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SUMMARY

We show that the CD73þCD104þ progenitor population
regulates epithelial renewal and homeostasis in the basal
zone of esophageal epithelium. T helper 2 cytokines,
interleukins 4 and 13 deplete this CD73þCD104þ self-
renewing population via the signal transducer and
activator of transcription 6 pathway, which may be
perpetuating epithelial injury in the context of eosinophilic
esophagitis.

BACKGROUND & AIMS: Although basal cell hyperplasia is a
histologic hallmark of eosinophilic esophagitis (EoE), little is
known about the capabilities of epithelial renewal and dif-
ferentiation in the EoE inflammatory milieu. In murine
esophageal epithelium, there are self-renewing and slowly

proliferating basal stem-like cells characterized by concurrent
expression of CD73 (5’-nucleotidase ecto) and CD104 (integ-
rin b4). Here, we investigated CD73þCD104þ cells within the
basal population of human esophageal epithelium and clari-
fied the biological significance of these cells in the EoE
epithelium.

METHODS: We performed flow cytometry on esophageal bi-
opsy samples from EoE and non-EoE patients to determine the
quantity of CD73þCD104þ cells in the epithelium. Simulating
the EoE milieu we stimulated primary patient-derived and
immortalized cell line–derived esophageal organoids with
interleukin (IL)4 and IL13 and analyzed by flow cytometry,
immunohistochemistry, and quantitative reverse-transcription
polymerase chain reaction. We performed single-cell RNA
sequencing on primary organoids in the setting of IL13 stim-
ulation and evaluated the CD73þCD104þ population. We per-
formed fluorescent-activated cell sorting to purify
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CD73þCD104þ and CD73- CD104þ populations and seeded
these groups in organoid culture to evaluate the organoid for-
mation rate and organoid size. We used RNA interference to
knock down CD73 in esophageal organoids to evaluate orga-
noid formation rates and size. We evaluated the effects of signal
transducer and activator of transcription 6 (STAT6) signaling
inhibition by RNA interference, a STAT6 inhibitor, AS1517499,
as well as the proton pump inhibitor omeprazole.

RESULTS: EoE patients showed decreased epithelial
CD73þCD104þ cell content. IL4 and IL13 stimulation depleted
this population in 3-dimensional organoids with a recapitulation
of basal cell hyperplasia as corroborated by single-cell RNA
sequencing of the organoids, which suggests depletion of
CD73þCD104þ cells. The CD73þCD104þ population had
enhanced organoid formation compared with the CD73-CD104þ

population. Similarly, knock-down of CD73 resulted in decreased
organoid formation rate. Genetic and pharmacologic inhibition of
STAT6 prevented T helper 2 cytokine-induced depletion of
CD73þCD104þ cells. Lastly, omeprazole treatment prevented the
effects of IL4 and IL13 on the CD73þCD104þ population.

CONCLUSIONS: This study addressed the role of
CD73þCD104þ cells in epithelial renewal and homeostasis in
the context of EoE. The depletion of the CD73þCD104þ self-
renewal population by helper T cell 2 cytokines in EoE milieu
may be perpetuating epithelial injury. Future therapies targeting
epithelial restitution in EoE could decrease the need for immune
modulation and steroid therapy. (Cell Mol Gastroenterol Hepatol
2022;13:1449–1467; https://doi.org/10.1016/j.jcmgh.2022.01.018)

Keywords: Eosinophilic Esophagitis; Epithelium; Organoids;
CD73; CD104.

The stratified squamous epithelium of the esophagus
comprises basal, parabasal, and suprabasal cell

layers that display an exquisite proliferation–differentiation
gradient. The basal/parabasal cell layers contain prolifera-
tive basal cells (keratinocytes) that undergo postmitotic
terminal differentiation within the suprabasal cell layer.
Differentiated keratinocytes form intercellular bridges
(desmosomes, tight junctions, and so forth) to provide the
first line of defense against the chemical and biological
milieu of luminal contents. Although exposure to acid, car-
cinogens, and allergens perturbs squamous cell differentia-
tion,1 it is unknown how these insults affect epithelial
renewal and proliferation. Disruption of this homeostatic
differentiation gradient or barrier function is linked to
multiple human pathologies including gastroesophageal
reflux disease and eosinophilic esophagitis (EoE).

EoE is an allergen-induced chronic inflammatory disease
of the esophagus, characterized by dysphagia, food impac-
tions, and fibrotic strictures.2 Histologically, the most con-
spicuous finding in EoE, in addition to the eosinophilic
infiltrate, is basal cell hyperplasia (BCH).3,4 BCH is induced
by injury or inflammation and involves an expansion of
basal cells (>20% of epithelial height) with limited forma-
tion of intercellular bridges, a hallmark of squamous cell
differentiation. The EoE transcriptome suggests stalled dif-
ferentiation of the esophageal epithelium, leading to

epithelial barrier defects and ongoing antigen exposure.5–7

Multiple EoE-relevant cytokines such as interleukin (IL)5
and IL13 induce BCH in murine models of EoE.4,8 These
cytokines mediate the functional interplay between basal
cells and fibroblasts to facilitate lamina propria
fibrosis.3,9–12 Detailing the populations that exist within the
basal epithelium and how these are perturbed in the EoE
epithelium would allow for broader understanding of
epithelial responses to inflammation. Similarly, therapies
aiming to re-establish epithelial homeostasis represent an
unexplored area that potentially could spare immune sup-
pression or steroid exposure in EoE.

Basal cells are heterogeneous with variable expression of
markers such as CD104 (integrin b4) and CD73 (5’-nucleo-
tidase ecto), as well as variable proliferation and differentia-
tion capabilities.13–16 DeWard et al14 described heterogeneity
within the murine esophageal basal epithelium, identifying
CD73þCD104þ basal cells as a distinct stem cell–like popu-
lation with self-renewal and epithelial formation capabilities.
However, CD73þCD104þ cells remain uncharacterized in the
human esophageal epithelium, and the effect of inflammation
on homeostatic epithelial renewal remains unknown.

