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Abstract

Objective—Eosinophilic oesophagitis (EOE) and gastrooesophageal reflux disease (GORD) can
have similar clinical and histological features. Proton pump inhibitors (PPIs) are used to
distinguish the disorders, with the assumption that only GORD can respond to PPIs. Oesophageal
expression of eotaxin-3 stimulated by Th2 cytokines might contribute to oesophageal eosinophilia
in EoE. Th2 cytokine effects on the oesophagus in GORD are not known. Our objective was to
explore the molecular mechanisms of Th2 cytokines on eotaxin-3 expression by oesophageal
squamous cells from patients with GORD and EoE, and the effects of omeprazole on that
eotaxin-3 expression.

Design—uUsing telomerase-immortalised and primary cultures of oesophageal squamous cells
from GORD and EoE patients, we measured eotaxin-3 protein secretion stimulated by Th2
cytokines (IL-4 and 1L-13). Eotaxin-3 promoter constructs were used to study transcriptional
regulation. Cytokine-induced eotaxin-3 mRNA and protein expression were measured in the
presence or absence of omeprazole.

Results—There were no significant differences between EoE and GORD primary cells in
cytokine-stimulated eotaxin-3 protein secretion levels. In EOE and GORD cell lines, IL-4 and
IL-13 activated the eotaxin-3 promoter, and significantly increased eotaxin-3 mRNA and protein
expression. Omeprazole blocked the cytokine-stimulated increase in eotaxin-3 mRNA and protein
expression in EOE and GORD cell lines.

Conclusion—OQesophageal squamous cells from GORD and EoE patients express similar levels
of eotaxin-3 when stimulated by Th2 cytokines, and omeprazole blocks that eotaxin-3 expression.
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These findings suggest that PPIs might have eosinophil-reducing effects independent of effects on
acid reflux, and that response to PPls might not distinguish EoE from GORD.
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INTRODUCTION

Eosinophil-predominant oesophageal inflammation is the key histological feature of
eosinophilic oesophagitis (EOE), a chronic, immune/antigen-mediated disease that causes
oesophageal symptoms such as dysphagia and chest pain.[1] Eosinophils also can infiltrate
the oesophagus in gastrooesophageal reflux disease (GORD), a chronic, acid-peptic
condition in which refluxed stomach contents cause oesophageal damage and symptoms,
which often include dysphagia and chest pain.[2] In some patients, therefore, it can be
difficult to distinguish EOE from GORD. Furthermore, it has been suggested that there is a
complex interaction between EoE and GORD, and that the notion of establishing a clear
distinction between the disorders might be too simplistic.[3]

The mechanisms underlying oesophageal eosinophilia in EOE and GORD are not clear. In
EOE, one proposed mechanism involves oesophageal expression of eotaxin-3, a potent
eosinophil chemoattractant. RNA microarray expression analyses have shown that
oesophageal squamous mucosal biopsy specimens from children with EoE exhibit profound
upregulation of the eotaxin-3 gene.[4] Patients with EOE also have greater oesophageal
mucosal expression of eotaxin-3 mRNA than patients with GORD.[5] However, it is not
clear whether those increased eotaxin-3 expression levels result from constitutive
overexpression of eoxtaxin-3 in the oesophagus of EoE patients, or whether that
overproduction is acquired as a consequence of oesophageal stimulation by allergic
cytokines or other factors. In addition, oesophageal mucosal biopsy specimens are
comprised of diverse cell types (e.g. epithelial, inflammatory, stromal cells), and available
studies do not establish which of those cell types are responsible for the increased eotaxin-3
expression.

In a number of different cell types, the expression of eotaxin-3 is stimulated by T helper
(Th)2 cytokines such as I1L-4 and IL-13, whose overproduction is characteristic of allergic
disorders. IL-4 and IL-13 are known to activate the signal transducer and activator of
transcription (STAT)6 signaling pathway.[6, 7, 8] In some GORD patients, it is conceivable
that Th2 cytokines activate oesophageal STATG6 signaling to induce eotaxin-3 production,
thereby causing oesophageal eosinophilia. Presently, few data are available on Th2 cytokine
effects on the oesophagus of patients with GORD.

