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Abstract
Background—Esophageal fibrosis is a complication of eosinophilic esophagitis (EoE) which
has been attributed to both subepithelial fibrosis and to epithelial to mesenchymal transition
(EMT), a process by which epithelial cells acquire mesenchymal features. Common to both causes
of EoE-fibrosis is the notion that granulocyte-derived TGF-β, induces myofibroblast
differentiation of the target cell. To date, the role of esophageal epithelial cells as effector cells in
esophageal fibrosis has never been explored. Here in, we investigated consequences of cross-talk
between esophageal epithelial cells and fibroblasts, and identified profibrotic cytokines which
influence the development of EMT in vitro.

Methods and Results—Stimulation of primary fetal esophageal fibroblasts (FEF3) with
conditioned media (CEM) from esophageal epithelial cells (EPC2-hTERT), primed FEF3 cells to
secrete IL-1β and TNFα, but not TGFβ. To determine whether these cytokines signaled in a
paracrine fashion to esophageal epithelial cells, FEF3 cells were stimulated with CEM, followed
by transfer of this fibroblast conditioned media (FCM) to EPC2-hTERT cells. Epithelial FCM
stimulation increased expression of mesenchymal markers and reduced E-cadherin expression,
features of EMT which were TNFα and IL-1β-dependent. Using organotypic culture models,
primary EoE epithelial cells exhibited features of EMT compared to non-EoE cells, corresponding
to patterns of EMT in native biopsies.

Conclusions—Esophageal epithelial cell and fibroblast cross-talk contributes to esophageal
fibrosis. Our results suggest that features of EMT can develop in dependent of TGF-β and
granulocytes, which may have important implications in treatment of EoE.
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Introduction
Eosinophilic esophagitis (EoE) is a chronic allergic disease affecting 4 in 10,000 children
[1] and adults, characterized by eosinophilic infiltrates of the esophageal mucosa. In older
children and adults, the most problematic complication of EoE is the development of
esophageal fibrosis leading to dysphagia and esophageal food bolus impactions. The precise
etiology of EoE-associated fibrosis remains unknown.

Fibrosis is defined as the inappropriate deposition of extracellular matrix (ECM), leading to
deformation of the parenchyma. It is widely believed that stimulation with profibrotic
cytokines activates fibroblasts to acquire the activated phenotype of myofibroblasts,
morphologic intermediates between fibroblasts and smooth muscle cells which synthesize
ECM components including collagen, 3-smooth muscle actin (αSMA), fibronectin, and
proteoglycans. Although local fibroblasts are considered to be the most common
myofibroblast progenitors, myofibroblasts have also been shown to originate from bone
marrow-derived fibrocytes [2–4] and smooth muscle cells [5]. In addition, epithelial cells
can acquire a myofibroblast characteristics and lose epithelial cell features [6]via epithelial
to mesenchymal transition (EMT) [7]. In EMT, epithelial cells gain contractile and
cytoskeleton proteins found in myofibroblasts while losing their characteristic tight junction
and adhesion proteins.

Others have recently shown that EoE-associated fibrosis occurs through several
mechanisms, including EMT. Aceves et al. showed that esophageal biopsies from EoE
patients exhibit increased subepithelial collagen deposition compared to biopsies from
control patients and patients with gastroesophageal reflux disease[8] suggesting that
activation of fibroblasts within the subepithelium contributes to EoE fibrosis. In contrast,
Kagalwalla et al. recently demonstrated that esophageal biopsies from pediatric EoE
subjects exhibit features of EMT, characterized by increased expression of the mesenchymal
marker vimentin and decreased expression of the epithelial marker cytokeratin within the
epithelial compartment [9]. Interestingly, Kagalwalla et al. also observed a correlation
between EMT scores and subepithelial fibrosis in pediatric EoE biopsies, indicating that the
two processes are not mutually exclusive. In addition, these investigators also showed that
features of EMT could be induced in vitro, through stimulation of the HET-1A esophageal
epithelial cell line with the profibrotic cytokine, transforming growth factor-β (TGF-β),
consistent with findings of Ohashi et al., who also showed that TGF-β stimulation induced
EMT in the EPC2-hTERT esophageal epithelial cell line [10].

TGF-β is known as a prototypical profibrotic cytokine in many models of fibrosis[11–13].
Consistent with this notion, both Aceves et al. and Kagalwalla et al. have suggested that
TGF-β is necessary for myofibroblast activation in the context of EoE-associated fibrosis.
This assumption is supported by the work of others, who have previously shown that TGF-β
is produced and released by circulating immune effector cells known to infiltrate the
esophageal epithelium in EoE, including mast cells[14] and eosinophils [15].

