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Bidirectional crosstalk between eosinophils and
esophageal epithelial cells regulates inflammatory
and remodeling processes
Julia L. M. Dunn1, Julie M. Caldwell1, Adina Ballaban1, Netali Ben-Baruch Morgenstern1, Mark Rochman1 and Marc E. Rothenberg 1

Eosinophils accumulate adjacent to epithelial cells in the mucosa of patients with eosinophilic esophagitis (EoE), yet the
bidirectional communication between these cells is not well understood. Herein, we investigated the crosstalk between human
eosinophils and esophageal epithelial cells. We report that blood-derived eosinophils have prolonged survival when cocultured
with epithelial cells; 96 ± 1% and 30 ± 6% viability was observed after 7 and 14 days of coculture, respectively, compared with 1 ±
0% and 0 ± 0% of monoculture. In the presence of IL-13 and epithelial cells, eosinophils had greater survival (68 ± 1%) at 14 days
compared with cocultures lacking IL-13. Prolonged eosinophil viability did not require cellular contact and was observed when
eosinophils were cultured in conditioned media from esophageal epithelial cells; neutralizing GM-CSF attenuated eosinophil
survival. The majority of eosinophil transcripts (58%) were dysregulated in cocultured eosinophils compared with freshly isolated
cells. Analysis of epithelial cell transcripts indicated that exposure to eosinophils induced differential expression of a subset of
genes that were part of the EoE esophageal transcriptome. Collectively, these results uncover a network of crosstalk between
eosinophils and esophageal epithelial cells involving epithelial mediated eosinophil survival and reciprocal changes in cellular
transcripts, events likely to occur in EoE.
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INTRODUCTION
An array of immune cells, including eosinophils, mast cells, and
lymphocytes, accumulate in the esophageal epithelium in a
variety of diseases, including Barrett’s esophagitis, gastroesopha-
geal reflux disease, esophageal cancer, and eosinophilic esopha-
gitis (EoE). Recent attention has focused on the emerging disease
EoE, a food antigen-driven chronic inflammatory disease asso-
ciated with the overproduction of IL-13 by pathogenic effector
type 2 T cells (Th2 cells). IL-13 overexpression is sufficient to
induce EoE-like features in mice, and blockade of IL-13 signaling in
mice and humans attenuates EoE.1–4 IL-13 triggers a variety of
transcriptional responses in epithelial cells, including induction of
CCL26, which encodes the eosinophil chemokine eotaxin-3, as well
as a set of genes that overlap with the esophageal transcriptome
seen in patients with EoE.5,6 Genetic studies have identified a key
role for the esophageal epithelium in disease pathoetiology, as the
gene products of the top two susceptibility loci encode for
esophageal epithelial gene products, thymic stromal lymphopoie-
tin and calpain-14.7–9 The multifaceted relationship between
inflammation and epithelial alterations is central to disease
pathology and presents opportunities for therapeutic intervention.
A growing body of evidence illustrates a positive role of long-

lived, “tissue-resident” eosinophils in developmental and homeo-
static responses.10–16 These tissue-resident functions require pro-
longed survival of otherwise short-lived eosinophils, which is
mediated by one of three known eosinophilopoietins—IL-3, IL-5,
or GM-CSF. Eosinophilopoietins may be produced in either an

autocrine or paracrine fashion that prevents intrinsic apoptosis.17–21

In the small intestine, where eosinophils are constitutively present,
epithelial-derived GM-CSF is required for eosinophil survival,22 and
in turn eosinophil-derived factors are required to downregulate
activation of Th17 cells, providing evidence of an anti-inflammatory
and/or immunomodulatory role of gastrointestinal eosinophils.11

We have previously reported transcriptional changes to esophageal
eosinophils with respect to bone marrow-derived eosinophils in a
murine model of EoE;2 these changes are consistent with an
activation phenotype in tissue and included chemokine and
cytokine receptors, adhesion and migration factors, and secreted
profibrogenic factors. However, currently there is limited informa-
tion about how the unique environment of the esophagus impacts
human eosinophils and conversely how eosinophils modify the
surrounding tissue.
Herein, we hypothesized that the environment of the esopha-

geal epithelium in patients with active EoE may induce specific
changes to eosinophil activation and that this in turn promotes
the epithelial cell gene expression associated with barrier
dysfunction and fibrosis. We investigated human peripheral blood
eosinophils upon coculture with esophageal epithelial cells and
furthermore examined the role of IL-13. We observed changes to
eosinophil viability and activation during coculture and evaluated
reciprocal changes to gene expression in both eosinophils and
epithelial cells. Our data demonstrate bidirectional crosstalk that
alters survival and activation of eosinophils and also promotes
EoE-like changes in epithelial gene expression.
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RESULTS
Esophageal epithelial cells extend eosinophil viability
Purified human blood-derived eosinophils (Siglec-8+, CCR3+, and
CD44+) were cocultured with esophageal epithelial cells. Follow-
ing coculture, eosinophil viability was 94 ± 1%, 96 ± 1%, and 30 ±
6% after 4, 7, and 14 days, respectively. In contrast, within 4 days
of culture in media alone, over 95% of the eosinophils stained
positively for both the viability exclusion dye and Annexin V
(Fig. 1a). As a positive control, IL-5 (10 ng/mL) supplemented in
the media preserved eosinophil viability at day 4 (96 ± 1%), 7
(94 ± 2%), and 14 (52 ± 11%) (Fig. 1a). We evaluated the epithelial-
to-eosinophil cell ratio that would support eosinophil survival. We
noted an increased eosinophil survival at a ratio of 1 epithelial cell
to 8000 eosinophils, which plateaued at 1:800 (Fig. 1b). These
results collectively demonstrate that esophageal epithelial cells
promote human eosinophil survival and that this is an efficient
process that requires only a small number of epithelial cells
relative to eosinophils.

