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Abstract

Background: Germline-encoded innate immune pattern recognition receptors (PRR)
are expressed at epithelial surfaces and modulate epithelial defenses. Evidence sug-
gests that stimulation of the Toll-like receptor (TLR) family of PRR may regulate epi-
thelial barrier integrity by upregulating tight junction (TJ) complex protein expression,
but it is not known whether this mechanism is utilized in esophageal epithelial cells.
TJ complex proteins maintain intact barrier function and are dysregulated in atopic
disorders including eosinophilic esophagitis.

Methods: Pattern recognition receptors expression was assessed in EoE and control
primary esophageal epithelial cells, demonstrating robust expression of TLR2 and
TLR3. The three-dimensional air-liquid interface culture (ALI) model was used to test
whether TLR2 or TLR3 stimulation alters epithelial barrier function using an in vitro
model of human epithelium. Transepithelial electrical resistance (TEER) and FITC-
Dextran permeability were evaluated to assess membrane permeability. ALI cultures
were evaluated by histology, immunohistochemistry, Western blotting, and chroma-
tin immunoprecipitation (ChIP).

Results: TLR3 stimulation did not change TEER in the ALl model. TLR2 stimula-
tion increased TEER (1.28- to 1.31-fold) and decreased paracellular permeability to
FITC-Dextran, and this effect was abolished by treatment with anti-TLR2 blocking
antibody. TJ complex proteins claudin-1 and zonula occludens-1 were upregulated
following TLR2 stimulation, and ChIP assay demonstrated altered histone 4 acetyl
binding at the TJP1 enhancer and CLDN1 enhancer and promoter following zymosan
treatment, implying the occurrence of durable chromatin changes.

Conclusions: Our findings implicate the TLR2 pathway as a potential regulator of
esophageal epithelial barrier function and suggest that downstream chromatin modi-

fications are associated with this effect.
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GRAPHICAL ABSTRACT

Our findings demonstrated robust expression of TLR2 and TLR3 in primary esophageal epithelial cells. We observed increased epithelial
barrier function (increased transepithelial electrical resistance, decreased paracellular flux) upon anti-TLR2 stimulation of esophageal
epithelium cultured under ALI, while anti-TLR3 treatment had no effect. TLR2 stimulation upregulated expression of tight junction proteins
and increased acetylation of histone 4 at the claudin-1 gene enhancer and promoter. Abbreviations: Ac, Acetylation; H4, Histone 4; TEER,
Transepithelial electrical resistance;TLR, Toll like receptor; ZO-1, zonula occludens-1.

1 | INTRODUCTION

Eosinophilic esophagitis (EoE) is an allergic disorder of the esoph-
agus. The pathophysiology of EoE is thought to arise from the
presence of food allergens in contact with the esophageal mucosa,
which causes a T-helper type 2 (Th2) immune response leading
to mucosal inflammation and eosinophilia, epithelial dysfunction,
and long-term fibrosis.! Epithelial barrier dysfunction plays a crit-
ical role in this process because it promotes continued exposure
to allergens and microbiota in the esophageal lumen, which stim-
ulates epithelial cells and leukocytes to release chemokines and
cytokines.?® Decreased barrier integrity in EOE has been measured
by loss of mucosal impedance in vivo and transepithelial electrical
resistance in vitro.**¢

The loss of epithelial barrier integrity in EoE is attributed to the
downregulation of important structural proteins in the inflamed
mucosa including tight junction (TJ) proteins.?>’ The tight junction
(TJ) complex is a dynamic structure comprised of transmembrane
claudins, occludin, and cytosolic proteins (ie, zonula occludens-1,
zonula occludens-2, and zonula occludens-3), which connect the
TJ to the cytoskeleton.s'10 Expression of occludin and claudin-1 is
decreased in biopsy tissue of EoE patients both before and after
treatment with swallowed corticosteroid.? In addition to tight junc-
tions, multiple structural proteins contribute to the integrity and
stratification of the esophageal epithelial barrier. For example, re-
cent descriptions of kindreds with biallelic mutations in DSG1 and
DSP implicate desmosomes as a critical structural protein in the
esophageal epithelium.?*2 Th2 cytokines, including IL-13, have

been implicated as an important signal contributing to the down-
regulation of DSG1,'® but its role in the regulation of other key TJ
proteins is less clear.

Innate sensing of microbial products through epithelial pattern
recognition receptors (PRR) can regulate epithelial barrier function
in human nasal, intestinal, and skin mucosa.'*** The mechanisms
which have been described vary across epithelial sites, and it can be
hypothesized that there may be some degree of tissue specificity in
the effector function of different PRR based on their mucosal loca-
tion. Several studies highlight a role for the PRR family of Toll-like
receptors (TLR) as a regulator of TJ integrity in epithelial surfaces. An
increasing body of evidence suggests that Toll-like receptor 2 (TLR2)
signaling upregulates TJ proteins ZO-1 and claudin-1 in epithelium in
the airway, intestine, and skin.®*"* This mechanism is thought to be
one of the many host defenses maintaining balance with commensal
bacteria.

