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Abstract: Gastric cancer represents a significant disease burden worldwide. The factors that initiate
cancer are not well understood. Chronic inflammation such as that triggered by H. pylori infection
is the most significant cause of gastric cancer. In recent years, organoid cultures developed from
human and animal adult stem cells have facilitated great advances in our understanding of gastric
homeostasis. Organoid models are now being exploited to investigate the role of host genetics and
bacterial factors on proliferation and DNA damage in gastric stem cells. The impact of a chronic
inflammatory state on gastric stem cells and the stroma has been less well addressed. This review
discusses what we have learned from the use of organoid models to investigate cancer initiation, and
highlights questions on the contribution of the microbiota, chronic inflammatory milieu, and stromal
cells that can now be addressed by more complex coculture models.
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1. The Need to Understand the Complex Factors That Lead to Gastric Cancer

In 2020, gastric cancer was the sixth most common carcinogenesis in males and females
with a prevalence of 11.1/100,000 population (GLOBOCAN analysis [1]). Mortality remains
high, and gastric cancer (GC) is the fifth most common cause of cancer death.

Gastric cancer is heterogeneous, and can be broadly classified as intestinal or diffuse
type, reflecting histological changes observed in established cases. The diffuse type is
more often related to rare genetic abnormalities [2]. The intestinal-type GC is related to
environmental factors; including diet, smoking, Helicobacter pylori infection or Epstein Barr
virus (EBV) infection. Gastric carcinomas are also classified according to their anatomical
location based on whether they involve the gastro-oesophageal junction. In 2014, Bass et al.
proposed a classification system based on molecular characterisation with the aim of better
stratifying patients for management and clinical trial design [3].

Adequate surgical resection is the only curative treatment for GC, however 50–70% of
patients relapse after surgery [4]. Further, early-stage gastric cancer is often asymptomatic,
and many patients present with advanced disease. First line chemotherapy for patients
with metastatic disease consists most commonly of a combination of platinum compounds
and fluoropyrimidine, which has only limited efficacy and the majority of patients experi-
ence disease progression. Recent advances are now permitting molecular characterisation
of these tumours (reviewed in [5]), and clinical trials in appropriately selected patients
investigating the use of combined chemotherapy with immunotherapy using inhibitors of
HER2 [6] and PDL-1, for example have shown significant improvements in disease free
survival. As a result, these are now recommended as standard of care [7]. A variety of
inhibitors are also being assessed for third line chemotherapy and, in some cases signifi-
cant benefits have been reported; however, the heterogeneity of results (reviewed in [8])
support the idea that in future better molecular classification of patients will permit better
selection for targeted therapy. The identification of new targets will contribute to molecular
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characterisation, and bring us closer to effective personalized therapy for GC and improve
on the current situation where three-year survival rates are as low as 20–30% even in high
income countries [9].

An understanding of the mechanisms of cancer initiation would facilitate the devel-
opment of new therapies and prevention strategies for GC. The main driving force for
intestinal-type GC is chronic inflammation—triggered and maintained by one or more
of the environmental factors mentioned above. In 1988, Correa [10] proposed the model
where H. pylori-induced inflammation led to gastric atrophy and intestinal metaplasia, but
the mechanisms were not readily understood. H. pylori infection is the highest single risk
factor for developing gastric inflammation, while infection with a Cag positive strain is a
strong risk factor for developing GC [11]. The capacity of H. pylori to establish a persistent
infection establishes a scenario that can, over decades, overwhelm homeostatic processes,
triggering metaplasia and DNA damage.

Stem cell transformation is seen as a key step in cancer initiation—the mechanism
may be due to direct changes, or inflammation-driven. After transformation has initiated
development of a tumour, there is evidence that bone marrow-derived mesenchymal stem
cells contribute to the maintenance of the tumour [12,13]. Our understanding of cell fate
and stem cells in the stomach and intestine has gone hand-in-hand with the development of
organoid culture systems. Organoid cultures—where primary cells derived from patients
or experimental animals can be maintained in various formats—are emerging as excellent
model systems to facilitate the study of cancer initiation.

This review will focus on what we have learned using organoid cultures about the
role of epithelial stem cells in the initiation of GC, the role of H. pylori virulence factors
in triggering epithelial transformation, DNA damage and the links between chronic in-
flammation and transformation, with the stem cell as target. Some questions arising from
recent studies will be discussed, and an outlook will be given on how organoids can now
be used to address more complex questions; such as the role of the microbiota, the chronic
inflammatory milieu, and how this affects the fibroblast-like cells of the mucosal stroma.

2. Gastric Homeostasis: The Key Role of Adult Stem Cells in the Gastric Gland

The gastric and intestinal epithelium are organised into glands with a crypt-like
structure. These glands are one of a number of compartments that are constantly renewed
throughout life, as part of the program of normal homeostasis. This process is now known
to be directed by the activity of adult stem cells that are resident near the base of the
gland [14,15]. The central control of the proliferation of these stem cells is managed by a
system of signalling that orchestrates decisions about cell fate and migration. The wingless
and -int proteins (Wnt) initially identified in Drosophila, have been shown to be pivotal
to intestinal homeostasis (reviewed in [15]). Wnt3A mediates proliferation of intestinal
stem cells to renew the crypt. Elegant fate-mapping studies have demonstrated that the
intestinal stem cell doubles daily, and stochastically adopts either a stem cell, or transit
amplifying (TA) fate [16]. TA cells are intermediate between stem and differentiated cells,
and multiply several times before terminally differentiating. In the intestinal crypt, TA
daughter cells differentiate into enterocytes, enteroendocrine and goblet cells, and migrate
up the crypt where they are eventually shed into the lumen. In the intestine, some TA cells
differentiate into Paneth cells and migrate to the base of the crypt [16].

In the glands of the stomach, a number of different stem cells are present. In the mouse,
stem cells have been identified both in the isthmus and the gland base [17] (Figure 1). Gastric
pyloric stem cells divide to generate further stem cells, and TA cells that differentiate to
replenish all cell types in the gland [18,19].
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Figure 1. Overview of gastric homeostasis. A heterogenous population of adult stem cells maintain 
gastric homeostasis, resulting in a system of multiple back up-systems. Rapidly replicating Lgr5+ 
stem cells in the gland isthmus in the pylorus generate Transit Amplifying cells (TA) that differen-
tiate in response to growth factors secreted by stromal cells, combined Notch and Wnt3A/B- Catenin 
and Rspo1 signalling control proliferation and differentiation decisions. Lgr5+ stem cells can replace 
the entire gland within 10–14 days. Wnt signalling in the absence of Notch leads to proliferation of 
the stem cell. Differentiation processes are controlled largely by EGF, and gradients of the growth 
factors Noggin and BMP. Mist1+ cells in the glands of the corpus respond to Wnt5 (and Rspo) signals 
and can replenish glands after injury. Lrig1+ and Sox 2+ cells can similarly respond. The Troy ex-
pressing population of quiescent cells are located at the base of the gland and are thought to act as 
a further reserve population. The combination of rapid and slower regenerative stem cells in the 
cardia and pylorus provides a system that is able to respond to damage, and acute and many chronic 
inflammatory insults. (Created with BioRender.com, 28 February 2022). 

Characteristics of Gastric Stem Cells 
To date, a number of different cell populations have been identified as bona fide stem 

cells in the stomach. Originally identified in electron microscopy and pulse-chase experi-
ments as granule free cells in the isthmus [20], cell-fate tracking studies carried out in 
transgenic mouse models and organoids have now identified stem cell markers including 
Lgr5+, Sox2+ cells in the pylorus, Cck2r+ in the antrum, and Mist 1+ [21,22], Sox2+ [23], and 
Lrig1 [24] in the corpus. Sox2, Lrig1 and RunX [25] define progenitors in both antrum and 
corpus. In addition, a “reserve” type stem cell expressing Troy has been identified in the 
corpus [26]. There is some evidence that these stem cells may express more than one of 
these markers. Investigations into the biological role of these stem cells in cancer initiation 
are shedding light on the complex environment that might lead to intestinal and diffuse 
type GC. 

The most intensively studied population with regard to gastric homeostasis are Lgr5+ 
stem cells. The stem cells of the intestine, stomach, colon and hair follicle have been shown 
to express high levels of the leucine-rich repeat-containing receptor 5 (Lgr5hi) [14,18]. Lgr5 
is expressed on the cell surface in a complex with the Wnt agonists Frizzled and low-
density lipoprotein receptor-related proteins (LRP) [27]. Wnt signalling is in turn 

Figure 1. Overview of gastric homeostasis. A heterogenous population of adult stem cells maintain
gastric homeostasis, resulting in a system of multiple back up-systems. Rapidly replicating Lgr5+

stem cells in the gland isthmus in the pylorus generate Transit Amplifying cells (TA) that differentiate
in response to growth factors secreted by stromal cells, combined Notch and Wnt3A/B- Catenin
and Rspo1 signalling control proliferation and differentiation decisions. Lgr5+ stem cells can replace
the entire gland within 10–14 days. Wnt signalling in the absence of Notch leads to proliferation of
the stem cell. Differentiation processes are controlled largely by EGF, and gradients of the growth
factors Noggin and BMP. Mist1+ cells in the glands of the corpus respond to Wnt5 (and Rspo) signals
and can replenish glands after injury. Lrig1+ and Sox 2+ cells can similarly respond. The Troy
expressing population of quiescent cells are located at the base of the gland and are thought to act
as a further reserve population. The combination of rapid and slower regenerative stem cells in the
cardia and pylorus provides a system that is able to respond to damage, and acute and many chronic
inflammatory insults. (Created with BioRender.com, 28 February 2022).

Characteristics of Gastric Stem Cells

To date, a number of different cell populations have been identified as bona fide
stem cells in the stomach. Originally identified in electron microscopy and pulse-chase
experiments as granule free cells in the isthmus [20], cell-fate tracking studies carried out in
transgenic mouse models and organoids have now identified stem cell markers including
Lgr5+, Sox2+ cells in the pylorus, Cck2r+ in the antrum, and Mist 1+ [21,22], Sox2+ [23], and
Lrig1 [24] in the corpus. Sox2, Lrig1 and RunX [25] define progenitors in both antrum and
corpus. In addition, a “reserve” type stem cell expressing Troy has been identified in the
corpus [26]. There is some evidence that these stem cells may express more than one of
these markers. Investigations into the biological role of these stem cells in cancer initiation
are shedding light on the complex environment that might lead to intestinal and diffuse
type GC.

The most intensively studied population with regard to gastric homeostasis are Lgr5+

stem cells. The stem cells of the intestine, stomach, colon and hair follicle have been shown
to express high levels of the leucine-rich repeat-containing receptor 5 (Lgr5hi) [14,18]. Lgr5
is expressed on the cell surface in a complex with the Wnt agonists Frizzled and low-density
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lipoprotein receptor-related proteins (LRP) [27]. Wnt signalling is in turn controlled by the
transmembrane E3 ubiquitin ligases RNF43/ZNRF3 which are also part of this complex
(Figure 1). Under homeostatic conditions, Frizzled is selectively ubiquitinylated by RNF43/
ZNRF3, resulting in degradation which effectively controls Wnt signalling [28]. The central
role of Wnt is augmented by Roof plate specific spondin (R-spondin, Rspo) proteins which
are produced by stromal cells and bind to Lgr5/LRP—binding of RSpo-1 to Lgr5 blocks
the ubiquitination activity and permits Wnt signalling (largely Wnt 3a).

