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Abstract

Background: Eosinophilic esophagitis (EoE) is a chronic, food-driven allergic disease,
characterized by eosinophil-rich inflammation in the esophagus. The histopathologi-
cal and clinical features of EoE have been attributed to overproduction of the type 2
cytokines IL-4 and IL-13, which mediate profound alterations in the esophageal epi-
thelium and neutralizing of their shared receptor component (IL.-4Ra) with a human
antibody drug (dupilumab) demonstrates clinical efficacy. Yet, the relative contribu-
tion of IL-4 and IL-13 and whether the type Il IL-4 receptor (comprised of the |L.-4R«
chain in association with IL-13Ra1) mediates this effect has not been determined.
Methods: Experimental EoE was induced in WT, I113ral1™", and Krt14<¢/1113ra1
mice by skin-sensitized using 4-ethoxymethylene-2-phenyl-2-oxazolin (OXA) followed
by intraesophageal challenges. Esophageal histopathology was determined histologi-
cally. RNA was extracted and sequenced for transcriptome analysis and compared
with human EoE RNAseq data.

Results: Induction of experimental EoE in mice lacking 1l113ral and in vivo IL-13
antibody-based neutralization experiments blocked antigen-induced esophageal epi-
thelial and lamina propria thickening, basal cell proliferation, eosinophilia, and tissue
remodeling. In vivo targeted deletion of 1113ral in esophageal epithelial cells rendered
mice protected from experimental EoE. Single-cell RNA sequencing analysis of human
EoE biopsies revealed predominant expression of IL-13Ra1 in epithelial cells and that
EoE signature genes correlated with IL-13 expression compared with IL-4.
Conclusions: We demonstrate a definitive role for IL-13 signaling via IL-13Ra1 in EoE.
These data provide mechanistic insights into the mode of action of current therapies

in EoE and highlight the type Il IL-4R as a future therapeutic target.
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GRAPHICAL ABSTRACT

This study described the development of an experimental model for EoE using skin sensitization followed by intraesophageal challenges of
oxazolone. Experimental EoE recapitulates the major clinical features of human disease, including epithelial cell proliferation, intraepithelial

eosinophilia, fibrosis, and marked transcriptional resemblance to human EoE. 1113ral

" mice are completely protected from EoE

demonstrating that the type 2 IL-4 receptor (i.e., IL-13Ral) has a critical role in the pathogenesis of EoE.
Abbreviations: EoE, eosinophilic esophagitis; IL-4Ra, interleukin 4 receptor «; IL-13a1, interleukin 13 receptor al; JAK, Janus kinase

1 | INTRODUCTION
Eosinophilic esophagitis (EoE) is a food antigen-driven allergic dis-
ease, which is characterized by eosinophil-predominant inflamma-
tion, esophageal dysfunction,! and expression of the hallmark Th2
cytokines, IL-4, and IL-13.2 IL-4 exerts its activities by interacting with
the type | IL-4R, a cell surface receptor comprising IL-4 receptor (R)
a and the common y (yc) chain.? IL-4 can also utilize the type Il IL-4R,
which is comprised of IL-4Ra and the IL-13Ral chain.2* The type Il IL-
4R s also a functional receptor for IL-13.# Thus, IL-4 and IL-13 can me-
diate their effects via a shared signaling component. Importantly, the
differential expression of these receptor chains in distinct cells ren-
ders responsiveness to IL-4, IL-13 or both cytokines.?> Additionally,
IL-13Ra2 can act either as a decoy receptor or as an independent
signaling molecule that mediates IL-13-driven responses.“”9 Thus,
the relative contribution of I1L-4, IL-13, and their respective receptor
chains may significantly vary in a disease- and tissue-specific fashion.
EoE displays prominent involvement of CD4" T cells that co-
express IL-4 and 1L-13%° and epithelial cells, which respond to these
cytokines. Esophageal biopsies and blood samples of patients with
active EoE display increased levels of I1L-4 and IL-13.! Furthermore,
induction of epithelial-associated IL-13/1L-4-responsive genes (e.g.,
TSLP and calpain 4)1*!2 has been shown to promote EoE pathogen-
esis.*® Lung overexpression of IL-13 or intratracheal delivery of IL-13
to mice induce an EoE-like response,*** producing an esophageal
transcriptome that partially overlaps with the human EoE transcrip-
tome.'®> Moreover, activation of human esophageal epithelial cells
with IL-13 induces a “transcriptome signature” that is remarkably
similar to that observed in biopsies from EoE patients.!® IL-13 also

