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Abstract

Eosinophilic esophagitis (EE) is a newly recognized disease, which has largely been called idiopathic
EE, emphasizing the poor understanding of its pathogenesis. EE is a severe disease of the esophagus
characterized by an accumulation of eosinophils in the esophageal mucosa. EE is highly associated
with atopic disease and emerging evidence suggests a primary role for food antigen sensitization in
disease etiology. Nevertheless, the nomenclature “Eosinophilic esophagitis” describes only the
surface of the iceberg of a complex disorder. Epithelial cells, fibroblasts, endothelial cells and smooth
muscles cells are involved in pathologic features of the disease and numerous leukocyte subtypes
are recruited (eosinophils, mast cells, lymphocytes). As such, the pathogenesis of EE involves
multiple tissues, cell types, genes and derives from complex genetic and environmental factors.
“Pathogenesis” is a fusion of two Greek words pathos (disease) and genesis (development). In this
review, we aim to define the fundamental piece of knowledge available today that characterizes the
mechanisms by which certain etiological factors cause EE, reviewing human studies, murine models
and recent knowledge regarding the involvement of environmental, cellular, molecular and genetic
factors in the development of EE.

Eosinophilic esophagitis is characterized by a marked accumulation of eosinophils in the
esophageal mucosa suggesting a Th2 disease. In addition to “guilt by association”,
experimental models in mice implicate eosinophils in disease pathogenesis. However,
eosinophils may neither be the first nor the only critical contributor in EE. Environmental
exposure, allergen sensitization, eosinophils and other cells, molecules released and genetic
predisposition, all interplay in EE pathogenesis.

Environmental pathogenesis: a Th2 disease

Epidemiologic studies provided the first indirect information about the pathogenesis of EE.
The allergic component of EE was apparent from the strong association of EE with allergic
diseases (Figure 1). About 70 % of EE patients have current or past allergic diseases or positive
skin pricks test especially to a variety of foods (1). Of note, only a minority of EE patients
present with food anaphylaxis, indicating distinct mechanisms compared with classical-1gE-
mediated mast cell and basophil activation (1,2). As such, a local esophageal population of
allergen specific IgE producing B cells is possible. Indeed, EE patients without allergic disease
still respond to an elemental diet (3,4). Recently, EE has been found in two patients with
anticonvulsant hypersensitivity syndrome (5,6). Notably, withdrawal of carbamazepine,
completely restored the endoscopic appearance of the esophagus suggesting that oral agents
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(in addition to food) could have an etiologic involvement in EE. Of note, like EE,
anticonvulsant hypersensitivity syndrome has a male predominance (6).

It is interesting to note that patients with EE, sometimes report seasonal variations in their
symptoms; and changes in their esophageal eosinophil levels (7,8) suggesting a role for
aeroallergens. This was indeed recently supported by the study of Yamazaki et al wherein
common food and environmental allergens induced cytokine production by peripheral blood
mononuclear cells (PBMCs) in adult patients with EE (9). An increased production of IL-5
and IL-13 production by PBMC in EE patients was increased compared to healthy individual
after stimulation with aero or food allergens. Thus, the immune responses in EE are
characterized by enhanced production of Th2-associated cytokines in response to both food
and environmental allergens. Finally, in a recent study examining intracellular staining of
PBMC cytokines and cytokine production after stimulation in EE patients, the systemic
parameters of EE patients were highly similar to atopic non-EE patients (10).

Treatment such as food avoidance or elemental diet has also reinforced the link between the
disease and the allergic etiology (3,11-13). In several studies, allergen avoidance has been
shown to completely restore normal esophageal pathology (3,4,11-16). Food allergen and
aeroallergen have been shown to be involved in EE pathogenesis, suggesting that direct contact
of the allergen with the esophagus may not be required. Additionally, topical or systemic
glucocorticoid treatment, used in allergic diseases such as asthma or atopic dermatitis, has been
proven to be efficient in the treatment of EE, particularly in non-allergic EE patients (17-19).