Herein, we observed alterations in the heterogeneity
within proliferative and undifferentiated basal or basaloid
(defined as proliferative and undifferentiated basal-like cells
present in the suprabasal cell layers population17) of the
human esophageal epithelium and assessed perturbations
that occur with allergic inflammation. Using patient biopsy
specimens and single-cell–derived esophageal 3-
dimensional (3D) organoids, a novel modeling platform in
esophageal epithelial homeostasis, pathobiology, and
personalized medicine,7,18 we show that the stem-like
CD73þCD104þ population is diminished markedly in EoE,
implicating helper T cell (Th)2 cytokines and signal trans-
ducer and activator of transcription 6 (STAT6) signaling as
the effector and a promising target for therapy.

Results
CD73þ Cells Are Under-Represented in Active
EoE Epithelium

To assess the proliferation of the basal cells in the
esophageal epithelium biopsy specimens, we performed
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Figure 1. The heterogeneity of
proliferation in the SOX2-
positive basal zone. IHC staining
for SOX2 or Ki-67 on biopsy
specimens from non-EoE controls
(n ¼ 10), and patients with active
(n¼ 10) or inactive EoE (n ¼ 10). (A)
Representative images are shown.
Scale bars: 100 mm. (B) The posi-
tive rate of SOX2 or Ki-67 in total
cells, or the positive rate of Ki-67 in
SOX2-positive cells are compared.
The data are shown as means ±
SD. *P < .05, **P < .01, analysis of
variance.
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immunohistochemistry (IHC) for Ki-67 and SOX2, which are
recognized as markers of cell proliferation and basal cells,
respectively.4,19,20 As previously shown,3 active EoE biopsy
specimens are characterized by marked expansion of the
basal cells, as shown by increased SOX2 staining in the
active EoE epithelium (Figure 1A). We also found that Ki-
67þ cells were increased in the esophageal epithelium in
active EoE specimens, as has been described previously.4

Interestingly, we noted that the Ki-67/SOX2 positivity ra-
tio remains unchanged in active EoE (Figure 1B). This in-
dicates that not all SOX2-positive cells in the basal zone are
proliferative. These findings suggest that within the basal
zone of the epithelium there are distinct subpopulations,
and despite an increase in the total number of SOX2-positive
cells in EoE, only a distinct subset remains proliferative.

Even though murine and human epithelial populations
are fundamentally different,21,22 we hypothesized that the
observation of basal zone heterogeneity may be related to
the phenomenon described by DeWard et al14 in the mouse
esophagus, and therefore we sought to characterize these
populations using the cell surface markers CD73 and
CD104Click or tap here to enter text. We performed
immunofluorescence for CD73 and CD104 with esophageal
biopsy samples collected from active EoE, as well as non-
EoE controls, and found CD73þCD104þ cells are
decreased in EoE (Figure 2A). We also performed flow
cytometry on esophageal biopsy samples from active or
inactive EoE patients, as well as non-EoE controls. After
negatively selecting leukocytes (CD45þ), we classified all
cells into the following 3 groups: CD73þCD104þ,
CD73-CD104þ, and CD73-CD104-. The representative flow
cytometry plots of non-EoE controls and patients with
active or inactive EoE are shown (Figure 2B).
CD73þCD104þ cells are decreased significantly in active
EoE (Figure 2C) (2.4% in non-EoE, 0.7% in active EoE, and
1.7% in inactive EoE; P ¼ .0062). We found a weak negative
correlation between CD73þCD104þ and CD45þ cells and
esophageal mucosal eosinophils per high-power field (eos/
hpf) (r ¼ 0.41 and 0.33, respectively), signifying that
the degree of inflammation and disease activity may be
promoting these changes in the EoE esophagus (Figure 2D
and E).

These findings were validated in our established murine
model of EoE.23,24 In mice with EoE, the esophagus is
characterized by basal cell hyperplasia and infiltrating eo-
sinophils in the mucosa (Figure 2F), and we found a simi-
larly decreased proportion of CD73þCD104þ cells in the
esophageal epithelium in EoE mice (Figure 2G).

Th2 Cytokines Shift Basaloid Population From
CD73þ to CD73- in Human Esophageal 3D
Organoids

Because inflammation was weakly correlated with a
diminished presence of CD73þ cells in EoE epithelium, we
investigated the impact on the basaloid epithelium18 of the
major effector Th2-type cytokines involved in EoE, IL4, and
IL13. To that end, we treated patient-derived organoids
(PDOs), as well as immortalized non-transformed cell line

EPC2-hTERT organoids, with IL4 or IL13, followed by flow
cytometry analysis (Figure 3A). We found the percentage of
CD73þCD104þ cells decreased in organoids treated with IL4
or IL13, compared with nontreated organoids, accompanied
by a significant increase of CD73-CD104þ cells by flow
cytometry and IHC staining (Figure 3A–C, respectively).

We further validated these findings by assessing gene
expression in esophageal organoids treated with IL4 or
IL13: the CD73 gene was down-regulated by cytokine
treatment whereas CD104 gene expression was not affected
by IL4 or IL13. Of note, similar to in vivo EoE, these orga-
noids show basal zone expansion and diminished differen-
tiation, assessed both morphologically (delayed
keratinization in IL4/IL13 organoids) and transcriptionally
by changes in expression of IVL and SOX2 genes (Figure 3D).

CD73þCD104þ Cells Represent a Less-
Differentiated Basaloid Cell Population

To investigate the molecular heterogeneity of human
esophageal organoids, we performed single-cell RNA
sequencing on esophageal PDOs from 4 non-EoE control
patients. Seurat’s (Version 4.0) unsupervised dimensionality
reduction and clustering along with uniform manifold
approximation and projection visualization showed 4
distinct cell clusters in esophageal PDOs cultures with or
without IL13 (Figure 4A), and the expression of population
marker genes and CD73 in each cell cluster are shown
(Figure 4B). The cell clusters then were categorized as
basal-1, basal-2, suprabasal, and superficial based on the
expression of epithelial marker genes MKI67, TP63, NGFR,
IVL, KRT13, KRT4, and FLG. For example, basal-1 and basal-2
clusters were defined by moderate expression of basal cell
marker gene TP63 in more than 50% of cells and lack of
expression of differentiation marker genes IVL, KRT13,
KRT4, and FLG, with the distinguishing feature being high
expression of proliferation marker gene MKI67 in more than
75% of cells in basal-2 cluster, with only moderate
expression of MKI67 in more than 50% of cells in the basal-
1 cluster (Figure 4B). Expression patterns of the top 8
differentially expressed genes (DEGs) in each cluster in
untreated PDOs are presented in Figure 4C.