Esophageal epithelial cells activate eosinophils
In order to understand phenotypic changes to eosinophils caused
by exposure to esophageal epithelial cells, we quantified changes
in surface marker expression in eosinophils following coculture.
Focusing on the inhibitory receptor Siglec-8, we observed that
surface expression of Siglec-8 decreased by day 7 of culture (mean
fold change (MFC) 4.9 vs. 2.1 p < 0.01; Fig. 1c). The activation
marker CD69 was upregulated in coculture (MFC 13.5 vs. 1.0, p <
0.01; Fig. 1d). For comparison, eosinophils cultured for 4 days in IL-
5 or GM-CSF exhibited only slight increases in CD69 expression
(MFC 2.8 and 3.9; Fig. 1d). Expression of a key chemokine receptor,
CCR3, was comparable on eosinophils cocultured with EPC2 cells
with respect to GM-CSF alone and was slightly elevated on
eosinophils cultured with IL-5 (Fig. 1e).

Eosinophil–epithelial contact is not required to maintain
eosinophil survival
Epithelial cells produce both secreted and surface-bound mole-
cules that may act on eosinophils; we therefore set out to
distinguish between contact-dependent and -independent effects
of esophageal epithelial cell coculture on eosinophils. First, we
compared the effects of standard coculture, in which cell:cell
contact occured, with the effects of transwell cocultures, in which
eosinophils and epithelial cells were separated by cell-
impermeable porous inserts. We observed comparable viability
in contact and transwell cocultures (93.3% vs. 96.7%; p > 0.05;
Fig. 2a). In contrast, induction of CD69 on cocultured eosinophils
was only observed when cells were seeded in contact with EPC2
cells and not when cultured in transwell (MFC 1.6 vs. 3.8; p < 0.01;
Fig. 2b), supporting epithelial cell contact-dependent activation of
eosinophils.
Next, we generated conditioned media derived from confluent

esophageal epithelial cells. The conditioned media promoted
eosinophil survival in a dose-dependent fashion (Fig. 2c). However,
no changes in surface expression of CD69 were observed in
eosinophils cultured with the conditioned media (data not
shown). Collectively, these results demonstrate that contact-
independent factors account for eosinophil survival in coculture
and furthermore that this effect is mediated by soluble mediators
constitutively produced by confluent esophageal epithelial cells,
yet the soluble factors are not sufficient to fully activate the
eosinophils.

Secreted factors in coculture
Having observed that soluble factors are critical to the crosstalk
between eosinophils and esophageal epithelial cells, we used a
65-analyte multiplex array of inflammatory mediators to identify
soluble factors in supernatants after 7 days. As a control and to
maintain viability, eosinophils in monoculture were treated with

IL-5. Monocyte chemotactic protein 1 (MCP-1; 33 ± 5 pg/mL),
fibroblast growth factor 2 (FGF2; 119 ± 7 pg/mL), IL-16 (4 ± 1 pg/
mL), and IL-23 (19 ± 7 pg/mL) were identified in supernatants of
eosinophils but not epithelial cell monocultures (Fig. 3a, b). Seven
factors were identified in supernatants of esophageal epithelial
cells but not eosinophil monocultures including fractalkine (40 ± 6
pg/mL), IL-15 (15 ± 1 pg/mL), IL-8 (>8 ng/mL), and tumor necrosis

Fig. 1 Eosinophil survival and surface marker expression in
coculture. a The percentage of Annexin V-/LiveDead-eosinophils
was assessed by flow cytometry following monoculture or coculture.
b Eosinophil viability was assessed following 96 h of culture with
media alone or coculture with varying quantities of EPC2 cells.
c Surface expression of Siglec-8 was assessed at baseline and
following 7 or 14 days of EPC2 coculture. d CD69 and e CCR3
expression were quantified on eosinophils at baseline or following
96 h of culture with IL-5 or GM-CSF or EPC2 coculture. Fold change
(FC) in mean fluorescence intensity (MFI) was relative to control
samples as measured by isotype or fluorescence minus one (FMO).
Data shown are representative of at least three biological replicates,
each with 3–4 technical replicates per condition and timepoint. Data
shown are mean ± SD, and individual symbols represent technical
replicates; bars signify p < 0.05.
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factor alpha (193.6 ± 0.4 pg/mL) (Fig. 3a, b). These factors were
also detectable in coculture.
To determine if cytokine secretion by eosinophils in mono-

culture may occur specifically in response to IL-5 compared to
other pro-survival factors, we compared culture supernatants from
monocultures treated with IL-5 or GM-CSF for 7 days. Of the
detectable analytes, we observed that GM-CSF-treated mono-
cultures secreted less IL-27 (45 vs. 5 pg/mL; p < 0.01) and more
macrophage-derived cytokine (0 vs. 5 pg/mL; p < 0.01), MCP-1 (21
vs. 65 pg/mL; p < 0.01), and IL-8 (2 vs. 9 pg/mL; p < 0.01) compared
with IL-5-treated monocultures.
In order to understand the unique components of eosinophil

and epithelial cell crosstalk, we examined factors that were
upregulated in coculture. In order to approximate the environ-
ment of the inflamed esophagus, we included cocultures that
were supplemented with IL-13. Nineteen factors were modulated
by addition of IL-13, including GM-CSF, CCL26, and IFN-γ. Among
these cytokines, GM-CSF was produced by high-density esopha-
geal epithelial cell monocultures (179 ± 3 pg/mL), detected in
cocultures (100 ± 24 pg/mL) and increased by the addition of IL-13
in cocultures (235 ± 34 pg/mL; p < 0.05). Other factors that were
similarly upregulated in the presence of IL-13 in both esophageal
epithelial cell monocultures and cocultures included CCL26 (not
detected (ND) vs. 249 ± 46 pg/mL) and IFN-γ (1.7 ± 1 vs. 10 ± 1 pg/
mL; p < 0.05). Importantly, multiple factors were robustly detected
only in the eosinophil–epithelial cell coculture, suggesting that
their secretion is responsive to intercellular crosstalk. Specifically,
several IL-1 family molecules were detected in coculture and were
increased with IL-13, including IL-1RA (637 ± 96 vs. 1236 ± 175 pg/
mL; p < 0.05), IL-1B (5 ± 2 vs. 12 ± 2 pg/mL; p < 0.05), and IL-1α
(107 ± 25 vs. 335 ± 79 pg/mL; p < 0.05). IL-18 was an IL-1 family
cytokine whose expression in coculture was not increased in the
presence of IL-13 (25 ± 5 vs. 23 ± 3 pg/mL; p= 0.67).
In order to evaluate the impact of soluble factors in coculture,