In this study, our aim was to determine whether the esopha-
geal epithelium has mechanisms to modulate TJ complex protein
expression based on innate immune sensing via TLR. We examined
the expression of TLR, observing robust expression of TLR2 and
TLR3 in primary isolated epithelial cells. We utilized the three-di-
mensional, air-liquid interface (ALI) in vitro culture model to exam-
ine epithelial barrier function following stimulation of TLR2 and
TLR3. TLR3 stimulation had little effect on barrier function in the
ALl model, whereas TLR2 improved esophageal epithelial barrier
function. We hypothesized that TLR2 stimulation was associated
with upregulation of TJ proteins, resulting in improved epithelial

barrier function.
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2 | METHODS

2.1 | Esophageal epithelial cell culture

Immortalized esophageal epithelial cell line (EPC2-hTERT) and iso-
lated primary esophageal epithelial cells were used in this study.?%"
22 patients were enrolled in the study following informed consent.
This study was approved by the Children's Hospital of Philadelphia
Institutional Review Board following the US Federal Policy for
Protection of Human Subjects.

Primary control patient epithelial lines were derived from esoph-
ageal biopsies of pediatric patients (under 18 years of age) during
clinically-indicated endoscopic evaluations. Samples were eligible
for enrollment in control group if on no treatment at the time of bi-
opsy and found to have normal clinical endoscopy, normal esopha-
geal histology, and no evidence of additional Gl pathology. EoE cell
lines were derived from pediatric patients with symptoms suggestive
of EoE found to have eosinophil count > 15 per high powered field
on biopsy.?>?* For this study, no patients were on proton-pump in-
hibitor, swallowed steroid, or dietary therapy at the time of endos-
copy. Primary cells were used between passages 2 and 4 for these
experiments.

All cells were grown in keratinocyte serum-free media supple-
mented with bovine pituitary extract and epidermal growth factor
(KSFM, Thermo Fischer Scientific). Endotoxin-free reagents and

media were used for cell culture and stimulation experiments.

2.2 | Flow cytometry

LSR-Fortessa and FlowJo software (BD Biosciences) were used to
examine TLR2 (11G7, Invitrogen mouse anti-human) and Dectin-1
(GE2, Bio-Rad mouse anti-human) expression on EPC2-hTERT cells

compared with isotype controls.

2.3 | Air-liquid interface (ALI) culture system

EPC2-hTERT cells were used for ALl experiments.?’> Cells were
grown submerged in KSFM media on a 0.4-pm filter (Corning Life
Sciences) for three days to reach confluency (protocol schematic,
Figure 2A). Cultures were then switched to high-calcium concen-
tration KSFM media (1.8 mmol/L Ca++) for 5 days. Media was
removed from the upper chamber to promote epithelial differen-
tiation for days 7-10.2°

2.4 | TLR stimulation

Toll-like receptor agonists were added to stimulate monolayer cul-
tures or to ALl cultures during days 10-14 of ALI protocol. TLR2 stimu-
lation was assessed using final concentrations of 10 pug/mL zymosan,
10 pg/mL peptidoglycan from Staphylococcus aureus, and Pam2CSK4
(Invivogen). To assess response to TLR3 stimulation, Poly(l:C) was an-
nealed per manufacturer's recommendations and used at a final con-

centration of 10 pug/mL in ALI cultures from days 10 until 14.

2.5 | TLR2 inhibition

anti-TLR2

(Invivogen) was reconstituted and added to the basolateral cham-

Rat anti-human polyclonal

neutralizing

antibody

ber media (5 pug/mL final concentration, InvivoGen) during ALl days
10-14 concurrent with TLR2 stimulants as described above.

2.6 | Transepithlial electrical resistance (TEER)

Air-liquid interface culture resistance was measured with a Millicell
ERS-2 Voltohmmeter (Merck Millipore), and the TEER unit area re-
sistance (Q * cm?) was calculated by multiplying the measured sam-
ple resistance by the membrane area (0.33 cm? for 24-well Millicell
inserts). Only epithelial monolayers with TEER > 200 Q cm? on day

10 of ALI culture were used for stimulation experiments.

2.7 | Transepithelial Flux Assay

Seventy kDa fluorescein isothiocyanate-dextran (FITC-dextran;
3 mg/mL; Sigma) was added to the upper chamber of day 14 ALI
cultures. The initial 3 mg/mL upper solution was serially diluted to
generate the assay standard curve. The fluorescein levels in baso-
lateral samples were detected after 4 hours on a Spectramax M5
plate reader (Molecular Devices) and normalized to the mean of the
unstimulated control samples.