contributes to EoE pathogenesis by inducing tissue remodeling,
including collagen deposition and angiogenesis.® Furthermore, IL-
13 disrupts the epithelial barrier via a mechanism involving down-
regulation of desmoglein 1 (DSG1) and filaggrin.'’ IL-4 inhibits the
differentiation of esophageal epithelial cells from squamous toward
columnar cells;*® it alters mucosal integrity and increases epithelial
proliferation.'® Similar to IL-13, IL-4-activated esophageal epithelial
cells secrete eotaxins,’” which promote eosinophil recruitment.?
Finally, IL-4 enhances the generation of IgE antibodies in response
to food allergens.??

Since IL-4 and IL-13 are increased in EoE and since these two
cytokines can activate a type Il IL-4R-dependent response, it is im-
portant to define the relative contribution of IL-4/IL-13 signaling via
the type | or the type Il IL-4R. This is clinically relevant since drugs
that target multiple components of this pathway are in use or under
development.?? For instance, anti-IL-13 treatment using QAX576
decreased esophageal eosinophil counts and normalized the EoE
transcriptome.?® Recently, RPC4046, an anti-I1L-13 monoclonal an-
tibody, markedly decreased esophageal eosinophilia and improved
histological and clinical features.?*?” In addition, blockade of IL-4Ra
using dupilumab (which blocks the type | and type Il IL-4 receptors)
improved endoscopic, histological, and clinical features of EoE in
phase 2 and phase 3 studies.?¢?’

Herein, we aimed to define the relative contribution of IL.-4 and
IL-13 in EoE via the type Il IL-4R. Our data demonstrate that esopha-
geal epithelial and lamina propria thickening, basal cell proliferation,
eosinophilia, and remodeling are regulated by IL-13-driven signaling
via IL-13Ral. Collectively, we demonstrate a definitive role for IL-13
signaling via the type Il IL-4R in EoE pathogenesis.
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2 | MATERIALS AND METHODS

2.1 | Experimental EoE

Mice (male c57BL6 mice, 6-8weeks) were skin sensitized (15ul 1%
OXA, Sigma #E0753, dissolved in acetone) on both ear flanks (60l per
mouse). After six additional skin challenges (0.5% OXA in acetone), the
mice were bled and serum IgE was quantitated (ELISA, BD Bioscience).
On Day 18, the mice were intraesophageally challenged with 200pl
OXA (1% in a 1:2 ratio of olive oil and 95% alcohol, respectively) using
a plastic feeding tube that reaches the mid esophagus (INSTECH
#ITH-FTP-22-25-50, 22ga X 25mm) and has been modified for in-
traesophageal administration by puncturing 8 holes with a 14G nee-
dle (Figure S1-S12). On Day 36, the mice were euthanized. Additional

methods and analyses can be found in Appendix S1 section.

3 | RESULTS

3.1 | Intraesophageal challenges of oxazolone to
skin-sensitized mice results in experimental EoE

To establish an experimental model of EoE, C57BL6 mice were skin-
sensitized [day O, 1% oxazolone (OXA), Figure 1A]. Subsequently, the
mice received six additional skin challenges (0.5% OXA, Figure 1A).
Twenty-four hours after the last challenge, serum was collected and IgE
levels determined (Figure 1B). Thereafter, mice were challenged with
seven intraesophageal challenges (OXA, 1%) and the esophagus (Day
36) was dissected into 4 segments representing proximal to distal areas
of the esophagus (Figure 1C). Assessment of eosinophilic infiltration
using anti-MBP staining revealed marked eosinophilic influx into the
esophageal lamina propria in all segments (Figure 1D,E). Intra-epithelial
eosinophils, a hallmark feature of human EoE, were readily observed
(Figure 1F,G). Quantitation of esophageal epithelial and lamina propria
thickness revealed markedly increased thickening of the lamina propria
(Figure 1H,1) and epithelial layer (Figure 1J,K) in OXA-challenged mice.
Increased epithelial thickness was accompanied with increased basal
cell hyperplasia as observed by Kié7 staining (Figure 1L,M). Masson's
trichrome staining demonstrated increased levels of collagen deposi-
tion in OXA-treated mice (Figure 1N,0).

