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Abstract

Background & Aims: Severe injury to the lining of the stomach leads to changes in the
epithelium (reprogramming) that protect and promote repair of the tissue, including development
of spasmolytic polypeptide expressing metaplasia (SPEM) and tuft and foveolar cell hyperplasia.
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Acute gastric damage elicits a type-2 inflammatory response that includes production of type-2
cytokines and infiltration by eosinophils and alternatively activated macrophages. Stomachs of
mice that lack interleukin 33 (1L33) or interleukin 13 (1L13) did not undergo epithelial
reprogramming after drug-induced injury. We investigated the role of group 2 innate lymphoid
cells (ILC2s) in gastric epithelial repair.

Methods: Acute gastric injury was induced in C57BL/6J mice (wild type and RAG1 knockout)
by administration of L635. We isolated ILC2s by flow cytometry from stomachs of mice that were
and were not given L635 and performed single-cell RNA sequencing. ILC2s were depleted from
wild-type and RAG1-knockout mice by administration of anti-CD90.2. We assessed gastric cell
lineages, markers of metaplasia, inflammation, and proliferation. Gastric tissue microarrays from
patients with gastric adenocarcinoma were analyzed by immunostaining.

Results: There was a significant increase in the number of GATA3-positive ILC2s in stomach
tissues from wild-type mice after L635-induced damage, but not in stomach tissues from IL33-
knockout mice. We characterized a marker signature of gastric mucosal ILC2s and identified a
transcription profile of metaplasia-associated 1LC2s, which included changes in expression of //5,
1113, Csf2, Pd1, and Rampa3, these changes were validated by quantitative PCR and
immunocytochemistry. Depletion of ILC2s from mice blocked development of metaplasia after
L635-induced injury in wild-type and RAG1-knockout mice and prevented foveolar and tuft cell
hyperplasia and infiltration or activation of macrophages after injury. Numbers of ILC2s were
increased in stomach tissues from patients with SPEM compared to patients with normal corpus
mucosa.

Conclusions: In analyses of stomach tissues from mice with gastric tissue damage and patients
with SPEM, we found evidence of type 2 inflammation and increased numbers of ILC2s. Our
results suggest that ILC2s coordinate the metaplastic response to severe gastric injury.

Graphical Abstract

Gastroenterology

LAY SUMMARY

We have determined that intrinsic mucosal immune cells are integral for coordinated repair of the
gastric lining following severe injury.

Keywords
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INTRODUCTION

The epithelial lining of the stomach is exposed to harsh conditions including ingested food
and bacteria, as well as gastric acid and digestive enzymes. The stomach is protected from
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this extreme environment by the mucosal barrier which is lined with epithelial cells linked
by tight junctions and a thick mucus layer to block stomach contents from penetrating to the
underlying tissue layers. Severe damage to the lining of the stomach leads to reprogramming
of the epithelium to recruit reparative cells to sites of mucosal injury. In the stomach,
reprogramming is characterized by the transdifferentiation of digestive enzyme-secreting
chief cells to mucin-secreting metaplasia (spasmolytic polypeptide-expressing metaplasia or
SPEM), expansion of the foveolar and tuft cell lineages, and infiltration and activation of
immune cells including M2 macrophages and eosinophils. Our previous investigations have
suggested reprogramming is governed by a cytokine signaling cascade.! The cascade begins
with the alarmin interleukin-33 (IL-33) which is released from cells at sites of mucosal
injury or infection.2 Mice lacking IL-33 or the IL-33 receptor (ST2) are blocked from
epithelial reprogramming after drug-induced injury.2 Similarly, chronic treatment with
recombinant 1L-33 promotes oxyntic atrophy, metaplasia development, and inflammatory
infiltration in the stomach.3 Downstream pathway analysis confirmed that IL-33 release in
the stomach promotes the induction of type Il cytokines, including IL-4, IL-5, IL-9, and
IL-13. Mice lacking IL-13, but not other type 1l cytokines, are inhibited from the
development of mucin-secreting metaplasia after gastric damage. Furthermore, recombinant
IL-13 treatment to ST2 null mice restored metaplasia development following acute parietal
cell loss.

Recent advances in our understanding of immune responses to tissue damage or infection
have indicated a crucial role for innate lymphoid cells (ILCs).# Derived from lymphoid
progenitors, ILCs generate potent levels of cytokines that were previously thought to be
primarily produced by T helper cells.> However, unlike T helper cells, ILCs have no antigen-
specific receptors and cause antigen-independent immune responses.® They are prevalent at
mucosal surfaces where they respond to factors derived from the epithelium that indicate
damage or infection.” A subtype of the ILC family, known as group 2 innate lymphoid cells
or ILC2s, are regulated by the transcription factors RORa and GATA3.8: 2 They are
stimulated by epithelial cell-derived stress signals such as IL-33, 1L-25, and TSLP to provide
an innate source of type 2 cytokines.1%-12 While ILC2s are commonly studied in tissues
such as: lung, intestine, and skin, few investigations have addressed the role of ILC2s in the
stomach.13: 14 [LC2s are involved in tissue remodeling, mucus metaplasia, eosinophilia, and
alternative macrophage activation through the production of type 2 cytokines in other
tissues.1® We hypothesized that ILC2s similarly regulate epithelial reprogramming after
damage to the stomach.

