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Abstract

Barrier dysfunction has been implicated in the pathophysiology of eosinophilic esophagitis (EoE). 

TGF-β1, a potent pleiotropic molecule, is increased in EoE, however, no study has evaluated its 

influence on esophageal epithelial barrier. We hypothesized that TGF-β1 regulates barrier 

dysfunction in EoE. We aimed to determine the role of TGF-β1 in epithelial barrier in models of 

EoE. To examine the impact of TGF-β1 on esophageal barrier, immortalized human esophageal 

epithelial (EPC2-hTERT) cells were exposed to TGF-β1 during the 3-dimensional air liquid 

interface (3D-ALI) model in vitro. TGF-β1 exposure diminished EPC2-hTERT barrier function as 

measured by transepithelial electrical resistance (TEER) and 3kDa FITC dextran paracellular flux 

(FITC Flux) and H&E assessment revealed prominent cellular separation. In analysis of epithelial 

barrier molecules, TGF-β1 led to the specific reduction in expression of the tight-junction 

molecule, claudin-7 and this was prevented by TGF-β receptor I inhibitor. shRNA mediated 

claudin-7 knockdown diminished epithelial barrier function, while claudin-7 overexpression 

resulted in protection from TGF-β1-mediated barrier dysfunction. In analysis of pediatric EoE 
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biopsies claudin-7 expression was decreased, altered localization was observed by 

immunofluorescence analysis and the TGF-β1 downstream transcription factor phosphorylated 

SMAD2/3 (pSMAD2/3) was increased. Our data suggest that TGF-β1 participates in esophageal 

epithelial barrier dysfunction through claudin-7 dysregulation.
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INTRODUCTION

Eosinophilic Esophagitis (EoE) is a chronic, immune/antigen mediated, inflammatory 

disease characterized by esophageal dysfunction and dense esophageal eosinophilia1. The 

esophageal epithelial architecture of patients with EoE is disrupted, characterized by dilated 

intercellular spaces and prominent basal cell hyperplasia2. A growing body of evidence 

implicates altered esophageal epithelial barrier in the pathophysiology of EoE. For instance, 

studies have shown decreased cell adhesion molecules such as desmoglein and epithelial 

barrier molecules such as filaggrin in EoE3–5. In addition, others have demonstrated barrier 

dysfunction in EoE patients at the electrophysiological level, suggesting impaired 

esophageal mucosa integrity6. Our previous work also demonstrated altered ultrastructural 

features with decreased desmosomes in active EoE7. To date, molecular mechanisms 

focused on the impact of type-2 cytokines, particularly IL-13, on regulating molecules 

associated with esophageal epithelial barrier3,4.

An increasing body of evidence suggests that transforming growth factor-β1 (TGF-β1), a 

pleiotropic cytokine that plays a critical role in immunoregulation, fibrosis and remodeling, 

participates in the pathogenesis of EoE. TGF-β1 signaling is increased in subjects with EoE 

and TGF-β1 itself is produced by a number of different cells including eosinophils, 

epithelial cells, and mast cells8–11. Although TGF-β1 protein has been difficult to quantify 

in esophageal tissue affected by EoE, biopsy specimens from subjects with EoE have 

demonstrated increased TGF-β1 mRNA and phosphorylated SMAD2/3 (pSMAD2/3) 

transcription factor protein immunostaining, a downstream nuclear signaling molecule in the 

TGF-β1 signaling pathway8,12,13. Studies have also shown that TGF-β1 plays a critical role 

in esophageal remodeling, participates in esophageal smooth muscle contraction, stimulates 

fibroblast secretion of extracellular matrix, and contributes to esophageal epithelial to 

mesenchymal transitions (EMT) in vitro10,14–18 and in vivo8,19,20. In vitro models have 

shown that TGF-β1 alters epithelial barrier function in other epithelial cell types, including 

columnar epithelium of the lung and pseudostratified epithelium of the epididymis and vas 

defrens21–23, however, no study has evaluated the influence of TGF-β1 on stratified 

squamous epithelial barriers including the esophageal epithelium. Therefore, we sought to 

determine the role of TGF-β1 on epithelial barrier function in the pathogenesis of EoE. We 

hypothesized that TGF-β1 regulates epithelial barrier dysfunction in EoE.
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METHODS

Human Esophageal Epithelial Cell Line in Air Liquid Interface Culture System

Immortalized human esophageal epithelial (EPC2-hTERT)24 cells (kind gift from Drs. Anil 

Rustgi and Hiro Nakagawa, University of Pennsylvania), claudin-7 knockdown cells, or 

claudin-7 overexpressing cells were used for cell culture studies. To generate a human 

CLDN7 expression construct, full length claudin-7 open reading frame (ORF) 

(NM_001307) was amplified from plasmid mEmerald-claudin7-C-12 (Plasmid 54041; 

Addgene, Cambridge, MA) by polymerase chain reaction (PCR) using sense primer 5′-

AAAGCTAGCAATGGCCAATTCGGGCCTGCAGTT-3 (incorporating a Kozak translation 

initiation sequence and 5′ NheI restriction site) and antisense primer 5′-

TTTATGTTTCAGGTTCAGGGGGAGGTGTGGGAGG-3′. CLDN7 ORF was digested to 

generate NheI-CLDN7-XbaI for subcloning into lentiviral pLKO.1-puro plasmid with CMV 

promoter (Addgene, Cambridge, MA) linearized by NheI/XbaI restriction digest. Digested 

CLDN7 and linearized pLKO.1 vector were purified (WizardPrep Column, Promega, 

Madison, WI) for ligation using T4 DNA ligase (New England Biolabs, Ipswich, MA). 

Constructs were verified by sequencing (Molecular Biology Service Center, University 

Colorado) and packaged into lentiviral particles using 293TN cells (SBI, Palo Alto, CA) and 

MISSION Lentiviral Packaging mix as previously described (Sigma Aldrich, St. Louis, 

MO).