3.2 | Experimental EoE is characterized by
predominant type 2-associated inflammation that
overlaps with human disease

Esophageal RNA was subjected to bulk RNA sequencing. OXA-
challenged mice displayed a markedly different transcript signature
from vehicle-challenged mice (Figure 1P,Q). Unbiased STRING analy-
sis?® revealed that the transcriptome signature of experimental EoE
was divided into three main clusters comprising of transcripts that
are associated with (a) immune response (Table S1); (b) epidermal

cell differentiation (Table S2); and (c) cell proliferation (Table S3, and

Figure 1R). The expression of IL-13, IL-4Ra, IL-13Ral, and IL-13Ra2
as well as the expression of I1L-13/IL-4-regulated chemokines such as
Ccl11 and Ccl22 was increased (Figure 1S). Notably, expression of filag-
grin and desmoglein that regulate barrier integrity in EoEY*?730 was
decreased in experimental EoE (Figure 1S). Next, we examined the
overlap between the transcriptome experimental EoE and of human

EoE (obtained from3!)

. This analysis revealed an overlap of 384 tran-
scripts which comprise 16% of the mouse EoE transcriptome and
25% of the human EoE transcriptome (Figure 1T, Table S4). Among
the upregulated transcripts (Figure 1T), 287 transcripts were identi-
fied as commonly increased (Table S4). These 287 transcripts comprise
20% of the mouse transcriptome and 26% of the human upregulated
transcripts (Figure 1T). STRING analysis of the commonly upregulated
transcripts clustered into two distinct nodes corresponding with im-

mune response and cell proliferation (Figure 1U, Tables S5,56).

3.3 | Development of EoE is dependent on the
type Il IL-4R

A valuable way to distinguish the role of the type I vs. the type Il

IL-4R is by genetic deletion of the IL-13Ral chain.®*23® Such geneti-

cally engineered mice would harbor a functional deletion of the type

Il IL-4R but have an intact type | IL-4R. Consequently, experimen-
-

tal EoE was induced in 1113ra1™ mice. As previously shown,%? IgE

~~ mice were increased (Figure S2).

levels of skin-sensitized 1113ral
OXA-challenged 1113ra1™™ mice were markedly protected from ex-
perimental EoE as assessed by lamina propria and epithelial layer
thickening (Figure 2A,C,D). Assessment of epithelial cell prolif-
eration by Ki67 staining showed that OXA-induced proliferation
of the esophageal epithelial basal cell layer was dependent on IL-
13Ral (Figure 2B, Figure 2E). Anti-eosinophil major basic protein
staining demonstrated that OXA-induced esophageal eosinophilia
and intraepithelial eosinophils were markedly decreased in OXA-
challenged 1113ra1™" mice (Figure 2F, Figure 2H,l). Furthermore,
1113ra1™" mice were protected from OXA-induced subepithelial fi-
brosis (Figure 2G, Figure 2J).

Given the recent FDA approval of dupilumab for the treatment of
EoE patients, we were interested to determine the effects of block-
ing IL-4Ra on the epithelium in experimental EoE. Blockade of IL-
4Ra decreased epithelial cell proliferation and subsequent epithelial
thickness (Figure S3).

3.4 | Identification of type Il IL-4R-dependent
transcripts in the esophagus

Next, global RNA sequencing was conducted on vehicle- and OXA-
challenged WT and 113ra1™~ mice. Under baseline conditions,
1113ra1™" mice displayed alteration of only 30 transcripts in the es-
ophagus (Figure S4). Principal component analysis of vehicle- and
OXA-challenged WT and 1113ra1™" mice identified that the majority
of transcript variation (67% variance, PC1, Figure 3A) was due to the
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FIGURE 1 Experimental EoE is characterized by predominant type 2-associated inflammation that overlaps with the human disease.
Schematic representation of the experimental EoE protocol is shown (A). Allergen sensitization was confirmed by quantitation of serum IgE
(B). Esophageal specimens (C) were stained with anti-major basic protein (MBP, E,G) and total (D) as well as intraepithelial (F) eosinophils
were quantified. The slides were stained with H&E (I,K), and lamina propria (H) and epithelial (J) thickness were determined. Epithelial cell
proliferation (anti-Ki67 staining, L,M) and fibrosis were determined (Masson's trichrome staining, N,O). Representative photomicrographs of
anti-MBP (E,G), H&E (1,K), anti Ki-67 (M), and Masson's trichrome (O) are shown. Data are representative of n = 3 experiments; each circle
represents one mouse. *p<0.05, **-p<0.01, **p<0.001. RNA was extracted and subjected to RNA sequencing. PCA plot (P) and heat plot
(Q) of vehicle- and OXA-treated mice is shown. Top 500 upregulated transcripts (>two-fold, p <0.05) were analyzed using STRING analysis
(R). Analysis of selected transcripts that are associated with type 2 immune responses (S). Dashed red line represents 1.5-fold. Venn plot
comparison between the expression of total differentially expressed transcripts (T), and differentially expressed transcripts that were
upregulated in oxazolone-induced experimental EOE and human EoE is shown. (U) The transcripts that were mutually increased in human