Interestingly, although we did not observe significant
differences in the abundance of each cluster in PDOs in
response to IL13 treatment (Figure 4D), we found signifi-
cantly decreased expression of differentiation marker genes
IVL and FLG in suprabasal and superficial clusters
(Figure 4E). The SOX2 gene was up-regulated in basal-1 and
basal-2 clusters in response to IL13 (Figure 4F).

We found CD73 expression, as well as other basal cell
markers, up-regulated in basal-1 and basal-2 clusters
(Figure 4B). The expression of CD73 in nontreated PDOs
was compared with that in PDOs treated with IL13 for each
cluster (Figure 4G). We found CD73 expression was down-
regulated in PDOs treated with IL13. We then compared
gene expression profiles in the population of cells express-
ing both CD73 and CD104 messenger RNA (mRNA)
(CD73þCD104þ) with the population expressing only CD104
(CD73-CD104þ). We subjected the list of differentially

1452 Hara et al Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 5



expressed genes from each population to Gene Ontology
(GO) analysis, which showed that pathways related to
squamous cell differentiation were differentially regulated
(Figure 4H).

To validate the findings from GO analysis, we sorted 3
populations (CD73þCD104þ, CD73-CD104þ, and
CD73-CD104-) from the EPC2-hTERT organoids with
fluorescence-activated cell sorting (FACS), followed by
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quantitative reverse-transcription polymerase chain reac-
tion (qRT-PCR) analysis for markers of squamous cell dif-
ferentiation (Figure 5A and B). CD73þCD104þ cells were
overall less differentiated, with decreased expression of IVL
and FLG. We confirmed this by evaluating CD73 protein
expression over 11 days in organoid growth. We found that
as cells differentiated into mature organoids, CD73 expres-
sion decreased (Figure 5C and D). Thus, although both
CD73þCD104þ and CD73-CD104þ cells are basal in nature,
CD73-CD104þ represent a more differentiated population.

To characterize the proliferative capacity of the
CD73þCD104þ basal zone cells in human esophageal
epithelium, we investigated the cell-cycle profile in each of
the 3 populations defined earlier by using the Click-it
ethynyldeoxyuridine (EdU) assay Thermo Fisher Scientific
(Watham, MA). EPC2-hTERT organoids were harvested after
incubation in culture medium with EdU and dissociated into
single cells, and evaluated for EdU incorporation by flow
cytometry. We found a greater percentage of cells with EdU
incorporation (10.4%) in CD73-CD104þ cells, compared
with CD73þCD104þ cells (2%; P < .01) (Figure 5E–G). This
indicates a higher proliferative capacity of CD73-CD104þ

cells in human esophageal epithelium.

CD73þ Cells Mediate Epithelial Renewal in
Human Esophageal Epithelium

We then sought to determine the role of CD73 in
epithelial renewal in the esophageal epithelium. First, we
fluorescence-activated cell–sorted single-cell suspensions
from patient-derived and immortalized esophageal organo-
ids into 3 populations (CD73þCD104þ, CD73-CD104þ, and
CD73-CD104-) and compared organoid formation rate (OFR)
among the 3 groups (Figure 6A). CD73þCD104þ cells had
the highest capacity to generate organoids, followed by
CD73-CD104þ cells and CD73-CD104- cells, respectively
(Figure 6B). Despite the differences in OFR between the
CD73þCD104þ and CD73-CD104þ cells, organoid size did
not differ between these populations. However,
CD73-CD104- cells formed significantly smaller organoids
compared with organoids from CD73-CD104þ and
CD73þCD104þ cell populations (Figure 6C). To determine if
there are any long-lasting differences in cell-type fre-
quencies within organoids established from CD73þ or CD73-

cells, we have analyzed the cells from these organoids by
flow cytometry. The organoids established from

CD73-CD104þ cells had significantly smaller fractions of
CD73þCD104þ cells compared with the organoids estab-
lished from the CD73þCD104þ cells (Figure 6D).

We further assessed the functional consequences of
CD73 knockdown in human esophageal epithelial cells by
RNA interference. After validation of silencing efficiency by
flow cytometry (Figure 6E), small interfering RNA (siRNA)-
transfected cells were seeded in Matrigel (Corning, Tewks-
bury, MA) to form organoids. CD73 knockdown significantly
decreased the OFR and organoid size compared with control
cells transfected with scrambled nonsilencing siRNA
(Figure 6F and G).

STAT6 Inhibition Prevents Th2-Mediated
Depletion of CD73þCD104þ Population

Upon binding of IL4 and IL13 to the IL4 receptor,
STAT6 is phosphorylated and translocates to the nucleus
to induce downstream inflammation characteristic of
EoE.25 We hypothesized that STAT6 inhibition may pre-
vent depletion of CD73þ cells in esophageal epithelium. To
assess STAT6 activity in the esophageal epithelium, we per-
formed IHC staining for phosphorylated STAT6 with esoph-
ageal biopsy specimens from active or inactive EoE patients,
as well as non-EoE controls. We found that STAT6 became
phosphorylated and translocated to the nucleus in the
esophageal epithelium in the active EoE specimens (Figure 7A
and B).

To evaluate the impact of STAT6 inhibition on the
CD73þCD104þ population, we treated esophageal organoids
with AS1517499, a small-molecule STAT6 inhibitor,25 in
addition to stimulation with IL4 or IL13. Indeed, we found
that AS1517499 prevented cytokine-induced inhibition of
CD73 expression by qRT-PCR (Figure 7C). Similarly,
AS1517499 treatment rescued the Th2 cytokine-mediated
decrease in the percentage of CD73þCD104þ cells by flow
cytometry (Figure 7D). Inhibition of STAT6 lead to a 2-fold
increase in CD73 in the untreated state.

