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Abstract

Despite advancement in cancer treatment, oral cancer has a poor prognosis and is often detected at late stage. To overcome
these challenges, investigators should search for early diagnostic and prognostic biomarkers. More than 700 bacterial species
reside in the oral cavity. The oral microbiome population varies by saliva and different habitats of oral cavity. Tobacco, alcohol, and
betel nut, which are causative factors of oral cancer, may alter the oral microbiome composition. Both pathogenic and commensal
strains of bacteria have significantly contributed to oral cancer. Numerous bacterial species in the oral cavity are involved in
chronic inflammation that lead to development of oral carcinogenesis. Bacterial products and its metabolic by-products may
induce permanent genetic alterations in epithelial cells of the host that drive proliferation and/or survival of epithelial cells.
Porphyromonas gingivalis and Fusobacterium nucleatum induce production of inflammatory cytokines, cell proliferation, and inhibition
of apoptosis, cellular invasion, and migration thorough host cell genomic alterations. Recent advancement in metagenomic
technologies may be useful in identifying oral cancer—-related microbiome, their genomes, virulence properties, and their inter-
action with host immunity. It is very important to address which bacterial species is responsible for driving oral carcinogenesis.
Alteration in the oral commensal microbial communities have potential application as a diagnostic tool to predict oral squamous
cell carcinoma. Clinicians should be aware that the protective properties of the resident microflora are beneficial to define
treatment strategies. To develop highly precise and effective therapeutic approaches, identification of specific oral microbiomes
may be required. In this review, we narrate the role of microbiome in the progression of oral cancer and its role as an early
diagnostic and prognostic biomarker for oral cancer.
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ADH, alcohol dehydrogenase; Al, autoinducer; DAMP, damage/danger-associated molecular patterns; EMT, epithelial to
mesenchymal transition; EPS, extracellular polymeric substances; FA, Fanconi anemia; FEP, fibroepithelial polyp; GCF, gingival
crevicular fluid; GEC, gingival epithelial cell; HNSCC, head and neck squamous cell carcinomas; HPV, human papilloma virus; IL,
interleukin; LPS, lipopolysaccharides; MMP, matrix metalloproteinase; NGS, next-generation sequencing; NF-kB, nuclear factor
kB; OC, oral cavity; OLP, oral lichen planus; OP, oropharyngeal; OPSCC, oropharyngeal squamous cell carcinoma; OSCC, oral
squamous cell carcinoma; PD-LI, death protein | ligand I; PRRs, pattern recognition receptors; STAT, signal transducer and
activator of transcription 3; TNF, tumor necrosis factor; TNF-o, tumor necrosis factor o; TLRs, toll-like receptors; RT,
radiotherapy.
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(OSCCQ) represents 90% of all cancers. Oral squamous cell
carcinoma is a common cancer occurring in the head and neck
area. These tumors have very high rate of recurrence and fre-
quently undergo lymph node metastasis. Annually 300 373 new
cases of OSCC and 145 343 deaths due to this cancer was
reported (http://globocan.iarc.fr.). The incidence rate of oral
cancer increases among young men and women. Tobacco, betel
quid, and alcohol are predominant risk factors for OSCC.? In
the Western world, tobacco smoking and alcohol consumption
are the major risk factors for 74% of cases with OSCC, whereas
in South Asia and the Pacific region, tobacco chewing with or
without areca (betel) nut is the major risk factor for the devel-
opment of OSCC. Poor oral hygiene acts synergistically to
enhance the risk of oral cancer.>** Human papilloma virus
(HPV) infection is another known risk factor for oropharyngeal
cancer (OPC).” Bacterial infection is one of the major causes of
chronic inflammation which facilitates increased cell prolifera-
tion, mutagenesis, oncogene activation, and angiogenesis that
lead to development of oral cancer.® Numerous bacterial spe-
cies are involved in oral cancer.” Despite advancement in can-
cer treatment, OSCC has a poor prognosis with 5-year survival
rates of <50%. The OSCC is often detected at late stage, and
there is a high risk of having second primary tumors.® To over-
come these challenges, investigators should search for early
diagnostic and prognostic biomarkers. Significant interest has
been shown in the role of the microbiome showed in oral car-
cinogenesis.” Human microbiome studies characterized struc-
tural and functional aspects of culturable and nonculturable
bacterial communities in different regions of human body dur-
ing healthy and diseased conditions using 16S rRNA-based
next-generation sequencing (NGS) technology. 16SrRNA gene
which is 1500 bp long is used to identify bacterial commu-
nities. The bacterial 16STRNA gene contains 9 hypervariable
regions (V1-V9). Single hypervariable region becomes unable
to distinguish among all the bacteria. Among 9 hypervariable
regions, the V3 to V4 region provides the maximum discrimi-
nating power for analyzing the bacterial groups. This region
generates 500-bp-long amplified product by polymerase chain
reaction that is normally used in metagenomic study. Human
Oral Microbiome Database (14.5; www.homd.org) reported the
existence of 700 bacterial strains in human OC. Alterations in
oral microbiome lead to inflammation that drives OSCC
through direct metabolism of carcinogens. In this review, we
narrate the role of microbiome in the progression of OSCC and
its role as an early diagnostic and prognostic biomarker for oral
cancer. We also described the oral microbiome in healthy indi-
viduals and other oral diseases that drive progression of oral
cancer.

Location of Oral Microbial Habitat and
Its Ecology

The “human microbiome” represents all microorganisms and
their genomes in the human body. Oral microbiome is defined
as genomes of microorganisms in the OC.'® Oral microbiome is
considered an ideal biomarker compared to other biomarkers

from the host for oral tumor. The OC and nasopharyngeal
regions maintain an ideal environment for the growth of micro-
biome. Aerobic bacteria create localized niche for the anae-
robes. More than 700 bacterial species reside in the OC. Both
pathogenic and mutualistic bacteria coevolve together to main-
tain homeostasis. The 37°C temperature of OC and pH 6.5 to
7.5 of saliva provide stable habitat for bacterial species. Saliva
provides nutrients to the microbiome and keeps them hydrated.
Aerobic and anaerobic bacteria together form oral biofilms that
prevent changes in their environment.'' The oral microbiome
population varies with saliva and different habitats (buccal
mucosa, supragingival, and subgingival plaque) of OC. There
are several microbial habitats such as periodontal pockets, sur-
face of teeth, and tongue in the OC. Among these habitats,
tongue shows the highest diversity of microbiota. Microbes
in the tongue facilitate colonization of bacteria in other regions
of the OC through saliva. Changes in environmental conditions
increase the potential of pathogenic bacteria to create oral
diseases.'?

Tongue, buccal mucosa, supragingival and subgingival sur-
faces of the teeth, soft and hard palates, and saliva of OC may
represent different ecological niches or habitats.'* The warm
and moist environment and host-derived nutrients, such as sal-
iva proteins, gingival crevicular fluid (GCF), and glycopro-
teins, favor the growth of microorganisms in the OC."* Most
of the bacteria in saliva are attached to exfoliated human
epithelial cells.'®

Microorganisms are classified based on their oxygen
requirements as obligate aerobes; obligate anaerobes such as
Fusobacterium and Veillonella; facultative anaerobes such as
Actinomyces and Streptococci; microaerophiles that grow best
at low concentrations of O, (2%-10%); and capnophiles such as
Neisseria that grow best at high CO, concentrations (5%-
10%).16:17

Bacterial species of OC manifest specific response toward
different biological surfaces in the OC such as the teeth, ton-
gue, and mucosa. Different receptors and adhesion molecules
(adhesins) of bacterial species ensure colonization on different
oral surfaces through “lock and key” mechanism. Different
habitats have been observed in nonshedding surfaces of the
teeth and continually shedding surfaces of the oral mucosa.
Bacteria binds with complementary receptors on the mucosal
surfaces of the host. Streptococcus salivarius, Streptococcus
mitis, Streptococcus constellatus, Streptococcus oralis, Strep-
tococcus intermedius, and Streptococcus anginosus colonize
on oral soft tissues and saliva, whereas Streptococcus sanguis
prefers to colonize on the teeth.'® Streptococcus is commonly
found genera in the human OC, but it is highly genetically
heterogeneous group. '

Veillonella atypica, P gingivalis, Selenomonas subspecies,
Actinobacillus actinomycetemcomitans, Prevotella intermedia,
and Capnocytophaga are observed in tongue, whereas Strepto-
coccus pyogenes, Streptococcus pneumoniae, Haemophilus
influenza, and Haemophilus parainfluenzae reside in orophar-
ynx. Streptococcus faecalis, Eikenella corrodens, Enterobac-
teriaceae, Actinomyces, Lactobacilli, Veillonella, and
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Table 1. Predominant Microbial Communities in Oral Cavity and
Oropharyngeal Region.

Different Sites in Oral Cavity

and Oropharyngeal Region Bacterial Species

Tongue Veillonella atypica
Porphyromonas gingivalis
Selenomonas subspecies
Aggregatibacter
actinomycetemcomitans,
Prevotella intermedia
Capnocytophaga
Enterococcus faecalis
Eikenella corrodens
Streptococcus pyogenes
Streptococcus pneumoniae
Haemophilus influenzae
Haemophilus parainfluenzae
Streptococcus mutans
Streptococcus salivarius
Streptococcus anginosus
S mutans
Actinomyces
Eubacterium
Peptostreptococcus
Streptococcus viridans
H influenzae
Neisseria species
Staphylococcus
Fusobacterium
Prevotella
Porphyromonas
Streptococcus mitis
Streptococcus sanguinis
Propionibacterium acnes
Leptotrichia buccalis
Actinomyces odontolyticus
Veillonella parvula
Actinomyces
Rothia
Microbacterium
Mycobacterium
Propionibacterium
Corynebacterium
Bifidobacterium

Oropharynx

Tooth Surface

Tonsil

Gingival crevice

Dental Plaque

Treponema are exclusively observed in OC but not in
oropharynx (Table 1).'

