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Abstract 44 

Background  45 

A key question in the allergy field is to understand how tissue specific disease is manifested. 46 

Eosinophilic esophagitis (EoE) is an emerging tissue specific allergic disease whose 47 

pathogenesis remains unclear.   48 

Objective  49 

Herein, we tested the hypothesis that a defect in tissue specific esophageal genes is an integral 50 

part of EoE pathogenesis. 51 

Methods 52 

We interrogated the pattern of expression of esophagus-specific signature genes derived from the 53 

Human Protein Atlas in the EoE transcriptome and in EPC2 esophageal epithelial cells. Western 54 

blot and immunofluorescence were used for evaluating expression of esophageal proteins in 55 

control and active EoE biopsies. Whole-exome sequencing (WES) was performed to identify 56 

mutations in esophagus-specific genes. 57 

Results 58 

We found that ~39% of the esophagus-specific transcripts were altered in EoE, with ~90% being 59 

downregulated. The majority of transcriptional changes observed in esophagus-specific genes 60 

were reproduced in vitro in esophageal epithelial cells differentiated in the presence of IL-13. 61 

Functional enrichment analysis revealed keratinization and differentiation as the most affected 62 

biological processes, and identified IL-1 cytokines and serine peptidase inhibitors (SERPINs) as 63 
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the most dysregulated esophagus-specific protein families in EoE. Accordingly, EoE biopsies 64 

evidenced a profound loss of tissue differentiation, decreased expression of keratin 4 and 65 

cornulin and elevated expression of keratin 5 and 14. Whole-exome sequencing of 33 unrelated 66 

EoE cases revealed 39 rare mutations in 18 esophagus-specific differentially expressed genes.   67 

Conclusions 68 

A tissue-centered analysis has revealed a profound loss of esophageal tissue differentiation as an 69 

integral and specific part of the pathophysiology of EoE, and implicated protease- and IL-70 

1−related activities as putative central pathways in disease pathogenesis.  71 
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Key messages: 72 

• Esophagus-specific genes are enriched in IL-1 family members and a series of proteases 73 

and protease inhibitors. 74 

• Esophagus-specific transcripts have altered expression in EoE, with nearly all (~90%) 75 

being downregulated. 76 

• EoE involves a loss of tissue differentiation (e.g. loss of tissue identity). 77 

• Genetic profiling and assessing expression levels of esophagus-specific genes may have 78 

diagnostic and prognostic value. 79 

 80 

Capsule summary 81 

There is a profound impairment of esophageal tissue differentiation including a loss of tissue 82 

identity genes in eosinophilic esophagitis, providing potential value for predictive medicine, 83 

diagnostics and treatment of this emerging disease. 84 

 85 

Keywords:  86 

 87 

eosinophilic esophagitis,  88 

 89 
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 91 

protease activity,  92 
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 102 

 103 

EoE: eosinophilic esophagitis 104 

EG: eosinophilic gastritis 105 

ALI: air-liquid interface  106 

WES: whole-exome sequencing 107 

FPKM: fragments per kilobase per million reads 108 

GWAS: genome-wide association study 109 

hpf: high-power field 110 

EDC: epidermal differentiation complex 111 

DSG1: Desmoglein-1 112 

SERPIN: serine peptidase inhibitors 113 

SPINK: serine protease inhibitor Kazal-type  114 

GO analysis: gene ontology analysis 115 

CAPN14: calpain 14 116 

TGM: transglutaminase 117 

IVL: involucrin 118 

KRT: keratin 119 

CRNN: cornulin 120 

SPRR: small proline-rich protein  121 
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Introduction 122 

 123 

Recent advances in human proteomics and transcriptomics have led to identification of tissue-124 

specific genes that confer molecular identity to individual tissues, as highlighted by the Human 125 

Protein Atlas project that combines tissue-specific proteome data with global gene expression 126 

analysis for over 40 human tissues.1 These data sets allow examination of the contribution of the 127 

tissue-specific genes to disease pathogenesis, constituting a novel, tissue-centered approach for 128 

diagnostics and potentially for predictive purposes. 129 

 130 

Eosinophilic esophagitis (EoE) is a chronic allergic inflammatory disease characterized by 131 

eosinophil-predominant, tissue-specific, mucosal inflammation. The disease is mediated in large 132 

part by an immune response to food allergens. This immune response involves the interaction of 133 

the innate immunity (epithelium and eosinophils) with a strong T helper type 2 (Th-2) adaptive 134 

immune response characterized by IL-13 overproduction, resulting in a marked alteration in 135 

esophageal gene expression. Notably, IL-13 directly stimulates the epithelium to produce a large 136 

subset of the EoE-associated transcriptome, including the eosinophil chemoattractant and 137 

activating factor CCL26 (eotaxin-3), thus propagating the inflammatory loop.2, 3  138 

 139 

Esophageal tissue integrity has a critical role in disease pathogenesis,4-10 as illustrated by 140 

profound dysregulation of the epidermal differentiation complex (EDC) genes 11 and decreased 141 

expression of desmoglein 1 (DSG1) in active EoE and in IL-13–stimulated esophageal epithelial 142 

cells.4 In line with these findings, genes for structural proteins including keratin 6C, keratin 32 143 
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and the EDC gene cornulin (CRNN), are among the most highly expressed genes in the 144 

homeostatic esophagus on the basis of the Human Protein Atlas. Recent genome-wide 145 

association study (GWAS) analyses identified the cysteine protease calpain 14 (CAPN14), 146 

another highly expressed gene in the homeostatic esophagus, as one of the strongest genetic risk 147 

factors associated with disease susceptibility,12, 13 suggesting that protease activity is critical for 148 

disease pathophysiology. Indeed, CAPN14, as well as serine peptidase inhibitor SERPINB13, 149 

were upregulated in EoE biopsies, and dysregulation of CAPN14 in esophageal epithelial cells 150 

resulted in impaired barrier function of differentiated epithelium.14  151 

 152 

Herein, we interrogated changes in the esophagus-specific transcriptome defined by the Human 153 

Protein Atlas (297 genes expressed > 5 fold higher in esophagus vs. any other human tissue 1) in 154 

EoE. We identified 117 esophagus-specific genes that were significantly dysregulated in EoE. 155 