Animal models have linked EE and allergic diseases and assess the sensitization pathways that
could occur in human EE. Experimental models of EE can be induced in mice by allergen
sensitization and exposure, as well as by administration or overexpression of Th2 cytokines
(20,21). A strong link has been established between EE and lung inflammation in mice. Most
of published models so far have shown an association between lung and esophageal
eosinophilia. Two recent studies have shown that skin sensitization primes for EE (22,23). EE
and atopic dermatitis (AD) share common features, including eosinophil infiltration, eosinophil
degranulation, and squamous epithelial cell hyperplasia, suggesting that common pathogenetic
mechanisms may be operational. Epicutaneous exposure to the allergens OVA or Aspergillus
fumigatus alone induces AD- like skin inflammation but eosinophils do not migrate into the
esophagus despite a strong systemic Th2 response, chronic cutaneous antigen exposure and
accelerated bone marrow eosinophilopoiesis and circulating eosinophilia. However, when
epicutaneously sensitized mice are subsequently exposed only once to intranasal antigen,
esophageal eosinophilia (and lung inflammation) is powerfully induced (22,23). In these
studies, mice genetically deficient in signal transducer and activator of transcription 6
(STAT6), IL-13, IL-4 and IL-5 have impaired induction of esophageal eosinophilia in response
to allergen (22,23). It is interesting to note that all murine models of EE had an inflammation
of another organ such as the lungs and that the instillation of intratracheal IL-13 in mice induces
both airway and esophageal eosinophilia (24,25) suggesting that the direct contact of the
allergen with the esophagus or gastrointestinal tract is not required for development of EE.
Collectively, these experimental systems demonstrate an intimate connection between the
development of eosinophilic inflammation in the respiratory tract, the skin and esophagus not
only in response to external allergic triggers but also to intrinsic Th2 cytokines.

Genetic predisposition

As already described in other Th2 diseases, EE pathogenesis is likely to be associated allergen
sensitization in predisposed individuals (figure 1). EE has a strong familial pattern based on
the growing clinical literature and our own patient data. Among pediatric patients with EE,
~8% of them have at least one sibling or parent with EE as well (1). In addition, Patel and
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Molecular

Falchuk (26) have recently reported three adult brothers with dysphagia who were found to
have EE. Taken together, EE appears to demonstrate a strong familial pattern with a much
higher prevalence in siblings.

Gender predisposition and familial clustering emphasize the genetic predisposition of this
disease. In both pediatric and adult patients, EE exhibits a remarkable male predilection; about
70% of the patients are male (1). One explanation for such a high prevalence in male may
indeed be due, in part, to the presence of a mutation on the sexual chromosome X that would
not be corrected by the Y chromosome genes in males, leading to increase susceptibility in
males that have only one copy of the affected gene. Of note, two chains for the 1L-13 receptor,
IL-13 Ra 1and 2, are on X chromosomes in position Xq13.1-q28. Both population-based case-
control comparison and family-based transmission disequilibrium test have shown an
association between the allele G of the SNP (rs2302009) locates at the 3’ UTR of the eotaxin-3
gene in EE disease (25). One can hypothesize that the position of this SNP in the 3’UTR might
indeed contribute to eotaxin-3 mRNA stability. But at the present time, the mechanism by
which this SNP contributes to EE is unclear. Although only one SNP has been associated so
far with EE, we predict that multiple other genetic components will be involved (27).

pathogenesis

Substantial evidence is accumulating that EE is associated with a Th2 type immune response
and local or systemic Th2 cytokine overproduction. IL-5 is a cytokine involved in eosinophil
production, survival and activation. IL-5 mRNA is increased in the biopsies of EE patients
compared to NL patients ((28,29) and unpublished data). Peripheral CD4+T cells show an
increase in intracellular IL-5 in the blood of EE patients compared to non-atopic non-EE
patients (10). Determining the role of IL-5 in EE is of importance since two independent studies
have shown an improvement in the clinical and/or pathological symptoms of EE after anti-I1L-5
treatment (30-32). IL-5 is known to increase proliferation and survival of eosinophils and
facilitate their migration from the bone marrow to the blood (20,33). As IL-5 can be expressed
by eosinophils, it is important to elucidate if IL-5, increased in EE biopsies, has a local role in
the esophageal eosinophils of EE patients. One can hypothesize that anti-1L-5 therapy may
thus have a systemic action on eosinophil trafficking and survival and a local effect in the
esophagus.

Using microarray expression profile analysis, an EE transcript signature remarkably conserved
across allergic and non-allergic EE patient phenotypes has been identified (25). This
demonstrates that the effector phase of the disease is conserved between individuals despite
the driving trigger of the inflammation. This EE signature is characterized by 574 dysregulated
genes in EE patients compared to normal individuals. Of the entire dysregulated genome, the
gene with the greatest overexpression was eotaxin-3, induced ~50-fold compared with control
individuals and highly correlated with eosinophil number in the biopsies (25). Interestingly,
while eotaxin-3 was highly upregulated in EE patients, eotaxin-1 and -2 were not significantly
upregulated (25). The literature describes the eotaxin family as IL-13-induced molecules in
several tissues and cell types. We recently demonstrated that in skin keratinocytes, IL-13
selectively induces eotaxin-3 but not eotaxin-1 and 2 in primary keratinocytes (figure 2). This
phenomenon is most likely, mainly transcriptional and dependent upon the transcription factor
STATG (unpublished data). We also demonstrated that IL-13 mRNA (but not IL-4) is in indeed
induced in EE patients compared to NL individuals (unpublished data). It is interesting to note,
that murine models have demonstrated that IL-13 and STAT®6 are required to develop
esophageal eosinophilia in mice (22,23). Taken together, these results suggest that IL-13
induces eotaxin-3 expression in epithelial cells of the lung through a STAT6 phenomenon in
EE.
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Cellular pathogenesis

