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ABSTRACT

Gastric cancer represents one of the leading causes of cancer deaths worldwide. Helicobacter
pylori (H. pylori) infection is the strongest risk factor associated with gastric cancer. Due to new
molecular techniques allowing greater identification of stomach microbes, investigators are
beginning to examine the role that bacteria other than H. pylori play in gastric cancer develop-
ment. Recently, researchers have investigated how the composition of the gastric microbiota
varies among individuals with various stages of gastric disease. Specific microbes residing in the
stomach have been preferentially associated with gastric cancer patients compared to individuals
with a healthy gastric mucosa. Studies conducted on the insulin-gastrin (INS-GAS) transgenic
mouse model have provided additional insight into the association between the gastric micro-
biota and gastric cancer. The purpose of this article is to review the current state of literature on
the relationship between the gastric microbiota and gastric cancer based on clinical studies
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performed to date.

Introduction

Gastric cancer is the fifth most common cancer
worldwide and over 1 million new cases were
diagnosed in 2018'. Infection with Helicobacter
pylori is widely regarded as the strongest risk fac-
tor for the development of gastric cancer.” Over
50% of people are infected with H. pylori globally.’
Almost all cases of gastric cancer can be related to
H. pylori.* The vast majority of gastric cancer cases
are the intestinal type of non-cardia gastric cancer
that occur via a predictable progression from
atrophic gastritis (AG) to intestinal metaplasia
(IM) to gastric cancer (GC), and it is known that
H. pylori infection plays an initial role in this
cascade’ (Table 1). H. pylori infection causes
inflammation of the gastric mucosa and destruc-
tion of the hydrochloric acid-secreting glands of
the stomach, ultimately leading to a condition
known as atrophic gastritis.'® Atrophic gastritis is
a chronic inflammatory and hypochloridic state
that has the potential to progress to gastric
cancer.'’ Although H. pylori infection is known
to precipitate this cascade, only approximately
1-3% of infected individuals will subsequently

develop gastric cancer.'' Other risk factors include
advanced age, male gender, certain ethnic back-
grounds, and environmental factors such as smok-
ing and consumption of high salt and smoked
foods containing nitrates."® Genetic polymorph-
isms within pro-inflammatory genes have been
implicated in gastric cancer development as
well.'"> However, until recent years, the relation-
ship between the microbiota and gastric cancer has
remained relatively unexplored. It has been
hypothesized that the hypochlorydia associated
with atrophic gastritis allows the stomach to be
colonized by oral and lower bowel microbes that
are not ordinarily present under its normal,
harshly acidic conditions.">'* Initial research of
the gastric microbiota was limited partially due to
difficulty culturing commensal microorganisms
residing in the stomach. As a result, researchers
previously believed the number of microbes cap-
able of surviving in the stomach was limited."
However, due to advances in PCR techniques
and metagenomics, it is now clear that the sto-
mach does in fact contain a robust microbiota.'®
As a result of these technological advances,
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Table 1. H. pylori-dependency and potential role of commensal bacteria in promotion of gastric cancer.
Disease progression

Normal stomach Active Gastritis Atrophic gastritis  Intestinal metaplasia Dysplasia Carcinoma

Cell type Gastric mucosal Gastric mucosal Gastric Intestinal, premalignant Intestinal, dysplastic Intestinal, malignant
parietal cells K

pH 2 2-4 4-7 4-7 4-7 4-7

H. pylori in stomach* 5-6.5%° >90%°%” 30-72%® 30-35%° 24.6%°

Commensal bacteria  Uninhabitable® +° +4P ++ ++ ++

Phase Normal Initiation Promotion Progression

Stage H. pylori-dependent stage (years to decades) H. pylori-independent stage (decades)

a. In stomach with normal acid production, H. pylori can survive on the gastric mucosa by using urease to increase the pH in surrounding tissues.
Commensal bacteria lack the capability of effective competition with H. pylori in an acid environment.
b. In atrophic gastritis, H. pylori starts to disappear because commensal bacteria are not protected against the low gastric pH, whereas the near

neutral pH in an atrophic stomach allows commensal bacteria to overgrow.

*Based on pathology review.

increased investigation into the relationship
between the gastric microbiota and gastric cancer
is beginning to occur. It is necessary to evaluate
and analyze the research findings to date in order
to determine potential next steps for research in
this novel field.

