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Simple Summary: The problems associated with oral squamous cell carcinoma (OSCC) are becoming
increasingly apparent. Namely, cancer of the oral cavity is the most common malignant tumor in the
head and neck area worldwide. In addition to the usual risk factors for the development of OSCC,
such as smoking and alcohol consumption, recent research has shifted its focus to the oral cavity
microbiome, specifically dysbiosis. Numerous studies have concluded that disrupting the eubiosis
of the oral cavity promotes the growth of oral pathogens, which, through their virulence factors
and manifold pathogenicity factors, lead to inflammatory conditions that can damage tissue cells,
potentially leading to cancer development. From an aetiological point of view, these pathogens can
be bacteria, viruses, fungi, and parasites.

Abstract: Oral squamous cell carcinoma (OSCC) is the most common head and neck cancer. Although
the oral cavity is an easily accessible area for visual examination, the OSCC is more often detected at
an advanced stage. The global prevalence of OSCC is around 6%, with increasing trends posing a
significant health problem due to the increase in morbidity and mortality. The oral cavity microbiome
has been the target of numerous studies, with findings highlighting the significant role of dysbiosis
in developing OSCC. Dysbiosis can significantly increase pathobionts (bacteria, viruses, fungi, and
parasites) that trigger inflammation through their virulence and pathogenicity factors. In contrast,
chronic bacterial inflammation contributes to the development of OSCC. Pathobionts also have other
effects, such as the impact on the immune system, which can alter immune responses and contribute
to a pro-inflammatory environment. Poor oral hygiene and carbohydrate-rich foods can also increase
the risk of developing oral cancer. The risk factors and mechanisms of OSCC development are not
yet fully understood and remain a frequent research topic. For this reason, this narrative review
concentrates on the issue of dysbiosis as the potential cause of OSCC, as well as the underlying
mechanisms involved.
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1. Introduction

One of the most common carcinomas of the head and neck is squamous cell carcinoma
of the oral cavity [1,2]. The oral cavity extends anatomically from the vermilion border
of the lips to the transition between the hard and soft palate or the posterior third of the
tongue [3]; considering such complex anatomy and functional significance, malignancies in
this area may significantly impact speech, swallowing, and the overall quality of life.

Potentially malignant disorders of the oral cavity, including leukoplakia and ery-
throplakia, carry a risk of developing into oral squamous cell carcinoma (OSCC). These
conditions may present with various features, such as changes in mucosal coloration (red,
white, or a combination of both), changes in the dimensions of the affected areas, as well
as changes in morphology (smooth, ridged, granular, warty, thin, or plaque-like) [4–6].
Epithelial dysplasia in oral potentially malignant disease may depend on structural changes
with little to no cellular abnormalities. While distinct features can be hard to recognize, the
combination of molecular, clinical, and microscopic changes increases the risk of developing
OSCC [4,7]. OSCC is an important head and neck cancer, occurring mainly in the lips,
mouth, and oropharynx [8]. The oral cavity is a region that is easily accessible to the naked
eye, but despite this, the cancer is more often detected at an advanced stage [9]. Squamous
cell carcinoma of the oral cavity occurs annually in about 6% of the world’s population, 4%
of which are men and 2% women [10]. In terms of mortality, it ranks 10th worldwide [11]
and occurs most frequently after age 50 [12]. Oral and pharyngeal cancer represents a
global public health problem. The annual incidence in 2020 was 377,713 cases, with half
resulting in death [13]. The prevalence of oral cavity cancer is rising significantly on a
global scale, particularly in the regions of Eastern and Western Europe, South Asia, the
Caribbean, Latin America, and the Pacific [14]. India has the third-highest incidence of oral
cancer in the world [15]. Similarly, the Republic of Croatia is experiencing an increasing
incidence of oral cavity cancer, aligning with this global trend [16].

In the Republic of Croatia, 300–400 people die from oral cancer each year [16]. Squa-
mous cell carcinoma of the tongue can be triggered by chronic irritants such as dental caries,
dentures, poor oral hygiene, and excessive use of so-called mouthwashes [17], particularly
those containing alcohol. Other risk factors include tobacco chewing and the use of betel,
the latter being common in some parts of Asia and Africa. Human papillomavirus (HPV),
transmitted orally via sexual contact, is also more frequently associated with oral cavity
cancer and may contribute to its etiology [18,19]. Approximately 40% of squamous cell
carcinomas of the oral cavity develop on the floor of the oral cavity and the lateral and
ventral sides of the tongue [20]. Additionally, 38% of lower lip cancers are due to ultraviolet
ray exposure [21]. Changes in the oral cavity are initially asymptomatic, making screening
essential [22]. Hence, dentists should carefully examine the oral cavity and oropharynx
during routine dental care and perform a cytological smear with a brush if suspicious
lesions occur [23].

The lesions may be precancerous, leukoplakia, and erythroplakia, but can also be
carcinomas in situ [24]. Exophytic lesions, which are often firmly indurated or ulcerated
and have a hard and raised margin, are most likely carcinomas [25].

Pain is typically the leading symptom in this region, as are malpositioned teeth,
swollen gingiva, and a stiff tongue [26]. An incisional or brush biopsy is required as the
cytological smear is a landmark method to verify the disease [27]. Risk factors for oral cavity
cancer are alcohol consumption, tobacco smoking, or a combination of those (95%) [28].
In recent years, oral cavity cancer research has focused on the oral cavity microbiome,
i.e., dysbiosis [29]. Cancer is no exception among the systemic diseases influenced by the
microbiome. Chronic infections are known to contribute to the development of cancer,
with approximately 13% of the global cancer burden directly attributable to infectious
agents [30].

In this review, we would like to present the current knowledge on the role of the
oral microbiome, focusing on the role of bacteria, fungi, and viruses in developing oral
cancer. We also aim to explore how dysbiosis and interactions among these microorganisms
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contribute to the development of OSCC. Additionally, we will discuss the mechanisms
through which these microbial communities influence carcinogenesis in the oral cavity.