To confirm that the effect of AS1517499 treatment is
dependent on inhibition of STAT6, we transduced EPC2-
hTERT cells grown in high-calcium medium (differentia-
tion conditions) with siRNA targeting STAT6, followed by
IL4 or IL13 treatment. Down-regulation of STAT6 by siRNA
was confirmed at the mRNA and protein levels (Figure 7E
and F). Importantly, STAT6 knockdown rescued the cytokine-
mediated decrease in CD73 mRNA (Figure 7G). These data

Figure 2. (See previous page). The CD73DCD104D population is depleted in the esophagus of active EoE patients and a
murine model of EoE. (A) Immunofluorescence staining for CD73 and CD104 on biopsy specimens from non-EoE controls
and patients with active EoE. Representative images are shown. Dotted line represents the basement membrane. Scale bars:
100 mm. (B–E) Biopsy specimens from non-EoE controls (n ¼ 10), and patients with active (n ¼ 10) or inactive EoE (n ¼ 10)
were dissociated for flow cytometry. The representative flow cytometry plots are shown in panel B. (C) The percentage of
CD73þCD104þ or CD73-CD104þ cells in non-EoE controls (n ¼ 10), and patients with active (n ¼ 10) or inactive EoE (n ¼ 10).
(D and E) Pearson correlation coefficient analyses comparing the percentage of CD73þCD104þ cells detected by flow
cytometry and the number of eosinophils (eos/hpf) in (D) H&E-stained biopsy specimens or (E) CD45þ cells detected by flow
cytometry. (F and G) After BALB/c mice were treated with the EoE protocol, their esophagi were resected for histologic
sections or flow cytometry. (F) Histologic sections (H&E staining) of the esophagus from control (nontreated [NT]) or EoE
protocol–treated mice. Arrowheads identify tissue-infiltrating eosinophils. (G) The percentage of CD73þ cells in esophageal
epithelium of EoE mice (n ¼ 3), compared with NT mice (n ¼ 3). The data are shown as means ± SD. A 2-tailed Student t test or
analysis of variance was performed for comparing 2 or multiple comparisons, respectively. *P < .05.
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Figure 3. Th2 cytokines shift the basaloid population from CD73D to CD73- in human esophageal 3D organoids. PDOs
from non-EoE controls (n ¼ 6) or patients with active EoE (n ¼ 6), or immortalized esophageal epithelial (EPC2-hTERT)
organoids were treated with IL4 (10 ng/mL) or IL13 (10 ng/mL) from day 7 to day 11. Nontreated (NT) organoids were used as
control. (A) Representative flow cytometry plots showing the percentage of CD73þCD104þ cells in PDOs from non-EoE
controls or patients with active EoE, or EPC2-hTERT organoids, treated with IL4 or IL13. (B) The percentage of
CD73þCD104þ cells in each PDO treated with IL4 or IL13, paired with NT control. The data are shown as means ± SD. ***P <
.001, ****P < .0001, 2-tailed Student t test. (C) The representative images of H&E staining, and IHC for CD73 or CD104 in
EPC2-hTERT organoids treated with IL4 or IL13. Scale bars: 100 mm. (D) CD73, CD104, SOX2, and IVL gene expression in
EPC2-hTERT organoids treated with IL4 or IL13 were validated by qRT-PCR. The relative expression over NT is represented.
The data are shown as means ± SD (n ¼ 3). *P < .05, **P < .01, and ****P < .0001, analysis of variance.
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confirm that STAT6 mediates the Th2 cytokine-induced
decrease in the CD73þCD104þ cell population in esopha-
geal epithelium. Furthermore, the fact that STAT6 inhibition

in the untreated state increased CD73 expression may sug-
gest that STAT6 regulates the expression of CD73 not only in
the setting of inflammation but also in homeostasis.
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Omeprazole Treatment Prevents Th2 Cytokine-
Mediated Depletion of the CD73þ Population

Proton pump inhibitors (PPIs) are used frequently as a
first-line therapy in EoE, and, therefore, we sought to
determine if PPIs can prevent Th2 cytokine-induced deple-
tion of the self-renewing CD73þCD104þ population in EoE.
Indeed, we found that omeprazole treatment reversed the
effects of IL4 and IL13 on the CD73þCD104þ population
(Figure 8A). To investigate the impact of omeprazole on self-
renewal capacity of esophageal keratinocytes in the EoE
milieu, we treated EPC2-hTERT organoids with omeprazole,
followed by dissociation to single cells and seeding in
Matrigel for organoid formation. These organoids then were
treated with IL4 or IL13, and the OFR was assessed. Strik-
ingly, pretreatment with omeprazole prevented a cytokine-
induced decrease in OFR (Figure 8B and C). These data
indicate that PPI therapy may act in EoE in part through
restoration of epithelial cell renewal, in addition to its
described role in modulation of secretion of gastric acid and
eotaxin-3 from the epithelium.

Discussion
Damage to the epithelium from the inflammation in EoE

drives symptomatology, as well as progression of esophageal
fibrostenosis,2,11,26 leading to food impactions and stricture.
Moreover, PPI, steroids, or diet modification are the only
treatment options currently available to EoE patients. Un-
derstanding how the basal zone cell subpopulations are
affected and working to restore homeostasis in EoE would
provide an alternative pharmacologic approach.

Herein, we describe unique subpopulations in the basal
zone epithelium of the esophagus and the shift that occurs
within that basal zone in the setting of allergic inflammation.
We have found that in EoE patients there is decreased CD73
expression, and we were able to recapitulate these changes
in our MC903/ova-albumin (OVA)-induced mouse model of
EoE, as well as primary 3D organoid system with EoE-
relevant cytokines. Functionally, the CD73þ population
shows renewal capabilities in our system with enhanced
organoid formation rate from a single-cell suspension and
represents a less-differentiated basaloid population that is
slow-cycling. We found that STAT6 mediates decreased
CD73 expression in response to Th2 cytokines. Finally,
treatment with omeprazole, a PPI used ubiquitously in EoE,
prevents decreased CD73 expression and restores the
organoid formation rate.