It has been proposed that EOE can be distinguished from GORD by the patient's response to
proton pump inhibitors (PPIs).[9, 10] The premise is that reduced gastric acid secretion is
the only important effect of PPIs and, therefore, only an acid-peptic disorder like GORD can
respond to PPIs. Challenging this premise is the recent identification of patients whose
oesophageal symptoms and eosinophilia respond to PPIs even though they have no evidence
of GORD by endoscopy or oesophageal pH monitoring.[1, 11] The mechanism underlying
this “PPI-responsive oesophageal eosinophilia” is not known. It is conceivable that these
patients simply have GORD that is not detectible by endoscopy and pH monitoring, but that
responds to PPIs nevertheless. However, it is also possible that these patients are responding
to anti-inflammatory effects of PPIs independent of their effects on gastric acid secretion,
and a number of putative anti-inflammatory effects of PPIs have been described.[12]
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The objective of our study was to determine the effects of Th2 cytokines (IL-13 and IL-4)
on transcriptional regulation and secretion of eotaxin-3 in oesophageal squamous cells from
patients with EOE or GORD. To do so, we established primary cultures of oesophageal
squamous cells from EoE and GORD patients, and we immortalised oesophageal squamous
cells from patients with EoE through stable incorporation of human telomerase reverse
transcriptase (hTERT). In addition, we explored whether the PPl omeprazole could block
the effects of Th2 cytokines on eotaxin-3 expression by oesophageal squamous cells.

MATERIALS AND METHODS

Patients

These studies were approved by the institutional review board of the Dallas VA Medical

Center. Nine adult patients with EoE (all male, average age 44+4.9 SEM years) and 6 adult
patients with GORD (5 male, average age 56.4+4.6 years) had biopsy specimens taken from
the squamous-lined oesophagus to establish primary cell cultures (Supplemental materials).

Isolation and culture of oesophageal squamous cells

Oesophageal squamous cell cultures were established from oesophageal biopsy specimens
as previously described (Supplemental materials).[13, 14, 15] We also used two previously
characterized, telomerase-immortalised, non-neoplastic oesophageal squamous cell lines
established from patients with GORD (NES-B10T and NES-GA4T).[16] All cell lines
exhibited a squamous phenotype and were used at population doubling (PD) 50-90 unless
otherwise indicated.

Human Telomerase Retroviral Infection

The oesophageal squamous cells from two EoE patients were retrovirally infected with
hTERT as previously described (Supplemental materials) to create two telomerase-
immortalised cell lines (EOE1-T and EoE2-T).[13]

Contact Inhibition and Anchorage-dependent Cell Growth Assays

For EOE1-T and EoE2-T, 1x108 cells were plated in six-well plates, harvested at multiple
time points ranging from 1-20 days, and counted using the Coulter Z1 particle counter
(Beckman Coulter, Brea, CA). For EOE1-T and EoE2-T, 5x10° cells were plated in triplicate
in soft agar as previously described; OE33 oesophageal adenocarcinoma cells (Sigma)
served as a positive control.[16] Plates were examined daily for 3 weeks. Cells were imaged
using a Bio-Rad Molecular Imager (Bio-Rad, Hercules, CA).

Western Blotting

Proteins were separated by SDS-polyacrylamide gel electrophoresis, transferred to
nitrocellulose membranes and incubated with primary antibodies to cytokeratins 4 and 14,
p53, p21, p-tubulin, and p-actin (Supplemental materials). All blots were performed in
duplicate.

UV-B Irradiation

EOE1-T and EoE2-T cells were cultured overnight in 100 mm plates, rinsed several times
with 1x PBS, and exposed to 200 J/m2 UV-B irradiation as previously described.[13]
Protein was harvested at 24, 48, and 72 hours after irradiation. Non-irradiated cells served as
controls. MCF-7 cells treated with doxorubicin (0.2 pg/ml) served as a positive control for
p53 and p21 expression.
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Cytokine Stimulation of Oesophageal Squamous Cells and Omeprazole Treatment

Cells were stimulated with 0-100 ng/ml of 1L-13 or IL-4 (R&D Systems, Minneapolis, MN)
for 48 hours. For PPI studies, omeprazole (Sigma) was acid-activated in medium with pH
5.5 for 30 minutes.[17] Cells were then pre-treated for 2 hours with omeprazole 50.M in
medium with pH 7.4 prior to the addition of cytokines. Omeprazole remained in the media
throughout the period of cytokine stimulation.

