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1 | INTRODUCTION

Periodontitis is a complex inflammatory disease with many etiologic
and contributing factors.! It affects up to 90% of the global popula-
tion.2 The pathogenic processes primarily arise from the host's reac-
tion to an oral microbial biofilm.® Oral microbiomes contain hundreds
of aerobic and anaerobic bacteria that metabolically and physically
interact. These interactions create a complex biofilm community.
Certain viruses, bacteria, and parasites have been recognized as cru-
cial risk factors for specific types of cancer.* Microbes existing in
mucosal locations can integrate into the tumor microenvironment,
impacting cancer growth and dissemination through various means.
This includes influencing cell growth rates and affecting cancer ge-
nomic stability, metabolism, and immune responsiveness.5 The link
between periodontal disease and the overall cancer risk is attracting
increasing attention. Research has shown a statistically significant
correlation between periodontal disease and the risk of esophageal,
breast, lung, pancreatic, prostate, colorectal, digestive tract, and

head and neck cancers.® The complex interaction of periodontal
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Increasing evidence suggests a significant association between periodontal disease
and the occurrence of various cancers. The carcinogenic potential of several peri-
odontal pathogens has been substantiated in vitro and in vivo. This review provides a
comprehensive overview of the diverse mechanisms employed by different periodon-
tal pathogens in the development of cancer. These mechanisms induce chronic in-
flammation, inhibit the host's immune system, activate cell invasion and proliferation,
possess anti-apoptotic activity, and produce carcinogenic substances. Elucidating
these mechanisms might provide new insights for developing novel approaches for

tumor prevention, therapeutic purposes, and survival improvement.

cancer, carcinogenesis, cell invasion, cell proliferation, immune response, inflammation,

pathogens with the host still warrants further investigation of the
underlying mechanisms. This article reviews the properties of peri-

odontal pathogens in association with cancer development.

2 | PERIODONTAL PATHOGENS

The oral microbiota is a substantial component of the human mi-
crobiota, comprising several hundreds to several thousands of di-
verse species.” The oral cavity is inhabited by almost 700 bacterial
species, which are located in saliva, soft tissues like mucosa and
tongue surface, hard tissues, and hard materials.”® The Human
Oral Microbiome Database (HOMD) lists 774 oral bacterial spe-
cies and 2123 genomes representing 539 taxa (https://www.
homd.org/). The oral cavity harbors a variety of bacterial gen-
era, including Treponema, Bacteroides, Porphyromonas, Prevotella,
Capnocytophaga, Peptostreptococcus, Fusobaterium, Actinobacillus,
and Eikenella.? Notable high-risk periodontal pathogens associated

with periodontitis include Aggregatibacter actinomycetemcomitans
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(A. actinomycetemcomitans), Porphyromonas gingivalis (P. gingivalis),
Tannerella forsythia (T. forsythia), Treponema denticola (T. denticola),
and Fusobacterium nucleatum (F. nucleatum).10

Head and neck squamous cell carcinoma (HNSCC) originates
from the squamous epithelium of the upper aerodigestive tract, with
over 800000 new cases and over 400000 deaths in 2020, making it
the most common cancer in this specific region.!* Cancers of the oral
cavity and oropharynx constitute the majority of cases of HNSCC.*?
Notably, oral squamous cell carcinoma (OSCC) is a significant con-
tributor to morbidity and mortality in patients with head and neck
cancers.® Globally, an estimated 377713 new cases and 177757
fatalities attributed to oral cavity cancer (including lip cancer) were
reported in 2020.1* Primary risk factors associated with the develop-
ment of oral cavity cancer include inadequate oral hygiene, smoking,
alcohol consumption, utilization of smokeless tobacco, and human
papillomavirus (HPV) infection.}#"1¢

Infection, chronic inflammation, or autoimmunity precede
around 15%-20% of all cancer cases.!”™ Chronic inflammation
is primarily induced by bacterial infection. Associations between
oral cancer and epithelial precursor lesions and bacteria from
Fusobacterium, Veillonella, Actinomyces, Clostridium, Haemophilus,
and Enterobacteriaceae genera have been established.?° Chang
et al.?! tested 61 cancer tissues and their adjacent paracancer-
ous tissues and 30 normal oral tissues. The findings indicated
elevated levels of P.gingivalis and F.nucleatum in cancer tissue com-
pared to normal tissues, consistent with the results of Nagy's and
Schmidt.?%22

Dating back to the 1980s, Marshall and Warren's?® publication
provided the initial evidence of bacteria playing a direct role in can-
cer development. Figure 1 illustrates the timeline of notable discov-
eries and milestones in cancer microbiome research.?* In the 19th
century, the German pathologist Virchow proposed that inflamma-
tion was a promoter of carcinogenesis.25 Inflammation triggered by
microbes, although protective against pathogens, can paradoxically
cause substantial secondary damage to host tissues. If this inflam-
mation persists, it has the potential to lead to tissue fibrosis and

carcinogenesis.?® In vitro and in vivo studies have illustrated the

German physician W Buschin
itreated for the first time an
inoperable _sarcoma

with Streptococcus pyogenes

carcinogenic potential of numerous bacteria. Enzymatic attacks by
bacterial products have the capacity to inflict DNA damage, elicit-
ing an inflammatory response that generates free radicals and may
impact DNA repair mechanisms. Disruption of signaling by bacterial
products can disturb the delicate equilibrium of growth, cell division,
and apoptosis, potentially providing support for tumor promotion.?’
Despite most developments in understanding HNSCCs occurring in
recent decades, clinically meaningful discoveries have yet to be fully

realized, as depicted in Figure 228

3 | THE ASSOCIATION BETWEEN
PERIODONTAL PATHOGENS AND CANCER

Substantial evidence highlights the connection between altera-
tions in the oral microbiome and specific cancer types (see Table 1,
Figure 3). Breast cancer (BC) is the most commonly diagnosed cancer
and the leading cause of cancer mortality in women. By analyzing the
microbiota of breast skin tissue, breast skin swabs, and buccal swabs,
Hieken et al.?? identified the malignancy correlated with enrichment
in taxa of lower abundance including the genera Fusobacterium,
Atopobium, Gluconacetobacter, Hydrogenophaga, and Lactobacillus.
In another study, Wang et al.’% reported that Methylobacterium was
decreased in cancer patients relative to non-cancer patient samples.
Breast cancer patients had increased levels of gram-positive organ-
isms including Corynebacterium, Staphylococcus, Actinomyces, and

1.3 showed that the occur-

Propionibacteriaceae in urine. Parhi et a
rence of F. nucleatum gDNA in breast cancer samples correlates with
high Gal-GalNAc levels.

Esophageal cancer (EC) poses a significant global health chal-
lenge, ranking as the seventh most prevalent and sixth most fatal
malignancy worldwide.?? Narikiyo et al.>® observed a prevalent
and frequent infection of the oral periodontopathic spirochete
T.denticola, Streptococcus mitis (S. mitis), and Streptococus angino-
sus (S.anginosus), in EC across various geographic regions. These
bacteria may exert notable influence on the carcinogenic process

of numerous esophageal cancer cases by instigating inflammation
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discoveries and events in cancer
microbiome research. Reprinted from
Ref. [24].
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FIGURE 2 Timeline of molecular characterization, therapeutic innovations in head and neck cancers, and future perspectives.?®

and facilitating carcinogenesis. Also, F.nucleatum and P. gingivalis
are reported to be associated with EC and could be the biomarkers
for this disease.’*%> Kawasaki et al.*¢ evaluated the prevalence
and abundance of oral bacteria from subgingival dental plaque and
saliva samples in patients with EC and individuals without any can-
cer. They found that in subgingival plaque, A. actinomycetemcom-
itans, P. gingivalis, Prevotella intermedia (P. intermedia), T. forsythia,
T. denticola, and S. anginosus were more abundant and prevalent in
the cancer group versus the control group. A. actinomycetemcomi-
tans and S. anginosus were more abundant or prevalent in the sali-
vary microbiota of the cancer group. The prevalence of T. forsythia
and S.anginosus in dental plaque and of A. actinomycetemcomitans
in saliva, as well as a drinking habit, was associated with a high
risk of EC.

Measurements of antibodies against oral bacteria indicate previ-
ous infection and the level of immune response mounted by an indi-
vidual's immune system. Haheim et al.*” found that the lowest levels
of antibodies for T. forsythia and T. denticola had a higher risk for
bladder cancer. Low levels of T. denticola were also associated with
increased risk of colon cancer. Moreover, F.nucleatum and P. gingi-
valis sequences were enriched in colorectal cancer (CRC) and are
associated with shorter survival.38#! Besides, other oral microbiota
have been reported to be associated with CRC, including Gemella,

Mogibacterium, Peptostreptococcus stomatitis, and Parvimonas

micra.*-44

Gastric cancer (GC) is the fifth most common cancer and
the third most common cause of cancer death worldwide.*® The
oral bacterial taxa enriched in the GC samples were predomi-
nantly represented by oral bacteria (such as Peptostreptococcus,

Streptococcus, and Fusobacterium), while lactic acid-producing

bacteria (such as Lactococcus lactis and Lactobacillus brevis) were
more abundant in adjacent non-tumor tissues.*® Parvimonas micra,
Slackia exigua and Dialister also played important roles in GC
progression.47

Pancreatic cancer's (PC) global burden has seen a significant
surge in recent decades and is expected to remain a prominent
contributor to cancer-related deaths.*® P. gingivalis and A.actino-
mycetemcomitans were associated with a higher risk of PC.#%>°
Vogtmann et al.’* and Farrell et al.’? measured variations of sal-
ivary microbita in PC cases and controls, they found the pres-
ence of Enterobacteriaceae, Lachnospiraceae G7, Bacteroidaceae,
Staphylococcaceae, Neisseria elongata, and Streptococcus mitis
shown significant variation between patients with pancreatic can-
cer and controls.