Gastric cancer development and diversity of
the microbiota

With the advent of newer techniques for analyzing
the microbial content of the stomach, it became
possible to better characterize the gastric microbiota.
Perhaps more importantly, it also became possible to
explore how the composition of the microbiota dif-
fers across the spectrum from a healthy gastric
mucosa to GC (Table 1). Interestingly, the vast
majority of the studies conducted on the gastric
microbiota to date have focused on intestinal type
adenocarcinoma as opposed to diffuse gastric cancer,
possibly due to the fact that H. pylori is more asso-
ciated with intestinal type gastric cancer as opposed
to diffuse type gastric cancer. One of the landmark
studies examining the gastric microbiota came in
2006 when Bik et al. sought to characterize the bac-
teria present in the stomach of 23 adults via gastric
mucosal  biopsies  obtained  during upper
endoscopy.'” Following PCR of the biopsy samples
and sequence analysis using ARB software, 128 bac-
terial phylotypes were identified.'” Furthermore, the
study found that the gastric bacterial community was
dominated by the Proteobacteria, Firmicutes,
Bacteroidetes, Actinobacteria, and Fusobacteria
phyla.'” It is important to note that the discovery of
such a large number of phylotypes present in the
human stomach was largely made possible via newer

PCR techniques. In fact, of the 128 phylotypes iden-
tified in this study, 64 were non-culturable by tradi-
tional culture.'” Despite the limitations of this study,
which include a small sample size and lack of gender
diversity (22 of 23 subjects were male),"” it was one
of the first studies to highlight the fact that the
stomach has a more robust microbiota than pre-
viously believed and gave a glimpse into the types
of microbes that inhabit the stomach. It is also worth
noting that this study identified the presence of
H. pylori in the gastric biopsies of several patients
who were deemed H. pylori-negative by conven-
tional diagnostic testing. This finding suggests that
the presence of H. pylori in patients with gastric
disease may actually be underestimated by conven-
tional diagnostic tests.

Although the aforementioned study demonstrated
that the gastric microbiota was more robust than pre-
viously hypothesized, it focused on relatively healthy
subjects receiving upper endoscopy for symptoms of
dyspepsia. Several studies have attempted to charac-
terize differences in gut microbiota diversity by the
severity of phenotypes including a normal gastric
mucosa, AG, IM, and GC (Table 2).1> 18182126 of
these studies, 2 studies did not find a significant dif-
ference in diversity indices of bacterial phyla between
gastric cancer patients and controls."®" One of the
two studies had a very small sample size, including 10
patients with non-cardia gastric cancer and 5 controls
with dyspepsia.'® It is possible that the small sample
size of the study left it statistically underpowered and
thus made it difficult to detect potential differences in
microbiota diversity between groups. However, the
other study conducted by Wang et al. on a total of
315 patients, including 212 cases of chronic gastritis
and 103 cases of gastric cancer, also found no
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difference in the Chaol richness estimator and
Shannon’s diversity index between the two groups
following analysis of gastric biopsy samples.'” Both
Chaol richness estimator and Shannon’s diversity
index are measures of alpha diversity or the mean
diversity within a sample. Shannon’s diversity index
accounts for both richness (the number of taxa
observed) and evenness (the relative abundance of
specific taxa), whereas the Chaol richness estimator
considers species richness alone for a given sample.””
Although both of these diversity measures were not
statistically different between gastric cancer and
chronic gastritis patients, Wang et al. did find that
patients with gastric cancer had an increased bacterial
load, as measured by copy numbers of 16S rRNA gene
per microgram of DNA, compared to patients with
chronic gastritis." This finding supports the idea that
increased bacterial load induced by hypochlorydia
may play a role in the development of gastric cancer."