Remarkably, ~90% of these genes were downregulated, demonstrating a profound loss of 156 

esophageal tissue gene signature in the allergic inflamed esophagus. Functional analysis of the 157 

esophagus-specific genes altered in EoE revealed loss of esophageal differentiation, identified 158 

proteolytic activity as a central pathway impaired in the diseased esophagus and implicated 159 

genes from the SERPIN and IL-1 families as those most significantly affected of the tissue-160 

specific genes in EoE. Quantification of IL-36α, SERPINs B13 and B4 and CRNN proteins in 161 

control and inflamed esophageal biopsies corroborated transcriptional data. Transcriptional 162 

changes observed in the inflamed esophagus were largely reproduced in esophageal cells treated 163 

with IL-13 in vitro, which showed an impaired epithelial cell differentiation program. Whole-164 

exome sequencing (WES) analysis of 33 unrelated EoE cases identified 39 rare mutations in 18 165 

esophagus-specific genes that were transcriptionally altered in the disease. Functional 166 
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enrichment analysis identified proteolytic activity and tissue differentiation as the most 167 

significant pathways associated with these genes. These data substantiate a potential functional 168 

link between the esophageal transcriptome and EoE pathogenesis. Collectively, our study reveals 169 

profound loss of esophageal epithelial differentiation as a hallmark of EoE and implicates 170 

protease- and IL-1−related activities as putative, key, tissue-specific pathways involved in the 171 

disease. We propose that the loss of the esophagus-specific molecular signature in EoE is a 172 

disease-specific process that has potential value for predictive medicine, diagnostics and 173 

treatment of this disease.    174 
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Materials and Methods 175 

Gene definitions  176 

Definitions related to specificity of expression in the esophagus were from the Human Protein 177 

Atlas (http://www.proteinatlas.org/humanproteome/esophagus). Tissue-enriched genes are 178 

expressed in the esophagus at least 5-fold higher than in any other tissue transcriptionally 179 

profiled by the Human Protein Atlas, group-enriched genes are expressed at least 5-fold higher in 180 

the group of 2-7 tissues, and tissue-enhanced genes are expressed at least 5-fold higher in the 181 

esophagus compared to the average of expression in all tissues.  182 

 183 

Expression data and whole-exome sequencing  184 

Publically available expression data were used for esophageal biopsies of patients with EoE or 185 

controls3 (GSE58640), antrum or antrum/body biopsies of patients with EG or controls15 186 

(GSE54043), TE-7 cells 42 (GSE57637) and EPC2 ALI cultures 21 (GSE58640, GSE65335). 187 

There was no statistical difference (Mann-Whitney U-test p = 0.26) in ages between patients in 188 

EoE and control groups used for RNA sequencing analysis. 3 Lists of esophagus- and stomach-189 

specific genes were obtained from the Human Protein Atlas (http://www.proteinatlas.org). Gene 190 

ontology (GO) enrichment analysis, which uses statistical methods to determine functional 191 

pathways and cellular processes associated with a given set of genes,  was performed using 192 

ToppGene suite (https://toppgene.cchmc.org/16); Venny 193 

(http://bioinfogp.cnb.csic.es/tools/venny/index.html) was used to intersect gene lists; Cluster 3.0 194 

was applied for clustering genes, and Java TreeView was used for visualization of heat maps 195 

(http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm). WES analysis was performed 196 
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and analyzed as in Patel ZH et al.24 Briefly, only variant calls that had a read depth greater than 197 

15 and a genotype quality score greater than 20 were included.  In addition, variants were 198 

removed that had a minor allele frequency greater than 1% in the general population (based on 199 

1000 genomes project (http://www.1000genomes.org/) or the NHLBI Exome Sequencing Project 200 

(https://esp.gs.washington.edu) and were required to alter the amino acid sequence of protein. 201 

 202 

Western blot analysis  203 

Proteins from control and EoE biopsies were isolated by Trizol, subjected to electrophoresis on a 204 

4-12% protein gel and probed with anti-mouse HSP90 (BD Bioscience), goat anti–IL-36α 205 

(R&D), rabbit anti-SERPINB13 (Sigma Aldrich), goat anti-cornulin (AF3607,R&D) and mouse 206 

anti-SERPINB4 (Santa Cruz) antibodies. Secondary IRDye-conjugated antibodies were from 207 

Licor. Quantification of signal was performed using Image Studio Lite software 208 

(http://www.licor.com/bio/products/software/image_studio_lite/). Signal from the tested proteins 209 

was normalized to the signal from the loading control (HSP90) following normalization to the 210 

level of the protein in one of the EoE samples. Statistical analysis was performed in GraphPad 211 

software.  212 

 213 

Air-liquid interface (ALI) culture system 214 

The ALI differentiation protocol was performed essentially as described 4, 21. Briefly, EPC2 215 

immortalized esophageal epithelial cells were seeded onto semi-permeable membranes (0.4 µm) 216 

and grown to confluence in standard low-calcium medium (KSFM with pituitary extract and 217 
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EGF at 1 ng/ml, 0.09 mM calcium concentration). Epithelial differentiation was induced by the 218 

addition of KSFM with high calcium (1.8mM final concentration) over the course of five days 219 

(initial differentiation). Medium was replaced in both chambers every other day. Stratification 220 

was induced by removing the media from the upper chamber and exposing the cells to the air 221 

interface for a period of 5-6 days (terminal differentiation). Cells remained exposed to high 222 

calcium medium in the bottom chamber throughout terminal differentiation. Treatment with IL-223 

13 (100 ng/mL) in the lower chamber started at the first day of exposure to the air interface (day 224 

8), with fresh media with IL-13 added every other day. In some experiments, cultures were 225 

treated with IL-1α (10 ng/ml) for the last 2 days of ALI culture. At the last day of ALI culture, 226 

cells were collected for analysis. 227 

 228 

Immunofluorescence analysis 229 

Immunofluorescence staining was performed as previously described 4 on at least four distal 230 

esophageal biopsies from control individuals, distal esophageal biopsies with active 231 

inflammation from patients with active EoE, or proximal esophageal biopsies without active 232 

inflammation from the same patients with active EoE. The average ages of EoE patients and 233 

control individuals were 13 and 11 years, respectively. Patients were also controlled for race and 234 

gender. The following primary antibodies were used at a final concentration of 1 µg/mL: 235 

anti−keratin 14 (PRB-155P, Covance), anti−keratin 5 (ab24647, Abcam), anti−keratin 4 236 

(HPA034881, Sigma), or anti-cornulin (AF3607, R&D). Nuclei were stained with 4’,6-237 

diamidino-2-phenylindole (DAPI). Slides were blocked with phosphate-buffered saline with 10% 238 

goat or donkey serum. Secondary antibodies (1:500 dilution) used were donkey anti-rabbit Alexa 239 
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Fluor 647 (A31573, Life Technologies), goat anti-rabbit Alexa Fluor 647 (A21244, Life 240 

