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Porphyromonas gingivalis (P. gingivalis) is a gram-negative oral pathogen
associated with chronic periodontitis. Previous studies have linked poor oral
health and periodontitis with oral cancer. Severe cases of periodontal disease can
result in advanced periodontitis, leading to tissue degradation, tooth loss, and
may also correlate with higher gastric cancer (GC) risk. In fact, tooth loss is
associated with an elevated risk of cancer. However, the clinical evidence for this
association remains inconclusive. Periodontitis is also characterized by chronic
infammation and upregulation of members of the Programmed Death 1/PD1
Ligand 1 (PD1/PDL1) axis that leads to an immunosuppressive state. Given that
chronic inflammation and immunosuppression are conditions that facilitate
cancer progression and carcinogenesis, we hypothesize that oral P. gingivalis
and/or its virulence factors serve as a mechanistic link between oral health and
gastric carcinogenesis/GC progression. We also discuss the potential impact of P.
gingivalis' virulence factors (gingipains, lipopolysaccharide (LPS), and fimbriae) on
inflammmation and the response to immune checkpoint inhibitors in GC which are
part of the current standard of care for advanced stage patients.
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1 Introduction

In recent decades, significant advances in sequencing
technologies have expanded our knowledge on the microbiome,
sparking researchers’ interest in the role of the human microbiome
in homeostasis and disease. Consensus establishes that many
diseases, ranging from Alzheimer’s to endocrine disorders, and
cancer, are associated with microbial imbalances or dysbiosis (1).

The oral cavity is the entry portal to the gastrointestinal tract.
Changes in the oral cavity’s bacterial diversity can have local and
systemic consequences on health and disease (2, 3). Within the oral
cavity, bacteria can be found in the saliva or as a part of biofilm-
structured communities. Interestingly, previous studies have linked
poor oral health and chronic periodontitis with oral cancer (4).
Severe cases of periodontitis can result in tissue degradation and
tooth loss, potentially correlating with an elevated risk of developing
gastric cancer (GC). However, the existing evidence from case-
control studies and five cohort studies regarding tooth loss as a
potential marker remains inconclusive. Significant heterogeneity
among studies and mixed results between case-control and cohort
studies contribute to this association’s uncertainty (5).

2 Is Porphyromonas gingivalis the link
between the oral microbiome and
gastric cancer?

Perhaps the best example of an association between dysbiosis
and cancer is Helicobacter pylori (H. pylori) and GC. This gram-
negative bacterium colonizes the stomach and plays a central role in
developing this pathology. H. pylori is widely recognized as an
oncogenic factor and a driver of gastric carcinogenesis. In fact, the
International Agency for Research on Cancer (IARC) classifies the
H. pylori infection within the group I of human carcinogens (6).
Within the gastric mucosa, H. pylori modulates acid secretion,
affecting the gastric microbiome, leading to further dysbiosis, H.

Abbreviations: Bcl2, B-cell lymphoma two proteins; CXCR4, C-X-C chemokine
receptor type 4; E2F1, E2F transcription factor 1; ERK, Extracellular signal-
regulated kinase; FOXO1/3, Forkhead box O1/3; GC, Gastric Cancer; H. pylori,
Helicobacter pylori; HSP27, 27-kDa heat shock protein; IARC, International
Agency for Research on Cancer; ICI, Immune checkpoint inhibitor; IgG,
Immunoglobulin G; IL, Interleukin; JAK, Janus kinase; JAMI, Junctional
adhesion molecule 1; LPS, Lipopolysaccharide; MAPK, Mitogen-activated
protein kinase; MHC, Major histocompatibility complex; MMP9, Matrix
metalloproteinase 9; NF-kf, Nuclear Factor-kB; NGS, Next-generation
sequencing; NOD, nucleotide-binding oligomerization domain; OMV, Outer
membrane vesicle; OS, Overall survival; PAR2, Protease-activated receptor 2;
PC, Pancreatic cancer; PD1, Programmed Death 1; PDL1, PD1 Ligand 1; P.
gingivalis, Porphyromonas gingivalis; PI3K, Phosphoinositide 3-kinase; PRRs,
Pattern recognition receptors; RA, rheumatoid arthritis; STAT, Signal transducer
and activation of transcription proteins; TER, DNA-replication terminus site-
binding protein; TIM-3, T-cell immunoglobulin and mucin-domain containing-
3; TLR4, Toll Like Receptor 4; TNF, Tumor necrosis factor; TP53, Tumor
protein p53.
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pylori overgrowth, and associated diseases. Current hypotheses
suggest that recurrent and persistent H. pylori infections cause
chronic inflammation, eventually leading to gastric carcinogenesis
(7). In addition to H. pylori, new evidence suggests that other
bacteria, including oral bacteria and their metabolites, may
contribute to gastric carcinogenesis and GC progression (8, 9).