we performed functional assays to ascertain the role of epithelial-
derived factors on eosinophil migration and survival. Multiple
eosinophil chemoattractants were detected by multiplex, includ-
ing CCL11 (eotaxin) and CCL26 (eotaxin-3); thus, we performed
migration assays to determine whether eosinophils migrate in
response to conditioned media generated from IL-13–treated
esophageal epithelial cells. A greater fraction of IL-5-treated

eosinophils migrated in response to IL-13–treated conditioned
media compared with untreated conditioned media (12% vs. 20%,
p < 0.01; Fig. 4a). Because factors that impact eosinophil survival
and activation were upregulated in IL-13–treated cocultures, we
compared eosinophil survival in monoculture and coculture with
and without IL-13 (Fig. 4b). After 14 days, we did not observe any
viable eosinophils in monoculture with or without IL-13; however,
in coculture, IL-13 supplementation led to a significant increase in
viability versus coculture alone (68 ± 1 vs. 30 ± 6%; p < 0.01).
Collectively, these results identify specific changes to
eosinophil function when they are cocultured with IL-13–treated
epithelial cells.

Identification of GM-CSF as key esophageal epithelial cytokine
driving eosinophil survival
GM-CSF has a well-characterized role in promoting eosinophil
survival and was produced by epithelial cells in monoculture and
in coculture; whereas, IL-5, another established pro-survival factor,
was not detected (Table S1). To test the hypothesis that GM-CSF
was necessary for the pro-survival effect on eosinophils in
coculture, we tested the effect of GM-CSF blockade on eosinophil
viability. We found that a neutralizing antibody against GM-CSF,
but not IgG control, was sufficient to attenuate eosinophil survival
in the presence of EPC2-conditioned media (1.9 ± 0.1 × 105 vs.
1.0 ± 0.2 × 104 live cells; p < 0.001; Fig. 4c).

Eosinophil gene expression in coculture
In order to comprehensively assess the impact of epithelial
coculture, RNA sequencing was performed on the eosinophils.
Cultured eosinophils (7 days) were compared to baseline
eosinophils. We examined eosinophils cultured with esophageal
epithelial cells with and without IL-13; eosinophils cultured in IL-5
served as a positive pro-survival control. We observed high
correlation values between eosinophils in coculture with and
without IL-13, suggesting similar transcriptional responses to
these two culture conditions (Fig. S1A). Using analysis of variance
(ANOVA) to identify genes differentially expressed by any
condition (FDR < 0.05), we found that 58% of expressed genes in
eosinophils exhibited differential expression after 7 days of
monoculture with IL-5, coculture, or coculture with IL-13 (Fig. 5a).
We performed K means clustering to obtain functional groups of

Fig. 2 Contact-independent effect of coculture on eosinophil viability. a Eosinophil survival and b CD69 MFI were assessed on eosinophils
cultured for 96 h with media or media with IL-5 or cocultured in the bottom well in contact with EPC2s (“C”) or in the transwell insert with
EPC2s in the bottom well (“T”). c Eosinophil viability was measured after culture with media alone, media with GM-CSF, or dilutions of EPC2-
conditioned media (CM); results were anayzed by ANOVA with Dunnett’s post-test, and bars indicate p < 0.05. Data are representative of three
biological replicates, each with 3–4 technical replicates per condition. a–c Data shown are mean ± SD and individual symbols represent
technical replicates.
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differentially expressed genes with similar expression patterns and
analyzed those groups for functional enrichment via gene
ontology (GO). In freshly isolated eosinophils, we observed
preferential expression of genes involved in defense response,
response to mechanical stimulus and response to cytokine; these
genes included IL5RA and CASP1 (Fig. 5b, c). Coculture led to the
upregulation of genes involved in inflammation, secretion,
leukocyte migration, and response to IL-1 (e.g., ICAM1, CCL2,
NFKB1, CD83, and TLR1) and the downregulation of genes involved
in differentiation and development (e.g., caspase 3 (CASP3),
ANXA6, APAF1, and ARHGAP3). We examined gene expression in
eosinophils cultured with IL-5 compared to GM-CSF by RT-PCR;
whereas, we did not observe a difference in expression of CD83,
CASP3, or ANXA6 (data not shown), we observed a 1.9-fold
decrease in expression of IL5RA by eosinophils cultured with GM-
CSF compared with IL-5 (p < 0.01).

To comprehensively define unique and shared gene expression
changes in monoculture and coculture, we used DEseq to identify
differentially expressed genes in each culture condition, individu-
ally, compared to baseline (Fig. S1B). There were 199 genes
commonly dysregulated by day 7 vs. freshly isolated eosinophils
regardless of the culture conditions (i.e., coculture alone, coculture
with IL-13, IL-5 alone), suggesting that these genes were
characteristic of post-mitotically differentiated eosinophils; these
genes were enriched for pathways involved in immune response
(e.g., IL5RA, IL1RN, and IL1A), leukocyte migration (e.g., CCL2, CXCL1,
and CXCR1), and response to lipid (e.g., CD68, CD180, FPS, and
FOSB). By comparing the gene expression of eosinophils cocultured
with esophageal epithelial cells with or without IL-13, we identified
66 genes that were preferentially upregulated (e.g., SPP1, IL1RL1,
and IFI44) and 63 genes that were downregulated by the presence
of IL-13 in coculture (e.g., CCL2, IFI6, and KIT; Fig. 6a, c).