2.8 | Histology and Immunohistochemistry

Air-liquid interface were harvested on day 14, then fixed in forma-
lin, paraffin-embedded, and serially sectioned. Slides were depar-
affinized in xylene and rehydrated thru a series of ethanol washes.
Histology slides were stained in hematoxylin, rinsed, and then
stained in eosin (Azer Scientific) on a Shandon Gemini automated
stainer (Thermo Fisher). Immunohistochemistry slides were incu-
bated with E1 (Leica Biosystems) immunohistochemistry antigen re-
trieval solution for 20 minutes. Claudin-1 (1:50; LS Bio LS-C415827,
1-hour primary incubation) and ZO-1 (1:50; Sigma HPA001636;
1-hour primary incubation) antibodies were used for staining with
Bond Refine polymer staining kit on the Bond-Max automated stain-
ing system (Leica Biosystems).

All stained slides were dehydrated in ascending ethanol and xy-
lene washes before coverslipping with cytoseal (Fisher Scientific).
Stained slides were digitally scanned at 20x magnification on an
Aperio CS-O slide scanner (Leica Biosystems). ALI membrane thick-
ness, number of basolateral nuclei per 100 um, percent dilated in-
tracellular space, and percent strong 3,3’-Diaminobenzidine (DAB)
staining intensity were calculated using Aperio imaging software
algorithms.

2.9 | Western Blot

Day 14 ALI were washed in PBS and lysed in RIPA buffer contain-
ing protease cocktail. Bradford assay was used to normalize sample
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protein content prior to electrophoresis on a 4%-12% Bis-tris gel, fol-
lowed by transfer to nitrocellulose membranes. Mouse anti-human
B-actin (1:1000, Cell Signaling Technologies 3700S), rabbit anti-
human claudin-1 (1:500, LSBio LS-C415827), and rabbit anti-human
Z0-1 (1:500, Sigma HPA001636) primary antibodies and secondary
HRP-conjugated anti-rabbit and anti-mouse antibodies (1:2000, Cell
Signaling Technologies) were used to probe the membrane. Semi-
quantitative densitometry analysis was performed in NIH Image)
software.

2.10 | Quantitative real-time PCR (qQRT-PCR)

We harvested RNA using Direct-zol kit with removal of DNA by col-
umn (Zymo Research). 0.2 pg of total RNA was used for reverse-tran-
scription reactions using Advantage RT-for-PCR Kit (TakaRa Bio),
and the cDNA was used for qRT-PCR. Tagman gene expression as-
says (Applied Biosystems, human TLR1-TLR10, CLEC7A, CD14) were
normalized to the GAPDH internal control signal, and custom SYBR
green primer assays (primers, Table S1) were normalized to p-actin
control.

2.11 | Chromatin Immunoprecipitation (ChIP)

Five million cells per condition were used to perform ChlP experi-

ments following the protocol from Upstate Biotechnology with some
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modifications.?® EPC2-hTERT cells were harvested from monolayer
after 30 minutes of stimulation, treated with 1% formaldehyde for
10 minutes at room temperature, sonicated, and immunoprecipi-
tated overnight at 4°C. 5 ug of anti-H4ac (Histone 4 pan-acetyl,
Merck Millipore #06-866), anti-H3K27ac (histone H3 lysine 27
acetyl Abcam ab4729), anti-trimethylated H3 lysine 4 (trimethyl-
ated H3 lysine 4,Active Motif 39159), and anti-GST (glutathione-
S-transferase,Thermo Fisher 71-7500) antibodies were used for
immunoprecipitation. Antibody-bound complexes were collected,
eluted, and extracted as previously described,?® then RNase treated,
and quantitated before analysis by gRT-PCR (primers, Table S2). The
primers for the ChIP assays are listed below. ChIP DNA gRT-PCR
results were normalized to GAPDH and then to anti-GST signal for

each sample.

2.12 | Statistical analysis

Data were collected from a minimum of two independent experi-
ments. Quantitative data are expressed as means + standard devia-
tion. Statistical analyses were performed (GraphPad Software) using
one-way analysis of variance (ANOVA) to analyze multiple groups
followed by Dunnett's post hoc testing to compare samples against
control condition. t Test was used to compare two means to each
other for analysis of ChlIP data. P values < 0.05 were considered sig-

nificant for all analyses.