Technologies), or donkey anti-goat Alexa Fluor 488 (A11055, Life Technologies). Imaging was 241 

performed with a Nikon A1 inverted confocal microscope. 242 

243 
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Results  244 

Specific loss of esophageal signature genes in EoE 245 

To test the hypothesis that esophagus-specific genes contribute to EoE pathogenesis, we 246 

intersected genes transcriptionally altered in EoE 3 with various organ-specific transcriptomes 247 

obtained from the Human Protein Atlas, including esophagus, salivary gland, gastrointestinal 248 

tract organs, kidney, lung, skin and testis. Genes in the transcriptomes are classified as tissue-249 

enriched (expressed at least 5 fold higher in the interrogated tissue than in any other tissue), 250 

group-enriched (at least 5 fold higher expression in the group of tissues compared to other 251 

tissues) and tissue-enhanced (at least 5 fold higher expression in the interrogated tissue compared 252 

to average level in all tissues). We found that the percentage of esophagus-specific genes altered 253 

in EoE was at least two fold higher than that of genes from other organ-specific transcriptomes 254 

(Figure 1A). From 297 genes whose expression is specifically enriched in the esophagus relative 255 

to other tissues, we found 117 genes overlapping with the EoE transcriptome (designated as Eso-256 

EoE genes), which represent 39% of esophageal signature genes and 7% of genes altered in EoE 257 

(Figure 1B, Suppl. Table 1). Notably, 89% of Eso-EoE genes (104 of 117 genes) were 258 

significantly downregulated in the esophageal tissue of patients with EoE (Figure 1B). Of the 259 

genes most highly expressed at the mRNA level in the homeostatic esophagus, 12 genes were 260 

expressed ~10-94 fold higher in the esophagus compared to other interrogated tissues. Of these, 261 

only CAPN14 and SERPINB13 were significantly upregulated in EoE (Figure 1C). Overall, for 262 

the 117 tissue-enriched, tissue-enhanced and group-enriched genes, only 13 genes were 263 

significantly upregulated in EoE (Figure 1B). A similar comparison between stomach-specific 264 

signature genes and the eosinophilic gastritis (EG) transcriptome 15 identified only 16 265 

overlapping genes, representing 8% of the stomach transcriptome and approximately 1.5% of the 266 

transcripts dysregulated in EG (Figure 1D). These data suggest that loss of the tissue-specific 267 
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molecular signature of the esophagus is an integral and specific part of the pathophysiology of 268 

EoE.  269 

 270 

Functional enrichment analysis of Eso-EoE genes 271 

By performing functional enrichment gene ontology (GO) analysis 16 of Eso-EoE genes, we 272 

identified endopeptidase inhibitor activity and keratinization as the most profoundly impaired 273 

molecular functions and biological processes (p<10-9 and p<10-14, respectively; Figure 2A, B). 274 

Accordingly, a number of SERPIN-related genes were upregulated (SERPINB2, B3, B4, B13), 275 

whereas genes from the serine protease inhibitor Kazal-type (SPINK) family were 276 

downregulated (SPINK5, 7, 8). Notably, increased expression of SERPINs, specifically 277 

SERPINE1 (PAI-1), has been previously reported in EoE and asthma and correlated with disease 278 

severity. 17, 18 The downregulated genes also included the differentiation markers keratin 279 

(KRT6B) and involucrin (IVL) and the small proline-rich proteins (SPRRs) that comprise 280 

members of the EDC previously implicated in EoE pathogenesis.11 Transglutaminases 1 and 3 281 

(TGM1, TGM3), associated with pathogenesis of the rare cornification disease autosomal 282 

recessive congenital ichthyosis19, were also downregulated in EoE. In line with dysregulation of 283 

structural epithelial genes, the most significantly affected human phenotypes were abnormality 284 

of keratinization, epidermal thickening, hyperkeratosis and skin inflammation (Figure 2C). These 285 

findings revealed a profound loss of esophageal tissue differentiation in EoE and a potentially 286 

critical role of esophagus-specific proteases in supporting the functional integrity of the epithelial 287 

barrier of the esophagus.  288 

 289 
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We next analyzed the properties of Eso-EoE genes on the basis of the common protein domains. 290 

The two top groups of genes most highly enriched by this analysis were serine protease 291 

inhibitors (SERPINs; SERPINB2, B3, B4, B13) and IL-1 family members (IL36A, IL36RN, IL1Α, 292 

IL1RN). SERPINs were upregulated (p<10-7), whereas IL-1−related genes were significantly 293 

downregulated in EoE (p<10-5; Figure 2D). Other protein domains enriched in Eso-EoE genes 294 

were SPINKs, keratins, members of the arginine deiminase family (PADI1, 3) and 295 

transglutaminases (TGM1, 3) (data not shown).  296 

 297 

Eso-EoE genes are regulated during esophageal epithelial differentiation 298 

We aimed to recapitulate the inflammatory process in a cell system in vitro to test whether 299 

esophagus-specific changes in transcription were driven by epithelial rather than a tissue-based, 300 

mixed cellular response. For this purpose, we utilized air-liquid interphase (ALI) culture of an 301 

esophageal epithelial cell line, EPC2 cells that undergoes squamous cell differentiation.20 302 

Submerged EPC2 cells were grown in low calcium (0.09 mM) and subjected to initial 303 

differentiation by exposure to a high concentration of calcium (1.8 mM) followed by terminal 304 

differentiation at the ALI with and without IL-13 stimulation 21 (Figure 3A). Initial 305 

differentiation with high calcium triggered dramatic transcriptional changes in submerged culture 306 

with 3146 genes changing expression. Overlapping these genes with Eso-EoE genes revealed 307 

that 90 Eso-EoE genes (77%) were transcriptionally altered during initial differentiation (Figure 308 

3B), with the vast majority being upregulated in the initial differentiation in submerged culture 309 

but downregulated in the biopsies of patients with EoE (Figure 3B, heat map). These results 310 
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demonstrate the biological relevance of ALI EPC2 culture for studying esophageal epithelial 311 

differentiation. 312 

 313 

IL-13 impacts the expression of Eso-EoE genes 314 

We assessed the effect of IL-13 under conditions of terminal differentiation of epithelial cells at 315 

ALI culture (Figure 4A). We have previously shown that terminal differentiation of EPC2 cells 316 

in the presence of IL-13 leads to altered expression of epithelial differentiation genes.21  We 317 

identified 68 Eso-EoE genes (61% of Eso-EoE genes) affected in ALI culture: expression of 32 318 

genes was altered under all conditions (Figure 4A, Group 1), 8 genes were altered in response to 319 

IL-13 stimulation but not by differentiation (Figure 4A, Group 2), and 28 genes were affected by 320 

the differentiation process but not by IL-13 (Figure 4A, Group 3).  The gene expression pattern 321 

of Eso-EoE genes in ALI cultures differentiated in the presence of IL-13 became strikingly 322 

similar to that of the biopsies of patients with EoE (32 genes, Group 1). For example, CAPN14, 323 

