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Crosstalk between the oral microbiota, mucosal immunity, and
the epithelial barrier regulates oral mucosal disease
pathogenesis
Dongjia Lin1, Lisa Yang1, Liling Wen1, Huanzi Lu1, Qianming Chen2 and Zhi Wang 1

Oral mucosal disease (OMD), which is also called soft tissue oral disease, is described as a series of disorders or conditions affecting
the mucosa and soft tissue in the oral cavity. Its etiology is unclear, but emerging evidence has implicated the influence of the
composition of the oral mucosa and saliva-resident microbiota. In turn, this dysbiosis effects the immune response balance and
epithelial barrier function, followed by the occurrence and progression of OMD. In addition, oral microbial dysbiosis is diverse in
different types of diseases and different disease progressions, suggesting that key causal pathogens may exist in various oral
pathologies. This narrative literature review primarily discusses the most recent findings focusing on how microbial dysbiosis
communicates with mucosal adaptive immune cells and the epithelial barrier in the context of five representative OMDs, including
oral candidiasis (OC), oral lichen planus (OLP), recurrent aphthous ulcer (RAU), oral leukoplakia (OLK), and oral squamous cell
carcinoma (OSCC), to provide new insight into the pathogenetic mechanisms of OMDs.
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INTRODUCTION: CROSSTALK BETWEEN THE ORAL
MICROBIOTA, MUCOSAL IMMUNITY AND THE EPITHELIAL
BARRIER IN ORAL PATHOLOGIES
Oral mucosal disease (OMD), which is also called soft tissue oral
disease, is described as a series of disorders or conditions affecting
the mucosa and soft tissue in the oral cavity. OMD mainly includes
oral infectious diseases, with oral candidiasis (OC) as the
representative;1 oral mucosal patches striae diseases, with oral
lichen planus (OLP) as the representative;2 ulcerative lesions of the
oral mucosa, with recurrent aphthous ulcer (RAU) as the
representative;3 oral premalignancy, with oral leukoplakia (OLK)4

as the representative; oral cancer and neoplasms, with oral
squamous cell carcinoma (OSCC)4 as the representative etc.
(Table 1).5–10 The etiopathogenesis of OMDs is complicated and
not fully understood. Diverse factors, including genetic predis-
position, immunologic disturbances, viral and bacterial infections,
food allergies, vitamin and microelement deficiencies, hormonal
imbalance, mechanical injuries, and stress, have been suggested
to be associated with OMDs.1–3 Interestingly, all these factors
disrupt the diversity and composition of the commensal oral
microbiota. Dysbiosis commonly describes a compositional and
functional alteration in the microbiota that is driven by a set of
environmental and host-related factors that perturb the microbial
ecosystem to an extent that exceeds its resistance and resilience
capabilities.11 Here, we use the extended definition of dysbiosis,
namely, a microbial community state that is not only statistically
associated with a disease but also functionally contributes to the
etiology, diagnosis, or treatment of the disease (Fig. 1).12

Recent studies indicate that oral microbial dysbiosis is diverse in

different types of diseases13–16 and changes during disease
progression,14,17–19 suggesting that key causal pathogens may
exist in various oral lesions. However, the role of the oral
microbiota in inducing or progressing oral pathologies has not
been thoroughly characterized.
Oral microbiota dysbiosis may cause diseases through several

molecular mechanisms. Most recently, a study has demonstrated
that finely tuned crosstalk between the oral microbiota, immune
cells, and the epithelium is critical for the maintenance of the
mucosal architecture and homeostasis.20–24 An increasing body of
evidence suggests that perturbations of the mucosal microbiota
can modulate innate and adaptive immune responses, with
inflammation arising due to a reduction in the number of
symbiont microorganisms and/or an increase in the number of
pathobiont microorganisms (commensal bacteria with pathogenic
potential).25–28 For example, one mechanism by which these
microbes regulate immunity is by controlling regulatory T cells
(Tregs) and T helper 17 (Th17) cells.29–31 In addition, the
epithelium recognizes and responds to the microbiota, and in
turn, microbial dysbiosis and associated metabolite alterations
destroy the integrity of the mucosal epithelium and its barrier
functions.23,32 Given that the entire community of microbial
residents influences immune response balance33,34 and epithelial
barrier function,23,35 we argue that OMDs can potentially be the
outcome of dysbiosis due to homeostatic host–microbe interac-
tion breakdown. The interplay between the intestinal microbiota,
immune system and epithelial barrier has been well
discussed,21,23,32,33 but considerable gaps in our knowledge of
the oral cavity remain. In this narrative review, we highlight the

Received: 16 January 2021 Revised: 26 April 2021 Accepted: 4 May 2021
Published online: 26 May 2021

1Hospital of Stomatology, Guanghua School of Stomatology, Guangdong Provincial Key Laboratory of Stomatology, Sun Yat-Sen University, Guangzhou, Guangdong, PR China
and 2Hospital of Stomatology and Key Laboratory of Oral Biomedical Research of Zhejiang Province, School of Stomatology, Zhejiang University School of Medicine, Hangzhou,
Zhejiang, PR China
Correspondence: Zhi Wang (wangzh75@mail.sysu.edu.cn)

www.nature.com/mi

© The Author(s), under exclusive licence to Society for Mucosal Immunology 2021

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00413-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00413-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00413-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41385-021-00413-7&domain=pdf
http://orcid.org/0000-0002-5276-1413
http://orcid.org/0000-0002-5276-1413
http://orcid.org/0000-0002-5276-1413
http://orcid.org/0000-0002-5276-1413
http://orcid.org/0000-0002-5276-1413
mailto:wangzh75@mail.sysu.edu.cn
www.nature.com/mi


characteristics of the microbial composition of different OMDs and
explore the potential causal pathogens and biomarkers in various
oral pathologies. We also focus on the interactions between oral
microbes, adaptive immune cells and the epithelial barrier and
how these communications influence the following five repre-
sentative OMDs: OC, OLP, RAU, OLK, and OSCC.

THE ROLE OF CANDIDA ALBICANS IN ORAL CANDIDIASIS
OC is commonly referred to as “thrush” and is the most common
opportunistic fungal infection that generally affects the oral
mucosa. The main causative agent, i.e., Candida albicans (C.
albicans), is a highly versatile commensal organism that is well
adapted to its human host; however, changes in the host
microenvironment can promote the transition from commensal-
ism to pathogenesis.1,13 This transition heavily relies on an
impressive repertoire of virulence factors, most notably including
cell surface adhesins, proteolytic enzymes, morphologic switching,
and drug resistance development.1 Since a clear understanding of

the pathogenesis mechanisms of OC is currently lacking, we
review the role of C. albicans and its interplay with the host
adaptive immune response and mucosal barrier.