To develop claudin-7 knockdown cells, EPC2-hTERT cells were transduced with short 

hairpin ribonucleic acid (shRNA) lentiviral constructs targeting claudin-7 and a scrambled 

shRNA as a control (MISSION TRC, Functional Genomics Core, University of Colorado, 

Boulder) as previously described25. To develop claudin-7 overexpressing cells, EPC2-TERT 

cells were transduced with the above generated lentiviral construct containing pLKO-

claudin-7 overexpressing constructs (pLKO.1-Puro claudin-7 ORF) as previously 

described25. Forty eight hours after transduction, cells were selected for stable integration 

using puromycin (0.3μg/ml, Sigma Aldrich, St. Louis, MO).

The 3-dimensional air liquid interface (3D-ALI) culture system was used, as previously 

described4,26. In brief, EPC2-hTERT cells, claudin-7 knockdown cells, or claudin-7 

overexpressing cells were submerged in keratinocyte serum-free media (KSFM) (Thermo 

Fischer, Waltham, MA) and grown to confluence on 0.4 μm pore-size permeable transwells 

(Corning, Corning, NY). Once the cells reached confluence, on day 2, they were placed in 

high calcium KSFM ([Ca2+]=1.8 mM) for an additional 5 days to induce terminal 

differentiation. To induce stratification, media was removed from the upper chamber in order 

to expose the cells to air liquid interface for a 4 day period. Treatment with recombinant 

human TGF-β1 (R&D Systems, Minneapolis, MN, 10 ng/ml) in the basal chamber occurred 

at the start of 3D-ALI exposure and during the process of differentiation and stratification on 

days 7 and 9. Cells were collected for analysis of RNA or protein expression and for 

histologic analysis as previously described4.
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Esophageal Epithelial Barrier Measurements

Functional assays of barrier were performed on the 3D-ALI culture system using 

transepithelial electrical resistance (TEER) with a commercial Ohmmeter (WPI, Sarasota, 

FL) as previously described25. In vitro measurements for TEER were assessed on day 11 of 

cells grown at 3D-ALI in TGF-β1 treated cells or on claudin-7 knock down cells.

Paracellular 3kDa FITC Dextran flux assays were also completed on TGF-β1 treated EPC2-

hTERT and claudin-7 knock down cells that were grown at 3D-ALI on 0.4 μm permeable 

polyester membrane inserts on day 11 of culture. Following washing, FITC-Dextran (62.5 

μg/ml, 3kDa, Molecular Probes) was placed into the apical chamber. Samples were 

harvested from the basal chamber every 30 minutes for 90 minutes after to determine rate of 

flux. Fluorescent spectrophotometry was performed to analyze samples.

TGF-β1 Inhibition

EPC2-hTERT cells were cultured as previously described24. EPC2-hTERT cells were seeded 

at 125,000 cells per well of a 24-well plate. Twenty-four hours after the cells were plated, 

they were washed and treated with SB431542, a selective inhibitor of TGF-β type 1 receptor 

(S4317, Sigma Aldrich, St. Louis, MO, 5μm) for 4 hours. After 4 hours, the cells were 

treated with recombinant human TGF-β1 (R&D Systems, Minneapolis, MN, 10 ng/ml) in 

combination with the selective TGF-β type 1 receptor inhibitor (S4317, Sigma Aldrich, St. 

Louis, MO, 5μm) for 48 hours. Cells were harvested for mRNA analysis using RLT buffer 

from Qiagen RNeasy kits (Qiagen, Valencia, CA).

RNA Isolation and quantitative RT-PCR

RNA from cells in 3D-ALI and human esophageal biopsies were isolated using RNeasy kit 

(Qiagen, Valencia, CA) according to the manufacturer’s instructions and cDNA made using 

a high-capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). 

Junctional molecule expression was measured by Real-time Reverse Transcription 

Polymerase Chain Reaction (RT-PCR) using TaqMan gene expression assays with TaqMan 

probes (Applied Biosystems, Foster City, CA) targeting E-Cadherin, desmoglein-1, 

desmoglein-2, desmoglein-3, claudin-1, claudin-4, claudin-7, occludin, zonula occluden-1, 

connective tissue growth factor, smooth muscle α actin, and N Cadherin. Data were 

normalized to the house keeping gene, 18S, and were calculated for each sample as relative 

quantity RQ = 2−ΔΔCt, where Ct is the cycle threshold.

Western Blot Analysis

Protein lysates were prepared using radioimmunoprecipitation assay (RIPA) buffer (Sigma 

Aldrich, St. Louis, MO) and protease inhibitor cocktail (Roche Diagnostics, Indianapolis, 

IN). Protein electrophoresis was performed using 12% polyacrylamide gels. Blots were 

probed with the primary antibody overnight and incubated with appropriate HRP labeled 

secondary antibodies for 1 hour at room temperature. Visualization was performed using a 

chemiluminescent detection system (SuperSignal West PICO, Thermo Fischer, Waltham, 

MA). Primary antibodies used include claudin-7 polyclonal rabbit antibody (#34-9100, 

Invitrogen, Carlsbad, CA), pSMAD2/3 polyclonal rabbit antibody (#8828, Cell Signaling 

Technology, Danvers, MA), SMAD2/3 monoclonal mouse antibody (#610843, BD 
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Biosciences, San Jose, CA) and β-Actin (#8227, Abcam, Cambridge, MA). Quantification 

was assessed using comparative densitometry with β-actin as a loading control.

