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SUMMARY

Interleukin 13 (IL13) is secreted by multiple subsets of
immune cells and acts directly on the gastric epithelium to
promote neck cell expansion and metaplasia. Mice with

autoimmune gastritis lacking the IL13 receptor do not
develop neck cell expansion or metaplasia, and neutraliza-
tion of IL13 inhibits and reverses disease development
during chronic gastritis.

BACKGROUND & AIMS: It is well established that chronic
inflammation promotes gastric cancer-associated metaplasia,
but little is known regarding the mechanisms by which immune
cells and cytokines regulate metaplastic cellular changes. The
goals of this study were to identify interleukin 13 (IL13)-pro-
ducing immune cells, determine the gastric epithelial cell re-
sponse(s) to IL13, and establish the role(s) of IL13 in
metaplasia development.

METHODS: Experiments used an established mouse model of
autoimmune gastritis (TxA23), TxA23xll4ra”" mice, which
develop gastritis but do not express the I1L4/IL13-receptor
subunit IL4Re, and TxA23x1113-Yfp mice, which express yel-
low fluorescent protein in IL13-producing cells. Flow cytometry
was used to measure IL13 secretion and identify IL13-
producing immune cells. Mouse and human gastric organoids
were cultured with IL13 to determine epithelial cell

response(s) to IL13. Single-cell RNA sequencing was performed
on gastric epithelial cells from healthy and inflamed mouse
stomachs. Mice with gastritis were administered IL13-
neutralizing antibodies and stomachs were analyzed by histo-
pathology and immunofluorescence.

RESULTS: We identified 6 unique subsets of IL13-producing
immune cells in the inflamed stomach. Organoid cultures
showed that IL13 acts directly on gastric epithelium to induce a
metaplastic phenotype. IL4Ra-deficient mice did not progress
to metaplasia. Single-cell RNA sequencing determined that
gastric epithelial cells from IL4Ra-deficient mice up-regulated
inflammatory genes but failed to up-regulate metaplasia-asso-
ciated transcripts. Neutralization of IL13 significantly reduced
and reversed metaplasia development in mice with gastritis.

CONCLUSIONS: IL13 is made by a variety of immune cell
subsets during chronic gastritis and promotes gastric
cancer-associated metaplastic epithelial cell changes. Neutral-
ization of IL13 reduces metaplasia severity during chronic
gastritis. (Cell Mol Gastroenterol Hepatol 2022;13:623-642;
https://doi.org/10.1016/j.jcmgh.2021.09.012)
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( ; astric cancer is the fifth most common neoplasm
and the fourth leading cause of cancer-associated
deaths, resulting in more than 1 million new cases and


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://doi.org/10.1016/j.jcmgh.2021.09.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcmgh.2021.09.012&domain=pdf

624 Noto et al

more than 750,000 deaths yearly worldwide." Gastric can-
cer is most common in males and individuals older than age
50. Although cases have been steadily decreasing over the
years, an increase in the incidence of gastric cancer among
young adults and women (age, <50 y) was reported
recently.”® Gastric cancer can be classified into distinct
subtypes based on the mechanisms of initiation (sporadic vs
inherited) and anatomically (cardia vs noncardia). Sporadic
noncardia-type adenocarcinomas are associated most
commonly with Helicobacter pylori infection.”” H pylori in-
fects 50% of the world’s population, yet only approximately
1%-3% of individuals with chronic H pylori infections
develop gastric cancer, showing that infection with H pylori
alone is not sufficient to induce gastric cancer develop-
ment.° Individuals with sustained H pylori infection develop
chronic inflammation. Chronic inflammation in the stomach
(gastritis), as a result of H pylori infection or autoimmune
gastritis, is the major risk factor for gastric cancer
development.”™”’

Chronic gastritis can cause the loss of parietal cells
(oxyntic atrophy), expansion of mucous neck cells, and, ul-
timately, the replacement of normal gastric lineages with
metaplastic cell types.”'” Metaplasia is the conversion of a
terminally differentiated cell type into another not found in
a given tissue under homeostatic conditions. Metaplasia
develops as a result of external stimuli, such as cytokines
and reactive oxygen species, produced by infiltrating im-
mune cells at the site of injury. When injury-inducing stimuli
are removed, metaplastic cells may revert back to their
originally differentiated state.''”** However, when damage
persists, as occurs during chronic inflammation, metaplastic
cells proliferate and may accumulate mutations that drive
progression to dysplasia and eventually adenocarcinoma.
Metaplasia plays a key role in the development of multiple
diseases including Barrett esophagus, lung cancer, pancre-
atic cancer, and gastric cancer,!>14-16

There are 2 main forms of metaplasia found in the
stomach: intestinal metaplasia and spasmolytic polypeptide-
expressing metaplasia (SPEM). Studies have identified SPEM
as a potential precursor to intestinal metaplasia and an
important biomarker of gastric cancer development.'”*?
SPEM is characterized by the presence of mucus-
expressing and trefoil factor 2 (TFF2)-expressing (also
known as spasmolytic polypeptide) chief cells at the base of
gastric glands. Gastrokine 3 (Gkn3) expression was identi-
fied recently as a reliable identifier of SPEM in both mouse
and human stomachs with chronic gastritis and we recently
determined that Gkn3 can be used to identify SPEM cells in
single-cell RNA sequencing data sets.””*" Gkn3 expression is
virtually undetectable in healthy corpus; however, in the
presence of chronic inflammation, neck and chief cells
differentiate into a TFF2- and GKN3-expressing metaplastic
cell type.'”*%** These preneoplastic epithelial cell changes
occur as a result of exposure to inflammatory mediators and
cytokines released by infiltrating immune cells during
chronic inflammation. Although genetic studies have asso-
ciated single-nucleotide polymorphisms of inflammatory
cytokines with increased risk of gastric cancer, we are just
beginning to understand the mechanism(s) by which
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immune cells and cytokines contribute to the development
of SPEM and progression to gastric cancer. We recently
showed that interferon (IFN)y and interleukin (IL)17A
accelerate SPEM induction by causing parietal cell atrophy
and increasing CD4" effector T-cell activities in the gastric
mucosa.”*

To define the immune cells and cytokines that regulate
SPEM development, our laboratory uses a mouse model of
autoimmune gastritis referred to as TxA23. TxA23 mice
express a transgenic CD4" T-cell receptor that targets a
peptide from the parietal cell-specific H/K* adenosine
triphosphatase proton pump; the same autoantigen targeted
in human beings with autoimmune gastritis. Similar to mice
and human beings with autoimmune gastritis and/or
chronic H pylori infection, the inflammation present in the
mucosa of the TxA23 mouse is driven by IFNy- and IL17A-
producing CD4" T cells. As a result, TxA23 mice develop
autoimmune-mediated chronic gastritis, parietal cell atro-
phy, mucous neck cell expansion, and SPEM by 4 months of
age. These mice have been a useful tool to study immune
cells and cytokines that regulate gastritis and gastric
metaplasia.”®~>°

IL4 and IL13 are cytokines involved in allergic responses
and IgE production that signal via an IL4R« and IL13Ral
heterodimeric receptor.>* IL4 and IL13 secretion typi-
cally is associated with the T helper 2 (Th2) subsets of CD4*
T cells. However, IL13 is produced by cell types other than
CD4, including innate lymphoid cells type 2 (ILC2), macro-
phages, and mast cells. IL13 has been identified as having a
role in SPEM development and increased IL13 levels have
been found in peripheral blood of patients with gastric
cancer.>>3° Still, the molecular mechanisms by which IL13
and IL13-producing immune cells regulate SPEM develop-
ment and gastric cancer progression remain complex and
largely unknown.

In this study, we identified multiple subsets of IL13-
producing immune cells in the gastric mucosa of mice
with autoimmune-induced chronic gastritis. We used 3-
dimensional gastric organoid cultures to show that IL13
acts directly on gastric epithelial cells to increase organoid
size, viability, and up-regulation of Mucé6, all of which are
features of mucous neck cell expansion and SPEM. We also
showed that knocking out a receptor required for IL13
signaling in mice with autoimmune gastritis significantly

Abbreviations used in this paper: BSA, bovine serum albumin; cDNA,
complementary DNA; DMEM, Dulbecco’s modified Eagle medium;
GEM, gel beads in emulsion; Gkn3, gastrokine3; GSlI, Griffonia sim-
plicifolia; IFNvy, interferon v; IL, interleukin; ILC2, innate lymphoid cell
type 2; MHC, major histocompatibility complex; MUC, mucin; PBS,
phosphate-buffered saline; gPCR, quantitative polymerase chain
reaction; scRNA-seq, single-cell RNA sequencing; SPEM, spasmolytic
polypeptide-expressing metaplasia; TFF2, trefoil factor 2 (or spasmo-
lytic polypeptide); Th, T helper; UEA-I, Ulex europaeus agglutinin-1;
YFP, yellow fluorescent protein.