The cell fate decisions for differentiation or proliferation for Lgr5+ stem cells have been
shown to be regulated by Notch protein signalling [29–31]. More recently, Wölffling et al.
used human adult organoids to perform a detailed analysis of the growth factors required to
differentiate different cell types in the gastric gland [32]. Bone marrow morphogenic protein
(BMP) is known to suppress Wnt/β-catenin signalling [33], and BMP4 was shown to be
expressed in the isthmus region in the human gastric corpus. Noggin is a BMP inhibitor
and was expressed in the muscularis mucosae below the gland. Epidermal growth factor
(EGF) is required for epithelial cell growth and is a component of standard organoid growth
media. Wölffling et al. exposed mucosoid organoid cultures to different concentrations
of EGF, BMP and Noggin to investigate differentiation. EGF was found to be a strict
requirement for development of MUC5AC+ foveolar cells—deprivation of EGF and BMP
permitted differentiation into chief cells, whilst deprivation of EGF and the presence of
BMP promoted development of parietal cells. In the tissue, the spatial arrangement of
cells expressing these factors establishes gradients that control differentiation (Figure 1).
Changes in expression of these key factors are a mechanism for pathological alterations to
the gland structure.

The results of studies by Demitrack et al. reveal a more significant role for Notch
signalling on Lgr5+ stem cell in the stomach than had been reported from the intestine [30].
This work led to the model where Notch signalling directly regulates proliferation of Lgr5
stem cells in antral glands [29–31]. Notch signalling occurs through close contact between
Notch ligand (delta–like-DLL) on the surface of neighbouring cells. Active Notch signalling
triggers proliferation of the stem cell, whereas inactive Notch favours differentiation [29–31].
In the intestine, this close contact is provided by Paneth cells [34]. In the stomach, mucous
cells deep in the gland base express DLL-1 and were recently shown in a mouse organoid
model to stimulate adjacent LGR5+ stem cells [35]. Thus, the Lgr5+ adult stem cell is a key
target for inflammatory stimuli, increasing the risk of transformation.

A recent study by Brischetto et al. [36] showed that strong NFκB activity was present
in Paneth and Lgr5+ cells in the small intestinal crypt, and that NFκB activity was required
for correct differentiation into Paneth and goblet cells, and thus plays a key role in small
intestinal homeostasis. Interestingly, NFκB was essential for organoid growth. The ability
of acute H. pylori infection to induce NFκB activation is well documented [37], if the
observations discussed above are also true in the stomach, then the chronic NFκB activation
seen in H. pylori infection, for example, provides a potential mechanism for dysplasia in the
gastric crypt.

Other studies on the control of epithelial proliferation revealed that Wnt signalling
acting via Axin 2 could be detected in an additional population of Lgr5-cells [38]. This
population was more proliferative than the Lgr5+ stem cells, and capable of repopulating
the antral gland. Rspondin signals in Lgr5−/Axin 2+ stem cells are presumably mediated
by Lgr4 which is expressed on epithelial cells, and have been shown to also respond to Wnt
signalling [27]. These two stem cells provide a system of backups to facilitate repair, so the
simple presence of H. pylori is not enough to initiate cancer.

The complex control of epithelial homeostasis is highlighted in a study by
Hayakawa et al. [39], who identified a population of quiescent Mist 1+ stem cells located
in the isthmus of the gastric corpus. These cells were able to give rise to cancer in both
the corpus and the antrum. Later studies by the same group demonstrated that Mist 1+

cells respond largely to Wnt5a, and that the major source of Wnt5a is the innate lymphoid
cell (ILC2) population [22]. The innate lymphoid population are the innate counterparts
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of T helper 2 responses that are typically associated with chronic H. pylori infection [40].
The effector and homeostatic function of ILC2 have been reported to be regulated by the
gastric microbiota [41]. In a study of asymptomatic H. pylori infected patients, ILC2 were
identified as the predominant ILC population in the stomach [41]. The predominance of
this population in chronic infection provides a direct link between inflammation and cancer
initiation through over-activation of Mist1+ stem cells.

Similarly, Arnold et al. reported that Sox2+ adult stem cells were present in the gastric
forestomach, corpus and pyloric crypts, and using cell tracing approaches, demonstrated
that they are bone fide stem cells [42]. Later studies by the same group revealed that although
this population are stem cells, Sox2+ cells were in fact dispensable for normal homeostasis.
Sox2+ cells were susceptible to develop tumours in a mouse model with a mutation in
Apc. Overall, it appears that while Sox2+ cells can act as slowly dividing stem cells, their
primary action is as a tumour suppressor in the stomach by preventing Wnt/B-catenin
signalling [43]. In an environment of chronic inflammation and/or in the presence of DNA
damage or mutations which might enhance Wnt signalling, these cells can be seen as an
important starting point for transformation.

The role of gastric hormones in cancer initiation has been less well investigated, but
cholecystokinin 2 receptor positive (CCK2R+) stem cells have been reported to be Lgr5
neg or low and located in the antrum. CCKR2 cells are located in the +4 position, above
Lgr5high stem cells [21]. Interestingly, progastrin stimulation of CCK2R cells triggered
their conversion into Lgr5high cells, generating a larger pool of stem cells. Therefore,
under conditions of chronic inflammation, or exposure to a carcinogen, overexpression
of progastrin can therefore be a potential driver of carcinogenesis in the antrum. In 2018,
lineage tracing studies revealed Lrig1+ cells as progenitor cells capable of repopulating
glands in the corpus and antrum [24]. Lrig1+ cells are located in the isthmus and were able
to repopulate the gland after acute injury. Experiments with Lrig1 null mice revealed that
they are not however required for differentiation. This stem cell population may therefore
act as a type of reserve to permit repopulation of the gland after injury.

Following the identification of Lgr5 as an adult stem cell marker, expression of Troy
(coded by Tnfrs19) was found in intestinal stem cells [44], and also located at the base of
the gland in the gastric corpus [26]. Fate mapping studies revealed that Troy1+ cells were
capable of generating all stomach epithelial types with slower kinetics (gland replenish-
ment in 1–3 months) than Lgr5+ cells (gland replenishment within 7–14 days). Troy+ cells
appeared to be dispensable for normal homeostasis, and may act as a reserve population
that is similar to the Lgr1 population—they may help repopulate the gland if the isthmus
stem become damaged. Of further interest, cell sorting analysis of gastric glands revealed a
population of Troy+ chief cells, which when cultured in vitro in organoid culture media
were capable of generating organoids that could be differentiated into cells with transcrip-
tional profiles that represent mucous neck or pit, but not enteroendocrine cells [26]. This
result raises the concept of plasticity and challenges the long-established idea that cells can
be terminally differentiated.

The heterogeneous nature of gastric stem cells as evidenced by the spatial distribution
of, potential overlap and “reserve” role of some stem cells are now providing a foundation
for us to understand the complexity of GC initiation. This goes some way towards providing
a basis to explain why chronic immune simulation (e.g., as a result of chronic H. pylori
infection, EBV infection, or auto immune gastritis) combined with specific virulence factors
in the case of H. pylori infection, and host genetic and environmental (dietary) factors, act
in combination to overwhelm the natural gastric homeostatic mechanisms.

3. Organoids as a Tool to Study the Role of Host Genetics in Gastric Cancer

Mechanistic connections between host genetics and gastric cancer phenotypes remain
poorly understood, and cannot be addressed using animal models. To facilitate study of
the role of genetic factors on growth control, Nanki et al. generated a bank of organoids
from clinical samples taken from gastric cancer patients [45]. Expansion and maintenance
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of GC tissue in vitro required modifications of culture conditions to prevent overgrowth by
normal gastric organoids. This was achieved by treating cultures with inhibitors to simulate
signals that are dysregulated in human GC (i.e. TP53, RHO, TGF-β, RAS-PI3K). Using
this approach, 37 patient-derived lines were generated. Analysis of responses of these
organoids revealed that both genetic and epigenetic routes are relevant for the acquisition
of independency to Wnt and Rspo [45]. Further, genetic manipulation of organoids using
CRISPR approaches, confirmed the results of genetic analysis that compound mutations
in CDH1/TP53 and RNF43/ZNRF3 were associated with a loss of dependence on Rspo,
for example. A proportion of GC organoids grew without Wnt3A, and gene expression,
genetic analysis and DNA hypermethylation studies showed that several mechanisms can
lead to a lack of dependence on exogenous Wnt—self secretion, mutations in genes such
as APC, and epigenetic regulation. Overall, this approach of generating organoids from
human cancer tissues has provided links between genetic and epigenetic changes, and
histological phenotypes observed in clinical practice, and a resource for further mechanistic
studies.

4. H. pylori Infection as a Direct Driver of Stem Cell Transformation

Helicobacter pylori infection is a potential initiator of cancer due to direct effects re-
lated to bacterial virulence factors, because it infects persistently and induces a chronic
inflammatory state that is initially pro inflammatory, but over time develops a suppressive
environment dominated by Treg in patients with subclinical infection [46–48].

To investigate direct effects of H. pylori on gastric stem cells, Boccellato et al. used
mucosoids (2-dimensional air-liquid interface organoid cultures) from both mouse and
human. Interestingly H. pylori were shown to form microcolonies deep in antral glands,
and to interact directly with stem cells, triggering increased proliferation and activation of
stem cells in the antral glands [49]. This is in keeping with the location of H. pylori in vivo
in mice and based on analysis of biopsies. Thus, the organoid system reflects the in vivo
scenario, and provides a direct link between bacteria and gland hyperplasia, a situation
that increases the risk of transformation [49]. Of note is that this and two previous studies
have shown that the bacterial effect was dependent on the presence of the CagA toxin, with
isogenic ∆CagA mutants having reduced effect [50–52]. Additional studies investigating
the role of CagA are discussed below.

5. H. pylori Virulence Factors in Cancer Initiation

Investigations into the role of CagA in inducing signal transduction cascades in
gastric epithelial cells were pivotal in our understanding of the early stages of H. pylori
pathogenesis [53,54]. Translation of the observations made in AGS cells to the clinical
picture, or to mouse models has been limited. Later studies in AGS, and MDCK cells
revealed an intriguing role for the N-terminal region of CagA in driving structural changes
to the apical complex [55]. The polarized nature and three-dimensional structure of gastric
organoids has made it possible to study the mechanism by which the CagA virulence factor
of H. pylori facilitates the disruption and polarization of the epithelial cells by mislocalizing
and redistributing tight junction protein complexes on the apical side of the epithelium.
Wroblewski et al. [51] reported that, compared to organoids infected with a CagA-negative
mutant, murine gastric organoids infected with CagA-positive H. pylori 7.13 strain showed
redistribution of tight junction proteins such as β-catenin and claudin 7—a tight junction
protein that has been previously associated with other types of cancers [51]. Expression of
claudin-7 was also reduced, and increased cellular proliferation was observed for the CagA
positive strain, while organoids infected with the CagA negative mutant had similar levels
to uninfected organoids. Inhibition of β-catenin in organoids prevented the cellular changes
upon infection with the H. pylori strain, implying that this effect is β-catenin-dependent.
Suppression of claudin-7 was also shown to be dependent on β-catenin and snail signalling
in an MKN28 cell infection model, but a demonstration in organoids was not reported.
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In another study [56], binding of H. pylori CagA with apoptosis-stimulating protein of
p53 2 (ASPP2) was reported to be responsible for the disruption of cell polarity via formation
of a complex with the apical PAR complex-Par3 and PKC and the basolateral complex
Par1. The colocalization of these protein complexes with CagA, and their redistribution
from the apical tight junction to the apical side was observed in human gastric organoids
infected with WT and a CagA mutant H. pylori for 24 hours. Furthermore, inhibition of the
CagA-ASPP2 complex prevented the loss of cell polarity and reduced bacterial colonization.