Despite the results of the two aforementioned
studies, the majority of studies have found differ-
ences in the diversity of the microbiota in
patients with gastric cancer compared to
controls.'”?>** However, there have been mixed
findings regarding the relationship between dis-
ease progression and the diversity of the gastric
microbiota. Generally, all studies addressing this
issue analyzed the gastric microbiota of patients
on the spectrum from a normal gastric mucosa to
gastric cancer by performing gene sequencing on
mucosal biopsy samples obtained from patients
via upper endoscopy.'”**** Several studies also
included patients with gastritis (atrophic or
unspecified chronic gastritis) or intestinal meta-
plasia in addition to gastric cancer as well.'*">*
The majority of studies had similar exclusion
criteria that included no PPI, H2 blocker, anti-
inflammatory, or antibiotic use in the prior
2-6 months before sample collection.'® !>
A study conducted by Aviles-Jimenez et al. used
tissue samples from five patients with superficial
gastritis, five patients with IM, and five with GC
to examine changes in the microbiota.*’
Following analysis, they ultimately concluded
that the data suggested that bacterial diversity
decreased at the genus level as patients progressed
from superficial gastritis to IM and GC.*
Similarly, a subsequent study conducted on
a larger cohort of Chinese patients (21 patients
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with superficial gastritis, 23 with AG, 17 with IM,
and 20 with GC) also concluded that IM and GC
patients had significantly reduced microbial rich-
ness compared to patients with superficial
gastritis.”’ A study of 81 Portuguese patients
also found that patients with gastric cancer had
significantly lower microbial diversity compared
to patients with chronic gastritis.>* In addition,
a study conducted by Hu et al. on a small sample
of 11 Chinese patients also found a lower level of
microbial diversity in gastric cancer patients com-
pared with patients with chronic gastritis.>”
Notably, despite the small sample size, this was
the only study that used metagenomic sequencing
to examine the composition of the gastric micro-
biota. In addition, this study utilized gastric wash
samples rather than tissue samples obtained from
biopsy for the analysis.

However, there have also been studies suggest-
ing that gastric cancer is associated with increased
diversity and richness of the microbiota.”>** One
study examined the microbiota of 31 Korean
patients with chronic gastritis, IM, or GC.*
While using similar exclusion criteria as compar-
able studies, they found that both evenness and
diversity of gastric microbiota in the gastric cancer
group was greater than in the two other groups.”
Similarly, a study of 32 Chinese subjects (12
patients with gastric cancer, 20 patients with func-
tional dyspepsia) produced similar results and
concluded that species richness and phylogenetic
diversity were increased in gastric cancer com-
pared to patients with functional dyspepsia.**

All of the above studies compared the diversity
of the gastric microbiota of patients with gastric
cancer to patients at various stages of gastric dis-
ease progression. More recently, Liu et al. exam-
ined bacterial diversity and richness within specific
gastric microhabitats in relation to gastric cancer
development in 276 patients.”® Upon examining
normal, peritumoral, and tumoral tissues from
gastric cancer patients, the researchers noted
decreased diversity and richness in peritumoral
and tumoral microhabitats compared to normal
gastric tissue.”® This finding suggests that the rich-
ness of gastric microbiota varies according to the
gastric microhabitat within the same gastric cancer
patient, not only as patients progress from
atrophic gastritis to gastric cancer.
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Currently, it is unclear whether there is
a correlation between the diversity of the gastric
microbiota and the progression from healthy gas-
tric mucosa to gastric cancer. Although several
studies used similar methods of data collection,
exclusion criteria, molecular methods for analysis,
and similar measures for diversity (via Shannon’s
diversity index or Chaol richness estimator), there
is currently no consensus on the relationship
between microbiota diversity and gastric cancer
developmental stage. From a mechanistic stand-
point, it is plausible that increased or decreased
diversity of the microbiota can be associated with
the development of gastric cancer. Although pre-
sent in gastric tissue in >90% of patients with
active acute gastritis,”” H. pylori is absent in gas-
tric tissues in the large majority of patients with
advanced AG, IM’ or gastric cancer® even when
serology is positive; this suggests the disappearance
of active H. pylori infection during the later stages
of gastric cancer development29 (Table 1). The loss
of H. pylori and impairment of acid secretion in
these lesions may facilitate the colonization of
other bacteria in the stomach. It is possible that
initial H. pylori infection leads to atrophic gastritis,
higher pH levels in the stomach than usual, which
would subsequently allow new microbes to colo-
nize the stomach, increasing species diversity
(Table 1). However, it is also plausible that the
inflammation associated with H. pylori infection
would produce a gastric environment that is
inhospitable to most microorganisms, resulting in
a restricted niche in which fewer microorganisms
can reside. Another factor to consider in these
studies is that the ethnicity of the patients exam-
ined was relatively homogenous within each study.
The microbiota of Chinese, Swedish, Mexican,
Portuguese, and Malaysian patients were examined
across these studies (Table 2). However, only one
ethnic population was examined within any one
particular study. We know that dietary habits are
one of the many factors that can influence the
gastric microbiota, and it is unclear how ethnic
factors shape the composition of a healthy indivi-
dual’s gastric microbiota, let alone the impact on
the microbiota in the progression to gastric
cancer.'”® A larger multicenter, multicultural
study focusing on the changes in the microbiota
in individuals progressing from normal, healthy

gastric mucosa to gastric cancer is certainly
warranted.