and mouse EoE were subjected to STRING analysis
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FIGURE 2 IL-13Ral critically governs EoE pathology. Experimental EoE was induced in wild-type (WT) and 1113ra1™" mice. H&E-stained
slides (A) were analyzed for lamina propria (C) and epithelial (D) thickness. Epithelial cell proliferation was determined using anti-Ki67
staining (B,E). The slides were stained with anti-major basic protein (MBP, F), and total (H) and intraepithelial eosinophils were quantified

(1). Esophageal fibrosis was determined using Masson's trichrome staining (G,J). Representative photomicrographs of H&E (A), anti-Kié7 (B),
anti-MBP (F), and Masson's trichrome (G) are shown. Data are representative of n = 3 experiments where each circle represents one mouse.

*-p<0.05, **-p<0.01, ***p<0.001

difference between vehicle-challenged WT mice, vehicle-challenged
1113ra1™" mice, and OXA-challenged 1113ral™" to OXA-challenged
WT mice (Figure 3A). Gene set enrichment analysis (GSEA) of the
IL-13Ra1-dependent EoE transcriptome demonstrated that IL-13Ral
regulated key pathways involved in EoE pathogenesis including the
G,M cell cycle checkpoint, inflammatory responses, angiogenesis,
and epithelial-to-mesenchymal transition (Figure 3B, Tables 57,58).
Specifically, OXA-challenged WT mice displayed increased ex-
pression of 904 transcripts (Tables S9) and downregulation of
1313 transcripts (Tables S10) in comparison with OXA-challenged
1113ra1™" mice (Figure 3C,D). Over-representation gene ontology
analysis of the biological processes that were regulated by IL-13Ral
revealed that OXA-challenged 113ra1™" mice displayed decreased
enrichment of cell division, regulation of immune system activation,
keratinization, and locomotion (Figure 3E, Figure S5A, Tables S11-
$15). In contrast, OXA-challenged 1113ra1”~ mice showed eleva-
tion of various metabolic pathways and epidermal development
(Figure 3F, Figure S5B, Tables S16-519). Hierarchical clustering and
heat plot analysis of all differentially expressed transcripts showed
that OXA-challenged WT mice clustered together (Figure 3G).
Vehicle-challenged WT and 1113ra1”” mice, and OXA-challenged
1113ra1™" clustered together, indicating that they are indistinguish-
able. For example, OXA-treatment induced the expression of vari-
ous cytokine receptors (e.g., Il4r, 112rb, 117r, and 1110ra) and inhibitory
receptors (e.g., Cd300a, Lilrb3, and Lair1), which were either unal-
tered or increased to a lesser extent in OXA-challenged 1113ra1™"
and vehicle control-treated mice (Figure 3H). In addition, induction
of multiple cytokines and chemokines including Ccl5, Ccl22, Cxclé,
111b, Ccl7, and 1119 was abrogated in OXA-challenged 1113ral™" mice
(Figure 31). Similarly, induction of multiple transcription factors such
as Nfkb1, Nfkbiz, Runx1, KIf7, and Rela was absent in ll13ra1™" mice
(Figure 3J). Finally, expression of extracellular matrix components
including Adam8, Fnl, and Timpl was reduced in OXA-challenged
1113ra1™" mice (Figure 3K). These data demonstrate that the devel-
opment and transcriptome signature of EoE are critically regulated
by the type Il IL-4R.