2. Microbiome of the Oral Cavity

The oral cavity hosts the second most diverse microbiome in the human body, follow-
ing the intestinal microbiome, with approximately 700 species of bacteria identified in this
area [31]. The group of oral bacteria consists of six main phyla—Actinobacteria, Bacteroidetes,
Firmicutes, Fusobacteria, Proteobacteria, and Spirochaetes, and they account for 94% of the
detected taxa [32]. The remaining 6% include Chlamydia, Chlorobi, Chloroflexi, Gracilibacteria,
Saccharibacteria, Synergistetes, SR1, and Tenericutes [33]. The oral cavity provides an ideal
environment for these bacteria, with saliva maintaining a pH of 6.5–7, favorable for their
growth [34]. The average temperature of 37 ◦C also offers a stable habitat [35].

Table 1 lists Gram-positive and Gram-negative bacteria that are part of the micro-
biome of a healthy oral cavity. The genera Streptococcus, Leptotrichia, Actinomyces, Neisseria,
Peptostreptococcus, Fusobacterium, and Kingella dominate among them [36].

Table 1. Genera of Gram-positive and Gram-negative bacteria that make up the microbiome of a
healthy oral cavity.

Gram + Cocci Gram + Bacilli Gram − Cocci Gram − Bacilli

Abiotrophia
Peptostreptococcus

Streptococcus

Actinomyces Moraxella Campylobacter
Bifidobacterium Neisseria Capnocytophaga

Corynebacterium Veillonella Desulfobacter
Stomatococcus Eubacterium Desulfovibrio

Lactobacillus Eikenella
Propionibacterium Fusobacterium
Pseudoramibacter Hemophilus

Rothia Leptotrichia
Prevotella
Selemonas
Simonsiella
Treponema
Wolinella

Numerous microbial species that colonize the oral cavity are often found in eubiotics,
i.e., in a harmonious coexistence that implies mutual interaction and interaction with their
host, realized by very complex mechanisms [35] (Figure 1). Essentially, the development of
the microbiome starts when the mother’s microbiome is transferred to the fetus through
the mother’s saliva and the placenta, playing a crucial role in the development of the fetal
immune system [37].

Colonization of the oral cavity begins very soon after birth, and the first colonizers are
Streptococcus mitis, Streptococcus sanguinis, Streptococcus gordonii, and Streptococcus salivarius [38].
Until the first year of life, the oral cavity is primarily inhabited by aerobic bacteria, so
in addition to streptococci, Lactobacillus, Actinomyces, Neisseria, and Veillonella are also
present [39]. As all teeth emerge, the number of surfaces suitable for bacterial colonization
increases [40]. Colonization with periodontal microbes results in gingival fissures, the
formation of visible plaque in various parts of the tooth, and increased microbial diversity
and succession [41]. The microbiome of the oral cavity changes and evolves throughout
life, influenced by diet, hygiene habits, and host immunity. Over time, the community
of microbial species is established, leading to a stable microbial environment in the oral
cavity [38]. However, after all teeth are lost during aging, the microbiome reverts to a state
similar to that before a child’s teeth emerge [42].



Cancers 2024, 16, 2997 4 of 20

Cancers 2022, 14, x FOR PEER REVIEW 4 of 22 
 

 

community of microbial species is established, leading to a stable microbial environment 
in the oral cavity [38]. However, after all teeth are lost during aging, the microbiome re-
verts to a state similar to that before a child’s teeth emerge [42]. 

 
Figure 1. Interactions between the oral microbiome—the community of oral microorganisms con-
sisting of numerous species of bacteria, fungi, viruses, archaea, and protozoa—living in the oral 
cavity and the host. Adapted and modified from articles [43,44] under the CC BY license.  

Identifying the microorganisms that colonize the oral cavity is challenging because 
bacteria from the environment (food, water, and air) rapidly enter the mouth. Addition-
ally, colonization is influenced by contact between people, such as kissing [45]. Further-
more, assessment is complicated because most colonizers of the oral cavity are difficult to 
culture in laboratory conditions [31,46,47]. 

The most common identification tool to characterize the oral bacteriome is 16S rRNA 
amplicon sequencing using a target gene approach [48]. The highest concentration of mi-
croorganisms in the human body is found in saliva, oral mucosa, and dental plaque due 
to the abundance of nutrients necessary for their growth and multiplication [49].  

Bacteria are the most predominant community of microorganisms in the oral micro-
biome [50]. The microbiome of the oral cavity also contains archaea [50]. All members of 
the archaeal community in the oral cavity obtain most of their metabolic energy through 
methane biosynthesis, which is why they are also referred to as methanogens [51]. Ar-
chaea are significantly more abundant in individuals suffering from periodontal disease, 
with Methanobrevibacter oralis, Methanobacterium curvum, Methanobacterium congolense, and 
Methanosarcina mazeii being the most common species [48]. In addition to them, there is 
also a mycobiome that includes various fungal communities [52]. Candida is the most 
abundant in the mycobiome, followed by Cladosporium, while Aureobasidium and Saccha-
romycetales account for about 50% of the oral mycobiome [53]. Cryptococcus, Fusarium, and 
Aspergillus are the least represented fungi [54].  

In the dental mycobiome, 139 fungal species with 32 different taxa and one unclassi-
fied species of Microdochium with 12 taxa were documented. Analyses of the salivary my-
cobiome have identified two ecologically distinct ecotypes—the Candida monotype and 
the Malassezia monotype—which are salient biomarkers for oral diseases [55]. 

Many viruses coexist in the oral cavity, and most are considered pathogens. The mi-
crobiome’s viral component is called the virome [48]. It is regarded as a stable ecosystem 
that can infect host and bacterial cells, thus significantly affecting oral health [55]. Studies 
have shown an association between OSCC and oral viruses, namely Epstein–Barr virus 
(EBV), herpes simplex virus type 1 (HSV-1), hepatitis C virus (HCV), and HPV, and or-
phan viruses from the Anelloviridae family have also been detected [56]. Bacteriophages 
from class Cudoviricetes (myoviruses and siphoviruses) have been detected by analyzing 
the oral DNA virome [55]. 