Immunohistochemical & Immunofluorescent Staining

Cells grown at 3D-ALI were fixed with 10% neutral-buffered formalin, processed, and 

paraffin embedded. Sections were cut into 5 μM sections and stained with hematoxylin and 

eosin (H&E) (Sigma Aldrich, St. Louis, MO). Immunofluorescent staining was performed 

on formalin fixed, paraffin-embedded esophageal biopsy samples that were cut into 5 μM 

sections. Samples were deparaffinized via sequential immersion with xylene followed by 

graded ethanol immersion and rehydration. Heat induced antigen retrieval in sodium citrate 

buffer (Vector Laboratories, Burlingame, CA) was used. Sections were blocked in 5% 

bovine serum albumin in tris-buffered saline for 30 minutes. Primary antibodies claudin-7 

(1:100, #51-900, Invitrogen, Carlsbad, CA) or pSMAD2 (1:2000, #3101, Cell Signaling 

Technology, Danvers, MA) were used and slides were incubated at 4 degrees overnight. 

Slides were washed and incubated for 30 minutes at room temperature in secondary 

antibody of Alex Fluor 488 Goat anti-rabbit IgG or Alexa Fluor 555 Goat anti rabbit IgG 

(Invitrogen, Carlsbad, CA). Slides were washed followed by counterstaining with DAPI and 

mounted for visualization. Images were acquired using an Olympus IX83 microscope and 

cellSens v1.14 software.

Characterization of human subject samples

Healthy control subjects underwent upper intestinal endoscopy for indications including 

abdominal pain, feeding difficulty, poor weight gain, and diarrhea and had normal 

esophageal histology with a mean eosinophil count of 0 eosinophils per high power field 

(eos/HPF). The mean age was 8.2±4.1 years in these subjects. Active EoE subjects had 

symptoms of esophageal dysfunction and ≥15 eos/HPF in whom other causes for 

eosinophilia had been ruled out according to consensus recommendations1. Symptoms 

included abdominal pain, dysphagia, feeding difficulty, poor weight gain, and vomiting. 

Active EoE subjects had a mean eosinophil count of 46.5±34.9 eos/HPF and the mean age 

was 8.7±5.1 years. Inactive EoE subjects had an established diagnosis of EoE who 

underwent treatment with topical corticosteroids or dietary elimination with resolution of 

symptoms and <15 eos/HPF. These subjects had a mean eosinophil count of 1.8±2.9 

eos/HPF and the mean age was 7.2±4.0 years. Written informed consent was obtained and 

all human studies were approved by the Colorado Multi-Institutional Review Board.

Statistical Analysis

Statistical analysis of data was performed by students’ t-test and one-way analysis of 

variance (ANOVA) where appropriate. A p-value of ≤ 0.05 was considered statistically 

significant, although in some cases higher levels of significance are noted when applicable 

(*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤ 0.0001). GraphPad Prism 7 (GraphPad Software, 

LaJolla, CA) was used to perform statistical analysis and generate figures.
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RESULTS

TGF-β1 alters esophageal epithelial barrier

To investigate the functional consequences of transforming growth factor-β1 (TGF-β1) on 

esophageal epithelia, we measured barrier by transepithelial electrical resistance (TEER) and 

paracellular permeability by 3kDa FITC Dextran Flux (FITC Flux) in immortalized human 

esophageal epithelial (EPC2-hTERT) cells grown in a physiologically relevant 3-

dimensional air liquid interface (3D-ALI) model in vitro where cells undergo stratification 

and squamation. We found that TGF-β1 (10 ng/ml) exposure resulted in a significant 

attenuation of barrier, as measured by TEER, compared to unstimulated control cells 

(446.6±29.7 vs 323.1±15.6. ohms.cm2, Control vs TGF-β1 10 ng/ml, N=8, p≤0.01) (Figure 

1A). We evaluated the epithelial paracellular permeability using 3kDa FITC Flux and found 

a significant increase in paracellular flux in the epithelium exposed to TGF-β1 (10 ng/ml) 

when compared to unstimulated cells (1.00±0 vs 1.47±0.15 fold, Control vs TGF-β1 10 

ng/ml, N=4, p≤0.05) (Figure 1B). We performed a histological analysis of EPC2-hTERT 

cells grown in a physiologically relevant 3D-ALI model. H&E stained sections of EPC2-

hTERT cells grown in 3D-ALI had normal stratification and differentiation (Figure 1C, top 
panel). However, TGF-β1 (10 ng/ml) treated cells grown in 3D-ALI had prominent cell 

separation, particularly in the basal and suprabasal layers (Figure 1C, bottom panel).

Because activation of the canonical TGF-β1 pathway leads to phosphorylation of SMAD2/3, 

we performed western blot of phosphorylated SMAD2/3 (pSMAD2/3) to confirm the effect 

of TGF-β1 at the signaling level in the 3-D ALI model. We found that TGF-β1 (10 ng/ml) 

exposure resulted in an increase in pSMAD2/3 protein expression (1.00±0.34 vs 2.16±0.46, 

Control vs TGF-β1 10 ng/ml, N=4, p≤0.05) and decrease in total SMAD 2/3 protein 

expression (1.00±0.08 vs 0.55±0.03, Control vs TGF-β1 10 ng/ml, N=4, p≤0.01) compared 

to unstimulated control cells, as measured by densitometry indicating that TGF-β1 activates 

SMAD2/3 via phosphorylation in the in vitro 3-D ALI model (Figure 1D–F).