Reprogramming to recruit reparative cells to sites of injury has been described in a number
of mucosal contexts including esophagus, stomach, small bowel, colon, and pancreas.16
While such processes are programmed to recede following the resolution of injury, chronic
damage and inflammation promote the evolution of these reparative metaplastic lineages
into dysplastic or pre-neoplastic lineages that are a risk factor for developing cancer. Gastric
cancer remains one of the leading causes of cancer-related death worldwide. Therefore a
more comprehensive understanding of the development of metaplasia and progression to
intestinal-type gastric cancer is needed The most common cause of chronic damage to the
stomach occurs as a result of infection with the bacterium Helicobacter pylori, which leads
to the loss of acid-secreting parietal cells.1” Gastric pathology can take months to develop in
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Helicobacter infected mice, and years in humans. To facilitate an accelerated model of
gastric damage and epithelial reprogramming, our laboratory has developed an acute model
of parietal cell loss through the administration of the parietal cell toxic drug L635.18
Epithelial reprogramming is visualized within hours after the administration of L635.

We have now sought to evaluate the role of ILC2s in the regulation of the gastric mucosal
response to significant injury. The present study reveals that there is a sizable accumulation
of ILC2s in the stomach after damage that is blocked in mice lacking IL-33. We have
performed single cell RNA sequencing of ILC2s isolated from the normal “healthy” stomach
as well as the L635-induced metaplastic stomach of mice and characterized a unique marker
signature of gastric mucosal ILC2s, as well as identified a distinct transcriptional profile of
metaplasia-associated ILC2s. Sequencing revealed several genes that may inform how ILC2s
contribute to gastric pathology including //5, 1/13, Csf2, Pd1, and Ramp3. Depletion of
ILC2s blocked the development of metaplasia after drug-induced injury in wild-type and
Ragl knockout mice. Similarly, ILC2 depletion prevented foveolar and tuft cell hyperplasia
and the infiltration/activation of macrophages and eosinophils after injury. Understanding
the role of type 2 inflammation and ILC2s in the induction of metaplasia may link the
damage response in the stomach to other type 2-mediated diseases and could pave the way to
better detection methods and therapies for precancerous metaplasia in the stomach.

MATERIALS AND METHODS

Mouse Models

Wild-type and Ragl knockout C57BL/6J mice approximately eight weeks old were
purchased from Jackson Labs (Bar Harbor, Maine, USA). Each experimental group
consisted of at least three to four mice. L635 (synthesized by the Chemical Synthesis Core
of the Vanderbilt Institute of Chemical Biology), dissolved in dH,O was administered by
oral gavage (350 mg/kg) once a day for 3 consecutive days. Rat 1gG2b isotype control
antibody (BioXCell BP0090) or anti-CD90.2 antibody (BioXCell BP0066) was
administered intraperitoneally (300 pg) to wild-type and Ragl knockout C57BL/6J mice
every fourth day for 12 days for a total of four injections. IL-13-tdTomato reporter mice
were generated as previously described.1® These mice were the kind gift of Dr. Andrew NJ
McKenzie. Archival sections of stomach from wild-type, IL-33KO, and IL-13KO mice (n=6
per group) were obtained from previous investigations.! The care, maintenance, and
treatment of animals in these studies adhere to the protocols approved by the Institutional
Animal Care and Use Committee of Vanderbilt University.

Single Cell Isolation

Mouse stomachs were harvested, opened along the greater curvature and washed in ice cold
1X PBS without calcium and magnesium. The antrum was removed with a razor blade and
the oxyntic mucosa was harvested with a cell scraper to separate the mucosa from the serosa.
The corpus mucosa was then finely minced using a razor blade and collected in ice cold
Advanced DMEM/F12 cell culture medium. Tissue was allowed to settle, and the top layer
of media was removed leaving a few milliliters of media containing gastric mucosa. The
solution with tissue was transferred to 50 mL of pre-warmed (37°C) digestion buffer
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(Advanced DMEM/F12 + 5% FBS + 1 mg/mL collagenase type 1a + 1/100 DNAse 1) in a
round bottom flask with stir bar. The flask containing digestion buffer and tissue was placed
in a 37°C water bath with stir plate and stirred at low speed for 30 minutes. To stop the
reaction, 50 mL of Advanced DMEM/F12 supplemented with Y-27632 (1:1000) and 1mM
DTT was added. The mixture was centrifuged at 300 x g for 5 minutes to pellet glands/cells.
The supernatant was aspirated and the pellet was resuspended in 1 mL of Advanced
DMEM/F12 supplemented with Y-27632. The solution was drawn up into a 1 mL syringe
with 25-gauge needle attached. The solution was pushed through needle and strained
through 70 pm cell strainer to disrupt the glandular structures and achieve a single cell
suspension. The cell strainer was washed with 9 mL of Advanced DMEM/F12 supplemented
with Y-27632. Cells were centrifuged at 300 x g for 5 minutes. Supernatant was removed
and cells were resuspended in 1 mL of Advanced DMEM/F12 supplemented with Y-27632
and stored on ice.

