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CHAPTER I: 

 

 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 (Beasley et al., 

2015; Yang et al., 2013). The stomach is protected from this extreme environment by the 

mucosal barrier which is lined with epithelial cells linked by tight junctions and a thick 

mucus gel to block stomach contents from penetrating to the underlying tissue layers. 

Severe injury to the lining of the stomach leads to reprogramming of differentiated cells 

to metaplastic cell lineages in order to recruit reparative cells to sites of mucosal injury 

(Goldenring, 2018). Metaplasia refers to the presence of a normal cell lineage in a tissue 

where it is not normally found. In most cases, metaplastic lineages are characterized by 

the expression of mucins, adding further protection to the mucosa. In fact, metaplastic 

lineages often acquire the characteristics of mucin-secreting cells found in the distal 

stomach: antral/pyloric glands or Brunner’s glands (Goldenring, 2018; Hoffmann, 2015; 

Schmidt et al., 1999). In addition to metaplastic cell lineages, other reparative cells are 

recruited to sites of mucosal injury including normal mucin-secreting cells, sensory cells, 

and immune cells (Choi et al., 2016; Choi et al., 2015; Nomura et al., 2005; Petersen et 

al., 2017; Petersen et al., 2014). Reparative lineages work to maintain redox balance, 

boost mucin-secretion, and activate an immune response.  

 Recent studies have sought to understand the mechanisms used by mature, post-

mitotic cells to change their differentiation state. Zymogenic chief cells in the oxyntic 
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region of the stomach produce enzymes required for digestion, such as pepsinogen and 

lipases (Ramsey et al., 2007). Following acute or chronic injury, mature chief cells are 

capable of reprogramming into mucin-secreting spasmolytic polypeptide-expressing 

metaplasia (SPEM) (Engevik et al., 2016; Leushacke et al., 2017; Meyer et al., 2019; 

Nam et al., 2010a; Radyk et al., 2017; Willet et al., 2018). Previous studies have shown 

that SPEM cells have morphological and gene expression profiles intermediate between 

digestive enzyme-secreting chief cells and mucin-secreting cells found in deep antral 

glands (Weis et al., 2013). 

 
Figure 1. Diagram of chief cell differentiation and reprogramming to a mucin-
secreting metaplastic cell lineage.  
Mucous neck cells act as the precursor to digestive enzyme-secreting chief cells. Upon 
damage to the gastric epithelium chief cells undergo a highly regulated reprogramming 
process. The first step is to downscale mature chief cell characteristics. Autophagic and 
lysosomal pathways are acutely up-regulated in order to target rough endoplasmic 
reticulum, mitochondria, and secretory granules for degradation. Next, there are distinct 
transcriptional changes that include the up-regulation of MUC6 and TFF2 to promote 
mucin granule formation. Finally, if injury and chronic inflammation persist metaplastic 
cells are capable of re-entering into the cell cycle and proliferating. 
 

Similar reparative lineages have been described in a number of mucosal contexts 

including esophagus, stomach, small bowel, colon, and pancreas (Goldenring, 2018). 

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 (Saenz and Mills, 2018; Schmidt et al., 1999). The most common type of gastric 
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cancer, intestinal-type adenocarcinoma, almost always evolves in a field of pre-existing 

parietal cell loss (oxyntic atrophy) and metaplasia (Correa, 1988; de Martel et al., 2012). 

Two types of metaplasia are observed in the atrophic stomach: intestinal metaplasia (IM) 

and spasmolytic polypeptide-expressing metaplasia (SPEM). Dr. Pelayo Correa was the 

first to describe the association of IM (the presence of Mucin2 and TFF3 expressing 

intestinal-type goblet cells in the stomach) with the development of intestinal-type gastric 

cancer (Correa et al., 2010). In 1999, Dr. Jim Goldenring described a second metaplastic 

process associated with intestinal-type gastric cancer designated SPEM, which displayed 

Mucin6 and TFF2 (also known as spasmolytic polypeptide) expressing cells at the base 

of oxyntic glands (Schmidt et al., 1999). Globally, gastric cancer is a major health concern 

and remains one of the leading causes of cancer-related death (Burkitt et al., 2017). 

Therefore, a more comprehensive understanding of the response to damage in the 

stomach, development of metaplasia, and progression to intestinal-type gastric cancer is 

needed.  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Diagram depicting the evolution of metaplasia and cancer in the stomach.  
Evidence indicates that parietal cell loss is the initiating event that leads to the 
development of SPEM via the reprogramming of chief cells. In the presence of continued 
inflammation, intestinal metaplasia (IM) develops. SPEM and IM are precancerous 
lesions and are considered precursors to dysplasia and gastric adenocarcinoma. 
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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 (Roth et al., 1999). Gastric pathology can take months to develop in 

Helicobacter infected mice, and years in humans. To facilitate an accelerated model for 

induction of oxyntic atrophy, our laboratory has developed two acute models of parietal 

cell loss through the administration of the parietal cell toxic drugs L635 and DMP-777 

(Goldenring et al., 2000). Up-regulation of proteins required for the metaplastic transition 

are visualized within hours of the administration of a parietal cell toxic drug (Meyer et al., 

2019; Weis et al., 2013; Willet et al., 2018).  

 
CHARACTERIZATION OF GASTRIC PATHOLOGY 
 
 Gastric cancer develops as a result of a multistep process that is influenced by the 

genetic susceptibility of the host, infection, diet, as well as other environmental factors. 

Understanding the molecular mechanisms that drive gastric cancer development is 

important to identify novel targets for gastric cancer prevention and treatment. However, 

there is often variability in the nomenclature used to describe pathological changes in the 

gastric mucosa. Therefore, it is necessary to characterize the cellular changes that occur 

at key stages of gastric carcinogenesis. This has resulted in a set of pivotal biomarkers 

that correspond to the specific mucosal changes that occur in the multistep process 

proceeding gastric cancer development.  

 
Gastritis  
 
 Gastritis is a general term used to describe inflammation in the lining of the 

stomach. In humans, chronic gastritis arises as a consequence of Helicobacter pylori 
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infection, environmental factors, or in the context of gastric autoimmunity (Annibale et al., 

2020; Sipponen and Maaroos, 2015). Gastritis can be diagnosed on hematoxylin-eosin 

(H&E) stained tissues. However, biomarkers can also be used to detect specific immune 

cell lineages including: T cells (CD3), macrophages (F4/80), eosinophils (MBP), mast 

cells (mast cell chymase), and NK cells (CD161). Chronic inflammation in the stomach 

can set off destruction of the gastric mucosa, also known as atrophic gastritis.  

 
Oxyntic atrophy 
 
 The loss of acid-secreting parietal cells, also known as oxyntic atrophy, initiates a 

cascade of epithelial changes and metaplastic events in the stomach. (Goldenring and 

Nam, 2010). The most common cause of oxyntic atrophy in humans is Helicobacter-

induced chronic inflammation. However, oxyntic atrophy can be modeled in rodents via 

pharmacological obliteration of parietal cells. Oxyntic atrophy is often diagnosed based 

on the loss of eosinophilic parietal cells on H&E stained tissue sections. More definitive 

analysis of parietal cell loss is performed through staining of parietal cell-specific 

biomarkers such as H+K+ ATPase. Oxyntic atrophy triggers mucosal transformation that 

leads to hyperplastic and metaplastic lesions in the gastric mucosa.  

 
Foveolar hyperplasia 
 
 Foveolar hyperplasia is a term used to describe the expansion of the foveolar cell 

compartment that makes up the luminal section of the gastric gland. Foveolar cells 

secrete a gel-forming mucin, MUC5AC, that contributes to protection of the epithelium. 

Foveolar hyperplasia is associated with increased proliferation in the normal gastric 

stem/progenitor cells (Nomura et al., 2005). Foveolar hyperplasia has been connected 
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with elevations in gastrin (a hormone that stimulates the secretion of gastric acid) and 

TGFα (as seen in Menetrier’s disease) (Coffey et al., 1992; Poynter et al., 1986). Foveolar 

hyperplasia is also a common lesion observed in the atrophic mammalian stomach 

(Goldenring et al., 2000).  

 
Spasmolytic polypeptide-expressing metaplasia 
 

Injury to the epithelial layer and inflammation in the stomach, including 

Helicobacter pylori-induced oxyntic atrophy (Schmidt et al., 1999) or ulceration (Engevik 

et al., 2016) initiates the reprogramming and proliferation of a differentiated zymogen 

secretory cell type known as the chief cell (Leushacke et al., 2017; Nam et al., 2010b; 

Radyk et al., 2017). Chief cells are mature, post-mitotic cells located at the base of the 

gland that are responsible for secreting digestive enzymes. Chief cells are capable of 

reprogramming into a mucin-secreting metaplastic cell lineage known as SPEM. 

Metaplasia refers to the presence of a normal cell lineage in a tissue where it is not 

normally found. The reprogramming of chief cells into SPEM occurs through a highly 

regulated process that involves dismantling the chief cell secretory architecture and 

distinct transcriptional changes that include the up-regulation of MUC6, TFF2, and 

CD44v9. SPEM cells are reactive to Periodic acid-Schiff (PAS) stain, a stain used to 

detect polysaccharides and glycoproteins such as mucins within tissues (Fu and 

Campbell-Thompson, 2017). In the setting of persistent injury and inflammation, SPEM 

lineages are capable of re-entering the cell cycle and are positive for proliferation markers 

such as Ki67 and PCNA. 

SPEM is a common metaplastic phenotype observed in the atrophic human 

(Halldorsdottir et al., 2003; Yamaguchi et al., 2002) and rodent (Goldenring et al., 2000; 
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Weis et al., 2013) stomach that is highly correlated with gastric repair and the 

development of intestinal-type gastric cancer (Goldenring et al., 2010; Zhang et al., 2017). 

Indeed, recent investigations have noted that SPEM lineages are present at the edges of 

healing ulcers in the body of the stomach, and these lineages directly contribute to the 

mucosal response to injury. Thus, in the stomach where injury may be compounded by 

the caustic nature of acidic gastric secretions, the presence of increased mucin secretion 

at the site of damage represents a critical physiological response to local injury. 

Nevertheless, increasing evidence indicates that maintenance of metaplasia in the 

presence of chronic inflammation, and perhaps progression of SPEM to intestinal 

metaplasia, can predispose an individual to develop dysplasia in the gastric mucosa. 

 
Intestinal metaplasia 
 

Intestinal metaplasia (IM) is a term used to describe the presence of mucin-

secreting intestinal-type goblet cells in the stomach. Like SPEM, IM is associated with the 

development of dysplasia and intestinal-type gastric cancer (Correa, 1988; Correa et al., 

2010). IM is reactive to Alcian blue stain, however labeling with goblet cell biomarkers 

such as MUC2 or TFF3 provides the most definitive indication of IM in the stomach. 

 
Dysplasia 
 

The term dysplasia (also referred to as intraepithelial neoplasia) is used to describe 

an abnormal mass of non-invasive cells. Dysplasia in the gastrointestinal tract is 

considered a precursor to cancer and a marker of high cancer risk (Sharma and 

Montgomery, 2013). While biomarkers of metaplasia and cancer in the stomach have 

been described, the definition of dysplastic transition has not been identified. Generally, 
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pathologists diagnose dysplasia by a set of cytological and architectural criteria. Recently, 

a putative marker (TROP2) of the transition from metaplasia to dysplasia has been 

proposed (Riera et al., 2020). TROP2 is up-regulated in gastric dysplasia and promotes 

dysplastic cell behaviors.  

 
Intestinal-type gastric adenocarcinoma 
 

 Gastric cancer can be divided into two main types: intestinal and diffuse. Intestinal-

type gastric adenocarcinoma is the end result of an inflammatory process that progresses 

from gastritis and oxyntic atrophy to metaplasia and dysplasia in the gastric mucosa 

(Goldenring and Nam, 2010). Adenocarcinoma cells have aberrant, invasive, and 

metastatic characteristics. Intestinal-type gastric cancer is detected in H&E stained tissue 

sections by patterns of irregular structures such as multilayered cell configuration, altered 

nuclear morphology and positioning, and submucosal invasion. Specific genes/ proteins 

exhibit high levels of expression in intestinal-type gastric cancer including CDH1, CDX2. 

and HER2, however, the specific role of these biomarkers in cancer development remains 

to be determined (Ma et al., 2016).  

The response to injury or infection in the stomach is a balancing act between repair 

mechanisms and the processes that drive carcinogenesis. Recruitment of reparative 

lineages such as foveolar hyperplasia, SPEM, and IM are integral to the protection and 

restoration of the stomach after damage. However, maintenance of these lineages in the 

presence of persistent inflammation and injury can drive cancer development. Identifying 

the factors required for repair and progression to cancer in the stomach remain a priority. 
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The following chapters are centered on the early repair mechanisms in the gastric mucosa 

after acute injury.  

 
PROJECT SUMMARY 

Globally, gastric cancer is a major health burden and remains one of the leading 

causes of cancer-related death. As is true of several cancer types, gastric cancer 

development is often preceded by the emergence of preneoplastic lesions. In gastric 

carcinogenesis, Helicobacter pylori-induced oxyntic atrophy causes chronic inflammation 

and histopathologic changes that lead to metaplasia and then cancer in the gastric 

mucosa. Identifying the events involved in wound repair and metaplasia development in 

the stomach remain a priority, as identification of any of these factors could lead to better 

surveillance methods and therapies. Our previous work in mouse models of acute gastric 

injury have indicated that repair mechanisms and metaplasia development in the stomach 

require oxidative stress and innate immune responses. The present studies seek to 

identify the role of antioxidant responses in chief cell reprogramming to mucin-secreting 

SPEM after gastric injury. Furthermore, the research presented here will interrogate the 

role of the innate immune system and ILC2s in gastric epithelial repair. The following 

chapters will provide data suggesting that oxidative stress and innate immune responses 

are required for recruiting reparative cells to sites of gastric injury. 
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CHAPTER II: 

 

OXIDATIVE STRESS RESPONSE 

 

Adapted from: Meyer AR, Engevik AC, Willet SG, Williams JA, Zou Y, Massion PP, Mills 
JC, Choi E, Goldenring JR. Cystine/glutamate antiporter (xCT) is required for chief cell 
plasticity after gastric injury. Cellular and Molecular Gastroenterology and Hepatology, 
2019  
 
 
 

 

 

 

 

 
 
Figure 3. Diagram of the CD44v9-xCT system expressed by metaplastic cells.  
CD44v9 stabilizes xCT on the membrane of metaplastic cells. CD44v9 and xCT work 
together to increases intracellular cystine uptake. Through a multi-step process cystine is 
converted to glutathione, a potent antioxidant that combats ROS.  
 
 

INTRODUCTION 

Cluster-of-differentiation (CD)44 is widely known as the receptor for hyaluronic 

acid that influences cell motility, survival, and proliferation (Isacke and Yarwood, 2002). 

CD44 regulates proliferation of normal progenitors and metaplastic cells in the stomach 

(Bertaux-Skeirik et al., 2015; Khurana et al., 2013). Alternative splicing can produce 

variant isoforms of CD44 with unique functions (Prochazka et al., 2014). CD44 variant 

isoform 9 (CD44v9) is a cell surface glycoprotein not normally expressed in the stomach.  
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However, it was recently discovered that CD44v9 is up-regulated early in the transition to 

SPEM and CD44v9 is now considered a SPEM marker (Wada et al., 2013). One of the 

functions of CD44v9 is to interact with and stabilize xCT (SLC7A11), a subunit of the 

heterodimeric cystine-glutamate antiporter (Ishimoto et al., 2011). CD44v9 stabilization 

of xCT on the cell membrane increases cystine uptake into the cell. Increased intracellular 

cystine promotes glutathione synthesis, an important molecule for the defense against 

reactive oxygen species (ROS) (Nagano et al., 2013). The oxidative stress response, 

including up-regulation of nutrient transporters, plays an important role in many biological 

processes and the pathogenesis of a variety of diseases. In the stomach, an oxidative 

stress response in cells at sites of mucosal injury is critical for tissue repair and 

perturbations to the CD44v9-xCT system often result in redox imbalance and cell death 

(Sato et al., 2005). 

Sulfasalazine is a drug that was first synthesized in the 1940s from a combination 

of sulfapyridine (an antibiotic) and mesalazine (an anti-inflammatory agent) linked by an 

azo bridge (Peppercorn, 1984). Recently, it was discovered that the parent compound, 

sulfasalazine, is a specific and potent inhibitor of xCT-mediated cystine transport (Gout 

et al., 2001). Several studies have used sulfasalazine treatment to target xCT activity on 

cancer stem cells (Chung et al., 2005; Nagane et al., 2018; Wada et al., 2013; Zavros, 

2017). Here, we utilized sulfasalazine as a tool to inhibit xCT-mediated cystine transport, 

an event that is required for chief cell reprogramming after gastric injury. We determined 

that xCT activity is required for cystine uptake and ROS detoxification by SPEM cells and 

metaplasia proliferation. Inhibition of xCT prevented zymogenic chief cell reprogramming 

in vivo. xCT-deficient mice exhibited increased levels of ROS and apoptosis and did not 
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develop SPEM after acute parietal cell loss. Our results suggest that adaptation to 

oxidative stress and up-regulation of xCT activity is crucial for reprogramming of chief 

cells after gastric injury.  
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MATERIALS AND METHODS 

Mouse Models 

C57BL/6J mice approximately eight weeks old were purchased from Jackson Labs (Bar 

Harbor, Maine, USA). xCT knockout (xCTKO) mice were generously donated by Dr. 