Increased abundance of anaerobes such as Bacteroidaceae
subspecies and Spirochetes are reported in subgingival area
having less oxygen tensions. Multispecies biofilm formation
on tooth surfaces occur through matrix that is made up of
extracellular polymeric substances (EPS). Over exposure of
fermentable carbohydrates alters the balance between com-
mensals and pathogens. Sucrose is the combination of hexose
sugars such as glucose and fructose that are used to synthesize
EPS (glucans and fructans). Extracellular polymeric substances
is made up of exopolysaccharides such as glucans, lipoteichoic
acid, amyloid-like proteins, glycoproteins, extracellular DNA
(eDNA), and host proteins. Fermentation of glucose and

fructose produces lactic acid that affects the configuration and
constitution of dental biofilms. Extracellular polymeric sub-
stances provide sites for the adhesion to bacterial cells.
Carbohydrate-rich diet induces the formation of EPS, produc-
tion of acidic metabolites, and favors accumulation of acido-
genic and aciduric microorganisms in dental caries. Acids
demineralize enamel that is mineralized by saliva. Streptococ-
cus mutans, Lactobacilli, Bifidobacterium subspecies, Scardo-
via subspecies, and Actinomyces subspecies are associated with
caries. Porphyromonas gingivalis, Tannerella forsythia, Trepo-
nema denticola, Filifactor alocis, and Peptoanaerobacter sto-
matis are associated with periodontal diseases. Among them P
gingivalis, T forsythia, and T denticola are considered predo-
minant pathogens in chronic periodontitis. Streptococcus san-
guinis, Streptococcus gordonii, Streptococcus parasanguinis, S
oralis, and S mitis are important commensals of the OC. Strep-
tococcus gordonii enhanced bone loss along with infection of P
gingivalis. Cariogenic communities such as Corynebacterium,
Granulicatella, Propionibacterium, and certain strains of Lep-
totrichia have high saccharolytic potential and yield acids.
Some aciduric bacteria such as Prevotella subspecies and Ato-
pobium subspecies are found in cariogenic biofilms. Extracel-
lular matrix of the cariogenic biofilms inhibits the
antimicrobial activity. The extracellular matrix provides chem-
ical or nutrient gradients, pH, and redox gradients in biofilms.
The matrix can control the diffusion of charged ion, but
uncharged sugars such as glucose and sucrose can readily dif-
fuse into biofilms. Metabolism of sugars into acids makes the
environment acidic. Glucans of extracellular matrix accumu-
late acids within biofilms by providing endogenous sugars and
trapping protons. Saliva provides shelter to acidic environment
of cariogenic biofilms which enhances demineralization of
enamel.?’

Role of Oral Microbiome in
Biofilm Composition

Human Oral Microbiome Database reported that 687 species
belong to 185 genera and 12 phyla such as Bacteroidetes, Fir-
micutes, Actinobacteria, Proteobacteria, Fusobacteria, Spiro-
chaetes, Synergistetes, Chlamydiae, Chloroflexi, SR1,
Saccharibacteria (TM7), and Gracilibacteria (GN02). Thirty-
two percent of these species remain uncultivated, and 14%
have not been named.?’

A typical biofilm is made up of mono- or polymicrobial
cells, polysaccharide, proteins, nucleic acids, and lipids.*? Oral
biofilms are composed of 700 different microbial species;
extracellular matrix that is composed of DNA, proteins, poly-
saccharides, and lipids; and salivary glycoproteins, GCF, albu-
min, and host cell components. Bacterial colonization,
interaction between bacterial cell surface adhesins, and host
receptors and extracellular matrix are the key factors for the
formation, development, and maturation of oral biofilms.
Pathogenic bacteria in oral biofilms contribute to the develop-
ment of dental caries, periodontitis, and oral cancer. Bacteria
have the capability to bind with soft and hard tissues in the OC.
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Adhered bacteria become unable to attach for long period of
time with shedding surface. Teeth have an excellent binding
surface for the bacteria. Gram-positive aerobe communities are
localized in gingival margin, whereas gram-negative anaerobes
are found in supragingival biofilms. Saliva is the primary nutri-
ent source for bacteria that reside in supragingival biofilm,
while GCF provides nutrient for bacteria of the subgingival
biofilms.**

Formation of oral biofilms first occurs at the supragingival
region and formation of subgingival biofilms second. Subgin-
gival biofilms are mainly dominated by gram-negative obligate
anaerobes.”* Gram-positive aerobic bacteria, such as Actino-
myces subspecies and oral Streptococci (S intermedius and S
oralis) are responsible for the initial colonization in teeth sur-
faces. Streptococcal AGI/II proteins induce co-aggregation
between S gordonii and Actinomyces oris. Interaction between
fimbriae Actinomyces naeslundii with proline-rich salivary
proteins regulates interbacterial binding. Gram-negative anae-
robic bacterium F nucleatum acts as a connecting link between
early and late colonizers in the oral biofilms. Fusobacterium
nucleatum supports the growth of P gingivalis. Metabolic prod-
ucts such as ammonia and organic acid of F nucleatum favor
growth of acid-sensitive bacterium P gingivalis through
enhancement of pH in the biofilm. Porphyromonas gingivalis,
Aggregatibacter actinomycetemcomitans, P intermedia,
Eubacterium subspecies, T forsythia, Selenomonas flueggei,
and T denticola are considered as late colonizers of the oral
biofilm. Gram-positive oral bacteria such as Streptococci use
17 to 21 amino acids long competence signaling peptides and
both gram-positive and gram-negative bacteria use
autoinducer-2 (AI-2) to communicate with each other in the
oral biofilms. Lactate of Streptococci and Lactobacilli has been
utilized by 4 actinomycetemcomitans. Glucosyltransferases
(GTFB, GTFC, and GTFD) of cariogenic bacteria S mutans
are responsible for the synthesis of glucans. The surface pro-
teins GbpA, GbpB, GbpC, and GbpD of bacteria bind with the
glucans. These enzymes and proteins are involved in a sucrose-
dependent pathway that induces plaque formation.>’

Chemical communication among bacterial cells through
expression of genes in response to high cell density is defined
as quorum sensing. Periodontal pathogens such as P gingivalis,
P intermedia, and F nucleatum produce highest levels of
AI-2.%% The competence signaling peptide is responsible for
the formation of biofilm, bacteriocins, stress response, acid
tolerance, and genetic conversion by S mutans.*’

Commensal bacteria live in equilibrium with the host
immune response. Streptococcus is the predominant genus of
healthy oral microbiome. Commensal and pathogenic bacterial
species bypass the host immune response by forming biofilm.
Streptococci produce oral adhesins, such as PaG, SspA, antigen
I/11, amylase-binding proteins, and type 1 fimbriae-associated
protein. Streptococcus gordonii and P gingivalis use Al-2 in
oral biofilm. Streptococcus gordonii reduces dental plaque for-
mation through production of hydrogen peroxide. Hydrogen
peroxide of S gordonii inhibits the growth of 4 naeslundii.
Fusobacterium nucleatum can also associate with S cristatus.

Streptococcus, Actinomyces, and Lactobacillus inhibit the
growth of bacterial species by making the microenvironment
acidic through change in pH. Porphyromonas subspecies,
Campylobacter subspecies, T forsythia, T denticola, and 4 acti-
nomycetemcomitans in the biofilm are responsible for inflam-
mation of the periodontitis.'”

Porphyromonas gingivalis enhances the activity of the tyr-
osine kinase Ptk1 and protein tyrosine phosphorylation—depen-
dent signaling pathway through FimA and Mfal fimbrial
adhesins in response to streptococcal metabolite 4-amino
benzoate (pABA). Interaction between Mfal adhesin protein
and streptococcal surface proteins such as SspA or SspB acti-
vate the tyrosine phosphatase Ltp1 that dephosphorylates Ptk1
and reduces production of adhesin. The pABA of S gordonii
inactivates tyrosine phosphatase Ltpl of P gingivalis, thus
reducing dephosphorylation level of tyrosine kinase Ptkl.
Transcription factor CdhR is inactivated by Ptkl, and Ptkl in
turn increases the expression of FimA gene that encodes fim-
brial adhesins.?

Crosstalk Between Oral Microbiome and
Fungal/ Candidate Phyla Radiation organism
in Oral Biofilm Formation

Candidate phyla radiation (CPR) of bacterial organisms
includes 35 phyla and consists of more than 15% of the domain
Bacteria. It has special characteristic features that include ultra-
small cell size, 16STrRNA gene self-splicing introns, archaeal-
specific RuBisCO genes, and the loss of genes that encode
CRISPR/Cas bacteriophage defense system. Three CPR phyla
such as Gracilibacteria (GN02), Absconditabacteria (SR1), and
Saccharibacteria (TM7) are predominant in the OC. An
increased abundance of TM7 was reported in periodontitis.
Candida, Cladosporium, Aureobasidium, and Aspergillus are
the most abundant fungal genera in human OC. The interspe-
cies interactions between Candida albicans and S mutans or S
oralis enhance the severity of dental caries. The most abundant
bacteriophages identified in the OC are Siphoviridae, Myovir-
idae, and Podoviridae. Horizontal gene transfer in the OC pro-
vides massive diversity of organisms. It has been reported that
60% to 70% of known bacterial genomes contain prophages.
Biofilm formation between C albicans and S oralis grows to a
greater density. This type of interspecies biofilm formation
upregulates host protease L calpain that increases tissue inva-
sion through degradation of cadherin junctions.®

Factors Affecting Oral Microbiota Population

Temperature, pH, atmospheric conditions, salinity, redox
potential, and water of saliva affect the formation of biofilms
in the OC. Saliva is used as a transporting medium of nutrients,
peptides, and partially dissolved carbohydrates in the formation
of oral biofilms."”