E Most current article

© 2021 The Authors. Published by Elsevier Inc. on behalf of the AGA
Institute. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
2352-345X
https://doi.org/10.1016/j.jcmgh.2021.09.012


http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jcmgh.2021.09.012

2022

reduced neck cell expansion and SPEM development. In
addition, single-cell RNA sequencing showed that murine
gastric epithelial cells respond to inflammatory stimuli but
do not up-regulate SPEM-associated transcripts in the
absence of IL13 signaling. Finally, we showed that admin-
istering IL13-neutralizing antibodies significantly reduced
and reversed neck cell expansion and SPEM development in
mice with autoimmune gastritis. Together, these data show
that IL13 plays an important role in promoting the meta-
plastic epithelial cell changes that develop in response to
chronic gastritis.

Results
Identifying IL13-Producing Immune Cell Subsets
in the Gastric Mucosa of Mice With Chronic

Gastritis

The purpose of these studies was to identify cytokines
secreted by immune cell subsets in the gastric mucosa of
mice with chronic gastritis. To do this, we isolated immune
cells from the chronically inflamed gastric mucosa of TxA23
mice. TxA23 mice develop autoimmune-mediated chronic
atrophic gastritis, which shares many of the features
observed in the human disease including immune re-
sponses, gastric pathology, and SPEM development. By 2
months of age, TxA23 mice have superficial gastritis with
patchy areas of atrophy and metaplasia. Gastric disease
progresses in severity as the mice age and is present
throughout the gastric mucosa by 4 months of age.”®*?
Immune cells were isolated from the stomachs of 2- to 4-
month-old TxA23 mice. After isolation, immune cell sub-
sets were identified using flow cytometry and cytokine
secretion was quantified after restimulation.

Analyses of supernatants collected 72 hours after
restimulation identified relatively high concentrations of
[FNvy and IL17A, and undetectable IL4 secretion by mucosal
immune cells (IFNvy, 208 + 55 pg/mL; IL17A, 81 + 18 pg/
mL; and IL4, <10 pg/mL). These data are consistent with
previous reports that disease in this and other models is
associated with Thl and Th17 CD4" T cells while IL4-
producing Th2 cells are largely absent.””?”*”~*3 Unexpect-
edly, relatively high levels of IL13 were secreted by cells
from the gastric mucosa (119 + 29 pg/mL) (Figure 14).
SPEM-containing glands appear in the gastric mucosa of
TxA23 mice at 2-4 months of age and increase in frequency
as the mice age.’>*” To determine whether IL13 secretion
correlated with the frequency of SPEM™* glands, immune
cells were isolated from the stomachs of 3- to 4-month-old
and 6- to 12-month-old TxA23 mice. Supernatants collected
72 hours after restimulation identified a more than 2.5-fold
increase in IL13 secretion in mice 6-12 months of age
compared with 3- to 4-month-old mice (135 + 37 pg/mL vs
371 + 122 pg/mL; P = .039) (Figure 1B). These data show
that an increase in IL13 secretion correlates with more se-
vere disease and SPEM development.

The absence of IL4 secretion and the secretion of large
amounts of IL13 prompted us to identify the cell type(s)
responsible for IL13 secretion in the gastric mucosa. To
identify IL13-secreting immune cell subsets, we used a line
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of TxA23xII13-Yfp/Cre mice. Cells in these mice express
yellow fluorescent protein (YFP) driven by the IL13 pro-
moter.** For these studies, immune cells were isolated from
the mucosa, restimulated, and analyzed via flow cytometry.
After gating on immune cells (CD45") and IL13/YFP™ cells,
we identified immune cell subsets using antibodies to
lineage-specific markers (Figure 1B). These analyses
showed that IL13 was produced by a variety of immune cell
subsets, the majority of which was produced by mast cells
(52% =+ 4.3%), and smaller subsets of CD19™ B cells (12% +
2.1%), macrophages (10% =+ 2.3%), ILC2 (9.0% =+ 1.5%),
CD4" T cells (7.2% + 1.3%), and CD8" T cells (4.0% +
1.2%) (Figure 1C). These data show that a variety of
different immune cell types, including mast cells, B cells,
macrophages, ILC2s, and CD4% and CD8" T cells, secrete
IL13 in the gastric mucosa of mice with autoimmune
gastritis and inflammation-induced metaplasia.

Mast cells are the largest producers of IL13 in the
inflamed gastric mucosa. To determine the location of mast
cells in the stomach, corpus tissue sections from healthy
BALB/c mice and 4-month-old TxA23 mice were stained
with toluidine blue. Toluidine blue is a metachromatic dye
that identifies mast cells by reacting with the heparin and
histamine in mast cell cytoplasmic granules. Although only a
limited number of mast cells were present in the submucosa
(but not the mucosa) of healthy BALB/c mice (data not
shown), mast cells were found infiltrating into the mucosal
gastric glands of the inflamed corpus of TxA23 mice
(Figure 1D). These data show that IL13-secreting mast cells
infiltrate into the gastric glands during chronic
inflammation.

IL13 Acts Directly on Both Mouse and Human
Gastric Epithelial Cells to Alter Organoid Cellular
Composition and Increase Organoid Size,
Viability, and Up-Regulation of Metaplasia-
Associated Genes

Having identified IL13-producing immune cells in the
stomachs of mice with chronic gastritis, we tested whether
IL13 can act directly on gastric epithelium. Gastric organo-
ids were cultured with and without recombinant mouse
IL13. Photographs of organoids were taken on days 3 and 9
(Figure 2A4) to assess the size and number of viable orga-
noids. On day 3, control organoids and IL13-cultured orga-
noids were of similar diameter (112 + 6.3 um vs 114 + 5.7
um; P = 0.8). However, on day 9, organoids cultured with
IL13 had 1.5-fold larger mean diameters compared with
control organoids (124 + 7.7 um vs 192 + 17 um; P =.002).
The proportion of collapsed (nonviable) vs viable organoids
also was determined. Control and IL13-cultured organoids
had 100% viability on day 3. By day 9, organoids cultured
with IL13 had a more than 2-fold increase in viability
compared with control organoids (85% + 7.8% vs 35% +
2.9%; P = .0003) (Figure 2B). Together, these results show
that IL13 increases the size and viability of gastric
organoids.

During organoid observation under light microscopy, we
noted a change in the appearance of IL13-cultured
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Figure 1. Mast cells are the major source of IL13 in the gastric mucosa. (A) Cytokine secretion from immune cells isolated
from the stomachs of 2- to 4-month-old TxA23 mice (N = 19-25). (B) IL13 secretion from immune cells isolated from the
stomachs of 3- to 4-month-old TxA23 and 6- to 12-month-old TxA23 mice (N = 9-14). *P = 0.039. (C) CD45"IL13" cells in the
stomach of TxA23 mice are composed of multiple cell types. Immune cell types were identified as follows: mast cells
(FceR17cKit™), B cells (CD19"), macrophages (CD11b™), ILC2 (CD257CD127CD3 CD19°CD11b"GR-1"CD49b"), and T cells
(CD8™" and CD4™). Each dot represents 1 mouse (N = 6-12). (D) Representative toluidine blue-stained corpus section showing
mast cells (red arrow) in 4-month-old TxA23 stomach. Enlarged inlay section shown in top right corner. Scale bar: 50 um. Data

show means + SEM.

organoids compared with controls. This observation led us
to perform additional analyses of the IL13-cultured orga-
noids, including transcriptional and imaging analyses. We
cultured organoids under the same conditions described
earlier, only instead of imaging, we isolated RNA and per-
formed quantitative polymerase chain reaction (qPCR) to
compare the relative expression of different gastric
epithelium-associated transcripts. Expression of Muc5ac, a
mucin-encoding transcript expressed by foveolar cells, was
decreased 7-fold in organoids cultured with IL13 (6.6 + 1.2
vs 1.0 = 0.07; P = .0003). In contrast, expression of Muc6, a
mucin-encoding transcript expressed by neck cells and
induced in metaplastic cells (SPEM in particular), was
increased 20-fold in IL13-cultured organoids compared
with controls (1.4 + 0.30 vs 30 + 5.5; P < .0001). Gastric
intrinsic factor, expressed by murine chief cells, was very
low in organoids and not significantly different between
[L13-cultured and control organoids (1.0 + 0.04 vs 0.90 +
0.18; P = .47). Expression of Tff2 was decreased in

organoids cultured with IL13 compared with controls (1.00
+ 0.06 vs 0.12 + 0.04; P < .0001), and Gkn3 expression was
similar between the 2 cultures (0.93 + 0.07 vs 0.80 + 0.6;
P = .84). Expression of the proliferation marker Ki67 was
unchanged on day 7 between control and IL13-cultured
organoids (0.90 = 0.10 vs 0.87 + 042; P = 0.94)
(Figure 2D). These data showed that in addition to
increasing the size and viability of gastric organoids, 1L13
also increased Muc6 expression and decreased Mucbhac
levels.