While TGF-β plays an established role in tissue remodeling, other profibrotic cytokines and
soluble mediators can activate fibroblasts and induce ECM production [16]. IL-1β, for
example, enhances the effects of TGF-β in the acquisition of the mesenchymal phenotype in
human bronchial epithelial cells in vitro[17]. TNF-α has been implicated in the development
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of EMT in retinal pigment epithelial cells[18], and enhances TGF-β-induced EMT in human
alveolar epithelial cells[19]. To date, the potential role for IL-1β and TNF-α in EoE-
associated tissue remodeling has not been investigated.

Others have shown that cross-talk between epithelial and mesenchymal cells contributes to
remodeling in other model systems [20–22]. Building upon our previous reports that human
esophageal epithelial cells function as effector cells in the pathogenesis of esophageal
inflammation[23, 24], we hypothesized that esophageal epithelial and mesenchymal cross-
talk plays a role in EoE-associated fibrosis. In this study, we show for the first time that
esophageal epithelial cells prime esophageal fibroblasts to secrete fibrogenic cytokines
IL-1β and TNF-α. Surprisingly, we demonstrate that these cytokines play a role in the
development of EMT in vitro, and this can occur in a TGF-β-independent fashion. Using a
primary EoE cell line grown in organotypic culture with primary fibroblasts, we further
demonstrate that esophageal epithelial cells can function as innate immune effector cells in
the context of EoE.

Materials and Methods
Cell lines

Three human esophageal epithelial cell lines, EPC2-hTERT, EPC394, and EPC425, were
grown at 37° C in a humidified 5% CO2 incubator, and maintained keratinocyte serum free
medium (KSFM, Invitrogen, Grand Island, NY) containing human epidermal growth factor
(1ng/mL), bovine pituitary extract (50ug/mL), and penicillin (100 units/mL) and
streptomycin (100μg/ml). The EPC2-hTERT cell line is a telomerase-immortalized and
nontransformed cell line, whereas the EPC394 and EPC425 cells lines are primary cell lines
obtained from an EoE (EPC394) and a non-EoE control (EPC425) patient. Fetal esophageal
fibroblasts (FEF3 cells, gift of Hiroshi Nakagawa MD, PhD) and a primary fibroblast cell
line (PEF429) from an adolescent patient with EoE, were maintained in Dulbecco’s
Minimum Essential Media (DMEM) supplemented with 10% fetal bovine serum (FBS)
(GIBCO), and grown at 37° C in a humidified 5% CO2 incubator.

Primary esophageal cell lines
Esophageal biopsies were placed in Hanks BSS buffer, transferred to dispase (BD
Biosciences, 50U/mL) for 20 minutes at 37°C, then trypsinized (trypsin-EDTA, GIBCO) at
37° C. Trypsin was inactivated using soybean trypsin inhibitor (SIGMA) and biopsies were
gently manually shaken. Samples were poured through a cell strainer and cells were
collected in a conical tube. Cells were pelleted by centrifugation at 4 °C for 5 minutes. For
epithelial cell isolation, pellets were resuspended in KSFM containing antibiotics and
fungizone (1:500) (GIBCO). For fibroblast isolation, pellets were resuspended in DMEM
with antibiotics and fungizone (1:500) (GIBCO). Cell suspensions were then seeded in
tissue culture plates. Cells were used at passage 2–3.

Conditioned Epithelial Media (CEM) stimulation
Conditioned epithelial media (CEM) was collected from confluent EPC2-hTERT cells
grown in complete KSFM, and used to stimulate fibroblast monolayers for 3 and 6 hours.
Prior to stimulation of fibroblasts, CEM was supplemented with 10% FBS. Figure 1A shows
the schematic of the experimental design. For control conditions, unconditioned complete
KSFM was supplemented with 10% FBS. After stimulation with CEM, media was collected
for ELISA, and fibroblasts were harvested for RNA isolation.
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Stimulation of epithelial cells with recombinant cytokines
EPC2-hTERT cells were seeded in 6 well plates at a density of 3 × 105 cells/well one day
prior to stimulation. Cells were stimulated in triplicate with combinations of human
recombinant TGF-β (R&D Systems, Minneapolis, MN) (10 ng/mL), IL1-β (Sigma, Saint
Louis, MO) (10 ng/ml), and TNF-α (R&D) (40 ng/ml). Media, including cytokines, was
refreshed weekly, and cells were harvested after 3 weeks of stimulation for RNA isolation.