The association between oral disease and increased risk of lung
cancer (LC) has been reported in lots of studies. In 2016, a study
investigated the tongue coat microbiome of liver cancer patients
with cirrhosis based on 16S rRNA gene sequencing. The study
found Oribacterium and Fusobacterium could distinguish LC pa-
tients from healthy subjects.”® Yan et al.>* found that the levels of
Capnocytophaga and Veillonella were significantly higher in the saliva
of LC patients. A higher abundance of Streptococcus and Veillonella
was enriched in the lower airways of LC patients.>®> Furthermore,
the non-small cell lung cancer (NSCLC) group exhibited significantly
higher relative abundances of Lautropia, Leptotrichia, Rothia, and
Aggregatibacter compared to the healthy control group.’® Lu et al.>’
reported that the colonization rate of P. gingivalis in carcinoma tis-
sues was significantly higher than that in adjacent lung tissues. The
survival rate and median survival time of patients with P. gingivalis

infection were significantly shortened.
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FIGURE 3 Oral microbiota associations
with common cancers. A schematic
representation illustrating the correlation
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HNSCCs originate from the mucosal epithelium in the oral
cavity, pharynx, and larynx, representing the most prevalent ma-
lignancies occurring in the head and neck region.58 At the genus
level, the predominant taxa of OSCC tissue and saliva were:
Acinetobacter, Fusobacterium, Streptococcus, Prevotella Dialister,
Peptococcus, Catonella and Parvimonas.’”® Capnocytophaga gin-
givalis, Prevotella melaninogenica and Streptococcus mitis were en-
riched in the saliva of patients with OSCC and they can predict
80% of cancer cases while excluding 83% of controls in the non-
matched group.®! Additionally, the most common bacteria associ-
ated with periodontitis, P. gingivalis, were abundantly present in
malignant oral epithelium.®? The first epidemiological evidence
linking F. nucleatum and Pseudomonas aeruginosa to OSCC was
reported by Al-Hebshi et al.® Another cross sectional study in-
volving 50 patients with OSCC using the 16S rDNA sequencing,
reported significantly increased abundances of various bacteria,
including F. nucleatum, Prevotella intermedia, Aggregatibacter seg-
nis, and others. These findings suggest a potential association be-

tween these bacteria and OSCC.%*

4 | MECHANISTIC ROLES OF
PERIODONTAL PATHOGENS IN VARIOUS
CANCERS

This segment of the review provides an in-depth analysis of the
multifaceted roles played by periodontal pathogens, including P. gin-
givalis, F.nucleatum, A.actinomycetemcomitans, T.denticola, and T. for-
sythia, in the pathogenesis of various cancers. Table 2 displays their

Parvimonas micra

respective roles in tumor proliferation, invasion, metastasis, and

modulation of the tumor microenvironment.

4.1 | Porphyromonas gingivalis

4.1.1 | Characteristics of P.gingivalis
P. gingivalis, a gram-negative bacterium, is considered a primary
etiologic factor in the pathogenesis of periodontal disease.®®
Furthermore, this bacterium has been linked to several extraoral
infection-related diseases, including cardiovascular disease, dia-
betes, pulmonary disease, and rheumatoid arthritis.®” Increasing
evidence suggests the involvement of P. gingivalis in the etiology
of oral, gastrointestinal, and pancreatic cancers.*”®® The inves-
tigation of gut microbiota, comparing cancer cases and control
subjects for the presence and relative abundance of taxa, also
identified an association between an elevated risk of CRC and in-
creased presence of proinflammatory genera Fusobacterium and
Porphyromonas.*°

P. gingivalis possesses diverse virulence factors that facilitate its
reproduction within the host's reservoir. The most significant viru-
lence factors of P. gingivalis include fimbriae, lipopolysaccharide (LPS),
outer membrane vesicles (OMV), and gingipains.*” Fundamental
pathogenic mechanisms involve generating dysregulated microbiota
and impairing immune defenses. Among these virulence factors, fim-
briae play a pivotal role in bacterial colonization. Two distinct types
of fimbriae exist, with the significant type encoded by the FimA
gene and the minor type encoded by the mfal gene.”%”? Six FimA
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FIGURE 4 Characteristics of Porphyromonas gingivalis (P.gingivalis) and its outer membrane vesicles (OMVs). P. gingivalis consists of cell
membrane and genetic material. The outer layer of P.gingivalis' cell membrane encompasses fimbriae, proteins, and channels. The primary
virulence factors of P. gingivalis primarily stem from both its structural components, such as lipopolysaccharide (LPS) and fimbriae, and its
secretory components, including gingipains and outer membrane vesicles (OMVs). Adapted from Ref. [85].
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FIGURE 5 Mechanisms by which Porphyromonas gingivalis may contribute to head and neck cancers. This figure illustrates the potential
mechanisms by which the periodontal pathogen Porphyromonas gingivalis (P. gingivalis) contributes to the development and progression

of head and neck cancers. It depicts a series of signaling pathways and molecular interactions initiated by P. gingivalis, leading to immune
evasion, proliferation, invasion, metastasis, inflammation, and increased aggressiveness of cancer cells. P. gingivalis induces the expression
of B7-H1 and B7-DC receptors on host cells, leading to immune evasion. It also promotes OSCC proliferation by inducing epidermal growth
factor receptor (EGFR) and cyclin D1 expression via the miR-21/PDCD4/AP-1 signaling pathway. P. gingivalis induces the expression of MMP-
9 through activate the protease-activated receptor (PAR) 2/nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), p38/heat
shock protein27 (HSP27), and ERK1/2-Ets1 pathway, ultimately promoting invasion. The activation of the Chemokine (C-X-C motif) ligand 2
(CXCL2)/C-X-C chemokine receptor 2 (CXCR2) axis by P. gingivalis triggers the epithelial-mesenchymal transition (EMT) phenotype through
the JAK1/signal transducer and activator of transcription 3 (STAT3) signaling pathway. P. gingivalis elevates TGF-p1, TNF-a, and epidermal
growth factor (EGF) levels, associated with EMT signaling pathways, closely linked to invasion and metastasis. The activation of MMP-2,
matrix metalloproteinase (MMP)-3 by P. gingivalis is shown to facilitate metastasis. Additionally, the bacteria induce the production of IL-6
and IL-8, leading to inflammation, which further enhances the aggressiveness of cancer cells through MMP-1 activation.

genotypes have been identified, with FimA Il and FimA IV genotypes virulence factor capable of activating macrophages through toll-like
predominating in patients with periodontitis. In contrast, the FimA | receptors (TLRs).”>7* It suppresses alkaline phosphatase, al colla-
genotype is most frequently observed in healthy patients.”®”! These gen, and osteocalcin differentiation and mineralization in periodon-
findings suggest that microbial danger may be discerned at the sub- tal ligament stem cells.”® Lipid A, in particular, can stimulate TLR4
species level, and the outcome could contribute to varying degrees on host cells, initiating signaling cascades that result in the produc-
of predispositions.72 tion of pro-inflammatory cytokines. The enzymes generated by P.

The LPS, present on the outer membrane of P. gingivalis, consists gingivalis represent an additional virulence factor. The key enzymes
of lipid A, core oligosaccharide, and O-antigen, serving as another facilitating the growth of this bacterium are known as proteases,
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specifically referred to as gingipains. These enzymes play a crucial
role in degrading extracellular matrix proteins, including fibronectin
and collagen.75 To evade the host's defense mechanism, they dis-
mantle immunoglobulins, complement factors, T cell receptors, and
the a-defensins mechanism expressed by neutrophils.”® For exam-
ple, these enzymes can cleave surface proteins of T cells, such as
CD4 and CD8, thereby influencing T cells functionality.”” Gingipains
induce the secretion of interleukin-6 (IL-6) by oral epithelial cells’®
and the expression of IL-8 by gingival fibroblasts.”? Additionally, they
can hydrolyze and deactivate both anti-inflammatory cytokines (IL-
4, 11-5) and pro-inflammatory cytokines (IL-12, IFN-y).8081

Biofilms and OMVs are two crucial structures produced by mi-
croorganisms, playing pivotal roles in the survival, dissemination,
and pathogenicity of microbes.®? Biofilms consist of water, bacterial
cells, and extracellular polymeric substances, and serve as protec-
tive layers, making them resistant to clinical interventions, including
antibiotics.®2 OMVs, spherical membrane-enclosed nanostructures
released from the outer membrane of gram-negative bacteria, play
a crucial role in bacterial survival, virulence, and pathogenicity.%®
OMVs from P. gingivalis contribute to biofilm development by inter-
acting with other periodontopathogens. They foster bacterial adhe-
sion and invasion into host cells, adaptation to stress, and evasion of
immune defense mechanisms.?28* Figure 4 summarizes the struc-
ture and representative components of P. gingivalis.

4.1.2 | Proposed carcinogenic mechanisms

Head and neck cancer

P.gingivalis strains have been shown to induce the expression of
B7-H1 and B7-DC receptors in squamous cell carcinoma cells, po-
tentially aiding in immune evasion in oral cancer.®® Liu et al.¥” in-
vestigated the impact of P. gingivalis on the phagocytosis of Cal-27
cells (OSCC cell line) by bone marrow-derived macrophages and its
effects on OSCC growth in vivo. They found that P. gingivalis had
the capability to hinder macrophage-mediated phagocytosis of Cal-
27 cells, with membrane-component molecules, such as proteins,
speculated to act as the effector. Furthermore, persistent expo-
sure to antibiotics-inactivated P.gingivalis fostered OSCC progres-
sion in mice and prompted the polarization of macrophages toward
M2 tumor-associated macrophages, primarily exhibiting pro-tumor
characteristics.?” These results suggest that P. gingivalis may en-
hance immune evasion in oral cancer by protecting cancer cells from
macrophage attack. Moreover, P. gingivalis promotes tumor pro-
gression by generating a cancer-promoting microenvironment. In a
mouse model of carcinogenesis induced by 4-nitroquinoline-1 oxide
(4NQO), P. gingivalis infection exacerbates oral lesions and promotes
tumor progression through invasion of oral lesions. Increased infil-
tration of CD11b+myeloid cells and myeloid-derived suppressor
cells (MDSCs) is observed in these lesions. In vitro experiments
reveal that exposure of human-derived dysplastic oral keratino-
cytes (DOKs) to P. gingivalis leads to the accumulation of MDSCs.
Chemokines such as Chemokine (C-X-C motif) ligand 2 (CXCL2),

chemokine (C-C motif) ligand 2 (CCL2), IL-6, and IL-8 are implicated
in facilitating the recruitment of MDSCs, suggesting their potential
role in tumor progression.88 Moreover, P. gingivalis upregulates IL-
1B by upregulating the inflammasome complexes nucleotide-binding
oligomerization domain, leucine-rich repeat-containing receptor
(NLR) family pyrin domain-containing 3 (NLRP3) and absent in mela-
noma 2 (AIM2), while downregulats pyrin domain (PYD)-only protein
1(POP1).8?