Fig. 3 Soluble factors observed in eosinophil and epithelial cell coculture. a A 65-analyte multiplex array was used to identify inflammatory
mediators in culture supernatants from 7 days of IL-5-treated eosinophil monocultures, cocultures, cocultures with IL-13, EPC2 monocultures
with EPC2 monocultures with IL-13. Values within the heatmap represent the mean concentration (pg/mL) for each treatment group.
b Individual analytes are plotted. Significant differences were assessed with one-way ANOVA and Tukey post-test. Bars indicate p < 0.01.
Samples from three biological replicates were analyzed, with 2–3 technical replicates of each culture condition for each biological replicate.
Representative data shown are mean ± SD and individual symbols represent technical replicates.
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In order to establish the relevance of these gene expression
data in esophageal eosinophils, we compared genes that were
differentially expressed in our model system with genes previously
reported to be differentially expressed by esophageal eosinophils
in a murine model of EoE driven by IL-13 overexpression.2 A set of
genes (n= 75) that was preferentially expressed by esophageal
eosinophils in the EoE model was also differentially expressed in at
least one of the culture conditions (monoculture with IL-5 and
coculture with or without IL-13; Fig. 6b). A set of 23 experimental
EoE genes were differentially expressed by eosinophils in all three
culture conditions, including IL1A, ITGA4, and CD68. Importantly,
14 of the experimental EoE genes were specifically dysregulated
by coculture, including CASP3 and CD9 (Fig. 6c). A further 18

genes, such as nucleic acid-binding protein 1, the antimicrobial
cathelicidin antimicrobial peptide, and the complement C1q
binding protein, were exclusively dysregulated in IL-13-
supplemented coculture.

Eosinophil-dependent modulation of epithelial gene expression
In order to determine whether eosinophils induced changes in
esophageal epithelial gene expression, RNA sequencing was
performed on esophageal epithelial cells following 7 days of
monoculture or eosinophil coculture with or without IL-13. By
examining genes with an FDR p < 0.05 by ANOVA, we identified
2828 genes whose expression varied by culture condition (Fig. 7a).
K means was used to obtain clusters of genes whose expression
was dictated by culture condition. This resulted in one small
cluster containing genes that were upregulated in monoculture
with IL-13 and coculture with or without IL-13 as well as two large
clusters that were upregulated and downregulated, respectively,
by the presence of IL-13 in both monoculture and coculture
(Fig. 7a). There was no difference in IL-13 detected in the media of
cocultures or EPC2 monocultures (Supplementary Table 1); there-
fore, IL-13 is unlikely to account for the pattern of gene expression
observed in cluster 1. We identified a cluster of 262 genes that
were upregulated specifically with eosinophil coculture, including
the pro-inflammatory genes NEK7 and IL-18, as well as a
component of the IL-13 receptor, IL13RA1 (Fig. 7c and S2). In
addition, the gene expression of a key transcription factor that
acts downstream of TGF-β signaling, SMAD4, was induced by
eosinophil exposure (Fig. S2).
The transcriptional changes specifically attributable to eosino-

phil coculture were modest compared with the changes
attributable to IL-13 (Fig. 7a). These results were reinforced by
pairwise differential expression analysis. Only 27 genes were
differentially expressed (|FC| > 2, adjusted p < 0.05) in cocultured
vs. monocultured esophageal epithelial cells, whereas 536 genes
were differentially expressed by IL-13-treated vs. untreated
esophageal epithelial cell monocultures. To obtain a more
sensitive readout of functional changes to esophageal epithelial
cell gene expression in coculture, we performed preranked gene
set enrichment analysis (GSEA) and tested for enrichment of GO
terms (Table 1). Gene sets that were positively enriched were
involved in the maintenance of the extracellular matrix (ECM) and
basement membrane, as well as transmembrane receptor protein
tyrosine kinase activity. Negatively enriched pathways included
GDP binding and ubiquitin-like enzyme activity.

Overlap of eosinophil-regulated epithelial genes with EoE
transcriptome
We compared the K means clusters of coculture-responsive genes
with genes previously reported as differentially expressed in
esophageal tissue from patients with EoE compared with
controls.23 There were 14 epithelial genes induced by eosinophil
exposure that were also upregulated in the EoE transcriptome,
including the interferon-responsive gene IFIT5, collagen-modifying
enzyme PLOD2 and cell-fate factors ASCL4 and TIA1 (Figs. 7b, c and
S2). Conversely, the 20 EoE-associated genes that were down-
regulated in esophageal epithelial cells by eosinophil exposure
included the epithelial signal transducer PTK6, cytoskeletal
component TUBB6, transcription factor ZNF36, serum response
factor MYZAP, and epithelial metabolic regulator CRCT1 (Fig. 7c).

DISCUSSION
Herein, we have examined changes that occur in epithelial cells
and eosinophils as a result of their interaction. We observed a
striking pro-survival effect on eosinophils in coculture that does
not require direct cell:cell contact and demonstrated a role of
epithelial-derived GM-CSF in eosinophil survival. We identified
increased production of several IL-1 family members in coculture

Fig. 4 Functional impact of soluble factors in coculture on
eosinophil migration and viability. a Eosinophils cultured for 24 h
with media alone or media with IL-5 were seeded in porous inserts
and allowed to migrate for 4 h in response to media, EPC2-
conditioned media (CM), IL-13–treated EPC2-conditioned media or
CCL26. b Viability was assessed after 14 days of culture with media
alone or media with IL-5 or IL-13 or EPC2 coculture with or without
IL-13. c Eosinophil viability was measured by Annexin-V staining and
viability dye after 96 h of culture with either IL-5, GM-CSF, or EPC2-
conditioned media (CM) with neutralizing antibody against GM-CSF
or IgG control (Isotype). Data are representative of experiments that
were repeated 2–3 times with three technical replicates per
condition. Data shown are mean ± SEM, and individual symbols
represent technical replicates. Significant differences were assessed
with one-way ANOVA and Tukey post-test. Bars indicate p < 0.01,
**p < 0.001. ND not detected.
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and observed that the transcriptome of cocultured eosinophils
was enriched for genes involved in IL-1 signaling as well migration
and secretory pathways. This profile was not observed in
eosinophils cultured with IL-5, a pro-survival cytokine, under-
scoring a unique response to epithelial signals. We propose that
the unique activation state of cocultured eosinophils mimicks a
tissue-resident phenotype. Finally, we demonstrated that epithe-
lial cells respond to eosinophil coculture by upregulating genes
involved in the interferon response and moreover that genes
involved in EoE pathogenesis were dysregulated in epithelial cells
in response to coculture with eosinophils. Collectively, these
findings establish the evidence of crosstalk between esophageal
epithelial cells and eosinophils and resultant functional changes in
both cell types.
Recently, we have reported heterogeneity of type 2 gene