The oral microbiome is the most complex and dynamic
arrangement of microbial communities within the human body.
Changes in the oral microbiome can have profound consequences
in an individual’s homeostasis. As pointed out earlier, periodontitis
is a chronic inflammatory disease characterized by oral dysbiosis.
Recent studies postulate that the transition from a healthy state into
dysbiosis is driven by specific “keystone pathogens” that alter the
host immune system, modifying the conditions of the
microenvironment and disrupting the balance among
bacterial communities.

Porphyromonas gingivalis (P. gingivalis or Pg) is a gram-
negative, anaerobic, rod-shaped oral bacteria, and a keystone
pathogen in chronic periodontitis (10). Despite its role in
periodontitis, high levels of P. gingivalis have also been
documented in healthy subjects without oral disease (11). Unlike
other oral bacteria, P. gingivalis is an acid-resistant bacterium and
studies demonstrate it is able to migrate from the oral cavity to the
colon (12, 13). This suggests that P. gingivalis in the ingested saliva
may easily reach the stomach. In addition to being swallowed,
everyday activities such as brushing, flossing, chewing, and dental
procedures cause transient P. gingivalis bacteremia (14, 15). Some of
these activities can result in the translocation of the bacterium into
other tissues, such as the liver, placenta, or even coronary arteries
(16). Similar to other bacteria, P. gingivalis possess a variety of
virulence factors, including gingipains (cysteine proteases), capsule,
lipopolysaccharides (hereafter called Pg-LPS), and fimbriae. These
factors modulate systemic inflammation, dysbiosis, tumorigenesis,
and contribute to the evasion of the innate immune response. In
one hand, gingipains are responsible for the development of
periodontitis (16, 17), inducing cell migration and the release of
other pro-inflammatory mediators (18). On the other hand, Pg-LPS
is responsible for the maintenance of chronic inflammation by
increasing the secretion of proinflammatory cytokines.
Interestingly, a recent article reports that P. gingivalis and its
gingipains may play a central role in other chronic, age-related
pathologies, such as Alzheimer’s disease (19). Also, studies in rats
demonstrate that topical applications of Pg-LPS lead to severe
complications, including neuroinflammation and impaired
learning and memory (20).

2.1 The contribution of P. gingivalis in
carcinogenesis and cancer progression

Studies demonstrate that serum antibodies against P. gingivalis
are associated with orodigestive cancer mortality (21) suggesting a
role in cancer risk. Previous studies have reported the effects of P.
gingivalis and its virulence factors upon some of the “hallmarks of
cancer” (22). As summarized in Figure 1, P. gingivalis can mediate
immune evasion and increase inflammation in cancer cells; it also
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The cancer-promoting effects of Porphyromonas gingivalis on cancer cells. The cancer-promoting effects on gastric epithelial cells are mediated
through its virulence factors, which include pathogen-associated molecular patterns (PAMPs) like lipopolysaccharides (LPS), gingipains, and fimbriae.
These factors can directly trigger immune evasion, inflammation, invasion/migration, and proliferation by activating numerous molecular pathways in
cancer cells (depicted in the light red boxes); these pathways are potentially influenced by the PD1/PDL1 axis (shown by the red dashed arrow).
Additionally, P. gingivalis virulence factors may contribute to the suppression of apoptosis by activating signaling pathways, such as JAK/STAT, PI3K/
AKT, and AKT/FOXQ1, thereby promoting the progression of gastric cancer (shown in the light green box) (Figure created in BioRender.com).

stimulates proliferation and invasion/migration. Reports in gingival
epithelial cells indicate that P. gingivalis also suppresses apoptosis.