David E. Featherstone, M.S., Ph.D. at University of Illinois at Chicago (De Bundel et al., 

2011; McCullagh and Featherstone, 2014; Sato et al., 2005). Genotype was confirmed 

for the xCTKO mice using PCR as previously described (De Bundel et al., 2011). Each 

experimental group consisted of at least three to five mice. L635 (synthesized by the 

Chemical Synthesis Core of the Vanderbilt Institute of Chemical Biology), dissolved in 

dH2O was administered by oral gavage (350 mg/kg) once a day for 3 consecutive days. 

Three-time points were used to analyze chief cell reprogramming: 12, 24, and 72 hours 

post L635 treatment ± sulfasalazine. DMP-777 (a gift from DuPont-Merck Co.) dissolved 

in 1% methylcellulose was administered by oral gavage (350 mg/kg) once a day for 10 

consecutive days. Intraperitoneal injection of sulfasalazine (10 mg/day) was administered 

two days prior to and throughout L635 and DMP-777 treatment. Sulfasalazine was freshly 

prepared each day in 0.1M NaOH adjusted with 1M HCl to pH 8. Intraperitoneal injection 

of the metabolites of sulfasalazine, sulfapyridine (3 mg/day) and mesalazine (5 mg/day), 

were administered two days prior to and throughout L635 treatment in the same manner 

as sulfasalazine (Nashed et al., 2017). Archival sections of stomach from 12 month H. 

felis-infected mice and human clinical specimens were obtained from previous 

investigations (Nam et al., 2010a; Sousa et al., 2012). 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. 
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Cell Culture 

Cell lines were isolated from Immortomice as previously described (Weis et al., 2014). 

Immortomice are transgenic mice with interferon-γ (IFN-γ) inducible expression of 

temperature-sensitive T antigen. In cells that are isolated from Immortomice, addition of 

IFN-γ promotes the expression of immortalizing T antigen. At the permissive temperature 

(33 ºC), T antigen protein folds properly and immortalizes the cells. At the nonpermissive 

temperature (39 ºC) in the absence of IFN-γ, remaining T antigen protein misfolds and 

returns the cells to a differentiated state. Chief and SPEM cell lines were maintained at 

the permissive temperature in the presence of IFN-γ and were differentiated at 39 ºC for 

48 hours with no IFN-γ before experiments were performed. Cells were cultured in 

ThermoFisher DMEM/F12 (50:50) media supplemented with 10% Omega Scientific FBS, 

100 U/mL penicillin and streptomycin (Corning 30-002-Cl), 100 μg/mL MycoZAP Plus-PR 

(Lonza VZA-2021), 1 ng/mL EGF (Peprotech AF-100-15), 1 ng/mL bFGF (Peprotech 100-

18B), 1 μg/mL hydrocortisone (Sigma H0888), 8 μg/mL insulin/transferring/selenium (ITS) 

solution (ThermoFisher 41400045), and 5 U/mL IFN-γ (Peprotech 315-05). Cells were 

plated on collagen (PureCol Type 1 Advanced BioMatrix 5005)-coated plates (working 

solution 0.03 mg/mL in PBS). For staining, cells were fixed in 4% paraformaldehyde (PFA) 

for 20 minutes. After fixation, cells were blocked and permeabilized in 1x PBS with 10 % 

donkey serum and 0.3% Triton X-100 for 30 minutes. Cells were incubated in primary 

antibodies, diluted in 1x PBS with 1% donkey serum and 0.05% Tween-20, for one hour 

at room temperature. Cells were then incubated in fluorescent secondary antibodies, 

diluted in 1x PBS, for one hour at room temperature before DAPI nuclear counter stain 

was added. Zeiss Axio Imager M2 microscope with Axiovision digital imaging system was 
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used to image fixed cells. For xCT blockade, cells were treated with 0.1 mM sulfasalazine 

every day after 48 hours of differentiation. The pH level of media was monitored daily. To 

monitor cystine uptake, cells were treated with Cystine-FITC (a gift from Dr. Jeffrey 

Rathmell) for two hours (Siska et al., 2016). After two hours, Hoechst nuclear counter 

stain was added, and cells were washed three times with 1x PBS. EVOS FL Cell Imaging 

System was used to visualize intracellular Cystine-FITC. To monitor proliferation, cell 

number was measured by Biorad TC10 Automated Cell Counter. Three replicates were 

performed for each experiment. 

 
siRNA Transfection 

ImSPEM cells were plated on collagen-coated 6 well plates the day before transfection 

to provide confluency of 60-70% in 24 hours. ImSPEM cells were transfected with 

Slc7a11 Mouse siRNA Oligo Duplexes or Trilencer-27 Universal Scrambled Negative 

Control siRNA Duplex (ORIGENE SR416143) according to manufacturer’s 

recommendations using siTran 1.0 siRNA transfection reagent (ORIGENE TT300001).  

 
Quantitative Real-Time PCR Analysis 

Total RNA from the stomach (oxyntic region) was extracted from paraformaldehyde-fixed 

paraffin-embedded tissue of three to five mice per experimental group to examine the 

expression of mRNA transcripts (Cd44v9, xCT, Esrp1, Atg4, Atg5, Atg7, Atg12, Atg16L1, 

Beclin1, Lamp1, Lamp2, Lc3). Five-micrometer sections were taken for H&E stain to 

identify oxyntic region in tissue block. A 2-mm biopsy punch was then used to extract 

tissue. The standard Qiagen RNeasy FFPE Kit (73504) protocol was used for purification 

of total RNA. ThermoFisher High-Capacity cDNA Reverse Transcription Kit (4368814) 
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was used for complementary DNA synthesis. Quantitative real-time polymerase chain 

reaction was performed with Biorad SsoAdvanced Universal SYBR Green Super Mix 

(172-5270) and specific primers (Table 2) on the Biorad CFX96 Touch Real-Time PCR 

Detection System. The expression of mRNA transcripts was normalized to Tbp 

expression and displayed as relative expression levels (2∆Cq). All graphs and statistics 

were completed in GraphPad Prism using unpaired Student’s t-test to determine 

significance.  

 
Immunohistochemical staining  

Mouse stomachs were fixed in 4% PFA overnight at 4°C and were then 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 (Petersen et al., 2014). Tissue sections were 

blocked in Dako Peroxidase Blocking Solution at room temperature for 20 minutes 

followed by Dako Protein Block Serum-Free at room temperature for 1.5 hours. The 

primary antibodies (Table 1) were added overnight at 4°C in Dako Antibody Diluent with 

Background Reducing Components. HRP-conjugated secondary antibodies were added 

for 15 minutes at room temperature. DAB chromogen was added for detection. Leica 

SCN400 Slide Scanner in the Vanderbilt Digital Histology Shared Resource was used to 

image sections.  

 
Immunofluorescence Staining 

Five-micrometer tissue sections were blocked in Dako Protein Block Serum-Free at room 

temperature for 1.5 hours. For mouse primary antibodies, Mouse on Mouse (M.O.M.) 
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blocking reagent was added to slides for 20 minutes at room temperature. The primary 

antibodies (Table 1) were added overnight at 4°C in Dako Antibody Diluent with 

Background Reducing Components. Fluorescent donkey secondary antibodies were 

added in Dako Antibody Diluent at room temperature for one hour. Zeiss Axio Imager M2 

microscope with Axiovision digital imaging system, Zeiss LSM 710, or the Leica Aperio 

Versa 200 Fluorescent Slide Scanner in the Vanderbilt Digital Histology Shared Resource 

was used to image sections. Immunostaining for LC3 was done at Washington University 

as previously described (Willet et al., 2018). 

 
Immunofluorescence Quantitation  

Experimental groups contained three to five mice. Images were analyzed using 

CellProfiler to quantify objects and verified manually (nuclei, cells) (Jones et al., 2008). At 

least five representative images (>150 glands) of proximal stomach corpus were taken 

from each mouse at 20X objective for quantification. Relative fluorescence intensity was 

determined using ImageJ and was normalized to cell number (Schneider et al., 2012). 

Relative fluorescence intensity for greater than 250 cells per replicate was measured. To 

quantify autophagy of zymogenic granules, GIF-positive cells were selected. Images were 

analyzed using CellProfiler to quantify objects (puncta). Greater than 250 cells per mouse 

were measured. 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.  
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Electron Microscopy 

For transmission electron microscopy (TEM), freshly excised stomach (oxyntic region) 

tissue was washed briefly in 0.1 mol/L cacodylate buffer. Samples were then fixed in 2.5% 

glutaraldehyde (in 0.1 mol/L sodium phosphate buffer, pH 7.4, 0.1 mol/L cacodylate 

buffer) for 1 hour at room temperature, followed by overnight fixation at 4°C. Subsequent 

tissue preparation and imaging for TEM was done as previously described (Weis et al., 

2016). 

 
ROS Detection 

Fresh stomach tissue was trimmed, embedded in Tissue-Tek optimal cutting temperature 

(OCT) compound, and snap frozen in an acetone bath on dry ice. Five-micrometer 

cryosections were obtained on glass slides. Dihydroethidium (DHE Invitrogen D1168) 

was diluted to a final concentration of 10 µM in 1x PBS with Phalloidin-iFluor 488. 

DHE/phalloidin solution was applied to slides in a light-protected humidified chamber at 

37°C for 30 minutes. Slides were washed with 1x PBS and imaged immediately using the 

Zeiss Axio Imager M2 microscope with Axiovision digital imaging system. Relative 

fluorescence intensity (red) of oxidized Dihydroethidium (DHE-ox) was determined using 

ImageJ and was normalized to area. CellROX Green Reagent (Invitrogen C10444) was 

diluted to a final concentration of 5 µM in 1x PBS. CellROX solution was applied to slides 

in a light-protected humidified chamber at 37°C for 30 minutes. Slides were washed with 

1X PBS and fixed in 4% PFA for 15 minutes. After fixation, to block/extract the tissue was 

incubated in 1X PBS with 10% donkey serum and 0.3% Triton X-100 for 30 minutes. 

Gastric intrinsic factor (GIF) primary antibody was diluted in 1x PBS with 1% donkey 

serum and 0.05% Tween-20 and incubated for one hour at room temperature. 
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Fluorescent donkey anti-goat secondary antibody was diluted in 1x PBS and incubated 

for one hour at room temperature and Hoechst nuclear counter stain was added. Zeiss 

Axio Imager M2 microscope with Axiovision digital imaging system was used to image 

fixed tissue within 24 hours. 10 µM DHE or 5 µM Cell ROX Green Reagent was added to 

ImSPEM cells plated on glass coverslips and incubated at 39°C for 30 minutes. Zeiss 

Axio Imager M2 microscope with Axiovision digital imaging system was used to image 

cells immediately. Relative fluorescence intensity (green) of CellROX in GIF-positive cells 

was determined using ImageJ and was normalized to cell number. 

 
Table 1. Catalog of antibodies in Chapter II. 

xCT (1:500) Abcam ab37185 

CD44v9 (1:25,000) Cosmo Bio CAC-LKG-M002 

ESRP1 (1:200) Novus Biologicals NBP1-82201 

Glutathione Abcam ab19534 

Ki67 (1:1000)  Cell Signaling Technology #9129 

H+K+ATPase (1:10,000) A gift from Dr. Adam Smolka N/A 

Griffonia simplicifolia lectin II (GSII-lectin) (1:2000) Invitrogen L32451 

Gastric Intrinsic Factor (GIF) (1:2000) A gift from Dr. David Alpers N/A 

Mist1 (1:1000) A gift from Dr. Jason Mills N/A 

LC3/MAP1LC3B (1:500) Novus Biologicals NB100-2220 

LAMP2 (GL2A7) (1:500) Abcam ab13524 

Lectin from Ulex Europaeus (UEA1-lectin) (1:2000) Sigma L9006 

Cleaved Caspase-3 (Asp175) (1:200) Cell Signaling Technology #9661 

Clusterin-α Antibody (M-18) (1:2000) Santa Cruz Biotechnology sc-6420 

TFF2 (1:500) A gift from Dr. Nicholas Wright N/A 
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Table 2. Catalog of qPCR primer sequences in 
Chapter II.  

mCd44v (Cd44v9) primers 
F 5’ GGAGATCAGGATGACTCCTTCT 3’ 
R 5’ AGTCCTTGGATGAGTCTCGATC 3’ 

mSlc7a11(xCT) primers 
F 5’ GGGGGTCTCCATCATCATCGGCA 3’ 
R 5’ TCTGCATAGGACAGGGCTCCAAA 3’  

mEsrp1 (Esrp1) primers 
F 5’ GCTTCACATTAGGCAGAT 3’ 
R 5’ CAGCACTTCTTGAACTCT 3’  

mAtg4 (Atg4) primers 
F 5’ GGGAACTGGCCCTACTTCAGA 3’  
R 5’ TCCACCTCCAATCTCGACCTA 3’  

mAtg5 (Atg5) primers 
F 5’ GGACAGCTGCACACACTTGG 3’ 
R 5’ TGGCTCTATCCCGTGAATCAT 3’  

mAtg7 (Atg7) primers 
F 5’ GGCCTTTGAGGAATTTTTTGG 3’  
R 5’ ACGTCTCTAGCTCCCTGCATG 3’  

mAtg12 (Atg12) primers  
F 5’ TGAATCAGTCCTTTGCCCCT 3’  
R 5’ CATGCCTGGGATTTGCAGT 3’  

mAtg16l1(Atg16l1) primers  
F 5’ GCCCAGTTGAGGATCAAACAC 3’  
R 5’ CTGCTGCATTTGGTTGTTCAG 3’  

mBeclin1 (Beclin1) primers  
F 5’ GGCCAATAAGATGGGTCTGA 3’ 
R 5’ GCTGCACACAGTCCAGAAAA 3’  

mLamp1 (Lamp1) primers 
F 5’ ACCTGTCGAGTGGCAACTTCA 3’  
R 5’ GGGCACAAGTGGTGGTGAG 3’  

mLamp2 (Lamp2) primers  
F 5’ TAGGAGCCGTTCAGTCCAAT 3’  
R 5’ GTGTGTCGCCTTGTCAGGTA 3’  

mMap1lc3b (Lc3) primers 
F 5’ ACTGCTCTGTCTTGTGTAGGTT 3’  
R 5’ TCGTTGTGTGCCTTTATTAGTGCATC 3’  
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RESULTS 

Parietal cell loss promotes SPEM and up-regulation of CD44v9-xCT system. 

L635 is a parietal cell toxic drug that causes acute parietal cell necrosis (Nam et 

al., 2010a). We utilized L635 treatment to elucidate the role of xCT in epithelial repair and 

chief cell reprogramming. Chief cell reprogramming can be visualized within hours of 

administering L635, and proliferative metaplasia subsequently develops within 3 days. 

Immunohistochemical analysis of tissue sections from wild-type C57Bl/6J mice treated 

with 3 days of L635 revealed basolateral membrane expression of the metaplastic marker 

CD44v9 on chief cells at the base of glands. No CD44v9 staining was visualized in the 

stomach of untreated mice (Figure 4A).  

CD44v9 is known to interact and stabilize xCT, a subunit of a cystine-glutamate 

antiporter, at the plasma membrane (Ishimoto et al., 2011; Nagano et al., 2013). 

Increased xCT expression on the membrane was observed in L635-treated mice, 

corresponding to CD44v9 expression on SPEM cells (Figure 4A). Alternative splicing of 

CD44 is regulated by epithelial splicing regulatory protein 1 (ESRP1) (Warzecha et al., 

2009; Yae et al., 2012). Immunostaining showed increased nuclear expression of ESRP1 

in GIF-positive chief cells from L635-treated mice (Figure 4C-D). Additionally, we 

observed increased mRNA expression of Cd44v9, xCT, and Esrp1 after 3 days of L635-

treatment (Figure 4B). These results suggest that alternative splicing of CD44 is up-

regulated by ESRP1 after L635-induced injury to the stomach. Furthermore, increased 

CD44v9 stabilizes xCT on the plasma membrane of chief cells reprogramming to SPEM.  
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Figure 4. Increased expression of CD44v9, xCT, and ESRP1 in L635-treated mice. 
A. Immunohistochemical staining of serial sections from the body of the stomach for 
CD44v9 (top) and xCT (bottom) in untreated and L635-treated (3 days) C57Bl/6J mice 
(scale bar = 100 μm). Magnified inset from corresponding chief cell regions in top right 
corner. B. Relative mRNA expression of Cd44v9, xCT, and Esrp1 in untreated and L635-
treated (3 days) C57Bl/6J mice determined by RT-qPCR (p=0.006, 0.03, 0.001 
respectively). Statistical significance determined by unpaired student’s t-test (n=4 per 
group). C. Immunofluorescent staining for the zymogenic granule marker GIF (red) and 
ESRP1 (green) in untreated and L635-treated (3 days) C57Bl/6J mice (scale bar = 100 
μm). Magnified inset of chief cell region with arrows indicating ESRP1 and GIF dual-
positive cells (right). D. Relative fluorescence intensity of nuclear ESRP1 in GIF-positive 
chief cells (p=0.001). Statistical significance determined by unpaired student’s t-test (n=4 
per group).  
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Metaplastic cells are dependent on xCT for cystine uptake, ROS detoxification, 

proliferation and survival in vitro.  