The decrease in Muc5ac and increase in Muc6 expression
could be caused by changes in mucus production or by al-
terations in the number of MUCS5AC- and/or MUC6-
expressing cells in IL13-cultured organoids. To distinguish
between these possibilities, conditions were repeated, and
organoids were evaluated wusing immunofluorescence
staining. Organoids cultured with and without IL13 were
fixed, embedded in paraffin, and stained with anti-E-cad-
herin (white), Ulex europaeus agglutinin-1 (UEA-I) lectin
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Figure 2.IL13 regulates murine organoid cellular composition, promotes growth and survival, and alters Muc6 and
Muc5ac expression. (A) Representative organoid photographs on day 9 cultured without (left) and with (right) 5 ng recom-
binant mouse IL13. Scale bars: 200 um. (B) Left: Quantification of the mean diameter of organoids cultured without (blue) and
with (red) 5 ng recombinant mouse IL13. Each dot represents the mean diameter from 1 independent experiment (N = 10). **P
= 0.002. Right: Quantification of organoid viability. Each dot represents the proportion of viable organoids from 1 independent
experiment (N = 5-6). **P = 0.0003. (C) Representative immunofluorescent staining of organoids cultured without (left) or with
(right) 5 ng recombinant mouse IL13 on day 7. Top: MUC5AC expression represented by UEA-I (green), anti-E-cadherin
(white), and Hoechst (blue). Bottom: MUC6 expression represented by GSII (red). Scale bars: 50 um. (D) gPCR analysis of gene
expression in organoids cultured without (blue) or with (red) 5 ng recombinant mouse IL13 on day 7. Data show fold change
expression. Each dot represents 1 independent experiment (N = 3-11). Muc5ac: ***P = 0.0003; Muc6: ***P <0.0001; Tff2:
=P < 0.0001. (E) Proportion of UEA-IT cells (left) and GSIl+ cells (right). Each dot represents the percentage of positive cells
from 1 independent experiment (N = 4). *P = 0.033 **P = 0.002. Significance was determined using a Student t test. Data show
means + SEM.

(green), which binds MUC5AC, Griffonia simplicifolia (GSII) from the total number of E-cadherin-positive cells in control
lectin, which binds MUC6, and Hoechst nuclear stain and IL13-cultured organoids. In IL13-cultured organoids,
(Figure 2C). Using the immunofluorescent images, the per- the percentage of UEA-I" (MUC5AC™) cells was decreased
centage of MUC5AC- or MUC6-positive cells was determined  roughly 2-fold compared with control organoids (43% =+
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7.8% vs 93% + 5.9%; P = .002), while the percentage of
GSII™ (MUC6™) cells more than doubled compared with
control organoids (66% =+ 8.0% vs 32% =+ 9.0%; P = .033)
(Figure 2E). These data show that IL13 acts directly on
gastric epithelium in organoid cultures to increase the
proportion of MUC6-expressing cells.

To determine whether IL13 has similar effects on human
gastric epithelium, we repeated the previously described
experiments using human corpus-derived gastric organoids.

A Control IL-13

T : qd
Fﬂ'..g 35

‘.'39.‘ 3 2 @) ‘

“?{,_’9*:’__"-, — .’ Py Q% /‘v‘

B e Control e IL-13
AZOO_ * %k ns
E - 'q>7100- p-oq poqg i
5 1504 3 %
° o [®
§ 100 > 2 504 .
Q 3
L Ke)
S 501 8
Day 3 Day 9 "~ Pay3 Day 9
C 10 MUCS5AC 20 MUC6
. *
s * . S 159
- g .
"1 L]
S S 10 T
3 41 T 2
5 5 4
w T
o | o
° L]
[ I oL

Control IL-13 Control  IL-13
Figure 3.IL13 increases organoid size and viability
and alters MUC5AC and MUC6 expression in human
organoids. (A) Representative organoid photographs on day
9 cultured without (left) and with (right) 5 ng recombinant
human IL13. Scale bars: 200 um. (B) Left: Quantification of
the mean diameter of organoids cultured without (blue) and
with (red) 5 ng recombinant human IL13. Each dot represents
the mean diameter from 1 independent experiment (N = 3).
*P = 0.007. Right: Quantification of organoid viability. Each
dot represents the proportion of viable organoids from 1 in-
dependent experiment (N = 3). *P = 0.026. (C) gPCR analysis
of MUC5AC expression (left) and MUCG6 expression (right) in
organoids cultured without (blue) or with (red) 5 ng recombi-
nant human IL13 on day 7. Data show fold change expres-
sion. Each dot represents 1 organoid culture from 1
independent experiment (N = 4). *P = 0.026. Significance
was determined using a Student t test. Data show means +
SEM.
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Photographs of organoids cultured with and without re-
combinant human IL13 were taken on days 3 and 9
(Figure 34) to assess the size and viability of organoids over
the culture period. Similar to results observed in mouse-
derived organoids, by day 9, IL13-cultured organoids were
twice as large in diameter (159 + 16 um vs 73 + 5.2
um; P =.007) and had increased viability (71% + 2.9% vs
31% + 11%; P = .026) compared with control organoids
(Figure 3B). The qPCR analyses showed an increase in MUC6
expression (1.2 + 0.18 vs 8.5 + 2.5; P = .026) in IL13-
cultured human organoids (Figure 3C). Together, these
data show that IL13 elicits similar responses of increased
organoid size, viability, and increasing MUC6-expressing
cells in both mouse and human organoids.

The effects of IL13 in organoid cultures indicated that
IL13 affected the number of mucous neck cells (Muc6™) and
foveolar cells (Muc5ac’). To determine whether mucous
neck and/or foveolar cells express the IL13 receptor (ll4ra
and Il13ral), we analyzed our single-cell RNA sequencing
(scRNA-seq) data sets of gastric epithelial cells isolated from
stomachs of TxA23 mice. We detected [l4ra and Il113ral
expression in both neck and foveolar cells, as well as in chief
and parietal cells.

Isolation of gastric glands may result in carryover of
gastric immune cells into organoid cultures. Although
organoid culture conditions are not ideal for the survival of
immune cells, we determined whether IL13 may be affecting
organoids indirectly by acting on contaminating immune
cells in IL13-cultured organoids. Immune cells were isolated
from the gastric lymph nodes of TxA23 mice and cultured
with organoids derived from glands from BALB and BALB/
cxll4ra”” mice. ll4ra”” organoids do not express the IL4Ra
subunit and cannot respond to IL13. If IL13 acted on
contaminating immune cells to promote larger and more
viable organoids, then Il4ra”” organoids would have a
phenotype like that of BALB/c organoids after the addition
of IL13. Photographs were taken on day 9 of culture
(Figure 4B), and organoid diameter and viability were
determined as previously described. The mean organoid
diameter was 2-fold higher in BALB/c organoids compared
with Il4ra”” organoids (238 + 18 um vs 119 + 33 um; P =
.03). BALB/c organoids also had more than a 3-fold increase
in viability compared with I[4ra”" organoids cultured with
IL13 (70% =+ 8.9% vs 16% =+ 1.5%; P = .004) (Figure 4C).
Culturing ll4ra”” organoids with wild-type immune cells did
not rescue the organoid phenotype. These data show that
IL13 acts directly on the gastric epithelium, and not on
surrounding immune cells, to promote increased organoid
size and viability.