3.5 | Pathogenesis of experimental EoE is
dependent on IL-13

IL-4 and IL-13 can deliver signals via the type Il IL-4R.3* Thus, we
aimed to determine the relative contribution of each cytokine to
EoE pathogenesis. Skin-sensitized mice were treated with neutral-
izing anti-IL-13, anti-IL-4, or control antibodies. Neutralization of
IL-13 reduced lamina propria thickening (Figure 4A,E), epithelial cell

thickening (Figure 4A,F), and proliferation (Figure 4B,G). In addition,
anti-1L-13 treatment resulted in decreased total eosinophil infiltration
(Figure 4C, H) and decreased intraepithelial eosinophilia (Figure 41).
Moreover, anti-IL-13 treatment resulted in markedly decreased es-
ophageal fibrosis (Figure 4D,J). Anti-IL.-4 treated mice displayed
overall similar pathology as isotype control-treated mice (Figure S6).
Interestingly, while OXA-induced lamina propria thickening was sim-
ilar between anti-IL-4 and isotype control-treated mice (Figure 4K),
epithelial thickness was increased and a trend toward increased
epithelial cell proliferation was observed (Figure 4L,M, Figure S6A-
E, respectively). Total and intraepithelial eosinophilia was similar in
OXA-challenged isotype control-treated and anti-IL-4-treated WT
mice. Furthermore, no difference was observed in subepithelial
fibrosis of anti-IL-4-treated OXA-challenged mice (Figure S6F,G).
Anti-IL-4 treatment abrogated the induction of IgE (Figure S7) and
serum IL-4 expression (Figure S8), indicating that anti-1L-4 antibody
treatment was functional. Furthermore, inability of anti-IL-4 treat-
ment to decrease esophageal pathology was not due to lack of IL-4
in the esophagus since esophageal protein expression of IL-4 and the
IL-4-associated chemokine CCL24 were increased in the esophagus
of oxazolone-treated mice (Figure S9). Furthermore, increased IL-4
was observed in eosinophils, CD4" T cells, and NKT cells that were
isolated from the esophagus upon treatment with OXA (Figure S10).
These data suggest a major contribution for IL-13 via the type Il IL-
4R in EoE pathogenesis.

3.6 | Expression of the type Il IL-4R in human
esophageal epithelial cells

To gain insight regarding the cellular expression of IL-13Ral in
human EoE, we analyzed single-cell RNA sequencing data that
were obtained from esophageal biopsies.35 This analysis identi-
fied 14 unique cell populations across the input of 10 samples. Top
marker genes with high specificity were used to classify cell mark-
ers into specific cell types (“bimod” test with a threshold set to
p<0.05) (Figure 5A). Assessment of the expression pattern of the
different receptor chains comprising the type | and type Il IL-4 re-
ceptors (i.e., 112rg, ll4ra, and 1113ral) revealed predominant expres-
sion of [[13ral in epithelial cells. In control patients and patients
with inactive EoE, 1l13ral was primarily expressed by differenti-
ated epithelial cells, with lower expression in endothelial cells, fi-
broblasts, and myeloid cells (Figure 5B,C). ll4ra was predominantly
expressed by T cells, mast cells, and epithelial cells and to lesser ex-
tent by endothelial cells (Figure 5D-F). l12rg was highly expressed
by T cells and mast cells and to lesser extent by epithelial cells and



MWI LEY- All ergy s E%J AVLAS ET AL

myeloid cells (Figure 5G-I). Collectively, these data suggest pre- transcripts that collectively comprise an EoE molecular diagnostic
dominant expression of the type Il IL-4 receptor in human esopha- panel (EDP).%¢ IL13 was markedly associated with the EoE tran-
geal epithelial cells. scriptome based on the magnitude of the genes and the statistical
Next, we were interested to dissect the relative contribution of significance compared with IL-4 (Figure 5J). Specifically, epithelial-
IL-4 vs. IL-13 in human EoE. Using a cohort of active EoE patients and remodeling-related genes were strongly associated with IL13 as
(n = 146), we examined the association between IL-4 and IL-13 IL13 positively associated with 91% of epithelial-related and 83% of
transcript levels, and a set of 84 representative EoE-associated remodeling-related genes (11/12 and 5/6, respectively).
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FIGURE 3 IL-13Ral regulates the transcriptome signature of EoE. Experimental EoE was induced in wild-type (WT) and Il13ral1™" mice.
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(C) and downregulated (D) genes in OXA-challenged WT mice in comparison with o l[13ra1™~ mice are shown. Differentially expressed genes
were subjected to pathway analysis (E,F). Heat plot analysis of differentially expressed genes (fold>2, p <0.05) (G), as well as heat plots of the
top 50 differentially expressed cell surface receptors (fold>2, p <0.000183, H), secreted factors (fold>2, p <0.05, ), transcription regulators
(fold>2, p<9.74E-09, J), and transcription factors (fold>2, p <0.05, K)
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FIGURE 4