P. gingivalis and human a-defensins could lead to an increase
in oral tumor cell proliferation.90 Groeger et al.”t utilized a pro-
filer PCR array and found that P. gingivalis membrane upregulates
the expression of genes of TLR, nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB), and mitogen-activated
protein kinases (MAPK) signaling pathways, leading to the induc-
tion of pro-inflammatory cytokines and promoting cancer prolif-
eration. Moreover, P. gingivalis promotes OSCC proliferation by
inducing cyclin D1 expression via the miR-21/programmed cell
death protein 4 (PDCD4)/activator protein-1 (AP-1) signaling path-
way.”? Furthermore, another study observed that certain activa-
tors of TLR2/1 and TLR4, or when exposed to P. gingivalis, trigger
essential molecular components intricately associated with the
progression and virulence of oral tumors, such as IL-6, cyclin D1,
TNF-a, and heparanase.”® Matrix metalloproteinase 9 (MMP-9)
is implicated in the invasion and metastasis of cancer cells. Inaba
et al.”*?> demonstrated that P. gingivalis activates the extracellular
signal-regulated kinase (ERK)1/2-Ets1, p38/heat shock protein27
(HSP27), protease-activated receptor (PAR) 4, and PAR2/NF-«kB
pathways to induce proMMP-9 expression and to promote cellu-
lar invasion of OSCC cell lines. Additionally, heat-killed P. gingi-
valis upregulates the expression of MMP-2, MMP-3, and MMP-9
in OSCCs. Epithelial-mesenchymal transition (EMT) is closely as-
sociated with invasion and metastasis. Heat-killed P. gingivalis in-
creased the levels of TGF-1, TNF-a, and epidermal growth factor
(EGF), which are involved in EMT-signaling pathways, in OCSS cell
lines. Furthermore, exposure to heat-killed P. gingivalis enhances
migration and the rate of wound closure.?® OSCC cells infected
with P. gingivalis also exhibit elevated MMP-1 and MMP-10 ex-
pression, triggered by the release of IL-8, thereby amplifying the
aggressiveness of OSCC cells.”” Physiologically, bacteria and other
microorganisms in the oral cavity are recognized by TLR2. Ikehata
et al.”® reported that the progression of OSCC can be accelerated
by the activation of TLR2 through bacterial components. This
activation potentially contributes to acquired resistance against
cisplatin-induced apoptosis via modulation of the miR-146a
pathway.

In tumor-bearing animal experiments, tumor samples with P. gin-
givalis infection in the tumor microenvironment (TME) of OSCC dis-
played enhanced cell invasion and proliferation, along with larger
tumor volumes. Additionally, the expression of P.gingivalis, CXCL2,
and tumor-associated neutrophils (TANs) serve as independent
risk factors for poor prognosis in OSCC patients. Treatment with
a CXCL2/CXCR2 signaling axis inhibitor significantly attenuated
cell invasion and proliferation and reduced tumor volume in mice.
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FIGURE 6 Mechanisms by which Porphyromonas gingivalis may contribute to esophageal cancer. Porphyromonas gingivalis (P. gingivalis)
up-regulates B7-H4 and KDM5B in esophageal squamous cell carcinoma, contributing to immune evasion. Additionally, P. gingivalis infection
also promotes IL-6 production and MDSCs recruitment. Furthermore, it upregulates miR-194 while inhibiting GRHL3 and PTEN. This, in
turn, activates the phosphoinositide 3-kinase (PI3K)/Akt pathway, promoting cell proliferation and migration. By inducing the epithelial-to-
mesenchymal transition (EMT) process, P. gingivalis enhances the invasiveness and metastasis of cancer cells through the upregulation of
molecules such as p-catenin and matrix metalloproteinase 9 (MMP-9). It enhances the expression of glycoprotein A repetitions predominant
(GARP), thus activating transforming growth factor-g (TGF-p)/Smad signaling pathway. This effect is partially dependent on P. gingivalis
fimbriae (FimA), thereby promoting tumor growth and lung metastasis. P. gingivalis upregulates the expression of cyclin D1, c-Myc, and
MMP-2, as well as activating the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) pathway, which collectively promote

cell proliferation, migration, and invasion.

Lentivirus-mediated blockade of the CXCL2/CXCR2 signaling axis
results in decreased activity of the JAK1/signal transducer and ac-
tivator of transcription (STAT) signaling pathway and reversal of the
EMT phenotype?’ (Figure 5).

Eosphageal cancer
P.gingivalis isolated from esophageal squamous cell carcinoma
(ESCC) lesions is recognized as a major pathogen associated with

.19 investigated host immune responses

this fatal disease. Yuan et a
during P. gingivalis infection, revealing increased expression of B7-
H4 and lysine demethylase 5B (KDM5B) in experimentally infected
ESCC. B7-H4, also known as B7S1, B7x, or VTCN1, plays a negative
regulatory role in T cell activation.’°? Anti-B7-H4 and histone dem-
ethylase inhibitors were investigated for their immunotherapeutic
effects against chronic infection and xenografted human tumors.
Through combined therapy in three distinct preclinical mouse mod-
els, enhanced resistance against P. gingivalis infection and tumor
challenge was observed, possibly attributed to T cell-mediated re-
sponses and immune memory formation. The coexpression of B7-H4
and KDM5B correlated significantly with bacterial load in ESCC sub-
jects, suggesting potential therapeutic targets for improving control
of P. gingivalis infection and associated neoplasia.'°® Additionally, an-
other study found that P. gingivalis was associated with elevated EC
incidence in a 4-nitroquinoline 1-oxide-induced mouse model and
increased xenograft tumor growth. P. gingivalis infection promoted

IL-6 production and MDSCs recruitment. Inhibition of IL-6 signal-
ing attenuated the tumor-promoting effects of P. gingivalis in both
mouse models. Moreover, ESCC cells infected with P. gingivalis ex-
hibited enhanced characteristics associated with EMT, including
increased expression levels of p-catenin and MMP-9, while simulta-
neously showing decreased expression levels of E-cadherin.10?

In vitro studies revealed that P. gingivalis enhances the prolifer-
ation and motility of ESCC cells, upregulating key molecules such as
cyclin D1, MMP-2, c-Myc, and BCL-XL, associated with the NF-kB
signaling pathway.'°® Gao et al. examined the impact of P. gingivalis
infection on ESCC and found that it significantly enhanced cellular
proliferation, invasion, and migration in the ESCC cell lines KYSE-30
and KYSE-150. High-throughput sequencing identified upregulation
of miR-194 in these infected cells, with miR-194 modulation affect-
ing cell migration and invasion. Bioinformatics analysis identified
GRHL3 as a direct target of miR-194, with decreased expression of
GRHL3 observed in P. gingivalis-infected ESCC cells and patients.
Downregulation of both GRHL3 and PTEN, along with upregulation
of p-Akt, suggests a potential signaling pathway involving miR-194/
GRHL3/PTEN/Akt in ESCC progression promoted by P. gingivalis.}**

Gao et al.® have found that P.gingivalis infection is associated
with a worse prognosis in patients with ESCC, reduced efficacy of
neoadjuvant chemotherapy (NACT), and promotion of apoptosis re-
sistance and proliferation in ESCC cells. Furthermore, it has been re-
ported that TGF-f/Smad signaling mediates the oncogenic function
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FIGURE 7 Mechanisms by which Porphyromonas gingivalis may contribute to colorectal cancer. Porphyromonas gingivalis (P. gingivalis)

has been demonstrated to induce programmed cell death 1 (PD-L1) expression through the regulation of molecules such as non-occlusive
disease (NOD)1/NOD2, receptor-interacting protein 2 (RIP2), and mitogen-activated protein kinases (MAPK). This process serves to mediate
the immune evasion of tumor cells. In vivo, P. gingivalis has been observed to stimulate the secretion of pro-inflammatory factors by myeloid
cells, including nucleotide-binding oligomerization domain, leucine-rich repeat-containing receptor (NLR) family pyrin domain-containing 3
(NLRP3), Caspase-1, and interleukin (IL)-1p. This leads to the promotion of inflammation and the acceleration of tumor growth. Activation of
the MAPK/ERK signaling pathway by P. gingivalis has been demonstrated to accelerate cell proliferation and invasive behavior.

of P. gingivalis in ESCC.1%¢ Global transcriptomic analysis revealed
that P. gingivalis infection induces elevated secretion of TGF-$ and
activates TGF-p/Smad signaling in both cultured cells and clinical
ESCC samples. Moreover, this study demonstrated that P. gingivalis
enhances the expression of Glycoprotein A repetitions predominant
(GARP), thus activating TGF-p/Smad signaling, with this effect par-
tially dependent on P. gingivalis fimbriae (FimA). Xenograft models
further demonstrated that P. gingivalis infection activated TGF-§
signaling, thereby promoting tumor growth and lung metastasis.*®®

(Figure 6).

Colorectal cancer

Adel-Khattab et al.}%7 investigated the impact of P. gingivalis on colon
cancer cells (CL-11). They stimulated the cells with P. gingivalis total
membrane (TM) fractions and peptidoglycans (PDG), as well as vi-
able P. gingivalis bacteria. Their findings revealed that both the TM
fraction and PDG induced an upregulation of PD-L1 in colon cancer
cells, with PDG having a significant influence. The mechanism in-
volved the activation of NOD 1 and NOD 2, along with the RIP2 and

1.1%8 observed that P. gingivalis can

MAPK signaling pathways. Mu et a
adhere to and invade host cells, promoting cell proliferation. They
found an increase in the percentage of S phase cells in the cell cycle
assay. Through gPCR and western blot analyses, they suggested
that the MAPK/ERK signaling pathway is significantly activated by
P. gingivalis. Wang et al.}%? found that P. gingivalis enhanced tumor

Min/+ mouse model and boosts tumor

counts and volumes in the Apc
growth in orthotopic rectal and subcutaneous carcinoma models. It

also modulates the tumor immune microenvironment by selectively

expanding myeloid-derived immune cells and fostering a proinflam-
matory milieu. Furthermore, P. gingivalis contributes to the progres-
sion of colorectal cancer neoplasia by activating the hematopoietic
NLRP3 inflammasome (Figure 7).