FIGURE 1 Esophageal epithelial cells
express high levels of TLR2 and TLR3. TLR
expression was determined by gRT-PCR.
A, Primary esophageal epithelial cells
from EoE patients and controls express
TLR1-TLRé, CD14, and CLEC7A (Dectin-1);
mean * SD, n = 3 biologic replicates.
TLR7-TLR10 not shown, resulted as not
amplified. B, TLR1-TLRé, TLRY, CD14,

and CLEC7A (Dectin1) are expressed on
immortalized epithelial cell line EPC2-
hTERT; mean + SD, n = 3. TLR7, TLRS,
and TLR10 not amplified. C, TLR2 surface
expression on EPC2-hTERT cells was
assessed by flow cytometry, and (D) the
median fluorescence intensity is shown
(**P < 0.001 by t test, n = 3). E, EPC2-
hTERT cells evaluated for expression of
Dectin-1 by flow cytometry
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3 | RESULTS

3.1 | TLR2 and TLR3 are expressed in esophageal
epithelial cells

We examined gene expression of TLRs 1-10, CD14, and Dectin-1
(CLEC7A) using gRT-PCR in primary esophageal epithelial cells
(Figure 1A) and in the EPC2-hTERT esophageal epithelial cell line
(Figure 1B). Both primary esophageal epithelial cells and the EPC2-
hTERT cell line express TLR1 through TLRé, with minimal expression
of TLR7 through TLR10, CD14, and CLEC7A. As in prior studies, we
observe robust mRNA expression of TLR2 and TLR3.2"?’ We did not
observe significant differences in PRR expression between cell lines
from EoE patients and controls (Figure 1A). TLR2 forms heterodimers
with TLR6 and TLR1, both of which were also transcribed in the es-
ophageal cells (Figure 1A & B). TLR2 protein was detected on the epi-
thelial cell surface using flow cytometry (Figure 1C & D). We assessed
levels of Dectin-1 expression on the epithelial surface (Figure 1E).
Dectin-1 has been shown to have functional overlap with TLR2 in
macrophages, resulting in enhanced TLR2 signaling.3%-*% We observe
low levels of Dectin-1 surface expression on esophageal epithelial
cells (Figure 1E), confirming that esophageal epithelial cells express

multiple families of PRR which may be capable of signaling crosstalk.

3.2 | TLR2 stimulation improved epithelial barrier
function in air-liquid interface culture

We next set out to test the effect of TLR2 and TLR3 stimulation on
esophageal epithelial cell barrier function. These were chosen for
further investigation due to their robust expression in esophageal
epithelium. We used the three-dimensional ALI model and added
TLR ligands to the basolateral chamber media on days 10-14 of cul-
ture (Figure 2A, schematic).

TLR3 on esophageal epithelial cells has been shown to respond
to synthetic ligands and necrotic cell debris, resulting in NF-kB acti-
vation, and IL-8 and thymic stromal lymphopoietin secretion.?”343>
We stimulated ALl with the TLR3 ligand Poly(l:C); however, we did
not observe any change in the epithelial barrier function (Figure S1).
Following treatment with Poly(l:C), transepithelial electrical resis-
tance (TEER) and FITC-Dextran permeability were unchanged com-
pared with control untreated ALI cultures.

In contrast, stimulation of ALI cultures with TLR2 agonists re-
sulted in a significant increase in epithelial barrier function measured
by both TEER (Figure 2B) and FITC-Dextran flux assays (Figure 2C).
Several TLR2 ligands were utilized in order to determine whether this
effect varied by targeting the TLR2/6 or TLR2/1 complex. However,
increased TEER and decreased FITC-Dextran permeability were
seen using irrespective of whether the ligand targeted the TLR2/1
heterodimer or TLR2/6 heterodimer. TLR2 forms a heterodimer with
TLR 1 to recognize triacylated lipopeptides, and heterodimerizes
with TLRé to recognize zymosan and other diacylated lipopeptides.
The average TEER was increased by 26.8% in zymosan-treated ALI,
32.2% in peptidoglycan-treated ALI, and 40.3% over control in

Pam2CSK4-treated ALI. The FITC-Dextran assay (Figure 2C) con-
firms these findings with TLR2 agonist-treated samples allowing less
flux of FITC-Dextran trough the ALI membrane (Figure 2C). These
results are consistent with improved barrier function in the TLR2
agonist-treated samples.

3.3 | Improved barrier function is TLR2-specific

The full complement of PRR in esophageal epithelium has not been
defined, and their functions are incompletely understood. For
example, although zymosan is recognized by the TLR 2/6 heter-
odimer, it can also be recognized by Dectin-1 333 and potentially
by epithelial-specific, innate receptors such as Ephrin A2.3¢ Our
data demonstrate that EPC2-hTERT cells do express low levels
of Dectin-1 (Figure 1E); therefore, we next set out to determine
whether the observed improvement in epithelial barrier function
was TLR2-specific. To do so, we utilized PAb-hTLR2, which is a pol-
yclonal rat anti-human blocking antibody specific for TLR2.37%8 Co-
incubation of ALI with PAb-hTLR2 during addition of TLR2 agonists
into the culture media abrogated improvement in epithelial TEER
(Figure 2E). This demonstrates a specific requirement for TLR2 to

achieve improved esophageal epithelial barrier function in vitro.