Flow Cytometry

Three million cells per sample were added to BD Falcon 5 mL polypropylene round-bottom
tubes. Cells were washed with 2 mL of 1X PBS and centrifuged at 1200 rpm for 5 minutes
at 4°C. Supernatant was removed and cells were washed in 2 mL of FACS buffer (1X PBS +
3% FBS). Supernatant was removed and 3 pL of Fc Receptor Block (BD) was diluted in 50
pL of FACS buffer per sample and incubated for 15 minutes at 4°C. Cells were washed with
2 mL of FACS buffer and centrifuged at 1200 rpm for 5 minutes at 4°C. Supernatant was
removed and antibodies were diluted in 50 pL of FACS buffer and incubated for 30 minutes
at 4°C. Cells were washed with 2 mL of FACS buffer and centrifuged at 1200 rpm for 5
minutes at 4°C. If biotinylated antibody was used, streptavidin was diluted in 100 uL FACS
buffer per sample and incubated for 30 minutes at 4°C. Viability staining was performed by
adding Tonbo Ghost Dye UV450 (1:500) or DAPI (1:1000). Cells were analyzed on the 5-
Laser BD LSR Il or sorted on the 5-Laser FACS Aria 1l in the VUMC Flow Cytometry
Shared Resources.

Immunohistochemical Staining

Mouse stomachs were fixed in 4% PFA overnight at 4°C and were transferred into 70%
ethanol for subsequent paraffin embedding. Five-micrometer sections were used for all
immunohistochemistry studies. Deparaffinization, rehydration, and antigen retrieval were
performed as previously described.2? The Zeiss Axio Imager M2 microscope with
Axiovision digital imaging system or the Leica Aperio Versa 200 Fluorescent Slide Scanner
in the Vanderbilt Digital Histology Shared Resource was used to image sections.

Human Tissue Studies

Tissue microarrays (TMA) containing human gastric tissue from two cohorts of patients
were analyzed. The first cohort included samples of normal and metaplastic mucosa from 33
gastric adenocarcinoma resections performed at the University of Tokyo.2 The second
cohort included samples from 18 patients (age ranging from 39 to 81 years) who underwent
curative subtotal or total gastrectomy at Jeju National University Hospital, Jeju, Korea from
2015 to 2020. Formalin-fixed and paraffin-embedded blocks were obtained from each
patient. Through histologic examination, one to seven corpus intestinal metaplasia (1M)

Gastroenterology. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meyer et al. Page 6

and/or SPEM regions were identified in each case, and cores (4 mm in diameter) were
obtained and arranged in a recipient paraffin block using a trephine apparatus
(SuperBioChips Laboratories, Seoul, Korea) Additionally, cores of normal antrum and
normal corpus were included. Altogether, multiple tissue microarrays were generated,
containing 48 corpus metaplasia cores with IM (n=45) and/or SPEM (n=28), 9 normal
corpus cores, and 9 normal antrum cores. TMA construction was approved by the
Institutional Review Board (IRB) of JNUH (IRB No. 2016-10-001). TMAS were
immunostained for CD3, ICOS, and CD44v9. Spatial quantification of ICOS-positive CD3-
negative cells was performed as previously described on well-oriented cores containing
CD44v9-negative normal corpus (n=12) and cores containing CD44v9-positive SPEM
(n=12).22

Data Analysis

Experimental groups contained three to six mice. Images were analyzed using CellProfiler to
quantify objects (nuclei, cells) and verified manually.23 At least five representative images
(>150 glands) of proximal stomach corpus were taken from each mouse at 20X objective for
quantification. Spatial quantification of GATA3-positive cells was performed as previously
described.?2 All graphs and statistics were completed in GraphPad Prism using unpaired
Student’s t-test or one-way ANOVA with Bonferroni’s post-hoc multiple comparisons test to
determine significance.

RESULTS
Gastric ILC2s express the transcription factor GATA3.

To evaluate the presence of ILC2s in the gastric mucosa, we performed flow cytometry on
isolated single cells from the stomachs of wild-type C57BL6/J mice. Single cells were
stained for cell-surface proteins and ILC2s were defined as CD45*Lin"CD127*CD90*1COS
*, where Lin included CD3, CD5, CD11b, CD45R, Anti-7-4, FceRlI, Ly6G/C, Anti-
Ter-119.12. 24,25 The cells were fixed/permeabilized and stained for GATAS3, the
transcription factor that is critical for the development and maintenance of ILC2s. Greater
than 93-percent of ILC2s collected were positive for GATA3 when compared to an isotype
control antibody (Figure 1A). Furthermore, we determined that GATA3-positive cells in the
stomach were negative for other immune cell lineage markers by both flow cytometry and
immunostaining (Supplemental Figure 1). These findings verified that GATA3 is an efficient
marker for ILC2s in the gastric mucosa under homeostatic conditions and following L635-
induced acute gastric damage.

Gastric injury leads to an IL-33-dependent increase in ILC2s that secrete IL-13.

To visualize ILC2s in situwe performed immunohistochemical analysis for GATAS in tissue
sections from wild-type, 1L-33 knockout (IL-33KO), or IL-13 knockout (IL-13KO) mice
that were untreated or treated for three days with L635 (Figure 1B). Analysis revealed an
accumulation of GATA3-positive ILC2s after damage that is contingent on IL-33, but not
IL-13 (Figure 1C). In the untreated mice, rare GATA3-positive ILC2s were observed
scattered throughout the glands. After L635 treatment to induce parietal cell loss in wild-
type mice, a significant increase in the number of ILC2s was detected specifically located

Gastroenterology. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meyer et al.