Enzyme-Linked Immunosorbent Assays (ELISA) for Eotaxin-3

We performed ELISA of conditioned media, using commercially available ELISA kits
(R&D Systems) to assess the production of eotaxin-3 by oesophageal cells (Supplemental
materials). All assays were performed in duplicate.

Semiquantitative and Quantitative Real-Time Polymerase Chain Reaction (PCR)

Semiquantitative and real-time PCR were performed for eotaxin-3, IL-13Ra.l, and IL-4Ra
mRNAs in all four cell lines (Supplemental materials). All PCR assays were performed in
triplicate in at least 2 separate experiments.

Eotaxin-3 Promoter Activity

Plasmid constructs containing the proximal 800 bp of the eotaxin-3 promoter cloned into
pGL3 upstream of a luciferase reporter (EO 1), and EO 1 containing point mutations in the
distal (-693), proximal (—89), or both STAT®6 binding sites were used for transfection
studies; renilla reporter pHRL-TK was used to equalize for transfection efficiency (all
plasmids were the generous gift of Dr. Marc Rothenberg, Cincinnati Children's Hospital,
Cincinnati, OH).[6] Data were expressed as relative light units for firefly luciferase
normalized to renilla luciferase (Supplemental materials). All assays were performed in at
least 3 separate experiments.

Statistical Analyses

Quantitative data are expressed as mean =+ standard error of the mean (SEM). Statistical
analyses were performed using a paired or unpaired Student's t-test with the Instat for
Windows statistical software package (GraphPad Software, San Diego, CA). For multiple
comparisons, ANOVA and Student-Newman-Keuls multiple-comparisons test were
performed. Pvalues < 0.05 were considered significant for all analyses.

RESULTS

IL-13 and IL-4 stimulate eotaxin-3 protein secretion to similar mean levels in primary
oesophageal squamous cells from EoE and GORD patients, with substantial variation
among individuals

Oesophageal mucosal biopsy specimens from EoE patients express greater levels of
eotaxin-3 mRNA than GORD patients or normal controls [4, 5], but mucosal biopsy
specimens comprise diverse cell types. To isolate the contribution of epithelial cells, we
studied Th2 cytokine-stimulated eotaxin-3 secretion in primary oesophageal squamous cell
cultures from 9 patients with EoE and 6 patients with GORD (Figure 1). At baseline, both
groups exhibited minimal secretion of eotaxin-3 protein. Stimulation with 1L-13 or IL-4 for
48 hours caused a marked increase in eotaxin-3 protein secretion in both the EoE and GORD
cell cultures. However, there were no significant differences between EoE and GORD cells
in their mean levels of Th2 cytokine-stimulated eotaxin-3 protein secretion. In Figure 1, note
the wide scatter of stimulated cell data points indicating substantial differences among cells
from individual EOE and GORD patients in their levels of stimulated protein secretion.
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Establishment of telomerase-immortalised oesophageal squamous cell lines from patients

with EoE

Growth of the uninfected parental cells, EoE1 and EoE2, stopped at PD ~ 30 and ~20,
respectively, while hTERT-infected cells continue to grow after more than 100 PDs
(Supplemental Figure 1A-D). The population doubling times of EOE1-T and EoE2-T are
approximately 41 and 36 hours, respectively. The TRAP-eze detection kit demonstrates
substantial telomerase activity after the introduction of hnTERT (Supplemental Figure 1E). In
addition, EOE1-T and EoE2-T cells express cytokeratins 4 and 14 (markers of oesophageal
squamous cell differentiation) (Supplemental Figure 1F).[18, 19]

EoE1-T and EOE2-T cells are not transformed, and express p53 and p21 cell cycle
checkpoint proteins appropriately after UV-B irradiation

Unlike transformed cells,[20] EOE1-T and EoE2-T cells demonstrate cell-cell contact
inhibition (Supplemental Figure 2A-B). In addition, EOE1-T and EOE2-T cells show no
growth in soft agar after 3 weeks, unlike the OE33 oesophageal adenocarcinoma cells,
which exhibit anchorage-independent growth evidenced by numerous colonies in soft agar
(Supplemental Figure 2C). These /n vitro assays suggest that EOE1-T and EoE2-T cells,
although immortalised, are not transformed.