C. albicans shapes the host oral microbiota in oral candidiasis
C. albicans is by far the main causative agent of OC and account
for up to 95% of cases. The history of the identification of the
etiological agent of OC has been fully described in previous
studies.1 However, no data concerning the species distribution
among OC patients were available until a recent large-scale
population-based study discovered that of 11,161 isolated
Candida strains, C. albicans remained the most common species
(75.37%), followed by Candida tropicalis (C. tropicalis) (6.06%),
Candida krusei (C. krusei) (2.79%), and Candida glabrata (C.
glabrata) (2.02%). Surprisingly, both the proportion and number
of C. glabrata isolates dramatically increased over the 4
consecutive years of the study.13

C. albicans is not only an important component of the oral
microbiota but also an important player in communication in the
oral microbiome. In a healthy host, unperturbed commensal
bacterial communities are crucial for limiting C. albicans coloniza-
tion at mucosal sites.36 When the microbial equilibrium is changed
by immunosuppression, certain bacterial species may overgrow
and form mutualistic relationships with C. albicans. The direct or
indirect interactions between C. albicans–bacterial cells have been
recently reviewed.1,37 These studies suggest that in the oral cavity,
the coadhesion of C. albicans with bacteria is essential for C.
albicans persistence; therefore, these interactions may enhance
colonization in the host.38 Moreover, in turn, the pathogen C.
albicans may lead to well-coordinated dysbiosis, which amplifies
mucosal damage. Increasing evidence suggests that C. albicans
induces mucosal bacterial dysbiosis, which promotes invasive
infection.39 However, the influence of Candida populations on the
microbial community composition is not understood. Future
studies should consider OC pathogenesis integrally related to
the physiology of the resident microbial communities within
which C. albicans resides as a commensal or cause of disease.

Host adaptive immune response to C. albicans in oral candidiasis
As the oral mucosa is frequently colonized, the host immune
response in the oral cavity is oriented toward a more tolerogenic
state; therefore, local innate immune defenses play a central role
in maintaining Candida in its commensal state.1,40 Several
comprehensive reviews of the innate immune response during
C. albicans mucosal infection have been recently published.1,40,41

Here, we emphasize the local oral adaptive immune defenses that
play a vital role in the defense response against Candida in its
pathogenic state during OC.
The Th17-type adaptive immune response is mainly involved in

mucosal host defenses by controlling the initial growth of Candida
and inhibiting subsequent tissue invasion. Recent studies have
elucidated the overwhelming role of the Th17/interleukin (IL)-17
axis in protection against candidiasis, which is mainly caused by C.
albicans.42–47 First, C. albicans epitopes can activate STAT3, which
is necessary for Th17 proliferation and function, through
secondary mediators, ensuring initial pattern recognition and
providing a cytokine environment for the activation of Th17
responses.48 IL-17 is produced within 1–2 d by
CD3+CD4+CD44hiTCRβ+CCR6+ natural Th17 (nTh17) cells and
tongue-resident populations of γδ T cells but not T cell receptor
(TCR)-deficient innate lymphoid cells (ILCs) or natural killer (NK)
cells.43–46 IL-17 promotes granulopoiesis and neutrophil accumu-
lation in peripheral tissues for pathogen clearance and host
defense against Candida infections.47 A previous study discovered
that mono-genetic mutations of stat3 associated with the loss of
Th17 cells could enhance acute oropharyngeal candidiasis
(OPC).49 Mice and humans lacking IL-17R experience chronic
mucosal candidiasis.45 Anti-IL-17A antibodies, which neutralize IL-

Table 1. Classification of oral mucosal disease.

Classification Representative diseases

Oral infectious diseases, OID Oral candidiasis, OCa

Herpes simplex, HS

Coccigenic stomatitis, CS

Oral mucosal patches striae
diseases, OMPSD

Oral lichen planus, OLPa

Leukokeratosis

Discoid lupus erythematosus, DLE

Ulcerative lesions of the oral
mucosa, ULOM

Recurrent aphthous ulcer, RAUa

Behcet’s disease, BD

Traumatic mucosal hematoma and
traumatic ulceration, TMH & TU

Oral premalignancy, OPM Oral leukoplakia, OLKa

Oral erythroplakia, OEK

Oral submucous fibrosis, OSF

Oral cancer and
neoplasms, OCN

Oral squamous cell carcinoma,
OSCCa

Basal Cell Carcinoma

Malignant Melanoma

Allergic stomatitis, AS Allergic medicamentosus
stomatitis, AMS

Contacted stomatitis, CS

Angioneurotic edema, AE

Bullous oral mucosal
diseases, BOMD

Pemphigus

Mucous membrane
pemphigoid, MMP

Linear IgA disease, LAD

Orofacial granulomatosis, OFG Melkersson-Rosenthal
syndrome, MRS

Granulomatous cheilitis, GC

Sarcoidosis

Labiolingual diseases, LD Cheilitis

Lingual papillitis

Burning mouth syndrome, BMS

Oral manifestations of other
diseases

Acquired immune deficiency
syndrome, AIDS

Sjögren’s syndrome, SS

Kawasaki disease, KD

aDiseases have been discussed in the review.
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17A and IL-17AF, caused elevated oral fungal loads in a mouse
model of acute OPC.50 Second, CD4+CD25+Foxp3+ Tregs play
crucial immunomodulatory roles during infection.31,34,51,52 In the
context of mouse OPC, these cells mediate increased protection
from apoptosis during the late phase of infection and reinfection.
Tregs undergo reduced cell death because they are refractory to
TCR restimulation-induced cell death (RICD). The enhanced

viability depends on increased transforming growth factor-β1
(TGF-β1) signaling, which results in the upregulation of cellular
FADD-like IL-1β-converting enzyme (FLICE)-inhibitory protein
(cFLIP) in Tregs. Protection from cell death is abrogated in the
absence of TGF-β1 signaling in Tregs during OPC.52 During this
process, Treg cells induce IL-17 cytokines in responding CD4+

(Tresp) cells, which markedly enhances fungal clearance and

Fig. 1 Oral microbiota homeostasis and dysbiosis. a The oral cavity comprises ~700 bacterial phyla categorized into six major phyla. The
highly associated microorganisms of oral cavity appear sequentially and maintain the homeostasis to keep the oral cavity healthy. b Dysbiosis
is a microbial community state that is not only statistically associated with a disease but also functionally contributes to the etiology,
diagnosis, or treatment of the disease. c Oral inherent microbiota. d Oral common pathogens that cause diseases.
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recovery from infection (Fig. 2).31 However, the signals modulating
these subsets that are unique to each mucosal environment in
different epithelial cell contexts are unclear. Future studies should
concentrate more on directly comparing the similarities and
differences in the development and functions of these subsets at
locations other than the oral mucosa.