To target xCT activity on the plasma membranes of metaplastic (SPEM) cells, we 

utilized sulfasalazine, an inhibitor of xCT-mediated cystine transport, to treat previously 

characterized cell lines for chief cells (ImChief) and SPEM cells (ImSPEM) isolated from 

Immortomice (Weis et al., 2014). The relative expression of Cd44v9 and xCT were 

measured in ImChief and ImSPEM cells. ImSPEM cells exhibited increased expression 

of CD44v9 and xCT compared to ImChief cells (Figure 5A). ImChief and ImSPEM cells 

were immunostained for CD44v9. No CD44v9 staining was visualized in ImChief cells, 

but CD44v9 was observed on the plasma membranes of ImSPEM cells, recapitulating 

what is observed in chief and SPEM cells in the stomach (Figure 5B-D).  

To monitor xCT activity and cystine uptake into ImSPEM cells, we added 

fluorescently labeled cystine (Cystine-FITC) to cultures (Siska et al., 2016). Abundant 

intracellular fluorescent signal was observed in ImSPEM cells 2 hours after the addition 

of Cystine-FITC to culture. xCT blockade with sulfasalazine treatment significantly 

reduced the uptake of Cystine-FITC by ImSPEM cells (Figure 5E-F). Through a multi-step 

process, intracellular cystine can be converted to glutathione, a critical antioxidant for 

protection against ROS. We utilized an antibody that recognizes glutathione and ROS 

indicators (DHE and CellROX) to measure glutathione production and ROS levels. 

Inhibition of xCT with sulfasalazine decreased glutathione in ImSPEM cells (Figure 5E-

F). Similarly, sulfasalazine increased ROS in ImSPEM cells as demonstrated by 

increased accumulation of oxidized DHE and CellROX (Figure 5E-F).  
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Figure 5. Inhibition of xCT with sulfasalazine blocks cystine uptake and ROS 
detoxification by metaplastic cells.  
A. Relative mRNA expression of Cd44v9 and xCT in ImChief and ImSPEM cells 
determined by RT-qPCR. B. ImChief and ImSPEM were immunostained for CD44v9 (red) 
with nuclear counter stain DAPI (blue) (scale bar = 100 μm). C. Percent of cells per 20X 
field that are CD44v9-positive (p < 0.0001). D. Diagram of ROS indicators CellROX green 
reagent and Dihydroethidium (DHE). E. Representative fluorescence images of Cystine-
FITC (green), Glutathione (green), CellROX (green), and DHE-ox (red) in ImSPEM cells 
± sulfasalazine with nuclear counter stain Hoechst (blue) (scale bar = 100 μm). F. Relative 
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fluorescence intensity of Cystine-FITC (p=0.007), Glutathione (p=0.001), CellROX 
(p=0.002), and DHE-ox (p=0.0003) in ImSPEM cells ± sulfasalazine. Statistical 
significance determined by unpaired student’s t-test (n=4 per condition). 
 

Additionally, we observed that sulfasalazine treatment decreased the proliferation 

of ImSPEM cells by staining for the proliferation marker Ki67, a protein present in all active 

phases of the cell cycle, and monitoring cell number (Figure 6A-C). Sulfasalazine 

treatment also increased apoptosis of ImSPEM cells, as assessed by staining for the 

apoptosis marker, cleaved caspase-3 (CC3) (Figure 6E-F). Caspase-3 is activated when 

it is cleaved by an initiator caspase and mediates cell death by apoptosis. These results 

indicate our in vitro culture system mimics the expression pattern observed in the stomach 

and that sulfasalazine inhibits cystine uptake, ROS detoxification, and proliferation of 

metaplastic cells in culture. Likewise, increased ROS levels led to SPEM cell death.  
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Figure 6. Inhibition of xCT with sulfasalazine decreases proliferation and increases 
apoptosis of SPEM cells.  
A. ImSPEM cells were seeded at the same density ± sulfasalazine for three days. 
Representative transmitted light images monitoring cell density over three days (scale bar 
= 100 μm). B. ImSPEM cell number ± sulfasalazine at 24, 48, and 72 hours (p=0.001, 
0.006, 0.0002 respectively). C. ImSPEM cells were treated with sulfasalazine for 48 hours 
and immunostained for proliferation marker Ki67 (red) with nuclear counter stain DAPI 
(blue) (scale bar = 100 μm). D. Percent of cells per 20X field that are Ki67-positive 
(p=0.01). E. ImSPEM cells were treated with sulfasalazine for 72 hours and 
immunostained for apoptosis marker cleaved caspase-3 (CC3) (green) with nuclear 
counter stain DAPI (blue) (scale bar = 100 μm). F. Percent of cells per 20X field that are 
CC3-positive (p=0.003). Statistical significance determined by unpaired student’s t-test 
(n=3 per condition). 
 

 Sulfasalazine is broken down to sulfapyridine and mesalazine through azo 

cleavage (Figure 7A).  Therefore, we sought to confirm that the outcomes observed were 

due to the specific inhibition of xCT by sulfasalazine, and not the anti-inflammatory 

properties of sulfasalazine metabolites. In contrast with sulfasalazine treatment, 

sulfapyridine or mesalazine treatment of ImSPEM cells in culture did not inhibit cystine 

uptake or proliferation (Figure 7B-E).  
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Figure 7. Metabolites of sulfasalazine do not prevent cystine uptake, ROS 
detoxification and proliferation of metaplastic cells. 
A. Diagram of sulfasalazine metabolism. Sulfasalazine is broken down to sulfapyridine 
(an antibiotic) and mesalazine (an anti-inflammatory agent) through azo cleavage. B. 
ImSPEM cells were seeded at the same density plus sulfapyridine or mesalazine for three 
days. ImSPEM cell number with sulfapyridine or mesalazine at 24, 48, and 72 hours. C. 
Representative transmitted light images monitoring cell density over three days (scale bar 
= 100 μm). D. ImSPEM cells were treated with sulfapyridine or mesalazine and then 
treated with Cystine-FITC. Live cell imaging of intracellular Cystine-FITC (green) in 
ImSPEM cells treated with sulfapyridine or mesalazine with nuclear counter stain Hoechst 
(blue) (scale bar = 100 μm). E. Relative fluorescence intensity of intracellular Cystine-
FITC in ImSPEM cells treated with sulfapyridine or mesalazine (n=3 per condition). 

 

 To examine further if the effects of sulfasalazine are mediated by inhibition of xCT, 

we transfected ImSPEM cells with control or xCT siRNAs. Similar to sulfasalazine 

treatment, ImSPEM cells transfected with xCT siRNA displayed decreased cystine uptake 

and increased ROS compared to ImSPEM cells transfected with control siRNA (Figure 

8). Taken together, these results suggest that sulfasalazine effectively blocks xCT activity 

on SPEM cells and SPEM cells are dependent on xCT for control of ROS.  
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Figure 8. xCT is required for cystine uptake and ROS detoxification in SPEM cells. 
A. Relative mRNA expression of xCT in ImSPEM cells transfected with control or xCT 
siRNAs determined by RT-qPCR. B. Representative fluorescence images of Cystine-
FITC (green), CellROX (green), and DHE-ox (red) in ImSPEM cells transfected with 
control or xCT siRNAs with nuclear counter stain Hoechst (blue) (scale bar = 100 μm). F. 
Relative fluorescence intensity of Cystine-FITC (p=0.02 and 0.005), CellROX (p=0.01 and 
0.005), and DHE-ox (p=0.002 and 0.0009) in ImSPEM cells transfected with control or 
xCT siRNAs. Statistical significance determined by one-way ANOVA with Bonferroni’s 
post-hoc multiple comparisons test. (n=3 per condition). 
 

Inhibition of xCT blocks chief cell reprogramming into SPEM.  

To elucidate the role of xCT in chief cell reprogramming in vivo, we combined 

sulfasalazine treatment with the parietal cell toxic drug, L635. Chief cell reprogramming 

into SPEM occurs through a coordinated process that involves disassembly of the chief 

cell protein secretory apparatus and transcriptional changes including the up-regulation 

of mucin granule proteins Muc6 and TFF2 (Nozaki et al., 2008b; Willet et al., 2018). We 

treated wild-type C57Bl/6J mice with sulfasalazine two days prior to and throughout three 

days of L635 treatment (Figure 9A). Stomachs were harvested from four experimental 

groups: 1) untreated, 2) sulfasalazine-treated, 3) L635-treated, and 4) L635 + 

sulfasalazine-treated mice for histological analysis. Treatment with sulfasalazine by itself 

did not alter the gastric mucosa (Figure 10A-B). To visualize 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 9B). In 

untreated mice, a large number of H+K+ ATPase-positive parietal cells were detected 

throughout the corpus glands. Treatment with L635 reduced the number of parietal cells 

by almost eighty-percent. Sulfasalazine treatment did not affect L635-induced parietal cell 

loss (Figure 9C). To detect chief cell reprogramming, we immunostained for the 

zymogenic granule marker gastric intrinsic factor (GIF) and the mucin granule marker 
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Griffonia simplicifolia (GSII)-lectin, which binds to a sugar modification on Muc6 (Figure 

9B). Chief cells reprogram to mucin-secreting metaplastic cells to protect and fuel repair 

of the stomach when there is injury or cell loss in the gastric mucosa. During this process, 

SPEM cells contain both zymogenic (GIF-positive) granules and mucin (GSII-lectin-

positive) granules. Sulfasalazine treatment decreased the number of GIF and GSII-lectin 

dual-positive SPEM cells by greater than eighty-percent after L635-induced parietal cell 

loss (Figure 9D).  
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Figure 9. Inhibition of xCT blocks chief cell reprogramming in mouse models of 
acute gastric damage. 
A. Diagram of drug treatments. L635 was administered to C57BL/6J mice for three days 
to induce acute gastric damage. Mice were treated with 10 mg of sulfasalazine per day, 
2 days prior to and throughout L635 administration. Mice were sacrificed 2 hours after 
final dose of L635, and stomach tissue from untreated mice (n=4), L635-treated mice 
(n=4), and L635 + sulfasalazine-treated mice (n=3) were harvested for histological 
analysis. B. Immunofluorescence staining for parietal cell marker H+K+ ATPase (red), 
mucin granule marker GSII-lectin (green), zymogenic granule marker GIF (blue) (scale 
bars = 100 µm). Magnified inset of chief cell region (right). C. Quantification of parietal 
cells as determined by number of H+K+ ATPase-positive (red) cells per 20X objective 
field (n.s. = not significant). D. Quantification of GSII (green) and GIF (blue) dual-positive 
(SPEM) cells per 20X objective field (p=0.004). Statistical significance determined by one-
way ANOVA with Bonferroni’s post-hoc multiple comparisons test. 
 
 

Similarly, PAS staining, a stain that detects mucins, revealed decreased mucin at 

the base of glands in L635 + sulfasalazine-treated mice (Figure 10B). Collectively, these 

results suggest that xCT blockade prevents chief cell reprogramming after acute parietal 

cell loss.   
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Figure 10. Histological analysis of sulfasalazine treated mice.  
A. Hematoxylin and eosin (H&E) and B. Periodic acid-Schiff (PAS) stained sections from 
untreated (n=4), sulfasalazine-treated (n=4), L635-treated (n=4), and L635 + 
sulfasalazine-treated (n=3) mice (scale bars = 100 µm). Dark magenta color represents 
PAS-positive mucin-producing cells. Glands containing PAS-positive cells at the base are 
indicated with arrows.   
 

xCT activity is required for autophagy in reprogramming chief cells.   

The process of reprogramming requires chief cells to downscale their mature 

characteristics. The basic helix-loop-helix transcription factor Mist1 (Bhlha15) governs the 

secretory architecture of chief cells including production of large protein-containing 

zymogen granules and cellular organization (Ramsey et al., 2007). Loss of Mist1 is a 

distinct feature of chief cell reprogramming into SPEM (Lennerz et al., 2010). Dual 

immunofluorescence staining for GIF and Mist1 allows for monitoring of Mist1 loss in 

zymogenic granule-containing chief cells (Figure 11A). In untreated mice, GIF-positive 

chief cells were positive for the transcription factor Mist1. L635 treatment resulted in 

almost complete loss of Mist1 expression in GIF-positive cells. Interestingly, treatment 

with L635 + sulfasalazine did not rescue Mist1 loss by chief cells (Figure 11B). This 

suggests that xCT inhibition with sulfasalazine does not influence the initiating step of 

Mist1 loss in reprogramming chief cells.  

In addition to loss of Mist1, autophagic and lysosomal pathways in chief cells are 

up-regulated acutely following injury to the stomach. In particular, rough endoplasmic 

reticulum, mitochondria, and secretory granules are targeted for degradation during early 

stages of SPEM development. Furthermore, mice with defects in autodegradative 

function (Gnptab-/- mice) are unable to develop SPEM following gastric injury (Willet et 

al., 2018). To investigate autophagic and lysosomal pathways, L635-treated mice were  
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sacrificed 12 or 24 hours after L635 treatment. We performed immunostaining for the 

autophagosome marker LC3B and the lysosome marker LAMP2 (Figure 11C and E). Very 

few LC3B or LAMP2-positive puncta were observed in GIF-positive chief cells from 

untreated mice. As expected, however, gastric injury induced by L635 treatment resulted 

in increased LC3B and LAMP2-positive puncta in close proximity to GIF-positive 

zymogenic granules. By contrast, L635 + sulfasalazine-treated mice showed fewer LC3B 

and LAMP2-positive puncta in GIF-positive cells compared to L635 treatment only (Figure 

11D and F). Notably, large/dense zymogen granules were maintained in L635 + 

sulfasalazine-treated mice compared to the L635-treated mice. Similarly, transmission 

electron microscopy (TEM) of tissue from L635-treated mice revealed abundant double 

membrane-bound (autophagic) structures engulfing granules and other cytosolic 

components in chief cells. While similar double membrane-bound structures were 

observed in L635 + sulfasalazine-treated mice, they were significantly less frequent 

(Figure 11G). Real-time qPCR analysis for several autophagy-related genes revealed a 

significant decrease in the relative expression of Atg4, Atg7, Atg16L1, Lamp1, and Lc3 in 

sulfasalazine-treated mice (Figure 11H). Although there was Mist1 loss in L635 + 

sulfasalazine-treated mice, these findings suggest that xCT blockade decreases 

downscaling by autophagic and lysosomal pathways in reprogramming chief cells.  
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Figure 11. xCT blockade inhibits autophagy of zymogenic granules in downscaling 
chief cells.  
A. Immunostained sections from untreated (n=4), L635-treated (n=4), and L635 + 
sulfasalazine-treated (n=3) C57Bl/6J mice sacrificed after 3 days of L635 treatment for 
zymogenic granule marker GIF (red) and chief cell transcription factor Mist1 (green) 
(scale bars = 50 µm). B. Quantification of Mist1-positive cells per 20X field (n.s. = not 
significant). C. Immunostained sections from untreated (n=5), L635-treated (n=5), and 
L635 + sulfasalazine-treated (n=4) C57Bl/6J mice sacrificed after 24 hours of L635 
treatment for GIF (red) and autophagosome marker LC3B (green) (scale bars = 50 µm). 
Magnified inset of GIF-positive cell with arrows indicating puncta (right). D. Average 
number of LC3B puncta per GIF-positive cell (p=0.003). E. Immunostained sections from 
untreated (n=5), L635-treated (n=5), and L635 + sulfasalazine-treated (n=4) C57Bl/6J 
mice sacrificed after 24 hours of L635 treatment for GIF (red) and lysosome marker 
LAMP2 (green) (scale bars = 50 µm). Magnified inset of GIF-positive cell with arrows 
indicating puncta (right). F. Average number of LAMP2 puncta per GIF-positive cell 
(p=0.0003). Statistical significance determined by one-way ANOVA with Bonferroni’s 
post-hoc multiple comparisons test. G. Transmission electron micrographs of zymogenic 
chief cells 12 hours after L635 treatment ± sulfasalazine (scale bars = 2 µm). Magnified 
inset of double membrane autophagic structures (right). H. Relative mRNA expression of 
autophagy related proteins in L635-treated and L635 + sulfasalazine treated mice. (Atg4, 
Atg5, Atg7, Atg12, Atg16L1, Beclin1, Lamp1, Lamp2, Lc3) (p=0.02, 0.005, 0.03, 0.01, 
0.02 respectively). Statistical significance determined by unpaired student’s t-test.  
 

xCT blockade suppresses proliferation of reprogramming chief cells.  

Sulfasalazine treatment inhibited proliferation of ImSPEM cells in culture, so we 

sought to determine the effect of sulfasalazine treatment on proliferation after gastric 

injury in vivo. To do this, we immunostained for the proliferation marker Ki67. In the normal 

oxyntic mucosa, Ki67 labelled stem/progenitor cells about a third of the way down the 

gland in the gland isthmus. Upon gastric injury, chief cells reprogram and are capable of 

re-entering into the cell cycle and proliferating. Additionally, surface mucin-producing 

(foveolar) cells located near the lumen also expand in response to injury and increases 

in gastrin. This gastric lesion is referred to as foveolar hyperplasia. Foveolar cells produce 

Muc5ac, a mucin recognized by Ulex Europaeus Agglutinin I (UEA1)-lectin. Unlike 

reprogramming chief cells, foveolar cells do not express xCT. To classify the identity of 
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the proliferating cells in each of our experimental groups we immunostained for Ki67, 

UEA1-lectin, and GIF (Figure 12A). To evaluate foveolar hyperplasia after L635 

treatment, we measured the average thickness of the UEA1-positive foveolar region. 