Immortalisation of human cells using viral oncoproteins commonly disrupts normal growth
control mechanisms like the p53 cell-cycle checkpoint.[21] In contrast, telomerase-
immortalised cell lines usually maintain appropriate p53 responses.[13, 14, 15] We
determined whether our EOE1-T and EoE2-T cells maintain an appropriate p53 response to
UV-induced DNA damage (Supplemental Figure 2D). We found that UV-B exposure (200
JIm?2) increased expression levels of p53 protein and its downstream effector protein p21
within 24 hours, and levels of both remained elevated at 48 and 72 hours.

IL-13 and IL-4 stimulate eotaxin-3 protein secretion in oesophageal squamous cell lines
from EoE and GORD patients

We found that Th2 cytokines stimulate primary oesophageal squamous cells from EoE and
GERD patients to secrete similar mean levels of eotaxin-3 protein. Using our telomerase-
immortalised cell lines, we explored mechanisms underlying this cytokine-stimulated
eotaxin-3 production. As in our primary cell cultures, we found minimal baseline secretion
of eotaxin-3 in all four cell lines, with no significant differences in baseline levels among the
lines (Figure 2A-D and 3A-D). Stimulation with IL-13 (Figure 2 A-D) and IL-4 (Figure 3
A-D) caused significant increases in eotaxin-3 secretion in all four cell lines. In Figures 2
and 3, note the different scales on the y-axes indicating substantial differences among cell
lines from individual EoE and GORD patients in their levels of stimulated protein secretion.
After reviewing these data, we selected to use IL-13 at a dose of 10 ng/ml and IL-4 at a dose
of 1 ng/ml for subsequent experiments.

IL-13 and IL-4 induce expression of eotaxin-3 mRNA in EoE and GORD cell lines

To determine whether the increase in transcriptional regulation might be due to up-
regulation of cytokine receptors, we assessed mRNA expression levels for the IL-13
receptor IL-13Ral, and the IL-4 receptor IL-4Ra.. There were no substantial differences in
MRNA expression levels for IL-13Ra1 or IL-4Ra among the cell lines (Figure 4A). We
next determined whether cytokine-stimulated eotaxin-3 protein secretion might be due to
increased transcriptional regulation. Using RT-PCR, we found that all four cell lines
increased eotaxin-3 mRNA expression following stimulation with IL-13 or I1L-4 for 48 hours
(Figure 4B).
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IL-13 and IL-4 activate the eotaxin-3 promoter in oesophageal squamous cells from EoE
and GORD patients

We next determined whether IL-13 and IL-4 activate the eotaxin-3 promoter in primary
oesophageal squamous cells. We transiently transfected the cells using the EO 1 promoter
(-800 bp). After stimulation with IL-13 (10 ng/ml) or IL-4 (1 ng/ml) for 24 hours, both EoE
and GERD cells exhibited significantly increased eotaxin-3 promoter activity (Figure 5A).
There were no significant differences in the degree of promoter activation between the
groups.

To determine the relevant STAT6 DNA binding site, we transfected EoE and GORD cell
lines with EO 1 promoter and its promoter mutation constructs, and stimulated the cells with
IL-13 and IL-4 (Figure 5B-E). With mutations of both the proximal and distal STAT6
binding sites, cytokine-stimulated eotaxin-3 promoter activation was abolished in all four
cell lines (Figure 5C). Mutation of the proximal (Figure 5E) but not the distal (Figure 5D)
STATG binding site abolished cytokine-stimulated eotaxin-3 promoter activation. These
findings show that the proximal STAT6 DNA binding site is the relevant one in both EoE
and GORD cells.

Omeprazole blocks the IL-13- and IL-4-induced increase in eotaxin-3 protein secretion

We next explored whether omeprazole could block the IL-13- and IL-4-induced increase in
eotaxin-3 protein secretion. We treated the four cell lines with I1L-13 (50 ng/ml) or IL-4 (10
ng/ml) for 48 hours in the presence or absence of omeprazole 50uM (Figure 6). Omeprazole
alone had no effect on eotaxin-3 secretion. IL-13 and IL-4 caused significant increases in the
secretion of eotaxin-3 in all four cell lines, as expected. In the presence of omeprazole,
however, the cytokine-induced increase in eotaxin-3 secretion was significantly reduced.