TGF-β1 attenuates expression of tight junction claudin-7 in vitro

In light of the functional barrier changes observed after exposure to TGF-β1, we sought to 

understand the expression patterns of various epithelial cell-cell junction barrier molecules 

in 3D-ALI cells following TGF-β1 exposure. We analyzed transmembrane epithelial barrier 

molecule expression of the epithelial cell-cell junctions including tight junctions, adherens 

junctions and desmosomes using real time reverse transcription polymerase chain reaction 

(RT-PCR). These molecules were targeted because they are the transmembrane proteins 

involved in cell-cell junctions important in epithelial barrier function. In particular, we 

performed an array analysis using real time RT-PCR to determine which claudins were 

present in the esophageal epithelium using EPC2-hTERT cells. Consistent with previous 

literature in the field27–29 we found that claudin 1, 4 and 7 were the predominantly 

expressed claudins in the esophageal epithelium differentiated at 3D-ALI (Figure 2A). We 

subsequently found the specific and significantly attenuated expression of claudin-7 

(CLDN7) mRNA in 3D-ALI cells exposed to TGF-β1 (10 ng/mL) when compared with 

unstimulated cells (0.93±0.10 vs 0.42±0.02, Control vs TGF-β1 10 ng/ml, N=3, p≤0.01) 

(Figure 2B). However, no significant differences were observed in other epithelial barrier 
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molecules including adherens junction components (E-Cadherin), desmosomes 

(desmoglein-1, desmoglein-2, and desmoglein-3), or tight junction components (claudin-1, 

claudin-4, occludin, and zonula occluden-1) (Table 1). Additionally, there were no 

significant differences in mesenchymal genes including connective tissue growth factor or 

alpha smooth muscle actin. There was however a significant increase in N-Cadherin. With 

no concomitant decrease in E-Cadherin in our cells following 5 days of culture at 3D-ALI in 

the presence of TGF-β1, this does not meet the definition of epithelial mesenchymal 

transition (EMT)30 (Table 1). Western blot analysis of cell lysates showed consistent 

findings, with a significant decrease in protein expression of claudin-7 relative to 

unstimulated cells as measured by densitometry (1.00±0.17 vs 0.28±0.12, Control vs TGF-

β1 10 ng/ml, N=3, p≤0.05,) (Figure 2C & 2D). To determine if inhibition of the TGF-β1 

SMAD pathway would protect against the TGF-β1 mediated attenuation in claudin-7, we 

exposed esophageal epithelial cells to SB431542, a selective inhibitor of TGF-β type 1 

receptor, prior to TGF-β1. We found that when cells were exposed to TGF-β1, there was an 

expected attenuation in claudin-7, however when cells were exposed to TGF-β type 1 

receptor inhibitor (TGF-β RI) prior to TGF-β1, cells were protected from the TGF-β1 

mediated claudin-7 attenuation, indicating that the TGF-β1 pathway directly influences the 

attenuation of claudin-7 (1.00±0 vs 0.08±0.02 vs 1.38±0.17, Control vs TGF-β1 10 ng/ml vs 

TGF-β type 1 receptor inhibitor 5μm, N=4, p≤0.01) (Figure 2E).

Claudin-7 knockdown results in esophageal epithelial barrier dysfunction in vitro

In order to assess whether TGF-β1’s role was mediated, at least in part, through the 

suppression of CLDN7 expression, we generated CLDN7 knockdown cells using shRNA 

mediated approach and examined barrier function in these esophageal cells. To first validate 

the level of CLDN7 suppression in our cells, we examined CLDN7 mRNA and claudin-7 

protein expression levels. We found our cells to have 97% reduction in CLDN7 mRNA 

expression (1.00±0 vs 0.03±0.004, shRNA control vs shRNA CLDN7 KD, N=3, p≤0.0001) 

as compared to control cells (Figure 3D). This resulted in a 90% reduction in claudin-7 

expression at the protein level (1.00±0 vs 0.098±0.091, shRNA control vs shRNA CLDN7 

KD, N=3, p≤0.01) as compared to control cells (Figure 3A–C). Specificity for CLDN7 was 

confirmed by assessing the expression of other related esophageal claudins at the protein 

level by western blot, including claudin-1 (1.00±0 vs 1.16±0.28, shRNA control vs shRNA 

CLDN7 KD, N=2, n.s.) and claudin-4 (1.00±0 vs 0.61±0.1, shRNA control vs shRNA 

CLDN7 KD, N=2, n.s.). No significant effects on these associated molecules were observed 

(Figure 3A & 3B).

Functional barrier assessments of CLDN7 knockdown cells in the 3D-ALI model were 

performed to evaluate the importance of this specific molecule on esophageal epithelial 

barrier. We found a significant decrease in TEER (437.4± 19.5 vs 336.0±23.5 ohms.cm2, 

shRNA control vs shRNA CLDN7 KD, N=12, p≤0.01) and a parallel increase in paracellular 

flux (1.00±0 vs 1.54±0.31, shRNA control vs shRNA CLDN7 KD, N=11, p≤0.05) when 

compared to control cells (Figure 4A & 4B). We performed a histological analysis of these 

cells in the 3D-ALI model. H&E stained sections of CLDN7 knockdown cells grown in 3D-

ALI exhibit prominent cell separation, particularly in the basal and suprabasal layers (Figure 
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4C, bottom panel) when compared to control cells, which displayed normal epithelial 

stratification (Figure 4C, top panel).

Additionally, we generated CLDN7 overexpressing cells (pLKO.1-Puro claudin-7 ORF) and 

compared functional assessments in these esophageal cells in the presence and absence of 

TGF-β1 () in the 3-D ALI model. Claudin-7 overexpressing cells, pLKO.1-Puro claudin-7 

ORF, were validated and had 4.9 fold increase in mRNA expression and 2.5 fold increase in 

protein expression by western blot compared to control cells, pLKO.1-Puro EV. When 

pLKO.1-Puro claudin-7 ORF cells were grown in the presence and absence of TGF-β1, 

there was no significant decrease in TEER (376.2± 46.8 vs 341.0±53.1 ohms.cm2, pLKO.1-

Puro claudin-7 ORF without TGF-β1 versus pLKO.1-Puro claudin-7 ORF with TGF-β1 10 

ng/ml, N=5, n.s.) or increase in paracellular flux (1.00±0 vs 1.40±0.30, pLKO.1-Puro 

claudin-7 ORF without TGF-β1 versus pLKO.1-Puro claudin-7 ORF with TGF-β1 10 

ng/ml, N=4, n.s.) compared to control cells following TGF-β1 exposure (Figure 4D & 4E). 