L635-treated mice and L635 + sulfasalazine-treated mice showed similar levels of 

foveolar hyperplasia (Figure 12B). We also quantified the total number of Ki67-positive 

cells in the oxyntic mucosa of each experimental group. While the total number of Ki67-

positive proliferating cells was not significantly different between L635-treated mice and 

L635 + sulfasalazine-treated mice, the percent of Ki67-positive cells that were dual-

positive for GIF was significantly decreased in the sulfasalazine-treated group (Figure 

12C-D). Together, these results show that proliferation of xCT-negative foveolar cells is 

not affected by xCT blockade. However, chief cells that express high levels of xCT as 

they reprogram, do not proliferate after xCT blockade with sulfasalazine.  
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Figure 12. Inhibition of xCT suppresses SPEM proliferation.  
A. Immunostained sections from untreated (n=4), L635-treated (n=4), and L635 + 
sulfasalazine-treated (n=3) C57Bl/6J mice sacrificed after 3 days of L635 treatment for 
proliferation marker Ki67 (red), mucin-producing foveolar cell marker Ulex Europaeus 
Agglutinin I (UEA1)-lectin (green), and zymogen granule marker GIF (blue) (scale bars = 
100 µm). Magnified inset of chief cell region with arrows indicating proliferative metaplasia 
(right). B. Average thickness (µm) of UEA1-positive foveolar region (n.s. = not significant). 
C. Quantification of Ki67-positive (red) proliferating cells per 20X field (n.s. = not 
significant). D. Percent of Ki67 only-positive cells or Ki67-positive cells dual-positive for 
UEA1 or GIF to determine distribution of proliferative cells (p=0.002). Statistical 
significance determined by one-way ANOVA with Bonferroni’s post-hoc multiple 
comparisons test. 
 

Inhibition of xCT leads to oxidative stress and chief cell death after gastric injury.  

Next, we examined evidence of cell stress or cell death. Clusterin (Clu) is a 

heterodimeric protein up-regulated in many diseases related to oxidative stress and is 

associated with clearance of cellular debris and apoptosis (Zhang et al., 2014). Previous 

studies revealed clusterin expression in SPEM lineages through gene microarray 

analysis. Clu protein expression in SPEM was validated in DMP-777, L635, and 

Helicobacter infection mouse models (Weis et al., 2013). In the normal oxyntic mucosa, 

clusterin is expressed in some mucous neck cells along with the spasmolytic polypeptide, 

TFF2. In L635-treated mice, clusterin and TFF2 are up-regulated in chief cells at the base 

of oxyntic glands as they reprogram into SPEM. Interestingly, while sulfasalazine inhibited 

TFF2 up-regulation, chief cells at the gland base still exhibited clusterin expression after 

L635 treatment (Figure 13 A-C). Thus, it is likely that Clu is not up-regulated as a part of 

the metaplastic process, but rather as a result of increased oxidative stress. 
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Figure 13. Inhibition of xCT blocks reprogramming of chief cells and results in 
cellular stress.  
A. Representative immunostained sections from untreated (n=4), L635-treated (n=4), and 
L635 + sulfasalazine-treated (n=3) C57Bl/6J mice sacrificed after 3 days of L635 
treatment for cellular stress marker Clusterin (red) and TFF2 (green), with nuclear counter 
stain DAPI (blue) (scale bars = 100 µm). Magnified inset of chief cell region (right). B. 
Quantification of Clu-positive (red) cells per 20X field (n.s. = not significant). C. 
Quantification of Clu (red) and TFF2 (green) dual-positive cells per 20X field (p=0.004). 
Statistical significance determined by one-way ANOVA with Bonferroni’s post-hoc 
multiple comparisons test. 
 

Similarly, staining with ROS indicators (DHE and CellROX) revealed increased 

levels of ROS in L635 + sulfasalazine-treated mice compared to L635-treated mice, 

especially in GIF-positive chief cells (Figure 14 A-D).  
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Figure 14. xCT blockade leads to elevated ROS after acute gastric damage. 
Sections from untreated (n=3), L635-treated (n=3), and L635 + sulfasalazine-treated 
(n=3) C57Bl/6J mice sacrificed after 3 days of L635 treatment were treated with ROS 
indicators Dihydroethidium (DHE) and CellROX. A. Representative images of DHE 
staining with oxidized DHE (DHE-ox) (red), f-actin marker Phalloidin (green), and 
unoxidized DHE (blue) (scale bars =100 µm). Magnified inset of chief cell region (right). 
B. Relative fluorescence intensity of nuclear DHE-ox (p= 0.02). C. Representative images 
of CellROX green staining with zymogenic granule marker GIF (red), CellROX Green 
Reagent (green), with nuclear counter stain Hoechst (blue) (scale bars =100 µm). 
Magnified inset of chief cell region right). D. Relative fluorescence intensity of CellROX in 
GIF-positive cells (p= 0.01). Statistical significance determined by one-way ANOVA with 
Bonferroni’s post-hoc multiple comparisons test. 
 

Furthermore, L635 + sulfasalazine-treated mice exhibited a few GIF-positive chief 

cells that were dual-positive for the apoptosis marker cleaved caspase-3 (Figure 15A). 

Taken together, these findings indicate that inhibition of xCT prevents chief cell 

reprogramming, but chief cells still initiate a stress response due to increased ROS and, 

in some cases, undergo apoptosis.   
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Figure 15. Inhibition of xCT in reprogramming chief cells results in apoptosis.  
A. Immunostained sections from untreated (n=4), L635-treated (n=4), and L635 + 
sulfasalazine-treated (n=3) C57Bl/6J mice sacrificed after 3 days of L635 treatment for 
apoptosis marker cleaved caspase-3 (red), zymogenic granule marker GIF (green), with 
nuclear counterstain DAPI (blue) (scale bars = 100 µm). Magnified inset of chief cell 
region with arrows indicating cleaved caspase-3 and GIF dual-positive apoptotic chief 
cells.  
 

Next, we examined in each of our experimental groups the expression of CD44v9, 

a metaplastic cell marker protein that interacts and stabilizes xCT (Figure 16A). 

Immunostaining for CD44v9 confirmed no expression in untreated mice. Similarly, no 

CD44v9 staining was observed in the sulfasalazine only treatment group. In contrast, 

mice treated with L635 exhibited high expression of CD44v9 on the basolateral 

membranes of cells at the base of oxyntic glands. The majority of these cells were dual-

positive for the mucin granule marker GSII-lectin. Interestingly, reduced expression of 

CD44v9 was observed in L635 + sulfasalazine-treated mice (Figure 16B). The remaining 

CD44v9 staining in mice treated with L635 and sulfasalazine appeared to be intracellular 

and not on the basolateral membrane. We utilized real-time PCR to measure the relative 

expression of Cd44v9 mRNA transcript in each of the experimental groups (Figure 16C). 

No significant difference in Cd44v9 mRNA was observed between L635-treated mice ± 

sulfasalazine treatment. Therefore, these results indicate that sulfasalazine may disrupt 

the interaction of CD44v9 and xCT on the membrane and may result in mislocalization 

and possible degradation of CD44v9 protein. On the other hand, it is also possible that 

maintenance of redox balance is required for up-regulation of CD44v9 protein.  
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Figure 16. Basolateral membrane expression of CD44v9 is decreased after xCT 
inhibition with sulfasalazine.   
A. Immunostained sections from untreated (n=4), sulfasalazine-treated (n=4), L635-
treated (n=4), and L635 + sulfasalazine-treated (n=3) C57Bl/6J mice sacrificed after 3 
days of L635 treatment for CD44v9 (red), mucin granule marker GSII-lectin (green), with 
nuclear counter stain DAPI (blue) (scale bars = 100 µm). Magnified inset of chief cell 
region (right). B. Number of cells per 20X field with basolateral membrane expression of 
CD44v9 (p<0.0001). C. Relative mRNA expression of Cd44v9 (n.s. = not significant). 
Statistical significance determined by one-way ANOVA with Bonferroni’s post-hoc 
multiple comparisons test. 
 



 51 

Metabolites of sulfasalazine do not alter metaplasia development.  

To validate further that our observations were due to specific xCT blockade by 

sulfasalazine and not the anti-inflammatory properties of sulfasalazine metabolites, we 

treated mice with sulfapyridine or mesalazine two days prior to and throughout three days 

of L635 treatment (Figure 14A) (Nashed et al., 2017). Immunostaining for CD44v9, mucin 

granule marker GSII-lectin, and zymogenic granule marker GIF showed similar high 

numbers of triple-positive cells in both sulfapyridine + L635-treated mice and mesalazine 

+ L635-treated mice (Figure 17B-C). These results indicate that metabolites of 

sulfasalazine are not sufficient to block chief cell reprogramming to SPEM.  
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Figure 17. Metabolites of sulfasalazine do not prevent metaplasia development 
after acute gastric damage.  
A. Diagram of drug treatments. L635 was administered to C57BL/6J mice for three days 
to induce acute gastric damage. Mice were treated with sulfapyridine or mesalazine daily, 
2 days prior to and throughout L635 administration. Mice were sacrificed 2 hours after 
final dose, and stomachs from sulfapyridine + L635-treated (n=4) and mesalazine + L635-
treated (n=4) C57Bl/6J mice were harvested for histological analysis. B. 
Immunofluorescence staining for metaplastic cell marker CD44v9 (red), mucin granule 
marker GSII-lectin (green), zymogenic granule marker GIF (blue) (scale bars = 100 µm). 
Magnified inset of chief cell region (right). C. Quantification of CD44v9, GIF, GSII-lectin 
triple-positive cells per 20X field.   
 

xCT knockout mice recapitulate the phenotype of sulfasalazine-treated mice. 

To examine further if the effects of sulfasalazine are mediated by inhibition of xCT 

we treated xCT knockout (xCTKO) mice with the parietal cell toxic drug, L635. Stomachs 

were harvested from two experimental groups: 1) untreated xCTKO mice and 2) L635-

treated xCTKO mice for histological analysis (Figure 18A). H&E or PAS staining revealed 

normal gastric histology in xCTKO mice (Figure 18B). To visualize L635-induced parietal 

cell loss, we performed immunostaining for the proton pump H+K+ ATPase (Figure 18C). 

In untreated xCTKO mice, a large number of H+K+ ATPase-positive parietal cells were 

detected throughout the corpus glands. Treatment with L635 in xCTKO mice reduced the 

number of parietal cells by more than seventy percent (Figure 18D). To detect chief cell 

reprogramming, we immunostained for the zymogenic granule marker GIF and the mucin 

granule marker GSII-lectin (Figure 18C). L635-treated xCTKO mice did not display 

reprogramming chief cells, dual-positive for GIF and GSII (Figure 18E). Similarly, PAS 

staining revealed no mucin staining at the bases of glands in L635-treated xCTKO mice 

(Figure 18B). Collectively, these results suggest that chief cells from xCT-deficient mice 

are unable to reprogram after acute parietal cell loss.  
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Figure 18. Loss of xCT prevents the development of metaplasia after acute gastric 
damage.   
A. Diagram of drug treatments. L635 was administered to xCTKO C57BL/6J mice for 
three days to induce acute gastric damage. Mice were sacrificed 2 hours after final dose 
of L635, and stomach tissue from untreated xCTKO mice (n=4), L635-treated xCTKO 
mice (n=4), were harvested for histological analysis. B. Hematoxylin and eosin (H&E) and 
Periodic acid-Schiff (PAS) stained sections. C. Immunostained sections for parietal cell 
marker H+K+ ATPase (red), mucin granule marker GSII-lectin (green), zymogenic 
granule marker GIF (blue) (scale bars = 100 µm). Magnified inset of chief cell region 
(right). D. Quantification of parietal cells as determined by number of H+K+ ATPase-
positive (red) cells per 20X objective field (p=0.0002). E. Quantification of GSII (green) 
and GIF (blue) dual-positive (SPEM) cells per 20X objective field (n.s. = not significant). 
Statistical significance determined by unpaired student’s t-test.  
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 Additionally, we examined xCTKO mice to determine ROS levels using the ROS 

indicators, DHE and CellROX. While untreated xCTKO mice had low levels of ROS, after 

L635-treatment xCTKO mice exhibited high levels of ROS (Figure 19A-D). Similar to L635 

+ sulfasalazine-treated mice, GIF-positive chief cells from L635-treated xCTKO mice had 

elevated ROS determined by CellROX Green Reagent staining (Figure 19D).  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 19. xCT is required for ROS detoxification.  
Sections from untreated xCTKO (n=4) and L635-treated xCTKO (n=4) C57Bl/6J mice 
sacrificed after 3 days of L635 treatment were incubated with ROS indicators 
Dihydroethidium (DHE) and CellROX. A. Representative images of DHE staining with 
oxidized DHE (DHE-ox) (red), f-actin marker Phalloidin (green), and unoxidized DHE 
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(blue) (scale bars =100 µm). Magnified inset of chief cell region (right). B. Relative 
fluorescence intensity of nuclear DHE-ox (p<0.0001). C. Representative images of 
CellROX green staining with zymogenic granule marker GIF (red), CellROX Green 
Reagent (green), with nuclear counter stain Hoechst (blue) (scale bars =100 µm). 
Magnified inset of chief cell region right). D. Relative fluorescence intensity of CellROX in 
GIF-positive cells (p= 0.004). Statistical significance determined by unpaired student’s t-
test. 
 

Likewise, several GIF-positive chief cells from L635-treated xCTKO mice were 

dual-positive for cleaved caspase-3 (Figure 20A). Taken together, our results indicate that 

chief cells from xCT-deficient mice are unable to reprogram and experience oxidative 

stress that leads to apoptotic cell death.  
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Figure 20. Chief cells from xCT knockout mice apoptose after acute gastric 
damage.  
A. Immunostained sections from untreated xCTKO (n=4) and L635-treated xCTKO (n=4) 
C57Bl/6J mice sacrificed after 3 days of L635 treatment for apoptosis marker CC3 (red), 
zymogenic granule marker GIF (green), with nuclear counterstain DAPI (blue) (scale bars 
= 100 µm). Magnified inset of chief cell region with arrows indicating CC3 and GIF dual-
positive apoptotic chief cells.  
 

Inhibition of xCT prevents DMP-777 induced SPEM. 

To test the efficacy of xCT blockade on chief cell reprogramming in a different 

mouse model of acute parietal loss, we utilized another parietal toxic drug, DMP-777. 

Similar to L635, DMP-777 induces parietal cell necrosis. However, DMP-777 also 

functions as an elastase inhibitor and prevents inflammatory infiltration (Goldenring et al., 

2000). With DMP-777 treatment, chief cell reprogramming and metaplasia development 

occur in the absence of inflammation. We treated mice with sulfasalazine two days prior 

to and throughout ten days of DMP-777 treatment. Stomachs were harvested from two 

experimental groups, 1) DMP-777-treated and 2) DMP-777 + sulfasalazine-treated mice, 

for histological analysis (Figure 21A). H+K+ ATPase staining demonstrated similar levels 

of parietal cell loss in both groups (Figure 21B-C). We also performed immunostaining for 

the zymogenic granule marker GIF and mucin granule marker GSII-lectin to detect chief 

cell reprogramming. Sulfasalazine treatment decreased the number of GIF and GSII-

lectin dual-positive SPEM cells by greater than seventy-five-percent after DMP-777-

induced parietal cell loss (Figure 21B and D). Therefore, xCT inhibition with sulfasalazine 

prevents metaplasia development even in the absence of inflammation.  
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Figure 21. Sulfasalazine inhibits metaplasia development in the absence of 
inflammation.  
A. Diagram of drug treatments. A parietal cell toxic drug (DMP-777) was administered to 
C57BL/6J mice for ten days to induce acute gastric damage. Mice were treated with 10 
mg of sulfasalazine per day, 2 days prior to and throughout DMP-777 administration. Mice 
were sacrificed 2 hours after final dose of DMP-777, and stomachs from DMP-777-treated 
(n=5) and DMP-777 + sulfasalazine-treated (n=5) mice were harvested for histological 
analysis. B. Immunofluorescence staining for parietal cell marker H+K+ ATPase (red), 
mucin granule marker GSII-lectin (green), zymogenic granule marker GIF (blue) (scale 
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bars = 100 µm). Magnified inset of chief cell region (right). C. Quantification of parietal 
cells as determined by number of H+K+ ATPase-positive (red) cells per 20X objective 
field (n.s. = not significant). D. Quantification of GSII (green) and GIF (blue) dual-positive 
(SPEM) cells per 20X objective field (p=0.0002). Statistical significance determined by 
unpaired student’s t-test. 
 