There have also been investigations into the role of virulence factor VacA. H. pylori
VacA disrupts endolysosomal trafficking to cause gastric cancer and favours colonization.
Capurro et al. [57] reported that this disruption by VacA is achieved via inhibition of
transient receptor potential membrane channel mucolipin 1 (TRPML-1), an endolysosomal
calcium channel. Initial experiments revealed that VacA creates intracellular space within
the parietal cells of mouse in vivo which facilitates resistance to antibiotics and favours per-
sistence in the host. VacA also inhibited TRPML-1 in AGS cells. Organoids generated from
TRPML-1 deficient mice had vacuolations and accumulation of autophagosomes as well
as intracellular compartments within the parietal cells containing H. pylori that persisted
after eradication therapy. These results were reversed upon the activation of TRPML-1
by the administration of the synthetic agonist ML-SA1, resulting in functional lysosomes
and reduced intracellular survival of VacA-positive H. pylori. In another study, Caston
et al. [58] reported that, while both M1 and M2 variants of VacA have similar vacuolating
activities in organoid cultures, they both increased cell vacuolation when interacting with
the basolateral surface compared to interactions with the apical surface. Unlike the study
by Capurro et al. [57] where all the experiments carried out in the organoids were replicated
in mouse and gastric cancer cell lines, the differences in vacuolation between the apical and
basolateral side in the latter study [58] would not have been possible without the use of
organoids.

5.1. H. pylori Induced DNA Damage

Gastric organoids have also aided the study of the mechanism by which H. pylori
either induces DNA damage or favours the accumulation of DNA damage, resulting in
gastric cancer. Sayed et al. [59] reported that, H. pylori infection suppresses the expression of
Nei-like DNA glycosylase 2 (NEIL 2) in mouse organoids, independent of virulence factors
such as CagPAI and VacA. NEIL2 is known to be involved in the repair of DNA damage
by removing oxidised species [60]. The suppression of NEIL2 leads to the accumulation
of DNA damage and can consequently result in gastric cancer. The anti-inflammatory
effect of NEIL2 in H. pylori infection was also shown, as organoids generated from H.
pylori-infected NEIL2 knockout mice had higher expression of proinflammatory cytokines
compared to organoids generated from H. pylori-infected WT mice. This was replicated in
mouse-derived gastric tissues and a further experiment revealed that DNA damage was
higher in the NEIL2 knockout mouse.

In a study in human-derived organoids, Bauer et al. [61] reported that DNA damage
by H. pylori occurs in an ALPK1/TIFA/NF-KB-dependent manner in S-phase cells. The H.
pylori LPS precursor (β-ADP-heptose) was sufficient to induce this damage. In this study,
both human gastric organoids and AGS cells had a higher level of DNA damage and IL-8
production when infected with wildtype H. pylori compared to infection with H. pylori
mutants lacking the rfaE enzyme which is responsible for the production of β-ADP-heptose,
or CagPAI mutants, thus implying that this damage is rfaE and CagPAI dependent [61].
Similarly, Sierra et al. using a mouse model as well as organoids generated from both
mouse and humans, reported that spermine oxidase (SMOX) enhances H. pylori-induced
carcinogenesis by promoting inflammation, inducing DNA damage and activating the
β-catenin signalling pathway [62].
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5.2. Chromosomal Change

Organoids derived from dysplastic lesions from Lgr5-p53KO mice treated with N-
methyl-N-nitrosourea MNU were generated in a recent study by Sethi et al. Dys-Lgr5-
p53KO organoids had a modest increase in Lgr5 stem cells. The authors conclude that
early p53 loss may confer renewal properties in gastric premalignancy [63]. When the
chromosome count of dys-Lgr5-p53KO organoids was compared with lgr5-p53wt mice,
the p53KO organoids had greater genome doubling. In addition, xenografts from the
Lgr5-p53KO mice were capable of outgrowth. Somatic copy number (SCN) alterations
were not observed in the organoids derived from dysplastic tissue; however the xenografts
derived from them did. The results of this elegant study support the idea that organoids
derived from premalignant tissues will facilitate the study of structural genomic changes.

6. EBV as an Initiator of Gastric Cancer

A subset (9%) of gastric cancers are linked to Epstein Barr virus (EBV) infection—the
cause of glandular fever/mononucleosis. Co-infection with H. pylori is an increased risk
factor, but it is unclear which pathogen initiates the process. A recent study that compared
EBV infectivity for matched normal and GC organoids generated from the same patient
made an interesting observation—that EBV was only able to infect GC organoids, not
normal organoids [64]. The EBV receptor ephyrin receptor A2 (EPHA2) is expressed on
carcinoma cell lines, including the gastric carcinoma line AGS [65] but was not present
on normal organoids [64]. This study raises questions about whether EBV can only infect
epithelia after they have been transformed, or whether EPHA2 or another previously
unidentified receptor may become expressed after chronic inflammatory activity. An
alternative possibility is that EBV infected B cells which may infiltrate H. pylori infected
cells (or otherwise inflamed gastric mucosa), permitting viral entry into epithelial cells [66].
Organoid cultures, and B cell co-culture systems provide a potential platform to address
questions on the relationship between EBV and H. pylori in cancer initiation. Future studies
in organoids generated from pre-cancerous tissues from patients with known genetic
predisposition to GC could also be an interesting approach.

7. Chronic Inflammation Creates a Milieu Balanced between Injury and Immune
Suppression, Creating an Environment in the Stroma That Predisposes to Stem Cell
Changes

It is widely accepted that chronic inflammation provides predisposing conditions
for transformation; however the events that link this to cancer initiation are only partly
understood. The best characterised predisposition to GC is caused by infection with H.
pylori. The triggering of innate inflammatory events after interaction of H. pylori with
gastric epithelial cells has been well studied in vitro ([67] for review) and in organoid
models as discussed above. Persistent infection, acute and long-term inflammation have
also been studied extensively in animal models (reviewed in [68]), and in H. pylori positive
patients [69]. Acute H. pylori gastritis is characterised by secretion of IL-8 and is followed
by Th1 biased responses and infiltrations of neutrophils, macrophages and T-cells into the
gastric mucosa [70]. Over time (i.e., years to decades) the combined effects of bacterial
virulence factors, and immune evasion strategies results in establishment of a persistent
infection which is biased toward Th2/Th17/ Treg (Figure 2) [reviewed in [71]]. The
development of gastritis, ulcer, and metaplasia are thought to result from a failure to
control chronic inflammation. For example, patients with H. pylori gastritis had high
numbers of CD4+ and FoxP3+ T cells, and higher levels of expression of TGF-β, IL-10 than
patients with peptic ulcer where Treg numbers were reduced [72] consistent with reports
from earlier studies [73]. The question of why only a small proportion of H. pylori infected
individuals develops symptoms remain largely unexplained but is linked to host genetics,
and the virulence factors of the infecting strain.
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Figure 2. An environment of chronic inflammation provides an environment where immune and
microbiota facts combine to potentially overwhelm gastric homeostasis and induce metaplasia. CagA+

strains of H. pylori trigger secretion of IL-8 by epithelial cells, attracting neutrophils and macrophages
to the mucosa. Mucosal dendritic cells (DC) drive a CD4 T cell response which is not effective at
clearing infection. Acute gastritis in characterised by Th1 cytokines including IFNγ which also
promote atrophy. Over time, a strong Th2/Treg/Th17 response becomes established and controls
damage. Predominant cytokines such as IL-17 are produced by both CD4+ T cells and ILC3 cells,
IL17 acting in concert with TGF-β may stimulate stromal cells to overexpress growth factors such as
Wnt3A, Rspo and EGF, leading to proliferation and differentiation of gland stem cells. Organoid and
co-culture systems provide ideal experimental systems to investigate the role of inflammatory state
on cancer initiation. (Created with BioRender.com, 28 February 22).

An interesting recent survey of H. pylori infected patients who were asymptomatic
used single cell RNA sequencing and revealed that infected patients had expanded CD4+

(including Treg and Tfh populations) and B cell populations, reduced CD8+ CDllc+ myeloid
cells, and innate lymphoid cells biased toward the NKp44+ ILC3 type [69]. The study also
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addressed questions on the role of the microbiota as discussed below. The presence of a
strong Treg population and high levels of IL-17 are consistent with the model of a tightly
controlled environment of regulations and “damage control” that prevents most patients
from developing severe outcomes.

Interleukin 17 is emerging as a key cytokine of interest in chronic inflammation, includ-
ing in H. pylori gastritis and cancer (Figure 2). Receptors for IL-17 are expressed on a range
of cell types for example, IL17RA is chiefly expressed in immune cells, whereas IL17RC is
expressed on non-lymphoid cells such as epithelial cells. While IL-17A clearly plays a key
role in protecting mucosal surfaces from bacterial, helminth and fungal infection [74], it
has been reported to have both pro- and anti-tumorigenic roles in cancer (reviewed in [75]).
Interestingly, IL-17 has been shown to be a relatively weakly activating cytokine, and that it
acts in concert with other cytokines such as IL-6 and TGF-β [76], which is also predominant
in H. pylori gastritis (58), and EGFR [77]. Notably, in a recent study, IL-17A-mediated
activation of EGFR was critical for activation and migration in Lrig1+ stem cells in a skin
wound healing model [77]. If similar events occur in gastric tissue, this would provide
direct links between a chronic inflammatory microenvironment and stem cell function.

It seems likely that under conditions of chronic inflammation that gastric stromal
cells may become responsive to inflammatory cytokines, which in turn can drive changes
in secretion of stromal growth factors such as Wnt and RSPO. Indeed Mucclio et al. [78]
reported that fibroblasts from IL17A−/− mice were able to prevent tumour invasion in a
pancreatic ductal adenocarcinoma (PDA) model. The effects in this study were attributed
to increased levels of expression of IL-17F in the affected mice [78]. Further, individuals
with polymorphisms in IL17A (G197A) or IL17F (T7488C) have significantly increased risk
of gastric cancer [79]. If gastric stromal cells respond in a similar manner, it could provide
a mechanism for inflammation induced changes to homeostasis. Similarly, the effects of
anti-inflammatory Treg cytokines such as IL-10 on the stroma should be investigated.

Organoid models such as the mucosoid systems described by Boccellato et al. [49]
would be ideal to investigate the effects of cytokine milieu directly on stem cell proliferation
(via IL17RC expression on epithelia, for example). The effects of cytokines on growth
factor secretion by gastric stromal fibroblasts-like cells could also be addressed in relatively
simple 2-D in vitro models. The possibility for Wnt5a as an additional factor in stem cell
proliferation was raised by Nienhuser et al. [22]. An additional source of growth factors
may be the innate lymphoid population and the contribution for Wnt5. Co-culture of CD4+

T cell and ILC populations isolated from cancerous and pre-cancerous mice with mucosoid
cultures could be used in combination with fate mapping approaches to address questions
on how Wnt and Notch signalling in stem cells are affected.