There is an ongoing debate regarding the composition of
the basal layer and whether a true slow-cycling stem cell
population exists. Pan et al27 showed a 5-iodo-2’-deoxyur-
idine retainment in the human esophageal epithelium in
both histologically normal patients and those with dysplasia.
Multiple murine studies have proposed the existence of
specialized subpopulations within the basal layer.14 Label-
retaining studies have offered a myriad of murine candi-
dates for a stem cell subpopulation among the basal cells in
murine esophagus including expression of cytokeratin 15,15

co-expression of CD73 and CD104, and co-expression of a6
integrin and CD71.13,14,27,28 Although the existence of a
single esophageal stem progenitor may be controversial, we
show that the CD73þCD104þ fraction in human basal
epithelium has renewal capabilities, slower proliferation,
and are phenotypically less differentiated. The shift of the
EoE epithelium from CD73þCD104þ to CD73- CD104þ

marks the shift away from a stem-like progenitor toward a
more proliferative population.29,30

CD73, or ecto-5’-nucleotidase, is a membrane-bound
ectoenzyme responsible for catalyzing the conversion of
extracellular adenosine monophosphate into free adeno-
sine. Adenosine acts in a largely anti-inflammatory capacity
by inhibiting IL2 production, which in turn reduces CD4þ

T-cell activation and proliferation.31,32 It may be that in
EoE, decreased levels of CD73 and adenosine lead to un-
checked activation of lymphocytes and trigger sustained
inflammation. Interestingly, in the lungs, adenosine seems
to have proinflammatory/profibrotic effects, especially in
activating myofibroblasts and extracellular matrix remod-
eling.33 In addition, CD73 is known to be increased in
various forms of cancer including breast, pancreas, and
lung, and treatment with anti-CD73 antibodies slows tumor
growth in vitro and in vivo.33–36 It has been postulated that
increased adenosine within the tumor microenvironment
assists the tumor in evading the local immune cells and
allows for malignant growth. Thus, there is likely an organ,
context, and cell type–specific role for CD73 and adenosine.
In the context of EoE, despite the fact that there is chronic
inflammation and increased cell turn over, there are
paradoxically low rates of malignant transformation.37–39

Depletion of CD73/adenosine may represent an unex-
plored mechanism by which allergic inflammation is pro-
tective against malignancy in the esophagus. Future work
will delve into the functional significance of CD73 in the
esophageal epithelium and determine if its role in renewal is
based on enzymatic activity.

Figure 4. (See previous page). Single-cell RNA sequencing analysis of PDOs from 4 non-EoE patients. PDOs from 4 non-
EoE patients were treated with IL13 (10 ng/mL) or vehicle (phosphate-buffered saline) from day 7 to day 11, and harvested and
dissociated for single-cell RNA sequencing analysis on day 11. (A) Seurat’s Uniform Manifold Approximation and Projection
(UMAP) visualization of 4 classified cell groups, basal-1, basal-2, suprabasal, and superficial, within PDOs from non-EoE
controls grown with or without IL13 (10 ng/mL). (B) Average normalized gene expression values of MKI67, CD73, basal
markers (TP63, NGFR), and differentiated markers (IVL, KRT13, FLG) in each cell cluster. Circle size reflects the percentage of
cells with a nonzero expression level for the indicated genes. Color intensity reflects the average expression level across all
cells within each cluster. (C) Expression z-scores for the top 8 up-regulated genes in each cluster. (D) The proportions of each
cell cluster were compared in PDOs (n ¼ 4) with IL13 or vehicle. (E–G) The normalized expression of (E) IVL and FLG, (F) SOX2,
and (G) CD73 in nontreated (NT) PDOs was compared with that in PDOs treated with IL13 for each cluster. ****P < .0001,
Wilcoxon signed-rank test. (H) GO analysis of differentially expressed gene profiles of CD73þCD104þ cells, compared with
CD73-CD104þ cells in NT PDOs.
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Reports have shown a protective role of CD73 in the lung
by pharmacologically restoring CD73 function in knock-out
mice in acute lung injury models.40 Paradoxically, although
there is an expansion of the basal epithelium in EoE, there
are fewer CD73þ cells with renewal capabilities. Other
studies have shown that Th2 cytokines increase prolifera-
tion in the esophageal epithelium in EoE,8,29 with the total
number of Ki-67þ cells increasing. Although the total num-
ber of Ki-67þ cells is increased overall, the fraction of basal
cells that are Ki-67þ remains unchanged in EoE esophagus
(Figure 1A and B). This suggests a cycle of ongoing insult in
which the esophagus is not able to re-establish its homeo-
static gradient of renewal, proliferation, and differentiation,
resulting in barrier disruption and continued bombardment
with antigens. Restoration of the epithelial homeostasis of-
fers a new direction in the development of EoE therapeutics.
We found that STAT6 activation mediates decreased CD73
expression in response to Th2 cytokines IL4 and IL13. We
have not yet defined a molecular mechanism for this regu-
lation, but experiments are ongoing to show the responsible
components and may provide insight into the epithelial
healing that has been shown to occur when inhibiting this
pathway with biologics currently undergoing clinical trials.

A phenomenon exists whereby a subset of EoE patients
respond to PPIs alone without the need for topical steroids.
We have shown that PPIs can reverse the effects of IL4 and
IL13 on the CD73þ population. Previous work has shown
that PPIs inhibit eotaxin-3 expression, thus reducing the
inflammatory infiltrate.41,42 We now show another mecha-
nism, intrinsic to the epithelium, through which PPIs may
act to induce healing by re-establishing homeostasis. It may
also be inhibition of CD73 transcription, epigenetic regula-
tion, or post-transcriptional protein modification. The
mechanism by which PPIs maintain the CD73þCD104þ

population in the esophageal epithelium in Th2 inflamma-
tion also needs to be evaluated further. Rochman et al30

recently compared the EoE transcriptome with that of
esophageal epithelial cells treated with PPI. They found that
with PPI treatment, 70 genes were differentially expressed
compared with the EoE transcriptome, with GO analysis
enriched for biological processes involved in cell-cycle and
microtubule organization. These data support our focus on
the progenitor and proliferative populations in EoE and
suggest a mechanism still at large.