C. albicans–epithelium interaction during oral candidiasis
The oral epithelium, which is the first barrier against C. albicans
invasion, is also directly destroyed during C. albicans infection.
Once attached to host surfaces, C. albicans can switch from the
yeast to filamentous form, which may facilitate epithelial
penetration and the secretion of a cytolytic peptide toxin called
candidalysin.53–55 Generally, the yeast state of C. albicans does not
cause damage to the oral epithelium, but hyphal cells exhibit
directional growth in response to contact with a surface
(thigmotropism), allowing fungi to specifically invade intercellular
junctions.56 Oral epithelial cells (OECs) are the first to sense the C.
albicans transition from a benign yeast morphotype to a
damaging, invasive hyphal state.29 This early recognition is
partially mediated by epidermal growth factor receptor (EGFR)
family receptors and involves sensing the oral tissue damage
induced by candidalysin.40 In OECs, candidalysin induces calcium
ion influx and lactate dehydrogenase (LDH) release, which are
characteristics of cell damage and membrane destabilization.25 In
addition, C. albicans hemolysin can destroy OECs, activate MAPK
signal transduction induced by EGFR, trigger the production of
inflammatory cytokines, recruit neutrophils, and induce OECs to
secrete EGFR ligands and calcium influx.40,57 In addition to
inducing epithelial damage during the process of entering
endothelial cells or the submucosa, C. albicans can invade cells
by a passive fungus-induced but host cell-driven process in which
lytic enzymes and invasins expressed on hyphae bind and
degrade E-cadherin and other interepithelial cell junctional
proteins, enabling the organism to penetrate OECs (Fig. 3).54

Together, the mechanisms that may tip the balance between
disease and restoration of health in the context of C. albicans
infection are intriguing and likely complex and multifactorial in

nature. A greater understanding in this area could undoubtedly
provide new avenues to improve current therapies against this
pathogenic fungus.

MICROBIAL MODULATION IN ORAL LICHEN PLANUS
OLP is among the most common chronic inflammatory OMDs and
has been estimated to affect 1–2% of the population.2 In clinical
settings, OLP is classified into three subtypes (reticular, atrophic,
and ulcerative) and affects the buccal mucosa in most cases. The
gingiva, tongue, and lips may also be affected.58 Various factors
have been considered potential causes of OLP, including infection,
immunity, genetic factors, stress, and trauma.26 However, the
precise roles of these factors have been debated. Over the
last decade, microbial infection has received increasing attention
in the context of OLP pathogenesis. Given the increasing
evidence suggesting that bacteria are abundant throughout the
epithelium and the lamina propria in OLP and are positively
correlated with the levels of infiltrated CD3+, CD4+, and CD8+

cells,59 we suggest that the oral microbiota may be a potential
trigger factor of OLP onset.26 A recent description and character-
ization of the oral microbiota in OLP, which is described below,
has facilitated striking observations in a significant proportion of
patients with OLP compared to healthy controls.14,60 However, the
disease onset is unstudied as only cross-sectional human studies
currently exist. The longitudinal monitoring of patient oral
microbiomes is necessary for evaluating their causative contribu-
tion to OLP.

Microbial dysbiosis is diverse in different types of OLP
With the rise of microbiome sequencing in recent years, studies
have increasingly demonstrated that microbial dysbiosis may play
a causing role in OLP development and that oral microflora
changes are significant and unique in this disease.26,61,62 To date,
the biodiversity of the mycobiome, which is an important
component of the oral microbial community, and the roles of
bacterial-fungal-virus interactions in OLP pathogenesis remain
largely uncharacterized.

Fig. 2 Crosstalk between the oral dysbiosis and immune cells in oral mucosal diseases (OMDs). CD4+CD25+Foxp3+ Tregs undergo
reduced cell death because they are refractory to TCR restimulation-induced cell death (RICD). The enhanced viability is dependent on
increased transforming growth factor-β1 (TGF-β1) signaling that results in upregulation of cellular FADD-like IL-1β-converting enzyme (FLICE)-
inhibitory protein (cFLIP) in Tregs. In this process, Treg cells induce IL-17 cytokines in responding CD4+ (Tresp) cells. Streptococcus sanguis (S.
sanguis) may initiate a local immune response stimulating Langerhans cells. Th2-type cytokine levels significantly increased in oral lichen
planus (OLP) patients. CD8+ T cell infiltration predicts OLP remission and follows malignant epithelial changes in tissues. MAIT cells rapidly
release IL-17, IFN-γ, TNF-α, and IL-22 to help coordinate appropriate immune response. Candida albicans (C. albicans) epitopes can activate
STAT3 (necessary for Th17 proliferation and function) through secondary mediators, ensuring initial pattern recognition and providing a
cytokine environment to activate Th17 responses dependeding on the TLR2/MyD88 pathway. IL-17 is produced within 1-2 d by
CD3+CD4+CD44hiTCRβ+CCR6+ natural Th17 (nTh17) cells and tongue-resident populations of γδ T cells. IL-17 promotes granulopoiesis and
neutrophil accumulation. Porphyromonas gingivalis (P. gingivalis) induces an increase in CD11b+ bone marrow cells and bone marrow-derived
inhibitory cells (myeloid-derived suppressor cells, MDSCs) in oral leukoplakia (OLK). CXCL2, CCL2, IL-6, and IL-8 may be potential candidate
genes that facilitate MDSC recruitment. OMPD, oral potentially malignant disorders.
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Microorganisms also vary across different OLP types with overall
lower levels of fungi and higher levels of bacteria.14,62 Recent
studies have shown that the abundances of Porphyromonas,
Fusobacterium, Leptotrichia, Lautropia, and Solobacterium are
significantly increased, while the abundances of Haemophilus,
Corynebacterium, Cellulosimicrobium, Campylobacter, and Strepto-
coccus are decreased in OLP.60,63 Li et al. observed that the
bacterial community in OLP patient saliva was characterized by
greater variety and less bacterial specificity, comprising only
Porphyromonas and Solobacterium, which exhibited significantly
higher abundances than those in healthy control saliva.62 In
addition, a decrease in Streptococcus abundance and enrichment

of gingivitis/periodontitis-associated bacteria were observed in
OLP lesions in another study.59 These findings implicate a link
between oral bacterial dysbiosis and OLP. Surprisingly, bacteria
were even detected within infiltrated T cells.59 The presence of
bacteria within tissue provides insight into the pathogenetic
mechanism of OLP. For example, Porphyromonas gingivalis (P.
gingivalis) lipopolysaccharide induces the overproduction of CC
chemokine ligand 2 (CCL2) via toll-like receptor-4 (TLR-4)/NF-κB
signaling in OLP, which may sustain or exacerbate the chronic
inflammation of OLP.64