Fibroblast Conditioned Media (FCM) stimulation
FEF3 cells were first stimulated with CEM. After 6 hours, this fibroblast-conditioned media
(FCM) was then used to stimulate fresh monolayers of EPC2-hTERT cells for three weeks.
A schematic of the experimental design is shown in Figure 3A. For control conditions,
EPC2-hTERT cells were treated for 3 weeks with unconditioned KSFM (+ 10% FBS) which
had been applied to FEF3 cells for the same time points. For inhibition studies, cells treated
with FCM were also co-treated with infliximab (Remicade) (1ug/mL, gift of Monica Darby),
anti-IL1-R (Anakinra)(40ng/mL, R&D), or both. FCM, KSFM, or the inhibitors were
refreshed weekly until day 21, when EPC2-hTERT cells were either harvested for RNA or
used for immunofluorescence.

RNA isolation and quantitative RT-PCR
RNA was isolated using an RNeasy kit (Qiagen, Valencia, CA) according to manufacturer’s
recommendations. RNA samples were reverse transcribed using a high-capacity cDNA
reverse transcriptase kit (Applied Biosystems, Foster City, CA). Preformulated TaqMan
Gene Expression Assays were purchased from Applied Biosystems for human TNF-α, IL-1
β, TGF-β, vimentin, E-cadherin, αSMA, and GAPDH. Quantitative RT-PCR was performed
by using Taqman Fast Universal PCR Master Mix kit and reactions were performed in
triplicate using 96 well optical plates on a StepOnePlus Real-Time PCR System (Applied
Biosystems). GAPDH was used as an endogenous control to normalize the samples using
CT method of relative quantification, where CT is the threshold cycle.

Enzyme-linked immunosorbent assay (ELISA)
TNF-α, IL1-β, and TGF-β were quantified in culture supernatants using ELISA (R&D),
using manufacturer’s recommendations.

Immunofluorescence
For cell monolayers, esophageal epithelial cells were seeded in glass chamber slides at a
density of 3 × 105 cells/chamber. Following 3 weeks of FCM stimulation, cells were fixed
and permeabilized using methanol/acetone at −20°C for 10 minutes, followed by incubation
in primary antibody [(mouse anti-human E-cadherin (BD Bioscience) (1:200), mouse anti-
human αSMA (Sigma) (1:1000)] for 2 hours at 4°C. Secondary antibody [rabbit anti-mouse
Dylight (Jackson Immunoresearch Laboratories) (1:600)] was applied for 1 hour at room
temperature. Slides, mounted with DAPI mounting media (VECTAshield),were viewed
using an Olympus BX51 microscope.

For organotypic culture and patient biopsy slides, sections were re-hydrated and boiled in
sodium citrate buffer, then incubated with the primary antibodies [chicken anti-human
vimentin (Novus Biologicals, Littleton, CO) 1:5000, E-cadherin 1:200, αSMA 1:1000] at
4°C, followed by secondary anti-chicken antibody (Jackson Immunolaboratories) (1:600)or
anti-mouse Dylight antibody (1:600) for 1 hour at room temperature prior to mounting in
DAPI mounting media.
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Organotypic cell culture (OTC)
OTC models were constructed using previously published methods [25]. Briefly, 5 X 105

esophageal epithelial cells (EPC2-hTERT, primary EoE cell line EPC394, primary non-EoE
cell line EPC425) were seeded onto a collagen matrix, containing 7.5 X 104 fetal esophageal
fibroblast cells (FEF3). On the fourth day after seeding, epithelial cells were raised to the
air-liquid interface and cultured for another 6 days. Cultures were harvested and fixed with
10% neutral buffered formalin and embedded in paraffin. Sections were used for
immunofluorescence.

Trichrome staining
Human biopsy slides were deparaffinized, rehydrated, and stained using a Masson trichrome
staining protocol[26].

Human subjects
The human subjects protocol was approved by the Institutional Review Board at the
Children’s Hospital of Philadelphia. Following informed consent, additional esophageal
pinch biopsies were obtained during routine diagnostic esophagogastroduodenoscopy (EGD)
for isolation of primary esophageal epithelial or fibroblast cell lines. Consistent with
recently published clinical guidelines, the diagnosis of EoE was made histologically by the
presence of 15 or more esophageal epithelial eosinophils per high powered field (hpf),
hyperplasia of the basal epithelium, and the absence of tissue eosinophilia in the more distal
GI tract[27]. All subjects were on high dose PPI therapy for at least 8 weeks prior to biopsy.

Statistical analysis
A two-tailed Student’s t-test was used for analysis of Figure 1, and a one-way ANOVA and
post-hoc comparison with Bonferroni was used to analyze Figures 2 and 3. A p value of
≤0.05 was considered to be statistically significant.