Page 7

near the base of the glands (Figure 1D). Basal accumulation of ILC2s coincides with the
location of chief cell reprogramming to SPEM and macrophage/eosinophil recruitment to
the gastric mucosa. The significant increase of GATA3-positive ILC2s after L635 treatment
was blocked in IL-33KO mice. However, similar to wild-type mice, immunostaining
revealed a significant increase in ILC2s in IL-13KO mice treated with L635 (Figure 1C and
D). These results indicate that the activation and recruitment of ILC2s to the gastric mucosa
after damage is contingent on I1L-33, but not 1L-13.

To evaluate the responsiveness of gastric ILC2s, 1L-13-tdTomato reporter mice were treated
with L635 for 8 hours. In the IL-13 reporter mice one of the copies of the IL-13 gene is
replaced with tdTomato, a fluorescent reporter, and the amount of fluorescent reporter is
proportional to the amount of IL-13 that is produced. To visualize IL-13 production in
GATA3-positive ILC2s, tissue sections from untreated and L635-treated IL-13 reporter mice
were immunostained with tdTomato and GATA3 antibodies (Figure 1E). A significant
increase in the relative fluorescence of the 1L-13 reporter was observed in GATA3-positive
ILC2s after 8 hours of L635-induced injury (Figure 1F). These results indicate that L635-
induced injury rapidly stimulates the production of 1L-13 in gastric ILC2s. Additionally,
flow sorted ILC2s from the stomachs of wild-type C57BL6/J mice were cultured with media
supplemented with IL-2 alone or IL-2 and IL-33. IL-13 secretion by cultured ILC2s was
detected using an enzyme-linked immunosorbent assay. The ILC2s treated with IL-2 and
IL-33 secreted greater than four times the amount of IL-13 compared to ILC2s treated with
IL-2 alone (Figure 1G). Thus, gastric ILC2s respond to IL-33 and are likely a source of type
Il cytokines including IL-13 after acute gastric damage.

Single-cell RNA sequencing of gastric ILC2s.

To characterize ILC2s from the normal and metaplastic gastric mucosa, we performed single
cell RNA-sequencing on ILC2s from the stomachs of wild-type C57BL6/J mice that were
untreated (ILC2 Control) or treated for one day with L635 (ILC2 L635). Individual ILC2s
were sorted by fluorescence activated cell sorting (FACS) directly into a 96-well plate
containing lysis buffer and bar-coded primers (Figure 2A). By flow sorting, ILC2s
accounted for 0.47% of viable isolated cells from the untreated gastric mucosa. However,
ILC2s increased to 0.88% of viable isolated cells after one day of L635 treatment. Single
cell RNA sequencing was performed as previously described using Smart-seq2.26 Both
principle component and t-distributed stochastic neighbor embedding (t-SNE) analysis
revealed that the L635-treated ILC2s have a distinct phenotype from the control ILC2s
(Figure 2B-C). We have identified a distinctive transcriptional profile of gastric mucosal
ILC2s that includes the transcription factors Gata3and Rora, the immune checkpoint
protein /cos, and the cell surface receptors //1rl1, /117rb, 17, I/2ra, and //2rg. Not
surprisingly, several secreted factors involved in ILC2 function are increased in ILC2 L635
cells compared to control ILC2s including //4, 115, 119, /113, and Areg. Unsupervised
analysis identified a unique signature of the L635-treated, metaplasia-associated ILC2s that
includes the secreted factor Csf227 lipid mediator Dgat2,%8 adhesion molecule /cam1,29 cell
surface receptors //2r30 and //4ra,31 immune checkpoint protein Pd,32 and receptor
(calcitonin) activity modifying proteins Ramp333-3° (Figure 2D). These single-cell RNA
sequencing results were validated by gPCR and by immunostaining when antibodies were
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available (Supplemental Figure 2-3). Interestingly, immunostaining for the proliferation
marker PCNA and GATA3 revealed that more than thirty-percent of GATA3-positive ILC2s
proliferate after L635-induced injury (Supplemental Figure 3B).

Anti-CD90.2 treatment decreases GATA3-positive ILC2s and ILC2-related genes in the

stomach.

To elucidate if ILC2s are essential for the injury response in the stomach, we depleted ILC2s
using a previously described antibody depletion method.36-38 Treatment with anti-CD90.2
antibody effectively removes ILC2s from peripheral tissues. Mice were treated with Rat
1gG2b antibody as an isotype control immunoglobulin. We treated wild-type C57BI/6J mice
with anti-CD90.2 or Rat 1gG2b antibody every fourth day for 12 days. Following the final
antibody administration, mice were treated with L635 for three days. Stomachs were
harvested from four experimental groups: 1) Rat IgG2b only, 2) anti-CD90.2 only, 3) Rat
IgG2B + L635-treated, and 4) anti-CD90.2 + L635-treated mice for histological analysis and
flow cytometry (Figure 3A). Treatment with either Rat 1gG2b only or anti-CD90.2 only did
not alter the gastric mucosa. Flow cytometry and immunostaining for GATA3 revealed
significant depletion of ILC2s with anti-CD90.2 treatment (Figure 3B-E). Similarly, we
found that anti-CD90.2 depletion of ILC2s led to significant reductions in transcripts
elevated in ILC2s following L635 treatment including /L4, /L5, IL9, IL13, Areg, Csf2, Pdl
and Ramp3 (Figure 3F). Furthermore, PD1 positive cells were identified in the gastric
mucosa of anti-CD90.2 + L635-treated mice, however none of the cells were GATA3-
positive ILC2s (Supplemental Figure 4).