Omeprazole decreases IL-13- and IL-4-induced eotaxin-3 mRNA expression

To determine whether omeprazole affected Th2 cytokine-induced eotaxin-3 transcriptional
regulation, RT-PCR and real-time PCR were performed to evaluate Th2 cytokine-induced
eotaxin-3 mRNA expression in the presence or absence of omeprazole. We treated cells with
IL-13 (50 ng/ml) or IL-4 (10 ng/ml) for 1.5 hours and found that omeprazole decreased
IL-13- and IL-4-induced eotaxin-3 mRNA expression (Figure 7A-D). Omeprazole alone
had no effect on baseline eotaxin-3 mRNA expression.

DISCUSSION

In telomerase-immortalised oesophageal squamous cell lines from patients with EoE and
GORD, we have shown that Th2 cytokines (IL-4 and IL-13) activate the eotaxin-3 promoter
via its proximal STAT6 binding site, and significantly increase eotaxin-3 mRNA expression
and protein secretion. We also have demonstrated that there are no significant differences
between primary oesophageal squamous cells from EoE and GORD patients in the degree of
activation of eotaxin-3 promoter or in the level of eotaxin-3 protein secretion stimulated by
those Th2 cytokines. Finally, we have shown that omeprazole can block the cytokine-
stimulated increase in eotaxin-3 mRNA expression and protein secretion in oesophageal
squamous cell lines from patients with GORD or EoE.

Oesophageal biopsy specimens from EoE patients have exhibited profound increases in
eotaxin-3 mRNA expression levels compared to specimens from patients with GORD.[4, 5]
However, it has not been clear whether those increased eotaxin-3 levels are due to
constitutive oesophageal overproduction of eotaxin-3 in EoE patients, or whether that
overproduction is an acquired phenomenon. In addition, mucosal biopsies comprise a
number of different cell types, and it has not been clear which of those types are responsible
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for the increased eotaxin-3 expression observed in mucosal biopsy specimens. Our EoE and
GORD primary squamous cell cultures both exhibited similar low levels of eotaxin-3 protein
secretion at baseline. In primary cultures, furthermore, we observed that mean levels of
cytokine-stimulated eotaxin-3 protein secretion did not differ significantly between EoE and
GORD cells. These observations suggest that the increased eotaxin-3 expression observed in
biopsy specimens from EoE patients compared to GORD patients is not due to a
fundamental genetic difference in the capacity of the oesophageal squamous cells to produce
eotaxin-3. Rather, our observations that both EoE and GORD cells produce low levels of
eotaxin-3 protein at baseline and that Th2 cytokines stimulate both to secrete similar levels
of eotaxin-3 protein suggest that the higher eotaxin-3 levels found in EoE patients may be
acquired as the result of stimulation by another, presumably allergic, disorder. It is important
to appreciate that, although our cell culture systems enabled us to focus on Th2 cytokine
effects on squamous epithelial cells, those systems provided no information on any other
cell type. Our studies suggest that squamous epithelial cells contribute to the elevated
eotaxin-3 levels found in oesophageal biopsy specimens from EoE patients, but it remains
possible that other cell types (e.g. inflammatory, stromal cells) also contribute to those
elevated levels.

Primary oesophageal squamous cell cultures are established by placing esophageal biopsy
specimens essentially unaltered into culture medium. The lack of genetic alteration is
considered desirable for studies on cellular and molecular mechanisms. Unfortunately,
primary cell cultures have a very limited lifespan, which limits their utility for extended
studies. Such studies typically are conducted in immortal cell lines, which can replicate in
culture indefinitely. Earlier studies used oesophageal squamous carcinoma cell lines to
investigate molecular mechanisms involved in Th2 cytokine-induced eotaxin-3 expression.
[22] However, cancer cells contain numerous, poorly characterized genetic abnormalities
that might alter cellular responses to cytokines. Therefore, we established telomerase-
immortalised oesophageal squamous cell lines as preferable /n vitro models for mechanistic
molecular analyses. Telomerase immortalisation enables cells to replicate without limit
while maintaining otherwise normal cell features, and we have shown that our EoE cell lines
exhibit a number of properties of normal, non-neoplastic cells. For example, they maintain
morphological and protein expression characteristics of normal oesophageal squamous cells,
including the expression of squamous cell markers like cytokeratins 4 and 14.[18, 19]
Unlike transformed cells, EOE1-T and EoE2-T cells maintain growth inhibition with cell-to-
cell contact, demonstrate anchorage-dependent growth, and have an intact p53 cell-cycle
checkpoint. Thus, our cell lines appear to be valid models for studying cell signaling in EoE.