The potential role of specific microbes in
gastric cancer development

The impaired acid-secretion associated with
H. pylori infection may facilitate the colonization
of other bacteria in the stomach (Table 1).
Although there is not a consensus on the relation-
ship between microbiota diversity and gastric can-
cer, several studies have shown associations
between specific microbes and gastric cancer
(Table 2). For example, the genus Lactobacillus
has been found to be present in higher proportions
in gastric cancer patients compared to controls in
several studies®®**** (Table 2). Castafio-Rodriguez
et al. reported higher levels of relative abundance
in both Lactobacillus and Lactococcus genera com-
paring gastric cancer patients with individuals with
functional dyspepsia.”* Although no causal role
was demonstrated in the study, researchers do
suggest a potential mechanism for the overrepre-
sentation of these bacterial genera in gastric cancer
patients. Both Lactococcus and Lactobacillus gen-
era contain microbes that produce lactic acid and
can theoretically aid tumor progression given that
lactate can serve as an energy source for tumor
growth and angiogenesis.”® Another study demon-
strated that the Lachnospiracea family was
increased in gastric cancer patients compared to
controls.”® Previous research suggests that
microbes in the Lachnospiracea family are often
decreased in inflammatory processes, so it is pos-
sible that these microbes play a role in the regula-
tion of inflammation that warrants further
exploration.”’ In addition to an increased propor-
tion of Lachnospiraceae and Lactobacillus, Wang
et al. reported that the phylum Nitrospirae was
present in all patients with gastric cancer but com-
pletely absent in patients with chronic gastritis."”
Notably, several members of the Nitrospirae phy-
lum are known to play a role in the metabolism of
nitrates and nitrites.”* It is known that the con-
sumption of nitrates is a significant risk factor for
the development of gastric cancer, and it is plau-
sible that the production of carcinogenic N-nitroso
compounds can be increased by these bacteria.”
Several bacterial genera typically found in the oral



cavity including Fusobacterium,  Veillonella,
Leptotrichia, Haemophilus, and Campylobacter
have also been found in higher relative abundances
in gastric cancer p.atients.24 Fusobacterium, in par-
ticular, is a pro-inflammatory oral bacterial genus
and has received attention in the past for
a potential role in the development of colon and
breast cancer.” Interestingly, Streptococcus bovis,
a bacterium which has a known association with
colorectal cancer, has also been found in increased
proportion in gastric cancer patients but this find-
ing has not been replicated in other studies.'” In
addition, Propionibacterium acnes, a well-known
skin flora, has also been demonstrated to be over-
abundant in gastric tumoral tissues, and it is
hypothesized that its production of short-chain
fatty acids may contribute to a lymphocytic
gastritis.”*>*

One study demonstrated decreased abundance of
Sphingobium yanoikuyae in patients with gastric
cancer compared to patients with superficial
gastritis.”® This species is capable of degrading aro-
matic hydrocarbons, which are a group of molecules
that has potential carcinogenic effects.”” This study
was the first study to suggest a negative association
between Sphingobium yanoikuvae and gastric can-
cer. Park et al.’s 2019 study found an increased level
of abundance of Rhiozobiales in patients with intest-
inal metaplasia compared to patients with chronic
superficial gastritis.”® In addition, they found an
increased abundance of genes encoding type IV
secretion system (T4SS) proteins in the metagenome
of patients with intestinal metaplasia. T4SS is one
type of secretion system used by microorganisms to
transport macromolecules across the cell envelope.’
Many pathogenic bacteria use the T4SS in order to
transfer proteins known as virulence factors that
confer a bacterium with its pathogenicity.”® T4SS
proteins consist of a smaller subset of proteins that
allow injection of H. pylori’s proposed main viru-
lence factor, CagA, from the bacterial cytoplasm to
the cytoplasm of gastric epithelial cells.”” Although
the researchers did not find direct evidence of hor-
izontal genetic transfer between Rhizobiales and
H. pylori, they hypothesized that it is possible that
T4SS genetic transfer occurs between H. pylori and
members of the microbiota, thus contributing to
H. pylori’s carcinogenicity.
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A transgenic mouse model of gastric cancer