expression in active EoE, observing that inflammatory gene
expression is not lost in patients with fibrostenotic character-
istics.24 This supports a role of eosinophils in the epithelial
remodeling process. Data presented in this report substantiate
multifaceted crosstalk between cell types that results in changes
to epithelial function that might accompany remodeling events,
including desmosome assembly and ECM remodeling. ECM and
basement membrane remodeling are functions involved in EoE
pathogenesis.23,25 We also observed the upregulation of SMAD4,
which encodes a TGF-β-responsive transcription factor, specifically
in coculture. This may be important as TGF-β signaling and
mutations in the TGF-β receptor (TGFB1R) and genetic variants in
the region of the TGF-β signaling activator (LRRC32) have been
implicated in EoE.7,26,27 It is interesting to speculate that
eosinophil-derived factors, including TGF-β, may be responsible
for tissue pathology at later stages of disease by promoting
epithelial-to-mesenchymal transition, wherein epithelial cells
adopt a fibroblast phenotype and remodel the ECM. Whereas,
the current study was primarily focused on changes in eosinophil
function and gene expression during coculture, future studies will
explore changes in epithelial cell differentiation, barrier establish-
ment and maintenance, especially the role of TGF-β in coculture.

Previous studies have reported changes to human eosinophil
gene expression in response to different eosinophilopoietins,
including GM-CSF, IL-5, and IL-3. These studies have examined the
transcriptome of freshly isolated eosinophils2,28 or examined
survival and activation of cultured murine eosinophils; however, to
our knowledge this is the first study to describe global changes in
human eosinophil gene expression following prolonged culture
with esophageal epithelial cells. Given the need to understand
eosinophil responses to unique environments in situ, several
groups have attempted to obtain single-cell RNA sequencing
(scRNAseq) data on eosinophils from allergic tissues without
success. This result has been attributed to the high RNAse content
in eosinophils, which overcomes the RNAse inhibitor concentra-
tion in microdroplets generated during the scRNAseq workflow.29

Recently, one group reported distinct inflammatory and regulatory
gene expression profiles by eosinophils sorted from murine lungs
and arthritic joints using scRNAseq; these results corroborate our
finding of a dynamic transcriptional response of eosinophils to
unique environments and suggest that continued efforts to
analyze eosinophil gene expression at the single-cell level may
produce valuable findings.30 Until technological advances are able
to reliably address the high RNAse content of eosinophils, bulk
sequencing of cultured and stimulated eosinophils remains the
best way to gain insight into diverse and heterogeneous functions
of these cells. The findings described herein underscore the
dynamic capacity of human eosinophils, despite their post-
mitotic state.
Several studies have examined the activation state of eosino-

phils in the circulation and in esophageal tissue of EoE patients
using surface staining to quantify expression of activation markers.
CD69 is upregulated on human eosinophils in response to a
variety of signals including IL-13,31 has been identified on
circulating eosinophils in EoE, and its strong upregulation in the
esophageal tissue of EoE patients has been observed histologi-
cally, though the increase was attributed to T cells32. Herein, we
show that CD69 is upregulated in cocultured eosinophils in a cell-
contact-dependent manner. The increased surface expression of

Fig. 5 Tissue-specific responses of eosinophil gene expression to epithelial coculture. RNA extracted from freshly isolated eosinophils or
nonadherent, CD45-enriched cells after 7 days of culture in media alone (baseline) or with IL-5 (IL-5) or cocultured with EPC2s (EPC2) or EPC2s
with IL-13 (EPC2 IL-13) was sequenced. In the dataset, 6591 genes were expressed. a Of these, 3652 genes identified as significant by ANOVA
(FDR < 0.05) and were clustered via K means (K= 6). Clusters were entered into GOrilla to obtain enrichments using total expressed genes as
background. Selected processes and representative genes are annotated. b Representative individual genes are plotted. Data represent a
single biological replicate with 2–4 technical replicates per condition. c Selected genes were quantified by RT-PCR using RNA from 2 to 5
technical replicates and three biological replicates. Significant differences were assessed with one-way ANOVA and Tukey post-test. Bars
indicate p < 0.01. Data shown in b, c are mean ± SD and individual symbols represent technical replicates.
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CCR3 that was observed in cocultured eosinophils is reminiscent
of increased CCR3 expression on eosinophils in blood and biopsies
from EoE patients.33–35 Several studies have illustrated the
necessity of CCR3 ligation in eosinophil migration in response to
a variety of ligands during allergic inflammation, including several
ligands that were identified in the multiplex experiment including
CCL11, CCL26, and RANTES.36–39 Finally, changes to Siglec-8
expression have been associated with eosinophil maturation, and
internalization of Siglec-8 resulting in decreased surface expres-
sion is associated with a pre-apoptotic phenotype, which may
account for the decreased surface expression of Siglec-8 over time
in culture.40 Taken together, the observed changes in eosinophil
expression of CD69, CCR3, and Siglec-8 echo trends that have
been observed in EoE and other allergic conditions.
Whereas in this report, we have presented compelling evidence

that GM-CSF is necessary and sufficient for a pro-survival effect of
epithelial cells on cocultured eosinophils, it is probable that there is
an additional role of T-cell derived IL-5 in allergic tissue. The
respective contributions of these two cytokines is of particular
interest, especially given the association of genetic polymorphisms
in IL-5 with EoE susceptibility,27 as well as ongoing trials of IL-5
signaling antagonists in the treatment of EoE and other EGID.41–44