Depletion of ILC2s inhibits development of metaplasia following injury.

To visualize parietal cells and L635-induced parietal cell loss, we performed
immunostaining for the proton pump H*/K* ATPase, an integral membrane protein
responsible for gastric acid secretion by parietal cells (Figure 4A). In the Rat 1gG2b only
and anti-CD90.2 only groups, a large number of H*/K* ATPase-positive parietal cells were
detected throughout the oxyntic glands. Both the Rat 1gG2b and anti-CD90.2 groups had
comparable levels of L635-induced parietal cell loss (Figure 4C). Parietal cell loss promotes
the reprogramming of zymogenic chief cells to mucin-secreting metaplastic cells (SPEM) in
order to protect and fuel repair of the stomach. During this process, SPEM cells contain both
gastric intrinsic factor (GIF)-positive zymogenic granules and mucin granules that can be
detected with Griffonia simplicifolia (GSI1)-lectin which binds to sugar modifications on
Mucin 6. To detect chief cell reprogramming in ILC2 depleted mice, we immunostained
with GIF and GSllI-lectin (Figure 4A). Anti-CD90.2 treatment decreased the number of GIF
and GSII dual-positive SPEM cells by greater than sixty-percent after L635-induced parietal
cell loss (Figure 4D). We also validated these experiments in Ragl knockout C57BL/6J
mice, which do not produce any mature B or T lymphocytes (Supplemental Figure 5), and
we observed a similar pattern of decreased SPEM development with ILC2 depletion.

The basic helix-loop-helix transcription factor Mist1 (Bhlhal5) controls the secretory
architecture of chief cells including cellular organization and production of large protein-
containing zymogenic granules.3® Loss of Mist1 is a distinct feature of chief cell
reprogramming into SPEM. Dual immunofluorescence staining for GIF and Mist1 allows for
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monitoring of Mistl loss in zymogenic granule-containing chief cells (Figure 4B).
Immunostaining revealed that chief cells from anti-CD90.2 + L635-treated mice retained
expression of Mist1 (Figure 4E). In the normal oxyntic mucosa, the expression of TFF2 is
restricted to mucous neck cells found in the neck region of oxyntic glands. In L635-treated
mice, TFF2 is up-regulated in chief cells at the base of glands as they reprogram into SPEM.
In anti-CD90.2 + L635-treated mice, significantly fewer TFF2 and GIF dual-positive cells at
the base of glands were observed compared to Rat IlgG2b + L635-treated mice (Figure 4F).
Collectively, these results suggest that ILC2 depletion prevents the initiation of chief cell
reprogramming to mucin-secreting SPEM after acute parietal cell loss.

ILC2s are responsible for alteration in tuft cell abundance after oxyntic atrophy.

Tuft cells represent an unusual type of chemosensory epithelial cell present in multiple
organs of the digestive system, including the stomach and the intestine.#%: 41 Loss of parietal
cells leads to the reversible expansion of Dclk1-expressing tuft cells in the mouse gastric
mucosa.*? Interestingly, ILC2-derived IL-13 promotes tuft cell hyperplasia following
helminth infection in the small intestine.#3: 44 To determine if ILC2s are required for tuft cell
hyperplasia following L635-induced parietal cell loss, we performed immunostaining for
Dclkl (Figure 5A). Anti-CD90.2 treatment blocked expansion of the tuft cell lineage
following L635-induced parietal cell loss (Figure 5C). Thus, ILC2s coordinate tuft cell
hyperplasia after gastric damage.

ILC2s are required for proliferation and foveolar hyperplasia after injury.

ILC2s have been implicated in maintaining the gastric stem cell niche, so we sought to
determine the effect of ILC2 depletion on proliferation in the gastric mucosa.38 To do this,
we immunostained for the proliferation marker Ki67 (Figure 5B). In the normal oxyntic
mucosa, Ki67 labelled stem/progenitor cells are located in the gland isthmus about a third of
the way down the gland. Upon gastric injury, chief cells at the base of the glands reprogram
and are capable of re-entering into the cell cycle and proliferating.18: 45 46 Additionally,
mucin-producing foveolar cells located near the lumen of gastric glands also expand in
response to injury, a gastric lesion referred to as foveolar hyperplasia.*’ Foveolar cells
produce Muc5ac, a mucin recognized by Ulex Europaeus Agglutinin 1 (UEAI)-lectin in the
gastric mucosa. Anti-CD90.2 + L635-treated mice had significantly less proliferation than
Rat 1gG2b + L635-treated mice (Figure 5D). To evaluate foveolar hyperplasia after L635
treatment, we measured the average thickness of the UEAI-positive foveolar region. The
average thickness of the foveolar region of anti-CD90.2 + L635-treated mice was
significantly shorter than Rat 1gG2b + L635-treated mice (Figure 5E).

ILC2s promote infiltration of macrophages and eosinophils into the gastric mucosa.

Our previous investigations determined that L635-induced parietal cell loss results in F4/80-
positive macrophage infiltration into the gastric mucosa. RNA sequencing and
immunohistochemical data revealed macrophages associated with advanced mucin-secreting
metaplasia in L635-treated mice have an M2 polarized phenotype and are considered
alternatively activated.20 Alternatively-activated M2 macrophages are typically associated
with wound healing and tissue repair. To visualize macrophage infiltration and polarization
in ILC2 depleted mice we performed co-immunostaining for the macrophage marker F4/80
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with the M2 polarization marker CD163 (Figure 6A). Anti-CD90.2 + L635-treated mice
showed significantly decreased macrophage infiltration into the gastric mucosa and very few
M2 polarized macrophages were detected (Figure 6B). These data suggest a role for ILC2s
in macrophage recruitment and activation after acute gastric damage.