Pancreatic cancer

Hiraki et al.''® estabilished a mouse model that is not affected by
acute indlammation in various organs by intraperitoneally adminis-
tering P. gingivalis-LPS to mice. They analyzed pancreatic gene ex-
pression and observed elevated expression of Reg3A and G, which
are previously associated with PC. Gnanasekaran et al.'*! discov-
ered that live P. gingivalis prompted the proliferation of pancreatic
cancer cells. Interestingly, this impact was not contingent upon
TLR2. Furthermore, P.gingivalis augmented tumor growth in murine
models, with the pro-tumorigenic effects potentially attributable,
at least in part, to the activation of the Akt signaling cascade. Tan
et al.*? confirmed the presence of a rich intratumor microbiota in
human PC tissue, with the oral cavity bacterium P. gingivalis identi-
fied as colonizing and proliferating within the tumor microenviron-
ment. Exposure to P. gingivalis accelerated tumor growth in both
orthotopic and subcutaneous PC mouse models. Mechanistically,
intratumoral P. gingivalis accelerated PC progression by enhancing
the secretion of neutrophilic chemokines and neutrophil elastase
(NE). Saba et al.}® illustrated the migration of P. gingivalis from
the oral cavity to the pancreas in a genetically engineered mouse
model of pancreatic ductal adenocarcinoma (PDAC). Repetitive
administration of P. gingivalis to wild-type mice induced pancreatic
acinar-to-ductal metaplasia (ADM) and altered the composition of
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the intrapancreatic microbiome. In iKC mice, P. gingivalis expedited
the progression from pancreatic intraepithelial neoplasia (PanIN)
to PDAC. In vitro, P. gingivalis infection induced the expression of
acinar cell ADM markers SOX9 and CK19, while intracellular bacte-
ria shielded PDAC cells from reactive oxygen species-mediated cell
death induced by nutrient stress.

4.2 | Fusobacterium nucleatum
4.2.1 | Characteristics of F. nucleatum

Fusobacterium nucleatum (F. nucleatum) is an obligate anaerobic
gram-negative bacterium commonly found in both healthy and dis-
eased individuals within the oral cavity.114 It is associated with peri-
odontal diseases and has been isolated from clinical specimens of
many diseases, such as appendicitis, brain abscesses, osteomyelitis,
pericarditis, and chorioamnionitis.***#!> There are reports indicating

E ¥
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cancers

 perocartaogy 2000 SUINSERS

that F. nucleatum is also likely involved in the onset of gastrointesti-
nal and oral cancer.}1®

F. nucleatum has the ability to co-aggregate with almost all bac-
terial species involved in oral plaque formation.''” In addition, it
can bind to and facilitate the transport of non-invasive bacterial
species into host cells, functioning as a shuttle during this pro-
cess.®® F. nucleatum also mediates essential biofilm organization
and engages in interactions with host cells by expressing multi-
ple adhesins, such as adhesion inducing determinant 1 (Aid1),
coaggregation-mediated protein A (CmpA), fibroblast activation
protein 2 (Fap2), FomA, fusobacterial adhesin (FadA), and RadD.**?
Aid1, likely unique to Fusobacteria, can facilitate RadD-mediated
interaction with oral streptococci*?® The interplay between F. nu-
cleatum and Streptococcus gordonii is facilitated through CmpA.1?*
FadA, the significant adhesin identified to bind host cells, stands
out as the most extensively characterized virulence factor of F.
nucleatum. 22 It plays a critical role in the tumorigenic response as
well as in the binding and invasion of host cells by the organism.**?
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FIGURE 8 Mechanisms by which Fusobacterium nucleatum may contribute to head and neck cancer. Fusobacterium nucleatum (F.

nucleatum) infection initiates the epithelial-to-mesenchymal transition (EMT) through the IncRNA MIR4435-2HG/miR-296-5p/Akt2/SNAI1
signaling pathway. The infection with F.nucleatum also increased cytokine expression, contributing to EMT induction and increased cancer
cell invasiveness. Moreover, F.nucleatum triggered GalNAc-Autophagy-TBC1D5 signaling, leading to GLUT1 aggregation on the plasma
membrane and extracellular lactate deposition. F.nucleatum promotes migration and apoptosis in oral squamous cell carcinoma (OSCC) cells
via the Wnt/nuclear factor of activated T cells (NFAT) pathway. Additionally, F.nucleatum induces absent in melanoma 2 (AIM2) expression
and downregulated pyrin domain (PYD)-only protein 1 (POP1), promoting interleukin-1p (IL-1p) production and inflammation. It also triggers
integrin alpha V and focal adhesion kinase (FAK), inducing OSCC cell proliferation. Furthermore, F.nucleatum activates toll like receptor (TLR)
signaling, resulting in IL-6 production that activates signal transducer and activator of transcription 3 (STAT3), thereby regulating squamous
cell carcinoma growth. F.nucleatum induces the expression of janus kinase 1 (JAK1) and MYC in oral cancer cells, highlighting its role in
promoting tumorigenesis.
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By binding to E-cadherin, FadA triggers the activation of f-
catenin signaling, influencing both inflammatory and oncogenic
responses.12 Fap2, a galactose-sensitive hemagglutinin and ad-
hesion, can bind with acetylgalactosamine (Gal-GalNAc) to medi-
ate CRC development.*?® The study showed that Fap2 could also
bind to human inhibitory receptor T cell immunoglobulin and ITIM
domain (TIGIT), including T cells and natural killing (NK) cells.}?
This Fap2-TIGIT interaction shields both F. nucleatum and adjacent
tumor cells from immune cell-mediated kiIIing.124 In addition to
TIGIT, F. nucleatum employs its surface protein CbpF to hinder T
and NK cells function through the activation of carcinoembryonic
antigen cell adhesion molecule 1 (CEACAM1).12512¢ FomA exhib-
its the ability to attach to F. nucleatum-specific IgA. Additionally,
FomA can stimulate intestinal immunity, leading to increased se-
cretion of IgA, which serves as a deterrent to its colonization.'?’
These adhesins are also considered to potentially contribute to the
carcinogenesis process.!?

4.2.2 | Proposed carcinogenic mechanisms

Head and neck cancer

1.2 observed the accumulation of F. nucleatum in the in-

Sun et a
vasive margins of OSCC tissues, correlating with the formation of
tumor-associated macrophages (TAMs). They identified that F. nu-
cleatum triggered GalNAc-Autophagy-TBC1D5 signaling, resulting in
glucose transporter 1 (GLUT1) aggregation on the plasma membrane
and extracellular lactate deposition. Concurrent functional inhibi-
tion of GalNAc and GLUT1 effectively suppressed TAMs formation
and restrained OSCC progression.t?’

Zhang et al.’*° found that F. nucleatum infection induces cell
migration in both noncancerous human immortalized oral epithe-
lial cells and OSCC cells, without affecting cell proliferation or cell
cycle progression. They noted upregulation of mesenchymal mark-
ers such as N-cadherin, Vimentin, and snail family transcriptional
repressor 1 (SNAI1), along with decreased E-cadherin expression,
which translocated to the cytoplasm. Moreover, both FadA adhesin
and heat-inactivated F. nucleatum showed similar effects to viable
bacterial cells. High-throughput sequencing identified upregulated
IncRNA MIR4435-2HG, which negatively regulated miR-296-5p ex-
pression, reduced in F. nucleatum-infected human immortalized oral
epithelial cells (HIOECs) and SCC-9 cells. Knockdown of MIR4435-
2HG with siRNA decreased SNAI1 expression, while miR-296-5p
indirectly regulated SNAI1 expression via Akt2. Thus, their study
suggested that F. nucleatum infection can initiate EMT via the In-
cRNA MIR4435-2HG/miR-296-5p/Akt2/SNAIL signaling pathway,
potentially linking F. nucleatum infection to the onset of oral epi-
thelial carcinomas. Harrandah et al.’3! demonstrated in vitro that F.
nucleatum induces the expression of STAT3, janus kinase 1 (JAK1),
MYC, and EMT markers in oral cancer cells. Additionally, it enhances
the expression of MMP-1, MMP-9, and IL-8, leading to increased
cancer cell invasiveness. This in vivo study revealed that both P.
gingivalis and F. nucleatum promote tumor progression. F. nucleatum

was also observed to trigger TLR signaling, resulting in IL-6 produc-
tion that activates STAT3, which regulate SCC growth.”® In HNCSS
cell line (H400), F. nucleatum increased AIM2 and downregulated
POP1, promoting IL-1p.8” The heat-killed F. nucleatum increased cy-
tokines expression which invoveld in EMT-induction, such as TGF-
B1, EGF, and TNF-q, and increased MMP-2, -3, and -9 expression
in OSCC cell line H400.7¢ Geng et al.*? found that the infection
with F. nucleatum led to increased expression of YH2AX, a marker
for DNA double-strand break, in Tca8113 tongue squamous cell
carcinoma cells. This infection promoted cell proliferation and al-
tered the cell cycle, downregulated p27 expression, and decreased
the levels of Ku70 and wild-type p53. Overexpression of Ku70 re-
versed these effects, leading to the upregulation of wild-type p53
and inhibition of cell proliferation. These findings suggest that F.
nucleatum infection promotes OSCC proliferation via the Ku70/
p53 pathway by inducing DNA damage. Another study demon-
strated that F. nucleatum enhances cisplatin resistance and migra-
tion in oral squamous carcinoma cells by downregulating p53 and
E-cadherin via the Wnt/nuclear factor of activated T cells (NFAT)
pathway. Pretreatment of Cal-27 and HSC-3 cells with F. nucleatum
significantly increased survival rates against cisplatin. Western blot
analysis revealed decreased expression of migration and apoptosis-
related proteins E-cadherin and p53. F. nucleatum activation of the
Wnt/NFAT pathway was observed, with elevated expression levels
of wnt5a and Nuclear factors of activated T cells 3 (NFATc3). These
findings suggest that F. nucleatum promotes cisplatin resistance and
migration in oral squamous cell carcinoma cells through the Wnt/
NFAT pathway.'%®