We further examined DMP-777-treated mice with the ROS indicators (DHE and 

CellROX) and apoptosis markers. DMP-777 + sulfasalazine-treated mice exhibited 

slightly elevated levels of ROS compared to DMP-777-treated mice (Figure 22A-D).  
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Figure 22. xCT blockade with sulfasalazine leads to elevated ROS in chief cells 
without inflammation.  
Sections from DMP-777-treated (n=3) and DMP-777 + sulfasalazine-treated (n=3) 
C57Bl/6J mice sacrificed after 3 days of L635 treatment were incubated with ROS 
indicators Dihydroethidium (DHE) and CellROX. A. Representative images of DHE 
staining with oxidized DHE (DHE-ox) (red), F-actin marker Phalloidin (green), and 
unoxidized DHE (blue) (scale bars = 100 µm). Magnified inset of chief cell region (right). 
B. Relative fluorescence intensity of nuclear DHE-ox (p=0.02). C. Representative images 
of CellROX green staining with zymogenic granule marker GIF (red), CellROX Green 
Reagent (green), with nuclear counter stain Hoechst (blue) (scale bars = 100 µm). 
Magnified inset of chief cell region right). D. Relative fluorescence intensity of CellROX in 
GIF-positive cells (p=0.02). Statistical significance determined by unpaired student’s t-
test. 
 

Furthermore, very few GIF-positive chief cells were dual-positive for the apoptosis 

marker cleaved caspase-3 (Figure 23A). It is likely that the generation of ROS intrinsic to 

the reprogramming process account for the increased ROS observed in DMP-777 + 

sulfasalazine-treated mice. However, in the absence of inflammatory ROS, chief cells are 

able to endure the oxidative stress, at least over the 10-day time course.  
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Figure 23. Reprogramming chief cells survive oxidative stress without 
inflammatory ROS. 
A. Immunostained sections from DMP-777-treated (n=5) and DMP-777 + sulfasalazine-
treated (n=5) C57Bl/6J mice sacrificed after 10 days of DMP-777 treatment for apoptosis 
marker CC3 (red), zymogenic granule marker GIF (green), with nuclear counterstain 
DAPI (blue) (scale bars = 100 µm). Magnified inset of chief cell region with arrows 
indicating CC3 and GIF dual-positive apoptotic chief cells.  
 

CD44v9 and xCT are up-regulated in SPEM in Helicobacter-infected mice and 

humans.   

Given the prominent changes observed in the acute models of parietal cell loss, 

we sought to examine whether CD44v9 and xCT were also up-regulated following chronic 

SPEM induction in Helicobacter felis-infected mice or in human patients. Figure 24A 

demonstrates that staining for both CD44v9 and xCT is observed in SPEM from the 

stomach of mice infected with H. felis for 12 months. Similarly, Figure 24B displays that 

both CD44v9 and xCT staining is observed in SPEM from human patients. These studies 

confirm the up-regulation of ROS detoxification mechanisms in chronic induction of SPEM 

in addition to SPEM associated with acute gastric damage.  
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Figure 24. CD44v9 and xCT are expressed in Helicobacter-infected mice and human 
metaplasia.  
A. Representative immunohistochemical stained serial sections from the body of the 
stomach for CD44v9 (left) and xCT (right) in untreated (n=3) and 12 months Helicobacter 
felis-infected (n=3) C57Bl/6J mice (scale bar = 100 μm). B. Representative 
immunohistochemical stained serial sections from the body of the stomach for CD44v9 
(left) and xCT (right) in normal (n=6) and metaplastic (n=3) human stomach (scale bar = 
100 μm). 
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DISCUSSION 

Following significant gastric injury, chief cells reprogram to mucin-secreting 

metaplasia or SPEM. The present study identifies that xCT is required for the 

reprogramming of digestive enzyme-secreting chief cells following gastric injury. 

Increased membrane expression of xCT is observed in reprogramming chief cells 

expressing CD44v9 after gastric damage with parietal cell toxic drugs. Inhibition of xCT, 

through sulfasalazine treatment, or xCT siRNA knockdown blocks cystine uptake, ROS 

detoxification, proliferation and survival of metaplastic cells in culture. In addition, chief 

cells from sulfasalazine-treated mice or xCT knockout mice were unable to reprogram 

after acute gastric injury. Importantly, we confirm that our findings were due to specific 

inhibition of xCT by sulfasalazine, and not the anti-inflammatory characteristics of 

sulfasalazine metabolites. While loss of xCT activity inhibited chief cell reprogramming, 

chief cells endured oxidative stress and in some cases apoptosis. Interestingly, the 

transcription factor Mist1 was downregulated in chief cells after acute parietal cell loss, 

even with xCT blockade. In contrast, inhibition of xCT restricted the up-regulation of 

autosomal and lysosomal degradation machinery, a distinct step in the reprogramming 

process. Thus, while xCT inhibition does not alter initiation of reprogramming, it arrests 

the completion of the process. These results demonstrate that the process of 

reprogramming involves multiple discrete steps leading to metaplasia.  

Reprogramming promotes the regenerative capacity of differentiated cells. This is 

a critical process used to repair damage in tissues that lack an active adult stem cell 

compartment such as the pancreas (Jensen et al., 2005). Still, in tissues with active adult 

stem cells such as the stomach and intestine, reprogramming differentiated cells can 
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enable repair after tissue damage (Mills and Sansom, 2015). It is evident that 

reprogramming of differentiated cells occurs through a stepwise process. First, 

differentiated cells must undergo autodegradation to downscale mature characteristics. 

Next, metaplastic genes are up-regulated, and mucin-containing granules are formed. 

Finally, metaplastic cells have the capability of re-entering into the cell cycle and 

proliferating. Progression through this stepwise process can be blocked at intervening 

checkpoints. The results presented here suggest that maintaining redox balance is crucial 

for progression through the reprogramming process in gastric chief cells and may 

represent a checkpoint for this process. It is likely that the downscaling of zymogen 

granules and up-regulation of mucus granule formation would engender the production 

of ROS. Furthermore, acute and chronic inflammation can add to elevated ROS levels 

(Mittal et al., 2014). Indeed, it is likely that decreased ROS levels are important for the 

undifferentiated status or stemness of reprogramming chief cells. CD44v9 and xCT have 

also been implicated as key players in malignant transformation in a variety of tissues 

and are often highly expressed by cancer stem cells (Chung et al., 2005; Nagane et al., 

2018; Wada et al., 2013; Zavros, 2017). Thus, up-regulation of xCT activity may be used 

by reprogramming cells or cancer stem cells to combat increased oxidative stress.  

Oxidative stress refers to high levels of intracellular ROS that can cause damage 

to lipids, proteins, and DNA (Ni et al., 2012). Elevated ROS act as signaling molecules 

that contribute to both physiological and pathological conditions (Vaahtera et al., 2014). 

Cells utilize several mechanisms to counteract oxidative stress by producing antioxidants 

such as glutathione (Rushworth and Megson, 2014). Increased expression of xCT is part 

of the oxidative stress response (Habib et al., 2015; Ishii and Mann, 2014). In addition, 
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molecules that work to stabilize and increase the activity of xCT, such as CD44v9, are 

up-regulated as a consequence of oxidative stress. Increased xCT activity results in a 

build-up of intracellular cystine, which through a multi-step process can be converted to 

glutathione (Nagano et al., 2013). Disruption of xCT activity in cases of tissue injury leads 

to elevated levels of ROS and oxidative damage. Excessive oxidative damage may cause 

cell death (Navarro-Yepes et al., 2014). The results here suggest that generation of ROS 

is inherent to the process of injury and reprogramming. Therefore, activation of 

antioxidant responses is required for the successful reprogramming of differentiated cells 

and epithelial repair.  Although the cell of origin for cancer in the stomach is still under 

debate, cellular reprogramming to metaplasia in the setting of chronic injury and 

inflammation may expose these cells to prolonged oxidative stress, which could promote 

neoplastic transformation (Hardbower et al., 2013).  

In summary, our investigations have demonstrated that a response to ROS and 

up-regulation of xCT activity is crucial for reprogramming of zymogenic chief cells into 

SPEM. Recruiting reparative lineages that can combat the increased oxidative burden 

associated with injury is critical for proper tissue repair. Targeting xCT may prove as an 

effective tool for arresting metaplasia development in the stomach as well as mucous 

metaplasia in other epithelial tissues for the analysis of cellular plasticity and oxidative 

stress response. 
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CHAPTER III:  

 

INNATE IMMUNE RESPONSE 

 

Adapted from: Meyer AR, Engevik AC, Madorsky T, Belmont E, Stier MT, Norlander AE, 
Pilkinton MA, McDonnell WJ, Weis JA, Mallal SA, Peebles RS, Goldenring JR. Group 2 
innate lymphoid cells (ILC2s) coordinate damage response in the stomach.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25. Diagram of ILC2s coordinating damage response in the stomach. 
GATA3-positive ILC2s in the stomach are stimulated by IL-33 after epithelial damage to 
promote cytokine release, proliferation, mucin hypersecretion, chief cell reprogramming 
to SPEM, expansion of foveolar/tuft cell lineages, and M2 macrophage/ eosinophil 
recruitment.  
 
 

INTRODUCTION 

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 
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have suggested reprogramming is governed by a cytokine signaling cascade (Petersen 

et al., 2017). The cascade begins with the alarmin interleukin-33 (IL-33) which is released 

from cells at sites of mucosal injury or infection (Schwartz et al., 2016). Mice lacking IL-

33 or the IL-33 receptor (ST2) are blocked from epithelial reprogramming after drug-

induced injury (Buzzelli et al., 2015). Similarly, chronic treatment with recombinant IL-33 

promotes oxyntic atrophy, metaplasia development, and inflammatory infiltration in the 

stomach (Buzzelli et al., 2015). Downstream pathway analysis confirmed that IL-33 

release in the stomach promotes the induction of type II cytokines, including IL-4, IL-5, 

IL-9, and IL-13. Mice lacking IL-13, but not other type II 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 (Petersen et al., 2017). 

Recent advances in our understanding of immune responses to tissue damage or 

infection have indicated a crucial role for innate lymphoid cells (ILCs) (Neill et al., 2010). 

Derived from lymphoid progenitors, ILCs generate potent levels of cytokines that were 

previously thought to be primarily produced by T helper cells, but are negative for 

conventional lineage markers (Guo et al., 2012). ILCs have no antigen-specific receptors 

and cause antigen-independent immune responses (Eberl et al., 2015). They are 

prevalent at mucosal surfaces where they respond to factors derived from the epithelium 

that indicate damage or infection (Spits and Di Santo, 2011). A subtype of the ILC family, 

known as group 2 innate lymphoid cells or ILC2s, are regulated by the transcription factors 

RORα and GATA3 (Klein Wolterink et al., 2013; Serafini et al., 2015). They are stimulated 

by epithelial cell-derived stress signals such as IL-33, IL-25, and TSLP to provide an 
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innate source of type 2 cytokines (Li et al., 2014; Salimi et al., 2013; Stier et al., 2016). 

While ILC2s are commonly studied in tissues such as: lung, intestine, and skin, few 

investigations have addressed the role of ILC2s in the stomach (Fuchs and Colonna, 

2013; Roediger et al., 2014; Satoh-Takayama et al., 2020; Scanlon and McKenzie, 2012). 

ILC2s are involved in tissue remodeling, mucin-secreting metaplasia, eosinophilia, and 

alternative macrophage activation through the production of type 2 cytokines in other 

tissues (Bernink et al., 2014; Roediger and Weninger, 2015). I hypothesized that ILC2s 

similarly regulate epithelial reprogramming after damage to the stomach.  

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 Il5, 

Il13, Csf2, Pd1, and Ramp3. Depletion of ILC2s blocked the development of metaplasia 

after drug-induced injury in wild-type and Rag1 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.  



 68 

MATERIALS AND METHODS 

Mouse Models 

Wild-type and Rag1 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 dH2O was administered 

by oral gavage (350 mg/kg) once a day for 3 consecutive days. Rat IgG2b isotype control 

antibody (BioXCell BP0090) or anti-CD90.2 antibody (BioXCell BP0066) was 

administered intraperitoneally (300 μg) to wild-type and Rag1 knockout C57BL/6J mice 

every fourth day for 12 days for a total of four injections. Archival sections of stomach 

from wild-type, IL-33KO, and IL-13KO mice (n=6 per group) were obtained from previous 

investigations (Petersen et al., 2017). 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 (Advanced DMEM/F12 + 5% FBS + 1 mg/mL collagenase type 1a + 1/100 
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DNAse I) 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 μm 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 μL of Fc Receptor Block (BD) was 

diluted in 50 μL 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 μL 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 μL FACS buffer per sample and incubated for 30 minutes 
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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 II or sorted on the 5-Laser 

FACS Aria III 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 (Petersen et al., 2014). Five-micrometer tissue 

sections were blocked in Dako Protein Block Serum-Free at room temperature for 1.5 

hours. For mouse primary antibodies, Mouse on Mouse (M.O.M.) blocking reagent was 

added to slides for 20 minutes at room temperature. Primary antibodies (Table 3) were 

added overnight at 4°C in Dako Antibody Diluent with Background Reducing 

Components. Fluorescent donkey secondary antibodies were added in Dako Antibody 

Diluent at room temperature for one hour or HRP-conjugated secondary antibodies were 

added for 15 minutes at room temperature. DAB chromogen was added for detection of 

HRP-conjugated secondary antibodies. 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.  

 
Cell Culture 

Freshly sorted gastric ILC2s were cultured in RPMI culture media supplemented with 10% 

FBS, 100 U/ml penicillin/streptomycin, 10 mM HEPES buffer solution, 1xMEM 

nonessential amino acids, 1 mM sodium pyruvate, 50 μM 2-mercaptoethanol and 50 
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μg/ml gentamycin sulfate in 96-well round bottom plates. Cells were cultured with IL-2 

(Peprotech 212-12) or IL-33 (210-33) at 10 ng/ml for 24 hr. IL-13 cytokine levels were 

measured by ELISA (ThermoFisher BMS6015) and detected on Biotek Synergy 4 

instrument.  

 
Quantitative Real-Time PCR  

Total RNA from the stomach (oxyntic region) was extracted from paraformaldehyde-fixed 

paraffin-embedded tissue of three to four mice per experimental group to examine the 

expression of mRNA transcripts. Five-micrometer sections were taken for H&E stain to 

identify oxyntic region in tissue block. A 2-mm biopsy punch was then used to extract 

tissue. The standard Qiagen RNeasy FFPE Kit (73504) protocol was used for purification 

of total RNA. Alternatively, Qiagen RNeasy Plus Mini Kit was used for purification of total 

RNA from sorted cells. ThermoFisher High-Capacity cDNA Reverse Transcription Kit 

(4368814) was used for complementary DNA synthesis. Quantitative real-time 

polymerase chain reaction was performed with Biorad SsoAdvanced Universal SYBR 

Green Super Mix (172-5270) and specific primers on the Biorad CFX96 Touch Real-Time 

PCR Detection System. The expression of mRNA transcripts was normalized to Tbp 

expression and displayed as relative expression levels (2∆Cq).  

 
Data Analysis 

Experimental groups contained three to six mice. Images were analyzed using CellProfiler 

to quantify objects (nuclei, cells) and verified manually (Jones et al., 2008). 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 
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was performed as previously described (Weis et al., 2017). 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.  

 

Table 3. Catalog of antibodies in Chapter III. 