As proteases, Pg-gingipains can degrade components of the
tight junctions within the gingival and the gastrointestinal epithelia,
disrupting their integrity (23, 24). A coordinated attack of Pg-
gingipains and H. pylori toxins can severely damage the gastric
epithelium, promoting an aggravated state of vulnerability with
increased permeability to pathogens and virulence factors, leading
to reduced functionality, chronic gastritis, and systemic
inflammation (25-27). In GC patients, the degradation of tight
junctions also facilitates the spread of cancer cells throughout the
body, promoting metastasis (26, 28, 29).

Another mechanism by which Pg-gingipains can increase GC
progression is by cleavage, phosphorylation, and degradation of the
27-kDa heat shock protein (HSP27), a chaperone that responds to
stress and apoptosis (30-34). Then, HSP27 reduction impairs cells’
ability to respond to stress signals and their protection against
damage, thereby contributing to GC progression.

Additionally, P. gingivalis can disrupt apoptosis by upregulating
B-cell lymphoma proteins (Bcl2), a family of direct and indirect
proapoptotic proteins, via virulence factors such as fimbriae,
gingipains, and hemaphore-like proteins. This phenomenon has
been observed in P. gingivalis-infected dendritic and CD3+ T cells
as a mechanism to prolong the survival of infected cells in parallel to
the host immunity evasion (35).

Similarly, P. gingivalis Mfal and FimA fimbriae also exhibit
antiapoptotic activity by upregulating C-X-C chemokine receptor
type 4 (CXCR4) and downregulating Forkhead Box O1/3 (FOXO1/
3), which are associated with tumor progression (36). Moreover,
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Porphyromonas sp. can confer cancer cells with enhanced tumor
invasion and metastatic capabilities by promoting matrix
metalloproteinase 9 (MMP9), an extracellular matrix degrader,
through activation of protease-activated receptor 2 (PAR2) and
the ERK1/2-Ets1/3-p38 pathway (37, 38) (Figure 1).

Provided that the oral cavity is the entry portal to the
gastrointestinal tract, P. gingivalis and its virulence factors have
all been implicated in the carcinogenesis and progression of oral,
esophageal, liver, colorectal, and pancreatic cancers. The fact that
distant organs can be affected emphasizes that P. gingivalis has
systemic tumorigenic and tumor enhancer effects (39-41). The
damage mechanisms of P. gingivalis may include biological
processes such as modifying and evading the innate immune
response, promoting inflammation, and suppressing apoptosis
(42, 43) (Figure 1).

2.2 How does Porphyromonas gingivalis
evade the immunological surveillance?

P. gingivalis is a well-established microbial modulator that
drives dysbiosis by activating Toll-like receptors (TLRs), resulting
in a shift in the immune response in favor of the pathogens (44). In
this context, Pg-LPS exhibits low endotoxin activity and structural
variation, hence, the differential activation of TLR2 and TLR where
Pg-LPS is predominantly recognized by TLR2 (45). In addition,
another virulence factor of P. gingivalis, the fimbriae, stimulates
cytokine expression by interacting with TLRs. The host cells
recognizes the fimbriae as a potential threat to the immune
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system, and their detection via Pattern Recognition Receptors
(PRRs) regulates the induction of immune costimulatory
molecules that facilitate the initiation of T cell-mediated
immunity. However, in persistent P. gingivalis infections, fimbriae
can upregulate the expression of costimulatory molecules, thereby
exacerbating inflammation mechanisms by activating the response
mediated by CD4+ T cells (46).

Furthermore, gingipain degrades proinflammatory cytokines
such as interleukin (IL)-1B, tumor necrosis factor (TNF)-a,
interferon (IFN)-v, IL-12, IL-8, IL-6, and their receptors, altering
host defense mechanisms associated with inflammation. It also
activates matrix metalloproteinases (MMPs), such as MMP-1,
MMP-3, and MMP-9, conferring an aggressive, invasive, and
prometastatic state to tumor cells (47, 48).