We performed a histological analysis of CLDN7 overexpressing cells in the 3D ALI model. 

H&E stained sections of these cells grown in 3D-ALI had normal stratification and 

differentiation (Figure 4F, top panel). CLDN7 overexpressing cells exposed to TGF-β1 (10 

ng/ml) in the 3D-ALI model did not exhibit the same degree of cell separation as either 

EPC-hTERT cells exposed to TGF-β1 or as CLDN7 KD cells (Figure 4F, bottom panel). 
These results show that overexpression of claudin-7 in the presence of TGF-β1, will 

partially but not completely, protect the epithelial barrier and indicates that TGF-β1 impairs 

the barrier in part through a claudin-7 dependent manner. Our findings suggest that in the 

setting of attenuated claudin-7, even in the absence of other potential effects of TGF-β1, 

epithelial barrier defects exist. This finding suggests that suppression of claudin-7 in 

response to TGF-β1 exposure plays an important role in esophageal epithelial barrier 

integrity in vitro.

Claudin-7 expression is attenuated in pediatric subjects with active EoE

We next sought to evaluate the clinical relevance of these in vitro findings. Pediatric subjects 

were characterized by disease activity based on clinical symptoms and histopathology. We 

evaluated esophageal biopsies from active eosinophilic esophagitis (EoE) subjects (N=7), 

inactive EoE subjects (N=6) and healthy controls (N=10).

Consistent with our in vitro findings, we found that CLDN7 mRNA expression was 

significantly decreased in subjects with active EoE compared to control subjects. In addition, 

following successful treatment of EoE, in inactive EoE subjects, CLDN7 mRNA expression 

was restored to similar levels as in our control subjects (1.00±0.10 vs 0.30±0.10 vs 

0.97±0.13, control subjects vs active EoE subjects vs inactive EoE, N=6–10 per group, 

p≤0.001) (Figure 5). We next performed immunofluorescent staining for claudin-7 protein in 

esophageal biopsies in order to characterize its expression pattern and localization. Control 

and inactive EoE subjects showed a crisp continuous linear pattern outlining the cell 

membrane in the suprabasal layer of the epithelium with a honeycomb appearance. 

However, claudin-7 immunofluorescence in active EoE subjects showed a diffuse granular 

perimembraneous pattern outlining the cell membrane in addition to increased staining 
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present within in the cytoplasm of the cells. This was particularly the case in cells of the 

suprabasal layers. (Figure 6 A–C).

TGF-β1 signaling increased in EoE

Because activation of the canonical TGF-β1 pathway leads to phosphorylation of SMAD2/3 

and nuclear translocation of SMAD complexes that affect gene transcription31, we evaluated 

phosphorylated SMAD2/3 (pSMAD2/3) in active EoE subjects compared to controls and 

inactive EoE subjects. pSMAD2 staining was present in both the lamina propria and the 

epithelium of subjects with active EoE, similar to previously published findings8. Future 

studies better powered to focus on the functional effects of lamina propria pSMAD2/3 

should be pursued. However, for our focus on TGF-β1’s effect on the epithelium, we found 

increased nuclear pSMAD2 staining in esophageal epithelial cells in active EoE subjects 

compared to control and inactive EoE (500±54 vs 695±61 vs 504±35 positively stained 

epithelial cells per high power field, N=3 × 3 fields of 40× view, p≤0.05) (Figure 7A–D) 

indicating increased TGF-β1 signaling in the epithelium of subjects with active EoE. In 

addition, semi-quantitative analysis of pSMAD2/3 protein expression by western blot was 

consistent with these findings, with increased expression in active EoE when compared to 

control and inactive EoE subjects as measured by densitometry (1.17±0.20 vs 3.17±0.64 vs 

1.88±0.47, control subjects vs active EoE subjects vs inactive EoE subjects, N=6 per group, 

p≤0.05) (Figure 7E–F). To determine whether the regulation of SMAD2/3 is at the activation 

or expression level, total SMAD2/3 was also assessed by western blot in a cohort of these 

samples. There was no significant difference in total SMAD2/3 protein expression observed 

between control, active and inactive EoE subjects (1.00±0.41 vs 2.06±0.70 vs 2.92±1.21, 

normal subjects vs active EoE subjects vs inactive EoE subjects, N=3–4 per group, n.s.), 

indicating that there is an increase in the activation of SMAD2/3 by phosphorylation in 

active EoE subjects (Figure 7G).

DISCUSSION

In this study, we demonstrate that transforming growth factor-β1 (TGF-β1) leads to 

functional esophageal epithelial barrier defects in vitro. We show that esophageal epithelial 

cells cultured in 3-dimensional air liquid interface (3D-ALI) stratified squamous cultures 

exposed to TGF-β1 led to a specific attenuation of claudin-7 expression and that shRNA-

mediated knockdown results in barrier defects, indicating a role for claudin-7 in maintaining 

epithelial barrier integrity. Notably, we demonstrate that claudin-7 expression is decreased 

and phosphorylated SMAD2/3 (pSMAD2/3) is increased in pediatric subjects with active 

EoE when compared to control and inactive EoE subjects. The results herein suggest that the 

down regulation of claudin-7 by TGF-β1 plays a role in epithelial barrier dysfunction in 

eosinophilic esophagitis (EoE).