ILAR« Expression Is Critical for Inflammation-
Induced Neck Cell Expansion and Metaplasia
Development

Having identified IL13-producing immune cells in the
gastric mucosa and having shown that IL13 acts directly on
the gastric epithelium in organoid cultures, we designed
experiments to determine the importance of IL13 signaling
in gastric pathology induced by chronic gastritis. We
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Figure 4.1L13 acts on gastric epithelial cells to
increase organoid size and viability. (A) Summary
violin plots showing transcript expression in TxA23
mice of the IL13-receptor subunits /l4ra (top) and
1I13ra1 (bottom) on the corpus epithelial cell subsets:
neck cells, foveolar cells, chief cells, and parietal
cells. Above each plot the cell subset frequency of
cells with a transcript expression level >0.1 is labeled.
(B) Representative photographs of BALB/c (top) and
BALB/cxll4ra” (bottom) organoids cultured with im-
mune cells isolated from TxA23 mice. Photographs
are of day 9 organoids cultured without (/eft) and with
(right) 5 ng recombinant human IL13. Scale bars: 200
um. (C) Left: Quantification of the mean diameter of
organoids cultured with (red) 5 ng recombinant hu-
man IL13. Each dot represents the mean diameter
from 1 independent experiment (N = 3). *P = 0.03.
Right: Quantification of organoid viability. Each dot
represents the proportion of viable organoids from 1
independent experiment (N = 3). P = 0.004. Sig-
nificance was determined using a Student t test. Data
show means + SEM.
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crossed TxA23 mice with IL4Ra-deficient mice to generate a
new line of TxA23xIl4ra”" mice. Disease in the TxA23
mouse model has been well established at 4 months of
age.”® The degrees of inflammation, atrophy, and mucous
neck cell expansion were compared in cohorts of 4-month-
old TxA23 and TxA23xIl4ra”” mice. As expected, TxA23
mice had moderate to severe inflammation, parietal cell
atrophy, expansion of mucous neck cells, and loss of
chief cells in the gastric mucosa. Although age-matched
TxA23xIl4ra”” mice had similar degrees of inflammation
compared with TxA23 mice (2.8 + 0.15 vs 3.1 + 0.11; P =
.26), and slightly less parietal cell atrophy (2.4 + 0.18 vs 1.2
+ 0.15; P = .001), they had a complete lack of neck cell
expansion (2.8 + 0.15 vs 0.0 + 0.0; P <.0001) (Figure 54
and (). Immunofluorescent staining was performed to
compare the development of SPEM. SPEM can be identified
by the expression of a number of proteins not expressed in
healthy epithelium (CD44v9, GKN3).?***> As previously
reported, SPEM staining was present throughout the corpus
of TxA23 mice.?° In contrast, there was little to no SPEM
observed in age-matched TxA23xIl4ra”" mice (Figure 5B).
SPEM was quantitated by calculating the proportion of
corpus glands containing GKN3" cells: 74% of glands in
TxA23 contained SPEM, while very few SPEM-containing
glands were observed in TxA23xIl4ra”” mice (74 + 5.3 vs
12 + 2.8; P <.0001) (Figure 5D). These results showed that,
although signaling through IL4R« is not required to develop
moderate-severe gastritis with atrophy, signals through this
receptor are important for the development of neck cell
expansion and induction of metaplasia (SPEM) in a chronic
inflammatory setting.

Immune Cell Subsets and Protein Secretion in
the Gastric Mucosa Are Similar Between Control

and IL4Ra-Deficient Mice

In the TxA23xIl4ra”” mouse, all cells lack the ability to
receive signals through IL4 and IL13. This is relevant
because IL4Ra is expressed on both immune and
epithelial cells, so it is possible that the phenotype of the
TxA23xIl4ra”” is owing to a lack of signaling into immune
cells, epithelial cells, or both. To determine whether the lack
of IL4R« affected inflammation, we first compared immune
cell subsets infiltrating the gastric mucosa of TxA23 and
TxA23xIl4ra”” mice. Immune cells were isolated from the
gastric mucosa of 4-month-old TxA23 and TxA23xIl4ra””
mice and identified by flow cytometry. After gating on
CD45" immune cells, additional markers were used to
identify immune cell subsets including: CD4" and CD8" T
cells, CD19" B cells, and FceR"CD117t mast cells
(Figure 6A). There were no significant differences in the
percentages of CD4" T cells (12 + 1.5 vs 13 + 0.74; P = .5),
CD8™ T cells (5.1 + 1.4 vs 4.1 + 0.34; P = .5), and CD19" B
cells (68 + 2.8 vs 71 + 1.2; P = .4) between control
and IL4Ra-deficient mice. A 2-fold increase in the per-
centage of mast cells in TxA23 mice compared
with TxA23 x1l14ra”” mice was observed (1.8 + 0.42 vs 0.6
+ 0.24; P = .03). Overall, these data show that the major
subsets of immune cells infiltrating the gastric mucosa
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(CD4™ and CD8" T cells, B cells) are similar in control
and IL4Ra-deficient mice.

To determine whether the lack of IL4Ra signaling
affected cytokine secretion by immune cells infiltrating the
gastric mucosa, immune cells were isolated, restimulated,
and supernatants were collected at 72 hours. Supernatants
were analyzed using a multiplex protein array to identify
and compare the levels of 200 proteins secreted by im-
mune cells from control TxA23 and TxA23 xIl4ra”” mice. In
Figure 6B, each dot represents an individual protein, with
the relative levels in the supernatants from activated im-
mune cells from TxA23 and TxA23xIl4ra”” quantified on
the axes. The expression levels of all 200 proteins were
nearly identical. Only 3 proteins (IL6, IL1RA, and vascular
endothelial growth factor), were significantly different and
all differences were less than 3-fold. Together, these data
identify the relative expression levels of 200-secreted
proteins by immune cells isolated from the gastric mu-
cosa and show that the immune cell types and secreted
proteins are nearly identical between TxA23 and TxA23-
xIl4ra”" mice.

IL4R«-Deficient Neck and Chief Cells Up-
Regulate Inflammation-Associated Gene
Transcripts and Adopt a Pre-SPEM Phenotype,
but Do Not Progress to SPEM During Chronic
Inflammation

Previous experiments identified cellular changes in
organoid cultures induced by IL13. Experiments were
designed to determine how signaling through IL4Ra regu-
lates transcriptional changes in mucous neck cells and chief
cells within a disease setting. To do this, we performed
scRNA-seq on gastric epithelium isolated from the
stomach of BALB/c mice (healthy controls), TxA23, and
TxA23x1l14ra”~ mice. We previously used scRNA-seq to
define the transcriptional responses of gastric epithelium to
acute and chronic inflammation, and showed that in a
chronic inflammatory setting, both mucous neck cells and
chief cells undergo transcriptional changes that result in
SPEM.?*?° Although the pathologic evaluation of TxA23-
x1l4ra”” mice indicated very little SPEM, as defined by a
lack of GKN3 staining (Figure 4), it was unclear how the lack
of IL4/IL13 signaling affected the transcriptional responses
of mucous neck cells and chief cells to chronic inflammation.
To address this, the average per-cell expression level of
transcripts detected was determined and compared be-
tween various populations of epithelial cells isolated from
stomachs of TxA23 xIl4ra”~ and BALB/c mice. This analysis
identified several inflammation-associated transcripts that
were significantly higher in mucous neck cells and chief
cells from TxA23xIl4ra”" stomachs relative to BALB/c
stomachs (Figure 74 and B). These inflammation-associated
transcripts included invariant chain €D74, major histocom-
patibility complex (MHC) class Il H2-Aa, H2-Ab1, H2-Eb1,
MHC class I H2-D1, and interferon-associated Ifitm3
compared with cells from healthy stomachs (Figure 7C).
This analysis showed that although TxA23xIl4ra”" gastric
epithelium appeared phenotypically healthy,
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transcriptionally, mucous neck and chief cells that lack 1L4/ We next set out to determine whether IL4/IL13 signaling
IL13 signaling up-regulate inflammation response genes, regulated SPEM-associated transcript expression. To do this,
indicating a response to inflammatory cytokines. we compared single-cell gastric epithelial libraries from
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Figure 6. Immune cell subsets and protein secretion in the
gastric mucosa was similar between control and IL4Ra-
deficient mice. (A) CD45" immune cells isolated from the
stomach of TxA23 and TxA23x/l4ra”" mice. Data show the
percentage of total cells that are CD4", CD8", CD19%, and
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(N = 7). P = 0.03. (B) Secretion of 200 individual proteins
from TxA23 and TxA23 x//4ra”’~ mucosal immune cells using a
mouse cytokine array GS4000 assay (RayBiotech). Each dot
represents the detected secretion level of individual proteins.
Significance was determined using a Student t test. Data
show means + SEM.