Figure 1. Interactions between the oral microbiome—the community of oral microorganisms consist-
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Identifying the microorganisms that colonize the oral cavity is challenging because
bacteria from the environment (food, water, and air) rapidly enter the mouth. Additionally,
colonization is influenced by contact between people, such as kissing [45]. Furthermore,
assessment is complicated because most colonizers of the oral cavity are difficult to culture
in laboratory conditions [31,46,47].

The most common identification tool to characterize the oral bacteriome is 16S rRNA
amplicon sequencing using a target gene approach [48]. The highest concentration of
microorganisms in the human body is found in saliva, oral mucosa, and dental plaque due
to the abundance of nutrients necessary for their growth and multiplication [49].

Bacteria are the most predominant community of microorganisms in the oral micro-
biome [50]. The microbiome of the oral cavity also contains archaea [50]. All members of
the archaeal community in the oral cavity obtain most of their metabolic energy through
methane biosynthesis, which is why they are also referred to as methanogens [51]. Ar-
chaea are significantly more abundant in individuals suffering from periodontal disease,
with Methanobrevibacter oralis, Methanobacterium curvum, Methanobacterium congolense, and
Methanosarcina mazeii being the most common species [48]. In addition to them, there is also
a mycobiome that includes various fungal communities [52]. Candida is the most abundant
in the mycobiome, followed by Cladosporium, while Aureobasidium and Saccharomycetales
account for about 50% of the oral mycobiome [53]. Cryptococcus, Fusarium, and Aspergillus
are the least represented fungi [54].

In the dental mycobiome, 139 fungal species with 32 different taxa and one unclas-
sified species of Microdochium with 12 taxa were documented. Analyses of the salivary
mycobiome have identified two ecologically distinct ecotypes—the Candida monotype and
the Malassezia monotype—which are salient biomarkers for oral diseases [55].

Many viruses coexist in the oral cavity, and most are considered pathogens. The
microbiome’s viral component is called the virome [48]. It is regarded as a stable ecosystem
that can infect host and bacterial cells, thus significantly affecting oral health [55]. Studies
have shown an association between OSCC and oral viruses, namely Epstein–Barr virus
(EBV), herpes simplex virus type 1 (HSV-1), hepatitis C virus (HCV), and HPV, and orphan
viruses from the Anelloviridae family have also been detected [56]. Bacteriophages from
class Cudoviricetes (myoviruses and siphoviruses) have been detected by analyzing the oral
DNA virome [55].

It is known that the transformation of normal oral mucosa into OSCC occurs in several
stages [57]. Potentially malignant disorders (OPMD) represent a high risk for malignant
transformation. Indeed, it is known that about 80% of oral leukoplakia, proliferative ver-
rucous leukoplakia, oral lichen planus (OLP), and oral submucous fibrosis (OSF) develop
from these cases of oral cavity cancer [6,57]. The structure of the oral microbiome in oral
cavity cancer differs from that of the normal oral mucosa, and in OPMD, the two over-
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lap [58]. In patients with leukoplakia, colonization with C. albicans has been observed,
which produces proteinase that degrades the basement membrane and produces carcino-
gens [43]. High levels of Bacteroides and Fusobacteria were also observed in this group of
patients [59]. The phase of proliferative verrucous leukoplakia (PVL), which is a progressive
form of multifocal leukoplakia with a significant rate of malignant transformation, differs
significantly from that of healthy individuals. In patients with PVL, potentially antitumor
pathogens such as Oribacterium sp., Campylobacter jejuni, Eubacterium sp., Porphyromonas,
and Tannerella have been identified [60]. In patients with oral lichen planus (OLP), the
number of Porphyromonas and Solobacterium is higher, and the number of Haemophilus,
Corynebacterium, Cellulosimicrobium and Campylobacter is lower than in the healthy pop-
ulation [61]. In contrast, a higher prevalence of all HPV types has been found in oral
submucosal fibrosis (OSF) than in the healthy population [62].

Chocolatewala et al. showed that the microbiome in saliva and tumor samples is
not identical. Exiguobacterium oxidotolerans, Prevotella melanogenic, Staphylococcus aureus,
and Veillonella parvula were isolated in the microbiome of tumor samples. In contrast,
Capnocytophaga gingivalis, Prevotella melanogenic, and Streptococcus mitis were isolated from
saliva samples associated with cancer [63].

Role of Biofilm in the Development of Oral Cavity Cancer

It is important to note that oral cavity cancer is closely associated with the formation
of biofilms [64]. Indeed, when bacterial biofilm growth occurs in the epithelium, potential
conditions may lead to the oncogenic transformation of epithelial cells [65]. Recently, a
frequent research target has been the biology of cancer, i.e., the study of the influence of
bacterial biofilm on the cause itself and the progression of cancer [66].

The biofilm is essentially a sessile life form of bacteria [67], and biofilm formation is a
dynamic and complex process in five phases [68]. The first phase is characterized by the
adhesion and adherence of bacteria to surfaces in the oral cavity, whether they are soft
tissues of the oral cavity, i.e., biotic surfaces, or dental implants, i.e., abiotic surfaces [69].
Bacterial species such as Streptococcus spp. are among the first colonizers. With the help
of adhesins, they bind to specific receptors in the envelope, then multiply and secrete
extracellular polymeric substances (EPS), which are important for the biofilm matrix [70].
Due to its bacillary form, F. nucleatum is an important bridge between initial colonizers such
as Streptococcus spp. and later colonizers such as P. gingivalis [71]. Also, in inflammation,
F. nucleatum plays a significant role in colorectal cancer [72].