IL-13 signaling via IL-13Ra1 regulates the development of EoE. Wild-type (WT) mice were subjected to experimental EoE.

Starting on Day 17, the mice were treated with isotype control, anti-1L-13 (A-J), or anti-IL-4 (K-M). Thereafter, histopathological analysis of
the esophagus was performed. The slides were stained with H&E (A), and lamina propria (E,K) and epithelial (F,L) thickness were determined.
Epithelial cell proliferation was determined using anti-Kié7 staining (B,G,M). The slides were stained with anti-major basic protein (MBP, C),
and total (H) and intraepithelial eosinophils (I) were quantified. Esophageal fibrosis was determined using Masson's trichrome staining (D,J).
Representative photomicrographs of H&E (A), anti-Ki67 (B), anti-MBP (F), and Masson's trichrome (D) are shown. Data are representative of
n = 3 experiments where each circle represents one mouse. *-p<0.05, **p<0.01, ***-p<0.001

3.7 | Thetype Il IL-4R on esophageal epithelial
cells mediates experimental EoE

The epithelial cell-associated expression pattern for IL-13Ral in
human EoE and its association with IL-13 led us to hypothesize that
IL-13 signaling via epithelial cell-expressed type Il IL-4R has an im-
portant role in EoE pathogenesis. First, we validated that mouse
epithelial cells express IL-13Ral. Under baseline conditions, IL-
13Ral was predominantly expressed by esophageal epithelial cells

(Figure S11). Following OXA challenge, expression of IL-13Ral in es-
ophageal epithelial cells increased and additional IL-13Ral1* cells in
the lamina propria were observed (Figure S11). Next, 1113ra1™™ mice
were generated (Figure S12) and mated with Krt14-Cre mice in order
to derive mice with a specific deletion of [/13ral in squamous epithe-
lial cells. Thereafter, the mice were skin sensitized and challenged
with OXA. OXA-challenged 1113ra1™f-K14-Cre mice displayed de-
creased lamina propria thickening (Figure 6A,E), decreased epithelial
thickening (Figure 6A,F), and decreased epithelial cell proliferation
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FIGURE 5 Expression of the receptor chains comprising the type | and type Il IL-4R in human EoE. Esophageal biopsies from control,
active EoE patients (active EoE), and EoE patients in remission (inactive EoE) were subjected to single-cell RNA sequencing. Data were
subjected to Uniform Manifold Approximation and Projection (UMAP) analysis. Top marker genes were used to classify cell markers into
known cell types: epithelium, fibroblast, endothelium, lymphocytes, mast cells, and antigen-presenting cells (APCs) (A,D,G). The cells that
express I113ral (B), ll4ra (D) and 112rg (G) were identified and marked (red dots). Violin plots of relative expression values per cell type are
shown (C,F,l). Spearman correlations between IL4 or IL13 transcript levels and a diagnostic subset of genes from the EoE transcriptome (EDP)
are shown (J, n = 146 patients). The dashed line indicates an FDR p value of 0.05
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(Figure 6B,G). In addition, they displayed decreased eosinophilic in-
filtration (Figure 6C-H). Interestingly, 1113ra1™f-K14-Cre displayed
increased levels subepithelial fibrosis at baseline which was en-

hanced following challenge with oxazolone (Figure 6D-1).

3.8 | Antibody-mediated blockade of IL-13Ra 1
abrogates IL-13-induced effects in esophageal
epithelial cells

To determine whether pharmacological targeting of IL-13Ral could
block IL-13-induced activation of human esophageal epithelial cells,
primary human epithelial cells were stimulated with IL-13 and the se-
cretion of CCL26 was assessed (Figure 6J). Treatment with an anti-IL-
13Ral antibody (2HA6)%? abrogated IL-13-induced CCL26 secretion
in a dose-dependent fashion (Figure 6J). Anti-IL-13Ral treatment
abrogated additional IL-13-induced genes including Tnfaip, Ntrrk1,
and Capn14 whereas human IgG antibody control [anti-IL-5 (Nucala)]
had no impact (Figure 6K).