P. gingivalis, T. denticola, and F. nucleatum were observed to en-
hance the migration, invasion, tumorsphere formation, and tumor-
igenesis of OSCC cells in vivo. However, they did not significantly
impact cell proliferation or apoptosis. Pathogen-induced OSCC cell
migration occurred through the activation of integrin alpha V and
focal adhesion kinase (FAK). These effects were abolished by stably
inhibiting the expression of alpha V or FAK. Moreover, the process
was inhibited by nisin, a 34-amino acid polycyclic antimicrobial pep-
tide produced by Gram-positive Lactococcus and Streptococcus spe-

134135 (Figure 8).

cies.
Eosphageal cancer

The presence of F. nucleatum in EC tissues correlated with shorter
survival, suggesting its potential utility as a prognostic biomarker.
Through microarray data enrichment analyses of kyoto encyclope-
dia of genes and genomes (KEGG) pathways, it was identified that
F. nucleatum may promote aggressive tumor behavior by activat-
ing chemokines such aschemokine (C-C motif) ligand 20 (CCL20),
a finding confirmed by immunohistochemistry.®** Nomoto et al.*%¢
found that F. nucleatum invades ESCC cells and triggers the NF-kB
pathway, thereby promoting tumor progression both in vivo and
in vitro. Moreover, F. nucleatum enhances the growth, migration,
and invasion capabilities of ESCC cells. The activation of NF-kB by
F.nucleatum is facilitated through nucleotide oligomerization do-
main 1 (NOD1) and receptor-interacting protein kinase 2 (RIPK2).
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.37 observed a correlation between F. nucleatum infection

Liangeta
in ESCC tissues, heightened NLRP3 expression, and an increase in
myeloid-derived suppressor cells (MDSC). Both in vitro and in vivo
models demonstrated that F. nucleatum prompts a significant accu-
mulation of MDSCs by upregulating NLRP3 expression in ESCC cells
and reducing their susceptibility to cisplatin (CDDP) therapy. Wang
et al.'®8 noted that F. nucleatum induced the expression of KIR2DL1,
a significant inhibitory molecule, on the surface of CD8* T cells, con-
sequently attenuating their cytotoxic activity. This phenomenon fa-
cilitates tumor cell evasion from immune surveillance and diminishes
the effectiveness of CDDP therapy. By examining the correlations
between the elevated expression of KIR2DL1 on CD8" T cell sur-
faces induced by F. nucleatum and the clinicopathological character-
istics of ESCC patients, they observed that tumors with increased
malignancy exhibited a microenvironment conducive to F. nucleatum
survival and the induction of KIR2DL1 expression on CD8* T cells
(Figure 9).

Colorectal cancer

Fusobacteria from the oral cavity could potentially migrate to CRC
sites either through the digestive tract's descent or via the blood-
stream during intermittent bacteremia triggered by routine oral ac-
tivities like chewing, hygiene practices, or dental treatments. In a
study by Abed et al.,’®? CRC colonization by F. nucleatum was com-
pared between mice inoculated through gavage and intravenous in-
jection in the MC38 and CT26 orthotopic CRC models. The findings

T

MDSCs CD8+ /
T cell \\-\,,A//

Immune
evasion

indicated that fusobacterial colonization of CRC tumors was more
successful through hematogenous dissemination compared to oral
administration. These results suggest that the bloodstream may
serve as the primary route for oral fusobacteria to reach and colo-
nize colon tumors.

Rubinstein et al.}*° unveiled the mechanism by which F. nucleatum
adheres to and invades CRC cells, stimulating oncogenic cell prolifer-
ation and inflammatory responses both in vivo and in vitro through
its distinct FadA adhesin. This adhesin binds specifically to E-cadherin,
activating p-catenin signaling and modulating inflammatory and onco-
genic pathways. An unrecognized modulator of Wnt/p-catenin signal-
ing, annexin A1, plays a key role in F. nucleatum's stimulatory effect by
promoting Cyclin D1 activation in proliferating colorectal cancer cells.
Subsequent work by Rubinstein et al.** further demonstrated that the
FadA adhesin from F. nucleatum increased annexin Al expression via
E-cadherin. Interestingly, this positive feedback loop between FadA
and annexin Al was exclusively detected in cancerous cells, while it
was absent in non-cancerous cells. Based on these findings, they pro-
posed a “two-hit” hypothesis for colorectal carcinogenesis, wherein
the initial “hit” involves the accumulation of host driver mutations,
such as increased annexin Al expression. Subsequently, microbes like
F. nucleatum represent the second “hit,” exacerbating the progression
of cancer.**! Abed et al.}*? identified a host polysaccharide and fuso-
bacterial lectin responsible for the abundance of fusobacteria in CRC.
Fusobacterial Fap2 recognizes Gal-GalNAc, highly expressed in CRC,
acting as a Gal-GalNAc lectin. Strains lacking Fap2 or with inactivated
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FIGURE 10 Mechanisms by which Fusobacterium nucleatum may contribute to colorectal cancer. The invasion of Fusobacterium nucleatum
(F.nucleatum) selectively recruits myeloid cells into the tumor microenvironment. Upon interaction with immune cells, F.nucleatum leads to
reduced T cell density, heightened M2 macrophage polarization, suppression of natural killer (NK) cell activity, and increased dendritic cells
and tumor-associated neutrophils, collectively dampening anti-tumor immunity. The adhesin FadA of F.nucleatum interacts with E-cadherin
on host cells, leading to the activation of annexin A1. This activation regulates p-catenin and subsequent downstream signaling pathways

in proliferating colorectal cancer cells. Exposure to F.nucleatum increases the protein abundance of toll like receptor (TLR) 4/P-PAK1/P-p-
catenin S675/c-Myc/CyclinD1, promoting inflammation, and oncogenic transformation. F.nucleatum also activates the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) pathway, upregulating miR-21, which in turn decrease RASA1. This cascade ultimately
increases proliferation, differentiation, and tumor growth. Additionally, F.nucleatum interacts with the Gal-GalNAc pathway, contributing to
its localization and enrichment within the tumor microenvironment. Adapted from Ref. [276].

Fap2 mutants exhibit reduced binding to Gal-GalNAc-expressing CRC
cells and established CRCs in murine models. Moreover, intravenously
administered F. nucleatum localizes to mouse tumor tissues in a Fap2-
dependent manner, suggesting fusobacteria utilize a hematogenous

1.143 observed elevated

route to colon adenocarcinomas. Chen et a
levels of TLR4, p21-activated kinase 1 (PAK1), and nuclear p-catenin
proteins in F. nucleatum-positive CRCs. Exposure to F. nucleatum or its
lipopolysaccharide resulted in increased protein abundance of TLR4/
P-PAK1/P-p-catenin S675/c-Myc/CyclinD1, along with enhanced
nuclear translocation of p-catenin. Pre-treatment with TLR4 or PAK1
inhibitors reduced the protein abundance of P-B-catenin S675, c-Myc,
and Cyclin D1, and nuclear p-catenin accumulation. Inhibition of TLR4
also reduced P-PAK1 protein abundance, suggesting invasive F. nuclea-
tum activates p-catenin signaling through a TLR4/P-PAK1/P-f-catenin
S675 cascade in CRC. TLR4 and PAK1 may serve as potential thera-
peutic targets for the treatment of F. nucleatum-related CRCs. Besides,
Yang et al.}** discovered that activation of TLR4 signaling by F. nuclea-
tum leads to MYD88 activation, subsequently triggering NF-kB and
upregulating miR21 expression. This miRNA decreases RAS GTPase
RASAL1 levels, which plays a crucial role in regulating cell proliferation,

differentiation, and apoptosis. Patients exhibiting both high levels of
tissue F. nucleatum DNA and miR21 expression showed a heightened
risk for poor outcomes. Furthermore, F. nucleatum also plays a regu-

1.1 observed an increase

latory role in immune responses. Chen et a
in M2 polarization of macrophages upon F.nucleatum infection both
in vitro and in vivo. Moreover, F. nucleatum infection augmented col-
orectal tumor growth through a TLR4-dependent mechanism, involv-
ing the activation of the IL-6/p-STAT3/c-Myc signaling. F. nucleatum
also plays a selective role in recruiting tumor-infiltrating myeloid cells,
particularly CD11b+ cells such as dendritic cells (DCs), macrophages,
and granulocytes, thereby promoting tumor progression in CRC mouse
models.}*® These CD11b* myeloid cells play a pivotal role in enhancing
tumor development and angiogenesis.**” Toor et al.'*® observed in-
creased levels of granulocytic myeloid cells, including myeloid-derived
suppressor cells (MDSCs), in both the tumor microenvironment and
peripheral blood of CRC patients. MDCSs, known for their potent
immune suppressive activity, exhibit significant T cell suppressive ca-
pabilities. This aligns with findings that F. nucleatum impedes the ac-
cumulation of tumor-infiltrating T cells in breast and colorectal cancer

tissues31 1461497151 (Figyre 10).
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FIGURE 11 Characteristics of
Aggregatibacter actinomycetemcomitans
(A. actinomycetemcomitans). A.
actinomycetemcomitans possesses several
virulence factors, including the potent
leukotoxin (LtxA), lipopolysaccharide
(LPS), cytolethal distending toxin (CDT),
cell surface-associated materials,
enzymes, and less well-defined virulence
factors capable of influencing the host's
defense mechanisms. Additionally, A.
actinomycetemcomitans OMVs have been

observed to transport these virulence

factors, ultimately impacting the immune 111

A. actinomycetemcomitans
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Breast cancer

Parhi et al.?! observed an increase in Gal-GalNAc levels during the
progression of human breast cancer. They found a correlation be-
tween the presence of F.nucleatum gDNA in breast cancer samples
and elevated Gal-GalNAc levels. The study demonstrated Fap2-
dependent binding of F. nucleatum to breast cancer samples, a process
inhibited by GalNAc. Intravascular inoculation of Fap2-expressing
F.nucleatum ATCC 23726 specifically colonized mammary tumors in
mice, while Fap2-deficient bacteria exhibited impaired tumor coloni-
zation. Inoculation with F. nucleatum suppressed the accumulation of
tumor-infiltrating T cells and promoted tumor growth and metastatic
progression. In a recent study, Li et al.*>? investigated the impact of
extracellular vesicles (EVs) derived from F. nucleatum (Fn-EVs) on BC
cells. They observed a significant increase in cell viability, prolifera-
tion, migration, and invasion in BC cells upon administration of Fn-
EVs. Notably, knockdown of TLR4 in BC cells blocked these effects.
Furthermore, in vivo experiments confirmed the contributory role of
Fn-EVs in promoting tumor growth and metastasis in BC, potentially

through their modulation of TLR4 signaling.