CD127 (1:100) eBioscience 25-1273-82 

CD161 (1:500) Novus Biologicals  NB100-77528SS 

CD163 (1:100) NeoMarkers 163C01 

CD3 (1:100) eBioscience 12-0032-82 

CD3 (1:500) Santa Crus sc-1127 

CD45 (1:200) Tonbo Biosciences 80-0451 

CD90 (1:200) eBioscience 11-0903-81 

DCLK1 (1:2000) Abcam  ab109029 

DGAT2 (1:500) Abcam  ab96094 

F4/80 (1:100) Life Technologies  MF48000 

FcεRI (1:100) eBioscience 13-5898-81 

GATA3 (1:500) Abcam ab199428 

GATA3 (1:20) eBioscience 12-9966-42 

GATA3 (1:500) Proteintech 66400-1-Ig 

GIF (1:2000) A gift from Dr. David Alpers N/A 

GSII-lectin (1:2000) Invitrogen L32451 

H+K+ATPase (1:10,000) A gift from Dr. Adam Smolka N/A 

ICOS (1:50) eBioscience 25-1273-82 
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ICOS (1:500) LSBio LS-B11916 

IL1RL1 (1:500) Novus Biologicals NBP1-85252 

IL17RB (1:200) Bioss bs-2610R 

IL2RB (1:500) Proteintech 13602-1-AP 

IL7R (1:1000) LSBio LS-B2831 

KI67 (1:1000)  Cell Signaling Technology #9129 

Lineage Cocktail (1:12.5) Miltenyi 120-092-613 

MBP (1:100) Mayo Clinic Clone MR-14.7 

MCC (1:500) Abcam ab111239 

MIST1 (1:1000) A gift from Dr. Jason Mills N/A 

PCNA (1:15000) Cell Signaling Technology  #2586 

PD1 (1:500) Proteintech 18106-1-AP 

TFF2 (1:500) A gift from Dr. Nicholas 
Wright N/A 

UEA1-lectin (1:2000) Sigma L9006 

 

 

Table 4. Catalog of qPCR primer sequences in Chapter III. 

mAreg primers 
F 5’ GCAGATACATCGAGAACCTGGAG 3’ 
R 5’ CCTTGTCATCCTCGCTGTGAGT 3’ 
mArpp19 primers 
F 5’ CTCACTTGGGACAAAAGCCTGG 3’ 
R 5’ TGCTTTTGCCATGTTGTAGTCCC 3’ 
mCsf2 primers 
F 5’ AACCTCCTGGATGACATGCCTG 3’ 
R 5’ AAATTGCCCCGTAGACCCTGCT 3’ 
mCxcr4 primers 
F 5’ GACTGGCATAGTCGGCAATGGA 3’ 
R 5’ CAAAGAGGAGGTCAGCCACTGA 3’  
mDgat2 primers 
F 5’ CTGTGCTCTACTTCACCTGGCT 3’ 
R 5’ CTGGATGGGAAAGTAGTCTCGG 3’  
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mElf1 primers 
F 5’ ACCCAGCTCTTCCGAACTGTTC 3’ 
R 5’ AGGAGACACCACTACTGGAACC 3’ 
mGata3 primers 
F 5’ TTTACCCTCCGGCTTCATCCTCCT 3’ 
R 5’ TGCACCTGATACTTGAGGCACTCT 3’ 
mIcos primers 
F 5’ GCAGCTTTCGTTGTGGTACTCC 3’ 
R 5’ TGTGTTGACTGCCGCCATGAAC 3’ 
mIcam1 primers 
F 5’ AAACCAGACCCTGGAACTGCAC 3’ 
R 5’ GCCTGGCATTTCAGAGTCTGCT 3’  
mIfrd1 primers 
F 5’ CTGGCGAATCTTTGGCACTTCTG 3’ 
R 5’ ACCGCTGCTTTCTCTTGTCCAC 3’ 
mIl1rl1 primers 
F 5’ GGATTGAGGTTGCTCTGTTCTGG 3’ 
R 5’ TCGGGCAGAGTGTGGTGAACAA 3’ 
mIl17rb primers 
F 5’ CCATCCCTCCAGATGACAAC 3’ 
R 5’ TGCTCCTTCCTTGCCTCCAAGTTA 3’  
mIl2ra primers 
F 5’ GCGTTGCTTAGGAAACTCCTGG 3’ 
R 5’ GCATAGACTGTGTTGGCTTCTGC 3’ 
mIl2rb primers 
F 5’ CTCAAGTGCCACATCCCAGATC 3’ 
R 5’ AGCACTTCCAGCGGAGAGATCT 3’ 
mIl2rg primers 
F 5’ GGAGCAACAGAGATCGAAGCTG 3’ 
R 5’ CCACAGATTGGGTTATAGCGGC 3’ 
mIl4 primers 
F 5’ ATCATCGGCATTTTGAACGAGGTC 3’ 
R 5’ ACCTTGGAAGCCCTACAGACGA 3’ 
mIl4ra primers 
F 5’ ACCAGATGGAACTGTGGGCTGA 3’ 
R 5’ AGCAGCCATTCGTCGGACACAT 3’ 
mIl5 primers 
F 5’ GATGAGGCTTCCTGTCCCTACT 3’ 
R 5’ TGACAGGTTTTGGAATAGCATTTCC 3’ 
mIl7r primers 
F 5’ CACAGCCAGTTGGAAGTGGATG 3’ 
R 5’ GGCATTTCACTCGTAAAAGAGCC 3’ 
mIl9 primers 
F 5’ TCCACCGTCAAAATGCAGCTGC 3’ 
R 5’ CCGATGGAAAACAGGCAAGAGTC 3’ 
mIl13 primers 
F 5’ AACGGCAGCATGGTATGGAGTG 3’ 
R 5’ TGGGTCCTGTAGATGGCATTGC 3’ 
mLilrb4 primers 
F 5’ CTGGATGCTGTTACTCCCAACC 3’ 
R 5’ TGGGTGTAGAGGACTGGTCCTT 3’ 
mPd1 primers 
F 5’ CGGTTTCAAGGCATGGTCATTGG 3’ 
R 5’ TCAGAGTGTCGTCCTTGCTTCC 3’  
mPsen1 primers 
F 5’ GAGACTGGAACACAACCATAGCC 3’ 
R 5’ AGAACACGAGCCCGAAGGTGAT 3’ 
mPtgs2 primers 
F 5’ GCGACATACTCAAGCAGGAGCA 3’ 
R 5’ AGTGGTAACCGCTCAGGTGTTG 3’ 
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mRamp3 primers 
F 5’ AGAAGGTGGCTGTCTGGAAGTG 3’ 
R 5’ GCCAGTAGCAGCCCATGATGTT 3’ 
mRora primers 
F 5’ CAGAGCAATGCCACCTACTCCT 3’ 
R 5’ CTGCTTCTTGGACATCCGACCA 3’ 
mTnfrsf9 primers 
F 5’ CCAAGTACCTTCTCCAGCATAGG 3’ 
R 5’ GCGTTGTGGGTAGAGGAGCAAA 3’ 
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RESULTS 

Gastric ILC2s express 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+ICOS+, where Lin included CD3, CD5, CD11b, CD45R, Anti-7-4, FcεRI, 

Ly6G/C, Anti-Ter-119. The cells were fixed/permeabilized and stained for GATA3, 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 26A).  
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Figure 26. Accumulation of GATA3-positive ILC2s after gastric damage is 
dependent on IL-33 but not IL-13.  
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 
IgG2b kappa antibody utilized as isotype control. B. Immunofluorescence staining for 
GATA3 (red), mucin-6 containing granule marker GSII-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 µm). C. Quantification of GATA3-positive ILC2 per 20X objective 
field. D. Relative localization of each GATA3-positive cell from panel B is shown in 
distribution histograms with the y-axis representing 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 GATA3 (red), TdTomato and IL13 reporter 
(green), with nuclear counterstain Hoechst (blue) (scale bars = 100 µm) 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 (CD45⁺Lin-

CD127+CD90+ICOS+). IL-13 production assayed by ELISA in media after 24 hours of 
incubation. Statistical significance determined by one-way ANOVA with Bonferroni’s post-
hoc multiple comparisons test. N.S. for not significant p ≥ 0.05, * for p < 0.05, ** for p < 
0.01, and *** for p < 0.001. Error bars represent mean ± SD. 
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Furthermore, we determined that GATA3-positive cells in the stomach were 

negative for other immune cell lineage markers by both flow cytometry and 

immunostaining (Figure 27). These findings verified that GATA3 is an efficient marker for 

ILC2s in the normal gastric mucosa and following L635-induced acute gastric damage.  
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Figure 27. Identification of GATA3-expressing cell populations in the gastric 
mucosa. 
A. Flow cytometric analysis of isolated fixed CD45-positive cells from wild-type C57BL/6J 
mice for lineage markers and GATA3. GATA3-positive cells are negative for lineage 
markers. B. Immunofluorescence staining for GATA3 (red) and T cell marker CD3 (green) 
C. GATA3 (red) and NK cell marker CD161 (green) D. GATA3 (red) and macrophage 
marker F4/80 (green) E. GATA3 (red) and mast cell marker MCC (green) in untreated 
and 3-day L635-treated wild-type C57BL6/J mice (n=6 per group) with nuclear counter 
stain Hoechst (blue) (scale bars = 100 µm). F. Percent of GATA3-positive cells that are 
dual positive for each marker. Statistical significance determined by student’s t-test (n=6 
per group). N.S. for not significant p ≥ 0.05. Error bars represent mean ± SD. 
 

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

To visualize ILC2s in situ we performed immunohistochemical analysis for GATA3 

in tissue sections from wild-type, IL-33 knockout (IL-33KO), or IL-13 knockout (IL-13KO) 

mice that were untreated or treated for three days with L635 (Figure 26B). Analysis 

revealed an accumulation of GATA3-positive ILC2s after damage that is contingent on 

IL-33, but not IL-13 (Figure 26C). 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 near the base of the glands (Figure 26D). 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 26C and D).  

To evaluate the responsiveness of gastric ILC2s, IL-13 reporter mice were treated 

with L635 for 8 hours. In the IL-13 reporter mice one of the copies of IL-13 is replaced 

with tdTomato, an exceptionally bright red fluorescent protein. In these mice, cells that 
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express IL-13 are labelled by tdTomato. To visualize IL-13 production in GATA3-positive 

ILC2s, tissue sections from untreated and L635-treated IL-13 reporter mice were 

immunostained with an anti-tdTomato antibody and GATA3 (Figure 26E). A significant 

increase in the relative fluorescence of the IL-13 reporter was observed in GATA3-

positive ILC2s after 8 hours of L635-induced injury (Figure 26F). 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 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 26G). Thus, gastric ILC2s respond to IL-33 and are likely a source of type II 

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 28A). 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 (Picelli et al., 2014). Both principle component and t-distributed stochastic 

neighbor embedding (t-SNE) analysis revealed that the L635-treated ILC2s have a 
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distinct phenotype from the control ILC2s (Figure 28B-C). We have identified a distinctive 

transcriptional profile of gastric mucosal ILC2s that includes the transcription factors 

Gata3 and Rorα, the immune checkpoint protein Icos, and the cell surface receptors Il1rl1, 

Il17rb, Il7r, Il2ra, and Il2rg. Not surprisingly, several secreted factors involved in ILC2 

function are increased in ILC2 L635 cells compared to control ILC2s including Il4, Il5, Il9, 

Il13, and Areg. Unsupervised analysis identified a unique signature of the L635-treated, 

metaplasia-associated ILC2s that includes the secreted factor Csf2 (Gour et al., 2018), 

lipid mediator Dgat2 (Robinette et al., 2015), adhesion molecule Icam1 (Lei et al., 2018), 

cell surface receptors Il2rb (Moro et al., 2010) and Il4ra (Kim et al., 2014), immune 

checkpoint protein Pd1 (Taylor et al., 2017), and receptor (calcitonin) activity modifying 

proteins Ramp3 (Nagashima et al., 2019; Sui et al., 2018; Wallrapp et al., 2019) (Figure 

2D).  
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Figure 28. Single cell RNA-sequencing of ILC2s.  
A. Flow cytometric analysis of sorted single cells from wild-type 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 of ILC2 Control and ILC2 L635. 
C. Principle component analysis of ILC2 Control and ILC2 L535. 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.  

 

These single-cell RNA sequencing results were validated by qPCR and by 

immunostaining when antibodies were available (Figures 29 and 30).  
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Figure 29. Enrichment of transcripts in ILC2 populations. 
A heatmap of quantitative PCR relative expression values for eight ILC2 marker genes, 
five genes involved in ILC2 function, and sixteen genes that were identified as being 
highly expressed in ILC2 in the single cell RNA-seq data. Three populations were sorted 
from the gastric mucosa by fluorescence activated cell sorting: CD45-Lin-CD127-ICOS- 
Non-ILC2s (red), CD45+Lin-CD127+ICOS+ ILC2 Control (green), and CD45+Lin-

CD127+ICOS+ ILC2 L635 (blue) from mice treated with 1 day of L635. Expression values 
normalized to Non-ILC2 population.  
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Figure 30. Validation of protein expression in populations of gastric ILC2s.  
Untreated mice (n=6) and 3-day L635-treated mice (n=6) A. Immunofluorescence staining 
for GATA3 (red), IL1RL1 (ST2), IL17RB, IL7R (CD127), IL2RB, PD1, DGAT2, and PCNA 
(green), with nuclear counter stain Hoechst (blue). B. Percent of GATA3-positive cells 
that are dual positive for each marker. Statistical significance determined by student’s t-
test. N.S. for not significant p ≥ 0.05.** for p < 0.01, and **** for p < 0.0001. Error bars 
represent mean ± SD. 
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Depletion of ILC2s inhibits development of metaplasia following injury.  

To elucidate if ILC2s are essential for epithelial reprogramming, we depleted ILC2s 

using a previously described antibody depletion method (Engelbertsen et al., 2015; 

Hayakawa et al., 2015; Monticelli et al., 2011). Treatment with anti-CD90.2 antibody 

effectively removes ILC2s from peripheral tissues. Mice were treated with Rat IgG2b 

antibody as an isotype control immunoglobulin. We treated wild-type C57Bl/6J mice with 

anti-CD90.2 or Rat IgG2b 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 31A). Treatment with either Rat IgG2b 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 31B-D). To 

visualize 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 31E). In the Rat IgG2b 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 IgG2b and anti-CD90.2 groups had comparable levels of L635-

induced parietal cell loss (Figure 3G). Parietal cell loss promotes zymogenic chief cell 

reprogramming to mucin-secreting metaplastic cells (SPEM) to protect and fuel repair of 

the stomach. During this process, SPEM cells contain both zymogenic granules positive 

for GIF and mucin granules positive for GSII-lectin, which binds to a sugar modification 

on Mucin 6. To detect chief cell reprogramming in ILC2 depleted mice, we immunostained 
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with GIF and GSII-lectin (Figure 31E). Anti-CD90.2 treatment decreased the number of 

GIF and GSII-lectin dual-positive SPEM cells by greater than sixty-percent after L635-

induced parietal cell loss (Figure 31H). 

 
 
Figure 31. ILC2 depletion blocks development of L635-induced metaplasia. 
A. Diagram of ILC depletion and drug treatments. Rat IgG2b 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 IgG2b only 
mice (n=4), Anti-CD90.2 only mice (n=4), Rat IgG2b + L635 mice (n=3), and Anti-CD90.2 
+ L635 mice (n=3) 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+ICOS+ ILC2 population with Anti-
CD90.2 treatment. D. Immunofluorescence staining for GATA3 (red), Mucin 6 containing 
granule marker GSII-lectin (green), with nuclear counter stain Hoechst (blue) (scale bars 
= 100 µm). E. Immunofluorescence staining for zymogenic granule marker GIF (red), 
Mucin 6 containing granule marker GSII-lectin (green), and parietal cell marker H+K+ 
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ATPase (blue) (scale bars = 100 µm). Quantification of F. GATA3-positive ILC2 (G) H+K+ 

ATPase-positive parietal cells and H. GIF and GSII-lectin 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 p ≥ 0.05, ** for p 
< 0.01, and *** for p < 0.001. Error bars represent mean ± SD. 
 

We also validated these experiments in Rag1 knockout C57BL/6J mice, which do 

not produce any mature B or T lymphocytes (Figure 32), and we observed a similar 

pattern of inhibition of SPEM development with ILC2 depletion. Collectively, these results 

suggest that anti-CD90.2 treatment effectively depletes ILC2s and ILC2 depletion 

prevents chief cell reprogramming after acute parietal cell loss.  
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Figure 32. ILC2 depletion blocks development of L635-induced metaplasia in Rag1 
knockout mice. 
A. Diagram of ILC depletion and drug treatments. Rat IgG2b isotype control antibody or 
Anti-CD90.2 antibody was administered intraperitoneally to Rag1KO 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 two days. Mice were 
sacrificed 24 hours after final dose of L635, and stomach tissue from Rat IgG2b only mice 
(n=4), Anti-CD90.2 only mice (n=4), Rat IgG2b + L635 mice (n=3), and Anti-CD90.2 + 
L635 mice (n=3) was harvested for histological analysis. B Immunofluorescence staining 
for GATA3 (red), Mucin 6 containing granule marker GSII-lectin (green), with nuclear 
counter stain Hoechst (blue) (scale bars = 100 µm). C. Immunofluorescence staining for 
zymogenic granule marker GIF (red), Mucin 6 containing granule marker GSII-lectin 
(green), and parietal cell marker H+K+-ATPase (blue) (scale bars = 100 µm). 
Quantification of D. GATA3-positive ILC2, E. H+K+ ATPase-positive parietal cells, and F. 
GIF and GSII-lectin 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 p ≥ 0.05 and *** for p < 0.001. Error bars 
represent mean ± SD. 
 

Finally, we evaluated the effects of ILC2 depletion on the expression of ILC2-

related genes in the gastric mucosa. Figure 33A demonstrates that while PD1 positive 

cells were present in the gastric mucosa after anti-CD90.2 treatment, none of the cells 

were GATA3-positive ILC2s. Similarly, we found that anti-CD90.2 depletion of ILC2s led 

to significant reductions in transcripts elevated in ILC2s following L635 treatment, 

including IL4, IL5, IL9, IL13, Areg, Csf2, Pd1 and Ramp3 (Figure 33B).  
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Figure 33. Depletion of ILC2s reduces expression of L635-induced genes.  
Rat IgG2b only mice (n=4), Anti-CD90.2 only mice (n=4), Rat IgG2b + L635 mice (n=3), 
and Anti-CD90.2 + L635 mice (n=3) A. Immunofluorescence staining for ILC2 marker 
GATA3 (red), PD1 (green), with nuclear counter stain Hoechst (blue) (scale bars = 100 
µm). B. Relative mRNA expression of ILC2 related proteins (Il4, Il5, Il9, Il13, Areg, Csf2, 
Pd1, and Ramp3) in each group. Expression values normalized to Rat IgG2b only group. 
Statistical significance determined by one-way ANOVA with Bonferroni’s post-hoc 
multiple comparisons test. * for p < 0.05 and **** for p < 0.0001. Error bars represent 
mean ± SD. 
 