8. Organoid Cultures as Tools to Study Progression from Metaplasia to Gastric Cancer

Organoids have also been useful in the study of the progression from gastritis to
gastric cancer characterised by parietal cell loss and development of spasmolytic polypep-
tide/Trefoil Factor (TFF) 2-expressing metaplasia (SPEM) in its early stages [80,81]. A
high proportion of gastric cancer cells express programmed death ligand 1 (PD-L1), an
immune-suppressive ligand that is known to suppress the function of effector T-cells [82,83].
Holokai et al. investigated the role of the Sonic Hedgehog (Shh) signalling pathway in
PD-L1 expression using gastric organoids and an organoid-cytotoxic T-lymphocytes (CTL)
co-culture model [84]. When human gastric organoids generated from both the antrum
and fundus were microinjected with the H. pylori G27 strain, they were found to develop
dysplasia as determined by the over-expression of SPEM markers such as Trefoil factor
2 (TFF2) and Griffonia simplicifolia II GSII (lectin binding GlcNac mucin residues), as well
as the gastric cancer stem cell marker CD44v9. In the study, human gastric organoids
infected with CagA-positive and negative H. pylori G27 mutant had increased expression
of PD-L1 in a CagA-dependent manner compared to uninfected controls. Pretreatment
with Hedgehog/Gli inhibitor-GANT61, prevented PD-L1 expression, revealing that this
response is Shh-mediated.
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Cytotoxic T-lymphocytes are the main inductors of apoptosis in gastric cancer cells [85].
To study the effect of the interaction between PD-L1 and PD-1 on CTL proliferation and
cell death during H. pylori infection, organoids were co-cultured with autologous CTL
and/or dendritic cells. H. pylori infection led to reduced CTL proliferation and increased
PD-L1 expression on epithelial cells. Pretreatment with a PD-1 inhibitor decreased PD-
L1-expressing epithelial cells and increased CTL proliferation. Overall, the expression of
PD-L1 on SPEM cells was found to be dependent on Shh signalling, and the interaction of
PD-L1 with PD-1 on CTLs enabled the survival of SPEM cells in the presence of H. pylori
infection. This finding opens potential avenues to develop targeted therapies for patients
with metaplasia where eradication of H. pylori infection is no longer beneficial.

In another study Osaki et al. [86] reported that IFN-γ mediates the progression from
gastritis to atrophic gastritis and metaplasia—which are preliminary stages of gastric
cancer. Corpus-derived organoids were used to show that the gastric epithelial cells express
receptors for IFN-γ. Treatment with IFN-γ resulted in the death of the organoids in a
receptor-dependent manner. Additionally, treatment of organoids with supernatant from
the lymph nodes of a mouse model of autoimmune gastritis-TxA23 also resulted in cell
death compared to organoids treated with supernatants from IFN-γ knockout mice. Further
investigation in mouse tissues by assessing the early-stage features of gastric cancer such
as parietal cell loss (atrophy), mucus neck cell hyperplasia and development of metaplasia
(SPEM) that occurs during the progression to gastric cancer showed that, compared to WT,
TxA23 mice deficient in IFN-γ lacked hyperplasia, had more healthy parietal cells, and
minimal mucus neck cell hyperplasia [86].

Similarly, in studies that combined the use of organoids with animal models, Bertaux-
Skeirik et al. reported that cluster of differentiation gene (CD44) while acting as a coreceptor
for c-Met, influences the proliferation of epithelial cells [87]. Compared to CagA mutants,
fundic gastric organoids generated from human or mouse and infected with the H. pylori
G27 strain had increased proliferation of epithelial cells with a corresponding increase in
the expression of phosphorylated c-Met which coprecipitates with CagA [87]. They also
showed an epithelial-to-mesenchymal phenotype. Pretreatment of human fundic gastric
organoids with either neutralising antibody to CD44v6 or c-Met inhibitor reduced the
proliferation. In vivo inhibition of CD44 in Mongolian gerbils prevented the development
of atrophic gastritis. Thus, organoids are not only useful for the study of early stages of
gastric cancer, but can also be used in identifying potential therapeutic targets.

Organoids as Tools for Loss of Function Studies

Organoids have also helped in the discovery of antitumorigenic proteins where loss of
function increases the rate of gastric cancer development. Intracellular Nod1 recognises H.
pylori peptidoglycan delivered by the CagT4SS and can increase the inflammatory response
in H. pylori infection [88]. In a study to investigate the role of Nod1, organoids generated
from Nod1 knockout mice had increased expression of NF-KB target genes compared to WT
C57BL/6 mice after infection with H. pylori strains PMSS1 and 7.13 for 6 and 24 hours [89].
To further assess the effect of H. pylori infection on cytokine production by innate immune
cells, epithelial gastric organoids from both infected WT and Nod1 KO C57BL/6 mice were
cocultured with macrophages from the same mice. Increased cytokine production was
observed in Nod1 deficient samples, especially when both the macrophages and gastroids
lacked Nod1. In vivo investigation in both C57BL/6 and INS-GAS mice (known to be
more prone to gastric cancer development) further confirmed that loss of Nod-1 accelerates
the development of cancer and cytokine production. Thus, the authors concluded that
functional Nod-1 is necessary for tumour suppression.
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9. The Gastric Microbiota Intersects with the Inflammatory Response and Gastric
Homeostasis

The link between diet and gastritis has long been accepted. While diets high in salt
and other preservatives have been linked to carcinogenic effects, diet also influences the
diversity of the microbiota at all levels of the gut [90,91]. Helicobacter infection has been
reported to result in reduced diversity in the gastric microbiota in mouse models [92], ger-
bils [93], and in asymptomatic infected individuals [69]. While in GC patients, differences
were noted between early and advanced gastric cancer in terms of microbiome [94]. A
recent meta-analysis of 14 clinical studies concluded that gastric dysbiosis occurs in gastric
cancer, with reduced diversity and a decline in the microbiota population [95].

To investigate the links between microbiota and immune response Satoh-
Takayama et al. [41] observed that germ-free (GF) mice had significantly reduced propor-
tions of ILC2 cells, suggesting that this population are induced by the intestinal microbiota.
When GF mice were reconstituted with microbiota, ILC2 numbers recovered. Levels of
ILC2 correlated to levels of IL-7, and further analysis revealed that mice treated with van-
comycin, but not other antibiotics, had reduced levels of ILC2, and metagenomics analysis
linked the S24-7 (Muribaculaceae) group of the Bacteriodetes with development of ILC2 [41].
The S24-7 group have not been extensively studied, but were correlated with propionate
production in a recent study [96].

The critical role of metabolites, particularly short-chain fatty acids (SCFA) produced by
the microbiota have been extensively investigated in mice and in humans [97]. Using mouse
models and in vitro assays, Yang et al. have found that SCFA-induce cytokine production
by both ILC and T helper cells in the lamina propria via GPR41, triggering signalling
events that lead to expansion of the ILC2 and ILC3 type which promote homeostasis and
repair [98] (Figure 2). Extension of these studies by utilizing organoid cultures would
permit investigations on any effects of bacterial metabolites on gastric stem cells.

10. Conclusions and Future Directions

Recent years have seen great advances in our understanding of gastric homeostasis
and the control of the adult stem cells. A great deal of this work was made possible only
with the use of organoid cultures of various types. This approach has also permitted
systematic comparisons to be made of mouse and human tissues, and has provided insights
into the roles of growth factors, and different stem cell types in the corpus and pyloric
regions, which goes some way towards explaining the heterogeneity of GC.

Generating organoid cultures from normal, infected or cancerous human gastric tissue
has permitted insights into the role of growth factors, and made possible detailed analyses
of genetic changes. It has also provided cell lines that can be cultured long-term. It is of note
that organoid cultures established from different regions of the stomach (corpus or antrum)
retained gene expression patterns typical of the source; this further supports the idea that
the stem cells in each region are different [32], or perhaps that the assemblage of stem cells
expressing different markers (Mist1, Lrig1, Lgr5, Sox, for example) are characteristic of the
region.

Mechanistic questions about how an inflammatory milieu impacts gastric stem cells
can now be addressed. It is possible or even likely, that the different stem cell types respond
differently to local inflammatory stimuli, although future studies will need to address these
more complex relationships.

Armed with an in-depth knowledge of gastric homeostasis, and of the mechanisms
by which H. pylori virulence factors can impact epithelial and stem cell function [97], we
are now in a position to investigate further gaps in our understanding, e.g.,: of how the
chronic inflammatory state can lead to GC induction; the interplay between the microbiota,
gastric homeostasis, and inflammation; and to investigate how chronic inflammation
impacts the stroma—a population that has been largely ignored to date. Similarly, there are
knowledge gaps regarding the role of gastric hormones in an environment of disrupted
gastric homeostasis.
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To tackle these questions, we propose that the complexity of organoid model systems
will need to increase to include co-cultures with immune cell populations, and/or cytokines.
Similarly, the inclusion of myofibroblasts in more complex models will permit detailed
analyses of their response to inflammatory stimuli. Recent studies have underlined the
importance of growth factor gradients for gastric homeostasis [32], and we predict that
cytokine gradients will also be key to understanding the effects of cytokines on gastric
stem cells. To this end, controlled-release delivery using nanoparticles or other engineered
systems to generate gradients in vitro will be advantageous (see for example [99]).

Such models will provide a platform to systematically investigate the effects and
interplay of inflammatory and regulatory cytokines, and cell populations on homeostasis
and cancer initiation in the gastric gland. The genetic manipulation of organoids also
promises the opportunity to study the role of specific factors in cancer initiation under
controlled conditions without the possible compensatory effects in gene-deleted mice.

A caveat that must be considered for studies using in vitro organoid models to date is
that the role of microbiota has not been addressed. There is great scope to use these systems
to address questions on the specific effects of bacterial metabolites, particularly SCFA on
different cell types in the gastric gland, directly, and also in more complex configurations
where immune cell populations could be introduced. The evidence linking microbiota,
innate lymphoid cells and secretion of growth factors is of particular interest. Analyses of
the microbiome in patients with established GC provides us with evidence of the impact on
the microbiota after the fact. Organoid culture systems based on normal stomach tissues
now provide an opportunity to dissect the roles of bacterial metabolites on the early stages
of cancer initiation.

As discussed above, stromal cells are the source of growth factors that regulate home-
ostasis, and therefore stem cell proliferation. Dissection of the response of stromal cells
such as fibroblasts to the inflammatory milieu established by chronic H. pylori infection will
not only close the circle of our understanding of gastric inflammation, but will also provide
potential targets for therapeutics and vaccines.

Author Contributions: Conceptualisation, A.K.W., S.I. and P.P.B.; writing—original draft preparation,
S.I.; writing—review and editing, A.K.W., S.I. and P.P.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by RMIT University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Figures were produced using BioRender software.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Global Cancer Obeservatory International Agency for Research on Cancer. Estimated Age-Standardized Incidence and Mortality

Rates (World) in 2020, Worldwide, Both Sexes, All Ages. Available online: https://gco.iarc.fr (accessed on 25 January 2022).
2. Hu, B.; Hajj, N.E.; Sittler, S.; Lammert, N.; Barnes, R.; Meloni-Ehrig, A. Gastric Cancer: Classification, Histology and Application

of Molecular Pathology. J. Gastrointest. Oncol. 2012, 3, 251–261. [CrossRef]
3. Bass, A.J.; Thorsson, V.; Shmulevich, I.; Reynolds, S.M.; Miller, M.; Bernard, B.; Hinoue, T.; Laird, P.W.; Curtis, C.; Shen, H.; et al.