In this work we rely heavily on patient-derived orga-
noids as a model of human esophageal epithelium, and

although it is a powerful scientific tool, it is important to
recognize its limitations. By design, esophageal organoids
are composed of only epithelial cells, which prevents us
from evaluating cell–cell interactions with other cell types
such as immune cells, fibroblasts, or endothelium. We have
mimicked the EoE milieu by treating the organoids with
IL13 and IL14, the 2 cytokines known to be involved in EoE
pathogenesis.5,43,44 However, in follow-up studies to eval-
uate the effect of CD73þ cells on other cell types, we would
use co-culture approaches, adding on cell types such as
eosinophils or fibroblasts, to dissect these interactions.

In our clinical studies looking at CD73/CD104 expression
in the EoE esophagus, the inactive patients show expression
of CD73/CD104 that is between the controls and the active
patients. Thismay be owing to the fact that the current cut-off
value for active EoE is 15 eos/hpf, with inactive patients
having anywhere from 0 to 14 eos/hpf. This likely represents
a wide margin of disease activity within the inactive popula-
tion. Alternatively, it may show an inherent difference in
epithelial renewal in the EoE compared with non-EoE. In our
recent report,3 25% of inactive patients have endoscopic
findings, 29.1% had basal zone hyperplasia, and 73.6% had
spongiosis, suggesting that there are ongoing and significant
epithelial changeswhile under the current definition of fewer
than 15 eos/hpf. There has been some movement in the field
to consider pushing down the eosinophil count in this popu-
lation, and recent clinical trials45,46 are using fewer than 6
eos/hpf in their analysis to account for this.

The biological significance of basal cell heterogeneity is
unknown in EoE. This study sheds some light on heteroge-
neity within the basal zone population of the esophagus and
the perturbations that occur within that population during
allergic inflammation. We provide a mechanism for how the
EoE milieu mediates the changes in basal cell compartment,
as well as show strategies for therapeutic targeting of this
mechanism in EoE.

Methods
Human Subjects and Endoscopic Esophageal
Biopsy Specimens

In accordance with Institutional Review Board standards
and guidelines at The Children’s Hospital of Philadelphia,
esophageal biopsy specimens were collected from patients
undergoing esophagogastroduodenoscopy (EGD) as part of
routine care, and informed consent was obtained from all

Figure 5. (See previous page). CD73DCD104D cells represent a less-differentiated and slow-cycling cell population
within the basal zone. (A and B) EPC2-hTERT organoids were harvested on day 11 and dissociated for FACS. (A) The cells in
EPC2-hTERT organoids were sorted based on CD73 and CD104 expression. (B) CD73, CD104, IVL, and FLG relative gene
expression in CD73þCD104þ and CD73þCD104- populations was validated by qRT-PCR. (C) EPC2-hTERT cells in 2-
dimensional culture (organoid day 0) and EPC2-hTERT organoid (day 7 and day 11) were harvested for flow cytometry and
the representative flow cytometry plots for CD73 and CD104 expression are shown. (D) Representative IHC images for CD73
staining in EPC2-hTERT organoids harvested on day 5, day 7, day 9, and day 11. Scale bars: 100 mm. (E–G) EPC2-hTERT
organoids were harvested on day 11 after incubation in culture medium with EdU for 2 hours, and dissociated for flow
cytometry. (E) A representative FACS dot plot of cells from EPC2-hTERT organoids subjected to EdU, with the frequencies of
each population according to CD73 and CD104 expression, is shown. (F) Representative histograms of EdU staining in each
cell population. The percentage of EdUþ cells in each population is shown. (G) Percentages of EdUþ cells in each population.
All data are shown as means ± SD (n ¼ 3). A 2-tailed Student t test or analysis of variance were performed for comparing 2 or
multiple comparisons, respectively. *P < .05, **P < .01, ***P < .001, and ****P < .0001.
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patients before EGD. Subjects were classified according to
international consensus diagnostic criteria for EoE.47 Sub-
jects who met the clinical criteria of EoE with the histologic
presence of 15 or more eos/hpf were classified as active

EoE. EoE subjects who showed resolution of histologic
inflammation and eosinophilia documented on previous
endoscopy were designated as inactive EoE (<15 eos/hpf).
Non-EoE subjects had no previous diagnosis of EoE and
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reported symptoms warranting EGD but showed no histo-
pathologic abnormalities. Subjects with a history of inflam-
matory bowel disease, celiac disease, gastrointestinal
bleeding, or any other acute or chronic intestinal disorders
were excluded as described previously.

Primary Esophageal Epithelial Cultures and 3-
Dimensional Organoids

The immortalized normal human esophageal epithelial
cell line EPC2-hTERT48 was grown in keratinocyte-serum
free media (Life Technologies, Carlsbad, CA) containing 0.09
mmol/L Ca2þ.49,50 As previously described,18,50 we cultured
3D organoids from human esophageal biopsy specimens
(PDOs) or EPC2-hTERT for 11 days. In brief, single cells
were suspended in Matrigel (Corning, Tewksbery, MA) and
modified keratinocyte-serum free media containing 0.6
mmol/L Ca2þ was added to support organoid formation.
Three-dimensional organoids were grown for 7 days before
treatment with IL4 (10 ng/mL) or IL13 (10 ng/mL) for 96
hours. To evaluate the therapeutic effect of STAT6 inhibitor
(AS1517499; Axon Medchem) or the PPI omeprazole
(Sigma-Aldrich), we pretreated with AS1517499 (400
nmol/L) 24 hours before the treatment of cytokines, or with
omeprazole (50 mmol/L) for 2 hours before the treatment of
cytokines. Of note, STAT6 inhibition with AS1517499 has
been shown to cause successful down-regulation of the
STAT6 signaling pathway, inhibiting canonical downstream
targets such C-C Motif Chemokine Ligand 26 in response to
IL13.25

Passaged organoids after treatment were assessed OFR,
defined as the number of organoids/total cells seeded and
organoid size (mean area) by the Celigo Imaging Cytometer
(Nexcelom Bioscience, Lawrence, MA) to validate the self-
renewal activities of putative stem cells in the treated cells.