3.4 | TLR2 stimulation alters epithelial membrane
architecture

We next performed histology to examined epithelial architectural
changes associated with zymosan and peptidoglycan treatment in
ALI culture (Figure 3A). We observe the expected stratification of the
epithelial membrane in unstimulated samples, with thinning of the
epithelial membrane following TLR2 agonist treatment (Figure 3B,
24.8 + 5.6 pm untreated vs 17.6 + 6.5 pm zymosan-treated, P < 0.001,
and 18.7 + 3.9 peptidoglycan-treated P < 0.05). The density of basolat-
eral nuclei was decreased in TLR2 agonist-treated cultures (Figure 3C).
Dilated intracellular spaces are characteristic findings of epithelial
barrier dysfunction in EoE. However, there was no difference in the
amount of dilated intracellular space between treated and untreated
ALI cultures (Figure 3D). Dilated intracellular spaces have been shown
to correlate with poor barrier function.®? Therefore, this corresponds
with data obtained in our barrier function assays as we observed im-

proved barrier function with TLR2 stimulation.*%#

3.5 | TLR2 stimulation upregulated TJ complex
gene and protein expression

Tight junction complex proteins are known to be a primary media-
tor of epithelial barrier integrity.42 Stimulation of TLR2 in intestinal
and airway epithelium increases expression of TJ complex proteins
151719, however, this association has not previously been exam-
ined in the esophageal epithelium. In light of our data demonstrat-
ing improved ALI barrier function following TLR2 stimulation, we
hypothesized that TLR2 stimulation may upregulate TJ complex
protein expression in ALl cultures. EPC2-hTERT cells in monolayer
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FIGURE 2 Toll-like receptor 2 (TLR2)
stimulation of EPC2-hTERT cells in air-
liquid interface (ALI) culture results in
improved barrier function. A, Schematic
of ALl epithelial culture model. Culture
days 1-7 allow for proliferation and initial

Day 3: stimulate
with high
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Add TLR2
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— f (10 pg/mL), or Pam2CSK4 (10 ng/mL) from
by multiplying by the area of the ALI
ALI cultures. n = 10 wells per group,
into the basolateral culture chamber
\Q/ \b‘ of two experiments. D, Addition of pAB-
TEER increase. *P < 0.05, **P < 0.01,

differentiation, and days 7-10 permit
terminal differentiation. Stimuli applied
in the basolateral media chamber during
epithelial barrier function. B, ALI cultures
were stimulated with TLR2 agonists
* zymosan (10 pg/mL), peptidoglycan

days 10-14 in ALI culture. Transepithelial
electrical resistance (TEER, Q * cm?) was
measured by ohmmeter and calculated
membrane. TLR2 agonist-treated cultures
demonstrate significantly increased day
14 TEER compared with unstimulated
representative of three experiments.
C, On day 14, translocation of 70 kDa
FITC-Dextran across ALI membranes
was decreased in the zymosan- and
peptidoglycan-treated groups (n = 6 wells
per group, mean + SD), representative
hTLR2 and anti-TLR2 blocking antibody
to ALl cultures stimulated with 10 pg/
mL of zymosan block zymosan-induced
and ***P < 0.001 using ANOVA followed
by Dunnett's test compared with

unstimulated control throughout

+ anti-TLR2

blocking antibody

culture were stimulated with zymosan or peptidoglycan, and gRT-
PCR was used to assess expression of TJ complex genes CLDN1
and TJP1 (claudin-1 and zonula occludens-1 ZO-1, Figure 4). TJP1
was significantly upregulated over 2-fold following 6 hours of
TLR2 stimulation with zymosan and peptidoglycan. mRNA lev-
els of CLDN1 rose to 2-fold over control unstimulated samples
by 30 minutes of stimulation with zymosan and after 6 hours

of stimulation with peptidoglycan. We did not see significant

upregulation desmoglein 1 mRNA following TLR2 stimulation with
either zymosan or peptidoglycan (Figure S2), or following stimula-
tion of TLR3 (Figure S1C).

To test the effect of TLR2 stimulation on TJ complex protein
expression in esophageal epithelial cells, we examined claudin-1
and ZO-1 protein expression by immunohistochemistry (IHC) and
Western blotting (Figure 5). ALI cultures were harvested on day 14

for IHC (Figure 5A), demonstrating an increased staining intensity
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FIGURE 3 Zymosan stimulation (A)
of esophageal ALl alters epithelial

morphology. EPC2-hTERT cells grown in

ALl were harvested on day 14 of culture,

fixed, paraffinized, and stained with

hematoxylin and eosin. A, Images were

»—

No stimulation

captured at 20x. We quantified (B) ALI
thickness, (C) basolateral nuclei (expressed

per every 100 pm of basolateral
membrane adjacent to the transwell
membrane), and (D) the percent of total
area dilated intracellular space quantified
using Apreio software imaging algorithms
(n = 5 slides per condition; mean * SD,