TxA23 and TxA23x1l4ra”". We previously identified SPEM-
associated transcripts expressed in both neck and chief cells
during chronic inflammation.”’ These transcripts include
SPEM-associated transcripts such as Muc6, Agr2, and Tff2;
the metaplasia-associated transcript Gkn3; the long non-
coding RNA transcript Xist, which has been implicated in
gastric cancer cell biology by promoting proliferation and
progression; and Spink4, a serine peptidase inhibitor asso-
ciated with malignant colorectal cancer.”>*” Analysis
of the transcriptional differences between TxA23 and
TxA23xIl4ra”~ mucous neck cells showed a total of 41
differentially expressed genes with a greater than 2-fold
change (Figure 7D). SPEM-associated transcripts Gkn3,
Tff2, Mucé, Spink4, and Xist were up-regulated significantly
in TxA23 neck cells relative to that of TxA23xIl4ra”",
while expression of Agr2 was similar between the 2
libraries (Figure 7F). Chief cell comparison of transcript
expression identified 21 differentially expressed genes
with a greater than 2-fold change (Figure 7E). Tff2, Mucé,
and Spink4 were expressed at significantly higher levels
in TxA23 chief cells compared with TxA23 xIl4ra”", while
Gkn3, Xist, and Agr2 had similar expression levels
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(Figure 7G). Together, these data show that neck and
chief cells deficient in 1L4/IL13 signaling respond to in-
flammatory stimuli, but fail to up-regulate SPEM-associ-
ated transcripts during chronic inflammation.

IL13 Is Critical for Inflammation-Induced Mucous
Cell Expansion and Metaplasia Development

Both IL13 and IL4 signal through the IL4Ra subunit,
however, undetectable levels of IL4 and relatively high
levels of IL13 secreted by immune cells led us to focus on
IL13 (Figure 14). To determine if IL13 signaling contributes
to disease pathology during chronic inflammation, we
treated TxA23 mice with an IL13-neutralizing antibody and
determined the impact of treatment on disease develop-
ment. Three-month-old TxA23 mice were treated twice a
week with 10 mg/kg of IL13-neutralizing antibody or IgG
isotype control. At the time of treatment (age, 3 mo), TxA23
mice had moderate degrees of inflammation, atrophy, mu-
cous cell expansion, and SPEM. After 4 weeks of treatment,
gastric pathology was assessed in isotype control and
anti-IL13-treated mice. As expected, 3-month-old and
isotype control-treated 4-month-old TxA23 mice had severe
inflammation, moderate-severe atrophy, and expansion of
neck cells throughout the glands. After 4 weeks of treat-
ment, TxA23 mice treated with anti-IL13 had a similar de-
gree of inflammation compared with 3-month-old TxA23
(3.6 + 0.2 vs 2.3 + 0.29; P = .003) and isotype control-
treated TxA23 (3.3 £ 0.25 vs 2.3 + 0.29; P = .05). Atro-
phy scores were lower in anti-IL13-treated mice compared
with 3-month-old TxA23 (2.3 + 0.41 vs 1.0 = 0.0; P = .01)
and control-treated TxA23 (3.0 + 0.41 vs 1.0 + 0.0; P
<.0001). The striking result, however, was that mucous
neck cell expansion was nearly absent in anti-IL13-treated
mice compared with isotype control-treated (2.8 + 0.63 vs
0.57 + 0.2; P =.002) and 3-month-old TxA23 (1.9 + 0.34 vs
0.57 + 0.2; P = .007) (Figure 84 and C).

Next, we evaluated the stomachs for the presence of SPEM
using immunofluorescent staining. Three-month-old and
isotype-treated TxA23 mice had extensive SPEM
(GKN3*GSII™) throughout the gastric glands; however, mice
treated with anti-IL13 had little to no SPEM development
(Figure 8B). More than 50% of glands in 3-month-old (55 + 16
vs 18 +5.7; P=.04) and isotype-treated (83 £ 8.5vs 18 + 5.7;
P =.0001) TxA23 mice were SPEM™, whereas mice treated
with anti-IL13 developed very few SPEM-containing glands
(18 + 5.7) (Figure 8D). Together, these results show an
important role for IL13 in promoting neck cell expansion and
SPEM development during chronic inflammation. In addition,
treatment with anti-IL13 prevented neck cell expansion and
the development of SPEM, showing that IL13 inhibition may
be a potential therapeutic strategy for preventing progression
from atrophic gastritis to metaplasia.

Discussion

Th1l and Th17 are the primary immune responses in
both mice and human beings during chronic H pylori in-
fections and autoimmune gastritis.”” We previously deter-
mined that both IFNy and IL17 act directly on gastric
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epithelial cells to promote parietal cell atrophy, and recent
studies have begun to investigate the role of type 2 cyto-
kines in SPEM development.”**>%*3 [L4 and IL13 are type
2 cytokines often thought to have similar effector functions,
however, studies conducted using knockout mice and
neutralizing antibodies have discovered that IL13 display
several unique effector functions that distinguish it from
IL4>" A study using cytotoxic T-lymphocyte-associated
protein 4 (CTLA4)-knockdown mouse models of chronic
inflammation highlighted the importance of IL4 and IL13 in
the development of gastric atrophy and neck cell hyper-
plasia and that Th2 CD4" T cells may be the driving force
behind the progression from gastritis to tumorigenesis.*® In
this study, we characterized cytokine production from
mucosal immune cells isolated from the stomachs of mice
with autoimmune gastritis. High levels of IFNy, IL17A, and
IL13 were secreted from the isolated immune cells, while
IL4 secretion was nearly undetectable. This finding showed
that IL13 was not being secreted by canonical CD4" Th2
cells. The lack of IL4, but the presence of IL13, led us to
investigate and identify IL13-producing immune cells in the
gastric mucosa of mice with chronic gastritis. Other studies
have focused primarily on IL13 secretion from M2 macro-
phages, ILC2s, and eosinophils, and highlight the important
role of IL13 and the IL33/ST2 axis.****°% In this study, we
identified 6 IL13-secreting immune cell types in the
inflamed gastric mucosa. Of these newly identified 1L13-
secreting immune cells, we discovered that mast cells
were the largest producers of IL13. Furthermore, in healthy
BALB/c stomachs, mast cells were confined to the submu-
cosa (data not shown), but infiltrated into the gastric glands
in the chronically inflamed stomach of TxA23 mice. Petersen
et al*? identified an important role for IL33 and M2 mac-
rophages in SPEM development, and Eissmann et al°® stated
in a recent publication that IL33-mediated mast cell acti-
vation promotes macrophage recruitment to the site of
gastric tumors. In addition, mast cell density is increased in
well-differentiated gastric tumors.”* However, the role of
mast cells and whether mast cells or mast cell-derived IL13
is critical for SPEM development and gastric tumor pro-
gression remains unknown. The novel finding that IL13 is
produced by multiple immune cell subsets that may
contribute to SPEM development during chronic inflamma-
tion adds to the complexity of the immune response during
chronic inflammation.

Cellular and Molecular Gastroenterology and Hepatology Vol. 13, No. 2

Overexpression of IL13 in the lung increases mucous cell
hyperplasia, a key pathologic feature of inflammation-
induced metaplasia; however, whether or not IL13 can act
directly on the gastric epithelium has yet to be deter-
mined.”® In this study, we discovered that multiple gastric
epithelial cell types express IL13 receptors and may be
capable of responding to IL13 signals in different ways. Our
study also determined that IL13 acts directly on mucous
neck cells in organoid cultures to increase size and survival.
The addition of IL13 to organoids decreased expression of
the mucin gene Muc5ac and the number of UEAI™ cells. This
important finding shows that IL13 acts directly on the
gastric epithelium and may be contributing to mucous neck
cell hyperplasia and/or SPEM development by affecting
epithelial cell growth, survival, and/or differentiation.

IL4 and IL13 signal via an IL4Ra-containing hetero-
dimeric receptor to initiate phosphorylation of signal
transducer and activator of transcription 6 (STAT6). Recent
observations have found that phospho-STAT6 regulates
prometastatic behaviors such as proliferation, migration,
and tissue invasion.®>® This study identified an important
role for IL4R« in promoting inflammation-induced mucous
neck cell expansion and SPEM development. Mice with
autoimmune gastritis deficient in IL4R«a had no neck cell
expansion and very little SPEM development despite the
presence of gastritis. In addition, IL4R«a deficiency did not
significantly alter the infiltrating immune cell subsets or
secreted proteins and is not a likely cause for the decrease
in disease pathology severity. These results show that IL4/
IL13 signaling via IL4R« is not required for gastritis, but
that signals through this receptor regulate neck cell
expansion and metaplasia (SPEM), establishing an impor-
tant role for IL4/IL13 in SPEM development.