Several of the aforementioned studies suggest
a relationship between alterations to the gastric
microbiota composition and the development of
gastric cancer (Table 2). There are even plausible
explanations for the potential roles that certain
microbes can play in gastric cancer development.
Although no cause-and-effect relationship can be
established in these studies of human subjects,
recent studies performed on a transgenic mouse
model have further elucidated the relationship
between the microbiota and gastric cancer. The
insulin-gastrin  transgenic  (INS-GAS) mouse
model has high circulating gastrin levels and
invariably goes on to develop atrophic gastritis
with achlorhydria.’® In addition, when infected
with H. pylori, 80% of these transgenic mice go
on to develop gastrointestinal neoplasia by
6 month postinfection.”® This number represents
a stark increase from the proportion of human
patients who go on to develop neoplasia following
H. pylori infection.'' Using the INS-GAS mouse
model, several studies (Table 3) have attempted to
establish a causal link between the microbiota and
the development of gastric cancer.””*?

The first transgenic mouse study that suggested
an association between the microbiota and gastric
cancer came in 2008.”" In Lee et al’s study, after
treating INS-GAS mice with triple therapy (metro-
nidazole, omeprazole, clarithromycin), investiga-
tors found that eradication of H. pylori in these
mice reduced the severity of gastric dysplasia in
the mice several weeks postinfection.*’
Interestingly, they also treated INS-GAS mice
with no prior H. pylori infection with triple ther-
apy and found that doing so reduced the severity
of dysplasia in these mice as well.*> This data
suggests that the antibiotic treatment was poten-
tially exerting its effect on microorganisms other
than H. pylori. Given that this study focused pri-
marily on the role of H. pylori eradication on the
development of gastric cancer, the investigators
did not measure changes in microbial diversity or
abundances of specific microbial taxa following
triple therapy treatment. However, given that we
know antibiotic treatment affects the composition
of the microbiota in the colon and stomach, it is



1226 O. A. STEWART ET AL.

possible that the effect of triple therapy on the
composition of other bacterial taxa in uninfected
mice is associated with reduced gastric dysplasia.

Other studies have also utilized the INS-GAS
mouse model to explore the association between
the gastric microbiota and gastric cancer’”*"*
(Table 3). Particularly, studies have attempted to
demonstrate how the complexity of the microbiota
affects gastric cancer development in the INS-GAS
mouse model. Through manipulating the micro-
biota of the transgenic mouse model, Lofgren et al.
demonstrated that germ-free INS-GAS mice devel-
oped a reduced number of gastric lesions com-
pared to INS-GAS with a more complex
microbiota at 11 month postinfection with

H. pylori.”® Lertpiriyapong et al. further expanded
upon this knowledge by assessing if the presence
of a diverse microbiota is a necessary requirement
for the development of gastric lesions.*' In order
to do this, investigators compared the postinfec-
tion gastric cancer risk in INS-GAS mice with
three different microbiota compositions: complex,
germ-free, and restricted (containing only
Lactobacillus, Clostridium, and Bacteroides gen-
era). In their study, they found that a restricted
gastric microbiota was associated with a similar
rate of gastric cancer development as a complex
microbiota in the mice.*' However, compared to
the germ-free mice, the INS-GAS mice with the
restricted microbiota had significantly increased

Table 3. Summary of studies examining gastric cancer in the INS-GAS mouse model.