*P <0.05, **P < 0.01, ***P < 0.001,

ANOVA, post hoc Dunnett's test) [Color
figure can be viewed at wileyonlinelibrary.
com]
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for claudin-1 and ZO-1 in TLR2 agonist samples. 3,3'-diaminobenzi-
dine staining intensity was quantified in Aperio imaging software to
confirm upregulation of ZO-1 and claudin-1in TLR2 agonist-treated
samples (Figure 5B,C). We additionally observed increased expres-
sion of claudin-1 and ZO-1 protein from TLR2-stimulated ALl using
Western blot (Figure 5D). Semi-quantitative analysis of Western
blot band intensity in ImageJ software (Figure 5E) shows an mean
2.3- to 2.4-fold increase in claudin-1 and mean 2.9- to 4.2-fold in-
crease in ZO-1 expression with stimulation. From these studies, we
conclude that TLR2 stimulation is associated with increased ex-

pression of TJ proteins in the ALI model of esophageal epithelium.

3.6 | Histone modifications in zymosan-treated
epithelial cells

Modification to the chromatin regulatory landscape alters gene

expression in response to changes in the cellular environment. We

hypothesized TLR2 stimulation may induce regulatory histone modi-
fications at tight junction complex gene loci.*>*> We performed
chromatin immunoprecipitation (ChIP) assays of EPC2-hTERT cells
following stimulation with zymosan (Figure 6) to assess for changes
in the chromatin environment at the promoter and enhancer of
CLDN1 and TJP1. Acetylation of histone H4 was significantly in-
creased at the CLDN1 enhancer and promoter and decreased in the
TJP1 promoter of zymosan-treated samples. This suggests changes
in acetylation of histone H4 occur subsequent to TLR2 stimulation
with zymosan and may be a novel mechanism for regulation of es-

ophageal tight junction proteins.

4 | DISCUSSION

The pathophysiology of eosinophilic esophagitis (EoE) is not solely
defined by eosinophil-predominant inflammation, but additionally
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FIGURE 4 Zymosan treatment of EPC2-hTERT cells upregulates
expression of cell adhesion molecules. EPC2-hTERT cells stimulated
with zymosan or peptidoglycan (10 pg/mL) in culture result in
greater than 2-fold upregulation of (A) CLDN1 and (B) TJP1 by 6 h of
stimulation. mRNA signal was normalized to B-actin and expressed
as fold change compared with unstimulated control cells (n = 4;
mean * SD)

by abnormal epithelial barrier morphology.39 Increased esophageal
epithelial permeability is a major aspect of the pathophysiology of
EoE, which perpetuates disease by allowing allergens and microbes
to penetrate the mucosal barrier.*¢ Little is known about innate es-
ophageal epithelial responses to stimuli. In this study, we explore
the role of TLR stimulation on epithelial barrier function utilizing the
air-liquid interface model.

Our data demonstrate that esophageal epithelial cells ex-
press multiple pattern recognition receptors, including TLR1-TLR6,
Dectin-1, and CD14. Our findings demonstrate robust expression of
TLR2 and TLR3 in primary epithelium isolated from patients with and
without EoE. This is similar to prior findings in primary esophageal
epithelial cells from pediatric patients.27 We do not observe gene ex-
pression differences in the PRRs on primary epithelial cells from EoE
and control patients. In contrast, Arias et al have recently published
gene expression data from whole biopsy tissue of adults with EoE
demonstrating significant upregulation of TLR1, TLR2, TLR4, and
TLR9 when compared to control patient biopsy tissue.*® The overex-
pression of these TLR improved with six-food elimination diet.* Our
current study used isolated cells between passages 2 and 4, which
may have allowed for some normalization of expression between the
EoE and control cell lines in vitro. To our knowledge, there are no
published data comparing expression of PRR in esophageal biopsy
tissue and freshly isolated esophageal epithelial cells to determine
the gene expression signal from inflammatory cells present in the bi-
opsy transcriptome. Data from Rochman et al examining the overlap
of the EoE biopsy transcriptome and esophageal-specific proteome
demonstrate a functional enrichment of IL-1 cytokine pathways in

EoE, further supporting a role for epithelial innate signaling in EoE.*’

In the ALl model, we have tested whether stimulation of
TLR2 and TLR3 can improve barrier function. Our data show
that recognition of lipoprotein agonists by TLR2 is a mechanism
that increases epithelial barrier integrity (Figure 2), with a mod-
est increase in ALI TEER following stimulation with TLR2 ligands
zymosan, peptidoglycan, and Pam2CSK4. It is not known what
magnitude of in vitro barrier effect corresponds to a meaningful
in vivo effect in this system. In contrast, stimulation of TLR3 with
Poly(l:C) resulted in no change in barrier function compared with
unstimulated control ALI cultures (Figure S1). TLR3 stimulation of
esophageal epithelial cells has previously been shown to activate
NF-xB, resulting in secretion of IL-8 and TSLP.3*3> Therefore, al-
though stimulation of the TLR3 pathway does not affect barrier
function in this model, this does not exclude the possibility that
the TLR3 pathway engages additional epithelial innate effector
mechanisms which were not examined.