In autoimmune gastritis mouse models of inflammation-
induced metaplasia, both neck and chief cells begin to ex-
press inflammation-associated genes (ie, MHC class I, MHC
class II), followed by up-regulation of metaplasia-associated
genes (Tff2, Muc6, Gkn3, and Xist).”" SPEM is associated
with 90% of resected gastric cancers, yet the mechanisms by
which inflammation regulates the epithelial cell changes that
promote SPEM development are poorly understood.”® In
mouse models of CTLA4 knockdown-induced gastritis, mice
deficient in IL4/IL13 or IL4R« had decreased parietal cell
atrophy and mucous cell hyperplasia, but the molecular
characterization of SPEM was not determined.”® The current

<

Figure 7.(See previous page). IL4Ra-deficient mucous neck and chief cells up-regulate inflammation-associated
transcripts and adopt a pre-SPEM phenotype but do not progress to SPEM during chronic inflammation. (A and B) Dot
plots of per-cell average relative expression of all detected transcripts from neck (A) and chief (B) cells identified in BALB/c and
TxA23x[l4ra”" libraries. Statistically significant inflammatory-associated transcripts with a greater than 3-fold expression level
increase in TxA23x/l4ra”~ over BALB/c (blue). (C) Ridge plots summarizing the expression level of selected inflammation-
associated genes of interest in neck and chief cells from BALB/c and TxA23x/l4ra”~ stomachs. (D and E) Dot plots of
per-cell average relative expression of all detected transcripts from (D) neck and (E) chief cells identified in TxA23 and
TxA23x/l4ra”" libraries. Statistically significant SPEM-associated transcripts (red) and other transcripts (black) with a greater
than 3-fold expression level increase in TxA23 x/l4ra”" over TxA23. The number of statistically significant and greater than
2-fold differentially expressed genes between TxA23 and TxA23x/l4ra™~ mice (yellow). (F and G) Summary violin plots showing
expression level differences of selected SPEM-associated genes of interest in (F) neck and (G) chief cells of TxA23 and
TxA23xll4ra”~ mice. *P < .0001 by Wilcoxon rank-sum test. DE, Differentially Expressed; FC, Fold Change.
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study confirmed that SPEM and SPEM-associated transcripts
are decreased in IL4Ra-deficient mice with autoimmune
gastritis. Another key takeaway from this study is that
although neck and chief cells in autoimmune gastritis mice
lacking the IL4/IL13 receptor appeared healthy by H&E
staining, we identified numerous inflammation-associated
transcripts that were up-regulated compared with healthy
cells. Although these cells were responding to inflammation;
they did not transition to SPEM in the absence of the IL4R«
receptor. Finally, this study showed that a therapeutic anti-
body developed to neutralize 1L13 is effective at inhibiting
neck cell expansion and preventing SPEM development.

SPEM can develop as a result of H pylori- or
autoimmune-induced chronic inflammation and there are
multiple immune pathways that contribute to SPEM devel-
opment. Previous studies have found that T cells are
necessary for parietal cell atrophy during H pylori infection,
identifying a role for the adaptive immune system in the
progression to SPEM.”” T-cell-derived IFNy promotes pa-
rietal cell atrophy and macrophage activation, and infil-
trating M2 macrophages have been found to contribute to a
metaplastic phenotype in models of drug-induced parietal
cell atrophy and SPEM.*>*%°% The IL33/IL13 signaling
pathway has been identified as an important immune
component in the polarization of M2 macrophages and
progression of metaplasia after drug-induced parietal cell
atrophy.’® Our study identified mast cells as the largest
producers of IL13 in a model of autoimmune gastritis and
identified mast cells infiltrating into the gastric mucosa
during chronic inflammation. ILC2s also are found in the
inflamed gastric tissue and are another source of IL13.
Furthermore, depletion of ILC2s inhibits the development
of metaplasia after gastric injury.”? The findings in this
study further underscore the critical role of IL13 in the
progression of gastritis to metaplasia development and
show it can serve as a therapeutic target. IL13- and
[L4Ra-neutralizing antibodies (lebrikizumab, dupilumab)
are currently in use in clinical settings and this study
identifies IL13 and its receptor as potential therapeutic
targets for halting and/or reversing progression from
atrophic gastritis to metaplasia.

Methods
Mice

TxA23 mice are a transgenic mouse model with T-cell
receptors specific for a peptide from the H" /K" adenosine
triphosphatase « chain on a BALB/c background and have
been described previously.”®***° Additional mice include
BALB/c (000651; Jackson Laboratories, Bar Harbor, ME),
BALB/c-1l4ra®™?%?]] (003514; Jackson Laboratories), and
C.129S4(B6)-1113m1(YFF/ere)lkvr (017353; Jackson Labo-
ratories). BALB/c-Il4ra™™5?]] was crossed with TxA23
mice to generate the TxA23xIl4ra”~ mouse line.
C.129S4(B6)-1113m1(YFF/erellkv was crossed with TxA23
mice to generate the TxA23xIl13-Yfp/Cre mice.** All
TxA23 mice develop CD4-mediated autoimmune gastritis.
All mice were maintained in the Saint Louis University
Medical School animal facility and cared for in
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accordance with institutional guidelines. Mixed groups of
age-matched male and female co-housed littermates were
used for all experiments. All strains were housed under
specific pathogen-free conditions.

Histopathology

Stomachs were removed from mice, cut along the lesser
curvature, thoroughly washed in a phosphate-buffered sa-
line (PBS) bath pH 7.2-7.4, and then fixed in 10%
neutral-buffered formalin for 24 hours. After 24 hours, the
forestomach and antrum were removed, leaving only the
corpus region for paraffin embedding, sectioning, and
staining with H&E or toluidine blue. H&E- and toluidine
blue-stained corpus tissue section photographs were taken
using a Leica (Wetzlar, Germany) SP6 Epifluorescence mi-
croscope. A 10 x objection was used for all photographs. For
disease scoring, slides were blinded and sections from in-
dividual mice were assigned scores between 0 (absent) and
4 (severe) to indicate the severity of inflammation, oxyntic
atrophy, and mucous cell hyperplasia.®’

Immunofluorescence

Stomachs were prepared, stained, and imaged using
methods modified from Ramsey et al.’’ Briefly, paraffin-
embedded corpus stomach tissue sections were deparaffi-
nized through a series of isopropanol and xylene washes,
and 10 umol/L sodium citrate pH 6.0 was used for antigen
retrieval. Slides were washed with PBS and blocked for 1
hour with blocking buffer (PBS, 1% bovine serum albumin
[BSA]; 810033; Millipore, Burlington, MA; 0.1% Triton X-
100; VW3929-2; VWR International; Radnor, PA). The pri-
mary antibodies and lectins used for immunofluorescence
were as follows: GSII (1:500, L21415; Life Technologies,
Eugene, OR), Hoechst 33342, trihydrochloride trihydrate
(1:20,000, H1399; Life Technologies), rabbit anti-GKN3
(1:400, a kind contribution from Jason C. Mills lab, Wash-
ington University, St Louis, MO), UEA-I (1:500, DY488-2201-
1; EY Laboratories, Inc, San Mateo, CA), and purified mouse
anti-E-cadherin (1:100, 610181; BD Biosciences, San Jose,
CA). Secondary antibodies were as follows: donkey anti-rat
IgG (1:500, A21209; Life Technologies), rabbit anti-goat IgG
(1:500, A11080; Life Technologies), donkey anti-mouse IgG
(1:500, A31571; Invitrogen, Carlsbad, CA), and chicken anti-
rabbit IgG (1:500, A21443; Life Technologies). Immunoflu-
orescent corpus stomach tissue section photographs were
taken using a Leica TCS SP8 confocal microscope. A 20x
objective was used for all photographs.

Isolation of Immune Cells

Isolating immune cells from the stomach tissue has been
described previously.®>°® Briefly, stomachs were harvested
from mice, the gastric lymph node was removed, and the
stomach was dissected along the lesser curvature. After
rinsing in a PBS bath, the stomach tissue was repeatedly
injected with a total of 10 mL cold MACS buffer (PBS, 0.5%
BSA; 810033; Millipore; 2 mmol/L EDTA; 15575020; Invi-
trogen) using a 27-gauge needle. The mucosa was injected
in such a way as to inflate and rupture the tissue to free the
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infiltrating immune cells. After repeated injections,
the stomach was cut into small sections and collected with
the 10 mL of MACS buffer, transferred to a 50-mL conical
tube, and then vortexed for 30 seconds to create a single-
cell suspension. The cells then were passed through a
70-um pore size nylon filter and washed with buffer and
used for analysis.