Fungal disorders are related to the aggravation of OLP.62

Candida was detected in 37% of patients,65 while Aspergillus was

Fig. 3 Crosstalk between the oral dysbiosis and epithelial barrier in oral mucosal diseases (OMDs). a Oral dysbiosis may affect epithelial
barrier function followed by the occurrence and progression of OMDs. b, c The 65 kDa heat shock protein produced by Streptococcus sanguis
(S. sanguis) causes the production of anti-oral mucosa antibodies and promotes the occurrence of oral ulcers. Mucin proteins, including
transmembrane mucin 1 (MUC1) and salivary mucins MUC5B and MUC7, have been shown to play a role in the formation of protective
mucosal pellicle, which serves as the first line of defense between the oral epithelium and pathogens within the oral cavity. In oral epithelial
cells (OECs), Candida albicans (C. albicans) candidalysin induces calcium ion influx and lactate dehydrogenase (LDH) release. C. albicans
hemolysin can destroy OECs; activate MAPK signal transduction induced by EGFR; trigger the production of inflammatory cytokines, including
IL-1; as well as induce OECs to secrete EGFR ligands and calcium influx. In addition to inducing epithelial damage in the process of entering
endothelial cells or the submucosa, C. albicans can also invade cells by a passive fungus-induced but host cell-driven process whereby lytic
enzymes and invasins expressed on hyphae bind to and degrade E-cadherin and other interepithelial cell junctional proteins, enabling the
organism to penetrate OECs. Decreased expression of claudin-1, claudin-4, and E-cadherin in oral lichen planus (OLP) may lead to the disorder
of epithelial tight junction, cell–cell junction and epithelial permeability, which may lead to the pathogenesis of OLP. Porphyromonas gingivalis
(P. gingivalis) has been shown to induce the EMT and can accelerate the cell cycle by affecting the p53, PI3K and cyclin pathways, primarily
through its FimA adhesin molecule. The bacterium also downgrades the activity of plakophilin and promotes metastatic change. P. gingivalis
increases tumor aggression by inducing the excessive expression of matrix metalloproteinase-9 (PRO-MMP-9), MMP-1, and MMP-10 by
activating the ERK1/2-ETS1, p38/HSP27, and PAL/NF-κB pathways, thereby worsening the EMT and increasing the invasiveness of tumors. An
adhesin of Fusobacterium nucleatum (F. nucleatum), i.e., FadA, can bind E-cadherin on epithelial cells, deactivating it to promote mucosal
permeability. In addition, a metabolite of microorganisms, i.e., methyl mercaptan, has been implicated in collagen breakdown, including
type 4.
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identified as an “OLP-associated” fungus because of its higher
frequency detection in patients than healthy controls. Compared
to healthy controls, significantly higher abundances of Candida
and Aspergillus were observed in patients with erosive OLP, and
higher abundances of Alternaria and Sclerotiniaceae_unidentified
were observed in patients with reticular OLP.62 Several keystone
fungal genera (Bovista, Erysiphe, Psathyrella, etc.) demonstrated
significant correlations with clinical scores and IL-17 levels.66

Fungal dysbiosis could alter the salivary bacteriome or may reflect
a direct effect of host immunity, which participates in OLP
pathogenesis. A recent study has demonstrated negative associa-
tions between specific fungal and bacterial taxa identified in
healthy controls, which were diminished in reticular OLP patients
and even became positive in erosive OLP patients. Moreover, the
oral cavities of OLP patients were colonized by a dysbiotic oral flora
with lower ecological network complexity and decreased fungal-
Firmicutes and increased fungal-Bacteroidetes subnetworks.62

Potential function of lymphocytic infiltration in defending against
dysbiosis in oral lichen planus
The typical histopathological feature of OLP is band-like lympho-
cytic infiltration in the lamina propria.58 Recent research has
shown that CD8+ T lymphocytes are usually distributed in the
intraepithelial region or the area from the basal layer to the upper
half of the epithelium. This phenomenon occurs because CD8+

T cells follow malignant epithelial changes in tissues.67 In addition,
CD8+ T-cell infiltration predicts OLP remission (Fig. 2). High-grade
CD8+ T-cell infiltration is related to a high remission rate. A
diagnostic cutoff value of CD8+ T cells has been established to
predict remission. The present classification of OLP by intrae-
pithelial CD8+ lymphocyte infiltration may also be helpful for
etiological analyses. Remission lesions are presumably caused by
transient inducers, such as viral infections.68 In addition, most
CD4+ cells are localized in deeper connective tissue.61 Recent
studies have found that the IL-17 mRNA levels are elevated in local
OLP lesions and greatly increase in the serum of female erosive
OLP patients, indicating that the Th17 subset may be involved in
OLP disease immunopathogenesis.69 The salivary concentrations
of IL-17 in subjects with erosive OLP are significantly higher than
those in subjects with reticular OLP and healthy controls.
Moreover, significant positive correlations are observed between
the salivary IL-17 concentrations and disease clinical scores. These
findings suggest that the salivary bacterial diversity and complex-
ity in subjects with OLP are significantly lower than those in
healthy controls and that the shifted community composition is
closely related to the immune cytokine IL-17.30 Another study
show that the Th2-type cytokine levels significantly increase in
OLP patients, even in peripheral blood and saliva. In contrast,
studies conclude that Th17-associated cytokines may be respon-
sible for more evident oral mucosal damage in erosive OLP, while
the elevated Th2 cell levels can explain the less evident epithelial
tissue damage involved in reticular OLP (Fig. 2).70

Regulation of oral pathogens in the epithelial barrier in oral lichen
planus
The abnormal features of the OLP epithelium, such as atrophy,
hyperkeratosis, acanthosis, and liquefaction of the basal layer,
suggest barrier dysfunction.71 Diverse pathogens can modulate
the physical barrier function of the epithelia to facilitate
infection.72 Danielsson et al. analyzed the transcriptome of the
OLP epithelium and found that the differentially expressed genes
were involved in epithelial differentiation and development.72