Compre-hensive Molecular Characterization of Gastric Adenocarcinoma. Nature 2014, 513, 202–209. [CrossRef]
4. Cutsem, E.V.; Sagaert, X.; Topal, B.; Haustermans, K.; Prenen, H. Gastric Cancer. Lancet 2016, 388, 2654–2664. [CrossRef]
5. Businello, G.; Galuppini, F.; Fassan, M. The Impact of Recent next Generation Sequencing and the Need for a New Classification

in Gastric Cancer. Best Pract. Res. Clin. Gastroenterol. 2021, 50–51, 101730. [CrossRef]
6. Ricci, A.D.; Rizzo, A.; Llimpe, F.L.R.; Fabio, F.D.; Biase, D.D.; Rihawi, K. Novel HER2-Directed Treatments in Advanced Gastric

Carcinoma: AnotHER Paradigm Shift? Cancers 2021, 13, 1664. [CrossRef]
7. lson, D.H. Advances in the Treatment of Gastric Cancer: 2020–2021. Curr. Opin. Gastroenterol. 2021, 37, 615–618. [CrossRef]

https://gco.iarc.fr
http://doi.org/10.3978/j.issn.2078-6891.2012.021
http://doi.org/10.1038/nature13480
http://doi.org/10.1016/S0140-6736(16)30354-3
http://doi.org/10.1016/j.bpg.2021.101730
http://doi.org/10.3390/cancers13071664
http://doi.org/10.1097/mog.0000000000000776


Int. J. Mol. Sci. 2022, 23, 2790 14 of 17

8. Rizzo, A.; Mollica, V.; Ricci, A.D.; Maggio, I.; Massucci, M.; Limpe, F.L.R.; Fabio, F.D.; Ardizzoni, A. Third- and Later-Line
Treatment in Advanced or Metastatic Gastric Cancer: A Systematic Review and Meta-Analysis. Future Oncol. 2020, 16, 4409–4418.
[CrossRef]

9. Araghi, M.; Arnold, M.; Rutherford, M.J.; Guren, M.G.; Cabasag, C.J.; Bardot, A.; Ferlay, J.; Tervonen, H.; Shack, L.; Woods,
R.R.; et al. Colon and Rectal Cancer Survival in Seven High-Income Countries 2010–2014: Variation by Age and Stage at Diagnosis
(the ICBP SUR-VMARK-2 Project). Gut 2021, 70, 114–126. [CrossRef]

10. Correa, P. A Human Model of Gastric Carcinogenesis. Cancer Res. 1988, 48, 3554–3560.
11. Correa, P.; Houghton, J. Carcinogenesis of Helicobacter Pylori. Gastroenterology 2007, 133, 659–672. [CrossRef]
12. Quante, M.; Tu, S.P.; Tomita, H.; Gonda, T.; Wang, S.S.W.; Takashi, S.; Baik, G.H.; Shibata, W.; DiPrete, B.; Betz, K.S.; et al. Bone

Mar-row-Derived Myofibroblasts Contribute to the Mesenchymal Stem Cell Niche and Promote Tumor Growth. Cancer Cell 2011,
19, 257–272. [CrossRef] [PubMed]

13. Shibata, W.; Ariyama, H.; Westphalen, C.B.; Worthley, D.L.; Muthupalani, S.; Asfaha, S.; Dubeykovskaya, Z.; Quante, M.; Fox, J.G.;
Wang, T.C. Stromal Cell-Derived Factor-1 Overexpression Induces Gastric Dysplasia through Expansion of Stromal Myofibroblasts
and Epithelial Pro-genitors. Gut 2013, 62, 192. [CrossRef]

14. Barker, N.; van Es, J.H.; Kuipers, J.; Kujala, P.; van den Born, M.; Cozijnsen, M.; Haegebarth, A.; Korving, J.; Begthel, H.; Peters,
P.J.; et al. Identification of Stem Cells in Small Intestine and Colon by Marker Gene Lgr5. Nature 2007, 449, 1003–1007. [CrossRef]

15. Clevers, H.; Loh, K.M.; Nusse, R. An Integral Program for Tissue Renewal and Regeneration: Wnt Signaling and Stem Cell
Control. Science 2014, 346, 1248012. [CrossRef]

16. van der Flier, L.G.; Clevers, H. Stem Cells, Self-Renewal, and Differentiation in the Intestinal Epithelium. Annu. Rev. Physiol. 2009,
71, 241–260. [CrossRef] [PubMed]

17. Han, S.; Fink, J.; Jörg, D.J.; Lee, E.; Yum, M.K.; Chatzeli, L.; Merker, S.R.; Josserand, M.; Trendafilova, T.; Andersson-Rolf, A.; et al.
Defining the Identity and Dynamics of Adult Gastric Isthmus Stem Cells. Cell Stem Cell 2019, 25, 342–356.e7. [CrossRef]

18. Barker, N.; Huch, M.; Kujala, P.; van de Wetering, M.; Snippert, H.J.; van Es, J.H.; Sato, T.; Stange, D.E.; Begthel, H.; van den Born,
M.; et al. Lgr5(+ve) Stem Cells Drive Self-Renewal in the Stomach and Build Long-Lived Gastric Units in Vitro. Cell Stem Cell
2010, 6, 25–36. [CrossRef] [PubMed]

19. Leushacke, M.; Ng, A.; Galle, J.; Loeffler, M.; Barker, N. Lgr5+ Gastric Stem Cells Divide Symmetrically to Effect Epithelial
Homeostasis in the Pylorus. Cell Rep. 2013, 5, 349–356. [CrossRef]

20. Karam, S.M.; LeBlond, C.P. Dynamics of Epithelial Cells in the Corpus of the Mouse Stomach. III. Inward Migration of Neck Cells
Followed by Progressive Transformation into Zymogenic Cells. Anat. Rec. 1993, 236, 297–313. [CrossRef]

21. Hayakawa, Y.; Jin, G.; Wang, H.; Chen, X.; Westphalen, C.B.; Asfaha, S.; Renz, B.W.; Ariyama, H.; Dubeykovskaya, Z.A.; Takemoto,
Y.; et al. CCK2R Identifies and Regulates Gastric Antral Stem Cell States and Carcinogenesis. Gut 2015, 64, 544. [CrossRef]

22. Nienhüser, H.; Kim, W.; Malagola, E.; Ruan, T.; Valenti, G.; Middelhoff, M.; Bass, A.; Der, C.J.; Hayakawa, Y.; Wang, T.C. Mist1+
Gastric Isthmus Stem Cells Are Regulated by Wnt5a and Expand in Response to Injury and Inflammation in Mice. Gut 2021, 70,
654–665. [CrossRef]

23. Arnold, I.C.; Dehzad, N.; Reuter, S.; Martin, H.; Becher, B.; Taube, C.; Müller, A. Helicobacter Pylori Infection Prevents Allergic
Asthma in Mouse Models through the Induction of Regulatory T Cells. J. Clin. Investig. 2011, 121, 3088–3093. [CrossRef]

24. Choi, E.; Lantz, T.L.; Vlacich, G.; Keeley, T.M.; Samuelson, L.C.; Coffey, R.J.; Goldenring, J.R.; Powell, A.E. Lrig1+ Gastric Isthmal
Progenitor Cells Restore Normal Gastric Lineage Cells during Damage Recovery in Adult Mouse Stomach. Gut 2018, 67, 1595.
[CrossRef] [PubMed]

25. Matsuo, J.; Kimura, S.; Yamamura, A.; Koh, C.P.; Hossain, M.Z.; Heng, D.L.; Kohu, K.; Voon, D.C.-C.; Hiai, H.; Unno, M.; et al.
Identifica-tion of Stem Cells in the Epithelium of the Stomach Corpus and Antrum of Mice. Gastroenterology 2017, 152, 218–231.e14.
[CrossRef]

26. Stange, D.E.; Koo, B.-K.; Huch, M.; Sibbel, G.; Basak, O.; Lyubimova, A.; Kujala, P.; Bartfeld, S.; Koster, J.; Geahlen, J.H.; et al.
Differenti-ated Troy + Chief Cells Act as Reserve Stem Cells to Generate All Lineages of the Stomach Epithelium. Cell 2013, 155,
357–368. [CrossRef] [PubMed]

27. de Lau, W.; Barker, N.; Low, T.Y.; Koo, B.-K.; Li, V.S.W.; Teunissen, H.; Kujala, P.; Haegebarth, A.; Peters, P.J.; van de Wetering, M.;
et al. Lgr5 Homologues Associate with Wnt Receptors and Mediate R-Spondin Signalling. Nature 2011, 476, 293–297. [CrossRef]
[PubMed]

28. Koo, B.-K.; Spit, M.; Jordens, I.; Low, T.Y.; Stange, D.E.; van de Wetering, M.; van Es, J.H.; Mohammed, S.; Heck, A.J.R.; Maurice,
M.M.; et al. Tumour Suppressor RNF43 Is a Stem-Cell E3 Ligase That Induces Endocytosis of Wnt Receptors. Nature 2012, 488,
665–669. [CrossRef] [PubMed]

29. Gifford, G.B.; Demitrack, E.S.; Keeley, T.M.; Tam, A.; Cunza, N.L.; Dedhia, P.H.; Spence, J.R.; Simeone, D.M.; Saotome, I.; Louvi,
A.; et al. Notch1 and Notch2 Receptors Regulate Mouse and Human Gastric Antral Epithelial Cell Homoeostasis. Gut 2017, 66,
1001. [CrossRef] [PubMed]

30. Demitrack, E.S.; Gifford, G.B.; Keeley, T.M.; Carulli, A.J.; Van Dussen, K.L.; Thomas, D.; Giordano, T.J.; Liu, Z.; Kopan, R.;
Samuelson, L.C. Notch Signaling Regulates Gastric Antral LGR5 Stem Cell Function. EMBO J. 2015, 34, 2522–2536. [CrossRef]
[PubMed]

31. Yin, X.; Karp, J.M. Stomaching Notch. EMBO J. 2015, 34, 2489–2491. [CrossRef] [PubMed]

http://doi.org/10.2217/fon-2019-0429
http://doi.org/10.1136/gutjnl-2020-320625
http://doi.org/10.1053/j.gastro.2007.06.026
http://doi.org/10.1016/j.ccr.2011.01.020
http://www.ncbi.nlm.nih.gov/pubmed/21316604
http://doi.org/10.1136/gutjnl-2011-301824
http://doi.org/10.1038/nature06196
http://doi.org/10.1126/science.1248012
http://doi.org/10.1146/annurev.physiol.010908.163145
http://www.ncbi.nlm.nih.gov/pubmed/18808327
http://doi.org/10.1016/j.stem.2019.07.008
http://doi.org/10.1016/j.stem.2009.11.013
http://www.ncbi.nlm.nih.gov/pubmed/20085740
http://doi.org/10.1016/j.celrep.2013.09.025
http://doi.org/10.1002/ar.1092360204
http://doi.org/10.1136/gutjnl-2014-307190
http://doi.org/10.1136/gutjnl-2020-320742
http://doi.org/10.1172/JCI45041
http://doi.org/10.1136/gutjnl-2017-313874
http://www.ncbi.nlm.nih.gov/pubmed/28814482
http://doi.org/10.1053/j.gastro.2016.09.018
http://doi.org/10.1016/j.cell.2013.09.008
http://www.ncbi.nlm.nih.gov/pubmed/24120136
http://doi.org/10.1038/nature10337
http://www.ncbi.nlm.nih.gov/pubmed/21727895
http://doi.org/10.1038/nature11308
http://www.ncbi.nlm.nih.gov/pubmed/22895187
http://doi.org/10.1136/gutjnl-2015-310811
http://www.ncbi.nlm.nih.gov/pubmed/26933171
http://doi.org/10.15252/embj.201490583
http://www.ncbi.nlm.nih.gov/pubmed/26271103
http://doi.org/10.15252/embj.201592859
http://www.ncbi.nlm.nih.gov/pubmed/26358838