SERPINB3 and SERPIN4 were upregulated in both IL-13–treated ALI cultures and biopsies, 324 

whereas SPINK5 and genes from IL-1 and SPRR families were downregulated in both. We 325 

observed similar patterns of gene expression in biopsy and in ALI cultures differentiated in the 326 

presence of IL-13 independently of whether the genes were significantly affected by the 327 

differentiation process (8 genes, Group 2). The only exception was SERPINB2, which was 328 

downregulated in ALI culture. Epithelial differentiation led to changes of 28 genes that were 329 

refractory to IL-13 treatment (Group 3). Notably, expression of 16 genes from this group 330 

inversely correlated with expression in biopsies: the genes were upregulated in differentiated 331 

ALI culture but downregulated in the disease. We further delineated expression of IL-1 and 332 
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SERPINB gene families in ALI system compared to active EoE biopsies. Consistent with other 333 

Eso-EoE genes, the expression pattern for these genes was reproduced in ALI culture for 5 out of 334 

8 genes with IL-1 family members downregulated and SERPINs upregulated in IL-13—treated 335 

cells (Figure 4B).  336 

In light of downregulated expression of IL-1α in EoE biopsies and ALI cultures, we tested 337 

whether replenishment of IL-1α would reverse gene expression in IL-13—treated cells subjected 338 

to ALI culture. Addition of IL-1α to the cells subjected to ALI either alone or in the presence of 339 

IL-13 had no effect on the integrity of the culture, as measured by TEER, and did not reverse 340 

expression of the prototypic IL-13 target genes CCL26 and SERPINB4 (Supplemental Figure 1).  341 

Additionally, in order to rule whether that this dysregulation of Eso-EoE genes is a common 342 

feature of esophageal disease in general, we assessed the changes in expression of Eso-EoE 343 

genes in gastroesophageal reflux disease (GERD), which also has epithelial damage and basal 344 

zone hyperplasia. Expression of none of 9 Eso-EoE genes tested was significantly changed in 345 

GERD (Figure 4C). Collectively, these results indicate that the downregulation of esophageal 346 

signature genes in EoE is likely reflective of an intrinsic defect in esophageal epithelial cell 347 

differentiation in response to IL-13.  348 

 349 

Quantifying Eso-EoE proteins in esophageal biopsies 350 

We sought to assess levels of expression of Eso-EoE proteins including structural proteins, 351 

proteins related to proteolytic activity and IL-1 cytokines in the lysates of esophageal biopsies 352 

isolated from unaffected controls and patients with active EoE (maximum esophageal eosinophil 353 
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count of >15 eosinophils/high-power microscopic field (hpf)). Following functional enrichment 354 

analysis, we focused on serine protease inhibitors SERPINB4 and B13, structural protein CRNN, 355 

and IL-1 cytokine family member IL-36α. Western blot analysis revealed significant changes in 356 

the levels of all tested proteins, which paralleled gene expression patterns (Figure 5A, B), 357 

supporting changes in the differentiation, protease activity and IL-1 cytokines in the esophageal 358 

tissue in EoE.  359 

 360 

Expression of epithelial differentiation markers in the biopsies of patients with active EoE  361 

Expression of genes related to keratinocyte differentiation was most significantly enriched in the 362 

Eso-EoE gene set; all of these genes were downregulated in EoE. We therefore assessed the 363 

differentiation status of epithelial tissue in the biopsies of patients with active EoE. We applied 364 

immunofluorescence to test expression of keratins as common markers of differentiation, as well 365 

as CRNN, a member of the EDC specifically expressed in esophagus (Figure 1B). In the biopsies 366 

of patients with active EoE, we observed increased expression of keratin 5 and 14 linked to 367 

undifferentiated epithelium and a dramatic loss of keratin 4 associated with terminally 368 

differentiated tissue 23 (Figure 5C-E).  Esophagus-specific structural gene CRNN was highly 369 

expressed in the suprabasal layers of normal esophageal tissue and was downregulated in EoE 370 

following expansion of the basal zone of the epithelium (Figure 5F). Furthermore, the increased 371 

expression of basal keratins and decreased expression of differentiated keratins does not occur 372 

throughout the entire length of the esophagus, but rather in areas of active inflammation.  373 

Collectively, these data are consistent with marked loss of differentiation of the esophageal tissue 374 

in EoE.  375 
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 376 

Whole-Exome Sequencing (WES) analysis of Eso-EoE genes 377 

Since loss of esophagus-specific genes appeared to be a hallmark of EoE, we reasoned that the 378 

disease might be associated with an increased burden of rare, damaging mutations in Eso-EoE 379 

genes. To test this hypothesis, we performed WES of 33 unrelated EoE cases to identify variants 380 

with the potential to alter the biological function of any of the proteins in the list of the 117 Eso-381 

EoE genes. We only considered rare variants (less than 1% minor allele frequency based on 382 

public databases) that passed a number of quality control measurements 24 and significantly 383 

altered the amino acid sequence (gaining or losing a stop codon, altering the open reading frame, 384 

disrupting the initiation methionine codon or altering splicing). In addition, we examined rare 385 

variants present in at least two cases or genes with at least two different amino acid−altering 386 

variants in separate patients. We identified 39 variants that were located in 18 genes (Table 1). 387 

No variants were identified in 8 cases, 1 variant was identified in 12 cases, and 2 and 3 of these 388 

variants were present in 7 and 6 cases, respectively. Among the genes identified as mutated in 389 

patients with EoE were those of the protease inhibitors SERPINB3 and SPINK5, CAPN14 and 390 

structural protein KRT6B. Interestingly, mutations in a multi-subunit chloride channel gamma-391 

aminobutyric acid (GABA) A receptor, pi (GABRP), which was primarily studied in central 392 

nervous system, were identified in 4 out of 33 patients with EoE. Notably, functional enrichment 393 

analysis of these genes 16 identified the most significant molecular function as serine-type 394 

endopeptidase inhibitor activity (p= 8.6X10-5) and biological processes involved in epidermal cell 395 

differentiation (p=1.2X10-5).  In order to test whether the number of mutations is correlated with 396 

disease severity we have analyzed a number of eosinophils per hpf in the biopsies of the patients 397 

with different numbers of variants. We were unable to stratify EoE patients based on the number 398 
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of variants, probably due to a small number of patients in the groups (data not shown). 399 

Collectively, the WES data supported the view that there is a key role for esophagus-specific 400 

genes in esophageal differentiation and EoE pathogenesis.  401 
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Discussion 402 

Herein we tested the hypothesis that dysregulation of esophagus-specific genes is an integral part 403 

of EoE pathogenesis. By comparing the esophageal gene signature with the transcriptome of the 404 

esophagus of EoE patients,3 we identified that ~39% of esophageal genes were altered in EoE 405 

(designated Eso-EoE genes); the vast majority of these genes were downregulated in the disease. 406 