Gastric cancer

Liu et al.>® observed increased counts of neutrophil extracellu-
lar traps (NETs) and platelets in F.nucleatum-positive GC patients.
Extracellular vesicles (EVs) derived from F.nucleatum-positive pa-
tients were found to promote the differentiation and maturation
of megakaryocytes (MKs) and exhibited increased levels of 14-3-3
proteins, particularly 14-3-3¢. In vitro experiments demonstrated
that the upregulation of 14-3-3¢ promoted MK differentiation and
maturation. Additionally, hematopoietic progenitor cells (HPCs) and
K562 cells were capable of receiving 14-3-3¢ from the EVs, which
interacted with GP1BA and 14-3-3( to initiate phosphoinositide
3-kinase (PI3K)-Akt signaling. Meng et al.*>* discovered that Fn-
EVs significantly enhanced resistance to oxaliplatin and promoted

cell proliferation, migration, invasion, and stemness in GC cells.
Moreover, Fn-EVs enhanced the stemness and DNA repair capabili-
ties of GC cells. In vivo experiments revealed that administration of
Fn-EVs not only promoted the growth of GC tumors and liver me-
tastasis but also conferred resistance to oxaliplatin treatment in GC

tumors.

4.3 | Aggregatibacter actinomycetemcomitans
4.3.1 | Characteristics of A. actinomycetemcomitans

A. actinomycetemcomitans, a gram-negative bacterium, is linked to
periodontitis and other systemic diseases, like infective endocardi-
tis and rheumatoid arthritis.?>>%® It generates many virulence fac-
tors capable of inducing cell death and either triggering or evading
inflammation.*>” The virulence factors of the organism include the
potent leukotoxin (LtxA), LPS, cell surface-associated materials,
enzymes, and less clearly defined virulence factors that modulate
the host defense activity.®® (Figure 11) LtxA plays a significant role
in A. actinomycetemcomitans pathogenicity, specifically targeting
human immune cells.*>"1¢3 Monocytes/macrophages exhibit high
susceptibility to LtxA, resulting in their lysis through the activa-
tion of caspase 1 and the secretion of IL—1[3.158'164'165 A. actinomy-
cetemcomitans is the only known oral species identified to express
cytolethal distending toxin (CDT). CDT primarily induces DNA dam-
age, cell cycle arrest, and eventual apoptosis in the affected host
cells. 163166 Additionally, it is able to impair macrophage function by
inhibiting phagocytic activity and altering cytokine balance.**” CDT
can potentially activate another pathogenic mechanism by stimulat-
ing the production of pro-inflammatory and osteolytic cytokines in
the intoxicated host cells, leading to periodontal breakdown.!816?
The LPS of A. actinomycetemcomitans triggers the production of
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proinflammatory mediators, including IL-1p, IL-6, IL-8, and tumor
necrosis factor-o (TNF-a).27° It also influences nitric oxide produc-
tion in macrophages, contributing to pathophysiological changes
during both acute and chronic inflammation, ultimately leading to
tissue damage.?>®7! Experiments have revealed that A. actinomyce-
temcomitans OMVs can transport virulence factors, including LtxA,
LPS, CDT, and microRNA-size small RNAs, to host cells, thereby in-
fluencing the immune response.’?'7% Investigations indicate that
A. actinomycetemcomitans infection induces the formation of DNA
double-strand breaks in host cells, potentially elevating the risk of
carcinogenesis.'”* Analysis of gingival crevicular samples showed a
robust association between the pathogen A. actinomycetemcomitans

and malignancy in 32 out of 99 patients.}”

4.3.2 | Proposed carcinogenic mechanisms

Stimulation of oral tumor cells with P. gingivalis resulted in in-
creased cell proliferation, interestingly, A.actinomycetemcomitans
enhanced oral tumor cell death. Both bacteria and antimicrobial
peptides exerted diverse effects on the transcription levels of
oncogenic defensin genes and epidermal growth factor receptor
(EGFR) signaling. The primary impact of the two oral pathogens
on the proliferation behavior of oral tumor cells was opposite.
However, they both induced similar secondary effects on the pro-
liferation rate by modulating the extent of oncogenic important
a-defensin gene expression.gOA. actinomycetemcomitans produces
the cytolethal distending toxin (Cdt), consisting three proteins:
CdtA, CdtB, and CdtC, which induce cell cycle arrest and apop-

.,Y7¢ it was demonstrated that

tosis. In a study by Yamamoto et a
delivering the CdtB protein and transfecting the cdtB gene could
lead to cell cycle arrest and apoptosis in Ca9-22 cells in vitro. They
proposed the potential use of electroporation to induce apopto-
sis in human gingival squamous cell carcinoma by introducing the

cdtB gene.
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4.4 | Tannerella forsythia and Treponema denticola
Tannerella forsythia (T. forsythia) and Treponema denticola (T. denti-
cola) are anaerobic gram-negative bacteria that are associated with
the risk of periodontitis and gingivitis.X””"*”? T. forsythia expresses
many virulence factors, including trypsin-like and PrtH proteases,
sialidases like SiaH and NanH, Bacteroides surface protein A
(BspA\), apoptosis-inducing activity, a-D-glucosidase and N-acetyl-
B-glucosaminidase, a hemagglutinin, components of the bacterial
surface layer, and methylglyoxal.180 Studies demonstrated that T.
forsythia and other pathogens could enhance bone loss and the for-
mation of abscesses in animals.*8182 T. forsythia has the capability
to stimulate pro-inflammatory cytokines, including IL-18 and IL-6,
through CD4* T helper cells and TNF-a.*8° Research has indicated
an upregulation of Treponema in saliva and tissue samples of patients
with oral or esophageal cancer.3%18% However, the precise impact of
T. denticola on OSCC cells remains unclear.

441 | Proposed carcinogenic mechanisms

T. denticola was found to induce the expression of TLR2, TLR4, and
MyD88. Stable suppression of MyD88 significantly inhibited FAK
activation induced by T. denticola and abolished the pathogen-
induced migration. These findings highlight the contribution of peri-
odontal pathogens to a highly aggressive cancer phenotype through
the interplay between TLR/MyD88 and integrin/FAK signaling path-
ways.*** Peng et al.'® found that T. denticola could invade Cal-27
cells and directly promote cell proliferation, regulate the cell cycle,
and inhibit apoptosis. T. denticola also promoted the growth of OSCC
tumors in mice, and it upregulated Ki6é7 expression. Mechanistically,
T. denticola was found to promote the development of OSCC by ac-
tivating the TGF-f pathway. Researchers have taken interest in T.
denticola chymotrypsin-like proteinase (Td-CTLP) as a significant
virulence factor of T. denticola. Nieminen et al.'® observed the

FIGURE 12 Mechanisms linking P.

\ gingivalis and inflammation. P. gingivalis

can promote inflammatory responses
via toll like receptor (TLR) 4/TLR2. It can
activate mitogen-activated protein kinases
(MAPK) and kappa-light-chain-enhancer
of activated B cells (NF-xB) signaling
pathways to express interleukin-8 (IL-8)
and activate the janus kinase (JAK)/c-Jun
signaling axis to elevate IL-1p and IL-6. It
also can inhibit miR-205-5p expression
from activating JAK/signal transducer
and activator of transcription (STAT) by
upregulating IL6ST.

miR-zos-Sp/\
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FIGURE 13 Mechanisms that link inflammation and F. nucleatum, T. denticola, T. forsythia and A. actinomycetemcomitans. The interaction
between fusobacterial adhesin (FadA) and E-cadherin triggers the activation of the p-catenin. F. nucleatum initiates the toll like receptor
(TLR) pathway, activating nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), leading to an increase in inflammatory
cytokine (interleukin-6 (IL-6), IL-8, IL-10, IL-18, tumor necrosis factor-a (TNF-a), and human p-defensins (hBDs)). Additionally, F. nucleatum
can elevate IL-1a level by modulating the extracellular regulated protein kinases (ERK) signaling pathway. Furthermore, F. nucleatum infection
triggers the activation of the nucleotide-binding domain and leucine-rich-repeat-containing family member X1 (NLRX1), which further
promotes the formation of NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) inflammasome, leading to the stimulation of IL-1R3.
Co-infection with T. denticola and F. nucleatum induced expression of hBDs and IL-8 by inhibiting endo-lysosomal maturation and reactive
oxygen species (ROS). T. forsythia induces various proinflammatory cytokines, including IL-1«, IL-1, IL-6, TNF-a, IL-8, and I1L-24 in different
cell types. Clinical isolates of A. actinomycetemcomitans may interfere with neutrophil function by immunosuppressing IL-8 responses.

presence of Td-CTLP in the majority of orodigestive tumor samples.
They found that Td-CTLP could activate pro MMP-8 and -9 into
their active forms and degrade proteinase inhibitors such as TIMP-
1, TIMP-2, and a-1-antichymotrypsin, along with complement C1q.
Furthermore, the presence of Td-CTLP correlated significantly with
the depth of invasion, tumor diameter, and the expression levels of
TLR-7, TLR-9, and c-Myc. Additionally, Td-CTLP positivity was sig-
nificantly associated with invasion depth, tumor diameter and the
expression of TLR-7, TLR-? and c-Myc in early-stage mobile tongue
squamous cell carcinoma.r”” Overall, T. denticola and Td-CTLP con-
tribute to creating a tumor tissue microenvironment favorable for

invasion and metastasis.