While absent in the normal esophagus, eosinophils markedly accumulate in the esophagus of
EE patients. A minimum of 15 eosinophils per high power field is now used as clinical
diagnostic criteria for EE (34-36). Analysis of the EE transcriptome reveals that, the strong
accumulation of esophageal eosinophils is not accompanied by an increase in eosinophil
specific transcripts (25). Recently, Locksley’s group demonstrated that eosinophil granule
protein mMRNASs were detectable in the early development of eosinophils but not once
eosinophils infiltrate into the tissues (37). Although not actively transcribed in the esophagus,
granule proteins are present in the esophageal eosinophils, and major basic protein (MBP)
deposition was detected by immunohistochemistry, in EE patient esophageal biopsies. As such,
granule proteins may influence disease via their cytotoxic activity. Eosinophil granules contain
a crystalloid core composed of major basic protein (MBP)-1 (and MBP-2), and a matrix
composed of eosinophil cationic protein (ECP), eosinophil-derived neurotoxin (EDN), and
eosinophil peroxidase (EPO) (38). These cationic proteins share certain pro-inflammatory
properties but differ in other ways. For example, MBP, EPO, and ECP have cytotoxic effects
on epithelium in concentrations similar to those found in biological fluids from patients with
eosinophilia. Additionally, ECP and EDN belong to the Ribonuclease A superfamily and
possess antiviral and ribonuclease activity (39-41). ECP can insert voltage insensitive, ion-
nonselective toxic pores into the membranes of target cells and these pores may facilitate the
entry of other toxic molecules (42). MBP directly increases smooth muscle reactivity by
causing dysfunction of vagal muscarinic M2 receptors (43). MBP also triggers degranulation
of mast cells and basophils (44). Triggering of eosinophils by engagement of receptors for
cytokines, immunoglobulins, and complement can lead to the generation of a wide range of
inflammatory cytokines including IL-1, -3, -4, -5, -13, GM-CSF, TGF-B, TNF-a, RANTES,
MIP-1a, and eotaxin-1, indicating that they have the potential to modulate multiple aspects of
the immune response (45,46). Additionally, eosinophils can directly activate T cells by antigen
presentation, which has been demonstrated in vitro and in vivo (47,48). Further eosinophil-
mediated damage is caused by toxic hydrogen peroxide and halide acids generated by EPO
and by superoxide generated by the respiratory burst oxidase enzyme pathway in eosinophils.
Eosinophils also generate large amounts of the cysteinyl leukotriene C4 (LTC4) that is
metabolized to LTD4 and LTE4 (49). These three lipid mediators increase vascular
permeability and mucus secretion, and are potent stimulators of smooth muscle contraction
(49). Indeed, leukotriene modifiers appear to improve clinical symptoms in EE patients (50).
Notably, dysregulated expression of the mRNA for numerous enzymes involved in arachidonic
acid metabolism is present in the esophagus of EE patients (25).

While eosinophil genes are not well represented in the EE transcriptome, mast cell gene
expression (such as tryptase or carboxypeptidase 3) is highly increased in EE (25). Several
studies have shown that mast cells, present in the normal esophagus, have an increased density
in esophageal biopsies of EE patients (25,28,51-53). In other tissues, activated mast cells are
known to release mediators (such as cytokines, histamine, proteases) able to modify
physiological parameter such as smooth muscle contraction phenomenon that may occur in EE
(54). Indeed, a recent study demonstrated that esophageal mast cells (as well as eosinophils)
are activated in EE patients (Figure 2) compared to GERD patients and were likely to be IgE-
bearing cells (52,53). These findings implicate the presence of a sufficient local Th2 response
to activate IgE production by B cells.

Several studies have shown an increase in lymphocytes in pediatric and adult EE patients
(19,25,28,52,53), but only one study so far has described the presence of B cells in EE (53).
Using anti-CD20 immunohistochemistry, the authors described the presence of B cells in EE
esophageal biopsies. In the same study, immunoreactivity for CD3+, CD8+ and CD4+ cells
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was demonstrated to be at higher levels in EE biopsies (53). A critical role for T cells in disease
induction has been demonstrated in recent murine modeling studies (55).

While infiltrated cell are likely to be involved in EE pathogenesis, the resident cells of the
esophageal mucosa are likely to be one of the first effector cells responsible for the
chemoattraction of hematopoietic cells. Notably, the esophagus contains CD1a+ dendritic cells
that may link innate and adaptive immunity in the esophagus (53). In addition, the esophageal
epithelium is likely to contribute to disease induction and propagation, as eotaxin-3 is chiefly
produced by esophageal epithelial cells.