Factors such as age of host; environmental conditions such
as pH, oxygen levels, and nutrition in the habitats of the OC;
lifestyle of the host such as food habit, tobacco, and alcohol
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consumption; and oral hygiene modulate the composition of
oral microbiota. Biofilm formation in dental plaque is associ-
ated with caries and periodontal diseases. Biofilm accumula-
tion is restricted by oral epithelia. Salivary glycoproteins
regulate attachment of bacteria to oral surfaces by either enhan-
cing or preventing their adherence. The GCF contains iron that
enhances probable pathogenic mechanisms in oral bacteria
associated with periodontal disease.’

Salivary components such as immunoglobulin A, lactofer-
rin, lactoperoxidase, lysozyme, statherin, and histatins are
nutritional source for the oral microbiome. Lactoperoxidase
is responsible for the production of hypothiocyanite from
hydrogen peroxide. Hypothiocyanite showed antimicrobial
effects by suppressing bacterial glycolysis. Another salivary
component with antimicrobial potential is nitrite, converted
from dietary nitrates by oral bacteria. Nitrite that is produced
by oral microbiome is further reduced to nitric oxide that pre-
vents the growth of cariogenic bacteria.'**° Veillonella sub-
species metabolizes lactate into weaker acids that reduce local
pH, whereas Streptococcus subspecies and Actinomyces sub-
species generate the alkali, ammonia, by catabolism of arginine
or urea that increases local pH.'*

Oral Microbiome Signatures in Healthy
Individuals

Actinomyces, Capnocytophaga, Eikenella, Eubacteria, Fuso-
bacterium, Haemophilus, Lactobacterium, Leptotrichia, Neis-
seria, Porphyromonas, Prevotella, Propionibacterium,
Peptostreptococcus, Streptococcus, Staphylococcus, Veillo-
nella, and Treponema are present in OC of healthy
individuals.'’

Fusobacterium periodonticum, Leptotrichia trevisanii, Lep-
totrichia hofstadii, and Leptotrichia buccalis are abundant in
saliva of control samples of Human Microbiome Project (HMP)
cohorts. The predominant oral microbial communities belonged
to Firmicutes (genus Streptococcus, family Veillonellaceae,
genus Granulicatella), Proteobacteria (genera Neisseria, Hae-
mophilus), Actinobacteria (genera Corynebacterium, Rothia,
Actinomyces), Bacteroidetes (genera Prevotella, Capnocyto-
phaga, and Porphyromonas), and Fusobacteria (genus Fusobac-
terium) are observed in healthy individuals.®'~*?

Comparison of Salivary Microbiome Between
Indian Cohort and Western Cohort

Enrichment of Enterobacteriaceae and Proteobacteria are
noticed in saliva of Indians. Bacteroidales, Paraprevotellaceae,
and Spirochaetaceae were enriched in Indians. Abundance of
Alphaproteobacteria and Deltaproteobacteria in saliva were
higher in Indians when compared to HMP.?* Streptococcus
subspecies was the commonly observed bacterial genus in sal-
iva of Indian populations. The genera Prevotella, Fusobacter-
ium, Veillonella, Leptotrichia, and Granulicatella were major
contributors of the salivary microbiome in all populations.
Abundance of Solobacterium subspecies and Alloprevotella

subspecies was common in saliva samples of Indian popula-
tion. Chromobacterium subspecies was most enriched in saliva
of the Assamese population. Bacterial genera Atopobium,
Megasphaera, and Prevotella in the saliva samples of people
in Tamil Nadu, Streptobacillus and Bacillus in the saliva sam-
ples of people of Telangana, and Stenotrophomonas in the
saliva samples of people of Uttarakhand and Assam showed
statistically significant enrichment. Solobacterium subspecies,
Alloprevotella subspecies, and Lachnoanaerobaculum subspe-
cies represent core saliva microbiome in the Indian
population.*

Beneficial Effects of Resident Oral Bacteria

Commensal bacteria can enhance the effectiveness of immu-
notherapy with checkpoint inhibitors. Bifidobacterium through
oral administration controlled the growth of the tumor with the
same efficiency with programmed cell death protein 1 ligand 1
(PD-L1)-specific antibody therapy. Combinatorial approach of
both oral administration of Bifidobacterium and PD-LI1-
specific antibody prevented outgrowth of tumor only. Oral
administration of Bifidobacterium enhances antitumor immu-
nity and alters the efficacy of check-point inhibitors as an
immunotherapeutic agent by changing the composition of
intestinal microorganisms.*> Bacteriocins of Streptococcus
dentisani inhibit the growth of cariogenic bacterial species.*®
Antimicrobial peptides such as bacteriocins produced by S
mutans and S salivarius in the OC kill other bacteria.*’

Role of Oral Microbiome in Oral Lichen
Planus, Periodontitis, and Dental Caries

We emphasized microbiome on caries, periodontitis, and
lichen planus because oral diseases such as caries, period-
ontitis, and lichen planus are associated with development
of SCC of tongue, OP, laryngeal, and oral cavities. Bacteria
that colonize in OC and periodontitis region induce oral
carcinogenesis thorough direct toxic effects, metabolism of
precarcinogenic substances, inflammation, and tumor
microenvironment.>’

Role of Oral Microbiome in Dental Caries

Diversified microbiota contributes to the development of den-
tal caries, gingivitis, and periodontitis. Gingivitis is the inflam-
mation of the soft tissues of the gum surrounding the teeth that
develops due to interaction between the plaque microbiota and
the host tissues. The level of gram-positive Strepfococci and
gram-negative anaerobes such as Actinobacillus, Capnocyto-
phaga, Campylobacter, Eikenella, Fusobacterium, and Prevo-
tella are elevated in gingival plaque. High prevalence of
L buccalis was reported in Chinese patients with gingivitis and
necrotizing ulcerative gingivitis.>® Prevotella subspecies,
Lactobacillus subspecies, Dialister subspecies, and Filifactor
subspecies are related to pathogenesis and progression of den-
tal caries.®® The genera Veillonella, Bifidobacterium,
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Selenomonas, Olsenella, Parascardovia, Scardovia, Chryseo-
bacterium, Terrimonas, Burkholderia, Neisseria, and Sporo-
bacter showed significantly higher abundance in patients
with dental caries. Veillonella has cariogenic potential and
allows acidogenic bacteria such as Streptococcus species to
grow and continue to produce additional acid.*’

Role of oral microbiome in periodontitis. Epidemiological studies
showed a significant relationship between periodontitis and
OSCC. Periodontitis enhances the risk of tongue cancer.
Chronic periodontal disease is considered to be an important
risk factor for oral premalignant lesions and OSCC.*' Chronic
periodontitis enhances the risk of oral premalignant lesions that
lead to OSCC and oropharyngeal squamous cell carcinoma
(OPSCC).*? Periodontal bacteria such as P gingivalis, P inter-
media, and F nucleatum are essential for developing
OSCC.'8434 Pperjodontitis is associated with the subgingival
microbiota such as Peptostreptococcus, Synergistes, Filifactor,
Mpycoplasma, and Olsenella. Among them, Peptostreptococcus
is known to be a potential pathogen for periodontitis.*’
Prevotella intermedia, F nucleatum, Selenomonas noxia, A
actinomycetemcomitans, and Eubacterium nodatum, P gingi-
valis, T denticola, and T forsythia were also associated with
pathogenesis of periodontal disease. These periodontal bacteria
produce virulence factors such as fimbriae adhesins, lipopoly-
saccharides (LPSs), peptidoglycans, and lipoteichoic acids that
induce release of pro-inflammatory cytokines. Among them, P
gingivalis can produce LPSs that induce osteoclasts and bone
resorption. Other virulence factors were produced by other
periodontal bacteria such as A actinomycetemcomitans, P inter-
media, T denticola, and N cinerea. A number of useful genes
and metabolic pathways such as bacterial chemotaxis, flagellar
assembly, and toxin biosynthesis were found to be enriched in
the microbiomes of periodontal disease.*®
Periodontitis-associated microorganisms induce inflamma-
tion and destruction of tissue through degradation of collagen
and release nutrients such as heme-containing compounds,
sources of amino acids, and iron. These nutrients are carried
into the gingival crevice through GCF that favors the growth of
proteolytic and asaccharolytic bacteria with iron-acquisition
capacity in the subgingival region. Overexpression of genes
such as proteolysis-related genes, genes for amino acid trans-
port, and acquisition of iron as well as genes for the synthesis of
LPS and genes for potassium ion transport are reported in
periodontitis-associated subgingival biofilms. These meta-
transcriptomic alterations drive enhancement of pro-
inflammatory potential of the microbial community through
production of pro-inflammatory cytokines and a decrease in
the production of human B-defensin 3 in gingival epithelial
cells (GECs). Aggregatibacter actinomycetemcomitans is a
keystone pathogen for aggressive periodontitis where S gordo-
nii and S parasanguinis function as an accessory pathogen.
Streptococci enhances the virulence property of C albicans that
increases invasion of tissue by fungi and infection in mucosa.
Streptococci induces expression of B-defensins. Porphyromo-
nas gingivalis induces Notch 1 signaling that produces PLA2-

ITA in oral epithelial cells. Porphyromonas gingivalis inhibits
the bactericidal activity of innate leukocytes while inducing
inflammatory responses.’