Int. J. Mol. Sci. 2022, 23, 2790 15 of 17

32. Wölffling, S.; Daddi, A.A.; Imai-Matsushima, A.; Fritsche, K.; Goosmann, C.; Traulsen, J.; Lisle, R.; Schmid, M.; del Mar
Reines-Benassar, M.; Pfannkuch, L.; et al. EGF and BMPs Govern Differentiation and Patterning in Human Gastric Glands.
Gastroenterology 2021, 161, 623–636.e16. [CrossRef] [PubMed]

33. He, X.C.; Zhang, J.; Tong, W.-G.; Tawfik, O.; Ross, J.; Scoville, D.H.; Tian, Q.; Zeng, X.; He, X.; Wiedemann, L.M.; et al. BMP
Signaling Inhibits Intestinal Stem Cell Self-Renewal through Suppression of Wnt–β-Catenin Signaling. Nat. Genet. 2004, 36,
1117–1121. [CrossRef] [PubMed]

34. Snippert, H.J.; van der Flier, L.G.; Sato, T.; van Es, J.H.; van den Born, M.; Kroon-Veenboer, C.; Barker, N.; Klein, A.M.; van
Rheenen, J.; Simons, B.D.; et al. Intestinal Crypt Homeostasis Results from Neutral Competition between Symmetrically Dividing
Lgr5 Stem Cells. Cell 2010, 143, 134–144. [CrossRef] [PubMed]

35. Horita, N.; Keeley, T.M.; Hibdon, E.S.; Delgado, E.; Lafkas, D.; Siebel, C.W.; Samuelson, L.C. Delta-like 1–Expressing Cells at
the Gland Base Promote Proliferation of Gastric Antral Stem Cells in Mouse. Cell. Mol. Gastroenterol. Hepatol. 2021, 13, 275–287.
[CrossRef]

36. Brischetto, C.; Krieger, K.; Klotz, C.; Krahn, I.; Kunz, S.; Kolesnichenko, M.; Mucka, P.; Heuberger, J.; Scheidereit, C.; Schmidt-
Ullrich, R. NF-KB Determines Paneth versus Goblet Cell Fate Decision in the Small Intestine. Development 2021, 148, dev199683.
[CrossRef]

37. Ying, L.; Ferrero, R.L. Molecular Mechanisms of Inflammation: Induction, Resolution and Escape by Helicobacter Pylori. Curr.
Top. Microbiol. 2019, 421, 159–177. [CrossRef]

38. Sigal, M.; Logan, C.Y.; Kapalczynska, M.; Mollenkopf, H.-J.; Berger, H.; Wiedenmann, B.; Nusse, R.; Amieva, M.R.; Meyer, T.F.
Stromal R-Spondin Orchestrates Gastric Epithelial Stem Cells and Gland Homeostasis. Nature 2017, 548, 451–455. [CrossRef]
[PubMed]

39. Hayakawa, Y.; Ariyama, H.; Stancikova, J.; Sakitani, K.; Asfaha, S.; Renz, B.W.; Dubeykovskaya, Z.A.; Shibata, W.; Wang, H.;
Westphalen, C.B.; et al. Mist1 Expressing Gastric Stem Cells Maintain the Normal and Neoplastic Gastric Epithelium and Are
Supported by a Perivascular Stem Cell Niche. Cancer Cell 2015, 28, 800–814. [CrossRef]

40. Li, R.; Jiang, X.-X.; Zhang, L.-F.; Liu, X.-M.; Hu, T.-Z.; Xia, X.-J.; Li, M.; Xu, C.-X. Group 2 Innate Lymphoid Cells Are Involved in
Skewed Type 2 Immunity of Gastric Diseases Induced by Helicobacter Pylori Infection. Mediat. Inflamm. 2017, 2017, 4927964.
[CrossRef] [PubMed]

41. Satoh-Takayama, N.; Kato, T.; Motomura, Y.; Kageyama, T.; Taguchi-Atarashi, N.; Kinoshita-Daitoku, R.; Kuroda, E.; Santo,
J.P.D.; Mimuro, H.; Moro, K.; et al. Bacteria-Induced Group 2 Innate Lymphoid Cells in the Stomach Provide Immune Protection
through Induction of IgA. Immunity 2020, 52, 635–649.e4. [CrossRef] [PubMed]

42. Müller, A.; Oertli, M.; Arnold, I.C. H. Pylori Exploits and Manipulates Innate and Adaptive Immune Cell Signaling Pathways to
Establish Persistent Infection. Cell Commun. Signal. CCS 2011, 9, 25. [CrossRef] [PubMed]

43. Sarkar, A.; Huebner, A.J.; Sulahian, R.; Anselmo, A.; Xu, X.; Flattery, K.; Desai, N.; Sebastian, C.; Yram, M.A.; Arnold, K.; et al.
Sox2 Sup-presses Gastric Tumorigenesis in Mice. Cell Rep. 2016, 16, 1929–1941. [CrossRef] [PubMed]

44. Fafilek, B.; Krausova, M.; Vojtechova, M.; Pospichalova, V.; Tumova, L.; Sloncova, E.; Huranova, M.; Stancikova, J.; Hlavata, A.;
Svec, J.; et al. Troy, a Tumor Necrosis Factor Receptor Family Member, Interacts With Lgr5 to Inhibit Wnt Signaling in Intestinal
Stem Cells. Gastroenterology 2013, 144, 381–391. [CrossRef] [PubMed]

45. Nanki, K.; Toshimitsu, K.; Takano, A.; Fujii, M.; Shimokawa, M.; Ohta, Y.; Matano, M.; Seino, T.; Nishikori, S.; Ishikawa, K.;
et al. Divergent Routes toward Wnt and R-Spondin Niche Independency during Human Gastric Carcinogenesis. Cell 2018, 174,
856–869.e17. [CrossRef] [PubMed]

46. Kandulski, A.; Malfertheiner, P.; Wex, T. Role of Regulatory T-Cells in H. Pylori-Induced Gastritis and Gastric Cancer. Anticancer
Res. 2010, 30, 1093–1103. [PubMed]

47. Kabir, S. The Role of Interleukin-17 in the Helicobacter Pylori Induced Infection and Immunity. Helicobacter 2011, 16, 1–8.
[CrossRef] [PubMed]

48. Bagheri, N.; Salimzadeh, L.; Shirzad, H. The Role of T Helper 1-Cell Response in Helicobacter Pylori-Infection. Microb. Pthogenesis
2018, 123, 1–8. [CrossRef]

49. Boccellato, F.; Woelffling, S.; Imai-Matsushima, A.; Sanchez, G.; Goosmann, C.; Schmid, M.; Berger, H.; Morey, P.; Denecke,
C.; Ordemann, J.; et al. Polarised Epithelial Monolayers of the Gastric Mucosa Reveal Insights into Mucosal Homeostasis and
Defence against Infection. Gut 2018, 68, 400–413. [CrossRef]

50. Sigal, M.; Rothenberg, M.E.; Logan, C.Y.; Lee, J.Y.; Honaker, R.W.; Cooper, R.L.; Passarelli, B.; Camorlinga, M.; Bouley, D.M.;
Alvarez, G.; et al. Helicobacter Pylori Activates and Expands Lgr5(+) Stem Cells Through Direct Colonization of the Gastric
Glands. Gastroenterology 2015, 148, 1392–1404.e21. [CrossRef] [PubMed]

51. Wroblewski, L.E.; Piazuelo, M.B.; Chaturvedi, R.; Schumacher, M.; Aihara, E.; Feng, R.; Noto, J.M.; Delgado, A.; Israel, D.A.;
Zavros, Y.; et al. Helicobacter Pylori Targets Cancer-Associated Apical-Junctional Constituents in Gastroids and Gastric Epithelial
Cells. Gut 2015, 64, 720–730. [CrossRef] [PubMed]

52. McCracken, K.W.; Catá, E.M.; Crawford, C.M.; Sinagoga, K.L.; Schumacher, M.; Rockich, B.E.; Tsai, Y.-H.; Mayhew, C.N.; Spence,
J.R.; Zavros, Y.; et al. Modeling Human Development and Disease in Pluripotent Stem Cell-Derived Gastric Organoids. Nature
2014, 516, 400–404. [CrossRef] [PubMed]

53. Backert, S.; Naumann, M. What a Disorder: Proinflammatory Signaling Pathways Induced by Helicobacter Pylori. Trends Microbiol.
2010, 18, 479–486. [CrossRef] [PubMed]

http://doi.org/10.1053/j.gastro.2021.04.062
http://www.ncbi.nlm.nih.gov/pubmed/33957136
http://doi.org/10.1038/ng1430
http://www.ncbi.nlm.nih.gov/pubmed/15378062
http://doi.org/10.1016/j.cell.2010.09.016
http://www.ncbi.nlm.nih.gov/pubmed/20887898
http://doi.org/10.1016/j.jcmgh.2021.08.012
http://doi.org/10.1242/dev.199683
http://doi.org/10.1007/978-3-030-15138-6_7
http://doi.org/10.1038/nature23642
http://www.ncbi.nlm.nih.gov/pubmed/28813421
http://doi.org/10.1016/j.ccell.2015.10.003
http://doi.org/10.1155/2017/4927964
http://www.ncbi.nlm.nih.gov/pubmed/29138530
http://doi.org/10.1016/j.immuni.2020.03.002
http://www.ncbi.nlm.nih.gov/pubmed/32240600
http://doi.org/10.1186/1478-811X-9-25
http://www.ncbi.nlm.nih.gov/pubmed/22044597
http://doi.org/10.1016/j.celrep.2016.07.034
http://www.ncbi.nlm.nih.gov/pubmed/27498859
http://doi.org/10.1053/j.gastro.2012.10.048
http://www.ncbi.nlm.nih.gov/pubmed/23142137
http://doi.org/10.1016/j.cell.2018.07.027
http://www.ncbi.nlm.nih.gov/pubmed/30096312
http://www.ncbi.nlm.nih.gov/pubmed/20530414
http://doi.org/10.1111/j.1523-5378.2010.00812.x
http://www.ncbi.nlm.nih.gov/pubmed/21241406
http://doi.org/10.1016/j.micpath.2018.06.033
http://doi.org/10.1136/gutjnl-2017-314540
http://doi.org/10.1053/j.gastro.2015.02.049
http://www.ncbi.nlm.nih.gov/pubmed/25725293
http://doi.org/10.1136/gutjnl-2014-307650
http://www.ncbi.nlm.nih.gov/pubmed/25123931
http://doi.org/10.1038/nature13863
http://www.ncbi.nlm.nih.gov/pubmed/25363776
http://doi.org/10.1016/j.tim.2010.08.003
http://www.ncbi.nlm.nih.gov/pubmed/20863705