Results
1) Conditioned esophageal epithelial media primes esophageal fibroblasts to secrete
IL-1β, TNF-α, but not TGF-β

As a first step in investigating esophageal epithelial and mesenchymal cross-talk, we
determined whether esophageal fibroblasts could sense factors released by esophageal
epithelial cells in vitro. We investigated cross-talk using the immortalized nontransformed
EPC2-hTERT esophageal epithelial cells, and the primary fetal esophageal fibroblast (FEF3)
cell line. EPC2-hTERT cells exhibit a normal karyotype, do not undergo a slow-growth
phase, and have been routinely used through 200 passage days (PD) by others [28]. EPC2-
hTERT cells in this study were used between 30–50 PD. CEM from confluent EPC2-hTERT
cells was used to stimulate confluent FEF3 cells for various time points. Unconditioned,
fresh KSFM was used for control conditions. A schematic of the experimental design is
shown in Figure 1A. To analyze the pro-fibrotic response, we quantified FEF3 mRNA
expression and secretion of IL-1β, TNF-α, and TGF-β in response to CEM stimulation.
Fibroblast mRNA expression of IL-1β peaked at the 6 hour time point following
stimulation, with corresponding protein secretion sustained at both the 3 and 6 hour time
points (Figures 1B, 1C). Robust mRNA expression of TNF-α was detected at 3 hours
following CEM stimulation, with protein secretion sustained at 3 and 6 hours post-
stimulation (Figures 1D,1E). Protein concentrations of TNF-α and IL-1β remained
unchanged through 5 days(data not shown). Notably, there was no detectable TGF-β in the
CEM, nor did CEM induce any mRNA expression or protein secretion of TGF-β from
stimulated FEF3 cells (data not shown).
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Fetal-derived fibroblasts, including FEF3 cells, may have distinct functional differences
from mature fibroblasts[29–31]To control for this possibility, CEM was also used to
stimulate primary esophageal fibroblasts isolated from an adolescent patient with EoE
(PEF429), and CEM-induced mRNA expression of IL-1β, TNF-α, and TGF-β were
quantified. The clinical characteristics of the EoE subject from which the esophageal
fibroblasts were acquired are shown in Table 1. PEF429 response to CEM paralleled that of
FEF3 cells, with significant induction in IL-1β (Figure 1F) and TNF-α (Figure 1G), but not
TGF-β (not shown). Based upon the similarities in response to CEM between the two
fibroblast cell lines, the remainder of experiments in this study were performed using the
FEF3 cell line.

2) Exposure of esophageal epithelial cells to pro-fibrogenic cytokinesIL-1β, TNF-α, and
TGF-β leads to features of EMT in vitro

We hypothesized that CEM-induced production of fibroblast-derived cytokines IL-1β and
TNF-α might exert pro-fibrogenic effects upon esophageal epithelial cells. To recapitulate
this hypothesized paracrine signaling pathway in vitro, we cultured EPC2-hTERT cells in
the presence of recombinant human IL-1β and TNF-α, and quantified mRNA expression of
the epithelial-specific marker E-cadherin and the mesenchymal marker vimentin after three
weeks in culture. The three week time point was chosen based upon the findings of Ohashi
et al. who previously demonstrated that EPC2-hTERT cells undergo maximal TGF-β-
induced transition to spindle-like morphology after 21 days of continuous cytokine exposure
in vitro[10]. Although fibroblast expression and secretion of TGF-β was not detected in our
model system, we hypothesized that exogenous TGF-β might further enhance the pro-
fibrogenic effects of IL-1β and TNFα upon EPC2-hTERT cells.

Though not statistically significant, the expression of the epithelial marker E-cadherin was
modestly reduced by IL-1β/TNF-α stimulation. This effect was enhanced by the addition of
TGF-β, which led to a significant reduction in E-cadherin expression(Figure 2A). Notably, 3
week stimulation with TGF-β alone led to a reduction in E-cadherin expression, though not
statistically significant (data not shown). Though the effects of these pro-fibrotic cytokines
upon vimentin expression did not reach statistical significance, expression of this
mesenchymal marker trended upward following IL-1β/TNF-α stimulation, and was further
increased following the addition of exogenous TGF-β, suggestive of EMT (Figure 2B).