Multiple host cells of myeloid and nonmyeloid origin such
as neutrophil polymorphs, oral keratinocytes, monocytes,
macrophages, osteoblasts, osteoclasts, and dendritic cells are
involved in the development and progression of periodontal
disease and oral cancer. These cells have cytosolic,
membrane-associated receptors and secreted pattern recogni-
tion receptors (PRRs) as well as Toll-like receptors (TLRs),
RIG-I-like receptors, Nucleotide-binding Oligomerization
Domain, NLRs, and C-type lectin receptors. These receptors
interact with periodontal microbial-associated molecular pat-
terns (eg, lipoproteins, LPS, fimbriae, Bacteroides surface pro-
tein A, and nucleic acids) and damage/danger-associated
molecular patterns (DAMPs; eg, fibrinogen, heat-shock pro-
teins, and nucleic acids).*” Stratified squamous epithelium in
periodontal pocket undergoes proliferation, migration, and
ulcerations that provide opportunity of HPV infection.*®

Role of oral microbiome in oral Lichen Planus. Oral leukoplakia,
oral lichen planus (OLP), and systemic lupus erythematosus are
common diseases of oral mucosa. Oral lichen planus is one of
the most common chronic inflammatory autoimmune diseases.
Individuals with OLP have the risk to develop oral cancer.
Bacteria play an important role in these mucosal diseases.*’
Higher abundance of Porphyromonas and Solobacterium and
lower abundance of Haemophilus, Corynebacterium, Cellulo-
simicrobium, and Campylobacter were reported in patients
with OLP when compared to healthy controls. Gram-negative
rod-shaped anaerobes Prevotella melaninogenica showed sig-
nificantly higher abundance in OLP. Treponema, Porphyromo-
nas, Parvimonas, and Fusobacterium were considered as a core
microbiota in periodontitis.’® Abundance of Bacillus, Entero-
coccus, Parvimonas, Peptostreptococcus, and Slackia were
significantly different between epithelial precursor lesion and
OSCC. Alteration in these microbial communities may be used
as a predictive marker for epithelial precursor lesion—-OSCC
transition. Fusobacterium, Prevotella, Porphyromonas, Veillo-
nella, Actinomyces, Clostridium, Haemophilus, Streptococcus
subspecies, and Enterobacteriaceae are linked to both prema-
lignant lesion and OSCC. Cloacibacillus, Gemmiger, Oscillos-
pira, and Roseburia were abundant in patients with epithelial
precursor lesion and OSCC when compared to normal patients.
Positive correlations were reported between Prevotella and
Leptotrichia in epithelial precursor lesion group and between
Prevotella and Veillonella and Prevotella and Leptotrichia
within both current smokers and chewers. Alistipes, Bacter-
oides, Blautia, Clostridium, Dorea, Escherichia, Faecalibac-
terium, Megamonas, and Phascolarctobacterium showed
positive correlations between patients with epithelial precursor
lesion and OSCC.*' Furquim er al reported about the influence
of salivary microbiome for developing Fanconi anemia (FA).
Patients with FA are more likely to develop HNSCC. The
salivary microbiome profile of patients with FA showed similar
diversity pattern with oral leukoplakia and OSCC.*?
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Oral Microbiome Signatures in Saliva and
Tissues of Patients With OSCC

High abundance of P melaninogenica, S mitis, and Capnocy-
tophaga gingivalis are reported in saliva of patients with
OSCC. Mager et al reported the presence of F periodonticum
in saliva of patients with OSCC.'® Capnocytophaga gingivalis,
P melaninogenica, and S mitis were highly abundant in saliva
of patients with OSCC and served as potential diagnostic mar-
kers for oral cancer.'®3 Abundance of Aggregatibacter, Lau-
tropia, Haemophillus, Neisseria, and Leptotrichia was
significantly higher in the control samples. Haemophilus, Neis-
seria, Gemellaceae, or Aggregatibacter were more abundant in
saliva of normal individuals when compared to patients with
HNScC.**

Abundance of Lactobacillus vaginalis, Lactobacillus gas-
seri: Lactobacillus johnsonii, Lactobacillus fermentum, Lacto-
bacillus salivarius, and Lactobacillus rhamnosus OTUs
increased in higher TNM stage of HNSCC. Fusobacterium
nucleatum, S salivarius: Streptococcus vestibularis, Prevotella
oris, and Rothia mucilaginosa were highly abundant in saliva
samples of patients with HNSCC. A loss in abundance of P
Jjejuni: P melaninogenica, and Prevotella pallens was reported
in HNSCC. Abundance of L gasseri/L johnsonii and L vagina-
lis in saliva of patients with OPC results from transportation of
commensal bacterial from normal vaginal to the oral flora
through oral sex. Lactobacilli prevents the binding of other
bacteria to the oral epithelial cells of host. Lactic acid from
Lactobacilli inhibits the growth of many other bacteria and
prevents histone deacetylation that drives transcription of
genes. Lactic acid enhances autophagy of epithelial cells.’

Haemophilus, Neisseria, Aggregatibacter, and Leptotri-
chia showed significantly higher enrichment in saliva of
patients with HNSCC after surgery. Lactobacillus and Lac-
tobacillaceae showed significantly higher abundance in sal-
iva of patients treated with chemoradiation therapy/ surgery.
The abundance of Lactobacillus was increased in saliva of
patients with advanced TNM stage. Lactobacillus has been
reported as a major causative agent for caries and xerosto-
mia. Neisseria is significantly more abundant in HPV-
negative individuals. Haemophilus, Neisseria, Gemellaceae,
and Aggregatibacter showed overrepresentation in healthy
individuals when compared to patients with oral cancer.
Lactobacillus and Weeksellaceae showed more abundance
in HPV-positive HNSCC tumors, whereas Eikenella, Neis-
seria, and Leptotrichia showed more abundance in HPV-
negative HNSCC cancer (Table 2).>*

The existence of viable bacteria in deep parts of OSCC
favored the hypothesis that bacteria survived in the tumor
microenvironment.®”’® The bacterial taxa Veillonella, Fuso-
bacterium, Prevotella, Porphyromonas, Actinomyces, and
Clostridium belonging anaerobes, and Haemophilus, Entero-
bacteriaceae, and Streptococcus subspecies belonging to aero-
bes were highly abundant in tumor sites of patients with
OSCC.*% Capnocytophaga, Pseudomonas, and Atopobium
at the genus level and Campylobacter concisus, Prevotella

salivae, Prevotella loeschii, and Fusobacterium oral taxon
204 at the species level were reported to be highly abundant
in OSCC. Streptococcus mitis, Streptococcus oral taxon 070,
Lautropia mirabilis, and Rothia dentocariosa were more abun-
dant in fibroepithelial polyp (FEP) controls. Virulence factors,
such as LPS, flagella, and exotoxin U in Pseudomonas aeru-
ginosa played a significant role in inflammation in carcinogen-
esis. In OSCC, bacterial genes that encode enzymes such as
transketolase, pyruvate formate lyase-activating enzyme, for-
mate C-acetyltransferase, aspartokinase/homoserine dehydro-
genase, and nitroreductase/dihydropteridine reductase were
significantly overrepresented, whereas bacterial genes that
encode iron complex transport system proteins, aspartyl-
tRNA(Asn)/glutamyl-tRNA(GIn) amidotransferase subunits
A and B were more abundant in FEP.*°

Abundance of genus Streptococcus, Rothia, Gemella, Pep-
tostreptococcus, Porphyromonas, Micromonas, Dialister, Tan-
nerella, Veillonella, and Lactobacillus was reported in tumor
tissues of patients with OSCC, whereas Prevotella, Neisseria,
Leptotrichia, Capnocytophaga, Actinobacillus, and Oribacter-
ium were more abundant in healthy individuals.’ Presence of
Clavibacter michiganensis, Plantibacter flavus, Tepidimonas
aquatica, and Thermus scotoductus were predominant in deep
tumor tissues.”'

Exiguobacterium oxidotolerans, C gingivalis, P melanino-
genica, Staphylococcus aureus, Veillonella parvula, Capnocy-
tophaga ochracea, Eubacterium saburreum, L buccalis, and S
mitis were significantly abundant in tumor tissues of patients
with oral cancer. DNA of S anginosus has been reported in
tissue samples of HNSCC.'®*%"2 Pseudomonas aeruginosa,
Campylobacter subspecies. Oral taxon 44, and F nucleatum
subspecies polymorphum are associated with OSCC.®® Morax-
ella osloensis, Prevotella veroralis, and species of Actinomyces
were only detected in normal tissues.”® The level of Parvimo-
nas was enhanced and the level of Actinomyces was reduced in
tumors relative to normal tissues. The abundance level of genus
Parvimonas was significantly reduced in low-grade (TO-T2)
tumors compared to high-grade tumor (T3-T4). The abundance
level of the genus Actinomyces was significantly increased in
low-grade (T0-T2) tumor when compared to high-grade tumor
(T3-T4). The relative abundances of Actinomyces and Parvi-
monas were reduced at hypopharyngeal/laryngeal region when
compared to the OC/oropharynx. Actinomyces subspecies may
inhibit tumorigenesis through the secretion protease
inhibitors.*

Genus Streptococcus, Dialister, and Veillonella can be used
to segregate HNSCC from healthy individuals. Lactobacillus
gasseri: L johnsonii was overrepresented in patients with
HNSCC compared to controls. Streptococcus mutants, L fer-
mentum, L salivarius, and L rhamnosus were reported to be
higher abundant in patients with OPC. Lactobacillus gasseri/
L johnsonii, H parainfluenza, L fermentum, and F periodonti-
cum can be used as a diagnostic biomarker for HNSCC.>”
Reduction in levels of Lactobacillus subspecies induces micro-
bial dysbiosis in patients with tongue cancer. Streptococcus,
Actinomyces, Corynebacterium, Enterococcus, Micrococcus,
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Table 2. Alterations in Predominant Bacteria Identified in Oral Cancer.