5 | MECHANISMS RELATED TO
PERIODONTAL PATHOGENS-LINKED
CARCINOGENESIS

In addition to their direct impact on cancer cells, periodontal patho-
gens have been found to exert various effects on other cell types.
These pathogens have been associated with carcinogenesis through
various potential mechanisms of action, including the induction of
chronic inflammation, suppression of the host's immune system,
facilitation of cell invasion and proliferation, anti-apoptotic activity,
and the presence of carcinogenic substances. Understanding these
diverse effects is essential for unraveling the comprehensive mecha-
nisms underlying cancer development. In this section, we delve into
the multifaceted impact of periodontal pathogens on different cell

types and potential contributions to carcinogenesis to provide a
holistic understanding of how periodontal pathogens contribute to

cancer progression.

5.1 | Induction of chronic inflammation

It has become increasingly clear that chronic inflammation signifi-
cantly increases the risk of carcinogenesis. Uncontrolled inflam-
mation may disrupt stromal integrity, which can promote cancer
progression and accelerate the processes of invasion and metasta-
sis.1773186 pariodontal pathogens induce chronic inflammation, es-
pecially Fusobacterium, Porphyromonas, and Prevotella.*®”18 These
germs have been linked to the up-regulation of various cytokines,
including IL-1p, IL-6, IL-17, IL-23, TNF-a, and other inflammatory
mediators such as the CXC family, MMP-8, and MMP-9, which may
play a role in carcinogenesis.®®"1"! Serum IL-6 concentrations are
elevated in patients with OSCC and are correlated with a worse
prognosis.'?? Additionally, there is an increase in IL-8 levels in the
saliva of OSCC patients.193 The activation of NF-xB is a prominent
characteristic in the development of bacteria-associated tumor.
During infection, LPS has been known to trigger a robust immune
response in human with gram-negative bacteria. Pattern recog-
nition receptors (PRRs) like TLRs, triggering the NF-kB signaling
pathway and inducing the production of inflammatory-associated
cytokine. This activation plays a pivotal role in the inflamma-
tion induced by bacteria and contributes to the carcinogenesis

process 12,194,195
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P. gingivalis activated MAPK and NF-kB signaling pathways, lead-
ing to the production of IL-8. Additionally, it stimulates the JAK/c-
Jun signaling axis, resulting in elevated levels of IL-1f and IL-6.196197
Furthermore, it promotes inflammatory responses through TLR4/
TLR2 pathways in host cells.2?8-2° |n response to infective agents,
the host's natural defense mechanism activates inflammatory sig-
naling cascades, utilizing miRNA species as alternative genetic inhib-
itory transcriptional endpoints.?°! P. gingivalis has the capability to
suppress the expression of miR-205-5p, leading to the activation of
JAK/STAT by upregulating IL6ST?°? (Figure 12).

F. nucleatum is a robust inducer of inflammatory cytokines. F.
nucleatum infection in gingival epithelial cells (GECs) triggers the ac-
tivation of NF-kB, which translocates to the nucleus and enhances
the expression of pro-inflammatory genes, including those respon-
sible for pro—IL—lﬁ.%'203 LPS derived from F. nucleatum is responsible
for cellular-inflammatory response and immune system activation in
periodontal diseases.*?2%4 This leads to the production of inflamma-
tory cytokines such as IL-1a, IL-1p, IL-6, IL-8, and MMPs through the
activation and translocation of NF-kB into the nucleus.}2205-297 F,
nuleatum also intensifies TNF-a production from GECs and macro-
phages, contributing to free radical generation during sepsis.m(”208
NLRP10, the smallest human NLRP, exhibits both anti- and pro-

209 |t activates the extracellular regulated

inflammatory functions.
protein kinases (ERK) signaling pathway in human epithelial cells
infected with F. nuleatum, leading to an elevation in the levels of
the pro-inflammatory cytokine IL-10.2%? Krisanaprakornkit et al.?°
demonstrated that LPS extracted from F. nucleatum's cell wall, along
with TNF-a, induces human p-defensin 2 (hBD2) and IL-8. Another
study demonstrated that the infection of gingival squamous cells
with F. nucleatum induces the expression of hBD2 and hBD3.2!
As an adhesive bacterium, F. nuleatum engages in co-aggregates
with various microbial species in the oral cavity.* FadA assumes
a pivotal role in inducing of tumorigenic responses by binding to E-
cadherin and activating p-catenin signaling. This activation leads to a
differential regulation of inflammatory and oncogenic responses.**?

In addition, F. nucleatum infection activates the nucleotide-
binding domain and leucine-rich-repeat-containing family mem-
ber X1 (NLRX1). This stimulation additionally boosts the NLRP3
inflammasome, initiating caspase-1 activation, culminating in the
processing and liberation of IL-1p in GECs.2%212 The inflammation
is amplified through the release of the danger signals apoptosis-
associated speck-like protein containing a carboxy-terminal CARD
(ASC) and caspase-1, resulting in the secretion of high mobility group
box-1 (HMGB1).2°® HMGB1, a DNA-binding nuclear protein, is im-
plicated in various inflammatory disorders, cell adhesion, and migra-
tion.?*® The interaction between HMGB1 and advanced glycation
end-product (RAGE) may contribute to oral inflammation and the
development of oral cancer?®* (Figure 13).

T. denticola fails to stimulate the generation of innate immune
mediators, such as IL-6, IL-8, and hBDs from epithelial cells.?**
Conversely, co-infection with T. denticola disrupts endo-lysosomal
maturation of F. nucleatum-containing endosomes, causing a buildup
of intracellular reactive oxygen species (ROS). This accumulation

leads to inhibition of hBDs and IL-8 expression in GECs.?!> Upon
colonization, T. denticola can establish its niche, creating a conducive
environment for other plaque bacteria.?* Pahumunto et al.?* anal-
ysis of 50 clinical strains and 7 reference strains of A. actinomycetem-
comitans revealed that JP2-like leukotoxin promoter gene, NS1, and
NS2 from clinical isolates may interfere with neutrophil function by
inducing minimal and immunosuppressing IL-8 responses, thereby
enhancing bacteria survival and virulence. T. forsythia is recognized
for inducing various proinflammatory cytokines, including IL-1a, IL-
1p, IL-6, TNF-q, IL-8, and IL-24 in different cell types?* (Figure 13).

5.2 | Inhibition of the host's immune system

The interaction between the host immune system and microbi-
ota may contribute to the progression of cancer.'®” Periodontal
pathogens, such as P. gingivalis and F. nucleatum, not only initiate
proinflammatory immune responses but also trigger or induce
immunosuppressive reactions, undermining the anti-tumor im-
munity.?*821? Bacterial toxins, like CDT secreted by A. actinomyce-
temcomitans, disrupt the host response by influencing phagocytic
activity and altering the balance of cytokines.'®” A. actinomycet-
emcomitans' outer membrane protein 29 (OMP29) and OMP29P?"
can subvert the host immune response by suppressing C-X-C
Motif Chemokine Ligand 8 (CXCL-8), crucial in tumor angiogen-
esis, and modulating genes related to apoptosis and inflammatory
response in GECs.?2° The tumor microenvironment, characterized
by immunosuppression, plays a pivotal role in tumor immune es-
cape mechanisms.??! PD-L1 is associated with cell-mediated im-
mune responses, exerting crucial immune-regulatory functions
during infection and self-recognition.??? High PD-L1 expression
levels were observed in tissue samples from OSCC.??® Groeger
et al.??* illustrated that the membrane fraction of P. gingivalis
stimulates the expression of the PD-L1 in squamous carcinoma
cells and gingival keratinocytes. Peptidoglycan (PDG) from P.
gingivalis was found to induce PD-L1 expression in various can-
cer cells, including OSCCs and colon cancer cells, dependent on
NOD1 and NOD2, and the activation of RIP2 and MAPK signaling
pathways.'®” While upregulation of the PD-1/PD-L1 pathway may
be necessary to limit host damage, inhibiting T cell responses un-
doubtedly benefits invading pathogens.?2°

P. gingivalis has been demonstrated to dampen the IFN-y-
stimulated release of CXCL9, CXCL10, and CXCL11 from epithelial
cells. The inhibition of chemokine expression operates at the gene
transcription level and correlates with the down-regulation of IRF-1
and a decrease in STAT1 levels.??® The nucleoside diphosphate ki-
nase (NDK) secreted by P. gingivalis has been implicated in promoting
tumorigenesis. NDK inhibits ATP activation of purinergic receptor
(P2X7), subsequently suppressing the production of IL-18 in the
epithelium.?27228 Arjunan et al.??? demonstrated that P. gingivalis,
through Mfal and FimA fimbriae, fosters immunosuppression and
oncogenic cell proliferation in myeloid-derived dendritic suppressor
cells.
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FIGURE 14 P.gingivalis and A. actinomycetemcomitans escape the killing by neutrophils. P. gingivalis triggers a crosstalk between

toll like receptor 2 (TLR2) and C5aR, modulating the signaling pathways of myeloid differentiation primary response 88 (MyD88) and
phosphatidylinositol 3-kinase (PI13K). Furthermore, P. gingivalis employs histone H3 citrullination, facilitated by PPAD, to evade neutrophil
extracellular traps (NETs). Additionally, gingipains from P. gingivalis activate protease-activated receptor 2 (PAR-2) and Nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, resulting in the formation of NETs lacking bactericidal activity. A. actinomycetemcomitans similarly
induces NETs formation and the secretion of matrix metalloprotease (MMP)-8 and MMP-9 in neutrophils, potentially contributing to tissue

destruction and disease progression. Adapted from Ref. [232].

