from the Enterotest (HDC
Corporation, Pilpitas, CA, USA) originally designed to detect gastric
and small intestine pathogens, sample bile and assess for GERD
was assessed in pediatric patients [252]. The quantities of eosino-
phil granule proteins in esophageal luminal samples obtained with
the esophageal string test significantly correlated with eosinophil
counts and granule protein levels in esophageal biopsies; MBP1
and Charcot-Leyden crystal protein indicated a high predictive
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power with AUC of 0.97 and 0.97, respectively, compared to
biopsies. More recently, the esophageal mucosa was sampled
with a cytology brush inserted through a nasogastric tube.
Eosinophil-derived neurotoxin (EDN) was measured by ELISA
from the samples obtained with the brush, in the samples
extracted from brushes and its diagnostic accuracy validated
against endoscopic biopsies. A sensitivity of 0.98 and specificity
of 0,89 was found, overall providing an AUC of 0.99 [253]. These
novel methods suggest that eosinophil-derived proteins are super-
ior to cytology in monitoring esophageal inflammation in patients
with EoE.

Key issues

® EoE is a particular form of food allergy associated with
a Th2-type inflammatory response that shares common
molecular pathways with atopic diseases characterized by
IL-5, IL-13 and eotaxins expression.

® The esophageal epithelium is being placed at the center of
the pathogenesis of EoE: an impaired barrier function related
to a depletion of SPINK7 determines an increased permeabil-
ity, allowing an enhanced contact between mucosal immune
system and component of the diet or microbiota.

® Epithelial cell-derived TSLP activates antigen presenting
cells in EoE to polarize T cells toward a Th2-type response
with secretion of IL-13.

® |L-13 upregulates CAPN1 in the esophageal epithelium,
a protease with an important role for epithelial barrier
function which is involved in repairing IL-13-induced
epithelial changes. CAPN14 is also implicated in the down-
regulation of DSG1.

® Several genes and variants providing susceptibility to EoE
have been identified, overall contributing modestly to dis-
ease susceptibility. In contrast, environmental factors
including perinatal and early life exposures are mainly
involved in determining risk for EoE.

® |nteractions of epithelial cells with components of the eso-
phageal microbiota modulate the expression of CXCL16 and
recruit invariant natural killer T (iNKT) cells toward the eso-
phageal epithelium, in an early stage of EoE development.

® Mediators released from activated mast cells and eosino-
phils induce epithelial mesenchymal transition leading to
esophageal remodeling by subepithelial deposition of col-
lagen and other extracellular matrix components, the rever-
sion of which is being increasingly recognized as a clinically
relevant target for therapy.
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