Moreover, it is possible that the relative importance of IL-5 and
GM-CSF signaling changes over time in situ, as we have observed
downregulation of the IL-5 receptor subunit IL5RA following 7 days
of coculture. Given the potential for both redundant and non-
redundant roles of IL-5 and GM-CSF on eosinophil survival and
activation in EoE, further studies should compare the role of their
individual and synergistic signaling and incorporate each cytokine
into culture experiments.
Increasingly, a role for long-lived, tissue-resident eosinophils in

tissue immunity and structural integrity has been established in
allergy, cancer, and gut homeostasis; the critical role of eosinophils
in mucosal homeostasis was recently reviewed by Shah et al.16

Widespread differences in eosinophil gene and protein expression
have been observed in response to differential cytokine or growth
factor exposure or in specific tissue environments.2,40,45–48

Specialized changes to gene expression and granule secretion,
combined with prolonged survival in non-inflammatory diseases,
such as cancer, suggest highly specialized and diverse eosinophil
functions and populations of eosinophils in tissue.49 The
Local Immunity And/Or Remodeling/Repair hypothesis
advances a critical role of eosinophils in maintaining healthy
tissue function under homeostatic conditions and returning to
homeostasis following inflammatory insult.14 This function of
long-lived tissue eosinophils is consistent with established roles of
other granulocytes in tissue homeostasis and represents an
opportunity to develop therapeutic strategies that harness pro-
repair functions of eosinophils in the treatment of hypereosino-
philic disorders.
It is interesting to note that the cytokines detected specifically

in coculture supernatants belong to a family of proteins (e.g., IL-
1β, IL-18, and IL-33) whose secretion is primarily regulated
posttranslationally through proteolytic cleavage of precursor
proteins. It is possible that the effect of eosinophil coculture on
epithelial activity and function is largely exerted at the post-
translational level. This may explain why the transcriptional effects
induced by the coculture were modest compared with the effects
of IL-13. Further investigation will be needed to evaluate changes
to enzymatic and proteolytic activity, as well as cytoskeletal
reorganization and cellular morphology, in epithelial cells follow-
ing coculture with eosinophils. Moreover, it is possible that the
effects of coculture may be observed in epithelial cells during
differentiation from basal to suprabasal phenotype or while
establishing a robust epithelial barrier. These effects may be

Fig. 6 Tissue-specific responses of eosinophil gene expression to
epithelial coculture. a DEseq was used to compare gene expression
in EPC2 cocultured eosinophils with and without IL-13. Genes with a
fold change > 2 and an adjusted p value < 0.05 are annotated in
purple, and select genes are labeled. b Genes that were identified as
upregulated in esophageal eosinophils in a murine model of EoE
were compared with the genes that were differentially expressed in
our three culture conditions with respect to baseline state when
isolated from human blood. Data represent a single biological
replicate with 2–4 technical replicates per condition. c Selected
genes were quantified by RT-PCR using RNA from 2 to 5 technical
replicates and three biological replicates. Significant differences
were assessed with one-way ANOVA and Tukey post-test. Bars
indicate p < 0.01.
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measured using primary esophageal epithelial cells either in air-
liquid interface cultures or in more natural conditions, such as
esophageal organoids, and will be the subject of future
investigation.
In this study, IL-13 was used to approximate the cytokine profile

that is observed in esophageal tissue during active EoE disease,
particularly as IL-13 has a robust effect on epithelial cell gene
expression. Whereas eosinophils may secrete IL-13, the multiplex
data do not support a role for eosinophils as the key cellular source
of this cytokine, and IL13 was not detected in eosinophils by
RNAseq. Indeed, single-cell sequencing of esophageal biopsies has
identified T-helper type 2 (Th2) cells as a primary sources of IL-13.50

We propose that the environment of the EoE epithelium is the
primary driver of disease pathoetiology. Genetic polymorphisms
associated with risk of EoE are primarily expressed by epithelial
cells as opposed to myeloid cells. Eosinophil-centric and epithelial-
centric disease mechanisms are not mutually exclusive; therefore,
ongoing studies will examine the roles of both mechanisms.
Future work will leverage primary cells from patients and controls
to define a role of disease-dependent phenotypes, such as
increased activation of circulating eosinophils or impaired
epithelial differentiation on intercellular crosstalk during coculture.
In summary, we have established evidence of a pro-survival

effect of esophageal epithelial cells on human eosinophils that
was accompanied by a unique eosinophil activation state, as
indicated by changes to surface expression of Siglec-8, CD69, and

CCR3. By multiplex, we identified the eosinophilopoietin GM-CSF,
several eosinophil chemoattractants, and IL-1 family cytokines.
These factors likely exert functional changes on eosinophils, as we
observed that GM-CSF neutralization was sufficient to attenuate
eosinophil survival in coculture and furthermore that eosinophils
migrated in response to esophageal epithelial cell-conditioned
media. We also observed a transcriptional response of esophageal
epithelial cells in eosinophil coculture that was enriched for ECM
remodeling and collagen production and that included genes that
we have shown to be differentially expressed in biopsies of
patients with EoE. Collectively, these results identify reciprocal
crosstalk between eosinophils and esophageal epithelial cells that
likely has consequences in the inflammatory and remodeling
stages of EoE pathogenesis. Given the involvement of eosinophils
in homeostatic and remodeling processes in mucosal tissue, a
greater understanding of this crosstalk will have significant
implications in an array of eosinophilic gastrointestinal disorders.