3) Esophageal epithelial exposure to fibroblast conditioned media (FCM) leads to features
of EMT in a TNF-α and IL-1β-dependent fashion

To further interrogate epithelial-fibroblast cross-talk, we stimulated EPC2-hTERT cells with
media harvested from CEM-stimulated FEF3 cells, which was designated as “fibroblast
conditioned media” (FCM). Unconditioned cell culture media not previously in contact with
epithelial cells, was applied to FEF3 cells for control conditions. A schematic of the
experimental design is shown in Figure 3A. To determine the role of IL-1β and TNF-α in
the development of FCM-induced EMT, competitive inhibition experiments were performed
in the presence of combinations of anti-TNF-α (Remicade) and anti-IL-1R (Anakinra)[32,
33]. Competitive inhibition of TGF-β signaling was not performed based upon the absence
of TGF-β mRNA expression in FCM-stimulated esophageal epithelial cells (data not
shown).

Following 3 weeks of culture in FCM, the mRNA expression of E-cadherin was
significantly reduced (Figure 3B). This effect was not reversed with competitive inhibition
using either anti-TNF-α or anti-IL-1R alone. Remarkably, however, combined anti-TNF-α
andanti-IL-1R almost completely rescued epithelial cells from the FCM-induced suppression
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of E-cadherin. This pattern of expression was also evident using immunofluorescent staining
for E-cadherin (Figures 3E–I).

Consistent with EMT, FCM stimulation also enhanced the expression of mesenchymal
genes. FCM significantly induced the mRNA expression of vimentin, an effect which was
reversible through co-inhibition of TNF-α and IL-1 signaling. Similar to E-cadherin, the
effect of FCM upon vimentin expression was not affected by either inhibitor alone (Figure
3C). Though not statistically significant, the effect of FCM stimulation upon αSMA
mirrored that of vimentin (Figure 3D). Immunostaining for αSMA demonstrated enhanced
expression of this mesenchymal marker in FCM-stimulated cells, which appeared to be
rescued by anti-TNF-α and anti-IL-1R, both alone and in combination (Figures 3J–N).
Unexpectedly, although anti-TNF-α enhanced the mRNA expression of αSMA, this was not
reflected in immunofluorescent staining for αSMA (Figure 3L).

Cell morphology was also altered during the three weeks of FCM exposure. In contrast to
control cells, FCM-stimulated epithelial cells developed elongated, spindle-like morphology.
Competitive inhibition of TNF-α and IL-1R rescued epithelial cells from these morphologic
changes (Figure 3O–Q).

4) Primary EoE esophageal epithelial cells exhibit features of EMT when grown in
organotypic cell culture

To explore epithelial and mesenchymal cross-talk within physiologic context, we used
primary esophageal epithelial cell lines grown in organotypic cell culture (OTC) models. In
the organotypic model, esophageal epithelial cells and fibroblasts grow in physiologic
context, where direct cell-cell contact is maintained for over 2 weeks. We hypothesized that
OTC-cultured primary esophageal epithelial cells derived from an EoE subject (EPC394)
would exhibit enhanced features of EMT, compared to both a non-EoE subject (EPC425)
and the EPC2-hTERT cell line. The clinical characteristics of the EoE and control subject
are outlined in Table 1.

Using previously published methods, three OTC models were constructed using esophageal
epithelial cells (EPC2-hTERT, EoE-EPC394, and non-EoE-EPC425) seeded on FEF3 cells
embedded in a collagen matrix. Following differentiation and stratification, cultures were
harvested for immunolocalization of E-cadherin, αSMA, and vimentin. Consistent with our
findings in cell monolayers, we observed a modest decrease in E-cadherin expression in the
EoE cell line, along with increased expression of mesenchymal markers αSMA and
vimentin. In contrast, the non-EoE control EPC425 cell line exhibited similar expression of
both epithelial and mesenchymal markers compared to the EPC2-hTERT cell line (Figure
4).

5) Validation of fibrosis and EMT in vivo in EoE
In order to validate our in vitro organotypic findings, we evaluated the esophageal biopsy
samples from the EoE and non EoE subjects from which the EoE and non-EoE primary
epithelial cell lines were derived. Trichrome staining revealed that the EoE subject not only
exhibited densely packed collagen within the subepithelial compartment, but also had
extension of collagen deposition into the papillae (Figure 5A). In contrast, loose collagen
fibrils were seen in the subepithlial compartment of the non-EoE subject (Figure 5E).
Similar to the findings described by Kagalwalla et al.[9] markers of EMT were detected
using immunofluorescence in biopsies from the EoE subject (decreased E-cadherin,
increased αSMA and vimentin, Figures 5B–D) compared to the non-EoE subject (Figures
5F–H).
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Discussion
In this study, we show for the first time that cross-talk between esophageal epithelial cells
and esophageal fibroblasts leads to features of EMT in vitro. We demonstrate that two
cytokines previously implicated in other models of cross-talk and fibrosis, IL-1β and TNF-
α, may play an inciting role in the development of EMT. Our results support the recent
report by Kagalwalla et al, which demonstrated that EMT occurs in the esophageal
epithelium of EoE subjects[9]. Importantly, however, we now demonstrate that some of the
cardinal features of EMT, acquisition of mesenchymal markers and loss of epithelial
markers, can occur in a TGF-β independent fashion. Our in vitro organotypic model further
corroborates our hypothesis of epithelial-mesenchymal cross-talk, and demonstrates that
some features of EMT can occur in the absence of immune cells, tissue injury, or chronic
inflammation.