Int. J. Mol. Sci. 2022, 23, 2790 16 of 17

54. Backert, S.; Haas, R.; Gerhard, M.; Naumann, M. The Helicobacter Pylori Type IV Secretion System Encoded by the Cag
Pathogenicity Island: Architecture, Function, and Signaling. Curr. Top. Microbiol. Immunol. 2017, 413, 187–220. [CrossRef]

55. Amieva, M.R.; Vogelmann, R.; Covacci, A.; Tompkins, L.S.; Nelson, W.J.; Falkow, S. Disruption of the Epithelial Apical-Junctional
Complex by Helicobacter Pylori CagA. Science 2003, 300, 1430–1434. [CrossRef] [PubMed]

56. Buti, L.; Spooner, E.; der Veen, A.G.V.; Rappuoli, R.; Covacci, A.; Ploegh, H.L. Helicobacter Pylori Cytotoxin-Associated Gene A
(CagA) Subverts the Apoptosis-Stimulating Protein of P53 (ASPP2) Tumor Suppressor Pathway of the Host. Proc. Natl. Acad. Sci.
USA 2011, 108, 9238–9243. [CrossRef] [PubMed]

57. Capurro, M.I.; Greenfield, L.K.; Prashar, A.; Xia, S.; Abdullah, M.; Wong, H.; Zhong, X.Z.; Bertaux-Skeirik, N.; Chakrabarti, J.;
Siddiqui, I.; et al. VacA Generates a Protective Intracellular Reservoir for Helicobacter Pylori That Is Eliminated by Activation of
the Lysosomal Calcium Channel TRPML1. Nat. Microbiol. 2019, 4, 1411–1423. [CrossRef]

58. Caston, R.R.; Sierra, J.C.; Foegeding, N.J.; Truelock, M.D.; Campbell, A.M.; Frick-Cheng, A.E.; Bimczok, D.; Wilson, K.T.; McClain,
M.S.; Cover, T.L. Functional Properties of Helicobacter Pylori VacA Toxin M1 and M2 Variants. Infect. Immun. 2020, 88, e00032-20.
[CrossRef]

59. Sayed, I.M.; Sahan, A.Z.; Venkova, T.; Chakraborty, A.; Mukhopadhyay, D.; Bimczok, D.; Beswick, E.J.; Reyes, V.E.; Pinchuk,
I.; Sahoo, D.; et al. Helicobacter Pylori Infection Downregulates the DNA Glycosylase NEIL2, Resulting in Increased Genome
Damage and Inflammation in Gastric Epithelial Cells. J. Biol. Chem. 2020, 295, 11082–11098. [CrossRef]

60. Chakraborty, A.; Wakamiya, M.; Venkova-Canova, T.; Pandita, R.K.; Aguilera-Aguirre, L.; Sarker, A.H.; Singh, D.K.; Hosoki, K.;
Wood, T.G.; Sharma, G.; et al. Neil2-Null Mice Accumulate Oxidized DNA Bases in the Transcriptionally Active Sequences of the
Genome and Are Susceptible to Innate Inflammation. J. Biol. Chem. 2015, 290, 24636–24648. [CrossRef]

61. Bauer, M.; Nascakova, Z.; Mihai, A.-I.; Cheng, P.F.; Levesque, M.P.; Lampart, S.; Hurwitz, R.; Pfannkuch, L.; Dobrovolna, J.; Jacobs,
M.; et al. The ALPK1/TIFA/NF-KB Axis Links a Bacterial Carcinogen to R-Loop-Induced Replication Stress. Nat. Commun. 2020,
11, 5117. [CrossRef]

62. Sierra, J.C.; Piazuelo, M.B.; Luis, P.B.; Barry, D.P.; Allaman, M.M.; Asim, M.; Sebrell, T.A.; Finley, J.L.; Rose, K.L.; Hill, S.; et al.
Spermine Oxidase Mediates Helicobacter Pylori-Induced Gastric Inflammation, DNA Damage, and Carcinogenic Signaling.
Oncogene 2020, 39, 4465–4474. [CrossRef] [PubMed]

63. Sethi, N.S.; Kikuchi, O.; Duronio, G.N.; Stachler, M.D.; McFarland, J.M.; Ferrer-Luna, R.; Zhang, Y.; Bao, C.; Bronson, R.; Patil,
D.; et al. Early TP53 Alterations Engage Environmental Exposures to Promote Gastric Premalignancy in an Integrative Mouse
Model. Nat. Genet. 2020, 52, 219–230. [CrossRef] [PubMed]

64. Wallaschek, N.; Reuter, S.; Silkenat, S.; Wolf, K.; Niklas, C.; Kayisoglu, Ö.; Aguilar, C.; Wiegering, A.; Germer, C.-T.; Kircher, S.;
et al. Ephrin Receptor A2, the Epithelial Receptor for Epstein-Barr Virus Entry, Is Not Available for Efficient Infection in Human
Gastric Organoids. PLoS Pathog. 2021, 17, e1009210. [CrossRef] [PubMed]

65. Chen, J.; Sathiyamoorthy, K.; Zhang, X.; Schaller, S.; White, B.E.P.; Jardetzky, T.S.; Longnecker, R. Ephrin Receptor A2 Is a
Functional Entry Receptor for Epstein–Barr Virus. Nat. Microbiol. 2018, 3, 172–180. [CrossRef]

66. Fehri, L.F.; Koch, M.; Belogolova, E.; Khalil, H.; Bolz, C.; Kalali, B.; Mollenkopf, H.J.; Beigier-Bompadre, M.; Karlas, A.; Schneider,
T.; et al. Helicobacter Pylori Induces MiR-155 in T Cells in a CAMP-Foxp3-Dependent Manner. PLoS ONE 2010, 5, 9500. [CrossRef]

67. Pachathundikandi, S.K.; Tegtmeyer, N.; Backert, S. Signal Transduction of Helicobacter Pylori during Interaction with Host Cell
Protein Re-ceptors of Epithelial and Immune Cells. Gut Microbes 2013, 4, 454–474. [CrossRef]

68. Blaser, N.; Backert, S.; Pachathundikandi, S.K. Immune Cell Signaling by Helicobacter Pylori: Impact on Gastric Pathology. Adv.
Exp. Med. Biol. 2019, 1149, 77–106. [CrossRef]

69. Sorini, C.; Tripathi, K.P.; Wu, S.; Higdon, S.M.; Wang, J.; Cheng, L.; Banerjee, S.; Reinhardt, A.; Kreslavsky, T.; Thorell, A.; et al.
Metagenomic and single-cell RNA-seq survey of the H. pylori-infected stomach in asymptomatic individuals. medRxiv 2021.
[CrossRef]

70. Wilson, K.T.; Crabtree, J.E. Immunology of Helicobacter Pylori: Insights into the Failure of the Immune Response and Perspectives
on Vaccine Studies. Gastroenterology 2007, 133, 288–308. [CrossRef]

71. Walduck, A.K.; Raghavan, S. Immunity and Vaccine Development Against Helicobacter Pylori. Helicobacter Pylori Hum. Dis. 2019,
1149, 257–275.

72. Bagheri, N.; Shirzad, H.; Elahi, S.; Azadegan-Dehkordi, F.; Rahimian, G.; Shafigh, M.; Rashidii, R.; Sarafnejad, A.; Rafieian-Kopaei,
M.; Fa-ridani, R.; et al. Downregulated Regulatory T Cell Function Is Associated with Increased Peptic Ulcer in Helicobacter
Pylori-Infection. Microb. Pathog. 2017, 110, 165–175. [CrossRef] [PubMed]

73. Robinson, K.; Kenefeck, R.; Pidgeon, E.L.; Shakib, S.; Patel, S.; Polson, R.J.; Zaitoun, A.M.; Atherton, J.C. Helicobacter Pylori-
Induced Peptic Ulcer Disease Is Associated with Inadequate Regulatory T Cell Responses. Gut 2008, 57, 1375–1385. [CrossRef]
[PubMed]

74. Chung, S.-H.; Ye, X.-Q.; Iwakura, Y. Interleukin-17 Family Members in Health and Disease. Int. Immunol. 2021, 33, 723–729.
[CrossRef] [PubMed]

75. Song, Y.; Yang, J.M. Role of Interleukin (IL)-17 and T-Helper (Th)17 Cells in Cancer. Biochem. Biophys. Res. Commun. 2017, 493, 1–8.
[CrossRef]

76. Mangan, P.R.; Harrington, L.E.; O’Quinn, D.B.; Helms, W.S.; Bullard, D.C.; Elson, C.O.; Hatton, R.D.; Wahl, S.M.; Schoeb, T.R.;
Weaver, C.T. Transforming Growth Factor-β Induces Development of the TH17 Lineage. Nature 2006, 441, 231–234. [CrossRef]

http://doi.org/10.1007/978-3-319-75241-9_8
http://doi.org/10.1126/science.1081919
http://www.ncbi.nlm.nih.gov/pubmed/12775840
http://doi.org/10.1073/pnas.1106200108
http://www.ncbi.nlm.nih.gov/pubmed/21562218
http://doi.org/10.1038/s41564-019-0441-6
http://doi.org/10.1128/IAI.00032-20
http://doi.org/10.1074/jbc.RA119.009981
http://doi.org/10.1074/jbc.M115.658146
http://doi.org/10.1038/s41467-020-18857-z
http://doi.org/10.1038/s41388-020-1304-6
http://www.ncbi.nlm.nih.gov/pubmed/32350444
http://doi.org/10.1038/s41588-019-0574-9
http://www.ncbi.nlm.nih.gov/pubmed/32025000
http://doi.org/10.1371/journal.ppat.1009210
http://www.ncbi.nlm.nih.gov/pubmed/33596248
http://doi.org/10.1038/s41564-017-0081-7
http://doi.org/10.1371/journal.pone.0009500
http://doi.org/10.4161/gmic.27001
http://doi.org/10.1007/5584_2019_360
http://doi.org/10.1101/2021.12.04.21267139
http://doi.org/10.1053/j.gastro.2007.05.008
http://doi.org/10.1016/j.micpath.2017.06.040
http://www.ncbi.nlm.nih.gov/pubmed/28666843
http://doi.org/10.1136/gut.2007.137539
http://www.ncbi.nlm.nih.gov/pubmed/18467372
http://doi.org/10.1093/intimm/dxab075
http://www.ncbi.nlm.nih.gov/pubmed/34611705
http://doi.org/10.1016/j.bbrc.2017.08.109
http://doi.org/10.1038/nature04754


Int. J. Mol. Sci. 2022, 23, 2790 17 of 17

77. Chen, X.; Cai, G.; Liu, C.; Zhao, J.; Gu, C.; Wu, L.; Hamilton, T.A.; Zhang, C.; Ko, J.; Zhu, L.; et al. IL-17R–EGFR Axis Links Wound
Heal-ing to Tumorigenesis in Lrig1+ Stem Cells. J. Exp. Med. 2019, 216, 195–214. [CrossRef]

78. Mucciolo, G.; Curcio, C.; Roux, C.; Li, W.Y.; Capello, M.; Curto, R.; Chiarle, R.; Giordano, D.; Satolli, M.A.; Lawlor, R.; et al.
IL17A Critically Shapes the Transcriptional Program of Fibroblasts in Pancreatic Cancer and Switches on Their Protumorigenic
Functions. Proc. Natl. Acad. Sci. USA 2021, 118, e2020395118. [CrossRef]