The epithelium of the esophagus is a squamous epithelium. In contrast to the skin, the human
the esophagus is generally not keratinized and thus keratinocytes are in direct contact with the
esophageal content. As such, the permeability, the elasticity, the integrity of the esophagus
may contribute to EE disease pathogenesis. Epithelial cells are highly hyperplastic in EE
patients (56). Several external factors are known to increase basal cell expansion, such as gastric
acid content in GERD disease. But the basal layer expansion observed in EE patients is more
extensive in EE patients (56) suggesting that other etiologic factors influence EE disease
pathogenesis. We have, for example, demonstrated that the epithelium is the main source of
eotaxin-3 chemokines (25), certainly responsible for the chemoattraction of eosinophils.
Lymphocytes, eosinophils and mast cells infiltrated into the esophagus may release soluble
mediators able to activate the transcription of epithelial cell genes; for example, Th2 cell-
derived I1L-13 may act directly on epithelial cells to induce the release of eotaxin-3 (figure 2).

In a recent pediatric EE population, remodeling of the esophageal mucosa and especially the
lamina propria, has been described (57). In this study, patients with EE had an increased
esophageal fibrosis, vascularity, and vascular activation. The authors also described an
increased expression of TGF-B1 (figure 2) and its signaling molecule phosphorylated
SMAD2/3 (phospho-SMAD?2/3). Additionally, esophageal biopsies in patients with EE
demonstrate an increased vascular density and an increased expression of the vascular
endothelial adhesion molecule, VCAM-1. In addition to its role in fibrosis, TGF- is known
to increase smooth muscle cell hyperplasia and all together these results suggest an implication
of TGF-B, VCAM-1, and SAMAD?2/3 in the formation of strictures and in the loss of elasticity
of the esophageal wall (57).

Conclusion and future direction

EE has a complex pathogenesis, in which multiple etiologic factors interact. The environmental
factors and a predisposed genetic background certainly interplay in EE onset and pathogenesis.
A gene polymorphism, eotaxin-3, has been shown to be associated with EE (25), and we predict
that EE, like most Th2 diseases, is a polygenic disorder with multiple environment factor
strongly contributing to disease expression (Figure 1). Although the advances made in the
understanding of human pathogenesis, the next challenge will be to understand the molecular
mechanisms involved in EE disease development. The overlap with other Th2 diseases tends
to complicate the study and interpretation of results on systemic parameters, and the appropriate
control, atopic nonEE will have supplanted the normal non-atopic controls. It will thus be of
interest to investigate whether the genetics that underlie atopy and EE are partly similar. We
hope that from these studies will emerge new biomarkers able to differentiate EE disease from
GERD and other atopic diseases.

Although some treatments are effective in EE, the molecular mechanisms involved in the
remission have still not been established. The development of in vitro and in vivo models may
help to dissect out the molecular mechanisms involved in remission or resistance to therapy;
the overall goal being able to molecularly classify patients as a function of their predicted
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response to treatment. Our current knowledge suggests that targeting the IL-13/eotaxin-3/
CCR3 axis may be a promising therapeutic of EE.
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Figure 1. Etiologic factors involved in EE development

More then 500 gene polymorphisms has been shown to be associated to allergic diseases and
the genetic context generated by the presence of these polymorphisms predispose individuals
to asthma, atopic dermatitis, food allergy.... Although allergic diseases are common in the
population, all allergic patients does not develop EE suggesting that a specific genetic
predisposition for EE might be required to develop EE. As such a complex interplay between
single nucleotide polymorphisms increase the risk of a Th2 inflammation to occur in the
esophagus. To date only one single nucleotide polymorphism (SNP), has been associated with
EE. This SNP is located in the 3’'UTR of the eotaxin-3 gene (T/G +2496). All together, this
complex genetic background and the environmental exposures (food and aeroallergens)
contribute to the development of EE.
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Figure 2. Molecular pathogenesis of EE

EE involves the complex interaction of genetic factors and environmental exposures leading
to a Th2-associated disease localized in the esophagus of predisposed patients. Such processes
involve increased expression of Th2 cytokines, chemokines, and chemokine receptors by
PBMC (IL-4, IL-13, IL-5) and eosinophils (IL-13, IL-5, CCR3). In the esophagus, increased
expression of IL-13 and TGF-beta likely contributes to eotaxin-3 release by epithelial cells, as
well as increased collagen production (fibrosis) and vascular activation (VCAM-1 expression).
Finally, IgE, systematically or locally synthesized by B cells are detected on the surface of
mast cells and likely contributes to mast cell activation by food antigens.
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