In summary, P. gingivalis may enhance tumor progression to an
advanced stage from oral disease by translocating, enriching the
tumor microenvironment with virulence factors, manipulating the
immune response, maintaining chronic inflammation, and
stimulating changes in the host’s immunological surveillance that
ultimately serve to promote GC and facilitate the systemic
progression of this disease.

3 Hypothesis: oral Porphyromonas
gingivalis as a driver of gastric
cancer progression

We hypothesize that oral P. gingivalis infection contributes to
GC progression by increasing Pg-LPS, PAMPs, Pg-gingipains,
inflammatory mediators, and immune checkpoint components,
such as the PD1/PDLI axis. Our hypothesis was based on the fact
that most oral pathogens are unlikely to survive in an acidic
stomach environment. Additionally, it has been observed that P.
gingivalis, when present in oral plaque, is associated with a higher
risk of precancerous gastric lesions (49). Furthermore, individuals
with periodontal disease and high levels of colonization of
periodontal pathogens are related to high levels of
immunoglobulin G (IgG) anti-P. gingivalis in the serum of
patients, indicating that this pathogen may also increase the
mortality risk of cancer patients through other independent
mechanisms associated with periodontitis (21).

A plausible explanation for this association could involve a “hit-
and-run” mechanism in which transiently resident P. gingivalis is
rapidly inactivated and destroyed by the acidic stomach
environment, avoiding the installment of a local infection.
However, bacteria can still release virulence factors such as Pg-
LPS and gingipain-containing outer membrane vesicles (OMVs)
locally and systemically (50) (Figure 1).

According to our hypothetical model, poor oral health generates
a bacterial imbalance, or dysbiosis, that reduces the diversity of local
bacteria (Figure 2). Thus, P. gingivalis becomes dominant in a
process that can lead to severe chronic periodontitis and tissue
destruction (51). Uncontrolled proliferation of P. gingivalis
increases the production and delivery of virulence factors such as
PAMPs, mainly Pg-LPS and gingipains via OMVs, impairing the
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host immune surveillance and further potentiating oral dysbiosis
(52). At this stage, P. gingivalis could be translocated systemically to
other organs. Previous studies have demonstrated the presence of P.
gingivalis DNA in the cerebrospinal fluid of living subjects
diagnosed with probable Alzheimer’s disease (19, 53).
Subsequently, Pg-LPS and OMVs-containing gingipain reach the
bloodstream and the lymphatic system via gingival vessels. Then,
following our arguments to consolidate the hypothesis, Pg-LPS
accesses the lymphatic ganglia and the gastric tumor
microenvironment, where it binds to TLR4 receptors, increasing
the expression of ligands and receptors of the immune checkpoint
pathway (PD1/PDL1 axis). Activation of TLR4 receptors by Pg-LPS
triggers the NF-xB pathway and production of pro-inflammatory
cytokines in innate immune cells (54). Studies on peripheral T-cell
lymphomas have shown that TLR4 overexpression is associated
with higher PDL1 expression, translating into poorer
prognosis (55).

Additionally, studies in mice suggest that TLR4 activation by
systemic Pg-LPS can modulate the response to PD1 therapy during
chronic viral infection (56). Therefore, following our line of
argument, TLR4 activation by Pg-LPS increases PD1/PDLI
expression in T-cells and GC cells, leading to simultaneous T-cell
exhaustion by PD1 and an increase in PDLI, which allows gastric
tumor progression, culminating in a decrease in patient survival
which evidences this fact (Figure 2).

Interestingly, studies combining colorectal cancer cell lines and
mouse models have demonstrated that Pg-LPS promotes metastasis
by increasing cell invasion and migration via NF-xB (57).
Furthermore, regarding the association between PD1/PDLI
expression and cancer patients’ survival, a Japanese study showed
that PDL1 expression was associated with worse overall survival in
stage II/IIT GC patients (58). However, this association has been
inconsistent among other malignancies, showing no association or
improved patient survival in some cancers, and remain
controversial (59-61).