In EoE, TGF-β has been suggested as a primary effector of fibrosis, supported by
immunostaining for TGF-β [9] and its signaling molecule phospho-Smad 2/3 [8] in
esophageal biopsies of EoE patients. Previous reports demonstrate that granulocyte
populations which infiltrate the esophageal mucosa, including mast cells [34]and
eosinophils[15] secrete TGF-β, further supporting the notion that this cytokine may play a
role in EoE fibrogenesis. The role of TGF-β in myofibroblast development [7, 13] and
fibrogenesis [2, 11, 35] has been very well-characterized in other model systems.
Interestingly, eosinophils, when co-cultured with fibroblasts, have also been shown to
activate fibroblasts by releasing both TGF-α and IL1-α [36].

To our knowledge, this is the first study which looks beyond eosinophil and mast cell-
derived cytokines as the major driving force behind tissue remodeling in EoE. In our
granulocyte-free model, TGF-β is not secreted by the epithelium or by epithelial-primed
fibroblasts. Our results contrast with the findings of others who have previously shown that
epithelial-derived TGF-β contributes to the development of EMT via autocrine signaling[37,
38]. In the absence of the inflammatory triggers and granulocytes important to EoE
pathogenesis, the possibility that autocrine TGF-β signaling contributes to EoE-associated
tissue remodeling cannot be excluded (Figure 6).

Notably, the effect of IL-1β and TNF-α stimulation upon the development of EMT in
EPC2-hTERT cells was enhanced by the addition of TGF-β through suppression of
epithelial E-cadherin and induction of mesenchymal vimentin expression. This supports
previous findings that TGF-β alone is insufficient to induce fibrosis in specific model
systems. In a murine model of systemic sclerosis, Mori et al. found that skin fibrosis was
induced only when mice were injected with both connective tissue growth factor (CTGF)
and TGF-β [39]. Fattough et al found that allergic airway remodeling can occur
independently from TGF-β and may depend on IL-13 and other eosinophil derived
factors[40]. Overall, our findings may suggest a pathway by which, in a genetically
predisposed individual, esophageal epithelial and mesenchymal cross talk participates in the
pathogenesis of EMT. The addition of environmental triggers including diet[41] and
pollen[42, 43], may lead to the infiltration and activation of innate granulocyte populations
(eosinophils, mast cells) which secrete TGF-β and IL1β [36], synergistically enhancing
tissue remodeling in EoE(Figure 6).

Unexpectedly, FCM was a more potent inducer of EMT (Figure 3) compared to the
combined effect of recombinant cytokines (Figure 2). Although our reductionist approach
suggests an important and novel role for IL-1β and TNF-α in FCM-induced EMT, this
observation clearly suggests that other soluble mediators play a role in our cell culture
model of EMT. Some candidates for future studies include growth factors (including insulin-
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like growth factor I, epidermal growth factor, basic fibroblast growth factor, platelet-derived
growth factor) and cytokines (IL-1, IL-4, IL-6, IL-13, and IL-21) known to activate
fibroblasts in other models [16, 44]. Alternatively, the role of Notch signaling in epithelial-
mesenchymal cross talk may be explored, as Notch signaling has been previously shown to
play a role in EMT in both TGF-β-dependent [45, 46] and TGF-β independent [47] model
systems.

The role of IL-1β and TNF-α as profibrotic mediators has been reported in other models.
IL-1β has been implicated in pancreatic fibrosis and liver fibrosis. Shen et al. showed that
intraperitoneal injections of anti-IL1-R in mice with chronic pancreatitis attenuated
pancreatic fibrosis. [48] Furthermore IL-1β −/− mice fed a high-fat diet are protected against
steatohepatitis and liver fibrosis compared to wild type controls[49]. Likewise, TNF-α has
been implicated in skin EMT [50]. Interestingly many studies suggest that both of these
cytokines require TGF-β as a co-stimulant in order to induce fibrosis[51, 52].