Name of the References
Name of the Bacteria Phylum Absolute Quantitative Status in Oral Cancer  Type of Sample No.
Fusobacterium Fusobacteria Elevated Oral swab Saliva 0
Fusobacterium naviforme Fusobacteria Elevated Oral swabs 36
Leptotrichia buccalis Fusobacteria Elevated Saliva St
Leptotrichia Fusobacteria Reduced Saliva 50
Fusobacterium nucleatum  Fusobacteria Elevated Saliva 4
Fusobacterium Fusobacteria highly abundant in HNSCC Tissue biopsy 57
periodonticum
Rothia Actinobacteria Reduced Oral swab 38
Actinobacteria Actinobacteria Reduced Tissue 57
Atopobium Actinobacteria Elevated Tissue biopsy 59
Actinomyces odontolyticus ~ Actinobacteria Reduced Tissue biopsy 57
Rothia mucilaginosa Actinobacteria Reduced Tissue biopsy 60
Rothia Actinobacteria Elevated Saliva ol
Streptococcus Firmicutes Reduced Saliva 0
Firmicutes Firmicutes Elevated Oral rinse 62
Streptococcus oralis Firmicutes Elevated Tissue biopsies and Saliva 63
Streptococcus mitis Firmicutes Reduced Tissue biopsies 57
Veillonella dispar Firmicutes Elevated Oral rinse o4
Streptococcus parasanguinis Firmicutes Elevated Oral swab and Saliva ol
Streptococcus salivarius Firmicutes Elevated Tissue biopsy and Saliva 55,61
Veillonella parvula Firmicutes Reduced Oral rinse 62
Staphylococcus aureus Firmicutes Elevated Tissue biopsy 12
S mitis Firmicutes Reduced Saliva and tissue 62,65
Streptococcus Firmicutes Elevated Saliva and tongue tumor 5157
tissue
Gemella Firmicutes Elevated Oral rinse 66
Peptostreptococcus Firmicutes Elevated Oral swabs 56
Filifactor alocis Firmicutes highly abundant in OSCC Oral rinse 62
Oribacterium Firmicutes Elevated Oral rinse 62.64.66
Streptococcus anginosus Firmicutes Elevated Oral rinse and saliva 61,64
Dialister Firmicutes Elevated in laryngeal carcinoma Oral rinse 62
Dialister pneumosintes Firmicutes highly abundant in OSCC with stage IV Oral rinse 62
Lactobacillus gasseri Firmicutes highly abundant in HNSCC Tissue biopsy and saliva >
Lactobacillus fermentum Firmicutes highly abundant in oropharyngeal cancer Tissue biopsy and saliva =
patients
Lactobacillus rhamnosus Firmicutes highly abundant in oropharyngeal cancer Tissue biopsy and saliva >
patients

Porphyromonas gingivalis ~ Bacteroidetes Elevated Oral mouth wash 67
Prevotella melaninogenica  Bacteroidetes Elevated Tissue biopsy and saliva 55
Porphyromonas Bacteroidetes Elevated Saliva 3t
Prevotella Bacteroidetes Elevated Saliva 3t
Capnocytophaga Bacteroidetes Reduced Oral mouth wash 7
Capnocytophaga gingivalis  Bacteroidetes Elevated Oral swabs 36
Tannerella forsythia Bacteroidetes highly abundant in OSCC with stage IV Oral rinse 62,67
Prevotella salivae Bacteroidetes highly abundant Tissue 59
Haemophilus Proteobacteria Elevated Saliva and swab 62
Pseudomonas aeruginosa Proteobacteria Elevated Tissue biopsy o8
Aggregatibacter Proteobacteria Highly abundant Oral mouth wash 67
Pseudomonas Proteobacteria Highly abundant Tissue 59
Haemophilus parainfluenza Proteobacteria highly abundant in HNSCC Oral rinse 62
Neisseria elongata Proteobacteria highly abundant in OSCC Oral rinse 62
Eikenella corrodens Proteobacteria highly abundant in OSCC with stage IV Oral rinse 62
Campylobacter concisus Epsilonbacteracota Highly abundant Tissue »

Abbreviations: HNSCC, head and neck squamous cell carcinomas; OSCC, oral squamous cell carcinoma.
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and R mucilaginosa were significantly increased in the tongue
tumor tissues when compared to normal.”’

Prevotella jejuni: P melaninogenica and P pallens were less
abundant in HNSCC. Fusobacterium nucleatum, Fusobacter-
ium naviforme, and Fusobacterium canifelium were more
enriched in HNSCC samples. Increased abundance of Lacto-
bacillus species was reported in saliva of advanced stage of the
tumor. Parvimonas and Actinobacteria were highly enriched in
advanced stage of oral and OPC tissue samples.>

Firmicutes was the abundant phylum in oral rinse and saliva
of patients with OSCC. The oral saliva contains bacteria
released from diverse habitat of OC that may not be true rep-
resentation of microbiome signatures of tumor lesions. The
level of Fusobacteria was significantly increased and the level
of Streptococcus, Haemophilus, Porphyromonas, and Actino-
myces was significantly decreased with the progression of
OSCC. Abundant level of F periodonticum, Parvimonas micra,
S constellatus, H influenza, and F alocis were progressively
increased from stage 1 to stage 4 of patients with OSCC.
Higher levels of these bacteria could be used as biomarkers for
early detection and tracking for the development of OSCC. The
higher abundance of F periodonticum, P micra, S constellatus,
H influenza, and F alocis was reported in all stages of OSCC.
Neisseria elongata, E corrodens, Oribacterium sp._oral_-
taxon_102, and Dialister pneumosintes were highly enriched
only in patients with OSCC stage 4. Filifactor alocis was sig-
nificantly associated with smoking. The level of gram-positive
Firmicutes bacteria F alocis was increased in periodontal dis-
ease. It was significantly increased in advanced stage of OSCC
and associated with smoking. Filifactor alocis has synergistic
relationship with other common periodontal bacteria. This
leads to tumor progression through colonization with other
pathogenic periodontal communities. Streptococcus mitis, H
parainfluenzae, Porphyromonas pasteri, V parvula, and Acti-
nomyces odontolyticus were highly abundant in the healthy
controls. They were significantly decreased with the develop-
ment of OSCC. Porphyromonas pasteri may be a useful bac-
teria marker for OSCC diagnosis. The microenvironment of the
OC of patients with advanced OSCC may induce the growth of
periodontal gram-negative anaerobic pathogenic species T for-
sythia. Bacterial genes involved in carbohydrate-related meta-
bolism were positively associated, and bacterial genes involved
in protein and amino acid metabolism such as leucine, isoleu-
cine, and valine, phenylalanine, tyrosine, and tryptophan bio-
synthesis, and folate biosynthesis were inversely associated
with the development of OSCC. Functional prediction showed
that methane metabolism, oxidative phosphorylation, and car-
bon fixation were significantly higher in patients with stage 4
OSCC (Table 2).%>

Filifactor alocis has genes that encode bisulfur proteins and
a ferrous iron transport system that is efflux of reactive oxygen
species. Filifactor alocis becomes more resistant to hydrogen
peroxide-induced oxidative stress that favors its presence in
periodontal pockets. Filifactor alocis induces secretion of
pro-inflammatory cytokine and induces apoptosis of GECs
through activation of MEK % and caspase 3. It modulates host

cell response through activation of oncogenes. Synergistes are
responsible for microecological changes and anaerobiosis in
periodontal pocket, inflammation, and destruction of gingival
tissue that may drive periodontitis-mediated oral
carcinogenesis.”*

Mycoplasma, Treponema, Campylobacter, Eikenella, Fuso-
bacterium, Selenomonas, Dialister, Peptostreptococcus, Fili-
factor, Capnocytophaga, Centipeda, Lachnospiraceae_G_7,
Alloprevotella, Peptococcus, Catonella, Parvimonas, and Pep-
tostreptococcaceae_ X1_G_7 showed significantly higher
abundances in oral swabs of patients with oral cancer. Among
them, Fusobacterium, Dialister, Peptostreptococcus, Filifac-
tor, Peptococcus, Catonella, and Parvimonas were also
involved in periodontitis. Fusobacterium periodonticum, F
naviforme, F nucleatum_subspecies, P stomatis, P micra, and
E corrodens were significantly enriched in oral cancer. The
genus Eikenella is associated with HPV-negative HNSCC. The
taxa Megasphaera, Stomatobaculum, Granulicatella, Lautro-
pia, Veillonella, Streptococcus, Scardovia, Rothia, and Actino-
myces were significantly abundant in oral swabs of controls.*®

The abundance of Rothia, Haemophilus, Corynebacterium,
Paludibacter, Porphyromonas, and Capnocytophaga signifi-
cantly reduced and the abundance of Oribacterium signifi-
cantly increased in oral rinse of OC and OPC. Actinomyces,
Parvimonas, Selenomonas, and Prevotella showed higher
abundance in OCC when compared to OPC. A positive corre-
lation between HPV infection and the abundance of Haemo-
philus and Gemella has also been reported in OP cancer.®® The
abundance of Capnocytophaga was significantly higher in
patients with recurrent OSCC when compared to controls.
Abundance of periodontal pathogens Fusobacterium, Prevo-
tella, and Alloprevotella were progressively increased, whereas
the abundance of Streptococcus was progressively decreased in
progression of OSCC.”> Numerous bacterial insertion sites
were reported in host genes such as mycobacterium genomic
element integrations in exonic regions of ADAMTSI1 gene on
chromosome 9, Aeromonas genomic element insertions in the
exon of the RASSFS5 on 1q32.1, sphingomonas genomic ele-
ments insertions in exon of chromatin remodeling gene SRCAP
on chromosome 16, and Bordetella genomic insertion within
the exon of the proto-oncogene WNT3 on chromosome 17.
These may drive tumorigenesis by altering gene expression.”®

Role of Oral Microbiome in
Xenobiotic Metabolism

Tobacco and alcohol are primary causes of oral cancers. Betel
nut chewing with or without tobacco has been shown to be
independently associated with the development of OSCC.
Alcohol itself is not carcinogenic; acetaldehyde (ALD) which
is the metabolic end product of ethanol is highly carcinogenic.
Tobacco, alcohol, and betel nut may alter oral microbiome.
Microbiome of oral mucosa are involved in production of gen-
otoxic metabolite ALD by oxidation of ethanol that produces
DNA damage by forming DNA adducts in oral epithelial cell.
Chronic smoking transforms oral microbiome to produce more
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ALD from ethanol. Oral microbiome may function as syner-
gistic risk factors along with primary risk factors such as alco-
hol and tobacco use.”’