Our data shows that in the presence of TGF-β1, transepithelial electrical resistance (TEER) 

decreases and 3 kDa FITC Dextran Flux (FITC flux) increases, suggesting that TGF-β1 

leads to an impaired epithelial barrier. Recent clinical studies implicate epithelial barrier 

dysfunction in the pathogenesis of EoE, including dilated intercellular spaces and decreased 

electrical impedance in subjects with active EoE5,32,33. Additionally, in translational studies, 
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decreased expression of junctional cell cell adhesion complex molecules, such as 

desmoglein and barrier forming filaggrin, further suggests an impaired epithelial barrier in 

EoE3,4,7,34. Some of these studies have focused on the impact of the type-2 cytokine IL-13 

as a mediator of the negative regulation of epithelial barrier molecules associated with 

esophageal epithelium3,4. Our study adds to the growing body of evidence that altered 

epithelial barrier plays a role in the pathogenesis of EoE and indeed is the first study to 

examine the importance of claudin-7 in esophageal epithelial barrier function. Other studies 

have shown important roles for this molecule in the simple columnar epithelium of the colon 

and the cuboidal epithelium of the salivary glands35,36. In vitro models examining the role of 

TGF-β1 and impaired epithelial barrier function has been evaluated in other epithelia types, 

including the columnar epithelia of the lung, pseudostratified epithelium of the epididymis 

and vas defrens, however this has not been previously examined the in stratified epithelium 

or indeed the esophagus21–23. Our study is the first to show the effect of TGF-β1 on altered 

epithelial barrier function and specifically the key role of claudin-7 in the esophagus. 

Previous EoE studies have shown that TGF-β1 plays a role in esophageal remodeling, 

participates in esophageal smooth muscle contraction, stimulates fibroblast secretion of 

extracellular matrix, and contributes to esophageal epithelial to mesenchymal transition 

(EMT)8,10,14–20. Our findings suggest that it is possible that chronic TGF-β1 mediated 

altered esophageal epithelial barrier or increased esophageal epithelial permeability may 

allow passage of allergens that enhances antigen presentation an immune activation and 

contributes in a previously unconsidered way to the chronicity of disease in EoE patients, 

though this would require further examination outside the remit of the current studies.

The findings in our study demonstrate that claudin-7 is down-regulated both at the 

transcriptional and translational/post-translational level in the presence of TGF-β1. The 

claudin family of proteins are transmembrane proteins found in tight junctions that fall into 2 

functional categories: barrier-forming claudins that serve to tighten the barrier or pore 

forming claudins that increase permeability37. Tight junctions serve as a barrier to 

paracellular permeability by forming a seal between epithelial cells and are important to the 

integrity of the epithelial barrier37. Claudin-7 is a barrier-forming claudin found in the 

epithelium of a variety of tissues37. Several previous studies have shown that claudin-1 and 

claudin-4, which are both barrier-forming claudins, are affected in in vitro models of 

gastroesophageal reflux disease (GERD) in conjunction with increased permeability and 

decreased transepithelial electrical resistance, indicating a disrupted epithelial barrier27,28. In 

addition, the esophageal epithelium in subjects with GERD has significantly decreased 

claudin-1 and claudin-4 expression29. After exposure to TGF-β1 in vitro, we did not see a 

significant decrease in claudin-1 or claudin-4, which was previously shown in subjects with 

GERD. Instead, we observed a significant and specific decrease in claudin-7, indicating that 

this is specific to TGF-β1 signaling. In addition, in pediatric subjects with active EoE, we 

found that claudin-7 expression was significantly decreased as compared to control subjects, 

suggesting that the attenuation in claudin-7 may be specific to TGF-β1 signaling in EoE and 

is important for esophageal barrier function.

In pediatric subjects with active EoE, we show that pSMAD2/3, is increased when compared 

to normal subjects and inactive EoE subjects, suggesting increased TGF-β1 signaling 

activity in the esophageal epithelium in active EoE. This is consistent with previous studies 
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that have shown increased TGF-β1 and pSMAD2/3 in active EoE with the cellular source of 

TGF-β1 being eosinophils, mast cells and epithelial cells8–11. In the canonical SMAD 

dependent TGF-β1 signaling pathway, binding of TGF-β1 to TGF-β receptors I and II 

allows TGF-β receptor II to trans phosphorylate TGF-β receptor I leading to the 

phosphorylation of SMAD 2 and 331. pSMAD2/3 complexes with the common SMAD4 and 

trans-locates into the nucleus31. SNAI1, a transcription repressor, in complex with SMAD in 

the canonical TGF-β1 signaling pathway, has been shown to target the gene promoter of 

several tight junction molecules, specifically claudin-3 and E-cadherin in breast epithelial 

cells38. In other systems, SNAI1 plays a role in transcriptional repression of claudin-739–41. 

Other regulators of claudin-7 include hepatocyte nuclear factor 4alpha 36. Therefore, a 

potential mechanism for the attenuation of claudin-7 is through the TGF-β1 signaling 

pathway with induction of the SMAD/SNAI1 transcriptional repressor complex leading to 

the transcriptional repression of claudin-7 with resulting epithelial barrier dysfunction. 

Specifically, in vitro lung injury models revealed that TGF-β1 reduced levels of claudin-521. 

In vitro models of the vas deferens, which is a columnar epithelium, have shown that TGF-

β1 disrupts epithelial barrier with attenuation in claudin-723. Our study shows a specific 

attenuation of claudin-7 and decreased barrier function in esophageal epithelial cells after 

exposure to TGF-β1. We show that in the esophagus, which is a stratified squamous 

epithelium, subjects with active EoE have a reduction in claudin-7 and alterations in the 

localization of claudin-7. We also demonstrate that knockdown of claudin-7 in esophageal 

epithelial cells resulted in a significant decrease in barrier function as measured by 

decreased TEER and increased paracellular permeability as measured by FITC flux 

implicating the importance of this molecule in esophageal epithelial barrier function, and the 

lack of redundancy with other claudin molecules expressed in the esophagus. Overall, our 

data suggests that claudin-7 plays a key role in maintaining the esophageal epithelial barrier 

function.