At this stage, the lipopolysaccharides, fimbriae, and capsule that make up the sur-
face structure of P. gingivalis and enable it to attach to the aforementioned surfaces are
of exceptional importance [68,73]. Actinomyces spp. and Veillonella spp. belong to the
secondary colonizers that join the primary biofilm colonizers by coaggregation [74]. In the
second phase of biofilm formation, the biofilm matures, its architecture becomes increas-
ingly complex, and it becomes a three-dimensional structure with microcolonies. These
channels supply the cells with water, nutrients, and air [75]. Quorum sensing (QS) enables
the control of bacterial population density with the help of extracellular molecular sig-
nals and autoinducers that control metabolism, biofilm production, and the occurrence of
virulence [76]. The extracellular matrix consists of proteins, glycoproteins, extracellular
polysaccharides, glycolipids, and nucleic acids [77]. The EPS matrix not only provides
mechanical stability but also plays a key role in the function and structure of the biofilm
and creates a complex chemical microenvironment necessary for the life of the biofilm [78].
In a mature dental biofilm, the dominant bacterial genera are Actinomyces, Fusobacterium,
Porphyromonas, Prevotella, Streptococcus, and Treponema, which can vary greatly depending
on the immune status of the host, diet, and oral hygiene [38]. In the last phase (disper-
sion phase), a transition from a sessile form to a mobile form takes place, in which the
bacteria are released from the surface of the biofilm and have the opportunity to form new
biofilms [79].



Cancers 2024, 16, 2997 6 of 20

Biofilms are primarily associated with chronic infections. As they are also found in
various types of cancer, numerous studies are being conducted to investigate their role
in cancer development, progression, and treatment [80]. Recent research has shown that
treatment outcomes and cancer behavior are significantly influenced by the microbial
composition within the tumor microenvironment [81]. Biofilms are known to be resistant
to the effects of antibiotics. They have very similar properties in cancer treatment [80].
Biofilms can essentially promote cancer through different mechanisms (Table 2).

Table 2. Mechanisms by which biofilm promotes the formation of cancer.

No. Mechanisms by Which Biofilm Promotes the Formation of Cancer Ref.

1. Biofilm can directly affect the immune response of the host, thus creating a favorable environment for the
development of cancer. [66]

2. It can trigger chronic inflammation that leads to DNA damage and thus promotes the growth of cancer cells. [82]

3. Bacteria inside the biofilm can secrete toxins that have carcinogenic effects. [83]

4. Bacteria found in the tumor microenvironment (tumor microbiome) influence cancer progression. [84]

5. Bacteria in the biofilm can significantly change the metabolism of the host. [70]

3. Dysbiosis of the Oral Microbiota

Microorganisms that are an integral part of the oral microbiome maintain a harmo-
nious balance (homeostasis) of pH, nutrients, and temperature that are symbiotically or
synergistically distributed [35]. However, changes caused by local or systemic factors can
disrupt this balance, which we also refer to as “dysbiosis,” leading to the proliferation of
potentially pathogenic microorganisms [36,85] (Figure 2). Dysbiosis of the oral microbiome
can be triggered by excessive consumption of carbohydrate-rich foods, the breakdown of
which creates an environment with a lower pH value. In such an environment, the growth
of acid-sensitive microorganisms is inhibited, while microorganisms adapted to such an en-
vironment, such as Lactobacillus spp. and Streptococcus mutants, thrive [86]. This imbalance
can lead to the development of numerous pathological conditions and diseases [87].

Cancers 2022, 14, x FOR PEER REVIEW 7 of 22 
 

 

 
Figure 2. A depiction of the disruption of the balanced microbial community within the oral cavity 
(i.e., a dysbiosis of the oral microbiota) leading to carcinogenesis. Alcohol and tobacco have a nega-
tive effect on the composition of the oral microbiome and lead to dysbiosis. Oral infections caused 
by pathogenic bacteria like Fusobacterium and Porphyromonas species elevate cytokine levels and in-
flammatory factors. This results in chronic inflammation and changes in various molecular signaling 
pathways that regulate cell metabolism and growth. The substances produced by pathogenic bacte-
ria, including ROS and H2S, induce genetic damage that promotes tumor development. Dysbiosis 
of the oral biofilm alters the homeostasis of the epithelial barrier and leads to barrier dysfunction. 
Adapted and modified from an article [43] under the CC BY license.  

Bacteria of the oral microbiome can contribute to oral carcinogenesis by various 
mechanisms, e.g., by activating cell proliferation, inhibiting apoptosis, triggering chronic 
inflammation, stimulating cell invasion, and producing carcinogens [91]. 

3.1. Bacteria Essential for the Development of Oral Cavity Cancer 
 Several studies have confirmed the close relationship between oral bacteria and 

OSCC. This process is greatly facilitated by the possibility of sequencing 16S rRNA am-
plicons to compare oral bacterial DNA isolated from cancer patients and healthy individ-
uals [92–94]. Oral bacteria play an essential role in the development of OSCC. Thus, it is 
crucial to acknowledge the mechanisms that influence the development of OSCC, such as 
inhibition of apoptosis, acceleration of cell proliferation, and enhancement of tumor inva-
sion and metastasis [95]. Understanding these mechanisms provides valuable insights into 
new diagnostic and treatment options for OSCC [96]. Particular attention should be given 
to pathogenic periodontal bacteria, which are linked to periodontal disease and contribute 
significantly to the inflammatory state that can induce DNA damage in epithelial cells, 
thereby promoting cancer progression [97]. 

Fusobacterium nucleatum (F. nucleatum) is an anaerobic, Gram-negative bacterium 
commonly found in the oral cavity [71]. Recent research has emphasized its important role 
in the pathogenesis of oral cavity cancer, particularly OSCC [98]. The association between 
F. nucleatum and oral cavity cancer is mediated through several mechanisms, including 
modulation of the immune response, promotion of inflammation, and direct interaction 
with cancer cells [99]. This bacterial agent can induce chronic inflammation in the oral 
cavity, a known risk factor for carcinogenesis [100]. F. nucleatum stimulates the production 
of pro-inflammatory cytokines such as IL-6, IL-8, and TNF-α., creating a microenviron-
ment that favors cancer development by promoting cell proliferation, inhibiting apopto-
sis, and inducing DNA damage [101]. Additionally, it modulates the host immune re-
sponse to promote tumor growth, inhibiting the activity of natural killer (NK) cells and 
cytotoxic T lymphocytes and allowing, in turn, cancer cells to evade immune surveillance 
[102].  