METHODS
Human peripheral blood eosinophil isolation
Blood was collected from 13 control donors (IRB 2008–0090;
Supplementary Table 2), and 150–250 mL of blood was collected
in heparin-coated tubes at each draw. Red blood cells were
removed with a 4% dextran gradient, and the remaining buffy
coat was diluted with EDTA in PBS and layered over a percoll

Fig. 7 Eosinophil-dependent changes to epithelial gene expression. RNA from adherent epithelial cells following 7 days of culture with or
without eosinophils (Eos) and/or IL-13 was sequenced, and 7457 genes were detected in the dataset. a Of these, 2828 genes were identified as
significant by ANOVA (FDR < 0.05) and were clustered via K means (K= 5). b Clusters of significant genes that were upregulated (cluster 4) or
downregulated (cluster 5) in the presence of eosinophils were compared with differentially expressed genes in EoE biopsy tissue (EoE
Transcriptome). c Representative genes that were significantly upregulated or downregulated with coculture. Data represent a single
biological replicate with 2–3 technical replicates per condition. Data were analyzed by ANOVA with Tukey post-test; bars represent p < 0.05.
Data shown in c are mean ± SD.
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gradient. After 30 min of centrifugation at 1300 rpm, buffy coat,
serum, and percoll layers were removed, and the remaining
granule/erythrocyte pellet was resuspended and washed with 2%
FBS (Atlanta Biologicals #S11150). Remaining erythrocytes were
lysed with hypotonic buffer, and eosinophils were purified from
the granulocyte pellet by negative immunomagnetic purification
(Miltenyi #130–092–010) as per the manufacturer’s instructions.
Cytospins of the granulocyte and eosinophil fraction were stained
with HEMA 3 to confirm eosinophil purity and recovery. Eosinophil
purity and viability were regularly >95% and >98%, respectively.
Eosinophils were resuspended and cocultured in a 1:1 mixture of
eosinophil media (RPMI-1640, Invitrogen #SH30027.01+ 10% FBS)
and keratinocyte serum-free media (KSFM; Invitrogen cat no.
17005042) supplemented with bovine pituitary extract (BPE,
12.5 mg/L) and epithelial growth factor (EGF, 1 ng/mL).

EPC2 authentication and culture conditions
An immortalized human esophageal epithelial cell line (EPC2, a
kind gift of Dr. Anil Rustgi) was subjected to short tandem repeat
(STR) profiling (Genetica Inc.). The STR profile exhibited a 100%
match to the reference profile, and the cells were mycoplasma
negative. Banked cells from the same batch as those authenti-
cated were used in these studies, and cultures were discarded
after 2–3 months of passages. EPC2s were cultured in a humidified
incubator at 37 °C with 5% CO2 with KSFM supplemented with BPE
and EGF. Two days prior to eosinophil isolation, EPC2s were
seeded at high density (5 × 105 cells/well of a 24-well plate). Media
was changed the following day to remove nonadherent cells. To
generate conditioned media, EPC2s were seeded at high density
and media was replaced at 24 h. At 72 h, conditioned media was
recovered and frozen after cells and debris were removed by
centrifugation.
For coculture, a 1:1 mixture of eosinophil culture media and

KSFM was used. Eosinophils were added at a concentration of 1 ×
106 cells per mL (4 × 105 cells/well), and half of the media was
replaced every 48 h for the duration of the experiment. To
preserve survival in eosinophil monocultures, media was supple-
mented with either IL-5 (10 ng/mL; PreproTech cat no. 200–05) or
GM-CSF (50 ng/mL; PreproTech cat no. 300–03). In neutralization
studies, polyclonal anti-GM-CSF (Abcam cat no. ab9741) and
immunoglobulin control (Abcam cat no. ab37415) were used at
100 ng/mL.

Flow cytometry staining
Nonadherent cells were collected, pelleted, and washed with PBS
prior to viability staining (Invitrogen cat no. L34957, 1:1000) for

10min; cells were washed with 2% FBS in PBS for antibody
staining. Cells were incubated with Fc Block (BD Biosciences cat
no. 564219, 1:50) for 15min prior to the addition of labeled
antibodies. Cells were stained for Siglec-8 (PE-Cy7, Biolegend cat
no. 347112, 1:50), CCR3 (Alexa647, Biolegend cat no. 310710,
2.5:50), CD69 (BV421, Biolegend cat no. 310930, 1:50), and CD44
(PerCP-Cy5.5, Biolegend cat no. 103032, 0.5:50) for 30 min. Stained
cells were washed with PBS and stained with Annexin V (1:100) in
Annexin-V Binding Buffer (BD cat no. 556454) for 10min. Cells
were washed and stored in fixation buffer (eBioscience cat no.
8222–49) for 1–3 days. All staining procedures were carried out at
4 °C. Prior to analysis, samples were resuspended in 2% FBS and
analyzed on an LSRII or Fortessa cytometer in the Cincinnati
Children’s Hospital Medical Center (CCHMC) Research Flow
Cytometry Core. Single-color compensation was calculated and
data were analyzed in FlowJo (Version 10.6.1).

Multiplex array
Culture supernatants were centrifuged to remove cells and debris.
Supernatant aliquots were analyzed for a 65-plex Human Cytokine/
Chemokine Array (Eve Technologies; Supplementary Table S1).
Concentration values above or below the reported limit of
detection were manually adjusted to those limits, and analytes
for which no sample was measured above the limit of detection
were excluded. Results were confirmed with two independent
biological replicates and representative data are shown.

Migration assay
Following overnight culture with and without IL-5, 2 × 104

eosinophils were resuspended in coculture media and seeded
into well inserts with 5.0-µm pore size and increasing concentra-
tions of EPC2-conditioned media or 5 ng/mL CCL26 (Preprotech
cat no. 300–48) in coculture media were added to lower wells.
Cells were incubated at 37 °C for 4 h, at which time all cells in
lower wells were collected and fixed. Using count beads
(Invitrogen cat no. C36950), total cell counts were enumerated
by flow cytometry. Percent of migrated cells in response to
chemokine were normalized to the number of cells recovered
from the lower well when no chemokine was present.