There are limitations to our study. First, our findings of esophageal epithelial barrier 

dysfunction are from in vitro studies and those with EoE patient biopsies. Future functional 

studies evaluating mucosal integrity by intraluminal impedance in conjunction with 

evaluating cell adhesion molecules, such as claudin-7, and activation of the TGF-β1 

signaling pathway are further needed. Second, earlier studies illustrated a role for TGF-β1 in 

EMT20. Unique to original studies on submerged cells the focus of this study was to 

determine the effects of TGF-β1 specifically on epithelial barrier in cells grown in an 

organotypic fashion. Although cells exposed to TGF-β1 in this 3D-ALI environment 

increased N-cadherin expression, it did not decrease E-cadherin expression. Loss of E-

cadherin is a key event in the EMT cascade. By definition, Kalluri and Weinberg classify 

EMT as a process in which an epithelial cell completely loses its polarized, barrier forming 

identity in turn for a mesenchymal state that functionally includes enhanced migration and 

invasiveness, increased apoptotic resistance, and the greatly increased production of extra-

cellular matrix components42. Our studies, found a specific and significant decrease in 

CLDN7, an increase in N-cadherin and no change in E-cadherin immediately in response to 

TGF-β1 exposure. In future studies, longer-term exposure to TGF-β1 at ALI culture may 

lead to a functional EMT-like process that will critically involve the loss of epithelial 

molecular and functional phenotypes. EMT plays an important role in wound healing 
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following inflammation and injury. Pathological fibrosis can arise from excessive wound 

healing, a process in which TGF-β1 has been shown to play a key role 31. In EoE, studies 

have shown that TGF-β1 plays a role in esophageal remodeling, esophageal smooth muscle 

contraction, EMT, and fibroblast secretion of extracellular matrix in vitro10,14–18 and in 
vivo8,19,20. Thus, TGF-β1 may not only play a role in EoE as it relates to EMT and fibrosis, 

but also in epithelial barrier dysfunction.

In summary, our findings indicate a pathogenic role for TGF-β1 in esophageal barrier 

dysfunction. TGF-β1, which is elevated in EoE, leads to alterations in epithelial barrier 

function, specifically through diminishing claudin-7 expression. With the growing body of 

clinical evidence suggesting a role of altered barrier in EoE specifically, and in atopic 

diseases in general, our findings support a potential role for TGF-β1 in this process. The 

advent of TGF-β1 inhibiting therapeutics presents an opportunity to consider this novel 

therapeutic approach that could alter both fibrotic as well as barrier alterations in EoE.
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3D-ALI 3-dimensional air liquid interface

ANOVA Analysis of variance

Ca2+ Calcium

CLDN7 Claudin-7

EMT Epithelial Mesenchymal Transition

EoE Eosinophilic Esophagitis

Eos/HPF eosinophils per high power field

EPC2-hTERT immortalized human esophageal epithelial

FITC Flux 3kDa FITC dextran paracellular flux

GERD Gastroesophageal Reflux Disease
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H&E hematoxylin and eosin

KSFM Keratinocyte serum-free media

ORF Open reading frame

pSMAD2/3 phosphorylated SMAD2/3

RIPA radioimmunoprecipitation assay

RT-PCR Reverse Transcription Polymerase Chain Reaction

shRNA Short hairpin ribonucleic acid

TEER Transepithelial electrical resistance

TGF-β1 Transforming growth factor-β1

TGF-β RI TGF-β type 1 receptor inhibitor
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Figure 1. TGF-β1 diminishes esophageal epithelial barrier
Using immortalized human esophageal epithelial (EPC2-TERT) cells in a stratified 

squamous 3-dimensional air liquid interface (3D-ALI) culture, transforming growth factor-

β1 (TGF-β1) (10 ng/ml) diminished barrier as measured by (A) transepithelial electrical 

resistance (TEER) and increased permeability as measured by (B) 3kDa FITC dextran 

paracellular flux (FITC flux) (N=4–8, *p≤0.05, **p≤0.01). (C) H&E stained sections from 

EPC2-TERT cells grown in 3D-ALI culture and treated with TGF-β1 (10 ng/ml). Arrows 

indicate prominent cellular separation. Black scale bar represents 50 μm. (D) To confirm that 

TGF-β1 signaling is increased, we performed western blot densitometry which shows 

increase in protein expression of phosphorylated SMAD2/3 (pSMAD2/3) when cells are 

exposed to TGF-β1 (10 ng/ml), indicating that TGF-β1 activates SMAD2/3 via 

phosphorylation in the in vitro 3-D ALI model (N=4, *p≤0.05). (E) Representative western 

blot showing increase in protein expression of pSMAD2/3 in vitro when exposed to TGF-β1 
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(10 ng/ml). (F) Protein expression of pSMAD2/3 and total SMAD2/3 when EPC2-TERT 

cells exposed to TGF-β1 (10 ng/ml). Data are expressed as mean fold change versus 

unstimulated controls ± SEM. Treatment with recombinant human TGF-β1 (10 ng/ml) 

occurred at the start of 3D-ALI exposure and during the process of differentiation and 

stratification on days 7 and 9.
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Figure 2. TGF-β1 attenuates expression of Claudin-7
(A) Claudin mRNA expression in immortalized human esophageal epithelial (EPC2-hTERT) 

cells as mean fold change relative to CLDN1. CLDN 1, 4 and 7 were the predominantly 

expressed claudin mRNAs in the esophageal epithelium differentiated and stratified in 3D-