Figure 2. A depiction of the disruption of the balanced microbial community within the oral cavity
(i.e., a dysbiosis of the oral microbiota) leading to carcinogenesis. Alcohol and tobacco have a negative
effect on the composition of the oral microbiome and lead to dysbiosis. Oral infections caused
by pathogenic bacteria like Fusobacterium and Porphyromonas species elevate cytokine levels and
inflammatory factors. This results in chronic inflammation and changes in various molecular signaling
pathways that regulate cell metabolism and growth. The substances produced by pathogenic bacteria,
including ROS and H2S, induce genetic damage that promotes tumor development. Dysbiosis of the
oral biofilm alters the homeostasis of the epithelial barrier and leads to barrier dysfunction. Adapted
and modified from an article [43] under the CC BY license.
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The presence of many pathogenic bacteria in the oral cavity can result in caries,
gingivitis, and periodontal disease, leading to local inflammation [88]. Changes in the oral
microbiota can influence OSCC through carcinogenic modulation of cell metabolism (e.g.,
by altering the concentration of vitamins and nutrients), thereby stimulating the production
of various cytokines that may contribute to different pathological conditions [89]. OSCC
can arise from chronic bacterial infection, and the link between chronic inflammation,
periodontitis, and oral cancer is thought to be one of the leading causes [49]. Thus, it
is important to note that dysbiosis disrupts the harmony in the microbiome of the oral
cavity. When one microbial community is suppressed, another expands its pathogenic
potential unhindered, which may be a significant factor in the development of OSCC [4,90].
Addressing and restoring microbial balance in the oral cavity could be a pivotal strategy in
preventing and managing OSCC.

Bacteria of the oral microbiome can contribute to oral carcinogenesis by various
mechanisms, e.g., by activating cell proliferation, inhibiting apoptosis, triggering chronic
inflammation, stimulating cell invasion, and producing carcinogens [91].

3.1. Bacteria Essential for the Development of Oral Cavity Cancer

Several studies have confirmed the close relationship between oral bacteria and OSCC.
This process is greatly facilitated by the possibility of sequencing 16S rRNA amplicons to
compare oral bacterial DNA isolated from cancer patients and healthy individuals [92–94].
Oral bacteria play an essential role in the development of OSCC. Thus, it is crucial to
acknowledge the mechanisms that influence the development of OSCC, such as inhibition
of apoptosis, acceleration of cell proliferation, and enhancement of tumor invasion and
metastasis [95]. Understanding these mechanisms provides valuable insights into new
diagnostic and treatment options for OSCC [96]. Particular attention should be given to
pathogenic periodontal bacteria, which are linked to periodontal disease and contribute
significantly to the inflammatory state that can induce DNA damage in epithelial cells,
thereby promoting cancer progression [97].

Fusobacterium nucleatum (F. nucleatum) is an anaerobic, Gram-negative bacterium com-
monly found in the oral cavity [71]. Recent research has emphasized its important role in
the pathogenesis of oral cavity cancer, particularly OSCC [98]. The association between
F. nucleatum and oral cavity cancer is mediated through several mechanisms, including
modulation of the immune response, promotion of inflammation, and direct interaction
with cancer cells [99]. This bacterial agent can induce chronic inflammation in the oral
cavity, a known risk factor for carcinogenesis [100]. F. nucleatum stimulates the production
of pro-inflammatory cytokines such as IL-6, IL-8, and TNF-α., creating a microenvironment
that favors cancer development by promoting cell proliferation, inhibiting apoptosis, and
inducing DNA damage [101]. Additionally, it modulates the host immune response to
promote tumor growth, inhibiting the activity of natural killer (NK) cells and cytotoxic T
lymphocytes and allowing, in turn, cancer cells to evade immune surveillance [102].

F. nucleatum also promotes the recruitment of myeloid-derived suppressor cells (MD-
SCs) and regulatory T cells (Tregs), further suppressing the antitumor immune response [103].
F. nucleatum possesses adhesins such as Fusobacterium adhesin A (FadA), which facilitate
its attachment to epithelial cells and extracellular matrix components. FadA can bind to
E-cadherin on host cells, activating β-catenin signaling pathways that promote cell prolifer-
ation and survival [104]. This interaction supports bacterial invasion and contributes to the
malignant transformation of epithelial cells [105]. Furthermore, this species can produce
various metabolites and enzymes that can have genotoxic effects on host cells [106]; for
instance, hydrogen sulfide (H2S), a metabolic byproduct of F. nucleatum, can cause DNA
damage and mutations. Producing reactive oxygen species (ROS) by the bacterium exacer-
bates oxidative stress and genetic instability, which are key carcinogenic factors [107]. The
presence of F. nucleatum in oral cancer tissues and saliva has been suggested as a potential
biomarker for the early detection and prognosis of OSCC [108]. Quantitative PCR and



Cancers 2024, 16, 2997 8 of 20

next-generation sequencing techniques can detect and quantify F. nucleatum in clinical
samples, helping to identify high-risk individuals [109].

Porphyromonas gingivalis (P. gingivalis) is a Gram-negative, anaerobic bacterium best
known for its role in periodontal disease [68]. Recent findings suggest that P. gingivalis,
similar to F. nucleatum, is involved in the development of oral cavity cancer, particularly
oral squamous cell carcinoma [100]. The bacterium contributes to carcinogenesis via several
mechanisms, including chronic inflammation, immunomodulation, direct interactions with
epithelial cells, and manipulation of the tumor microenvironment [110]. This bacterium
triggers a chronic inflammatory reaction in the oral cavity, a significant risk factor for cancer
development [111].