Histology, Immunofluorescence, and
Immunohistochemistry

Paraffin-embedded biopsy specimens and 3D organoid
products were serially sectioned and subjected to H&E
staining or IHC as described previously.12,18 In brief,
sections were incubated overnight at 4#C with anti-CD73
antibody (rabbit monoclonal, ab133582, 1:100; Abcam,
Cambridge, UK) and anti–Itg-b4 (mouse monoclonal,
MAB4060, 1:100; R&D Systems, Minneapolis, MN) for

immunofluorescence, and anti–Ki-67 (rabbit monoclonal,
ab16667, 1:200; Abcam), anti-SOX2 (rabbit monoclonal,
14962S, 1:300; Cell Signaling Technology, Danvers, MA),
or anti-STAT6 (phospho Y641, rabbit polyclonal, ab28829,
1:50; Abcam) for IHC. IHC of 3D organoids for CD73 and
CD104 was performed by BOND RXm (Leica Biosystems,
Nusslock, Germany) with anti-CD73 antibody (rabbit
polyclonal, ab175396, 1:200; Abcam) or anti-CD104
monoclonal antibody (NBP2-37392, 1:1000, Novus Bi-
ologicals, Englewood, CA). Imaging was performed with
the BZ-X710 Fluorescence Microscope (Keyence, Osaka,
Japan).

Immunoblotting
Cells were lysed and subjected to immunoblotting, as

previously described.12 The anti-STAT6 antibody (rabbit
polyclonal, 9362S, 1:1000; Cell Signaling Technology) and
the anti–b-actin antibody (mouse monoclonal, A5316,
1:5000; Sigma-Aldrich) were used as primary antibodies. b-
actin served as a loading control.

Murine Model of EoE
Female BALB/c mice (Jackson Laboratories, Bar Harbor,

ME) aged 8–10 weeks, were procured in accordance with
the Institutional Animal Care and Use Committee of the
University of Pennsylvania. Epicutaneous sensitization of
mice was performed as previously described with modifi-
cation.23 Briefly, mice were treated daily with 2 nmol
MC903 (Tocris Bioscience, Bristol, UK) in 20 uL of 100%
EtOH on ears in the presence of 1000 ug OVA (A5503-50G;
Sigma-Aldrich) for 12 days. Mice were challenged intra-
gastrically with 50 mg OVA on days 15 and 17. Upon first
intragastric OVA challenge, mice were continuously pro-
vided with water containing 15 g/L OVA. All mice were
killed on day 18, and the esophagi were resected and
dissociated enzymatically for flow cytometry.

Single-cell RNA Sequencing
Organoids from 4 non-EoE control patients were grown

for 7 days, followed by treatment with IL13 (10 ng/mL) or
vehicle (phosphate-buffered saline) for 4 days. Organoids
were harvested and dissociated enzymatically and me-
chanically into single cells on day 11. We used the Dead Cell
Removal Kit (Miltenyi Biotec, Auburn, CA) to ensure

Figure 6. (See previous page). CD73D cells mediate epithelial renewal in human esophageal epithelium. (A–D) PDOs or
EPC2-hTERT organoids were harvested on day 11 (1# organoids) and dissociated for FACS. The cells were sorted based on
CD73 and CD104 expression and resuspended in Matrigel for organoid establishment and growth. OFR and organoid size
(mean area) of 2# organoids were (B and C) quantified on a Celigo image cytometer and (D) harvested on day 11 and again
dissociated for flow cytometry. (A) Representative phase-contrast images of organoids formed by corresponding cell pop-
ulations. (B) OFR and (C) mean size were compared among organoids from the 3 populations. (D) The scheme of this
experiment and the representative flow cytometry plots of 2# organoids are shown. The percentage of CD73þ cells in EPC2-
hTERT were compared. The data are shown as means ± SD (n ¼ 3). (E–H) EPC2-hTERT cells were treated for 48 hours with
CD73 siRNA or nonsilencing (scramble) siRNA in 2D culture, followed by seeding into organoid cultures. (E) CD73 silencing
efficiency was evaluated by flow cytometry. (F) Representative phase-contrast images of organoids formed by corresponding
cells. (G) OFR and (H) mean size of organoids from EPC2-hTERT cells transfected with CD73 or scramble siRNA. The data are
shown as means ± SD (n ¼ 10). Two-tailed Student t test or analysis of variance were performed for single or multiple
comparisons, respectively. *P < .05, **P < .01, ***P < .001, and ****P < .0001.
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viability. Single-cell RNA matrices from all samples were
processed using Seurat (v4.0.0) on R. To remove dead or
dying cells from the matrices, cells with more than 15% of
their transcripts mapping to mitochondrial genes were
excluded from further analyses. Each of the matrices then

was log1p normalized and the variable features were
calculated. To analyze shared cell states between all sam-
ples, the Seurat integration protocol was performed for
dimensionality reduction and clustering: Briefly, the vari-
able features (genes) in each matrix were used to find
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Figure 7. The therapeutic potential of STAT6 inhibition in EoE. (A) IHC staining for phosphorylated STAT6 was performed,
with representative images shown. Scale bars: 100 mm. (B) The positive rate of phosphorylated STAT6 in esophageal
epithelium are compared. The data are shown as means ± SD (n ¼ 5). (C) Relative expression of CD73 gene in EPC2-hTERT
organoids treated with STAT6 inhibitor (AS151749, 400 nmol/L), IL4 (10 ng/mL), or IL13 (10 ng/mL). (D) The frequencies of
CD73þCD104þ cells in organoids treated with AS151749 or dimethyl sulfoxide (DMSO) under the presence of Th2 cytokines.
STAT6 silencing efficiency was evaluated by (E) qRT-PCR and (F) Western blot. (G) CD73 gene expression in EPC2-hTERT
organoids treated with STAT6 siRNA or nonsilencing (scramble) siRNA with or without IL13. The data are shown as means
± SD (n ¼ 3). Analysis of variance was performed with multiple comparisons. **P < .01, ****P < .0001.
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anchors of shared transcriptional states between each and
all of the matrices using canonical correlation analysis.
Principal component analysis (PCA) then was used on the
integrated matrices as initial dimensionality reduction, and