Although our primary cell cultures showed no significant differences between EoE and
GORD cells in their mean levels of cytokine-stimulated eotaxin-3 protein secretion, our two
EOE cell lines exhibited higher eotaxin-3 secretion levels than our two GORD cell lines. It is
possible that this difference was an artifact resulting from the telomerase-immortalisation
process, but we think it is more likely that the difference is spurious. Figure 1 shows a wide
scatter of data points indicating substantial differences among cells from individual EoE and
GORD patients in their levels of cytokine-stimulated protein secretion. With such a wide
variation among patients, significant differences between small numbers of individual cell
lines might occur readily by chance alone.

We found that EoE and GORD oesophageal cell lines have similar molecular mechanisms
for Th2 cytokine induction of eotaxin-3. There were no apparent differences in mMRNA
expression levels for IL-13Ral or IL-4Ra among the lines. We found that all four cell lines
increased eotaxin-3 mMRNA expression and promoter activation following Th2 cytokine
stimulation. This finding was confirmed in primary cells. Using the eotaxin-3 promoter and
its promoter mutation constructs, all four cell lines demonstrated that the proximal STAT6
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DNA binding site was the main regulatory site for eotaxin-3 transcription. These finding on
Th2 cytokine effects in our non-neoplastic oesophageal cells are in agreement with earlier
studies using oesophageal squamous cancer cell lines, dermal fibroblasts, kidney and
bronchial cells.[7, 8, 22, 23] We show that Th2 cytokine-induced STAT6 signaling can
cause increased eotaxin-3 expression by esophageal squamous epithelial cells, but it is
possible that Th2 cytokines stimulate other signaling pathways that also might contribute to
increase eotaxin-3 production.

The unclear distinction between EoE and GORD in some patients continues to pose a
clinical challenge. Histologically, both EOE and GORD demonstrate eosinophilic
infiltration, but the degree of eosinophilic infiltration usually is more pronounced in EoE.
However, Rodrigo et a/reported that EoE could not be distinguished from GORD solely on
the basis of maximum eosinophil count in oesophageal biopsy specimens.[24] Indeed, some
GORD patients had eosinophil counts exceeding 100 per high power field. Our finding that
EoE and GORD cells exhibit similar increases in eotaxin-3 mRNA expression and protein
secretion upon stimulation with Th2 cytokines provides a potential molecular explanation
for this clinical observation.

EOE is widely regarded as a manifestation of food allergy, but it has not been clear why a
food allergy should cause eosinophils to accumulate in the oesophagus primarily.
Oesophageal production of eotaxin-3 appears to play a key role in attracting eosinophils to
the oesophagus. If a food allergen triggers a Th2 immune response, then our studies suggest
that oesophageal squamous cells will respond to that Th2 cytokine stimulation by increasing
eotaxin-3 expression, which would draw eosinophils to the oesophagus. This is a potential
mechanism whereby a food allergy could cause eosinophils to home to the oesophagus.

GORD is associated with oesophageal eosinophilia through mechanisms that are not clear.
Research in this area has focused primarily on the role of refluxed acid. For example, acid
causes human oesophageal microvascular endothelial cells to express adhesion molecules
recognized by ligands on the eosinophil.[25] Acid also causes the oesophageal mucosa to
release platelet-activating factor, which can attract eosinophils.[26] In our experiments, we
have demonstrated that primary oesophageal squamous cells from GORD patients increase
their expression of eotaxin-3 when stimulated by IL-4 and IL-13 to a similar degree as cells
from EoE patients. These findings suggest that the release of Th2 cytokines conceivably
might contribute to oesophageal eosinophilia in GORD.

Although GORD is not an allergic disorder, it has been suggested that GORD might
contribute to the development of an allergic oesophagitis.[3] Most recognized food allergens
are glycoproteins with molecular weights between 3 and 90 kD.[27, 28] The normal
oesophageal epithelium is highly impermeable to such large molecules. For example, the
normal rabbit oesophagus is virtually impermeable to epidermal growth factor (EGF), a 6kD
peptide, and to dextrans with a molecular weight of 4 kD.[29] After exposure to acid and
pepsin, however, that oesophagus becomes permeable to EGF and to dextrans as large as 20
kD. Thus, GORD-induced epithelial damage could result in exposure of deep layers of
oesophageal epithelium to food allergens, which might trigger a systemic or local Th2
immune response that stimulates oesophageal eotaxin-3 production. Proof for this
speculation requires further studies.