4 Discussion

A dysbiotic oral microbiome may contribute to the
development of both local (oral) and systemic diseases. This
includes a wide range of illnesses from dental caries and
periodontal disease (62, 63) to cardiovascular disease and cancer
(64, 65). A genomic study analyzed the composition of the digestive
tract microbiome and reported a 45% of overlap between oral and
stool bacteria (66), suggesting the transfer of oral bacteria into the
stomach is not uncommon. In fact, ingested saliva contains a great
amount of oral bacteria. Although these are usually unable to
colonize a healthy gut they have been reported in the intestine of
individuals that suffer from colon cancer and inflammatory bowel
disease, among others (67). This supports the idea of the oral cavity
as a reservoir for potential gastrointestinal pathogens, which in turn
can exacerbate gastrointestinal diseases.

However, microbiota components also induce immune evasion
mechanisms to restore homeostasis in the host organism. Previous
studies have demonstrated a correlation between various cancers,
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Hypothesis: Porphyromonas gingivalis and its pathogenic factors in oral health enhance immune evasion in gastric cancer. Oral infection with P.
gingivalis can lead to bacterial dissemination through the bloodstream or via swallowing of saliva, reaching the stomach (depicted in the light blue
box). P. gingivalis, utilizing its virulence factors, may induce gastric dysbiosis upon reaching the gastric epithelial cells, triggering inflammation, and
reducing cell survival. These processes occur between tumor cells and the immune system and facilitate the infiltration of T-cells into the tumor, T-
cell exhaustion, and activation of the PD1/PDL1 axis enhance immune evasion (illustrated in the yellow box). All these processes constitute a
significant part of the mechanism proposed in our hypothesis. These cellular events progress from migration/invasion, disruption of the epithelial
barrier, apoptosis, to chronic inflammation, ultimately culminating in carcinogenesis. (Figure created in BioRender.com).
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the presence of P. gingivalis, and its diverse virulence mechanisms.
Additionally, these studies highlighted the activation of immune
checkpoint mechanisms in the host.

While the prognostic significance of PDL1 in gastric carcinomas
remains uncertain, certain studies have highlighted its relevance in
clinical outcomes across the entire cohort via multivariate analysis.
Specifically, PDL1(+) tumors were identified as an adverse prognostic
factor in Epstein Barr Virus (EBV)-positive carcinomas but not MSI-
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high carcinomas. Also, CD8+ tumors have shown low tumor-
infiltrating lymphocytes, and more advanced-stage tumors were
associated with unfavorable clinical outcomes. Furthermore, the
knockdown of PDLI in gastric carcinoma cells demonstrated
significant suppression of proliferation, invasion, and cell migration
while increasing apoptosis. Notably, these effects were prominent in
two EBV(+) cell lines but not consistently observed across all three
EBV (-) cell lines (68).
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An investigation on PDLI levels in a prostate cancer cell line
revealed that infection with P. gingivalis and its PAMPs positively
influenced PDLI expression. This positive regulation was facilitated
through the nucleotide-binding oligomerization domain (NOD)1/
NOD?2 signaling pathway. Interestingly, no upregulation was
observed following the treatment of cells with Pg-LPS. These
findings suggest that chronic inflammatory conditions within the
organ might play a role in tumor immune evasion by altering the
tumor microenvironment (69).

In several studies conducted on different cancer types, such as
PC, it has been observed that microbiota communities within
tumors partially overlap with those found in the oral cavity. For
instance, P. gingivalis has been found to aggregate significantly
more in PC tissues than in adjacent normal tissues, thereby altering
the tumor microenvironment and promoting pancreatic
tumorigenesis in murine models. This altered microenvironment
is characterized by a notable increase in neutrophil enrichment and
a significant decrease in CD8+ cytotoxic T cells. In contrast, no
significant changes were observed in CD4+ T cells and monocytes.
These findings suggest that P. gingivalis may induce a neutrophil-
dominated proinflammatory response in mice with PC,
contributing to the suppression of the tumor immune
environment (70).

Elevated levels of anti-P. gingivalis antibodies have been
identified in patients with pancreatic cancer (PC) compared to
healthy controls. Moreover, P. gingivalis and other microbiota
members possess peptidyl arginine deaminase (PAD) enzymes.
Together with mutations in the arginine of tumor protein p53
(TP53), these factors establish a close relationship between a
microbiota component, virulence factors, and the progression of
PC (71).