Primary
Reference Sample Size Intervention Outcomes Major Findings
Wang*® 8 INS-GAS, 18 wild type mice Monoinfection Parietal cell number and gastric X gastric metaplasia, dysplasia,
with H. felis histology at 20 months of age carcinoma in situ, and gastric
cancer in INS-GAS mice
Accelerated rate of gastric
carcinoma development in H. felis
infected mice
Lofgren*® 86 germ free INS-GAS mice, 5 SPF Monoinfection Gastric lesion scores at 5,7, 9, and Delayed development of gastric
mice with H. pylori 11 months postinfection lesions in germ free INS-GAS mice
compared to SPF INS-GAS mice
X Firmicutes, X Bacteroidetes in
H. pylori-infected SPF INS-GAS
mice
Lee® 54 specific pathogen free INS-GAS Eradication of Severity of gastric dysplasia at 8,  H. pylori eradication at 8 weeks
mice with H. pylori infection and  H. pylori with 12, 22, and 28 weeks postinfection postinfection reduced GIN risk to
controls without H. pylori infection omeprazole, that of H. pylori uninfected mice
metronidazole, at 28 weeks postinfection
and H. pylori eradication at 12 and
clarithromycin 22 weeks postinfection prevented
progression to high-grade GIN at
28 weeks postinfection
Lertpiriyapong®' 32 germ free, 27 restricted, 19 Monoinfection Gastric pathology 7 months More severe gastric pathology
complex microbiota INS-GAS mice; with H. pylori postinfection, mRNA expression of seen in H. pylori infected mice
12 mice monoinfected with cancer-related genes 7 months with complex and restricted flora
H. pylori, 22 restricted flora with postinfection compared to germ free H. pylori
H. pylori infection, 24 complex infected mice at 7 months
flora with H. pylori infection postinfection
X Lactobacillus murinus, ¥
Clostridum and Bacteroides in
male restricted microbiota mice
Whary* 12H. pylori infected, 13H. polygyrus Coinfection with  Gastric lesion scores 5 months INS-GAS mice coinfected with

infected, 10H. pylori + H. polygyrus
coinfected, 9 control INS-GAS mice

H. pylori and
H. polygyrus

postinfection,
immunohistochemistry with T cell
marker phenotyping, mRNA
expression levels in gastric
secretions

H. polygyrus and H. pylori had
reduced gastric atrophy, dysplasia
and alterations in gastric flora
compared to H. pylori
monoinfected mice

X expression of FoxP3+,
regulatory T cells in INS-GAS mice
coinfected with H. polygyrus and
H. pylori compared to H. pylori
monoinfected mice

INS-GAS, insulin-gastrin transgenic mice; SPF, specific pathogen-free mice; GIN, gastric intraepithelial neoplasia.



gastric corpus inflammation, epithelial defects,
oxyntic gland atrophy, epithelial hyperplasia, and
dysplasia.*’ Taken together, the data indicate that
H. pylori can act synergistically with a community
of bacteria to promote gastric neoplasia. These
results suggest that the microbiota may play
a role in the development of gastric cancer follow-
ing H. pylori infection, but a diverse microbiota
may not necessarily be a requirement for the
development of gastric cancer. Previous research-
ers have hypothesized that the achlorhydria asso-
ciated with gastric atrophy following H. pylori
infection may allow overgrowth of commensal
bacteria in addition to colonization from bacteria
of the lower bowel."? It is possible that this over-
growth of bacteria may play a role in gastric cancer
development. However, in the INS-GAS mouse
model, it appears that the presence of only
a limited range of microbes was sufficient to pro-
duce gastric cancer at similar rates as the more
complex microbiota.

In addition to suggesting that the gastric micro-
biota plays a role in the development of gastric
cancer following H. pylori infection, studies of INS-
GAS mice also have the potential to provide further
insight regarding potential therapeutic interventions
for individuals in gastric disease progression. For
example, researchers have demonstrated that INS-
GAS mice co-infected with H. pylori and a helminth,
H. polygyrus, have lower rates of H. pylori-associated
gastric atrophy, dysplasia, and are less susceptible to
gastric colonization with lower bowel flora than INS-
GAS mice infected with H. pylori alone.*> The
researchers hypothesized that this finding is due to
helminth-induced upregulation of a Th2-associated
inflammatory response and increased regulatory
T cell recruitment to the stomach where they pre-
serve parietal cell function and promote mainte-
nance of normal gastric pH.** This study suggests
that immunomodulation due to other pathogens
may be a potential therapeutic modality in the pre-
vention of progression from H. pylori-related gastri-
tis to gastric cancer that warrants further
investigation.

Discussion

Research on the human microbiome has greatly
increased in recent years as investigators and
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clinicians have explored the role of the micro-
biome in various disease processes ranging from
infectious diseases, types of cancer,
respiratory disease, metabolic disease, and autoim-
mune diseases.”> However, studying the gastric
microbiota previously presented a significant chal-
lenge to researchers due to the harshly acidic con-
ditions of the stomach and the limitations of
previous culture techniques. However, with the
advent of new PCR techniques and metagenomics
analyses, gastric microbiota research has increased
over the last decade.