The response of an oesophageal disease to an empirical trial of PPIs has been regarded as
evidence for an underlying acid-peptic disorder, based on the assumption that reduced
gastric acid secretion is the only important effect of PPIs. Recent clinical observations have
called this assumption into question, however. As mentioned, patients with PPI-responsive
oesophageal eosinophilia have no evidence of GORD by endoscopy or pH monitoring.[1,
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11] In one recent study, 30 patients with clinical and histological evidence of EoE were
randomly assigned to treatment with either esomeprazole or fluticasone.[30] After 8 weeks
of treatment, there were no significant difference between the groups in the rates of clinical
and histological remission, and baseline esophageal pH monitoring results were not useful
for predicting response to either drug. These observations suggest that PPIs might have anti-
inflammatory effects independent of effects on gastric acid secretion, and a number of
potential anti-inflammatory effects of PPIs have been described.[12]

We found that treatment with omeprazole blocks Th2 cytokine-induced eotaxin-3 mRNA
expression and protein secretion in both GORD and EoE cell lines. These are cells in
cultures /n vitro and, therefore, any omeprazole effects must be independent of effects on
gastric acid production. These findings suggest that a clinicopathologic response to PPI
therapy might not distinguish EOE from GORD. Our study was not designed to investigate
the mechanisms underlying omeprazole's effects on the transcriptional regulation of
eotaxin-3. However, we have shown that Th2 cytokine-stimulated eotaxin-3 expression in
oesophageal squamous cells is mediated by STAT6 signaling and, in other epithelial cell
types, PPIs have been found to inhibit STAT6 phosphorylation.[17]

In conclusion, we have shown that oesophageal squamous cells from patients with EoE and
GORD secrete low levels of eotaxin-3 at baseline. In both EoE and GORD oesophageal
squamous cells, Th2 cytokines activate the eotaxin-3 promoter through STATS, causing
similar significant increases in expression of eotaxin-3 mRNA and in secretion of eotaxin-3
protein. We have also shown that treatment with omeprazole reduces Th2 cytokine-
stimulated eotaxin-3 mMRNA expression and protein secretion in GORD and EoE
oesophageal squamous cell lines. These findings suggest that, in both GORD and EoE, PPIs
might have eosinophil-reducing effects that are independent of their effects on gastric acid
production. Thus, a response to PPI therapy may not distinguish EoE from GORD, and our
findings provide a rationale for the use of PPIs in the management of EoE, irrespective of
the presence of GORD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STAT signal transducer and activator of transcription
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Significance of the study
What isalready known about this subject?

» EoE and GORD can share clinical and histological features, including
oesophageal eosinophilia, and it is sometimes difficult to distinguish the two
disorders.

» It has been proposed that EOE can be distinguished from GORD by the response
to PPI therapy.

»  Patients with EoE exhibit greater oesophageal expression of eotaxin-3 (a potent
eosinophil chemoattractant) than patients with GORD, but it is not known if this
is because the oesophagus of EoE patients constitutively overexpresses
eotaxin-3 or if oesophageal eotaxin-3 overexpression is acquired as the result of
stimulation by cytokines or other factors.

e The Th2 cytokines IL-13 and IL-4, which are overproduced in allergic
disorders, can stimulate oesophageal expression of eotaxin-3.

What are the new findings?

o  Cultures of oesophageal squamous cells from GORD and EoE patients express
similar levels of eotaxin-3 at baseline and when stimulated by Th2 cytokines.

e Omeprazole blocks Th2 cytokine-stimulated eotaxin-3 expression in cultures of
oesophageal squamous cells from GORD and EoE patients.

How might it impact on clinical practicein the foreseeable future?

» Inboth GORD and EoE, PPIs might have eosinophil-reducing effects that are
independent of their effects on gastric acid secretion.

e Avresponse to PPI therapy might not distinguish EoE from GORD.
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Figure 1.

Baseline and Th2 cytokine-stimulated eotaxin-3 protein secretion in primary oesophageal
squamous cells from 9 patients with EOE and 6 patients with GORD. Cells were stimulated
for 48 hours with 1L-13 (10 ng/ml) or IL-4 (1 ng/ml). Data are the mean + SEM of 2
separate experiments. *, p < 0.05 compared to unstimulated (baseline) control.

Gut. Author manuscript; available in PMC 2014 June 01.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Cheng et al.