Although the use of the FEF3 fetal fibroblast cell line has been validated in organotypic
models of esophageal cancer [53, 54], a potential weakness of our study is the exclusive use
this fetal cell line. Indeed, it has been proposed that fetal and adult fibroblasts have
differential migratory abilities [29] and different responses to TGF-β [31]. In addition,
variations in fibroblast phenotype and activation state are known to influence the invasive
behavior of the adjacent epithelium in cell culture models of esophageal cancer [55].
However, functional comparisons of esophageal fibroblasts in pediatric EoE have not been
reported. Though our results show that primary esophageal fibroblasts from a single EoE
patient have similar innate immune responsiveness to CEM compared to the fetal FEF3 cell
line (Figures 1F, 1G) future studies will investigate interactions between esophageal
epithelial cells from EoE subjects with esophageal fibroblasts from age-matched controls.

Kagalwalla’s study showed that treatment of EoE with dietary restriction or topical
corticosteroids (TC) reduced tissue eosinophil load and EMT scores, suggesting that
therapies which reduce eosinophil counts ameliorate EoE by reversing EMT. While the
precise mechanisms by which dietary restriction and TC improve EoE esophageal
inflammation are unknown, it is likely that their anti-inflammatory effects involve
esophageal epithelial immune responses. In asthma, the effects of budesonide upon
bronchial epithelial cells have been well-described[56–58], and the efficacy of topical
corticosteroid therapy in EoE further supports a role for esophageal epithelial cells in EoE
pathogenesis. Interestingly, Mulder et al. showed that esophageal epithelial cells can
internalize, process, and present ovalbumin to activated T-cells, implicating esophageal
epithelial cells as nonprofessional antigen presenting cells in diet-triggered EoE[59]. In the
current study, our results now suggest an additional role for esophageal epithelial cells as
profibrogenic effector cells in EoE fibrosis. Continued studies using additional primary
esophageal epithelial and fibroblast cell lines will be important to further elucidate signaling
mechanisms involved in pathogenesis of this complex disease.
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Abbreviations

EoE eosinophilic esophagitis

EMT epithelial to mesenchymal transition

IL-1β interleukin 1-beta

TNFα tumor necrosis factor alpha

TGFβ transforming growth factor beta

αSMA alpha smooth muscle actin

CEM conditioned epithelial media

FCM fibroblast conditioned media

OTC organotypic cell culture
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Highlights

• Cytokines IL-1β and TNFα play a role in the development of esophageal EMT
in vitro.

• Features of EMT can occur in the absence of TGF-β in cultured human
esophageal epithelial cells.