Functional enrichment analysis of Eso-EoE genes revealed major alterations in keratinization 407 

and differentiation, protease-related activities and IL-1−related genes. We observed that the 408 

expression pattern of Eso-EoE genes from the biopsies of active EoE patients and in ALI 409 

cultures differentiated in the presence of IL-13 were remarkably similar, providing evidence that 410 

loss of esophageal differentiation does not merely reflect a change in the cellular constituents or 411 

expansion of the basal epithelial zone. Exposure of epithelial cells to IL-13 led to transcriptional 412 

and morphological changes in the epithelium often observed in allergic inflammation, including 413 

induction of eotaxin and loss of epithelial integrity.2, 4, 11, 25, 26 In this regard, our data reinforce 414 

the role of IL-13 as a molecular driver of EoE, consistent with recent findings from anti–IL-13 415 

treatment of EoE, which affected tissue differentiation as demonstrated by normalized expression 416 

of desmoglein-1, keratin 14 and 16 and tissue-remodeling genes, such as periostin.29 While IL-13 417 

is considered critical for EoE pathogenesis, a number of other cytokines and chemokines have 418 

been implicated in the disease responses.27  These molecules, such as the pro-inflammatory 419 

cytokine TNFα, likely contribute at least in part to EoE pathogenesis by altering the expression 420 

of esophageal-specific genes.28 421 

 422 

 423 
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Inflammation-driven epithelial responses, such as impaired barrier function, are common for 424 

epithelia of different origin and constitute a fundamental property of allergic inflammation.4, 30, 31 425 

This is supported by GWAS, which identified genetic association of epithelial cell genes 426 

including TSLP/WDR36, IL33 and its receptor ST2 (IL1RL1) with atopic sensitization and 427 

various allergic diseases.32 GWAS identified filaggrin, a skin tissue-enriched gene, as strongly 428 

genetically associated with atopic dermatitis.33, 34 In the case of EoE, recent GWAS has 429 

identified genetic association with the esophagus-specific gene CAPN14.12 Analysis of genes 430 

within 25 kb of variants with combined association P-value < 1 × 10−4 revealed two additional 431 

esophagus-specific  genessodium channel, non-voltage gated 1 beta subunit (SCNN1B) and 432 

short chain dehydrogenase/reductase family 9C, member 7 (SDR9C7). Notably, differential 433 

expression of these genes was the part of the signature that was sufficient to separate control 434 

from EoE cases.12 By identifying rare mutations in 18 Eso-EoE gene by WES analysis, including 435 

CAPN14, we provide additional supportive biological relevance for the role of esophagus-436 

specific genes in the pathogenesis of EoE. Furthermore, functional analysis of Eso-EoE genes, as 437 

well as mutated Eso-EoE genes, has identified protease-related activity as a putative operational 438 

pathway in disease pathogenesis. Among the genes most significantly altered in EoE were those 439 

for the serine protease inhibitors SERPINBs and SPINKs, supporting a recently proposed critical 440 

role for the balance in serine proteases activity in EoE pathogenesis.35  441 

 442 

An unexpected finding in our study was delineating IL-1 family members as esophagus-specific 443 

gene products. IL-36α directly activates naïve CD4 cells, inducing IL-2 secretion and thereby 444 

priming a Th1 inflammatory response.36 Given the potential role of IL-36α in the pathogenesis 445 

of inflammation,37 we assessed IL-36α protein levels in the biopsies of patients with active EoE 446 
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and controls (Figure 3). We found that IL-36α protein was significantly decreased in EoE, 447 

implicating IL-36α in balancing Th1/Th2 responses in the disease. We have previously reported 448 

elevated levels of IL-1α protein in the blood and decreased esophageal expression of IL1RN 449 

mRNA in patients with active EoE.27 Additionally, decreased expression of IL-1α and IL-1Rα 450 

has been observed in active EoE biopsies.38, 39 Collectively, these data implicate IL-1–related 451 

genes in the pathogenesis of EoE, presumably through modulating a balance of inflammatory 452 

and allergic signals in the context of esophageal tissue.40 A specific feature of the IL-1 family of 453 

cytokines is a requirement for N-terminal cleavage for enhanced biological activity.37 It has been 454 

reported that cysteine and serine proteases, such as calpains and elastase, can directly cleave IL-1 455 

cytokines.41 Divergent expression of SERPINs and IL-1 cytokines in EoE biopsies suggests a 456 

functional link between proteolytic activity and IL-1–related cytokine activity in disease 457 

pathogenesis. Taken together, our data implicate IL-1–related proteins in disease progression. 458 

We speculate that IL-1 family members selectively expressed in the esophagus provide 459 

homeostatic regulation of the surface stimuli encountered by esophageal mucosa.  460 

 461 

The finding that the esophagus normally expresses IL-1 family members, as well as protease 462 

inhibitors that likely curtail inflammation, suggests a previously unappreciated role for basal 463 

innate immunity in the esophagus. We propose that the esophagus is normally equipped with 464 

these processes to respond successfully to its robust exposure to a variety of ingested foreign 465 

substances (e.g. food). An imbalance of esophageal homeostatic processes can contribute to the 466 

development of various diseases of the upper gastrointestinal tract and perhaps lead to systemic 467 

antigen sensitization, especially in view of the impaired barrier function that develops when 468 
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epithelial differentiation is lost.4, 6 Our findings expand our understanding of the propagation of 469 

allergic inflammation on the level of tissue molecular identity and suggest that genetic profiling 470 

and assessing expression levels of esophagus-specific genes may have diagnostic and prognostic 471 

value. We propose that the altered esophageal transcriptome driven by organ-specific imbalanced 472 

protease activity leads to profound loss of esophageal differentiation, which constitutes an 473 

integral process in allergic inflammation specific to the esophagus (Figure 6).  474 
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Figure Legends 475 

Figure 1. Altered transcription of esophagus-specific genes in EoE. In A, the graph shows 476 

percentage of organ-specific genes altered in the EoE transcriptome, as assessed by RNA 477 

sequencing.3 In B, a Venn diagram shows the overlap of genes specifically expressed in the 478 

esophagus according to the Human Protein Atlas (Esophagus) with genes differentially 479 

expressed in the esophageal tissue of patients with active EoE compared to control esophageal 480 

tissue (EoE). For each group of genes (see text and Materials and Methods for the definitions) 481 

the number of upregulated (Up) and downregulated (Down) genes is shown (not to scale). A set 482 

of 117 overlapping genes is designated as Eso-EoE genes. In C, normalized expression levels for 483 

each gene (fragments per kilobase per million reads, FPKM) in esophageal biopsy tissue from 484 

patients with active EoE (EoE, blue rectangles, n = 10) and controls (Ctrl, green rectangles, n = 485 

6) for the 12 genes most highly expressed in the homeostatic esophagus are presented as a box-486 

and-whiskers plot. Genes upregulated in active EoE samples are in orange; the p-value for each 487 

gene is shown on the right. Statistical significance was determined using the Holm-Sidak 488 

method. In D, the Venn diagram shows the overlap of genes specifically expressed in the 489 

stomach according to the Human Protein Atlas with genes differentially expressed in the biopsies 490 

of patients with eosinophilic gastritis.15 491 

 492 

Figure 2. Functional enrichment analysis of esophagus-specific Eso-EoE genes altered in EoE. In 493 