 

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 (Gerbe 

et al., 2012; Nabeyama and Leblond, 1974; Saqui-Salces et al., 2011). Doublecortin-like 

kinase 1 (Dclk1) is considered an effective marker for tuft cells in the mouse 
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gastrointestinal tract. Our previous studies have shown that loss of parietal cells leads to 

the reversible expansion of Dclk1-expressing cells in the gastric mucosa (Choi et al., 

2015). Interestingly, ILC2-derived IL-13 promotes tuft cell hyperplasia following helminth 

infection in the small intestine (Howitt et al., 2016; von Moltke et al., 2016). To determine 

if ILC2s are required for tuft cell hyperplasia following L635-induced parietal cell loss, we 

performed immunostaining for Dclk1 (Figure 34A). Anti-CD90.2 treatment blocked 

expansion of the tuft cell lineage following L635-induced parietal cell loss (Figure 34B). 

These results indicate a role for ILC2s in tuft cell hyperplasia after acute gastric damage. 

 

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 (Petersen et al., 2014). 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 with the M2 polarization marker CD163 

(Figure 34C). Anti-CD90.2 + L635-treated mice showed significantly decreased 

macrophage infiltration into the gastric mucosa and very few M2 polarized macrophages 

were detected (Figure 34D). These data suggest a role for ILC2s in macrophage 

recruitment and activation after acute gastric damage. 
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Figure 34. ILC2 depletion blocks tuft cell hyperplasia and macrophage infiltration/ 
polarization.  
A. Immunofluorescence staining for tuft cell marker Dclk1 (red) with nuclear counter stain 
Hoechst (blue) (scale bars = 100 µm). B. Quantification of Dclk1-positive tuft cells per 
20X objective field. C. Immunofluorescence staining for macrophage/ dendritic cell 
marker F4/80 (red), alternatively activated macrophage marker CD163 (green), with 
nuclear counter stain Hoechst (blue) (scale bars = 100 µm). D. Quantification of F4/80 
and CD163 dual-positive alternatively activated macrophages per 20X objective field. 
Statistical significance determined by one-way ANOVA with Bonferroni’s post-hoc 
multiple comparisons test. ** for p < 0.01, and **** for p < 0.0001. Error bars represent 
mean ± SD. 
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Our previous studies also revealed L635-treated mice have robust eosinophil 

infiltration (Petersen et al., 2017). 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 35A). Anti-CD90.2 treatment blocked eosinophil infiltration 

following L635-induced parietal cell loss (Figure 35B). These results provide evidence 

that ILC2s play a role in eosinophil recruitment to the gastric mucosa following acute 

injury.  

 

Figure 35. ILC2 depletion inhibits eosinophil infiltration after gastric damage.  
A. Eosinophil specific Major Basic Protein IHC of Rat IgG2b only mice (n=4), Anti-CD90.2 
only mice (n=4), Rat IgG2b + L635 mice (n=3), and Anti-CD90.2 + L635 mice (n=3) to 
visualize eosinophil granules. 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. 
 

Depletion of ILC2s inhibits foveolar hyperplasia, proliferation, and SPEM 

development 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 

(Hayakawa et al., 2015). To do this, we immunostained for the proliferation marker Ki67 
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(Figure 36A). 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 (Leushacke et al., 2017; Nam et al., 2010a; Radyk et al., 2017). 

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 (Nomura 

et al., 2005). Foveolar cells produce Muc5ac, a mucin recognized by UEA1-lectin in the 

gastric mucosa. Anti-CD90.2 + L635-treated mice had significantly less proliferation than 

Rat IgG2b + L635-treated mice (Figure 36B). To evaluate foveolar hyperplasia after L635 

treatment, we measured the average thickness of the UEA1-positive foveolar region. The 

average thickness of the foveolar region of anti-CD90.2 + L635-treated mice was 

significantly shorter than Rat IgG2b + L635-treated mice (Figure 36C). 

The process of chief cell reprogramming requires the downscaling of their mature 

characteristics. The basic helix-loop-helix transcription factor Mist1 (Bhlha15) controls the 

secretory architecture of chief cells including cellular organization and production of large 

zymogenic granules (Ramsey et al., 2007). Loss of Mist1 is a distinct feature of chief cell 

reprogramming into SPEM. Dual immunofluorescence staining for GIF and Mist1 allows 

for monitoring of Mist1 loss in zymogenic granule-containing chief cells (Figure 36D). 

Immunostaining revealed that chief cells from anti-CD90.2 + L635-treated mice retained 

expression of Mist1 (Figure 36E). 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-
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positive cells at the base of glands were observed (Figure 36F).  These results indicate 

that ILC2s coordinate the initiation of chief cell reprogramming into SPEM. 

 

 
 
Figure 36. Depletion of ILC2s blocks L635-induction of foveolar hyperplasia, 
proliferation, and SPEM development. 
Rat IgG2b only mice (n=4), Anti-CD90.2 only mice (n=4), Rat IgG2b + L635 mice (n=3), 
and Anti-CD90.2 + L635 mice (n=3) A. Immunofluorescence staining for proliferation 
marker Ki67 (red), foveolar cell marker UEAI-lectin (green), with nuclear counter stain 
Hoechst (blue) (scale bars = 100 µm). B. Quantification of Ki67-positive cells per 20X 
objective field. C. Average thickness (µm) of UEA1-positive foveolar region. D. 
Immunofluorescence staining for zymogenic granule marker GIF (red), mucus granule 
marker TFF2 (green), chief cell transcription factor Mist1 (white) with nuclear counter stain 
Hoechst (blue) (scale bars = 100 µm). Quantification of 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. * 
for p < 0.05, *** for p< 0.001 and **** for p < 0.0001. Error bars represent mean ± SD. 
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DISCUSSION 

Following significant gastric injury, the epithelium recruits reparative lineages to 

sites of damage through both the reprogramming and expansion of mucin-secreting 

lineages (Meyer et al., 2019; Petersen et al., 2017; Willet et al., 2018). 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 

parietal cell loss (Huh et al., 2012; Nam et al., 2010a), ulceration (Bertaux-Skeirik et al., 

2015; Engevik et al., 2016), or chronic infection with Helicobacter species (Nam et al., 

2010a). Previous investigations in the stomach have attempted to identify the 

mechanisms of gastric repair. 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 (Petersen et al., 2017). IL-33 and IL-13 

knockout mice showed a blockade in SPEM development and have reduced M2-

macrophage infiltration and polarization. We also determined that macrophage depletion 

attenuated advancement of metaplastic lesions (Petersen et al., 2014). The present study 

identified that ILC2-derived factors are required for the reprogramming of the gastric 

mucosa after injury. Using in 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 (Guo et al., 2012; Neill et al., 2010). Cytokine production and release 

are activated by epithelial stress signals including IL-33. We have previously noted that 

IL-13 deletion, but not loss of IL-4, IL-5 or IL-9 markedly inhibits epithelial reprogramming 

following acute parietal cell loss (Petersen et al., 2017). The present study indicates 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 and inflammatory infiltration. This increase in ILC2s was blocked in mice 

lacking IL-33 mice but did occur in IL-13KO mice following acute gastric injury. These 

results indicate that IL-33 release is required for activation of ILC2s. Gastric ILC2s 

showed strong secretion of IL-13 in response to IL-33 in vitro.  We also found that gastric 

ILC2s up-regulated IL-13 following injury. When ILC2s were depleted in either wild-type 

mice or Rag1 knockout mice, chief cell reprogramming to SPEM following acute gastric 

damage was prominently attenuated. Additionally, we found that ablation of ILC2 cells 

blocked the expansion of tuft and foveolar cell lineages and the activation of infiltrating 

macrophages and eosinophils following injury. Collectively, these findings suggest that 

ILC2s are the major source of IL-13 and are required for the coordinated response and 

recruitment of reparative cell lineages after severe injury to 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 (Fuchs and Colonna, 2013; Scanlon and McKenzie, 2012). 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 
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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 ILC2s (Howitt et al., 2016; von 

Moltke et al., 2016). 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 (Ricardo-Gonzalez et al., 2018). While many of the 

responses observed in activated ILC2 cells overlap with ILC2 responses noted in other 

tissues, including up-regulation of IL-13, 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 up-regulate 

the expression of cytokines as well as a number of key regulators including Pd1, Dgat2 

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 repair mechanisms to coordinate the 

protection and restoration of the gastric epithelium after severe mucosal injury. 
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CHAPTER IV:  

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

CONCLUSIONS 
 

The studies detailed here identify the roles of the oxidative stress and innate 

immune responses in recruiting reparative cell lineages to protect the gastric epithelium 

after damage. I determined that an antioxidant system, CD44v9-xCT, was up-regulated 

early as chief cells transitioned into mucin-secreting SPEM. Inhibition of xCT or siRNA 

knockdown blocked cystine uptake and decreased glutathione production by metaplastic 

cells and prevented ROS detoxification and proliferation. Moreover, xCT activity was 

required for chief cell reprogramming into SPEM after gastric injury in vivo. Chief cells 

from xCT-deficient mice exhibited decreased autophagy, mucin granule formation and 

proliferation, as well as increased levels of ROS and apoptosis compared to wild-type 

mice. On the other hand, the anti-inflammatory metabolites of sulfasalazine did not affect 

SPEM development. The results presented here suggest that maintaining redox balance 

is crucial for progression through the reprogramming process and that xCT-mediated 

cystine uptake is required for chief cell plasticity and ROS detoxification in response to 

damage. 

Additionally, I determined there is a significant increase in the number of GATA3-

positive ILC2s in the stomach after damage, that is blocked in mice lacking IL-33. I 

characterized a marker signature of gastric mucosal ILC2s and identified a distinct 

transcriptional profile of metaplasia-associated ILC2s including Il5, Il13, Csf2, Pd1, and 
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Ramp3. Depletion of ILC2s with anti-CD90.2 antibody treatment blocked the development 

of metaplasia after L635-induced injury in wild-type and Rag1 knockout mice. Additionally, 

ILC2 depletion prevented foveolar and tuft cell hyperplasia and infiltration/activation of 

macrophages and eosinophils after injury. Our results suggest that type 2 inflammation 

and ILC2s are at the center of coordinated gastric epithelial repair. Both the oxidative 

stress and innate immune responses work to recruit reparative cells to sites of gastric 

injury, which is crucial for tissue repair. Reparative cell lineages function to (1) maintain 

redox balance, (2) boost mucin-secretion, and (3) activate an immune response.   

 
Redox balance 
 

Oxidative stress occurs when there is an imbalance between oxidants (such as 

ROS) and antioxidants (Mittal et al., 2014). ROS are highly reactive molecules that 

damage and/or alter the function of nucleic acids, proteins, lipids, and carbohydrates 

(Navarro-Yepes et al., 2014). Under normal conditions, cells balance the production of 

oxidants and antioxidants to maintain redox equilibrium (Finkel and Holbrook, 2000). 

Response to gastric injury elevates ROS levels due to increased inflammation and cellular 

metabolism (Forrester et al., 2018; Ni et al., 2012). Therefore, cells must initiate an 

oxidative stress response to counteract the oxidative burden (Ishii and Mann, 2014; 

Ishimoto et al., 2011; Nagano et al., 2013; Sato et al., 2005; Wada, 2013). In particular, 

zymogenic chief cells up-regulate nutrient transporters to aid in the production of 

glutathione, a potent antioxidant (Meyer et al., 2019). Glutathione works to combat 

elevated ROS levels and prevent oxidative stress-related cell death (Franco and 

Cidlowski, 2009; Rushworth and Megson, 2014). Maintaining redox balance, thus the 

recruitment of SPEM cells that express antioxidant systems (xCT and CD44v9), is critical 
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for tissue repair after gastric injury (Meyer et al., 2019). In addition to antioxidant systems, 

SPEM cells at the sites of mucosal injury up-regulate the expression of mucins.  

 
Mucin-secretion 
 

The gastric mucosa is protected from acid secretion, proteolytic enzymes, bacteria, 

and noxious agents by a firmly adherent mucus gel. Gastric mucus is composed of two 

mucin glycoproteins, MUC6 and MUC5AC (Hoffmann, 2015; Nordman et al., 2002). An 

increased number of mucin-secreting cells is required to protect the stomach following 

gastric injury. Therefore, digestive enzyme-secreting chief cells reprogram to MUC6-

secreting SPEM (Leushacke et al., 2017; Nam et al., 2010b; Radyk et al., 2017). Chief 

cell reprogramming to SPEM has been called “antralization” or “pseudopyloric” 

metaplasia as chief cells acquire the characteristics of mucin-secreting cells found in the 

distal stomach: antral/pyloric glands or Brunner’s glands (Goldenring, 2018). The 

reprogramming of chief cells occurs through a highly regulated process (Willet et al., 

2018). The first step of the reprogramming process is the loss of the transcription factor 

(Mist1) that governs the secretory architecture of chief cells including cellular organization 

and that production of large protein-containing granules (Lennerz et al., 2010; Ramsey et 

al., 2007). Following the loss of Mist1, autophagic and lysosomal pathways are acutely 

up-regulated in order to target rough endoplasmic reticulum, mitochondria, and secretory 

granules for degradation (Willet et al., 2018). Next, there are distinct transcriptional 

changes that include the upregulation of MUC6, TFF2, CD44v9, and AQP5 (Nozaki et al., 

2008a; Weis et al., 2014; Weis et al., 2013). Finally, metaplastic cells are capable of re-

entering into the cell cycle and proliferating. The results presented here suggest that 

adaptation to oxidative stress and ILC2-derived cytokines are both required for chief cell 
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reprogramming to SPEM and the production of MUC6. While mucin-secretion and 

expansion of the SPEM cell lineage are crucial for tissue repair following injury, if this 

process is combined with chronic injury and inflammation it can put the individual at risk 

for developing cancer (Schmidt et al., 1999).  

In addition to SPEM formation, MUC5AC-secreting foveolar cells expand in 

response to gastric injury and increases in gastrin (a hormone which stimulates gastric 

acid secretion) (Nomura et al., 2005). This gastric lesion is referred to as foveolar 

hyperplasia and is defined by the increased length of the gastric pit. Similar to SPEM, 

mucin-secretion and expansion of the foveolar cell lineage is critical for tissue repair 

following injury. Collectively, upon gastric damage MUC5AC-secreting foveolar cells 

expand to reinforce the mucus layer that covers the luminal section of the gastric gland, 

while chief cells reprogram to MUC6-secreting SPEM to build up the mucus layer that 

coats the basal section of the gastric gland. Both foveolar hyperplasia and SPEM require 

ILC2 activation to develop. Together, these cells lineages work to protect and drive 

restoration of the gastric epithelium following injury.  

 
Immune activation 
 

Paradigm-shifting studies over the past several years have altered the view that T 

lymphocytes are at the center of immune orchestration and have placed special emphasis 

on cytokine-producing innate lymphoid cells (Neill et al., 2010). ILCs have lymphoid 

morphology, but lack antigen-specific receptors and conventional lineage markers 

(lymphoid, myeloid, and erythroid markers) (Eberl et al., 2015). Group 2 ILCs are defined 

by the transcription factor GATA3 and their ability to produce type 2 signature cytokines 

IL-4, IL-5, IL-9, and IL-13 (Klein Wolterink et al., 2013; Serafini et al., 2015). ILC2s are 



 102 

activated by a specialized class of immune regulators known as alarmins. In particular, 

ILC2s are activated by the epithelial cell-derived alarmins TSLP, IL-25, and IL-33 (Li et 

al., 2014; Salimi et al., 2013; Stier et al., 2016). In the stomach, IL-33 has been the focus 

of many investigations as mice lacking IL-33 or the IL-33 receptor have insufficient repair 

mechanisms following gastric injury (Petersen et al., 2017). Furthermore, chronic 

administration of IL-33 initiates oxyntic atrophy, metaplasia development, and 

inflammation (Buzzelli et al., 2015). IL-33 is expressed by epithelial cells where it is stored 

in the nucleus and is released into the extracellular space following tissue damage 

(Schwartz et al., 2016). The studies detailed here suggest that ILC2s are at the center of 

gastric repair mechanisms after injury. Gastric ILC2s respond to IL-33 by producing 

robust levels of type 2 cytokines, and coordinate chief cell reprogramming to SPEM, 

foveolar and tuft cell hyperplasia, and recruitment/activation of other immune cell lineages 

(macrophages and eosinophils).  

Previous studies have reported that macrophages are required for the progression 

of SPEM to a more advanced metaplastic lesion. Macrophage-depleted mice have fewer 

proliferative SPEM cells as well as fewer intestinal transcripts after injury when compared 

to control mice. Macrophages that are associated with advanced mucin-secreting 

metaplasia in the stomach have an M2 polarized phenotype and are considered 

alternatively activated (Petersen et al., 2014). Monocytes, the precursor to macrophages 

and dendritic cells, are trafficked to peripheral tissues in response to specific cues such 

as chemokines (Shi and Pamer, 2011). Monocytes differentiate into M2 macrophages in 

response to both IL-4 and IL-13 (Fairweather and Cihakova, 2009). Alternatively-activated 

macrophages are typically associated with type 2 immune responses and tissue repair 
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(Mantovani et al., 2002; Shapouri-Moghaddam et al., 2018). It has been proposed that 

M2 macrophages increase fibrosis through the expression of factors such as fibronectin, 

matrix metalloproteinases, IL-1β, and TGF-β (Bogdan et al., 1992; Martinez et al., 2009). 