79. Dai, Z.-M.; Zhang, T.-S.; Lin, S.; Zhang, W.-G.; Liu, J.; Cao, X.-M.; Li, H.-B.; Wang, M.; Liu, X.-H.; Liu, K.; et al. Role of IL-17A
Rs2275913 and IL-17F Rs763780 Polymorphisms in Risk of Cancer Development: An Updated Meta-Analysis. Sci. Rep. 2016, 6,
20439. [CrossRef]

80. Nam, K.T.; Lee, H.; Sousa, J.F.; Weis, V.G.; O’Neal, R.L.; Finke, P.E.; Romero–Gallo, J.; Shi, G.; Mills, J.C.; Peek, R.M.; et al. Mature
Chief Cells Are Cryptic Progenitors for Metaplasia in the Stomach. Gastroenterology 2010, 139, 2028–2037.e9. [CrossRef]

81. Petersen, C.P.; Weis, V.G.; Nam, K.T.; Sousa, J.F.; Fingleton, B.; Goldenring, J.R. Macrophages Promote Progression of Spasmolytic
Poly-peptide-Expressing Metaplasia After Acute Loss of Parietal Cells. Gastroenterology 2014, 146, 1727–1738.e8. [CrossRef]

82. Sun, J.; Xu, K.; Wu, C.; Wang, Y.; Hu, Y.; Zhu, Y.; Chen, Y.; Shi, Q.; Yu, G.; Zhang, X. PD-L1 Expression Analysis in Gastric
Carcinoma Tissue and Blocking of Tumor-Associated PD-L1 Signaling by Two Functional Monoclonal Antibodies. Tissue Antigens
2007, 69, 19–27. [CrossRef] [PubMed]

83. Reissfelder, C.; Stamova, S.; Gossmann, C.; Braun, M.; Bonertz, A.; Walliczek, U.; Grimm, M.; Rahbari, N.N.; Koch, M.; Saadati,
M.; et al. Tumor-Specific Cytotoxic T Lymphocyte Activity Determines Colorectal Cancer Patient Prognosis. J. Clin. Investig. 2015,
125, 739–751. [CrossRef] [PubMed]

84. Holokai, L.L.; Bertaux-Skeirik, N.; Chakrabarti, J.; Wunderlich, M.; Chang, J.; Teal, E.L.; Hawkins, J.; Sundaram, N.; Mahe, M.M.;
Helmrath, M.; et al. Human-Derived Gastric Cancer Organoids Secrete Tumor Antigen That Activates Dendritic Cells and
Subsequent Expression of PD-1 and CTLA-4 on Cytotoxic T Lymphocytes. Gastroenterology 2017, 152, S57. [CrossRef]

85. Jiang, W.; Liu, K.; Guo, Q.; Cheng, J.; Shen, L.; Cao, Y.; Wu, J.; Shi, J.; Cao, H.; Liu, B.; et al. Tumor-Infiltrating Immune Cells and
Progno-sis in Gastric Cancer: A Systematic Review and Meta-Analysis. Oncotarget 2017, 8, 62312–62329. [CrossRef] [PubMed]

86. Osaki, L.H.; Bockerstett, K.A.; Wong, C.F.; Ford, E.L.; Madison, B.B.; DiPaolo, R.J.; Mills, J.C. Interferon-γ Directly Induces Gastric
Epi-thelial Cell Death and Is Required for Progression to Metaplasia. J. Pathol. 2019, 247, 513–523. [CrossRef]

87. Bertaux-Skeirik, N.; Feng, R.; Schumacher, M.A.; Li, J.; Mahe, M.M.; Engevik, A.C.; Javier, J.E.; Peek, R.M.; Ottemann, K.;
Orian-Rousseau, V.; et al. CD44 Plays a Functional Role in Helicobacter Pylori-Induced Epithelial Cell Proliferation. PLoS Pathog.
2015, 11, e1004663. [CrossRef]

88. Fritz, J.H.; Bourhis, L.L.; Sellge, G.; Magalhaes, J.G.; Fsihi, H.; Kufer, T.A.; Collins, C.; Viala, J.; Ferrero, R.L.; Girardin, S.E.; et al.
Nod1-Mediated Innate Immune Recognition of Peptidoglycan Contributes to the Onset of Adaptive Immunity. Immunity 2007,
26, 445–459. [CrossRef]

89. Suarez, G.; Romero-Gallo, J.; Piazuelo, M.B.; Sierra, J.C.; Delgado, A.G.; Washington, M.K.; Shah, S.C.; Wilson, K.T.; Peek, R.M.
Nod1 Imprints Inflammatory and Carcinogenic Responses toward the Gastric Pathogen Helicobacter Pylori. Cancer Res. 2019, 79,
1600–1611. [CrossRef]

90. Partula, V.; Mondot, S.; Torres, M.J.; Kesse-Guyot, E.; Deschasaux, M.; Assmann, K.; Latino-Martel, P.; Buscail, C.; Julia, C.; Galan,
P.; et al. Associations between Usual Diet and Gut Microbiota Composition: Results from the Milieu Intérieur Cross-Sectional
Study. Am. J. Clin. Nutr. 2019, 109, 1472–1483. [CrossRef]

91. Chu, F.; Li, Y.; Meng, X.; Li, Y.; Li, T.; Zhai, M.; Zheng, H.; Xin, T.; Su, Z.; Lin, J.; et al. Gut Microbial Dysbiosis and Changes in
Fecal Metabolic Phenotype in Precancerous Lesions of Gastric Cancer Induced With N-Methyl-N′-Nitro-N-Nitrosoguanidine,
Sodium Salicylate, Ranitidine, and Irregular Diet. Front. Physiol. 2021, 12, 733979. [CrossRef]

92. Aebischer, T.; Fischer, A.; Walduck, A.K.; Schlötelburg, C.; Lindig, M.; Schreiber, S.; Meyer, T.F.; Bereswill, S.; Göbel, U.B.
Vaccination Prevents Helicobacter Pylori-Induced Alterations of the Gastric Flora in Mice. FEMS Immunol. Med. Microbiol. 2006,
46, 221–229. [CrossRef]

93. Noto, J.M.; Zackular, J.P.; Varga, M.G.; Delgado, A.; Romero-Gallo, J.; Scholz, M.B.; Piazuelo, M.B.; Skaar, E.P.; Peek, R.M.
Modification of the Gastric Mucosal Microbiota by a Strain-Specific Helicobacter Pylori Oncoprotein and Carcinogenic Histologic
Phenotype. ASM J. 2019, 10, e00955-19. [CrossRef] [PubMed]

94. Wang, L.; Zhou, J.; Xin, Y.; Geng, C.; Tian, Z.; Yu, X.; Dong, Q. Bacterial Overgrowth and Diversification of Microbiota in Gastric
Cancer. Eur. J. Gastroenterol. Hepatol. 2016, 28, 261–266. [CrossRef] [PubMed]

95. Yang, Y.; Ji, R.; Zhao, X.; Cao, X.; Wang, Q.; Jiang, Q.; Zhang, Y.; Zheng, W.; Wu, X.; Yang, A. Alterations in Gastric Mucosal
Microbiota in Gastric Carcinogenesis: A Systematic Review and Meta-Analysis. Front. Med. 2021, 8, 754959. [CrossRef]

96. Smith, B.J.; Miller, R.A.; Ericsson, A.C.; Harrison, D.C.; Strong, R.; Schmidt, T.M. Changes in the Gut Microbiome and Fermentation
Prod-ucts Concurrent with Enhanced Longevity in Acarbose-Treated Mice. BMC Microbiol. 2019, 19, 130. [CrossRef]

97. Kim, C.H.; Park, J.; Kim, M. Gut Microbiota-Derived Short-Chain Fatty Acids, T Cells, and Inflammation. Immune Netw. 2014, 14,
277–288. [CrossRef]

98. Yang, W.; Yu, T.; Huang, X.; Bilotta, A.J.; Xu, L.; Lu, Y.; Sun, J.; Pan, F.; Zhou, J.; Zhang, W.; et al. Intestinal Microbiota-Derived
Short-Chain Fatty Acids Regulation of Immune Cell IL-22 Production and Gut Immunity. Nat. Commun. 2020, 11, 4457. [CrossRef]

99. Chang, H.-T.; Heuer, R.A.; Oleksijew, A.M.; Coots, K.S.; Roque, C.B.; Nella, K.T.; McGuire, T.L.; Matsuoka, A.J. An Engineered
Three-Dimensional Stem Cell Niche in the Inner Ear by Applying a Nanofibrillar Cellulose Hydrogel with a Sustained-Release
Neurotrophic Factor Delivery System. Acta Biomater. 2020, 108, 111–127. [CrossRef]

http://doi.org/10.1084/jem.20171849
http://doi.org/10.1073/pnas.2020395118
http://doi.org/10.1038/srep20439
http://doi.org/10.1053/j.gastro.2010.09.005
http://doi.org/10.1053/j.gastro.2014.02.007
http://doi.org/10.1111/j.1399-0039.2006.00701.x
http://www.ncbi.nlm.nih.gov/pubmed/17212704
http://doi.org/10.1172/JCI74894
http://www.ncbi.nlm.nih.gov/pubmed/25562322
http://doi.org/10.1016/S0016-5085(17)30547-4
http://doi.org/10.18632/oncotarget.17602
http://www.ncbi.nlm.nih.gov/pubmed/28977947
http://doi.org/10.1002/path.5214
http://doi.org/10.1371/journal.ppat.1004663
http://doi.org/10.1016/j.immuni.2007.03.009
http://doi.org/10.1158/0008-5472.CAN-18-2651
http://doi.org/10.1093/ajcn/nqz029
http://doi.org/10.3389/fphys.2021.733979
http://doi.org/10.1111/j.1574-695x.2005.00024.x
http://doi.org/10.1128/mBio.00955-19
http://www.ncbi.nlm.nih.gov/pubmed/31138752
http://doi.org/10.1097/MEG.0000000000000542
http://www.ncbi.nlm.nih.gov/pubmed/26657453
http://doi.org/10.3389/fmed.2021.754959
http://doi.org/10.1186/s12866-019-1494-7
http://doi.org/10.4110/in.2014.14.6.277
http://doi.org/10.1038/s41467-020-18262-6
http://doi.org/10.1016/j.actbio.2020.03.007

	The Need to Understand the Complex Factors That Lead to Gastric Cancer 
	Gastric Homeostasis: The Key Role of Adult Stem Cells in the Gastric Gland 
	Organoids as a Tool to Study the Role of Host Genetics in Gastric Cancer 
	H. pylori Infection as a Direct Driver of Stem Cell Transformation 
	H. pylori Virulence Factors in Cancer Initiation 
	H. pylori Induced DNA Damage 
	Chromosomal Change 

	EBV as an Initiator of Gastric Cancer 
	Chronic Inflammation Creates a Milieu Balanced between Injury and Immune Suppression, Creating an Environment in the Stroma That Predisposes to Stem Cell Changes 
	Organoid Cultures as Tools to Study Progression from Metaplasia to Gastric Cancer 
	The Gastric Microbiota Intersects with the Inflammatory Response and Gastric Homeostasis 
	Conclusions and Future Directions 
	References