RNA isolation, sequencing, and analysis
After 7 days of culture, nonadherent cells were removed and
subjected to positive immunomagnetic separation using CD45
beads (Miltenyi cat no. 130–045–801) as per the manufacturer’s
instructions. Purity was >98%. CD45+ nonadherent cells (eosino-
phils) and adherent cells (EPC2s) were lysed with Trizol, and

Table 1. Significantly enriched gene sets in cocultured epithelial cells.

Gene ontology (GO) process name* Gene
set size

Enrichment score Normalized
enrichment score

Nominal
p value

FDR
q value

Rank at
maximum

Extracellular matrix structural
constituent

52 0.764 2.868 0.000 0.000 692

Basement membrane 38 0.659 2.338 0.000 0.013 692

Collagen containing extracellular matrix 137 0.513 2.278 0.000 0.027 818

Transmembrane receptor protein
tyrosine kinase activity

24 0.693 2.258 0.000 0.025 1349

Collagen trimer 15 0.807 2.237 0.003 0.027 542

Extracellular matrix 160 0.472 2.226 0.000 0.027 1438

Peptide cross linking 15 0.747 2.171 0.000 0.046 983

GDP binding 50 −0.712 −2.260 0.003 1.000 1327

Ubiquitin-like protein conjugating
enzyme activity

33 −0.694 −2.041 0.004 1.000 849

*GO processes with a |normalized enrichment score| > 2 and an FDR-adjusted significance < 0.05 are included in this table.
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lysates were frozen prior to RNA extraction with chloroform. For
eosinophil samples, the chloroform extraction step was repeated
in order to attenuate RNA degradation.51,52 Aqueous phases
mixed 1:1 with ethanol were added to Zymogen Quick RNA
Microprep kit (Zymo Research R1051) and RNA was purified as per
the manufacturer’s instructions and eluted with water. cDNA
libraries were prepared and quality control measures provided by
the CCHMC Gene Expression Core, and libraries of acceptable
quality were submitted for sequencing at the DNA Sequencing
and Genotyping Core. Resulting FASTQ files were trimmed,
aligned, and normalized using BioWardrobe.53,54

Normalized data were analyzed in R-Studio (R Version 3.6.1). By
plotting gene count at escalating thresholds in each sample, we
set a threshold of Log2(RPKM+ 1) > 2 in two or more samples in
eosinophils and Log2(RPKM+ 1) > 2 in two or more samples in
EPC2s, resulting in 6591 and 7457 genes in each data set,
respectively. Pearson’s correlation coefficients were calculated
using normalized counts of expressed genes. To obtain a list of
genes whose expression varied across more than two treatment
groups, ANOVA was performed on normalized values of all
expressed genes, and p values were corrected for a false discovery
rate (q= 0.05). For pairwise comparisons, DEseq2 was used to
calculate fold change and FDR-adjusted p values on the basis of
total gene counts.
GO analysis was performed using the two-list setting in GOrilla

(http://cbl-gorilla.cs.technion.ac.il/), and the full set of expressed
genes as background. GSEA; (Broad Institute, version 4.0.3)
preranked analysis was used to compare gene expression in
EPC2s cultured with and without eosinophils. Heatmaps were
prepared and K means clustering was performed using Morpheus
(https://software.broadinstitute.org/morpheus/). Gene expression
data in this study were compared to genes identified in a murine
model of EoE (GSE81135) and in a database of biopsies from EoE
and control individuals (GSE58640).2,23

For the quantitative PCR analysis of gene expression, RNA was
reverse transcribed with the ProtoScript II Reverse Transcriptase kit
(New England Biotech, cat no. M0368) and gene expression was
determined using a QuantStudio™ 7 Flex Real-Time PCR System
from Applied Biosystems (Life Technologies) with PowerUp™
SYBR™ Green Master Mix (Thermo Fisher, cat no. A25742).
Expression of ANXA6 (fwd 5′-TTACGATGCCAAGCAGTTGA-3′; rev
5′-GATTTCAGCATTGGTCCGAG-3′), CASP3 (fwd 5′-AAAATGGATTAT
CCTGAGATGGG-3′, rev 5′-CGACATCTGTACCAGACCGAG-3′), CD9
(fwd 5′-GACCAAGAGCATCTTCGAGC-3′; rev 5′-CGGCTCCGATCAGA
ATATAGAC-3′), CD83 (fwd 5′-CTCCGAAGATGTGGACTTGC-3′; rev 5′-
GGGGTGTCTCCATCCTCTCT-3′), IL5RA (fwd 5′-AGCTGGGCTTCT
GCTGAACT-3′; rev 5′-TTCTGTAGTGTTTGTGGTGCAAG-3′), NEK7
(fwd 5′-ACTAGCAGATGCTGGCGACC-3′; rev 5′-TCTTTCAGGAATTA
GCCTCTTTTG-3′), SMAD4 (fwd 5′-AGCCTCCCATTTCCAATCAT-3′; rev
5′-CAATAGGGCAGCTTGAAGGA-3′), SPP1 (fwd 5′-CTGGAAGTTCTG
AGGAAAAGCA-3′, rev 5′-AGTCAATGGAGTCCTGGCTG-3′), and TIA1
(fwd 5′-AACCGCTTAAACGATTTGGG-3′; rev 5′-CTCTGGAAAGGTTA
CCGACGTA-3′) were normalized to GAPDH (fwd 5′-TGGAAATC
CCATCACCATCT-3′; rev 5′-GTCTTCTGGGTGGCAGTGAT-3′). Gene
expression changes were calculated using the 2−ΔΔCT method
using baseline expression in eosinophils and unstimulated
monoculture of EPC2 cells for reference values.
Flow cytometry data and individual genes or multiplex analytes

were plotted in GraphPad Prism (Version 8.0.1). Significance was
determined by student’s t test or one-way ANOVA, as appropriate.
p values were calculated using Grsaphpad Prism, and p < 0.05 was
considered significant.
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