This bacterial agent stimulates the production of pro-inflammatory cytokines such
as IL-1β, IL-6, IL-8, and TNF-α by gingival epithelial cells and macrophages [112]. The
cytokines above create a pro-tumourigenic environment by promoting cell proliferation,
survival, and angiogenesis and inhibiting apoptosis [113]. P. gingivalis modulates the
host immune response to evade detection and facilitate chronic infection [114]. It inhibits
neutrophil and macrophage function, preventing adequate bacterial clearance. It also
manipulates dendritic cell function, resulting in impaired antigen presentation and a biased
T-cell response favoring a Th2 and Treg profile over a Th1 profile, which is less effective in
antitumor immunity [115]. This immune modulation supports a microenvironment that
allows cancer cells to proliferate and evade immune surveillance [116]. Several virulence
factors, including fimbriae and gingipains, facilitate adhesion to and invasion of epithelial
cells [114]. Gingipains are cysteine proteinases that belong to the peptidase family C25 [117].
The bacterium can invade oral epithelial cells and persist intracellularly, leading to changes
in cell signaling pathways [118]. P. gingivalis can activate the NF-κB and MAPK signaling
pathways involved in inflammation, cell survival, and proliferation [119]. By inhibiting
apoptosis, it may confer a survival advantage to both the bacterium and the infected
host cell, which may accumulate mutations and become malignant over time. Epithelial-
mesenchymal transition (EMT) induced by P. gingivalis is mediated by activation of TGF-β
and Wnt signaling pathways, resulting in increased expression of mesenchymal markers
such as N-cadherin and vimentin, as well as decreased expression of epithelial markers
such as E-cadherin [120].

The synergy between P. gingivalis and other microorganisms, such as F. nucleatum, en-
hances their pathogenicity and ability to promote a pro-inflammatory and pro-carcinogenic
environment [121] (Table 3). Biofilms formed on the oral surface provide a reservoir for
these bacteria, maintaining chronic inflammation and constant exposure of epithelial cells
to bacterial virulence factors [122]. Preserving oral hygiene and reducing exposure to
F. nucleatum and P. gingivalis through regular dental care and antimicrobial mouth rinses
can reduce the risk of oral cancer [123]. Public health initiatives that promote oral health
awareness and regular dental check-ups are vital in preventing bacterial colonization and
its harmful effects [124]. Antimicrobial mouthwashes and professional dental cleanings
can help manage bacterial populations in the oral cavity [125].

Table 3. A summary of the oncogenic effects described for the bacteria F. nucleatum and P. gingivalis.

Bacteria Oncogenic Effects Ref.

F. nucleatum
P. gingivalis

Inducing infected cells to produce inflammatory cytokines or growth factors
Induction of epithelial-to-mesenchymal transition

Increase in proliferation
Establishment of a tumor-promoting immune environment

induction of chemoresistance,
Induction of epithelial-to-mesenchymal transition

Release of mutagenic substances
Upregulation of cell survival factors

Stimulation of cell invasion
Suppression of antitumor immune response

Initiation of tumor angiogenesis
Enhancement of cellular stemness

[99,126]
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According to published studies, Aggregatibacter actinomycetemcomitans (A. actinomycetem-
comitans) is directly involved in the development of OSCC [127]. Its oncogenic potential is
directly related to its virulence factors (such as cytolethal toxin), which induce other byprod-
ucts like acetaldehyde, ROS, sulfides, nitrosamines, and reactive nitrogen species [30]. They
collectively exhibit an oncogenic potential characterized by DNA alkylation, mutations, and
significantly impaired repair [30]. Since A. actinomycetemcomitans stimulates the production
of immunosuppressive cytokines such as IL-10, which can inhibit antitumor immunity, it is
reasonable to conclude that it slows down the host immune response in a way that may
stimulate and facilitate tumor growth [127].

3.2. Viral Causes of Oral Cavity Carcinoma

As already mentioned, oral cavity carcinoma, a type of head and neck cancer, is a
major global health problem with rising incidence rates worldwide [128]. While traditional
risk factors, such as tobacco use and alcohol consumption, continue to play a pivotal role,
the role of viral infections in the etiology of oral cavity cancer has gained considerable
attention in recent years [129]. While HPV infection remains the best-characterized and
well-known viral cause of oral cavity carcinoma, EBV and Human herpesvirus 8 (HHV-8)
infections highlight the diversity of viruses that can contribute to oral carcinogenesis [130].
Understanding the immunological responses to these viral infections provides valuable
insights into tumor progression and offers promising opportunities for targeted therapies
and immunotherapeutic approaches [131].

3.2.1. Human Papillomavirus (HPV)

Human papillomavirus is a critical etiologic factor in oral cavity cancers, particularly
in cases not associated with traditional risk factors [132]. HPV, most notably high-risk
types such as HPV-16 and HPV-18, are repeatedly associated with the development of
oropharyngeal cancer [133,134]. The viral oncoproteins E6 and E7 are primarily involved
in HPV-induced carcinogenesis [135,136]. These proteins interfere with critical cellular
metabolic pathways; more specifically, the E6 protein targets the degradation of the tumor
suppressor p53, thus impairing cell cycle arrest and apoptosis, while the E7 protein inacti-
vates the retinoblastoma protein (pRb), which leads to uncontrolled cell proliferation [137].

The host’s immune response to HPV infection plays a decisive role in the outcome of
the viral infection and the possible development of cancer [138]. HPV infection triggers
the innate immune response [139], with keratinocytes producing interferons and pro-
inflammatory cytokines to activate NK cells and dendritic cells [140]. The adaptive immune
response, especially CD4+ and CD8+ T cells, is essential for clearing HPV-infected cells [141].
However, HPV employs various mechanisms to evade immune recognition, including
downregulating MHC class I molecules and interfering with interferon signaling [3]. Recent
studies indicate that HPV-positive oral cavity carcinomas often exhibit a different immune
microenvironment compared to HPV-negative tumors, with increased infiltration of CD8+
T cells and a better prognosis [142].