To isolate immune cells from the gastric lymph node,
stomachs were harvested from TxA23 mice and the gastric
lymph node was removed. Using the plunger end of a 3-mL
syringe, the lymph node then was gently smashed against a
pre-wet, 70-um pore size nylon filter to free the immune
cells. Advanced Dulbecco’s modified Eagle medium (DMEM)
(10 mL, 12492013; ThermoFisher, Waltham, MA) then was
used to wash the cells through the filter and collect them in
a 50-mL conical tube. Cells were centrifuged at 1300 rpm
and resuspended at 1 x 10° cells/mL and used in subse-
quent experiments.

Flow Cytometry

Immune cells were isolated from the gastric mucosa
following the protocol previously described and cell surface
staining was performed according to standard proced-
ures.’>®* Immune cell subsets were identified using the
following antibodies: CD45 (564225; BD Horizon, San Diego,
CA), CD45.2 (552950; BD Pharmingen, San Diego, CA), CD4
(562891; BD Horizon), CD4 (553730; BD Pharmingen), CD8
(563046; BD Horizon), CD19 (551001; BD Pharmingen),
CD19 (48-0193-82; Invitrogen), CD19 (563148; BD Hori-
zon), FceR1 (47-5898-80; eBioscience, San Diego, CA),
CD117 (553869; BD Pharmingen), Fc Block (553142; BD
Pharmingen), live/dead (L34966; Invitrogen), CD11b (48-
0112-82; Invitrogen), CD11c (550261; BD Pharmingen), I-
A/I-E (557000; BD Pharmingen), F4/80 (123147; Bio-
Legend, San Diego, CA), CD90.1 (740917; BD OptiBuild, San
Diego, CA), CD 90.1 (563772; BD Horizon), CD3e (48-0031-
82; eBioscience), GR-1 (48-9891-82; eBioscience), CD127
(15-1271-82; Invitrogen), CD49b (17-5971-82; eBio-
science), and CD25 (551071; BD Pharmingen). Intracellular
cytokine staining was performed using antibodies against
[FNy (560660; BD Pharmingen), IL17A (564170; BD Hori-
zon), IL4 (554436; BD Pharmingen), and IL13 (12-7133-81;
eBioscience). All flow cytometry was performed on a BD
LSRII (BD Biosciences) or BD FACSCanto (BD Biosciences)
and analyzed using FlowJo (Flow]o, Ashland, OR). For
intracellular staining, cells were stimulated with 50 ng/mL
phorbol myristate acetate (p8139; Sigma, St. Louis, MO) and
1 pug/mL ionomycin (10634; Sigma) at 1 x 10° cells/mL for
4 hours at 37°C. Golgi-stop (554724; BD Biosciences) was
added after 1 hour of incubation. Cells then were washed
with PBS containing 0.5% BSA (810033; Millipore) and
fixed and permeabilized using eBioscience forkhead box P3
(FOXP3)/Transcription Factor Staining Buffer Set (00-5523-
00; Invitrogen). Cells were incubated overnight with the
anticytokine antibodies, and then washed and analyzed by
flow cytometry.

For cytokine analysis, cells were cultured at 1 x 10°
cells/mL in vitro in 15-mL conical tubes and stimulated with
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25 ng/mL phorbol myristate acetate and 500 ng/mL ion-
omycin for 72 hours at 37°C. Supernatants were collected
and cytokine secretion was measured using a Thl, Th2,
Th17 (560485; BD Biosciences) and IL13 flex set (558349;
BD Biosciences) cytometric bead array kit and analyzed by
flow cytometry or sent to RayBiotech (Peachtree Corners,
GA) for analysis using a 200-mouse cytokine array (GS4000;
RayBiotech; Peachtree Corners, GA).

Gland/Organoid Isolation and Culture

Murine gastric gland isolation has been described pre-
viously.®*®° Briefly, stomachs were isolated from healthy
BALB/c mice, the forestomach and antrum were removed,
and the stomach remnants were washed with PBS. The
corpus then was placed in a 50-mL conical tube containing
gland digest media (Advanced DMEM, 12492013; Thermo-
Fisher), 20 mmol/L HEPES (15630080; ThermoFisher),
0.2% BSA (810033; Millipore), 1% penicillin/streptomycin
(P7081; Sigma Aldrich, St. Louis, MO), 50 ug/mL gentamycin
(G-1914; Sigma Aldrich), and 1 mg/mL collagenase 1A
(€C9891; Sigma Aldrich) and vigorously shaken at 37°C for
30 minutes. Stomach tissue was removed and the remaining
gastric glands were washed with gland rinse buffer
(Advanced DMEM/F12 Ham, D6421; Sigma Aldrich), 50 ug/
mL gentamycin, 1% penicillin/streptomycin, and 0.5 mmol/
L dithiothreitol (GE17-1318-01; Sigma Aldrich). Whole
gastric glands were cultured in Matrigel (356234; Corning,
Tewksbury, MA) with Advanced DMEM/F12 Ham supple-
mented with 25% conditioned Wnt media, 12% conditioned
noggin/R-spondin media, 100 U/mL penicillin/strepto-
mycin, 10 nmol/L HEPES (15630080; ThermoFisher), 1%
N-2 supplement (17502048; Fisher, Hampton, NH), 2% B-
27 supplement (17504044; Fisher), 10 nmol/L gastrin
(4011661; Bachem, Bubendorf, CH), 100 ng/mL fibroblast
growth factor (100-26; Peprotech, Rocky Hill, NJ), 50 ng/mL
epidermal growth factor (E9644; Sigma Aldrich), 1.25
mmol/L N-acetylcysteine (A7250; Sigma Aldrich), 2 mmol/L
GlutaMAX (35050-061; Gibco, Waltham, MA). Glands were
plated in a 24-well plate and incubated at 37°C in 5% CO,
for the duration of the experiment.

For human gastric organoid experiments, de-identified
human stomach samples were supplied through an exist-
ing material transfer agreement with Mid-America
Transplant (St. Louis, MO). Gastric biopsy specimens
were supplied at the time of organ donation and used for
research purposes. For human gastric gland isolation,
human corpus tissue was washed with cold PBS, cut into
5-cm? sections, and glands were isolated following the
murine gland isolation protocol previously described.
Whole gastric glands were cultured in Growth Factor
Reduced Matrigel (356231; Corning) with Advanced
DMEM/F12 Ham supplemented with 25% conditioned
WNT media, 12% conditioned noggin/R-spondin media,
100 U/mL penicillin/streptomycin (P7081; Sigma
Aldrich), 10 nmol/L HEPES (15630080; ThermoFisher),
1% N-2 supplement (17502048; Fisher), 2% B-27 sup-
plement (17504044; Fisher), 10 nmol/L gastrin
(4011661; Bachem), 100 ng/mL fibroblast growth factor
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(100-26; Peprotech), 50 ng/mL epidermal growth factor
(E9644; Sigma), 1.25 mmol/L N-acetylcysteine (A7250;
Sigma), 2 mmol/L GlutaMAX (35050-061; Gibco), 10
mmol/L ROCK inhibitor Y-27632 (Y0503; Sigma)
(added only upon initial plating), 100 mg/mL Primocin
(ant-pm-1; InvivoGen; San Diego, CA), 75 mg/mL Fungin
(ant-fn-1; InvivoGen; San Diego, CA), 100 mg/mL Nor-
mocin (anr-nr-1; InvivoGen; San Diego, CA), and 10 mmol/
L nicotinamide (N0636; Sigma). Glands were plated in a
24-well plate and incubated at 37°C and 5% CO, for the
duration of the experiment.

For co-culturing of immune cells and organoids, immune
cells were isolated from TxA23 mice as previously
described. Gastric glands were isolated from BALB/c and
BALB/cxll4ra”” following the murine gland isolation pro-
tocol previously described. Whole gastric glands were
cultured in Matrigel (356234; Corning) and 25,000 immune
cells were added to the Matrigel. Organoids were cultured
with previously described murine organoid conditioned
media, plated in a 24-well plate, and incubated at 37°C in
5% CO, for the duration of the experiment.