Alternatively-activated macrophages also express scavenger receptors that not only bind 

pathogens during infection, but also bind host tissue such as apoptotic cells as a part of 

homeostasis and tissue repair (Kerrigan and Brown, 2009; Kim and Nair, 2019; Nickel et 

al., 2009; Van Ginderachter et al., 2006). Furthermore, M2 macrophages associated with 

advanced SPEM may restrict type 1 immune responses and produce IL-33 which can 

feedback on the system to ramp up type 2 immune activation (Meyer and Goldenring, 

2018; Petersen et al., 2017). The data presented here indicate a role for ILC2s in 

macrophage recruitment and activation after acute gastric injury. Therefore, there may be 

cross talk between ILC2s and macrophages after damage to the gastric epithelium to 

coordinate a type 2 immune response and initiate wound healing.  

In addition to macrophage recruitment, damage triggers robust eosinophil 

infiltration (also known as eosinophilia) into the gastric mucosa (Petersen et al., 2017). 

Eosinophils are a source of granule-derived cationic proteins, chemokines, cytokines, and 

lipid mediators (Acharya and Ackerman, 2014). Eosinophil-derived mediators have wide-

ranging effects and work to maintain normal tissue homeostasis and tissue 

remodeling/repair (Weller and Spencer, 2017). Like macrophages, the results described 

here suggest a role for ILC2s in eosinophil recruitment to the gastric epithelium through 

the secretion of IL-5. While macrophages and eosinophils work to promote tissue repair, 

both lineages may produce reactive oxygen species that contribute to oxidative stress. 

Collectively, these results provide evidence that ILC2s, M2 macrophages, and 
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eosinophils work together to promote a type 2 immune response and wound healing 

(including reprogramming and/or expansion of reparative epithelial cells, mucin-secretion, 

angiogenesis, and fibrosis) after acute gastric injury.  

 
 
FUTURE DIRECTIONS 
 
The studies detailed here identify the roles of the oxidative stress and innate immune 

responses in recruiting reparative cells to sites of gastric injury. Future investigations 

should focus on three areas of interest: (1) ILC2-related genes, (2) immune cell 

interactions, and (3) acinar to ductal metaplasia in the pancreas.  

 
ILC2-related gene studies:  
 
Interleukin-13 (IL-13) 

IL-13 signals through a receptor complex of IL4Ra and IL13Ra1 (Hallett et al., 

2012). We have previously shown that IL13Ra1 is expressed on the membrane of chief 

cells, tuft cells, and to a lesser extent foveolar cells (Petersen et al., 2017). Binding of IL-

13 to the receptor complex initiates JAK-dependent tyrosine phosphorylation of a 

transcription factor, STAT6 (Wills-Karp and Finkelman, 2008). Phosphorylated STAT6 

subsequently translocates to the nucleus where it can regulate gene expression (Goenka 

and Kaplan, 2011). It is speculated that IL-13 can also function through the RAS signaling 

pathway. Both phospho-STAT6 and phospho-ERK (a downstream effector of the RAS 

signaling pathway) are observed in SPEM cells following acute gastric injury. Other 

groups have reported that IL-13 produced by ILC2s in the lungs and the intestine can 

directly stimulate mucin overexpression in epithelial cells (Cohn et al., 1999; Gerbe et al., 

2016; Hao et al., 2014; Nikolaidis et al., 2003; Zhu et al., 1999). Mucin overexpression is 
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a characteristic of metaplasia in the stomach. Therefore, I hypothesize that IL-13 directly 

signals to chief cells to promote reprogramming and mucin-secretion following injury. To 

test this hypothesis, I utilized a previously characterized chief cell line to determine if the 

addition of IL-13 directly influenced the transcriptional profile and protein signature of the 

cells. Unfortunately, this chief cell line is not fully mature and lacks the expression of the 

IL-13 receptor. To address if IL-13 will directly influence the transcriptional profile and 

protein signature of chief cells, future studies should focus on the administration of 

recombinant IL-13 to mice that have mature chief cells and IL-13 receptor expression.  

Programmed Cell Death Protein 1 (PD-1) 
 

The role of ILC2s in initiating and amplifying type 2 inflammation is tightly regulated 

to block mucosal immune responses from getting out of control. Recent studies on ILC2s 

in airway inflammation have identified a negative regulatory axis driven by signaling 

through the cell surface protein programmed cell death protein-1 (PD-1) (Mariotti et al., 

2019; Taylor et al., 2017). In addition to ILC2s, PD-1 is expressed on activated T cells, B 

cells, and macrophages (Jubel et al., 2020). Through single cell RNA sequencing, we 

identified that PD-1 is one of the top up-regulated genes in gastric ILC2s after L635-

induced injury. This was confirmed at the transcript level by qPCR and at the protein level 

by immunostaining. PD-1 has two ligands, namely PDL1 and PDL2. Previous studies 

have shown that co-stimulation of PD-1 by either of these ligands acts as a negative 

regulator of T cell activation by preventing T cell proliferation and/or promoting a 

regulatory phenotype (Arasanz et al., 2017). In ILC2s, it appears that negative regulation 

by PD-1 decreases cell number and effector function (Taylor et al., 2017). Interestingly, 
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we discovered that one of the ligands for PD-1, PDL2, is expressed by acid-secreting 

parietal cells under homeostatic conditions in the stomach.  

 

 

 

 

 

 

 
 
Figure 37. Cross talk between acid-secreting parietal cell and ILC2s.  
Diagram of the proposed communication between H⁺K⁺	ATPase-positive parietal cells 
and ILC2s via the PD-1/PDL2 negative regulatory axis.  
 

 

Since gastric injury is often associated with loss of parietal cells, and consequently 

loss of PDL2, we predicted that communication between ILC2s and parietal cells may be 

involved in ILC2 activation. We recently obtained mice lacking PDL2 and these mice 

sporadically develop isolated metaplastic lesions in the stomach, even in the absence of 

any damaging agents. We predict these metaplastic lesions initiate at sites of local 

damage that occur naturally in the stomach. However, without PDL2 regulation of ILC2 

activation, local damage progresses to gastritis and advanced lesions in the stomach. 

Aged PDL2-/- mice exhibit small dysplastic lesions in the gastric mucosa that are positive 

for the dysplastic marker Trop2 and exhibit altered nuclear positioning.  
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Figure 38. Mice lacking PDL2 spontaneously develop metaplastic and dysplastic 
lesions in the gastric mucosa.  
PDL2+/- and PDL2-/- mice were sacrificed at 2 months, 4 months, and 6 months old. A. 
Immunofluorescence staining for parietal cell marker H+/K+-ATPase (white), zymogenic 
granule marker GIF (red), and mucin granule marker GSII-lectin (green), with nuclear 
counterstain Hoechst (blue). B. Immunofluorescence staining for proliferation marker 
Ki67 (white), metaplastic marker CD44v9 (red), and mucin granule marker GSII-lectin 
(green), with nuclear counterstain Hoechst (blue). C. Immunofluorescence staining for 
dysplastic marker Trop2 (white), metaplastic marker CD44v9 (red), and mucin granule 
marker GSII-lectin (green), with nuclear counterstain Hoechst (blue) (scale bar = 100 µm). 
While PDL2+/- mice maintained normal glandular architecture, PDL2-/- mice 
spontaneously developed progressive CD44v9-positive metaplastic and Trop-positive 
dysplastic lesions in the stomach over time.  
 

Further studies are needed to determine the cross talk between parietal cells and 

gastric ILC2s. Future experiments should focus on the response to different types of 

gastric injury in PDL2-/- mice, including L635 and DMP-777 treatment, ulceration, and 

Helicobacter infection. In particular, the remaining questions pertain to if mice lacking 

PDL2 negative regulation respond to injury faster, develop more advanced lesions, or 

exhibit higher levels of inflammation. Furthermore, are mice lacking PDL2 able to recover 

following the resolution of injury. In addition to using PDL2-/- mice, recombinant PDL2 can 

be utilized in cell culture or in mice to evaluate ILC2 regulation.  
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Currently, there is a spotlight on the PD-1 regulatory axis in cancer cell biology as 

many tumors upregulate PD-1 ligands in order to evade the immune system (Gong et al., 

2018; Xu-Monette et al., 2017). A blocking agent against PD-1, such as anti-PD-1 

immunotherapy, can be used to disrupt the pathway that shields tumor cells from being 

targeted by the immune system (Marchetti et al., 2017). Interestingly, many patients 

receiving anti-PD-1 therapy exhibit immune-related adverse events in the gastrointestinal 

tract (Zhang et al., 2020). It is likely that PD-1 blockade increase ILC2 activation in these 

patients, which can trigger metaplasia development and inflammation. A detailed 

examination of gastric tissues from patients receiving anti-PD-1 therapy is required to 

understand the role of PD-1 regulation and ILC2s in humans.  

 
Calcitonin Gene-Related Peptide (CGRP) 
 

Neuroimmune interactions have emerged as crucial regulators of type 2 immune 

responses (Huang et al., 2019; Moriyama and Artis, 2019). Cross talk between neurons 

and ILC2s has been described in a number of mucosal tissues (Cardoso et al., 2017; 

Wallrapp et al., 2017). Specifically, studies have shown that the neuropeptide calcitonin 

gene-related peptide (CGRP) induces marked changes in ILC2 expression programs 

(Nagashima et al., 2019; Sui et al., 2018; Xu et al., 2019). CGRP can be released by 

neuroendocrine cells resident in mucosal tissues and signals through a receptor complex 

made up of CALCRL and RAMP1-3 (Dickerson, 2013; Evans et al., 2000). Interestingly, 

single cell RNA sequencing revealed that RAMP3 is one of the top up-regulated genes in 

gastric ILC2s after L635-induced injury. CALCRL and RAMP1 are also expressed by a 

subset of gastric ILC2s. Future studies should focus on the role CGRP signaling in 

regulating ILC2 activation in the stomach.  
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Interleukin-33 (IL-33) 

 IL-33 functions as a secreted signal released from cells at sites of mucosal 

damage. We have recently reported that mice lacking IL-33 or a subunit of the IL-33 

receptor complex (ST2) fail to develop metaplasia following acute parietal cell loss 

(Petersen et al., 2017). IL-33 belongs to the IL-1 family of cytokines. Under healthy 

conditions, IL-33 translocates to the nucleus where it participates in regulating gene 

expression (Carriere et al., 2007). IL-33 also functions as a stored alarmin that is released 

when there is cell injury or necrosis that damages the epithelial cell barrier (Buzzelli et al., 

2015; Judd et al., 2016; Schwartz et al., 2016). Although not well understood, there are 

also regulated mechanisms of IL-33 release from stimulated living cells (Byers et al., 

2013; Kakkar et al., 2012; Kouzaki et al., 2011). Extracellular IL-33 works to coordinate 

immune defenses and repair mechanisms, while also triggering adaptive immune 

responses. IL-33 signals through the IL-33 receptor complex that consists of ST2 and 

IL1RAcP (Schmitz et al., 2005). In the normal mammalian stomach corpus, IL-33 is 

expressed in a subset of surface mucous foveolar epithelial cells (Buzzelli et al., 2015; 

Petersen et al., 2017). Following the administration of L635 and subsequent parietal cell 

loss, there is an expansion of IL-33 expressing foveolar epithelial cells as well as an 

inflammatory infiltrate, especially macrophages, that produce IL-33. IL-33 release and 

signaling after epithelial injury results in the upregulation of type II cytokines, including IL-

13 (Petersen et al., 2017). One of the major remaining questions is what initially triggers 

IL-33 release after acute gastric injury. While parietal cell death is hallmark of gastric 

damage, parietal cells do not express IL-33. In the gastric mucosa IL-33 is expressed by 

MUC5AC-secreting foveolar cells. It has been proposed that IL-33 release can be 
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stimulated by mechanical stress and/or extracellular ATP in living cells (Kakkar et al., 

2012; Kouzaki et al., 2011). Further studies are required to determine what stimulates IL-

33 release following acute gastric injury.  

 
Interleukin-25 and Thymic Stromal Lymphopoietin (IL-25 and TSLP) 
 

Similar to IL-33, Interleukin-25 and Thymic Stromal Lymphopoietin (IL-25 and 

TSLP respectively) act as epithelial alarmins that stimulate ILC2 activation (Roan et al., 

2019; Vannella et al., 2016). However, their role in the initiation, maintenance, and 

progression of type 2 inflammation after acute gastric injury is less clear. These alarmins 

are released from the epithelium and local stromal compartments in response to external 

insults when cells are damaged or stressed. Like IL-33, IL-25 and TSLP can trigger the 

production of type 2 cytokines. It has been proposed that IL-25, IL-33, and TSLP induce 

distinct activation profiles in ILC2s (Camelo et al., 2017). Through single cell RNA 

sequencing, we determined that gastric ILC2s express both the IL-25 and TSLP 

receptors. IL-25 is expressed by tuft cells, which expand after gastric injury (Gronke and 

Diefenbach, 2016). In the intestine, tuft cell-derived IL-25 regulates ILC2 activation (von 

Moltke et al., 2016). A closer examination of the reciprocal relationship and cross talk 

between tuft cells and ILC2s in the stomach is needed. On the other hand, it has been 

shown that Helicobacter infection induces the production of TSLP by gastric epithelial 

cells (Kido et al., 2010). Future studies should focus on the cell types in the stomach that 

express IL-25 and TSLP and determine their role in type 2 inflammation, ILC2 activation, 

and tissue repair following gastric damage.  
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Immune cell interaction studies:  
 

Epithelial tissues, including the stomach, act as a physical barrier between our 

bodies and the external environment (Hunt et al., 2015). The traditional view of the gastric 

mucosa is a protective out layer of epithelial cells that is supported by a layer of immune 

cells searching for areas where the integrity of the outer layer has been compromised 

(Larsen et al., 2020; Naik et al., 2018). However, instead of separating these two 

elements, they should be looked at as a single integrated system. The immune cells that 

respond to gastric injury (ILC2s, macrophages, and eosinophils) accumulate at the base 

of gastric glands, co-incident with the development of SPEM. While many of the studies 

presented here are centered on the cross talk between epithelial cells and immune cells, 

the direct cell-to-cell contact between epithelial cells and immune cells has not been 

addressed. Future studies should investigate if gastric immune cells exhibit processes 

and what epithelial cells they associate with. Emphasis should be placed on the 

localization, shape, and extensions from each immune cell lineage. Furthermore, direct 

cell interactions between immune cells and other immune cell lineages should be 

examined. Many of these questions can be addressed by co-culturing ILC2s, 

macrophages, and/or eosinophils with normal gastric organoids or metaplastic organoids.  

 
 
Acinar to ductal metaplasia studies:  
 

Reprogramming of mature, differentiated cells promotes regeneration and is an 

important repair process in tissues that lack an active adult stem cell compartment such 

as the pancreas (Murtaugh and Keefe, 2015). In the pancreas, injury and inflammation 

trigger digestive enzyme-secreting acinar cells to reprogram into a metaplastic cell 
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lineage analogous to SPEM, a process described as acinar to ductal metaplasia or ADM 

(De La et al., 2008; Jensen et al., 2005; Shi et al., 2013). ADM cells acquire morphological 

and molecular characteristics hybrid between acinar cells and duct cells (the cells that 

line the ducts that transport acinar cell-secreted enzymes toward the intestine) (Puri et 

al., 2015). Like SPEM, acinar cell reprogramming requires the downscaling of 

transcription factors and proteins that govern acinar maturation, architecture, and 

function. ADM cells exhibit low levels of digestive enzyme granules along with abundant 

mucin (MUC1 and MUC6) granules (Iovanna et al., 1992). Although acinar and duct cells 

are largely mitotically quiescent, ADM cells re-enter the cell cycle and proliferate (Pinho 

et al., 2011). Furthermore, chronic inflammation and/or underlying mutations can push 

ADM cells to increase proliferation and eventually undergo neoplastic transformation to 

pancreatic intraepithelial neoplasia (PanIN). PanINs are a precursor to invasive 

pancreatic cancer (Storz, 2017). Defining tumor-initiating events is crucial for the 

development of early detection methods and effective treatments in the pancreas.  

It has been reported that CD44v9, a protein involved in the oxidative stress 

response, is expressed on the membrane of ADM cells and in PanIN lesions (Kiuchi et 

al., 2015; Mills and Sansom, 2015; Ringel et al., 2001). Future studies should investigate 

whether acinar cells rely on the CD44v9-xCT antioxidant system for reprogramming. To 

address this question, daily injections of cerulein (a rapid method to induce large-scale 

pancreatic damage) can be administered to xCT knockout mice or in combination with 

sulfasalazine treatment. Interestingly, alternatively activated macrophages and IL-13 

signaling are also required for the progression of ADM in the pancreas (Liou et al., 2017; 
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Liou et al., 2013). Additional studies should address the role of ILC2s in acinar cell 

reprogramming, type 2 inflammation, and tissue repair in response to pancreatic injury.  

In conclusion, it appears that in response to gastric injury there are several 

epithelial-immune cell circuits that synergize to promote repair in the stomach. The data 

presented here suggest that oxidative stress and innate immune responses are crucial 

for the stomach to effectively repair after damage.  
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