Our previous studies also revealed L635-treated mice have robust eosinophil infiltration.
Eosinophil-derived mediators have wide-ranging effects on normal tissue homeostasis and
tissue remodeling/repair.8 Eosinophil recruitment to the gastric mucosa is dependent on
IL-5. Therefore, we sought to determine if ILC2s play a role in eosinophil infiltration by
performing immunohistochemical staining for the eosinophil marker Major Basic Protein
(MBP) (Figure 6C). Anti-CD90.2 treatment blocked eosinophil infiltration following L635-
induced parietal cell loss (Figure 6D). These results provide evidence that ILC2s play a role
in eosinophil recruitment to the gastric mucosa following acute injury, likely through the
production of IL-5.

Metaplasia is associated with an increase of ILC2s in the human stomach.

Given the significant response of ILC2s in acute models of parietal cell loss in mice, we
sought to analyze ILC2s in samples of SPEM from human patients by staining for ICOS and
CDa3 in sections of normal corpus and SPEM from patients who underwent gastrectomy for
gastric cancer (Figure 7A). ICOS-positive, CD3-negative ILC2s were detected in each
sample. Interestingly, sections containing CD44v9-positive SPEM lesions showed increased
numbers of ILC2s. Distribution analysis revealed 1COS-positive CD3-negative ILC2s shift
toward the base of the gland in metaplastic samples compared to normal corpus, coincident
with CD44v9-positive SPEM cells (Figure 7B). These studies confirm that, similar to the
response in mice, accumulation of ILC2s is associated with SPEM in the human stomach.

DISCUSSION

Following significant gastric injury, the epithelium recruits reparative lineages to sites of
damage through both the reprogramming and expansion of mucin-secreting lineages. Chief
cell reprogramming to SPEM is a necessary process for gastric epithelial repair. This process
of SPEM development is triggered by damage to gastric epithelium including acute arietal
cell loss,8 ulceration,*9 or chronic infection with Helicobacter species.® Previous
investigations in the stomach have attempted to identify the mechanism of gastric repair
following injury or chronic Helicobacter infection. We recently identified that an IL-33/
IL-13 cytokine-signaling network is necessary and sufficient for the induction of epithelial
reprograming following chemically-induced acute parietal cell loss.t IL-33 and IL-13
knockout mice showed a blockade in SPEM development and have reduced M2-macrophage
infiltration and polarization. Additionally, macrophage depletion attenuated advancement of
metaplastic lesions.20 The present study identified that 1LC2-derived factors are required for
the reprogramming of the gastric mucosa after injury. Using /n vivo mouse models, we have
determined that, in the absence of ILC2s, the development of mucin-secreting metaplasia,
expansion of foveolar and tuft cell lineages, and the infiltration and activation of
macrophages and eosinophils are all attenuated. These results indicate that ILC2s perform a
central role in the coordination of gastric epithelial repair after severe damage.
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Tissue resident ILC2s are an intrinsic mucosal source of cytokines including IL-4, IL-5,
IL-9, and IL-13.% © Cytokine production and release are activated by epithelial stress signals
including 1L-33. We have previously noted that I1L-13 deletion, but not loss of IL-4, IL-5 or
IL-9 markedly inhibits epithelial reprogramming following acute parietal cell loss.> The
present studies indicate that gastric damage triggers a significant accumulation of ILC2s in
the mucosa and induces their redistribution to the bases of glands co-incident with the
reprogramming of chief cells into SPEM. This increase in ILC2s was not observed in
IL-33KO mice but was found in IL-13KO mice following acute gastric injury. These results
indicate that 1L-33 release is required for activation of ILC2s. Gastric ILC2s produced IL-13
after L635-induced injury and showed strong secretion of 1L-13 in response to IL-33 /n
vitro. ILC2 depletion in either wild-type or Ragl knockout mice prominently attenuated
chief cell reprogramming to SPEM following acute gastric damage. In fact, both foveolar
hyperplasia and SPEM require ILC2 activation to develop. Additionally, we found that
ablation of ILC2 cells blocked the expansion of tuft cells and the activation of infiltrating
macrophages and eosinophils following injury. Collectively, these findings suggest that ILC2
cells are the major source of IL-13 and are required for the coordinated response to severe
injury in the gastric epithelium.

Many of the putative roles for ILC2s in gastric mucosal healing demonstrated here are
similar to those identified in asthma or allergic airway responses as well as infection-related
intestinal repair.13: 90 In all cases, activation of ILC2s leads to mucin hypersecretion that is
integral to mucosal repair and protection. In addition, a close relationship between ILC2s
and populations of sensory tuft cells appear critical to the coordination of the response. In
the intestinal epithelium, release of IL-25 from tuft cells is a critical activator of 1LC2s.43: 44
While ILC2s can respond to tuft cell derived signals, in the present investigation the
expansion of tuft cell numbers following oxyntic atrophy was dependent on ILC2s. Thus,
there appears to be a reciprocal relationship for signaling between tuft cells and ILC2s in the
gastric mucosa. Furthermore, ILC2 functional responses appear to have tissue specific
characteristics.>> While many of the responses observed in activated 1LC2 cells overlap with
ILC2 responses noted in other tissues, including upregulation of 1L-13, IL-4, IL-5 and Areg,
other highly expressed transcripts appear to be more specific to the gastric ILC2s. In
addition to the expansion of ILC2 numbers, single cell sequencing demonstrated that ILC2s
markedly upregulate the expression of cytokines as well as a number of key regulators
including Pd1, Dgat? and Ramp3. How these specific regulators are related to the function
of ILC2s in the coordinated response to gastric injury remains to be determined.