Current evidence supports the significant role of PDLI in
carcinogenesis, particularly in hepatocellular carcinoma (HCC),
where the bidirectional regulation of PDL1 mediated by TP53/
mechanistic Target of Rapamycin Complex 1 (mTORCI1) has been
elucidated. In HCC with non-mutated TP53, mTORCI suppression
leads to increased E2F1 transcription factor expression. This
increase interrupts the cytoplasmic interaction between E2F
transcription factor 1 (E2F1) and PDLI, facilitating the
translocation of E2F1 into the nucleus, where it positively
activates PDL1 transcription. Conversely, in HCC with mutated
TP53, mTORCI suppression promotes PDL1 protein degradation
through autophagy. Additionally, it has been observed that tumor
infiltration by CD8+ T cells is significantly reduced in this type of
HCC. These findings highlight the pivotal role of TP53 in regulating
PDL1 expression and modulating immune evasion in HCC (72).

Investigating the microbiota in low biomass environments like
the stomach and lungs poses significant challenges for molecular
studies, primarily due to the difficulty in detecting pathogenic
agents. Nonetheless, these environments also display reduced
microbial complexity, potentially limiting the number of causal
agents and mitigating the risk of establishing spurious causal
relationships (73, 74). Randomized control trials and prospective
cohorts can confirm or refute the model that links GC, PD1/PDL1
axis, and periodontitis-related pathogens (75).
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In the realm of human pathologies, the investigation into
potential standard causal links between periodontitis and
rheumatoid arthritis (RA) has revealed a connection between the
ability of P. gingivalis to citrullinate peptides and the presence of
autoantibodies against citrullinated peptides, which are particular
and sensitive markers in the diagnosis of RA. Consequently, peptide
citrullination has been implicated in triggering an autoimmune
response, whereby the immune system perceives modified self-
proteins and peptides as foreign. While citrullinated peptides may
play a role in the pathogenesis of RA, the precise nature of their
emergence and function remains unclear, and the potential
contributions of the microbiota in the citrullination process are
yet to be fully elucidated (76, 77).

Ultimately, prospective studies should evaluate oral health status at
diagnosis and utilize next-generation sequencing (NGS) tools to fully
examine the presence of specific oral bacteria and virulence factors.
Enhanced methodologies for elucidating causal relationships and
experimental disease models will contribute to a more
comprehensive assessment of the role played by particular
microbiome organisms and their virulence factors in GC onset,
progression, and response to anticancer treatment (78), taking into
account that the experimental design of such studies are the main cause
of overstating or understating the importance of certain pathogens or
microbiome profiles on cancer, as was detailed by a critical review (79).

4.1 An experimental approach to our
hypothesis: microbiota, metabolites, and
evasion of the host immune response

The experimental approach to our hypothesis encompasses
three key axes. First, elucidating the relationship between P.
gingivalis, periodontal disease, and the progression of digestive
tract tumors, particularly GC, would require a large-scale
prospective multicenter study employing transcriptome RNA
sequencing to characterize the metabolically active microbiota.
This analysis should encompass bacteria in the gastrointestinal
tract and within tumors (80). The second aspect involves
identifying metabolites produced by the bacterial community
(metabolomics) to obtain a comprehensive overview of
metabolites, including amino acids, carbohydrates, carbohydrate
conjugates, fatty acids, glycerophospholipids, nucleosides, and
nucleotides. This analysis and its findings would pave the way for
the third aspect of our hypothesis, which aims to pinpoint key
metabolites, such as adenosine, a classic regulator of metabolic and
immunological checkpoints, that participate in the tumor’s evasion
of the host immune system.

Finally, studies have reported increased nucleoside
concentrations in GC patients with peritoneal recurrence
compared with those without peritoneal recurrence. Unraveling
this intricate landscape would enable us to identify the metabolites
produced by P. gingivalis that manipulate the host’s immune
system. Consequently, this phenomenon may inadvertently
facilitate cancer cell progression towards tumorigenesis as a
secondary effect (80, 81).
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