Leukoplakia, erythroplakia, and oral submucous fibrosis are
precursor lesion of oral cancer in betel nut chewers. Micro-
biome have been identified for the development of oral sub-
mucous fibrosis. Prolonged use of betel nut in particular, tannic
acid, inhibits the growth of commensal bacteria. Cigarette
smoking also increases and decreases in the abundance of com-
mon taxa of oral microbiome.”® o and B bacterial diversity
showed significant difference between betel nut users with and
without chewing of tobacco. Chewing of betel nut with alcohol
consumption may alter oral microbiome signatures. It has been
reported that  diversity significantly differed between chewers
and nonchewers with excessive alcohol consumption.®’ Smo-
kers have more bacterial diversity in OP region when compared
to nonsmokers.”

No significant differences in microbial diversity had been
observed between smokers and nonsmokers groups with no
history of betel nut use. Significantly higher abundance of
Streptococcus infantis was reported in current chewers.
Reduced levels of Parascardovia and Streptococcus was
reported in long-term chewers. Oribacterium, Actinomyces,
and S anginosus showed significant elevation in chewers with
oral lesions. Streptococcus anginosus is responsible to induce
the synthesis of NO and inflammatory cytokines that drive
carcinogenesis. Higher abundance of S salivarius, S gordonii,
and S parasanguinis have been reported in OSCC tumor
tissue.®!

Streptococcus salivarius, S intermedius, S mitis, and non-
pathogenic Neisseria subspecies possess alcohol dehydrogen-
ase (ADH) that is responsible for the production of
carcinogenic compounds such as ALD, hydroxyl ethyl radicals,
and hydroxyl radicals from ethanol.®**! Streprococcus angino-
sus was frequently reported in OSCC and caused DNA damage
in oral mucosa due increased synthesis of NO and cyclooxy-
genase 2.2

Overrepresentation of the commensal bacterial genera, Cor-
ynebacterium and Kingella, showed reduced risk of HNSCC.
Corynebacterium and Kingella are functionally related to
xenobiotic biodegradation and metabolism pathways that are
capable to metabolize several toxicants found in cigarette
smoke. Greater abundance of Neisseria, Abiotrophia, Actino-
myces, Veillonella, and Capnocytophaga has been related to
good oral health. Prevotella nanceiensis, Capnocytophaga
leadbetteri, and Selenomonas sputigena were inversely related
to HNSCC. Porphyromonas gingivalis, T forsythia, and A acti-
nomycetemcomitans and S mutans were positively related to
risk of HNSCC. Kingella dentificans and Streptococcus san-
guinis were associated with reduced risk of larynx cancer;
Actinomyces oris and V denticariosi were associated with
reduced risk of pharynx cancer, whereas P micra and Neisseria
sicca were associated with reduced risk of oral cancer.®’

Tobacco smoking induces loss of microbial diversity and
enhances metabolism of glutamate in the oral microbiome of
patients with OSCC. Lactobacillus, Bifidobacterium,

Atopobium, Prevotella, Streptococcus, and Veillonella were
abundant in smokers, whereas level of Rothia, Neisseria, and
Lautropia were reduced in regular smokers. Smoking lowers
a-diversity and increases B-diversity. Members of the Actino-
myces, Granulicatella, Oribacterium, and Campylobacter
genera as well as Veillonella dispar, R mucilaginosa, and H
parainfluenzae were significantly enriched in patients with
HPV-positive cancer. Abundance level of S anginosus, Pepto-
niphilus, and Mycoplasma were significantly decreased in
HPV-positive cancers.®® Smokers have unstable microbial
colonization and are more susceptible to bacterial infection
through alterations in innate and adaptive immune
response.®>%* Higher abundance of periodontopathogenic bac-
teria such as Prevotella tannerae, F nucleatum, and P inter-
media and lower abundance of Strepfococcus tigurinus were
reported in OSCC. Higher percentage of P intermedia was
reported in betel quid chewers and alcohol users, whereas
higher abundance of F nucleatum was reported in smokers.*’
The relative abundances of Periodontopathogenic genera Por-
phyromonas, Tannerella, and Treponema showed no signifi-
cant positive correlations with cytokine concentrations.®
Porphyromonas gingivalis, P intermedia, A actinomycetem-
comitans, and F nucleatum are responsible to produce volatile
sulfur compounds such as genotoxic and mutagenic agent
hydrogen sulfide (H,S) in OC and methyl mercaptan in the
gingival pockets that induce chronic inflammation, cell prolif-
eration, migration, invasion, and tumor angiogenesis. Several
oral microbial species such as S gordonii, S mitis, S oralis, S
salivarius, and S sanguinis possess the enzyme ADH, which
metabolizes alcohol to carcinogenic ALD that induces devel-
opment of oral cancer. Due to high ADH activity, Neisseria
produce more ALD than Streptococcus subspecies, Stomato-
coccus subspecies, or Moraxella subspecies Neisseria may play
an essential role in alcohol-related oral carcinogenesis.®> Ter-
rimonas is involved in tumorigenic anthracene degradation.®’

Role of Oral Microbiome in Inflammation

Inflammation due to infections, environmental factors, and
therapy induces angiogenesis, tumor progression, and metasta-
sis. Bacterial infection induces initiation and progression of
oncogenic processes. Host cells have PRRs such as TLR fam-
ily, which recognize pathogen-associated molecular patterns or
DAMPs that activate the innate immune response. Bacterial
endotoxins (LPS), metabolic byproducts of bacterial infection,
and increased enzymatic activity because of bacterial infection
can induce somatic mutations in host genomes and alters the
signaling pathway.”>

Activation of transcription factor nuclear factor kB (NF-kB)
is an essential feature of bacteria-associated tumor develop-
ment. During infection, gram-negative bacteria release endo-
toxins such as LPS from their outer membrane. Bacterial LPS
binds highly sensitive PRRs such as TLRs, particularly TLR4,
which in turn activates inflammatory-associated cytokine pro-
duction via NF-KB signaling pathway. This signaling event is
one of the major factors in bacteria-induced inflammation as
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well as the contributor to carcinogenesis.*®* Lipopolysacchar-
ide from a potential pathogen such as P gingivalis and F nucle-
atum 1is responsible for the activation immune system at the
cellular level in periodontal diseases. Bacterial endotoxin
enhances the production of tumor necrosis factor o (TNF-o)
from macrophages. Inflammatory cytokines such as interleukin
(IL)-1B, IL-6, and TNF- o are responsible for periodontal tissue
damage. Interleukin-13 may be involved in bone resorption and
the attachment loss that are characteristic properties of period-
ontitis. TNF-a is responsible for the generation of free radicals
during sepsis.”’

Bacterial products such as endotoxins (LPS), enzymes (eg,
proteases, collagenases, fibrinolysin, and phospholipase), and
metabolic byproducts (eg, H,S, ammonia, and fatty acids)
may induce permanent genetic alterations in epithelial cells
of the host that drive proliferation and/or survival of epithelial
cells.”’ Microorganisms induce inflammation by activating
neutrophils, macrophages, monocytes, lymphocytes, fibro-
blasts, and epithelial cells that drive secretion of cytokines
and matrix metalloproteases. Bacteria generate reactive oxy-
gen species (eg, hydrogen peroxide and oxygen radicals),
reactive nitrogen species (nitric oxides), reactive lipids, and
metabolites (eg, malondialdehyde, 4-hydroxy-2-nonenal) in
epithelial cells that drive DNA damage in epithelial cells
contributing to disease phenotype.”! Bacterial flagella were
considered as key inflammatory structures in regulating
OSCC-related inflammation.”?

It has been reported that F' nucleatum subspecies polymor-
phum, Campylobacter subspecies, and P aeruginosa showed
significant association with OSCC, whereas S mitis, R mucila-
ginosa, and H parainfluenzae were the most significantly abun-
dant genus in the healthy individuals. Genes involved in
bacterial mobility, flagellar assembly, bacterial chemotaxis,
and LPS synthesis were significantly associated with OSCC.
Functional prediction also revealed that genes involved in
DNA repair and combination, purine metabolism, phenylala-
nine, tyrosine and tryptophan biosynthesis, ribosome biogen-
esis, and glycolysis/gluconeogenesis were enriched in healthy
individuals. Pseudomonas aeruginosa induces DNA breaks in
epithelial cells that drive chromosomal instability. Lipopoly-
saccharide, flagella, and cytotoxins (eg, ExoU) of P aeruginosa
have potent inflammatory activity that drives carcinogenesis.
This activates NF-kB signaling pathway through the recruit-
ment of neutrophils. Lasl factor, secreted from P aeruginosa,
downregulates the expression of E-cadherin that induces inva-
sion and metastasis (Table 3).%

The periodontal pathogens Fusobacterium, Porphyromonas,
and Campylobacter (common in GI infections) are considered
as “mobile microbiome” that originates in the OC but also
associated with extra-oral infections and inflammation. Rothia,
Streptococcus, and Prevotella produce oral ALD that promote
oral carcinogenesis (Table 3).%’ Streptococcus, Neisseria, and
Veillonella are considered as anti-inflammatory mediators,
whereas Selenomonas, Parvimonas, and Campylobacter are
considered as pro-inflammatory mediators.”?