To study the effect of IL13 on epithelial cells, glands were
isolated and cultured as described with the addition of 5 ng/
mL recombinant mouse IL13 (413-ML; R&D Systems, Min-
neapolis, MN) or recombinant human IL13 (213-ILL-005;
R&D Systems) upon initial plating.°* Organoids formed over a
48- to 72-hour period. Photographs were taken using
Olympus Live Cell Imager microscope (Olympus, Tokyo,
Japan) or Cytation 5 Cell Imaging Multi-Mode Reader (BioTek;
Winooski, VT), and media was replaced every 3 days for 9
days. Organoid diameter was determined using cellSens Im-
aging Software (Olympus). For paraffin-embedded organoids,
glands were isolated according to standard protocol and
cultured for 7 days. To harvest organoids, media was
removed, the well was washed with ice-cold PBS, and then
gently pipetted to dissociate Matrigel. Contents of the well
then were transferred to a 1.7-mL tube and placed on ice to
allow organoids to settle. PBS was removed and organoids
were fixed with 10% formalin and washed with 70% ethanol.
Organoids were stained with eosin, washed with 70% ethanol,
and embedded in paraffin for sectioning. For organoid gene
expression analysis, glands were isolated and cultured ac-
cording to the protocol described previously. Glands were
cultured in 200 uL Matrigel in a 15-mL conical tube for 7 days.
On day 7, conical tubes were placed on ice and ice-cold PBS
was added and gently pipetted to dissociate Matrigel. Tubes
then were centrifuged at 1300 rpm and supernatant was
discarded. RNA was extracted from organoids using the
PureLink RNA Mini Kit (12183025; Ambion).

Quantitative Reverse-Transcription PCR
Complementary DNA (cDNA) was prepared from 1 ug
RNA using TagMan Reverse Transcription Reagents (N808-
0234; Applied Biosystems, Branchburg, NJ) according to the
manufacturer’s protocol. Reverse-transcription qPCR was
performed using 10 ng cDNA in technical duplicates with
TagMan Fast Advanced Master Mix (4444964; Applied
Biosystems). TagMan primer probes used were as follows:
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Gapdh (Mm99999915_g1; Thermo Fisher Scientific, Wal-
tham, MA), Muc5ac (Mm01276718_m1; Thermo), Mucé

(Mm01276718_m1; Thermo), Tff2 (Mm01348265_m1;
Thermo), Gkn3 (Mm01183934_m1; Thermo), Ki67
(Mm01278617_m1; Thermo), GAPDH (Hs02786624;

Thermo), MUC5AC (Hs01365616; Thermo), and MUC6
(Hs01674026; Thermo).

Neutralization of IL13

For neutralization studies, mice were treated with an
intraperitoneal injection of 10 mg/kg anti-mouse IL13 or
IgG isotype control (both gifts from Janssen Research &
Development, LLC, Spring House, PA) twice a week for 4
weeks beginning at 3 months of age. At 4 months, the mice
were killed, and the stomachs were removed and prepared
for disease analysis following previously mentioned histo-
pathology methods.

Isolation of Gastric Epithelial Single-Cell
Suspensions

Stomachs were harvested from 3 mice per group and
gastric lymph nodes were removed. The forestomach and
antrum were removed, and the corpus was cut along the
inner curvature. The corpus then was washed in a bath of
PBS and immediately washed in a secondary bath of
advanced DMEM (12492013; Thermo Fisher Scientific,
Waltham, MA). Dissected corpuses then were placed in a 50-
mL conical tube with 10 mL prewarmed gland digestion
media (Advanced DMEM, 12492013; ThermoFisher), 20
mmol/L HEPES (15630080; ThermoFisher), 0.2% BSA
(810033; Millipore), 1x penicillin/streptomycin (P7081;
Sigma Aldrich), 50 ug/mL gentamycin (G-1914; Sigma
Aldrich), and 1 mg/mL collagenase 1A (C9891; Sigma
Aldrich). Stomachs were agitated at 37°C for 30 minutes.
Connective tissue was removed, leaving behind gastric
glands, which then were transferred to a 15-mL conical tube
using gland rinse media (DMEM/F12 Ham, D6421; Sigma
Aldrich), 1% penicillin/streptomycin, 50 ug/mL gentamicin,
and 0.5 mmol/L dithiothreitol (GE17-1318-01; Sigma
Aldrich). Glands were resuspended in 1 mL prewarmed
Trypsin-EDTA (T3924; Millipore-Sigma) and incubated for
20 minutes at 37°C until only single cells were present.
Every 10 minutes, glands were agitated using a 1-mL pipette
to aid in digestion. After agitation, aliquots were taken, and
the digestion progress was measured using a hemocytom-
eter and trypan blue staining. Digestion was stopped when
trypan blue staining showed complete digestion of glands
into single cells. Cells then were washed twice in advanced
DMEM 0.1% fetal bovine serum to quench enzyme activity.
Single cells then were resuspended in DMEM + 10% fetal
bovine serum to a final cell concentration of 1000 cells/mL.

Chromium Single-Cell 5° Library Construction

The Chromium Single Cell Controller instrument was
used in these studies according to recommended manu-
facturer protocols and has been described previously.”**’
Briefly, gastric corpus epithelial single-cell suspensions
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were loaded into a Chromium Single Cell Controller in-
strument (10x Genomics, Pleasanton, CA) to generate
single-cell gel beads in emulsion (GEMs). scRNA-seq li-
braries were prepared using the Chromium Single Cell 5’
Library & Gel Bead Kit vl (PN-1000006; 10x Genomics).
GEM reverse transcription (GEM-RT) was performed in a
Veriti 96-Well Thermal cycler (4375786; Applied Bio-
systems): 53°C for 45 minutes, 85°C for 5 minutes, held at
4°C, and stored at —20°C. The GEMs then were broken,
and the single-strand cDNA was cleaned up with Dyna-
Beads MyOne Silane Beads (37002D; Thermo Fisher Sci-
entific). Barcoded full-length cDNA was amplified using
the Veriti 96-Well Thermal Cycler: 98°C for 45 seconds,
cycled 13 times: 98°C for 20 seconds, 67°C for 30 seconds,
and 72°C for 1 minute; 72°C for 1 minute; held at 4°C.
Amplified cDNA product was cleaned up with the SPRI-
select Reagent Kit (0.6 x SPRI, P/N B23318; Beckman
Coulter). The 5’ gene expression libraries were con-
structed using the reagents in the Chromium Single Cell
3//5' Library Construction kit (PN-1000020; 10x Geno-
mics; Pleasanton, CA). For 5 gene expression library
construction, these steps were followed: (1) fragmenta-
tion, end repair, and A-tailing; (2) postfragmentation, end
repair, and A-tailing double-sided size selection with
SPRIselect; (3) adaptor ligation; (4) postligation clean-up
with SPRIselect; and (5) sample index PCR and double-
sided cleanup with SPRIselect. Final quality control and
[llumina (San Diego, CA) sequencing of the prepared li-
braries was performed by the Washington University in
St. Louis Genome Technology Access Center.

ScRNA-seq Data Processing and Analysis

Raw data were processed through the CellRanger 3.0
pipeline (10x Genomics), and secondary clustering and dif-
ferential expression analysis were conducted in Seurat/R.°
Before clustering, all libraries and subsets were processed
to ensure quality. Genes relating to mitochondria-localized
proteins are markers for broken or low-quality cells.®’
Consequently, low-quality cells expressing high levels of
mitochondrial markers above a majority threshold unique
to each library/subset were filtered out before downstream
analysis. Each library then was globally scaled and
normalized by a scale factor of 1 x 10* and log trans-
formation. In addition, unwanted sources of variation
attributed to biological noise and batch effect were identi-
fied and regressed out to improve downstream analysis and
dimensionality reduction.”® Multiple data sets were inte-
grated together through dimension reduction identification
of anchors between data sets, followed by filtering, scoring,
and weighting of anchors.®® Components for clustering were
generated by canonical-correlation analysis. High signal ca-
nonical correlates explaining the most variance in compar-
ison identity classes were aligned by dynamic time warping,
and their dimensions were used for subsequent shared
nearest neighbor clustering and visualization by uniform
manifold approximation and projection for dimension
reduction.”””" Globally distinguishing genes for each cluster
and comparison identity class were identified by calculating
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the normalized gene expression for the average single cell.
Significant genes with at least a 2-fold change and corrected
P value less than .01 were identified via Wilcoxon rank-sum
test with Bonferroni correction for multiple comparisons.
Data sets presented in this study are available at https://
ncbi.nlm.nih.gov/bioproject under the BioSample/acces-
sion numbers SAMN13152839 (BALB/c), SAMN13152840
(TxA23), SAMN19814216 (li4ra”").

Statistical Analysis

Data are expressed as means of individual determination +
SEM. Statistical analysis was performed using an unpaired
Student t test using GraphPad Prism 8 (GraphPad Software,
San Diego, CA). Histopathology score significance was per-
formed using the Mann-Whitney U test. For reverse-
transcription qPCR analysis, crossing thresholds were
normalized to housekeeping gene (Gapdh) expression and
fold change was determined by comparison of delta cycle
threshold (ACT) values of untreated and treated samples. All
authors had access to the study data and have reviewed and
approved the final manuscript.
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