Based on evidence suggesting that bacteria are abundant
throughout the epithelium, Choi demonstrated that certain oral
bacteria damage the epithelial physical barrier and are inter-
nalized into OECs.59 It has been found that the epithelial barrier in
OLP tissue was destroyed because many bacterial signals could be
detected in both the epithelial basal layer and the lamina

propria.59 Cadherin‐1 (E‐cadherin) is expressed in epithelial cells
and is an important cell adhesion molecule. Cadherin-1 plays a
role in cell growth, differentiation, migration and polarity.73 The
loss of E‐cadherin is a hallmark of the epithelial‐to‐mesenchymal
transition (EMT).74 There are differing findings concerning E‐
cadherin expression in OLP. Du and Li reported that abnormal
positive E‐cadherin expression occurs in OLP,75 whereas Sridevi
et al. noted decreased E‐cadherin expression in OLP.73 Hämäläinen
et al. studied the expression of known EMT markers in OLP and
reported that the decreased expression of claudin-1, claudin-4 and
E-cadherin in OLP may lead to disorder of epithelial tight junctions
(TJs), cell–cell junctions and epithelial permeability, which may
promote OLP pathogenesis (Fig. 3).76 However, the direct
relationship between this epithelial disorder and microorganisms
has not been clearly discussed.

IMPACT OF THE ORAL MICROBIOTA ON RECURRENT
APHTHOUS ULCER
RAU, which is also known as recurrent aphthous stomatitis (RAS),
is the most common lesion observed by clinicians who manage
oral ulcerative disease and affects up to 5–20% of the
population.77,78 The etiology is unknown, but several factors have
been implicated, all of which influence the composition of the oral
mucosa and saliva-resident microbiota, which, in turn, modulates
immunity and thereby affects disease progression15,79

Microbial dysbiosis indicates disease progression in recurrent
aphthous ulcer
The cause of RAU is idiopathic and multifactorial. However,
aphthous ulcers are more prevalent in individuals with poor oral
hygiene practices,80 suggesting that oral microbial disorders may
participate in the regulation of immune dysfunction and
eventually lead to intraepithelial blisters and barrier damage.
Interestingly, recent studies have provided compelling evidence
suggesting that the oral microbiota can indicate different disease
progression in RAU patients. For example, increased abundances
of Porphyromonadaceae and Veillonellaceae species were observed
only in ulcerated sites, suggesting that these changes are unlikely
involved in the initiation of RAS. Moreover, a coinciding decrease
in the abundances of Streptococcaceae species was also observed
only in active ulcers.15 Some bacteria, such as the class Clostridia
and genera Lachnoanaerobaculum, Cardiobacterium, Leptotrichia,
and Fusobacterium, were also reported to be related to active
ulcers. Furthermore, active ulcers were dominated by Malassezia,
which was negatively correlated with Streptococcus and Haemo-
philus and positively correlated with Porphyromonas species.17,81

This study demonstrated that the composition of the bacteria and
fungi colonizing the healthy oral mucosa was changed in active
RAU lesions and that this alteration persists to some extent even
after the ulcer is healed. Specifically, Selenomonas was tightly
related to RAU recovery.17 Compared to that in saliva from healthy
controls, the bacterial diversity of saliva in RAU patients was
significantly reduced and suggestively correlated with disease
activity as evaluated by a quantitative list of disease scores.15 No
individual pathogens had been conclusively shown to be
correlative agents of RAS until Kim et al. acknowledged that
decreased Streptococcus salivarius (S. salivarius) and increased
Acinetobacter johnsonii (A. johnsonii) abundances in the mucosa
were associated with RAU risk. A dysbiosis index developed using
the relative abundances of A. johnsonii and S. salivarius and
regression coefficients correctly predicted 83% of the total cases
in the absence or presence of RAU.82 Another recent study also
has suggested that RAU occurrence is significantly associated with
an increase in Escherichia coli and Alloprevotella and a decrease in
Streptococcus abundances.79

As discussed above, the identification of protective symbionts
and pathobionts that contribute to disease progression could be
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crucial for the development of effective RAU treatment. These
studies still do not provide clear data concerning causality. A
comparison of mucosal microbiomes from patients associated
with similar immune pathogenesis but different etiologies may
provide data related to causality.

Microbiome-infected cytotoxic T lymphocytes cause recurrent
aphthous ulcer
Increasing evidence links local immune dysfunction to RAU,
although the specific defect remains unknown. Over the past 30
years, research has suggested that a relationship exists among
RAU, lymphocytotoxicity, antibody-dependent cell-mediated cyto-
toxicity, defects in lymphocyte cell subpopulations, and an
alteration in the CD4 to CD8 lymphocyte ratio.83 RAU is initially
and primarily the result of T cell-mediated immune dysfunction
but may also involve neutrophil and mast cell-mediated destruc-
tion of the mucosal epithelium.81 Lesions can exhibit alterations in
several intercellular mediators, such as elevations in the levels of
interferon gamma (IFN-γ), tumor necrosis factor-alpha (TNFα), IL-2,
IL-4, IL-5, and various adhesion molecules involve in cell
communication and epithelial integrity. However, a reverse
relationship exists between bacterial diversity and some inflam-
matory cytokines in saliva, such as IFN-γ, IL-4, and IL-17.3 Finally,
this inflammatory process results in a pseudomembrane contain-
ing fibrinous exudate, bacteria, inflammatory cells, and necrotic
mucosal cells.
Some scientists have suggested that the lysis of mucosal

epithelial cells caused by microbiome-infected cytotoxic T
lymphocytes (CTLs) may be the reason for the occurrence of
ulcers.84,85 Once ulceration occurs, bacteria, such as Streptococcus,
can contact ulcerative oral lesions through mucous membrane
breaks. Streptococcus and its associated antigens penetrate the
ulcerative oral mucosa to further trigger specific immune
responses, resulting in CTL infiltration into the epithelial and
inherent layers of the oral mucosa.85 For example, Stehlikova et al.
suggested that a high load of Streptococcus sanguis (S. sanguis)-
like microorganisms may initiate a local immune response
stimulating Langerhans cells (Fig. 2) and activating a cross-
reacting autoimmune response to homologous peptides within
epithelial heat shock proteins. This process can initiate immuno-
pathological changes that lead to RAU. These newly generated
CTLs destroy adjacent epithelial cells and further lead to the
formation of oral ulcers during the late-middle and late stages of
RAU deterioration.17 During the healing phase, the T-cell
proliferation response decreases to normal levels, giving the OECs
at the edge of the ulcer an opportunity to proliferate and bind the
mucous membrane, eventually leading to healing, which has also
been observed in RAU patients with acute exacerbation; the
percentages of CD3+, CD4+, and CD8 IL-2R+ cells in peripheral
blood is increased, and this percentage returns to normal levels
after acute exacerbation.86 The positive effect of antimicrobial
therapy on RAU suggests that the oral microbiota is potentially
involved in the etiology and pathogenesis of RAU, although its
complex pathophysiology cannot be attributed to a single
pathogen.