In summary, our investigations have demonstrated the importance of ILC2 in the coordinated
gastric epithelial response following severe injury. ILC2s elicit a cascade of events including
the initiation of chief cell reprogramming, expansion of sensory tuft cells and mucin-
secreting foveolar cells, and recruitment of immune cells to the gastric mucosa. All of these
mechanisms serve as critical responses to coordinate the repair of the gastric epithelium after
severe mucosal injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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WHAT YOU NEED TO KNOW:
BACKGROUND AND CONTEXT

Severe injury to the lining of the stomach leads to changes in the epithelium
(reprogramming) that protect and promote repair of the tissue. Foveolar hyperplasia and
spasmolytic polypeptide-expressing metaplasia (SPEM) are integral to the restoration of
the stomach after damage.

NEW FINDINGS

The studies detailed here suggest that ILC2s coordinate gastric repair. ILC2s recruit
reparative cell lineages to protect the gastric epithelium after injury. ILC2s accumulate in
regions of SPEM development in both mice and humans and show a unique metaplasia-
associated transcriptome.

LIMITATIONS

These studies were performed in acute models of parietal cell loss, future studies are
required to define how ILC2s contribute to gastric repair in the setting of chronic injury.

IMPACT

The present investigations focus on the fundamental mechanisms that drive metaplasia
development and inflammation in response to gastric injury, and could provide important
preclinical data that may lead to therapeutic strategies for reversal of metaplasia in the
stomach.
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A. C5TBLE) Wikd-type Untreated

Figure 1. GATA3-positive ILC2s accumulate in the stomach after injury and secrete IL-13 in an
IL-33 dependent manner.
(A) Flow cytometric analysis of isolated fixed cells from wild-type C57BL/6J mice. Greater

than 93-percent of CD45*Lin-CD127+CD90+ICOS+ ILC2s are positive for GATA3. Rat
1gG2b kappa antibody utilized as isotype control. (B) Representative images of
immunostaining for GATA3 (red), mucin-6 containing granule marker GSll-lectin (green),
with nuclear counter stain Hoechst (blue) in both untreated and L635-treated wild-type,
IL-33KO, and IL-13KO mice (scale bars = 100 um). Magnified /inset of GATA3-positive
ILC2s (right). (C) Quantification of GATA3-positive ILC2s per 20X objective field. (D)
Location of GATA3-positive ILC2s from panel B is shown in distribution histograms with
the y-axis representing the relative location within the gastric gland divided into 10%
increments (1 = lumen and 0 = base) and the x-axis depicting the number of cells per gland.
(E) Immunofluorescence staining for GATAS (red), IL13 reporter (tdTomato, green), with
nuclear counterstain Hoechst (blue) (scale bars = 100 pm). Magnified /inset of GATA3-
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positive ILC2 (right). (F) Relative fluorescence intensity of the IL-13 reporter in GATA3-
positive ILC2s. (G) Effects of IL-2 or IL-2 + IL-33 on IL-13 secretion from sorted primary
gastric ILC2s (CD45Lin-CD127+CD90+ICOS+). IL-13 production assayed by ELISA in
media after 24 hours of incubation. Statistical significance determined by unpaired Student ¢
test or one-way ANOVA with Bonferroni’s post-hoc multiple comparisons test. N.S. for not
significant p = 0.05, ** for p < 0.01, and *** for p < 0.001. Error bars represent mean + SD.
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Figure 2. Single cell RNA-sequencing of gastric ILC2s.
(A) Flow cytometric analysis of sorted single cells from wild-type

ILC2
Markers

ILC2
Function

Highly
expressed
in ILC2
L6835

untreated C57BL/6J mice

(ILC2 Control) and wild-type C57BL/6J mice treated with one dose of L635 and sacrificed
24 hours after administration (ILC2 L635). (B) t-SNE plots and (C) principle component
analysis of ILC2 Control (green) and ILC2 L635 (blue). (D) A heatmap of single cell RNA-

seq data for eight ILC2 marker genes, five genes involved in ILC2

function, and sixteen

genes that were identified as being highly expressed in ILC2 L635.
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Figure 3. Anti-CD90.2 treatment effectively depletes ILC2s and reduces expression of ILC2-
related genes.