Role of P gingivalis and F nucleatum in
Progression of OSCC

Porphyromonas gingivalis induces the overexpression of B7-
H1 and B7-DC receptors in oral epithelial cells that are respon-
sible for the development of chronic inflammation thorough the
increased production of IL-1, IL-6, IL-8, and TNF-a. Porphyr-
omonas gingivalis and F nucleatum are responsible for cellular
invasion in OSCC. Porphyromonas gingivalis induces overex-
pression of pro-matrix metalloproteinase-9 (pro-MMP-9)
through upregulation of ERK1/2-ETS1, p38/HSP27, and
PAR/NF-kB pathways (Figure 1). Porphyromonas gingivalis
is also responsible for the epithelial to mesenchymal transition
(EMT) transition and enhances the production of MMP-1 and
MMP-10. Fusobacterium nucleatum induces the overproduc-
tion of MMP-13 (collagenase 3) through upregulation of
mitogen-activated protein kinase p38 and Etk/BMX, S6 kinase
p70, and RhoA kinase that drive cellular invasion and migra-
tion.” Porphyromonas gingivalis induces cell proliferation
through activation and phosphorylation of cyclin-dependent
kinases and reduces the expression level of TP53 through the
possession of fimbriae (FimA adhesin).’* Porphyromonas gin-
givalis induces proliferation of buccal epithelial cells through
upregulation of B-catenin and gingipain-dependent proteolytic
degradation. Fusobacterium nucleatum induces proliferation of
oral epithelial cell through activation of 12 kinases. Fusobac-
terial adhesion FadA of F nucleatum bind to E-cadherin and in
turn activate the B-catenin. Porphyromonas gingivalis inhibits
chemically induced intrinsic mitochondrial apoptosis in GECs
through activation of JAK1/signal transducer and activator of
transcription 3 (STAT3) and PI3K/Akt signaling. Porphyromo-
nas gingivalis induces the overexpression of miR-203 which
downregulates suppressor of cytokine signaling 3 that inhibits
apoptosis through activation of STAT3. Nucleoside dipho-
sphate kinase from P gingivalis inhibits ATP-dependent apop-
tosis through purinergic receptor P2X7 in GEC.’
Porphyromonas gingivalis infection activates several anti-
apoptotic pathways such as Jak1/Akt/Stat3 signaling. The com-
position of LPS of P gingivalis contains phosphorylated 2-
keto-3-deoxyoctonate which inhibits intrinsic mitochondrial
apoptosis of epithelial cells. Porphyromonas gingivalis
enhances Bcl2 (antiapoptotic); Bax (pro-apoptotic) ratio and
inhibits release of cytochrome ¢ from mitochondria.”>* Por-
phyromonas gingivalis colonizes inside GEC of oral tissues and
prevents apoptosis by inducing ligation of ATP with purinergic
receptor P2X7 receptors. Nucleoside diphosphate kinase of P
gingivalis inhibits apoptosis and promotes survival of host
epithelial cells.”” Porphyromonas gingivalis reduces ATP acti-
vation of P2X7 receptors on dendritic cells that disrupt activa-
tion of the NLRP3/ASC/caspase-1 inflammasome. It prevents
secretion of IL-1B and IFN-y from CD8+ T cells.”®*’
Porphyromonas gingivalis accelerates progression through
the S-phase of the cell cycle by preventing activity of p53
tumor suppressor gene.'*’ Induced expression of B7-H1 and
B7-DC receptors on OSCC cells and primary GECs by P gin-
givalis has been reported earlier. Expression of B7-H1 receptor
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Table 3. Oral Bacteria and its Association With Diagnosis and Prognosis of HNSCC.

Bacterial Phylum/Genus/Species

Association in Diagnosis and Prognosis of Oral Cancer
(Reference No.)

Veillonella, Fusobacterium, Prevotella, Porphyromonas, Actinomyces,
Clostridium, Haemophilus, Enterobacteriaceae, and Streptococcus
subspecies

Lactobacillus gasseri: Lactobacillus johnsonii, Lactobacillus
vaginalis, Lactobacillus fermentum, Lactobacillus salivarius, and
Lactobacillus rhamnosus OTUs

Streptococcus salivarius: Streptococcus vestibularis, Fusobacterium
nucleatum, Prevotella oris, and Rothia mucilaginosa were highly
abundant in saliva samples of HNSCC.

Porphyromonas gingivalis, Tannerella forsythia, Aggregatibacter
actinomycetemcomitans, and Streptococcus mutans were positively
related with risk of HNSCC.

Fusobacterium periodonticum, Fusobacterium naviforme, F
nucleatum_subspecies, Peptostreptococcus stomatis, Parvimonas
micra and Eikenella corrodens were significantly enriched in oral
cancer

Pseudomonas aeruginosa

Abundance level of genus Parvimonas
Abundance level of the genus Actinomyces

Streptococcus, Actinomyces, Corynebacterium, Enterococcus,
Micrococcus and R mucilaginosa

Level of Streptococcus, Haemophilus, Porphyromonas, and
Actinomyces

Abundant level of F periodonticum, P micra, Streptococcus
constellatus, Haemophilus influenza, and Filifactor alocis

Neisseria elongata, E corrodens, Oribacterium sp. oral taxon 102, and
Dialister pneumosintes

Corynebacterium and Kingella

Actinomyces, Granulicatella, Oribacterium, and Campylobacter
genera as well as Veillonella dispar, R mucilaginosa, and
Haemophilus parainfluenzae

Streptococcus anginosus, Peptoniphilus, and Mycoplasma

Streptococci such as S gordonii, S mitis, S oralis, S salivarius, S
sanguinis

Predictive diagnostic marker for premalignant lesion and OSCC>!

Increased in higher TNM stage of HNSCC>?

Predictive diagnostic marker for HNSCC. P gingivalis, Prevotella
intermedia, A actinomycetemcomitans, and F nucleatum are
responsible produce volatile sulfur compounds VSCs such as
genotoxic and mutagenic agent hydrogen sulfide (H, S) in oral
cavity and methyl mercaptan (CH3SH) in the gingival pockets that
induce chronic inflammation, cell proliferation, migration, invasion
and tumor angiogenesis®

Inflammation in carcinogenesis induces DNA breaks in epithelial cells
that drive chromosomal instability, Lasl factor, secreted from P
aeruginosa, down regulates the expression of E-cadherin that
induces invasion and metastasis®

Significantly reduced in low grade (T0-T2) tumor as compared to high
grade tumor (T3-T4)%°

Significantly increased in low grade (T0-T2) tumor as compared to
high grade tumor (T3-T4)*°

Significantly increased in the tongue tumor tissues®’

Significantly decreased with the progression of OSCC>’

Progressively increased from stage 1 to stage 4 of OSCC patients; used
as biomarkers for early detection and tracking for the development
of OSCC. F alocis induces secretion of pro-inflammatory cytokine
and induces apoptosis of gingival epithelial cells through activation
of MEK "2 and caspase 3. F' alocis modulates host cell response
through activation of oncogenes’*

Biomarker for stage 4 of OSCC patients. Due to high alcohol
dehydrogenase (ADH) activity, Neisseria produce more
acetaldehyde than Streprococcus subspecies, Stomatococcus
subspecies, or Moraxella subspecies. Neisseria may play an essential
role in alcohol-related oral carcinogenesis

Involved in xenobiotic biodegradation and metabolism pathways that
are capable to metabolize several toxicants found in cigarette
smoke®’

Enriched in patients with HPV-positive cancer®

Decreased in HPV-positive cancers®*

Possess the enzyme alcohol dehydrogenase (ADH), which metabolizes
alcohol to carcinogenic acetaldehyde which induces development of
oral cancer®

Abbreviations: HNSCC, head and neck squamous cell carcinoma; HPV, human papilloma virus; OSCC, oral squamous cell carcinoma; VSC, volatile sulfur

compounds.

inhibits effector T cells through inducing regulatory T cells.
Expression of B7-H1 receptor induces immune evasion in oral
cancers.'’! ERK1/2-Ets1, p38/HSP27, and PAR2/NF-KB path-
ways are activated by P gingivalis infection to induce the
expression of pro-MMP-9. Gingipains (cysteine proteinases)

from P gingivalis converts pro-MMP-9 into MMP-9 that pro-
motes cell migration invasion and metastasis in OSCC.'%?
Bacterial flagella and LPS are potent inflammatory struc-
tures. Lipopolysaccharide induces cancer-promoting inflam-
matory reactions.®> Lipopolysaccharide of F nucleatum
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Figure 1. Role of Porphyromonas gingivalis in progression of oral squamous cell carcinoma (OSCC).

contains 2-keto-3-deoxyoctonate and heptose that may inhibit
intrinsic apoptotic pathway of oral epithelial cells. Infection of
human epithelial cells by F nucleatum increases the production
of MMP-13 (collagenase 3) through the activation of mitogen-
activated protein kinase p38. This in turn promotes cellular
migration through stimulation of Etk/BMX, S6 kinase p70, and
RhoA kinase. Fusobacterium nucleatum activates p38 which in
turn activates HSP-27 and induces secretion of MMP-9 and
MMP-13 (collagenase 3) that drive tumor invasion and metas-
tasis.”'® Lipopolysaccharide of F nucleatum is involved in
inflammation and cytokine-mediated damaging lesions of the
GECs through the activation of translocation of NF-kB gene
into nucleus that drive production of inflammatory cytokines
such as IL-1q, IL-1B, IL-6, IL-8, and MMPs. Fusobacterium
nucleatum in GECs activates NLRP3 inflammasome that
includes HMGB1 (high-morbidity group box-1 protein),
apoptosis-associated speck-like protein, and caspase-1.>"
FadA adhesion molecule of F nucleatum binds to
E-cadherin and activates -catenin signaling that regulates cell
proliferation and inflammatory responses in oncogenesis
(Figure 2).°*19%195 mysobacterium nucleatum synergistically
with other bacteria fungi and viruses may induce pro-
inflammatory microenvironment through recruitment of
tumor-infiltrating immune cells that favor tumorigenesis.'*®
Antigens of P gingivalis have also been detected in gingival
squamous carcinoma. Expression of the B7-H1 receptor on
tongue carcinoma cells is induced by infection of P gingivalis.
Porphyromonas gingivalis induces production of pro-MMP-9
through ERK1/2-Ets1, p38/HSP27, and PAR2/NF«kB path-
ways. Porphyromonas gingivalis induces expression of pro-
MMP-9 in oral mucosa, dendritic cells, and monocytes. It also
activates PAR2 that activates NF-xB which leads overexpres-
sion of pro-MMP-9. Proenzyme pro-MMP-9 is activated by

gingipains (arginine-X [Arg-gingipain A and B (RgpA and
RgpB)]- and lysine-X [Lys-gingipain (Kgp)]-specific cysteine
proteinases) of P gingivalis that drive invasion. Matrix
metalloproteinase-9 degrades collagen IV from basement
membranes and extracellular matrix that initiates progression
of tumor.'*%1%