The majority of research conducted on the gas-
tric microbiota to date suggests that the micro-
biota is altered during the progression from
a normal, healthy gastric mucosa to gastric
cancer.'”?*** However, although there seems to
be a general consensus that the microbiota is
altered in gastric cancer patients compared to con-
trols, studies conducted to date have demonstrated
mixed results regarding whether the microbiota of
gastric cancer patients exhibits increased or
decreased diversity compared to the microbiota
of healthy individuals.'”2>** Although the major-
ity of studies used the same measures of species
diversity in their analyses (typically Chaol rich-
ness estimator or Shannon’s diversity index), stu-
dies did differ in their data collection techniques
and utilized different sequencing software (Table
2). It is unclear whether this impacted genome
construction and subsequent microbial species
identification. These differences in sequencing
technique could partially explain differences in
the findings of species diversity between the stu-
dies. One major limitation of the studies on the
gastric microbiota and gastric cancer development
is the fact that all of the data in these studies is
retrospective and correlational in nature. As the
continuum of gastric cancer development takes
decades, it was not feasible to follow the same
individuals throughout the process. All of the stu-
dies used a cross-sectional study design, assessing
diversity differences in patients with different phe-
notypes at one point in time. Thus, longitudinal
and prospective studies are needed to assess the
changes in gut microbiota over time. These studies
are somewhat impractical given that only 3% of
individuals who are infected with H. pylori go on
to develop gastric cancer.'' However, as a result,

various
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previous studies have compared the microbiota of
patients with varying stages of gastric disease to
each other without first establishing the baseline
composition of the gastric microbiota in any indi-
vidual. As a result, it is impossible to account for
the impact of diet, previous illness, or ethnic dif-
ferences on the gastric microbiota of the patients
in these studies. Furthermore, any treatment or
lifestyle changes subsequent to the disease could
also influence the gastric microbiota. Therefore, it
remains impossible to establish any sort of causa-
tive link between the microbiota and gastric can-
cer. Collection of data on treatments and diets may
help control of the confounding factors.

Although studies on the role of the gastric micro-
biota in gastric cancer do not demonstrate causality,
mouse studies using the INS-GAS mouse model have
helped to further elucidate the role of the microbiota
in gastric cancer. Overall, the mouse studies con-
ducted to date suggest that the presence of
a microbiota following H. pylori infection hastens
gastric cancer development but only a limited micro-
biota may be necessary to achieve these effects. Studies
replicating the results of Lertpiriyapong et al.’s experi-
ment should be performed to confirm that only
a limited gastric microbiota is necessary to speed
gastric cancer development in INS-GAS mice.*' In
addition, further investigation regarding the role of
immunomodulation in preventing gastric disease pro-
gression is certainly warranted, as INS-GAS mouse
models have suggested that co-infection by other
pathogens such as helminth may be protective
through upregulation of regulatory T cell
production.*” Metagenomic studies in particular may
have the potential to identify the gene family of the
microbiota involved in this process. In addition,
although no individual bacterial member of the micro-
biota has been identified necessary for the develop-
ment of gastric cancer following H. pylori infection,
several bacteria have been found in increased propor-
tions in gastric cancer patients across multiple
studies.”>*>** Of these, several bacterial genera have
plausible mechanisms aiding tumor development,
which range from inducing inflammation to supply-
ing energy for tumor growth or the production of
carcinogenic N-nitroso compounds.'*** Other bac-
teria with plausible protective mechanisms of action
have been found to have a decreased abundance in
gastric cancer patients, such as Sphingobium

yanoikuyae. Given that manipulation of the micro-
biota is more feasible in the INS-GAS mouse model
compared to human patients, it is possible to conduct
more targeted research on microbes with plausible
mechanisms for causing gastric cancer.

Other future steps in research should include
large, multicenter prospective studies conducted
on human subjects with an emphasis on identify-
ing the presence of specific bacterial species and
underlying pathways as the microbiota changes in
gastric cancer progression. As research on the
gastric microbiota increases, it is possible that the
presence of certain changes to the microbiota can
be used as a surrogate for monitoring disease
progression. In addition, it is also possible that
manipulating the gastric microbiota, separate
from the eradication of H. pylori, has the potential
to represent a disease-modifying therapy that can
affect the risk of developing gastric cancer.
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