3.2.2. Epstein-Barr Virus (EBV)

Epstein-Barr virus (EBV), a member of the herpesvirus family, is associated with
the development of various malignancies, including nasopharyngeal carcinomas and a
subset of oral cavity carcinomas [143]. Multiple viral proteins are involved in EBV-induced
carcinogenesis. Latent membrane protein 1 (LMP1) acts as a constitutively active tumor
necrosis factor receptor, activating the NF-κB and MAPK pathway to promote cell survival
and proliferation [144]. Epstein-Barr nuclear antigen 1 (EBNA1) maintains the viral genome
and interferes with the p53 and pRb signaling pathways [145]. The immune response
to EBV in the context of oral cavity carcinoma is complex. Triggered by EBV infection,
innate immunity produces type I interferons and activates NK cells [146]. EBV-specific T
cells play a crucial role in the control of viral replication. However, EBV employs various
strategies to evade the adaptive immune response, including the expression of viral IL-10,
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which suppresses the T-cell response [147]. Immunotherapies targeting EBV help treat
EBV-associated oral cancers by enhancing T-cell responses against viral antigens [148,149].

3.2.3. Human Herpesvirus 8 (HHV-8)

Human herpesvirus 8 (HHV-8), also known as Kaposi’s sarcoma-associated her-
pesvirus (KSHV), has been identified in a small subset of oral cavity carcinomas, particularly
in immunocompromised individuals [150,151]. Several viral proteins contribute to the
oncogenesis of HHV-8 [152,153]. There is a latency-associated nuclear antigen (LANA) that
inhibits p53 and pRb, thereby promoting cell cycle progression, but also a viral G protein-
coupled receptor (vGPCR) that activates several signaling pathways (including PI3K/AKT
and MAPK), thereby promoting angiogenesis and cell survival [154]. The immune response
to HHV-8 in oral cavity carcinoma is less well understood compared to HPV and EBV.
However, studies have shown that HHV-8 infection activates pattern recognition receptors
that produce type I interferons and that CD8+ T cells specific for HHV-8 antigens play a
critical role in controlling viral replication [155]. Akin to other viruses, HHV-8 employs
various strategies to evade the immune system, including the expression of viral proteins
that interfere with antigen presentation and T-cell activation [156].

3.2.4. Immunologic Microenvironment and Therapeutic Implications

The immunological microenvironment of virus-associated oral cavity carcinomas
plays a crucial role in tumor progression and response to therapy [157]. These cancers
often exhibit increased expression of immune checkpoint molecules such as PD-L1, which
are potential targets for immunotherapy [158]. The presence and composition of tumor-
infiltrating lymphocytes (TILs) in virus-associated oral cavity cancers have been shown to
have prognostic significance, with higher levels of CD8+ T cells generally linked to better
outcomes [159,160]. Virus-associated oral cavity cancers also frequently show a distinct
cytokine profile with elevated levels of pro-inflammatory cytokines such as IL-6 and TNF-α,
which may influence tumor progression and response to treatment [161,162].

Understanding the complex interplay between viral infection, host immune response,
and tumor microenvironment has led to the development of new therapeutic approaches
and strategies [163,164]. Ongoing clinical trials evaluate the efficacy of therapeutic vaccines
targeting viral antigens in HPV- and EBV-associated oral cavity cancers [164]. Immune
checkpoint inhibitors, such as pembrolizumab and nivolumab, have shown promising
results in the treatment of recurrent or metastatic squamous cell carcinoma of the head
and neck, including virus-associated cases [165]. Adoptive T-cell therapy targeting viral
antigens is being explored as a potential treatment option for virus-associated oral cavity
cancers [166]. These advancements highlight the importance of personalized immunother-
apy in improving patient outcomes.

3.3. Role of Fungi in Oral Carcinoma

After a significant increase in the incidence of certain fungi was observed in cancer
patients, the connection between fungi and various malignancies in humans has gained
increasing attention in recent years and sparked extensive research efforts to understand
the underlying mechanisms [167].

More than 75 genera of fungi, including Candida, Cladosporium, Aureobasidium, and
Aspergillus, comprise the diverse fungal community in the oral cavity. Fungal infections,
particularly those caused by Candida species, have been associated with the pathogenesis of
oral carcinoma (OC) [4,168]. Fungi can increase cell density and stimulate hyphal growth,
providing the structural basis for biofilms with various pathogens. Furthermore, among
eukaryotes, fungi are notable for their significant impact on the host immune system and
a plethora of immunological effects. The interactions between host and fungi highlight
a robust immune response mechanism in the host [169,170]. Fungal infections can cause
chronic inflammation in the oral cavity, which is a known risk factor for the development
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of various cancers, including OC. Persistent inflammation can result in cellular damage,
DNA mutations, and an environment conducive to malignant transformation [4].

Metagenomic analysis of whole-genome sequencing (WGS) data revealed an asso-
ciation between C. albicans and head and neck tumors. Using Illumina™ 2 × 300 bp
chemistry, C. albicans was found to play a role in initiating and developing OC based
on its ITS2 region [167]. C. albicans promotes OC via IL-17A/IL-17RA and macrophage
involvement [171,172]; more specifically, the infection with C. albicans increases the pro-
duction of IL-17A by Th17 cells [173]. Tumor cells can release the chemokine (C-C motif)
ligand 2 (CCL2) upon activating IL-17RA signaling to attract macrophages into the tumor
microenvironment. These macrophages exhibit an immunosuppressive phenotype with
increased expression of IL-10, arginase-1, PD-L1, and galectin-9 [167].

Candida can also interact with other microbial pathogens in the oral cavity to form
biofilms. These biofilms create a complex and protective environment that enhances the
pathogenic potential of the involved microorganisms. Such an interaction leads to increased
inflammation and tissue damage, providing a persistent inflammatory stimulus that further
promotes carcinogenesis [174,175].

It is important to note that C. albicans plays a vital role in metabolic interactions re-
lated to oxygen removal, creating a favorable niche for the survival of P. gingivalis in the
oral cavity [176]. Similarly, several oral bacteria physically interact with the hyphae of
C. albicans [175], with specific surface proteins associated with the hyphae playing an impor-
tant role. These are members of the Als1 and Als3 families of agglutinin-like sequences (Als),
the hyphal wall protein 1 (Hwp1), and the cell wall adhesion protein 1 (Eap1) [177,178].
Both metabolic and physical interactions between P. gingivalis and C. albicans can enhance
the invasive capability of P. gingivalis [176]. Interactions between C. albicans and P. gingivalis
show that cohesion induced by specific proteins causes significant changes in the gene
expression of P. gingivalis, which can lead to increased infectivity [176,179].