The esophagus is not a sterile environment, and changes in mi-
crobiome composition have been reported in patients with reflux
and Barrett's esophagus as well as EoE patients with active in-
flammation.*®° Further, tissue damage from inflammation or re-
flux causes release of endogenous damage-associated molecular
patterns from necrotic cells which can also interact with esopha-
geal PRR.234 Our findings describe one potential mechanism for
esophageal barrier modulation in response to these changes. Our
data show that TLR2 stimulation increases expression of TJ-asso-
ciated proteins claudin-1 and ZO-1 (Figures 4 and 5). TJ complex
molecules claudin-1 and ZO-1 are upregulated within 24 hours fol-
lowing TLR2 stimulation (Figure 4). Our results are consistent with
findings from other epithelial types, including intestinal, airway,
and skin keratinocytes, where TLR2 agonism has been associated
with increased expression of TJ complex molecules claudin-1 and
70114171951

Extrapolating upon these findings, we hypothesized that signal-
ing thru innate immune receptors may play a critical role in epithe-
lial cell fate. We find that stimulation of TLR2 with zymosan results
in significant enrichment of H4ac at both the CLDN1 promoter and
enhancer (Figure 6). H4ac is an activation mark with a widespread
distribution at regulatory regions. TLR2-induced chromatin remod-
eling could be secondary to an overall shift in the balance of histone
acetyltransferases and deacetylase enzymes or more likely due to
targeting of chromatin modification complexes to the regulatory re-
gions.52 Novel therapies with histone deacetylase inhibitors could be
investigated to target this pathway within the mucosal for disorders
like EoE.

In this study, we focused on the response of claudin-1 and
Z0-1 because of their critical role in tight junction complex forma-
tion.*?>® A number of epithelial proteins including desmosomes,
serine peptidase inhibitors, filaggrin, and calpains are involved in
maintenance of esophageal epithelial barrier integrity.}>2%543>
We did not see alterations in the expression of desmoglein 1; how-
ever, further work will be required to determine the full scope of
epithelial change in response to TLR2 stimulation. We hypothesize
that TLR2 stimulation induces additional alterations in esophageal
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FIGURE 5 Air-liquid interface culture (ALI) cultures treated with zymosan upregulate epithelial cell-cell adhesion molecules. A, EPC2-
hTERT ALI culture was stimulated with zymosan and peptidoglycan and then stained for immunohistochemistry with anti-claudin-1 and
anti-zonula occludens-1 (ZO-1). Claudin-1 is diffusely upregulated while the pattern of ZO-1 staining is more dense in the basal layer of ALI
culture. Using DAB staining quantification algorithm in Aperio, we find that (B) claudin-1 and (C) ZO-1 staining are significantly upregulated
(mean £ SD **P < 0.01 or ***P < 0.001 ANOVA, post hoc Dunnett's test compared with unstimulated control). D, Western blotting of day 14
ALI cultures confirms upregulation of claudin-1 and ZO-1, with (E) densitometry normalization to beta-actin (NIH ImageJ) demonstrating 2-
to 4-fold upregulation of protein following TLR2 stimulation. Results shown are representative of three experiments
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FIGURE 6 EPC2-hTERT cells stimulated with zymosan alter chromatin at CLDN1 and TJP1 promoters and enhancers. Following a 30-min
incubation with zymosan, chromatin immunoprecipitation assays were performed using antibodies specific to H4ac, H3K27ac, and H3Kme3.
PCR was performed to amplify immunoprecipitated DNA, and results were normalized to GAPDH and displayed as fold enrichment over
anti-glutathione-S-transferase antibody. A, We observe significant enrichment of H4ac at CLDN1 enhancer and promoter locus following
zymosan treatment, whereas (B) there is decreased H4ac signal following zymosan treatment at the TJP1 enhancer (n =4, mean + SD *

P < 0.05, t test)
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epithelial cell gene expression that were not fully captured in our

experiments, and future experiments characterizing these addi-
tional effects will clarify the full impact of TLR2 stimulation on the
esophageal mucosa.

A TLR3 single nucleotide polymorphism (SNP) was recently
linked to increase risk of developing EoE in a Spanish cohort.>® TLR2
SNPs have not been associated directly with EoE, but have been
associated with closely linked atopic diseases. Specifically, there
are TLR2 SNPS which predispose to the development of asthma in
Puerto Rican, Norwegian, Danish, and Caucasian African popula-

57-63 and development of severe atopic dermatitis in Italian and

tions
German populations.*¢° Interestingly, several of the SNPs decrease
TLR2 signaling activity.>” Further studies elucidating how PRRs such
as TLRs contribute to host barrier responses may help clarify mech-
anisms of atopic disease including EoE.