Microbiome-dependent regulation in the epithelium in recurrent
aphthous ulcer
Mucosal injury due to a similar barrier function deficiency has
been shown in other parts of the body, such as the eyes, skin,
airways, and intestines. Inflammatory bowel diseases are proto-
types of this type of injury, and these diseases have been well
studied.23,32,87 Although the interaction between the commensal
flora and the covering layer of the epithelium may be quite similar
in the oral mucosa and intestine, there are distinctions.
Recent evidence suggests that the damage to epithelial

integrity resulting from microorganisms also plays an important
role in RAU formation.88 It is known that RAU occurs on only

nonkeratinized oral mucosa but not on keratinized oral mucosa,
which may be related to the significant difference in the
composition of the microbiome between keratinized mucosa
and nonkeratinized mucosa.77,89,90 Moreover, RAU is relatively rare
in smokers, while the oral microbiomes in smokers and
nonsmokers are obviously dissimilar. Studies have suggested that
smoking may improve some mechanical properties of the oral
epithelium by increasing its thickness and promoting keratosis,
which is consistent with the rare occurrence of RAU in the
keratinized oral mucosae.91,92 Interestingly, A. johnsonii substan-
tially inhibits the proliferation of gingival epithelial cells and shows
greater cytotoxicity against gingival epithelial cells than S.
salivarius.82 In addition, the metabolites produced by microbes
damage the oral epithelium structure and may cause RAU
development. Researchers have indicated that the 65 kDa heat
shock protein produced by the oral symbiotes S. sanguis and
Mycobacterium can cross-react with peptides in OECs, causing the
production of anti-oral mucosa antibodies and promoting the
occurrence of oral ulcers (Fig. 3).17 More recently, some scientists
emphasize the role of the mucin proteins in the pathophysiology
of RAU.93 Mucin proteins, including transmembrane mucin 1
(MUC1) and salivary mucins MUC5B and MUC7, have been shown
to play a role in the formation of protective mucosal pellicle,
which serves as the first line of defense between the oral
epithelium and pathogens within the oral cavity. MUC1 limits the
binding of H. Pylori to gastric epithelial cells in mice, and
adenoviral penetrance into the epithelium in airways is increased
in specimens lacking MUC1.94 Interestingly, a study found that the
salivary MUC1 concentration is decreased in patients with stress,95

which is considered a predisposing factor of RAU. MUC7 has been
shown to have an altered structure, i.e., a loss of terminal
oligosaccharides, in patients with RAS; additionally, due to the loss
of sialic acid in its terminal end, MUC7 loses its ability to adhere to
Streptococci.96 The thickness and composition of the mucin
proteins differs according to their localization in the oral cavity
and the level of keratinization,97 explaining why RAS mainly
develops in the nonkeratinized epithelium.98 How do microbial
pathogens penetrate the oral mucosal barrier? Parssinen et al.
hypothesized that deficiencies in salivary mucin (MUC5B and
MUC7) formation or a decrease in mucosal transmembrane mucin
(MUC1) due to proteolytic bacteria could be a predisposing factor
of RAU (Fig. 3).93 However, the promising topic of the causative
mechanisms between oral microbes and the epithelium partici-
pating in RAU development is still poorly discussed and requires
further investigation.

MICROBIAL SIGNALS IN ORAL LEUKOPLAKIA AND ORAL
SQUAMOUS CELL CARCINOMA
OLK is defined as a predominantly white lesion of the oral mucosa
that cannot be wiped off the mucosa or ascribed to any specific
disease process.7,9 OLK is a pathological diagnosis. The histo-
pathologic features of the epithelium may include hyperkeratosis,
atrophy, and hyperplasia with or without dysplasia.5,7–9 Usually,
OLK belongs to the white lesions of the oral mucosa or oral
premalignancy in different classifications of OMD.5,7–9 OLK is
among the most common oral potentially malignant disorders
(OPMDs), and its rate of malignant transformation ranges from
1–20% depending on the population and the length of follow-
up.4,99 OSCC represents the most common malignant neoplasm of
the oral cavity and comprises 80–90% of head and neck cancers.
Over the past two decades, the 5-year survival rate has remained
at ~50% due to its initially asymptomatic nature, leading to
advanced stage diagnosis with few therapeutic options.100

Although smoking, alcohol, and betel nut use are clearly
associated with OLK development, the factors driving the
malignant transformation of these lesions are poorly understood,
and it is difficult to accurately predict whether OLK will resolve,
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persist or progress to OSCC.101 The specific microbial enrichment
and its metabolites associated with potentially malignant OLK
could be used as novel biomarkers of malignant transformation.
Various hypotheses have been hyd to link microorganisms and
their products with OLK and OSCC.102–105

Oral microbiota and metabolites: potential biomarkers of
malignant transformation
Microbiome studies have been carried out to identify changes
in the microbiota and metabolites in OLK and OSCC patients
with the hope of identifying biomarkers of malignant
transformation.18,19,106

Although colonization with C. albicans is common, OLK exhibits
an increased abundance of Fusobacteria and reduced levels of
Firmicutes. The bacterial colonization patterns in OLK are highly
variable, and five distinct bacterial clusters have been discerned.
These clusters exhibit the cooccurrence of Fusobacterium,
Leptotrichia, and Campylobacter species, which is strikingly similar
to the microbial cooccurrence patterns observed in colorectal
cancers.107–109 An increased abundance of the acetaldehydogenic
microorganism Rothia mucilaginosa (R. mucilaginosa) is also
apparent in OLK at lingual sites. Severe dysplasia is associated
with elevated levels of Leptotrichia spp. and Campylobacter
concisus.102 Further study shows that R. mucilaginosa can generate
acetaldehyde (ACH) from ethanol in vitro at levels inducing
oxidative stress, which may play a role in the development of OLK
and/or the malignant transformation of OLK to OSCC.110