A-D, shown are the 10 most significant terms identified for Eso-EoE genes. Genes for the 494 

selected terms (grey bars) are listed with the corresponding fold change in expression for active 495 

EoE compared to control samples. Upregulated genes are in orange. The x axes represent the 496 

negative log (10) p-value.  497 
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 498 

Figure 3. Effect of differentiation on expression of esophagus-specific Eso-EoE genes. In A, 499 

schematic diagram for generating ALI cultures from EPC2 esophageal epithelial cells is shown. 500 

The cells are initially grown in submerged culture in low and then high calcium to promote 501 

initial differentiation; terminal differentiation is achieved by growing cells in ALI. Note that the 502 

presence of IL-13 during the differentiation process weakens esophageal epithelial integrity, as 503 

represented by increased spaces between the layers of cells. In B, Venn diagram shows overlap 504 

between Eso-EoE genes and transcriptional changes during initial differentiation. A heat map 505 

represents the log (2) fold change in gene expression comparing EoE to normal biopsies and d8 506 

to d3, focused on the 90 common Eso-EoE genes. Clustering was performed using Euclidean 507 

distance and average linkage parameters, yellow and blue colors correspond to increased or 508 

decreased expression, respectively, and the black indicates a non-significant change compared to 509 

controls. 510 

 511 

Figure 4. Effect of IL-13 treatment on expression of esophagus-specific Eso-EoE genes in ALI. 512 

In A, Venn diagram shows overlap of Eso-EoE genes with transcriptional signature of terminally 513 

differentiated ALI in the absence or presence of IL-13. D0 represents the first day and D6 514 

represents the last day of terminal differentiation at ALI (see Figure 3 for details). Group 1 515 

shows 32 genes altered in biopsies and in ALI in the presence and absence of IL-13. Group 2 516 

shows 8 genes whose expression was altered in biopsies and in the presence of IL-13 during ALI 517 

(D6 vs. D6 + IL-13). Group 3 shows 28 genes whose expression was altered in biopsies and by 518 

ALI differentiation but was not affected by IL-13 (D6 vs. D0). In B, the heat map shows a log (2) 519 
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fold change in expression of genes from IL1 and SERPINB gene families in EoE biopsies and 520 

ALI culture at the indicated conditions. Orange font represents increased expression of SERPIN 521 

genes in EoE biopsies. For A, B, heat maps show the log (2) fold change in expression of genes 522 

from indicated groups. For all heat maps, the EoE biopsy represents the expression level of the 523 

indicated genes in the EoE transcriptome compared to unaffected individuals. Clustering was 524 

performed using Euclidean distance and average linkage parameters. The yellow and blue colors 525 

correspond to increased or decreased expression, respectively, and the black color indicates a 526 

non-significant change compared to controls. In C, expression level of indicated Eso-EoE genes 527 

following EoE diagnostic panel analysis 22 was assessed by RT-PCR in control (Ctrl), active EoE 528 

(EoE) and GERD patients. Each dot represents an individual biopsy, expression was normalized 529 

to GAPDH. * p < 0.05, ** p < 0.01, *** p < 0.001, one way ANOVA. 530 

 531 

Figure 5. Protein expression, protease activity and expression of differentiation markers in the 532 

esophageal biopsies of patients with EoE. In A, shown is a representative Western blot for the 533 

indicated proteins in control (Ctrl) and active EoE (EoE) samples (n = 3 biopsies). Red and green 534 

arrows point to the bands corresponding to analyzed proteins; molecular weight markers are 535 

shown on the right. In B, graphs show relative expression of the indicated proteins normalized to 536 

the loading control (HSP90) by Western blot, n = 5-10 samples for each group. * p < 0.05, ** p 537 

< 0.01, Mann-Whitney test. In C-F, immunofluorescence of distal esophageal biopsies from 538 

control (Ctrl) patients [top row] or patients with active EoE (EoE Inflamed) [middle row] or 539 

proximal esophageal biopsies from regions that do not have active inflammation from patients 540 

with active EoE (EoE Non-inflamed) [bottom row]. Nuclei are indicated by DAPI. Green 541 
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indicates staining with antibody directed against the indicated differentiation marker (KRT – 542 

keratin; CRNN – cornulin). White broken lane indicates basal membrane; scale bar is 100 µm.  543 

 544 

Figure 6. The model of esophagus-specific allergic inflammation. Under healthy conditions, the 545 

esophagus expresses tissue-specific markers of terminal epithelial differentiation (represented by 546 

KRT4 and CRNN). Profound loss of esophageal differentiation, acquired or genetically inherited, 547 

(represented by loss of KRT5, KRT14) predisposes and / or propagates EoE. Loss of 548 

differentiation is triggered by imbalanced proteolytic activity in the esophagus, as indicated by 549 

ratio between proteases and protease inhibitors (note that protease and protease inhibitors can be 550 

either upregulated or downregulated in EoE). 551 

 552 
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Table1. List of Eso-EoE genes with mutations identified by WES 

Gene Chr Position Reference 
allele 

Alternate 
Allele 

Minor allele 
freq (ExaC) 