(A) Diagram of ILC2 depletion and drug treatments. Rat 1gG2b isotype control antibody or
Anti-CD90.2 antibody was administered intraperitoneally to wild-type C57BL/6J mice every
fourth day for 12 days. Following the final antibody administration, mice were treated with
the parietal cell toxic drug L635 by oral gavage daily for three days. Mice were sacrificed 2
hours after final dose of L635, and stomach tissue from Rat 1gG2b only mice (n=4), Anti-
CD90.2 only mice (n=4), Rat 1gG2b + L635 mice (n=3), and Anti-CD90.2 + L635 mice
(n=4) was harvested for flow cytometry or histological analysis. Flow cytometric analysis of
isolated single cells from (B) Rat IgG2b + L635 and (C) Anti-CD90.2 + L635 stomach
tissue. Depletion of CD45*Lin"CD127*1COS* ILC2 population with Anti-CD90.2
treatment. (D) Representative images of immunostaining for GATA3 (red), mucin-6
containing granule marker GSllI-lectin (green), with nuclear counter stain Hoechst (blue)
(scale bars = 100 um). Magnified /nset of gland base (bottom). (E) Quantification of
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GATA3-positive ILC2s per 20X objective field. (F) Relative mRNA expression of ILC2
related genes (//4, 115, 119, 1113, Areg, Csf2, Pd1, and Ramp3) in each group. Expression
values normalized to Rat 1gG2b only group. Statistical significance determined by one-way
ANOVA with Bonferroni’s post-hoc multiple comparisons test. * for p < 0.05, *** for p <
0.001, and **** for p < 0.0001. Error bars represent mean + SD.
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Figure 4. ILC2 depletion blocks chief cell reprogramming to mucin-secreting SPEM after L635-
induced injury.

Immunostained sections from Rat 1gG2b (n=4), Anti-CD90.2 (n=4), Rat 1gG2b + L635
(n=3), and Anti-CD90.2 + L635 (n=4) treated C57BL/6J mice. (A) Representative images of
zymogenic granule marker GIF (red), mucin-6 containing granule marker GSlII-lectin
(green), and parietal cell marker H*/K* ATPase (blue) (scale bars = 100 um). Magnified
inset of chief cell region (boffom). (B) Representative images of zymogenic granule marker
GIF (red), mucin granule marker TFF2 (green), chief cell transcription factor Mist1 (white)
with nuclear counter stain Hoechst (blue) (scale bars = 100 um). Magnified /nset of chief
cell region (bottom). Quantification of (C) H*K* ATPase-positive parietal cells (D) GIF and
GSllI-lectin dual-positive (SPEM) cells (E) Mist1-positive cells and (F) GIF and TFF2 dual-
positive (SPEM) cells per 20X objective field. Statistical significance determined by one-
way ANOVA with Bonferroni’s post-hoc multiple comparisons test. N.S. for not significant,
* for p < 0.05, ** for p < 0.01, and *** for p < 0.001. Error bars represent mean + SD.
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Figure 5. ILC2 depletion inhibits L635-induced foveolar/tuft cell hyperplasia and proliferation.
Immunostained sections from Rat 1gG2b (n=4), Anti-CD90.2 (n=4), Rat 1gG2b + L635

(n=3), and Anti-CD90.2 + L635 (n=4) treated C57BL/6J mice. (A) Representative images of
tuft cell marker Dclk1 (red) with nuclear counter stain Hoechst (blue) (scale bars = 100 um).
Magnified /nset of Dclk1-positive tuft cells (botfom). (B) Representative images of
proliferation marker Ki67 (red), foveolar cell marker UEAI-lectin (green), with nuclear
counter stain Hoechst (blue) (scale bars = 100 um). Magnified /nset of gland isthmus
(bottom). Quantification of (C) Dclk1-positive tuft cells and (D) Ki67-positive proliferating
cells per 20X objective field. (E) Average thickness (um) of UEAI-lectin-positive foveolar
region. Statistical significance determined by one-way ANOVA with Bonferroni’s post-hoc
multiple comparisons test. ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001. Error
bars represent mean + SD.
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Figure 6. ILC2 depletion blocks M2-macrophage and eosinophil infiltration after gastric
damage.
Immunostained sections from Rat 1gG2b (n=4), Anti-CD90.2 (n=4), Rat 1gG2b + L635

(n=3), and Anti-CD90.2 + L635 (n=4) treated C57BL/6J mice. (A) Representative images of
macrophage/ dendritic cell marker F4/80 (red), alternatively activated macrophage marker
CD163 (green), with nuclear counter stain Hoechst (blue) (scale bars = 100 pm).

Magnified /nset of F4/80-positive macrophages (righi). (B) Quantification of F4/80 and
CD163 dual-positive alternatively activated macrophages per 20X objective field. (A)
Representative images of immunohistochemical staining for eosinophil specific marker
Major Basic Protein (MBP). (B) Quantification of MBP-positive eosinophils per 10X
objective field. Statistical significance determined by one-way ANOVA with Bonferroni’s
post-hoc multiple comparisons test. **** for p < 0.0001. Error bars represent mean + SD.
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Figure 7. Accumulation of ICOS-positive ILC2s is associated with human SPEM.
Immunostained sections of normal corpus (n=12) and SPEM (n=12) from human patients.

(A) Representative images of T cell marker CD3 (red), ICOS (green), SPEM cell marker
CDA44v9 (white), with nuclear counter stain Hoechst (blue) (scale bars = 100 pm). Magnified
inset of ICOS-positive CD3-negative ILC2s (bottom). Arrows indicate ICOS-positive CD3-
negative ILC2s. Artifact from autofluorescent parietal cells is visible (green). (B) Location
of ICOS-positive CD3-negative ILC2s from panel A is shown in distribution histograms
with the y-axis representing the relative location within the gastric gland divided into 10%
increments (1 = lumen and 0 = base) and the x-axis depicting the number of cells per
distance (50 pm).
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