Neutrophils play a vital role in defending periodontal tissues
through the innate immune system, engaging in phagocytosis, bac-
terial killing, and digestion.no’231 P. gingivalis disrupts the antimi-
crobial response of macrophages, hindering antigen presentation
and T-cell activation by manipulating the C5aR/TLR2 crosstalk.
This modulation involves the regulation of MyD88 and PI3K sig-
naling pathways. The downstream molecule MyD88 undergoes
degradation via ubiquitination, inhibiting the host-protective an-
timicrobial response.232 The crosstalk between C5aR and TLR2,
triggered by P. gingivalis, also activates PI3K, leading to reduced
phagocytosis of P. gingivalis by neutrophils.232°234 Additionally,
P. gingivalis citrullinates histone H3, impairing the bactericidal
components in neutrophil extracellular traps (NETs) and thereby
weakening their effectiveness.?”2%2 NETs, web-like structures re-
leased by neutrophils during infection, aid in capturing and killing
pathogens.232 Gingipains activate protease-activated receptor 2
(PAR-2), triggering Nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase activation, increasing ROS levels, and promoting
NETs formation.?322%% However, NETs induced by P. gingivalis lack
bactericidal activity.?®> A. actinomycetemcomitans can also induce
NETs formation and the release of MMP-8 and -9 in neutrophils
alone, potentially contributing to tissue destruction and disease
progression?3 (Figure 14).

P. gingivalis employs various strategies to evade immune de-
tection and manipulate host responses. The utilization of lipid A
structures enables evasion from immune detection via TLR4.2%7
Additionally, gingipains produced by P. gingivalis degrade CD14
on macrophage surfaces, hindering the phagocytosis of in-
fected apoptotic cells.?®22%8237 Fyrthermore, the fimbria and
sialidase of P. gingivalis contribute to immune evasion through
the exploitation of CXCR4 and CR3. The binding to CXCR4 ac-
tivates cAMP-dependent protein kinase A (PKA) signaling, which
inhibits TLR2-mediated proinflammatory and antimicrobial re-
sponses.?*°242 Dyring the inflammatory process, P. gingivalis trig-
gers IL-12 secretion, playing a crucial role in macrophage clearance

of bacteria and stimulating T cells to produce IFN—}(.ZM'243 The re-
lease of sialidase enhances P. gingivalis virulence, reducing IL-12
production and influencing T-cell responses.241 Moreover, P. gin-
givalis inhibits T-cell antimicrobial responses by down-regulating
IL-2 expression, achieved through the prevention of protein kinase
C and p38 phosphorylation and AP-1.24* Additionally, the up-
regulation of IL-10 by P. gingivalis in macrophages inhibits antigen
presentation and T-cell activation.?®? The increased IL-10 pro-
duction induced by P. gingivalis activates PD-L1 on macrophages
and PD-1 on CD4"T cell surfaces, indicating multiple inhibitory
mechanisms employed by P. gingivalis to evade the host's immune

response.?*®

5.3 | Cellinvasion and proliferation

In addition to prolonged cellular survival, P. gingivalis induces
heightened proliferation in infected epithelial cells.?*® The FimA
fimbriae of P. gingivalis elevate the proliferation rate of GECs, ac-
celerating progression through the S-phase. This effect is associ-
ated with a reduction in p53 levels and activation of the PI3K
pathway.247 P. ginglivalis LPS enhanced the proliferation of gingi-
val stem/progenitor cells without compromising their regenera-
tive capacity through NF-xB.2*® Exposure of immortalized OKF6
cells to P. gingivalis resulted in changes in the molecular profile of
proteins associated with cell proliferation, EMT, stem cell genera-
tion, migration, invasion, and resistance to anoikis. This alteration
was accompanied by increased rates of proliferation, which cor-
related with the activation of the PISK/Akt signaling pathway and
the mTOR pathway.?*’ F. nucleatum enhances cell proliferation by
activating p38, followed by HSP27, which plays a significant role
in cell proliferation, differentiation, and oncogenesis.250 This ac-
tivation is associated with the secretion of MMP-9 and MMP-13,
both contributing to the invasion and metastasis phenotype.251
Moreover, F. nucleatum stimulation promotes cellular migration
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through the activation of epithelial and endothelial tyrosine ki-
nase/bone marrow X kinase (Etk/BMX), S6 kinase p70, and RhoA
kinase.?! This interaction with human epithelial cells during F.
nucleatum infection results in the up-regulation of 12 kinases, as
evaluated by the Kinetworks immunoblotting system, which are
involved in cell migration, proliferation, and cell survival signal-
ing.21252 The interaction of F. nucleatum with the epithelial cell
surface CD46, as observed by Mahtout et al.,2>8 may contrib-
ute to the elevation of proinflammatory mediators and MMPs
in periodontal sites, subsequently modulating tissue destruc-
tion. Jia et al.2>* reported that the cultured media derived from
P. gingivalis can lead to the malignant transformation of normal
esophageal epithelial cells. This transformation is characterized
by increased proliferation and migration of the cells, as well as
the appearance of aneuploid cells. In addition, mouse esophageal
epithelial cells exposed to P. gingivalis cultured media exhibited
disordered arrangement, increased proliferation, and weakened
expression of Claudin 1 and Claudin 4, both associated with dys-
plasia. Furthermore, the expression of cancer-related genes was
upregulated, while tight junction-related genes were downregu-
lated. Notably, aberrant activation of the sonic hedgehog path-
way was observed, and its inhibition attenuated the pathogenic
effect of P. gingivalis cultured media in normal esophageal epithe-
lium (Figure 15).

5.4 | Anti-apoptotic activity

Apoptosis plays a crucial role in various biological processes, in-
cluding normal cell turnover, immune system development and
function, embryological development, and responses to viral and
bacterial infections. Dysregulation of apoptosis, either insuffi-
cient or excessive, contributes to the pathogenesis of many cancer
types‘255 P. gingivalis exerts an anti-apoptotic effect by influencing
multiple pathways. The suppression of apoptosis is facilitated by
the degradation of ATP mediated by NDK, an enzyme released by
P. gingivalis, specifically inhibiting apoptosis dependent on ATP ac-
tivation of P2X7 receptors.?>¢ Additionally, the phosphorylation of
HSP27 by P. gingivalis-derived NDK imparts an anti-apoptotic phe-
notype to primary GECs, underscoring the significance of HSP27
in mitigating host cell apoptosis induced by P. gingivalis.?282%7
Another mechanism by which P. gingivalis can block the apoptotic
pathway in GECs is through modulating the JAK/STAT pathway,
leading to the blockade of caspase-3 activation and subsequent
control of the intrinsic mitochondrial cell death pathways.258
Furthermore, P. gingivalis inhibits apoptosis and enhances the
survival of GECs by activating Akt via PI3K, potentially through
the inhibition of mitochondrial permeability alterations.?>? Jewett
et al.?%%illustrated that F. nucleatum's immunosuppressive role pri-
marily stems from its ability to trigger apoptotic cell death in pe-
ripheral blood mononuclear cells (PBMCs) and polymorphonuclear
cells (PMNs).

5.5 | Carcinogenic substances

Metabolic derivatives from certain periodontal pathogens, such as
organic acids, volatile sulfur compounds (VSC), and ROS, possess the
potential to induce DNA damage, mutagenesis, secondary hyperpro-
liferation of the cells, metastasis, and cancer progression.¢7218261
Microorganisms involved in alcohol metabolism to acetaldehyde can
impact cancer development.*®” VSC-producing periodontal patho-
gens like P. gingivalis, Prevotella intermedia, A. actinomycetemcomi-
tans, and F. nucleatum generate VSCs like hydrogen sulfide, methyl
mercaptan, dimethyl sulfide, and dimethyl disulfide.®® Research
indicates that these VSCs influence epithelial cell proliferation and
induce apoptosis through the activation of the mitochondrial path-
way.262253 Notably, VSCs, including methyl mercaptan, contribute
to connective tissue breakdown and inflammation by stimulating the
release of IL-18 from mononuclear cells. 264255

ROS typically function as signals to regulate cell proliferation and
survival, playing a pivotal role in biological processes and host innate
immune responses when induced by pathogens. Both a lower and a
higher percentage of ROS can have adverse effects. When ROS levels
are low, they fail to support proper cellular functioning by regulating
numerous biochemical reactions.?*® However, an excessive amount
of ROS can damage cellular components, disrupt normal cellular pro-
cesses, and lead to cell death.?6”-2¢? Interestingly, ROS dynamically
influences the tumor microenvironment, initiating cancer angiogen-
esis, metastasis, and survival at different concentrations.?’° P. gin-
givalis exhibits the capacity to stimulate ROS production, leading
to JAK2 phosphorylation and the upregulation of proinflammatory
cytokines such as IL-6 and IL-18.27¢ The secretion of P. gingivalis NDK
may modulate eATP-induced cytosolic and mitochondrial ROS, and
the antioxidant glutathione response (AGR) generated via the P2X7/
NADPH-oxidase interactome.?’* Additionally, P. gingivalis-triggered
ferritinophagy induces ROS production and inflammatory responses
in periodontal ligament fibroblasts.?’? F. nucleatum has the ability
to induce ROS in colon lining epithelial cells, OSCCs, and human
gingival fibroblasts.”2273274 pPrevious study shows that F. nuleatum
can inhibit human gingival fibroblast proliferation and promote cell
apoptosis, ROS production, and inflammatory cytokine production,
partly through the activation of the AKT/MAPK and NF-«xB signaling
pathways.?” Okinaga et al.?’> demonstrated that A. actinomycetem-
comitans induces IL-1p production in RAW 264 cells by generating
ROS and cathepsin B. T. forsythia can stimulate ROS, subsequently
inducing the expression of 1L-24%Y7 (Figure 16).

6 | CONCLUSIONS

Cancer, characterized by its multi-step and generally slowly pro-
gressing, involves a complex interplay of genetic and environ-
mental factors.?*® Periodontal pathogens exert direct or indirect
effects on chronic inflammation, the human immune response, cell

invasion and proliferation, anti-apoptotic activity, and the presence
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of carcinogenic substances, all of which precede cancer develop-
ment. Although establishing a clear link between periodontal
pathogens and carcinoma development poses a challenge, specific
pathogens such as P. gingivalis, F. nucleatum, A. actinomycetemcomi-
tans, T. forsythia, and T. denticola have been identified to promote
diverse signaling pathways that may contribute to carcinoma de-
velopment. Further exploration of the pathogenic mechanisms em-
ployed by periodontal pathogens is essential, holding the potential
to unveil various pathways crucial for diagnostic, preventive, and
therapeutic strategies. These insights will not only enhance the ef-
ficacy of treatment but also contribute to advancements in survival

outcomes.
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