• Esophageal epithelial cells act as effector cells in EoE-associated tissue
remodeling in vitro.
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Figure 1. Conditioned epithelial media (CEM) primes fibroblasts to secrete proinflammatory
cytokines
A: Schematic of experimental design: Conditioned epithelial media (CEM) from esophageal
epithelial cells (EPC2-hTERT) were transferred to fetal esophageal fibroblasts (FEF3 cells).
Media was collected at various time points for quantification of FEF3-secreted cytokines,
and FEF3 cells were harvested for analysis of gene expression. B, D: mRNA expression of
IL-1β and TNFα by FEF3 cells at various time points after CEM stimulation. C, E:
Quantification of IL-1β and TNFα secretion by FEF3 cells at various time points following
CEM stimulation. F, G: mRNA expression of IL-1β and TNFα expression by primary
esophageal fibroblasts (PEF429) from an adolescent EoE patient following stimulation with
CEM for various time points. Data shown are representative of at least 3 individual
experiments. Error bars represent standard error. * p<0.05, **p<0.01, ***p<0.001, NS = not
significant.
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Figure 2. Stimulation of esophageal epithelial cell stimulation with IL-1β and TNF-α induces
expression of mesenchymal genes and suppresses expression of epithelial markers, features of
EMT which are further enhanced by TGF-β
A: mRNA expression of epithelial-specific E-cadherin by EPC2-hTERT cells after 3 weeks
of stimulation with combinations of IL-1β, TNFα, and TGF-β. B: Expression of
mesenchymal marker vimentin by EPC2-hTERT cells after three weeks of dual cytokine
(IL-1β/TNFα) or triple cytokine (IL-1β/TNFα/TGF-β) stimulation. Data shown are
representative of at least 3 individual experiments. p-values were calculated based upon
comparisons to unstimulated conditions. *p<0.05, **p<0.01, NS = not significant.
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Figure 3. Stimulation of esophageal epithelial cells with fibroblast conditioned media (FCM)
leads to features of EMT, in an IL-1β and TNFα-dependent fashion
A: Schematic of experimental design: Following stimulation of FEF3 cells with CEM (2
days), this “fibroblast conditioned media” (FCM) was harvested and transferred to fresh
EPC2-hTERT cells. After 3 weeks of FCM stimulation in the presence of absence of
competitive inhibitors of IL-1β and/or TNFα, EPC2-hTERT cells were harvested for mRNA
isolation, or immunolocalization of mesenchymal/epithelial markers. B, C, D: mRNA
expression of E-cadherin, vimentin, and αSMA by EPC2-hTERT cells after stimulation with
FCM in the presence or absence of anti-TNFα mAb (Remicade) and/or anti-IL-1R
(Anakinra). E, J: Constitutive expression of epithelial E-cadherin (red) and αSMA (green)
by EPC2-hTERT cells. Nuclei are counterstained with DAPI (blue). F, K: Loss of E-
cadherin expression (red) and enhanced αSMA (green) expression by EPC2-hTERT cells
following 3 weeks of stimulation with FCM. G, H: Partial recovery of E-cadherin
expression by EPC2-hTERT cells stimulated with FCM and anti-TNFα mAb (Remicade) or
anti-IL-1R (Anakinra). L, M: Absence of αSMA in EPC2-hTERT cells treated with FCM in
the presence anti-TNFα mAb (Remicade) or anti-IL-1R (Anakinra). I, N: Combination of
anti-TNFα mAb (Remicade) and anti-IL-1R (Anakinra) protects EPC2-hTERT cells from
effects of FCM stimulation. O, P: Morphology of EPC2-hTERT cells before and after FCM
stimulation. Q: Effect of anti-TNFα mAb and anti-IL-1R upon EPC2-hTERT morphology.
p-values were calculated based upon comparisons to unstimulated conditions. *p<0.05,
**p<0.01, ***p<0.001, NS = not significant.
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Figure 4. Primary esophageal epithelial cells from an EoE subject exhibit fibrogenic behavior
compared to non-EoE control when grown in organotypic cell culture (OTC)
Primary esophageal epithelial cells (passage 3) were harvested from subjects 394 (EoE) and
425 (non-EoE), and seeded onto a matrix of FEF3 cells within a collagen matrix. OTC was
also constructed using EPC2-hTERT cells. Following epithelial differentiation and
stratification, OTC were harvested for immunolocalization of EMT markers. A, B, C:
Expression of mesenchymal marker vimentin (yellow) in EPC2-hTERT, EPC394 (EoE) and
EPC425 (non-EoE) OTC. D, E, F: E-cadherin expression (red) in EPC2-hTERT, EPC394
(EoE) and EPC425 (non-EoE) grown in OTC. G, H, I: Expression of α-SMA (green) in
OTC constructed using EPC2-hTERT, EPC394, and EPC425 cell lines. In all sections,
nuclei are counterstained with DAPI (blue). Epithelial (Epi) and subepithelial (Sub)
compartments are labeled. Images shown are at 200X magnification.
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Figure 5. Expression of subepithelial collagen and mesenchymal/epithelial markers in native
biopsies from EoE and control subjects used for primary esophageal epithelial cell lines
A, E: Trichrome stain of esophageal biopsy from subjects 394 and 425 shows differential
subepithelial collagen deposition (blue) in EoE (394) and non EoE (425) subjects. B, F:
Reduced epithelial E-cadherin (red) expression in EoE subject compared to normal control.
Figure Finset shows magnified detail of E-cadherin in the normal control. C, D: Expression
of mesenchymal marker vimentin (yellow) and α-SMA (green) in EoE subject. Figure D
inset shows magnified detail of α-SMA expression in the EoE biopsy sample. G, H:
Vimentin and α-SMA expression in control subject biopsy. Images are shown at 200X
magnification.
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Figure 6. Proposed mechanism of esophageal epithelial-mesenchymal cross talk and EMT
Together, our model suggests that in a genetically predisposed host, factors secreted by
esophageal epithelial cells prime esophageal fibroblasts to secrete cytokines including IL-1β
and TNF-α. Fibroblast-derived cytokines IL-1β and TNF-α, then stimulate adjacent
esophageal epithelial cells to lose epithelial markers (E-cadherin) and gain expression of
mesenchymal markers including vimentin and α-SMA. Though our in vitro model suggests
that while these features of EMT can occur in the absence of TGF-β, granulocyte-derived
TGF-β and IL-1β (maroon box and arrows)and potentially autocrine signaling by epithelial-
derived TGF-β (gray arrows),may further enhance the development of EMT in vivo.
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