Mutation 
type 

Ref 
Amino 
Acid 

Alt 
Amino 
Acid 

# EoE 
Cases 
w/ 
variant 

Total # of 
EoE 
Cases w/ 
Variants 
in Gene 

GABRP 5 
170215647 G A 0.00306 Nonsyn V M 3 

4 
170224475 C T 0.00012 Nonsyn T M 1 

SERPINB3 18 

61322980 C T 0.00657 Nonsyn E K 2 

4 61326645 A - 0.00014 
Frameshift 
Del     1 

61326659 C T 0.00009 Nonsyn G R 1 

SPINK5 5 

147475388 C T 0.00652 Nonsyn R C 2 

4 147494001 G A 0.00255 Nonsyn G D 1 

147498551 A G 0.00314 Nonsyn E G 1 

PADI3 1 

17588689 T A 0.00378 Nonsyn L H 1 

3 17597423 C T 0.00666 Nonsyn A V 1 

17601263 T C 0.00029 Nonsyn I T 1 

A2ML1 12 

9000164 C G 0.00005 Nonsyn P R 1 

3 9008113 G A 0.00005 Nonsyn A T 1 

9010579 C G 0.00002 Nonsyn Q E 1 

KRT6B 12 

52841659 G A 0.00007 Nonsyn R W 1 

3 52841685 A G 0.00002 Nonsyn L P 1 

52844244 C T 0.00002 Nonsyn R H 1 

C1orf177 1 
55273652 T G 0.00103 Nonsyn S A 1 

2 
55307347 T G 0.00131 Stoploss X E 1 

ECM1 1 
150482145 G A 0.00749 Nonsyn A T 1 

2 
150485285 G C 0.00002 Nonsyn E D 1 

CAPN14 2 
31414830 G A 0.00513 Nonsyn L F 1 

2 
31425971 T G 0.00077 Nonsyn K T 1 

CD207 2 
71058270 C G 0.00329 Nonsyn A P 1 

2 
71062864 C T novel Nonsyn D N 1 

C3orf67 3 
58852298 G C 0.00318 Nonsyn Q E 1 

2 
58853564 C T novel Nonsyn E K 1 

SCEL 13 
78146273 C T 0.00039 Nonsyn P L 1 

2 
78146303 C T 0.00231 Nonsyn S L 1 

FUT6 19 
5831608 G A 0.00386 Nonsyn T M 1 

2 
5831768 C T 0.00007 Nonsyn V M 1 

ACER1 19 
6306810 G A 0.00002 Nonsyn T I 1 

2 
6312165 C - 0.00002 Frameshift 

Del     1 

IGFL1 19 46733560 T G 0.00536 Nonsyn C G 1 2 
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46733750 C T 0.00036 Nonsyn T I 1 

PLA2G3 22 
31534280 G A 0.00549 Nonsyn A V 1 

2 
31536135 - T 0.00404 Frameshift 

Ins 
    1 

CPA4 7 129948221 G A 0.00235 Stopgain W X 1 1 

DSC2 18 28648000 - TC 0.00833 Frameshift 
Ins 

    1 1 

 

Nonsyn, non synonymous mutation; Ins, insertion; Del, deletion; Chr, chromosome; freq, frequency 
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Rochman et al. Figure 1
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Rochman et al. Figure 2
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Rochman et al. Figure 3
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Rochman et al. 
Figure 4
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Rochman et al. Figure 5
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Rochman et al. Figure 6
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Supplementary Table I 

 

The list of esophagus-specific genes altered in EoE (Eso-EoE genes). 

    

Eso-EoE genes RNA-Seq 

EoE (log2) 

category expression in tissues (FPKM) 

CAPN14* 2.59 Tissue enriched esophagus: 107.3 

SERPINB3 1.34 Tissue enriched esophagus: 588.4 

SERPINB13* 1.03 Tissue enriched esophagus: 138.2 

RHCG -1.12 Tissue enriched esophagus: 2099.0 

TMPRSS11E -1.14 Tissue enriched esophagus: 193.9 

ZNF185 -1.18 Tissue enriched esophagus: 205.8 

KRT32* -1.21 Tissue enriched esophagus: 4.5 

SPRR1A -1.42 Tissue enriched esophagus: 9412.3 

TGM1 -1.53 Tissue enriched esophagus: 520.9 

FABP5 -1.60 Tissue enriched esophagus: 264.1 

A2ML1 -1.66 Tissue enriched esophagus: 347.3 

DYNAP* -1.74 Tissue enriched esophagus: 23.3 

MAL -1.91 Tissue enriched esophagus: 1810.9 

CSTB -1.99 Tissue enriched esophagus: 1363.3 

UGT1A7* -2.39 Tissue enriched esophagus: 50.6 

KRT6C* -2.48 Tissue enriched esophagus: 513.5 

CRNN* -2.57 Tissue enriched esophagus: 3300.2 

KRT78 -2.61 Tissue enriched esophagus: 770.3 

ECM1 -2.93 Tissue enriched esophagus: 727.1 

KRT6B -3.05 Tissue enriched esophagus: 546.0 

ZNF812 -3.32 Tissue enriched esophagus: 10.6 

PADI1 -3.37 Tissue enriched esophagus: 49.5 

SPRR2A -3.40 Tissue enriched esophagus: 3650.2 

SPRR2B -3.65 Tissue enriched esophagus: 159.2 

MUC22* -3.82 Tissue enriched esophagus: 13.4 

SPRR2D -3.84 Tissue enriched esophagus: 1663.2 

KRTAP3-2* -4.13 Tissue enriched esophagus: 4.9 

IGFL1* -4.14 Tissue enriched esophagus: 67.9 

TGM3 -4.20 Tissue enriched esophagus: 1115.3 

EPGN* -4.72 Tissue enriched esophagus: 47.8 

MUC21* -5.01 Tissue enriched esophagus: 746.0 

C1orf110 2.41 Tissue enhanced esophagus: 2.3;lung: 1.6 

DUOX1 1.82 Tissue enhanced esophagus: 40.5;skin: 42.7;thyroid gland: 33.8 

GABRP 1.63 Tissue enhanced endometrium: 35.1;esophagus: 71.6;tonsil: 30.7 

SERPINB2 1.08 Tissue enhanced esophagus: 195.4;skin: 62.6;tonsil: 68.0 

HES2 1.02 Tissue enhanced esophagus: 7.5;placenta: 6.8;skin: 10.2 

PRDM1 -1.02 Tissue enhanced esophagus: 43.5 

PKP3 -1.02 Tissue enhanced esophagus: 72.4;skin: 86.7 

S100A14 -1.09 Tissue enhanced esophagus: 1637.3 

SCEL -1.11 Tissue enhanced esophagus: 323.8;skin: 207.7 
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SLC6A11 -1.11 Tissue enhanced cerebral cortex: 9.1;esophagus: 4.1;skin: 4.0 