In conclusion, we have shown that esophageal epithelial cells
express TLR1-TLRé6, TLR9, Dectin-1, and CD14, with membrane ex-
pression of TLR2. Stimulation of epithelial TLR2 with lipoproteins
Pam2CSK4, zymosan, and peptidoglycan upregulate claudin-1 and
Z0-1, resulting in enhanced esophageal epithelial barrier function in
the ALI model. This effect is TLR2-specific and abrogated by TLR2
blocking antibody. Our data highlight a potential homeostatic role
of esophageal epithelial TLR2 activity in upregulating tight junction
complex protein expression. This has implications for esophageal
mucosal responses to infection, colonizing microbiota, and endog-
enous DAMPs released in the context of reflux and inflammation.
TLR2 agonism appears to convey a protective effect on the esopha-
geal mucosal barrier, and further investigation is warranted to deter-
mine whether this response is intact during mucosal inflammatory

diseases such as EoE.
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Supplemental Information

Table S1: Primers used for SYBR qRT-PCR experiments

CLDNI1

TJPI

DSGI

ACTB

Forward
Reverse

Forward
Reverse

Forward
Reverse

Forward
Reverse

5'-TCCCAGAAGGCAGAGAGAA-3’
5'-GGTATGGCAATAGAATCGTTCAAG-3’

5'-GGATGGGTTCATAGCGTTTCT-3'
5'-AAAGCCAGCGCATTCTCA-3’

5'- AGCCACCATATGGGATCTTTG -3’
5'- TCAGAGCTCGGCAGTAGATAA -3’

5'-AAGGGACTTCCTGTAACAATGCA-3'
5'-CTGGAACGGTGAAGGTGACA-3’

Table S2: Primers and probes for chromatin immunoprecipitation assay

CLDNI1
promoter

CLDNI
enhancer

TJPI
promoter

TJPI
enhancer

GAPDH

Forward
Reverse
Probe

Forward
Reverse
Probe

Forward
Reverse
Probe

Forward
Reverse
Probe

Forward
Reverse
Probe

5'-CGGTTCTGCGTCTCAGTT-3’
5'-CGCTGGAGAAGCTCTGG-3'
5'-/56- FAM ATACTAGAA/ZEN/GCTGCGGTTGCTCCC/36-TAMSp/-3’

5'-GATCTGGAGAAGTGCCAAGAG-3'
5'-CTGAAGAAGCTAAGACCAGATAGG-3'
5'-/56- FAM CCACTTCCA/ZEN/AGTCTGCCACTCACA/36-TAMSp/-3’

5'-AGGAAACAACTGTCGGGTATC-3'
5'-GTCAGGTATGTAGCAGGTCAATAG-3'
5'-/56- FAM CTTTCCAGC/ZEN/CGCACTCATGCATG/36-TAMSp/-3’

5'-AGTGGCTCATGCCTGTAATC-3’
5'-GTAGAGACAGGGTTTCATCATGT-3'
5'-/56- FAM TTTGGGAGG/ZEN/CTGAGGAGGGTAGAT/36-TAMSp/-3'

5'-CGGTGCGTGCCCAGTT-3’
5'-CCCTACTTTCTCCCCGCTTT-3'
5'-/56-FAM/ACCAGGCGGCTGCGGAAAAAA/36-TAMSp/-3'
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Figure S1: TLR3 stimulation does not alter barrier function of EPC2-hTERT in air-liquid

interface (ALI) model. ALI cultures were stimulated with TLR3 ligand poly(I:C) from days 10-14, with

no change in A) TEER or B) FITC-Dextran permeability observed (n=7 wells per group, representative of

two experiments). C) EPC2-hTERT were stimulated with Poly(I:C) in culture. mRNA signal was

normalized to -actin and expressed as fold change compared to unstimulated control cells and no

differences were seen in levels of CLDNI, TJPI or DSG1 when compared to unstimulated control cells.

(n=4; mean+SD, red horizontal line at Fold Change =1)



Supplemental Figure 2:
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Figure S2: TLR2 stimulation of EPC2-hTERT cells does not alter expression of DSG1. EPC2-
hTERT cells stimulated with zymosan and peptidoglycan (each at 10 yg/ml) in culture were analyzed by
gRT-PCR. mRNA signal was normalized to $-actin and expressed as fold change compared to

unstimulated control cells (n=4; mean+SD, red horizontal line at Fold Change =1)



Supplemental Figure 3:

Figure S3: Immunohistochemistry controls. Immunohistochemical staining for the expression of
claudin-1 and zonula occludens-1 (ZO-1) was optimized using sections of human skin as negative and
positive controls. A) no primary ZO-1 control; B) no primary claudin-1 control; C) 1:50 anti-ZO-1

primary antibody D) 1:50 anti-claudin-1 primary antibody.
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