4 | DISCUSSION

Emerging clinical and experimental evidence underscore the type
2 cytokines IL-4 and IL-13 as well as the esophageal epithelium at
the center of EoE pathogenesis.'® Nonetheless, the contribution
of each cytokine and the cellular compartment, which governs the
development of EoE by responding to IL-4 and/or IL-13, is still un-
clear. Herein, we describe an experimental model for EoE that re-
sembles multiple features of human disease including intraepithelial
eosinophilic infiltration, esophageal remodeling, and disease tran-
scriptome. Unbiased global RNA sequencing showed a 25% over-
lap between the genetic signature of human and experimental EoE.
This included increased expression of key Th2-associated cytokines
and their receptors (e.g., IL-13, IL-13Radl, and IL-4Ra), eosinophil-
associated chemokines (e.g., CCL11), and downregulation of EoE
epithelial-associated susceptibility genes (e.g., DSMG1 and Fillagrin).
The mouse-human transcriptome overlap is striking especially since
the composition of the human biopsies is markedly different than
the mouse biopsies. While in humans, the biopsy primarily contains
the esophageal epithelial layer, in mice the entire esophagus includ-
ing the lamina propria and muscularis mucosa was sequenced. This
relatively simple mouse model could now serve as a pre-clinical
model for drug screening and for further mechanistic studies that
are limited in human samples.

IL-13 is a key effector cytokine that is involved in the pathogen-
esis of EoE and additional allergic diseases such as atopic dermati-
tis (AD). Activation of human esophageal epithelial cells with 1L-13
induces a “transcriptome signature” that is remarkably similar to
that observed in biopsies from EoE patients.’® Furthermore, loss-
of-function mutations in the IL-13-regulated genes, FLG (fillagrin),29
and DSG1 (desmoglein 1),Y°7 are associated with increased risk for
AD and EoE.*® Candidate-gene identification and genome-wide