A group of authors investigated the correlation between fungi and bacteria in 39 speci-
mens, including non-tumorous and tumorous tongue samples. The fungal species
Lichtheimia corymbifera showed a positive association with bacterial genera such as Fusobacterium,
Porphyromonas, and Campylobacter [180]. This suggests that interactions between differ-
ent groups of microorganisms can cause specific oral diseases, including precancerous
lesions [35], underscoring the complex interplay within the oral microbiome that may drive
the progression of these conditions.

C. albicans is the most common fungal species found in the oral cavity and has been
extensively studied in the context of OC. This yeast can produce nitrosamines and me-
tabolize ethanol to acetaldehyde, an electrophilic and genotoxic substance that impacts
DNA repair, induces oxidative stress, and causes DNA damage. These byproducts can
cause mutations in the epithelial cells of the oral mucosa, potentially resulting in malignant
transformation [43,181,182].

Virulence factors, lipolytic activity, and the ability of C. albicans to degrade proteins con-
siderably influence the development of carcinogenesis. At the same time, further invasion
into the tissue is favored by hydrolytic exoenzymes [182,183]. Proteinase, phospholipase,
and C. albicans lipase activity are notably higher in patients with OC [184]. Candidalysin,
a cytolytic toxin, is the most important virulence factor of C. albicans [185,186], playing
a crucial role in the induction of cell damage and inflammation [187]. The inflammatory
molecules IL-6, IL-17, NLRP3, and GM-CSF are associated with carcinogenesis [188]. Can-
didalysin is encoded by the ECE1 gene, which is associated with C. albicans virulence
factors such as adhesion, filamentation, and biofilm formation [189]. C. albicans biofilm
may contribute to the development and progression of OC by inducing the formation of
lipid droplets and reducing the efficacy of chemotherapeutic agents [190]. Similarly, can-
didalysin can stimulate signaling pathways critical in carcinogenesis [181]. Candidalysin
also promotes angiogenesis and the formation of new blood vessels, which are essential for
cancer growth and metastasis of primary tumors to other tissues and organs—suggesting
its significant role in the progression of oral cavity cancer [43].
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Individuals with weakened immune systems, such as people with human immun-
odeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS), diabetes, or those
undergoing immunosuppressive therapy (e.g., corticosteroids, chemotherapy), are more
prone to fungal infections. These infections can elevate the risk of developing oral carci-
noma as the body is less capable of combating abnormal cell growth [43,191].

Oral infections caused by Candida species lead to an upregulation of pro-inflammatory
cytokines, including interleukin (IL)-1α, IL-1β, IL-6, IL-8, IL-18, tumor necrosis factor
(TNF)-α, IFN-γ and GM-CSF. These cytokines directly impact metabolic pathways and,
accordingly, induce endothelial dysfunction, playing an essential role in mechanisms
related to the immune system and cancer development [192].

Fungal infections can also stimulate the proliferation of epithelial cells in the oral cavity.
This increased cell turnover heightens the likelihood of genetic mutations and abnormal cell
growth, setting the stage for cancer development [4,193,194]. Although fungal infections
alone are insufficient to cause oral carcinoma, they play an important role in creating a
microenvironment that promotes carcinogenesis through chronic inflammation, molecular
changes, and interactions with other pathogenic microbial species. Effective treatment of
fungal infections and oral hygiene maintenance are essential strategies to reduce the risk of
oral carcinoma, as well as to prevent the progression of potentially malignant conditions in
the oral cavity.

3.4. Role of Protozoa in Oral Carcinoma

Oral parasites in the oral microbiome include protozoa, typically found in periodontal
pockets and dental plaque [36]. Entamoeba gingivalis (E. gingivalis) and Trichomonas tenax
(T. tenax) are oral protozoan parasites commonly seen in patients with poor oral hygiene
and chronic and periodontal diseases. The transmission of T. tenax is possible through
contaminated water, food, and saliva, with prevalence in the mouth ranging from 4% to
53% [195]. Research by Malaa and colleagues found that the prevalence of E. gingivalis or
T. tenax varies depending on the metabolic disorder, indicating a potential link between
specific metabolic conditions and the susceptibility to these oral protozoan parasites [195]
(Table 4).

Table 4. Representation of parasites in the oral cavity depending on metabolic disorders.

Parasite Representation of Parasites in the Oral Cavity

Entamoeba gingivalis Highly prevalent in people with diabetes

Trichomonas tenax Low in thyroid disorders
Highly prevalent in people with hypertension

Although parasites are present in low numbers in the oral cavity, recent studies using
microbial biomarkers for human OSCC tissue have also revealed oncogenic parasites.
However, further studies are needed to confirm this and draw a definitive conclusion [196].

4. Conclusions

The microbiota of the oral cavity consists of various microorganisms, including bac-
teria, viruses, protozoa, fungi, and archaea. This diverse microbial community plays an
extremely important role in the activities of the immune system and the metabolism of
various substances. Dysbiosis, a disruption in the normal composition of the microbiome,
can lead to chronic inflammation, which significantly contributes to the development of
OSCC. To prevent OSCC, a careful examination of the microbiota of the oral cavity and
increased oral hygiene measures are steps of utmost importance. This involves routine
dental check-ups and the use of antimicrobial mouthwashes and professional cleanings to
manage and maintain a healthy balance of microorganisms in the oral cavity.

Furthermore, a deeper investigation into the influence of the microbiota on the patho-
genesis of OSCC is necessary. We showed some notable advancement in the field, but fully
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understanding the specific mechanisms by which dysbiosis promotes carcinogenesis will
undoubtedly aid in the discovery of potential therapeutic targets. For instance, targeting
the pro-inflammatory pathways activated by pathogenic microorganisms or developing
probiotics that can restore a healthy microbiome balance are just two examples of rather
promising future strategies. Ultimately, fostering a comprehensive approach to oral health
and microbiome research will be pivotal in our quest to combat OSCC and improve patient
outcomes.
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