CLIC3 -1.15 Tissue enhanced esophagus: 62.7;thyroid gland: 50.1 

CD1A -1.19 Tissue enhanced esophagus: 7.4;skin: 15.6 

SULT2B1 -1.22 Tissue enhanced esophagus: 113.1;skin: 93.0 

AIM1L -1.24 Tissue enhanced esophagus: 36.4;skin: 13.1 

DSC2 -1.25 Tissue enhanced esophagus: 140.4 

FUT6 -1.31 Tissue enhanced esophagus: 36.1;kidney: 29.8 

TTC9 -1.32 Tissue enhanced esophagus: 33.3 

SCNN1B -1.32 Tissue enhanced esophagus: 33.0 

MALL -1.35 Tissue enhanced esophagus: 197.7 

USH1G -1.40 Tissue enhanced esophagus: 1.8;skin: 1.1 

PTK6 -1.43 Tissue enhanced esophagus: 45.4;skin: 35.1 

IVL -1.52 Tissue enhanced esophagus: 210.1;skin: 75.5 

CALML3 -1.54 Tissue enhanced esophagus: 94.0 

RHOD -1.56 Tissue enhanced esophagus: 26.6 

IL1A -1.65 Tissue enhanced esophagus: 9.4;testis: 9.1;tonsil: 6.7 

BARX2 -1.66 Tissue enhanced esophagus: 80.1;salivary gland: 69.7 

TTC22 -1.67 Tissue enhanced esophagus: 32.5 

C6orf132 -1.68 Tissue enhanced esophagus: 70.2 

IL1RN -1.72 Tissue enhanced esophagus: 888.1;tonsil: 264.4 

SLC16A6 -1.73 Tissue enhanced esophagus: 8.7 

VSIG10L -1.74 Tissue enhanced esophagus: 21.4;salivary gland: 9.7 

UPP1 -1.74 Tissue enhanced esophagus: 23.0 

IL12A -1.80 Tissue enhanced esophagus: 2.7 

MYEOV -1.84 Tissue enhanced esophagus: 9.0;stomach: 6.1 

HIST1H2BF -1.85 Tissue enhanced esophagus: 3.2 

MAB21L3 -1.90 Tissue enhanced esophagus: 5.5;skin: 4.2 

CXCR2 -1.91 Tissue enhanced appendix: 33.0;esophagus: 22.4 

DAPL1 -2.09 Tissue enhanced esophagus: 181.7;skin: 135.0 

C3orf67 -2.15 Tissue enhanced esophagus: 12.7;testis: 34.1 

SPINK8 -2.23 Tissue enhanced bone marrow: 1.6;esophagus: 1.3 

LYNX1 -2.69 Tissue enhanced esophagus: 221.3 

LYPD2 -2.72 Tissue enhanced esophagus: 71.1;stomach: 20.1 

RNF223 -2.81 Tissue enhanced esophagus: 3.8;stomach: 3.1 

EDN2 -3.04 Tissue enhanced esophagus: 6.9;small intestine: 12.3 

RNASE7 -3.55 Tissue enhanced esophagus: 55.9;skin: 17.3;tonsil: 18.1 

CHAC1 -3.68 Tissue enhanced esophagus: 17.8;pancreas: 13.9 

NDUFA4L2 -3.79 Tissue enhanced esophagus: 107.2;skin: 115.9 

ENDOU -3.87 Tissue enhanced esophagus: 52.7;skin: 14.4 

CDA -4.40 Tissue enhanced bone marrow: 73.1;esophagus: 39.5 

FAM25A -5.66 Tissue enhanced esophagus: 448.4;skin: 157.6 

SERPINB4 3.54 Group enriched esophagus: 59.7;urinary bladder: 13.1 

MUC4 2.56 Group enriched appendix: 2.4;colon: 7.6;esophagus: 2.9;rectum: 

6.0;stomach: 2.3;tonsil: 3.1;urinary bladder: 2.2 

PLA2G3 2.05 Group enriched esophagus: 3.0;lung: 2.1;skin: 5.2;tonsil: 1.2 

HEPHL1 1.91 Group enriched esophagus: 2.3;tonsil: 8.7 
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GSDMC 1.13 Group enriched esophagus: 14.4;skin: 22.5;spleen: 11.2;tonsil: 5.6 

TFAP2B -1.01 Group enriched adrenal gland: 2.7;esophagus: 1.4;kidney: 

4.0;salivary gland: 2.5;skin: 5.0 

C15orf62 -1.07 Group enriched esophagus: 11.0;skin: 7.3;tonsil: 5.5 

SPINK5 -1.09 Group enriched esophagus: 815.4;skin: 220.9;tonsil: 243.8 

NCCRP1 -1.10 Group enriched esophagus: 200.8;skin: 108.7;tonsil: 106.4 

IL22RA1 -1.15 Group enriched colon: 8.9;duodenum: 14.4;esophagus: 

7.2;pancreas: 26.4;rectum: 8.1;skin: 22.0;small 

intestine: 20.7 

ATG9B -1.16 Group enriched esophagus: 0.8;placenta: 1.2;skin: 0.7;testis: 

0.5;tonsil: 0.5 

PADI3 -1.25 Group enriched esophagus: 4.5;urinary bladder: 16.4 

SLC10A6 -1.28 Group enriched adipose tissue: 3.2;esophagus: 6.9;skin: 8.6;testis: 

2.2 

CSTA -1.40 Group enriched esophagus: 2901.0;tonsil: 712.6 

PPL -1.45 Group enriched esophagus: 410.2;skin: 90.1 

C10orf99 -1.56 Group enriched colon: 153.9;esophagus: 137.8;rectum: 197.9 

IL36RN -1.68 Group enriched esophagus: 10.0;skin: 22.9;tonsil: 32.9 

SBSN -1.74 Group enriched esophagus: 787.3;skin: 1641.4 

SDR9C7 -1.91 Group enriched esophagus: 8.0;skin: 26.5;tonsil: 6.3 

S100A9 -1.93 Group enriched bone marrow: 16507.5;esophagus: 18327.6 

CYP4F22 -1.93 Group enriched esophagus: 10.1;skin: 20.3 

EMP1 -2.01 Group enriched adipose tissue: 376.5;esophagus: 1696.9 

CD207 -2.09 Group enriched esophagus: 14.2;skin: 58.2 

TMPRSS11B -2.13 Group enriched esophagus: 218.9;tonsil: 65.7 

S100A8 -2.25 Group enriched bone marrow: 12055.7;esophagus: 9989.0;tonsil: 

4427.7 

CNFN -2.52 Group enriched esophagus: 735.5;skin: 149.3;tonsil: 188.4 

IL36A -2.71 Group enriched esophagus: 256.6;tonsil: 73.3 

CPA4 -2.73 Group enriched esophagus: 8.2;skin: 40.2 

ACER1 -3.49 Group enriched esophagus: 9.0;skin: 43.3 

C1orf177 -3.62 Group enriched esophagus: 7.2;testis: 3.4 

UPK1A -3.64 Group enriched esophagus: 19.3;urinary bladder: 90.3 

ALOX12 -3.72 Group enriched esophagus: 37.6;skin: 13.8 

SLURP1 -3.84 Group enriched esophagus: 572.4;skin: 187.3 

ZNF365 -3.98 Group enriched cerebral cortex: 27.7;esophagus: 7.1 

CRCT1 -4.05 Group enriched esophagus: 40.6;skin: 45.3;tonsil: 11.1 

SPINK7 -4.67 Group enriched esophagus: 320.1;tonsil: 94.1 

* Genes with most specific 

expression in esophagus 

 

FPKM = fragments per kilobase per million reads 
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Supplemental Figure 1. Effect of IL-1α replenishment on ALI. In A, shown is relative 

trans-epithelial resistance (TEER) in EPC2 ALI culture treated with IL-13 and IL-

1α, either alone or in combination. IL-13 treatment started when ALI was induced at day 

8, IL-1α was added for the last 2 days of culture. TEER measurements were normalized 

to average TEER in the untreated (Ctrl) cultures at day 4.  In B, expression level of 

CCL26 and SERPINB4 was assessed by RT-PCR. Expression was normalized to 

GAPDH. Combined data for 2 independent experiments are shown. 
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Rochman et al, Supplemental Figure 1
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