Researchers have indicated that the relative abundances of the
phylum Bacteroidetes and genera Streptococcus and Solobacterium
are significantly higher in the OSCC group than the OLK group;
thus, a shift in the Streptococcus and Solobacterium levels may be
considered a novel clinical indicator of potential malignancy in a
precancerous lesion.106 Another study discussed the comprehen-
sive profile of the oral microbiome during cancer progression from
the early stage to the late stage and found that the populations
dynamically changed with cancer progression from stage 1 to
stage 4. The oral microbiota communities in the stage 4 patients
showed significantly higher complexity than those from the
healthy controls. At the genus level, the abundance of Fusobacter-
ium increased, while the numbers of Streptococcus, Haemophilus,
Porphyromonas, and Actinomyces decreased with cancer progres-
sion. Fusobacterium periodonticum (F. periodonticum), Parvimonas
micra, Streptococcus constellatus, Haemophilus influenzae, and
Filifactor alocis were associated with OSCC and progressively
increased in abundance from stage 1 to stage 4. The abundances
of Streptococcus mitis (S. mitis), Haemophilus parainfluenzae, and
Porphyromonas pasteri (P. pasteri) were inversely associated with
OSCC progression. A bacterial marker panel comprising three
bacteria (upregulated F. periodonticum and downregulated S. mitis
and P. pasteri) had an area under the curve (AUC) of 0.956 (95% CI
= 0.925–0.986) in discriminating OSCC stage 4 patients from the
healthy controls.18 P. gingivalis has been identified as an
independent and significant risk factor in cancer-related deaths
in the oral cavity and throughout the remaining oral digestive
tract.111 A cohort study showed that the location of P. gingivalis in
tumor tissue was associated with poor survival in OSCC
patients.112 In vivo, P. gingivalis infection increases the number
and size of oral lesions and promots tumor progression in 4-
nitronolyn-1 oxide (4NQO)-induced cancer mouse models by
invading oral lesions.112

In addition, several damaging metabolic end products, such as
volatile sulfur compounds, organic acids, and aldehydes, and
nitrosatable compounds are reported to be associated with the
development of oral cancer.27 Many oral microbiota, including the
Streptococcus species (S. gordonii, S. mitis, S. oralis, S. salivarius, and
S. sanguinis), Rothia species, P. gingivalis and C. albicans,113

produce ACH, which has the ability to exert DNA damage and

cause excess proliferation in the epithelium. Bacteria and fungi
also can catalyze nitrosatable compounds to form N-nitroso
compounds through nitridation pathways.114 Kakabadze hypothe-
sized that Pseudomona aeruginosa (P. aeruginosa) increases the
concentration of NO by converting salivary nitrite to nitric oxide,
thereby contributing to NO-related carcinogenesis.115 Volatile
sulfur compounds, predominantly including hydrogen sulfide and
methyl mercaptan, produced by periodontal pathogens, such as P.
gingivalis, Prevotella intermedia and Fusobacterium nucleatum (F.
nucleatum), have been implicated in oxidative stress and DNA
damage in oral cells. Host proteins may also be metabolized or
fermented into sulfides and nitrosamines by Firmicutes and
Bacteroides, potentiating cell mutations.116 In contrast, hydrogen
peroxide may be involved in oral cancer preventative pathways,
and evidence suggests that oral bacterial hydrogen peroxide can
suppress the significantly higher expression of NLRP3 inflamma-
somes in OSCC cells,117 which is associated with increased tumor
sizes and lymph node metastasis.118 Terpenoids and polyketides
are secondary metabolites produced by certain microorganisms
and possess potent pharmaceutical activities against cancer.119,120

Recently, a study suggests that compared with the controls,
microbial pathway modules associated with the metabolism of
terpenoids and polyketides, including the biosynthesis of side-
rophore group nonribosomal peptides, monoterpenoid biosynth-
esis, and biosynthesis of 12-, 14- and 16-membered macrolides,
are less abundant in oral tumor lesions.28

In conclusion, these findings reveal that the oral microbiota
community dynamically changes and potentially induces oral
lesion progression. These findings highlight a novel aspect of OLK
and OSCC etiology and the functional role of the oral microbiome
in formulating a tumor microenvironment via the attenuated
biosynthesis of secondary metabolites with cancer-promoting or
anti-cancer effects. The oral microbiota and its metabolites are
compositionally and functionally associated with the development
of oral cancer. Our review suggests that specific oral microbes and
their metabolites could be potential biomarkers for the early
diagnosis and prognosis monitoring of this deadly malignancy.

Specific pathogens orchestrate the immune microenvironment of
oral lesions
Over the past decade, there have been advances in the
microbiota-immune pathological aspects of OLK and OSCC. The
early stage of the tumor carcinogenesis process is related to
immune response changes in cytokine levels, immune cell density,
and immune cell function.121 How do pathogens interact with the
immune response beyond inducing inflammation? Tregs play a
key immune regulatory role during infection and are essential for
ensuring the effective prevention of pathogens and control of
infection-related immunopathology, which has been widely
studied in gastrointestinal homeostasis and diseases.34,122 Studies
have demonstrated that Treg and Th17 cell functions are
associated with oral Candida, which is the predominant fungal
species associated with OLK.34 In vivo experiments illustrated that
a mouse Candida infection model had an increased proportion of
Foxp3+ Tregs in the oral mucosa and cervical lymph nodes, which
depended on the TLR2/MyD88 pathway (Fig. 2). Reducing the
levels of these cells coincided with an increase in fungal burdens
in the histopathological examination and oral mucus,31,51

suggesting that symbiotic bacteria are important for controlling
the mucous membrane immunity mediated by Foxp3 cells and
Th17 cells (Fig. 2). Compared to healthy individuals, the levels of
IL-6, IL-8, and TNFα in OPMD patients are significantly increased,16

which may indicate a transition from a benign to malignant
state.123 Studies have shown that P. gingivalis induced an increase
in CD11b+ bone marrow cells and bone marrow-derived
inhibitory cells (myeloid-derived suppressor cells, MDSCs) in OLK
(Fig. 2). In vitro observations showed that MDSCs accumulated
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when human-derived dysplastic oral keratinocytes were exposed
to P. gingivalis and that CXCL2, CCL2, IL-6, and IL-8 may be
potential candidate genes that facilitate MDSC recruitment
(Fig. 2).112 P. gingivalis can help OSCC cells bypass the immune
system by activating PD-L1 to bind its receptor, i.e., PD-1, thereby
mediating profound T-cell inhibition,124 and can induce the
expression of the B7-H1 and B7-DC receptors in OSCC cells,
leading to apoptosis in activated T cells.125 Fusobacterial
proteins, such as Fap 2, can block and downgrade NK and T cell
activity by the binding of Fap 2 with the inhibitory T cell
immunoreceptor.126,127 Thus, these three species, C. Candida,
P. gingivalis and F. nucleatum, have considerable virulence
characteristics that allow them to be significantly involved in
OSCC progression.
In conclusion, the immune system plays an important role in the

microenvironment of preneoplastic and neoplastic lesions; knowl-
edge regarding the role of the oral microbiota in controlling the
local aggressiveness, growth, and diffusion of cancer cells still
requires further investigation.