ALI culture. (B) Transforming growth factor-β1 (TGF-β1) exposure (10 ng/ml) led to no 

significant effect on expression of selected epithelial barrier molecules, but decreased 

expression of CLDN7 mRNA and (C) claudin-7 protein in EPC2-hTERT cells at 3D-ALI 

(N=3, *p≤0.05, **p≤0.01). (C) Representative western blot demonstrates decreased 

claudin-7 protein in the presence of TGF-β1 (10 ng/ml). (E) EPC2-hTERT cells exposed to 

TGF-β1 (10 ng/ml) leads to attenuation in claudin-7, however when exposed to TGF-β type 

1 receptor inhibitor (TGF-β RI) (5μm) prior to TGF-β1, cells were protected from the 

attenuation in claudin-7, indicating that the TGF-β1 pathway directly influences the 

attenuation of claudin-7 (N=4, ****p≤0.0001).
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Figure 3. Claudin-7 knockdown validation
Claudin-7 knockdown cells were generated with shRNA constructs targeted against CLDN7 

mRNA to determine the role of claudin-7 in epithelial barrier dysfunction independent of 

transforming growth factor-β1 (TGF-β1). (A) Western blot to assess specificity for CLDN7 

was confirmed by assessing the expression esophageal claudins (claudin-1, claudin-4 and 

claudin-7) at the protein level by western blot on scrambled shRNA control and claudin-7 

knockdown cells. (B) No significant effects on claudin-1 and claudin-4 were observed. 

Claudin-7 knockdown cells resulted in (C) 90% reduction in claudin-7 protein expression 

and (D) a 97% reduction in CLDN7 mRNA expression.
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Figure 4. Claudin-7 knockdown results in diminished esophageal epithelial barrier function
Knockdown of CLDN7 diminished barrier function as measured by (A) transepithelial 

electrical resistance (TEER) and increased permeability as measured by (B) 3kDa FITC 

dextran paracellular flux (FITC flux) (N=11, *p≤0.05, **p≤0.01). (C) H&E stained sections 

from CLDN7 knockdown cells grown in 3-dimensional air liquid interface (3D-ALI) 

culture. Arrows indicate prominent cellular separation. Black scale bar represents 50 μm. 

These data suggest that in the setting of attenuated claudin-7, epithelial barrier defects exist. 

(D) CLDN7 overexpressing cells (pLKO.1-Puro claudin-7 ORF) were generated and 

functional assessments were done in the presence and absence of TGF-β1 (10 ng/ml) in the 

3-D ALI model. There was no significant decrease in TEER and (E) no significant increase 

in paracellular flux following TGF-β1 exposure. (N=5, n.s.). (F) H&E stained sections from 
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CLDN7 overexpressing cells grown in 3D-ALI culture in the absence (top panel) and 

presence of TGF-β1 (bottom panel). Black scale bar represents 50 μm.
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Figure 5. Claudin-7 expression is decreased in pediatric subjects with EoE
CLDN7 mRNA is decreased in active eosinophilic esophagitis (EoE) (N=7) compared to 

control subjects (N=10). Levels returned to near normal following successful clinical 

treatment (inactive EoE, N=6) (**p≤0.01, ***p≤0.001).
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Figure 6. Claudin-7 immunofluorescence in pediatric subjects
Immunofluorescent staining of claudin-7 in human esophageal biopsies from pediatric (A) 

control (B) active eosinophilic esophagitis (EoE) and (C) inactive EoE subjects. 

Immunofluorescence of (B) active EoE shows a diffuse granular perimembraneous pattern 

outlining the cell membrane with staining present within in the cytoplasm of the cells in the 

suprabasal layer when compared to (A) control and (C) inactive EoE subjects which show a 

continuous linear pattern outlining the cell membrane in the suprabasal layer of the 

epithelium with a honeycomb appearance. Images at 400× magnification. White scale bar 

represents 20 μm. White scale bar in inset image represents 2 μm.
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Figure 7. pSMAD2/3 in pediatric subjects
Immunofluorescent staining of phosphorylated SMAD2/3 (pSMAD2/3) in human 

esophageal biopsies from (A) control (B) active eosinophilic esophagitis (EoE) and (C) 

inactive EoE subjects. A C at 200× magnification, white scale bar represents 50 μm. White 

dotted line represents basal lamina. (D) Quantification shows increased positive cells per 

high power field of pSMAD2/3 staining in active EoE compared to control and inactive EoE. 

(E) Western blot densitometry shows increase in protein expression of pSMAD2/3 in active 

EoE vs control and inactive EoE. (F) Western blot showing increase in protein expression of 

pSMAD2/3 in active EoE vs control and inactive EoE. (G) Relative protein expression of 

pSMAD2/3 and total SMAD2/3 in active EoE vs control and inactive EoE.
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Table 1
Expression of Tight Junction, Adherens Junction, Desmosome, and Mesenchymal genes in 
transforming growth factor-β1 (TGF-β1) exposed immortalized human esophageal 
epithelial (EPC2-hTERT cells)

Data are expressed as mean fold change versus unstimulated controls ± SEM.

Name Fold Change ± SEM TGF-β1 (10 ng/ml) Significance

Tight Junction

Claudin-1 1.27 ± 0.13 n.s.

Claudin-4 0.63 ± 0.12 n.s.

Claudin-7 0.45 ± 0.02 p<0.01

Occludin 0.91 ± 0.14 n.s.

Zonula Occluden-1 0.79 ± 0.16 n.s.

Adherens Junction

E-Cadherin 1.04 ± 0.01 n.s.

Desmosome

Desmoglein-1 1.09 ± 0.30 n.s.

Desmoglein-2 1.42 ± 0.17 n.s.

Desmoglein-3 1.14 ± 0.33 n.s.

Mesenchymal

Connective Tissue Growth Factor 0.88 ± 0.33 n.s.

Smooth Muscle α Actin 1.16 ± 0.23 n.s.

N-Cadherin 49.69 ± 11.12 p<0.05
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