uniform manifold approximation and projection was used
on the first 20 PCs from the PCA for visualization. Finally,
clusters of cells were discovered using the shared nearest-
neighbor graph constructed from the first 20 PCs of the
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Figure 8. Omeprazole treatment prevents Th2-mediated depletion of CD73DCD104D population. (A) EPC2-hTERT
organoids were treated with omeprazole (50 mmol/L), IL4 (10 ng/mL), or IL13 (10 ng/mL). The frequencies of CD73þCD104þ

cells in organoids are shown as means ± SD (n ¼ 3). (B and C) The treated EPC2-hTERT organoids were harvested on day 11
and dissociated into single cells, followed by seeding in Matrigel to assess organoid formation capacity. (B) OFR was eval-
uated manually on day 11. (C) Representative phase-contrast images of organoids from corresponding groups. The data are
shown as means ± SD (n ¼ 6). Analysis of variance was performed with multiple comparisons. ****P < .0001. DMSO, dimethyl
sulfoxide.
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PCA. Cell clusters were classified as basal-1 (low prolifera-
tion), basal-2 (high proliferation), suprabasal, or superficial
based on the expression of markers MKI67, TP63, NGFR, IVL,
KRT13, KRT4, and FLG. DEGs were discovered using Seurat’s
FindMarkers function while implementing the use of model-
based analysis of single-cell transcriptomics, a Generalized
Linear Models-based framework for DEG testing that uses
transcript detection rate as a covariate.

Flow Cytometry and FACS
Flow cytometry and FACS were performed as described

previously.18,50 In brief, cells were trypsinized and resus-
pended in FACS buffer (phosphate-buffered saline supple-
mented with 1% bovine serum albumin). 4’,6-Diamidino-2-
phenylindole (DAPI) was used to eliminate cellular debris
and nonviable cells present in the sample. Allophycocyanin-
H7–anti-CD45 (560178, 1:20; BD Biosciences, Franklin
Lakes, NJ) was used to detect and remove the population of
leukocytes in biopsy specimens. Human epithelial cells
were stained with Allophycocyanin–anti-CD73 (560847,
1:20; BD Biosciences) and Phycoerythrin–anti-CD104
(327808, 1:20; BioLegend, San Diego, CA). Murine cells
were stained with BUV395–anti-CD45 (564279, 1:500; BD
Biosciences), Phycoerythrin–Cy7–anti-CD73 (127224,
1:160; BioLegend), and Alexa Fluor 647–anti-CD104
(123608, 1:100; BioLegend). The top value of the unstained
control was defined as the cut-off value of CD73 and CD104.
LSRII (BD Biosciences) and FlowJo (TreeStar, Ashland, OR)
were used for flow cytometry. Both the FACSAria Fusion
Sorter (BD Biosciences) and the MoFlo Astrios Cell Sorter
(Beckman Coulter, Brea, CA) were used for cell sorting ac-
cording to the expression of CD73 and CD104.

Cell-Cycle (DNA Content) Analysis
EPC2-hTERT organoids were grown for 11 days and

exposed to EdU for 2 hours before they were harvested.
After incubation for 2 hours, organoids then were dissoci-
ated, and single cells were suspended in FACS buffer. The
LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (L34975;
Invitrogen, Waltham, MA) was used to determine cell
viability. The Click-it Plus Alexa Fluor 488 Flow Cytometry
Assay Kit (C10632; Invitrogen) was used to assess cell-cycle
kinetics, following the manufacturer’s instructions. The
intracellular DNA content was assessed by DAPI staining.
Additional staining of cell-surface antigens for some exper-
iments was performed before the fixing of cells. The popu-
lation of cells in each cell-cycle phase was identified
according to cell-cycle kinetics (EdU) and DNA content
(DAPI). Cell-cycle assay was performed by LSRII and
analyzed by FlowJo.

qRT-PCR Assays
RNA was isolated from esophageal 3D organoids and

complementary DNA synthesis was performed as described
previously.18 qRT-PCR was performed using TaqMan Gene
Expression Assays (Thermo Fisher Scientific, Waltham,
MA) for NT5E (CD73) (Hs00159686), ITGB4 (CD104)
(Hs00173995), SOX2 (Hs01053049), IVL (Hs00846307), and

GAPDH (Hs02786624), using the StepOnePlus Real-Time PCR
System (Applied Biosystems, Waltham, MA). The relative
level of each mRNA was normalized to GAPDH as an internal
control gene.

RNA Interference
We performed RNA interference with siRNA directed

against CD73 (sc-42862; Santa Cruz Biotechnology, Dallas,
TX) or STAT6 (Invitrogen), each consisting of 3 target-
specific sequences. We used siRNA-A (sc-37007; Santa
Cruz Biotechnology; or Silencer Select Negative Control No.
1; Invitrogen) as nonsilencing control siRNA. EPC2-hTERT
cells grown in a monolayer were incubated with
siRNA (10 nmol/L) for 48 hours using the Lipofectamine
RNAiMAX reagent (Invitrogen) according to the manufac-
turer’s instructions. EPC2-hTERT cells were harvested
48 hours after transfection, and the silencing efficiency
was assessed by flow cytometry or qRT-PCR assay. In
addition, RNA interference of STAT6 has been shown to
cause successful down-regulation of C-C Motif Chemokine
Ligand 26 in response to IL13.51,52

Statistical Analysis
Data are shown as means ± SD, and continuous vari-

ables were analyzed by a 2-tailed Student t test for
comparing 2 groups or 1-way analysis of variance and
multiple comparisons for comparing more than 2 groups.
Correlation analyses were estimated by the Pearson rank
correlation coefficient. P values less than .05 were
considered to indicate significance. Statistical analyses
were performed using GraphPad Prism version 8
(GraphPad Software, Inc, San Diego, CA). All authors had
access to the study data and reviewed and approved the
final manuscript.
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