Page 14

>
w

EOE1-T : EoE2-T
2500 - 7000 -

6000 -
2000 >

5000 -

1500 1 4000 |

1000 - 3000 4

Eotaxin-3 (pg/ml)
Eotaxin-3 (pg/ml)

2000 -

| u

133
=}
S
*
*
*

0 - 0
IL-13 (ng/ml) 0 1 10 100 IL-13 (ng/ml) 0 1 10 100
C. D.
NES-G4T NES-B10T
700 800 N
_ 600 - _
E 500 | E 600
i=2 [=2
2 40 | 2
? 2 400
'5 300 '5
2 g
§ 2001 8 200
100 *
0 0.
IL13 (ng/ml) 0 1 10 100 IL-13 (ng/ml) 0 1 10 100

Figure 2.
Baseline and IL-13-stimulated eotaxin-3 protein secretion in (A) EoE1-T, (B) EoE2-T, (C)

NES-GA4T, and (D) NES-B10T cells. Cells were stimulated for 48 hours with IL-13 at doses
of 1, 10, and 100 ng/ml. Data are the mean + SEM of 2 separate experiments. *, p<0.05
compared to unstimulated (baseline) control; **, p < 0.01 compared to unstimulated
(baseline) control; ***, p < 0.001 compared to unstimulated (baseline) control.
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Baseline and IL-4-stimulated eotaxin-3 protein secretion in (A) EoE1-T, (B) EoE2-T, (C)
NES-G4T, and (D) NES-B10T cells. Cells were stimulated for 48 hours with IL-4 at doses
of 1, 10, and 100 ng/ml. Data are the mean + SEM of 2 separate experiments. *, p < 0.05

compared to unstimulated (baseline) control; **, p < 0.01 compared to unstimulated

(baseline) control; ***, p < 0.001 compared to unstimulated (baseline) control.
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(A) Baseline IL-13 and IL-4 receptors mRNA expression in EOE1-T, EOE2-T, NES-GAT,

and NES-B10T. Depicted is of one of 3 separate experiments. (B) Eotaxin-3 mRNA

expression levels after 48 hours of stimulation with IL-13 or IL-4 in EOE1-T, EOE2-T, NES-

GAT, and NES-B10T. Depicted is of one of 3 separate experiments.
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(A) Th2 cytokine stimulation increases eotaxin-3 promoter activity in primary oesophageal
squamous cells from patients with EoE and GORD. (B—-E) The sequence and location of
each consensus STATG site upstream of the luciferase reporter is detailed. x depicts the
mutated sites. Cell lines were treated with 1L-13 (10 ng/ml) or IL-4 (1 ng/ml) for 24 hours.
(B) Full length EO 1 promoter (—800 bp); (C) EO 1 promoter with mutations in both STAT6
binding sites; (D) EO 1 promoter with mutation in the distal (-693) STATG6 binding site and
(E) EO 1 promoter with mutation in the proximal (-89) STAT6 binding site. Data are the
mean + SEM of at least 3 separate experiments. *p < 0.05; **, p < 0.01; ***, p < 0.001.
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EoE2-T

NES-B10T

Omeprazole (OME) blocks cytokine-stimulated eotaxin-3 protein secretion. (A) EOE1-T, (B)
EOE2-T, (C) NES-G4T, and (D) NES-B10T were stimulated for 48 hours with either 1L-13
(50 ng/ml) or I1L-4 (10 ng/ml) in the presence or absence of omeprazole (50pM). Data are
the mean + SEM of 2 separate experiments. *, p< 0.05 compared to unstimulated (baseline)
control; **, p< 0.01 compared to control; ***, p< 0.001 compared to control;#, p< 0.05
compared to corresponding Th2 cytokine stimulation alone;, p< 0.01 compared to
corresponding Th2 cytokine stimulation alone;*# p< 0.001 compared to corresponding Th2

cytokine stimulation alone.
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Figure7.

Cytokine-induced eotaxin-3 mRNA expression levels in the presence or absence of
omeprazole (50nM) in (A) EoE1-T, (B) EoE2-T, (C) NES-GAT, and (D) NESB10T
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determined by conventional PCR and quantitative real-time PCR. Depicted is of one of 2
separate experiments. *** p< 0.001 compared to control;*# p< 0.001 compared
corresponding Th2 cytokine stimulation alone.
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