Numerous studies revealed that microbial infections were
potential causative agents for inflammation in cancer. Porphyr-
omonas gingivalis is considered as a potential risk factor for
oral cancer.'"” Infection of P gingivalis induces EMT by down-
regulation of E-cadherin and nucleocytoplasmic accumulation
of B-catenin that drive aggressiveness and/or metastatic poten-
tial in OSCC. Porphyromonas gingivalis increases the level of
PI3K/Akt that inactivates GSK3[ which increases expression
of Snail and Slug transcription factors. Snail, Slug, and B-cate-
nin enhances expressions of Zebl, Vimentin, and MMP-2, -7,
and -9.'%

Microbial organisms induce immune inflammation response
in host cells that enhances mutation rate in normal cells and
triggers malignant transformation of normal cells of host.'"’
The staining intensity of P gingivalis in gingival carcinoma
tissues was significantly enhanced when compared to noninva-
sive bacteria such as S gordonii."'® Porphyromonas gingivalis
is responsible for damaging local periodontal tissues and evade
host immune system. Long-term exposure of P gingivalis
induces cell proliferation, migration, and invasion through reg-
ulation of tumor-related genes such as FLIl, GASG6,
PDCDILG2, CD274, and IncRNACCAT1.""" Whether profil-
ing of expression of these genes could be used as biomarkers
remain to be investigated.

Porphyromonas gingivalis induces expression of cell sur-
face molecules that activate the TLR2-TLR1 complex, and this
induces secretion of enzymes such as (HRgpA and RgpB
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gingipains) which has effect on complement component C5 to
generate high concentration of ligand C5a for C5a receptor 1
(C5aR1). Porphyromonas gingivalis induces C5aR1-TLR2
crosstalk signaling pathway in neutrophils and macrophages
that separates a host-protective TLR2-MyD88 pathway from
a TLR2-MyD88-adaptor-like (MAL; also known as TIRAP)-
PI3 K pathway, which blocks phagocytosis and promotes
inflammation. Porphyromonas gingivalis inhibits expression
of IL-8 and T helper 1 cell-biasing chemokines (CXCL9,
CXCL10, and CXCLI11) even in the presence of F' nucleatum.
Porphyromonas gingivalis inhibits MyD88-dependent inflam-
mation, but it induces PI3K-dependent inflammatory cytokines
in both neutrophils and macrophages. Toll-like receptors on
epithelial cell surfaces recognizes F' nucleatum which induces
pro-inflammatory signaling pathways. Porphyromonas gingi-
valis alters these pathways by reducing expression of CXCL10
through inactivation of STAT1 and IRF1 in epithelial cells,
neutrophils, and monocytes. Porphyromonas gingivalis
secretes serine phosphatase SerB in epithelial cells that activate
NF-kB through dephosphorylation at serine 536 residue of the
p65 subunit of NF-kB. Activated p65 subunit of NF-kB inhibits
transcriptional activation of IL-8.°

Role of Oral microbiota in Chemotherapy
and Radiation-Induced Mucositis

Mucositis in oral or OP region develops due to chemotherapy
and radiation therapy in patients with head and neck cancer.''
Tissue inflammation and cell apoptosis are induced either by
radiation or by chemotherapeutic agents. This event results in
mucosal ulcerations that drive secondary bacterial coloniza-
tion. Cell wall products of colonized bacteria activate macro-
phages to produce additional inflammatory cytokines. Four
genera Fusobacterium, Porphyromonas, Treponema, and

Prevotella showed dynamic synchronous variations in their
relative abundances during treatment.''> Oral microbial com-
munity is altered in the patients with nasopharyngeal carci-
noma (NPC) who develop mucositis due to radiotherapy
(RT). Streptococcus mitis was increased significantly in
patients with NPC after irradiation. Streptococcus mitis induces
the breakdown of mucus in the human OC that drive transloca-
tion of pathogen into the lamina propria and recruitment of
inflammatory cells.'™*

Radiotherapy is used for the treatment of head and neck
cancer. Oral mucositis and xerostomia develop in patients with
HNSCC receiving RT. Xerostomia is responsible for the altera-
tions of biofilm composition in the supragingival environment.
In irradiated tissues, reduction in blood supply, delays in repair-
ing of wound, and reduction in immune response occur that
drive proliferation of anaerobic and microaerophilic bacteria in
the supra or subgingival biofilms. Streptococcus anginosus, S
mitis, S mutans, S oralis, S sanguinis, and Streptococcus sobri-
nus are responsible for the development of oral mucositis. The
abundance of Porphyromonas and Prevotella genera was
decreased in the supragingival biofilm and increased in the
gingival sulcus of gingivitis or chronic periodontitis patients.
The presence of these microorganisms in the microbial biofilm
is associated with poor hygiene and oral conditions as well as
alcohol and tobacco consumption which induces adhesion and
oral colonization by enteric microorganisms in irradiated
patients. The most significant alterations in microbial popula-
tions was observed in members of the family Enterobacteria-
ceae. The fimbriae of these microorganisms may facilitate
adhesion of microbiota to tumor cells that enhances the colo-
nization of microbial organisms in irradiated patients with xer-
ostomia. The members of the family Enterobacteriaceae
enhances microbial proteolytic activity on fibronectin in the
surface of oral soft tissues through adhesion receptors. This
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induces inflammation through the release of IL-1 and IL-6 in
RT-induced mucositis.'">

Concluding Remarks

Oral cancer is a multifactorial disease. Environmental factors
such as tobacco smoking and chewing, betel quid chewing,
alcohol consumption, and HPV are major risk factors for the
development oral cancer. Despite the advancement in radiation
and chemotherapy, the 5-year survival rate remains below 50%
and patients frequently develop secondary and recurrent tumor.
Recent research focused the role of bacteria in oral carcinogen-
esis. Several niches of OC have predominately occupied by
bacteria. A 16 S rRNA metagenomics with NGS has contrib-
uted significantly to oral microbiome signatures that drive oral
cancer. This technology needs to standardize in the context of
DNA isolation, selection of primers specific for amplification
of hypervariable region, and bioinformatics. The 16S rRNA
microbial profiling does not provide information about the
microbial gene expression. Advancement of omics technolo-
gies such as improvement in bioinformatics will be useful for
the identification of oral microbiome and their genomes, pro-
teome, and metabolome. These omics data may be useful in
identifying HNSCC-related microbiome, their virulence prop-
erties, and their interaction with host immunity.

The role of L gasseri/L johnsonii, L vaginalis, and F nucle-
atum is essential for screening, diagnosis, and chemopreven-
tion strategies in OPSCC and OSCC. Alteration in the oral
commensal microbial communities have potential application
as a diagnostic tool to predict OSCC. Both pathogenic and the
commensal strains of bacteria have significant contribution in
OSCC. Alteration in normal resident oral bacterial flora into
nonresident pathogenic microbes in the presence of known
etiological factors, such as smoking and alcohol consumption,
contributes to oral carcinogenesis. Clinicians should be aware
of the beneficial protective properties of the resident microflora
to define treatment strategies. Avoiding alcohol and tobacco
consumption reduce exposure to aldehyde in the oral mucosa.
Identification of oral microbiota and its functional role by NGS
will be useful for therapeutic application in OSCC. The carci-
nogenic potential of Porphyromonas gingivalis and F nuclea-
tum in oral cancer has been well established in both in vitro and
in vivo model. Porphyromonas gingivalis and F nucleatum can
be used as biomarker for oral cancer. Virulence factors such as
FimA of P gingivalis and FadA of F nucleatum may also serve
as therapeutic target for the prevention of oral cancer. It is very
essential to address which bacterial species is responsible for
driving oral carcinogenesis. Identification of phages in the OC
that infect the F nucleatum, S mutans, and N meningitidis
would open the possibility to develop phage therapy against
these oral pathogens.

Multitargeted therapeutic strategies may be required to
block pathogenic biofilm formation and disrupt established
biofilms. These strategies should also target acidic pH micro-
environment in biofilm by alternating pH. Oral microbiomes
such as S gordonii and Actinomyces subspecies are involved in

the production of alkali through arginine metabolism. These
species may modulate acidic pH within oral biofilms that inhi-
bit the growth acidogenic—aciduric bacteria. Streptococcus
dentisani or Streptococcus Al2 have probiotic action either
through preventing the growth of cariogenic species and altera-
tion in acidic pH through arginolytic activities. Antimicrobial
peptides that consist of novispirin-derived “killing” region con-
jugated with species-specific peptide pheromone are involved
in targeting against pathogens involved in dental caries. Anti-
microbial compounds that are involved in the degradation bio-
film matrix, surface modification, and antibiofilm coatings
may be used in the treatment of OSCC. Nanotechnology-
based drug delivery system may be used in the penetration of
cariogenic oral biofilms effectively. To develop highly precise
and effective therapeutic approaches, identification of specific
oral microbiomes may be required. This review serves to focus
the active role of oral microbiome in biofilm formation and its
role in oral cancer progression through alteration in host

physiology.
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