association studies (GWAS) identified multiple genes that likely con-
tribute to the development of EoE, including TSLP (encoding thymic
stromal lymphopoietin),!* CAPN14 (encoding calpain 14),%° and STAT6
(encoding signal transducer and activator of transcription 6).%7 STAT6
is a key transcription factor involved in Th2 cell development, and
is a critical signaling molecule that mediates IL-13- and IL-4-induced
responses.> CAPN14 is a intracellular proteolytic enzyme that is spe-
cific to the esophagus and induced by 1L-13.%7 Polymorphisms in the
gene encoding IL-13 have also been shown to be genetically asso-
ciated with EoE in a phenome-wide association study.12 Similar to
IL-13, IL-4 can also induce de-differentiation of epithelial cells and
induce the synthesis and secretion of eosinophil-promoting chemo-
kines.'®'” These data highlight a central role for IL-4 and IL-13 in the
pathogenesis of EoE. While our experimental data imply a predomi-
nant role for IL-13 signaling via IL-13Ra1 in mediating the pathology
of EoE, we cannot rule out a role for IL-4 or IL-13Ra2. Our studies
are limited by the fact that we did not demonstrate that anti-IL-4
treatment neutralized IL-4 production or expression in the esopha-
gus. Nonetheless, neutralization of IL-4 in experimental EoE induced
increased epithelial layer thickness. This likely reflects the fact that
IL-4 and IL-13 compete with each other on binding the type 2 IL-
4R. In the absence of IL-4 (due to neutralization), IL-13 is available
to induce more proliferation. Furthermore, IL-13Ra2, which binds
IL-13 with high affinity, was previously shown to promote cellular
signaling and epithelial cell proliferation.”*® Whether an interplay
between IL-13Ra1 and IL-13Ra2 exists in EoOE, remains to be defined.
We report that IL-13Ral was responsible for all of the pathological
features of EoE. Consistent with our previous findings, skin sensiti-
zation with oxazolone resulted in increased serum IgE production in
1113ral™" mice compared to WT mice. This likely reflects that induc-
tion of IgE is dependent on the route of sensitization, the nature of the
antigen, and the relative induction of IL-4 in comparison with IL-13.3%%
This also suggests that decreased esophageal pathology in the ab-
sence of I113ra1™" is not due to altered skin sensitization. Tissue eosin-
ophilia was also regulated by IL-13 signaling and the type Il IL-4R. This
is especially interesting since previous studies using 1113ral™" mice
have shown that lung and skin eosinophilia is predominantly driven
by IL-4 signaling through the type | IL-4R.>3%*! In our experimental
model, RNA sequencing analyses revealed that induction of CCL11
was entirely dependent on the type Il IL-4R. These data are well-suited
with our previous reports that demonstrate a key role for IL-13 signal-
ing via the type Il IL-4R in induction of CCL11.>%2 Importantly, human
EoE is characterized by a marked induction of CCL26,* a chemokine
that is not expressed in mice. Since the cellular source for CCL26 is
IL-13-stimulated esophageal epithelial cells and since IL-13Ra1 is pri-
marily expressed by epithelial cells in EoE, it is likely that eosinophilia
in human EoE is also driven by IL-13 signaling and the type Il IL-4R.
Certainly, we show that neutralization of IL-13Ra1 in cultured esopha-
geal epithelial cells blocked IL-13-induced secretion of CCL26.
Single-cell RNAseq analyses in human EoE supported predomi-
nant expression of the type Il IL-4R in non-hematopoietic esopha-
geal cells such as epithelial cells. Furthermore, we demonstrate
that in human EoE IL-13 (but not IL-4) was found to be strongly
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FIGURE 6 Key role for epithelial cell-expressed IL-13Ral in EOE. I113ra1/ and Krt14®/1113ra1"* were subjected to experimental EoE.
Thereafter, histopathological analysis of the esophagus was performed. The slides were stained with H&E (A), and lamina propria (E) and
epithelial (F) thickness were determined. Epithelial cell proliferation was determined using anti-Ki67 staining (B,G). The slides were stained
with anti-major basic protein (MBP, C), and total esophageal eosinophils were quantified (H). Esophageal fibrosis was determined using
Masson's trichrome staining (D, 1). Representative photomicrographs of H&E (A), anti-Ki6é7 (B), anti-MBP (C), and Masson's trichrome (D) are
shown. Data are representative of n = 2 experiments where each circle represents one mouse. *p<0.05, **p<0.01, ***p <0.001. The ability
of anti-IL-13Ral (clone 2hAé) to block IL-13-induced CCL26 secretion (J) and IL-13-induced mRNA expression of IL-13-target genes was
determined in esophageal epithelial EPC2 cells (K). Nucala was used as a control antibody. Data are representative of n = 3 where each dot

represents a different experiment, *-p<0.05, **p<0.01, ***p<0.001

associated with epithelial cell pathology and remodeling. This raised
the hypothesis that IL-13 signaling via the type Il IL-4R in esopha-
geal cells mediates EoE pathogenesis. Using mice that specifically
lack expression of the type Il IL-4R in esophageal cells, we show that
esophageal epithelial cells are primary responders to IL-13 and key
drivers of EoE pathology. This is evident by decreased lamina pro-
pria thickening, decreased epithelial cell-associated pathology and in
decreased eosinophilia. Indeed, emerging evidence places the esoph-
ageal epithelium at the center of EoE pathogenesis.13 The main EoE
disease susceptibility loci at chromosome 2p23 and 5g22 encode
for esophageal epithelium-associated genes (i.e., CAPN14 and TSLP,
respectively).“’37’39’43 Furthermore, EoE is associated with loss of
differentiation and increased proliferation of esophageal epithelial
cells.?? For example, numerous transcripts, including filaggrin and
several small proline-rich protein (SPRR) family members, that com-
prise an epidermal differentiation complex are decreased in human
EoE biopsies and downregulated by 1L-13.2? Our data strengthen the
centrality of epithelial cells in EOE pathogenesis and highlight the type
I IL-4R receptor as a key regulator of their activities. Our results fur-
ther establish a fundamental role for IL-13 in EoE pathogenesis that
is mediated by its interactions with the type Il IL-4R in epithelial cells.

These data suggest that pharmacological targeting of the type 2
IL-4R via blockade of IL-13Ral may serve as a target for the treat-

ment of EoE and perhaps additional allergic diseases.
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