Interaction between the oral microbiota and epithelial malignancy
The oral mucosa comprises the epithelium and stroma, providing
the initial physical defense against infection. Epithelial mesench-
ymal interactions are essential for cell growth, differentiation, and
tumorigenesis.128 The EMT is critical for the conversion of OECs
into carcinoma cells during carcinogenesis.129 Several specific
pathogens have been reported to potentially trigger the EMT
through different mechanisms. P. gingivalis has been shown to
induce the EMT and can accelerate the cell cycle by affecting the
p53, PI3K, and cyclin pathways,130 primarily through its FimA
adhesin molecule.131 The bacterium also downgrades the activity
of plakophilin, which is a key molecule in epithelial cells, and, thus,
can promote metastatic change.132 It is currently believed that P.
gingivalis increases tumor aggression by inducing the excessive
expression of matrix metalloproteinase-9 (PRO-MMP-9), MMP-1,
and MMP-10 by activating the ERK1/2-ETS1, p38/HSP27, and PAL/
NF-κB pathways, thereby worsening the EMT and increasing the
invasiveness of tumors (Fig. 3).133 In addition, an adhesin of F.
nucleatum, i.e., FadA, can bind E-cadherin on epithelial cells,
deactivating it to promote mucosal permeability (Fig. 3). P.
aeruginosa is a rare species isolated from OSCC but has been
implicated in carcinogenesis due to its ability to cause DNA
breakage in epithelial cells134 and promote invasion and meta-
static change. In addition, a metabolite of microorganisms, i.e.,
methyl mercaptan, has been implicated in collagen breakdown,
including type 4, and, thus, may play a role in OSCC invasion
across the basement membrane (Fig. 3).135

Epithelial barrier disfunction facilitates oral pathogen infiltra-
tion. Cheng et al. observed that epithelial barrier disorder and the
altered biological characteristics of the adjacent stroma (fibro-
blasts) were conducive to C. albicans infection in OLK, which, in
turn, promoted disease progression.136 Intercellular junctions are
important structures for the physiological functions of cells.137 TJs
play a main role in signaling cascades that control cell growth and
differentiation.138 Abnormalities in TJ permeability allow increased
pathogen infections that may promote tumor growth. Changes in
TJs have been noted as an early event in tumor metastasis,139

especially the downregulation or upregulation of claudins and
occludin (Fig. 3).140 Phattarataratip et al. showed that there was a
tendency toward an association between higher claudin-7
expression and a longer survival time.140 However, the influence
of the higher claudin-7 expression on pathogen infection has not
been well studied. The interaction between microorganisms and
the epithelial barrier is well known in the intestinal microecosys-
tem.23 How oral microorganisms and their metabolites affect the
malignancy and metastasis of OSCC through crosstalk with oral
mucosal cells is still rarely reported. There is a great need for
additional research in this field.

CONCLUSION AND PERSPECTIVES
In recent decades, our ability to identify and culture oral microbial
residents and decipher their wide range of interactions has been
significantly improved. Currently, microbiome research using next-
generation sequencing has admittedly reached a peak in
productivity, aligning with advancing technological trends. To
date, most microbiota studies have relied on analyzing microbiota
composition via 16S rRNA gene sequencing of salivary or oral
mucosa. However, an understanding of how the oral microbiome,
which is an ecosystem with diverse interactive activities that
participates in the oral mucosal epithelial barrier and dynamic
balance of the immune system, requires further exploration. In this
narrative literature review, we highlight that oral mucosal
microbiology is intensively associated with the pathogenesis of
OMD through crosstalk with mucosal immunity and the epithelial
barrier. Importantly, we aim to provide a scientific hypothesis
guiding further investigations of the pathogenesis mechanisms of
OMD. We hypothesize that an altered composition of the mucosal
microbiota in the oral cavity, which could stimulate immune
imbalance or damage the integrity and tolerance of the epithelial
barrier, might be the triggering pathology underlying the
occurrence and development of OMD (Box 1).
Despite recent progress in the field, several challenges remain

to be addressed and overcome (Box 1). First, the important role of
the oral microbiome suggests that we should develop clinical
strategies targeting the oral microbiome. However, demonstrating
whether oral microbiomes are the cause or consequence of OMD
has been proven difficult. Most studies are limited to correlation
conclusions and lack causal arguments. Confirmation is essential
for the microbiome to become a valid target for interventions, e.g.,
using persuasive experimental evidence to enact oral microbiota
transplantation. Second, the identification of the causal compo-
nents of complex microbiomes responsible for pathologies is
another challenge, although whether their complex pathophysiol-
ogy could be attributed to a single pathogen remains debatable.
Through a comprehensive understanding of these interactions, we
could learn how to optimally modulate the oral microbiota to
enhance OMD therapies. Third, microbiota-modulated immune
cells may differ in each mucosal etiological niche because of the
different epithelial cell contexts, which is called site-specific.

Box 1
Summary of the review.

Hypothesis.

● Altered composition of mucosal microbiota in the oral
cavity, which could stimulate immune imbalance or
damage the integrity and tolerance of the epithelial
barrier, might be the pathological reason behind the
occurrence and development of oral mucosal
disease (OMD).

Challenges.

● It is essential but difficult to demonstrate whether oral
microbiomes are the cause or consequence of OMD.

● The identification of the causal components of complex
microbiomes responsible for pathologies is another
challenge.

● The microbiota-modulated immune cells may differ in each
mucosal etiological niche because of the different epithe-
lial cell contexts, which is called site-specific. Future studies
could concentrate more on the composition of microbiota-
modulated immune cell subsets at different locations of
oral mucosa.
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Future studies could concentrate more on the composition of
microbiota-modulated immune cell subsets at different locations
of the oral mucosa. It is believed that in the future, the continuous
expansion and supplementation of mucosal microbiology could
greatly enhance our understanding of OMD.
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