Int. J. Biol. Sci. 2025, Vol. 21 6326

g0y [VYSPRING

vgﬁ INTERNATIONAL PUBLISHER

International Journal of Biological Sciences

2025; 21(14): 6326-6350. doi: 10.7150/ijbs.121559
Review

Outer Membrane Vesicles Derived from Oral Bacteria
Act as a Dagger in Host Immunity: Insight Tips from
Local Diseases to Systemic Effects

Xinyue Zhang!, Jianing Wu!, Zhe Zhang?, Chengcheng Liu2*, Jing Xie!*

1. State Key Laboratory of Oral Diseases & National Center for Stomatology & National Clinical Research Center for Oral Diseases, West China Hospital of
Stomatology, Sichuan University, Chengdu 610041, Sichuan, China.

2. State Key Laboratory of Oral Diseases & National Center for Stomatology & National Clinical Research Center for Oral Diseases, Department of
Periodontics, West China Hospital of Stomatology, Sichuan University, Chengdu 610041, Sichuan, China.

3. MOE Joint International Research Laboratory of Pancreatic Diseases, Department of Hepatobiliary and Pancreatic Surgery, the First Affiliated Hospital,
Zhejiang University School of Medicine, Hangzhou 310003, Zhejiang, China.

4 Corresponding authors: Professor Chengcheng Liu, PH.D., Department of Periodontics, West China Hospital of Stomatology, Sichuan University, Chengdu,
Sichuan 610064, China, Email: liuchengcheng@scu.edu.cn. Professor Jing Xie, PH.D., Principle Investigator of Bone and Joint Research Laboratory, Professor of
State Key Laboratory of Oral Diseases, West China Hospital of Stomatology, Sichuan University, Chengdu, Sichuan 610064, China, Email:
xiejing2012@scu.edu.cn.

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https:/ /creativecommons.org/licenses/by/4.0/).
See https:/ /ivyspring.com/terms for full terms and conditions.

Received: 2025.07.12; Accepted: 2025.09.25; Published: 2025.10.01

Abstract

Outer membrane vesicles (OMVs) are secreted by gram-negative bacteria and are genetically and
environmentally regulated. The contents of OMVs are derived from the outer membrane and periplasm
of bacteria, that can act as virulence factors to attack host cells. In periodontitis, the OMVs of
Porphyromonas gingivalis and other important periodontal pathogens can destroy the host structure,
induce host immune responses, and promote periodontitis progression. In oral squamous cell carcinoma
(OSCC), OMVs accelerate cancer spread and metastasis by regulating the gene expression of tumour
cells. In addition to their role in oral diseases, OMVs can spread from the oral cavity to the whole body,
thereby participating in the development of many diseases, including circulatory diseases, endocrine
diseases, autoimmune diseases, and neurologic diseases. In this review, we introduce the biogenesis, basic
structure, and roles of OMVs and comprehensively summarize the biological characteristics of OMVs
from various oral bacteria. In addition, we describe the impact of OMVs on oral diseases as well as
systemic health and emphasize their therapeutic potential as drug targets, antigens, and immune adjuvants
for application in periodontitis and OSCC. Finally, we discuss in depth the future research directions,
application prospects, and challenges of OMVs.
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1. Introduction

vesicles
structures

Extracellular vesicles (EVs) are spherical (OIMVs),  tube-shaped  membranous

nanoparticles with a double-layered lipid membrane
that can package and transport cytoplasmic cargoes.[!]
They have been detected in various organisms, such
as eukaryotes, bacteria, and archaea. In vertebrate
cells, EVs are called exosomes, which are produced by
sequential invagination of the plasma membrane and
have an endosomal origin.”l In bacteria, EVs are
called bacterial extracellular vesicles (BEVs) Bl, which
can be further divided into four categories: outer
membrane vesicles (OMVs), outer inner membrane

(TSMSs), and cytoplasmic membrane
vesicles (CMVs).4l Among these subtypes, OMVs,
which were first identified as lysine-restricted
secretions of Escherichia coli in 1965 Bl and
subsequently found to be derived from the bacterial
outer membrane (OM) in 1966 €], have received the
most attention. They are squeezed from the OM and
contain the periplasm of gram-negative bacteria.l 7]
This process is regulated by intrinsic genes when
stimulated by environmental chemical or physical
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factors.l OMVs perform multiple functions via
cooperation or competition with bacteria in various
complex microenvironments.[® % Depending on their
parental bacterial categories and the stage of the
diseases in the host, OMVs can either benefit host
health or participate in pathogenesis, indicating their
vital bilateral potential.[%.11] The importance of OMVs
is becoming increasingly prominent with continuous
research efforts. Recently, OMVs in the oral cavity
have gotten much attention. They have been reported
to perform in structural damage and inflammatory
dysregulation in the periodontal tissues and the
metastasis of oral cancer.'? 131 Notably, OMVs also
have the unique ability to spread diseases from the
oral cavity to the whole body, which the other EVs
cannot achieve. Meanwhile, their therapeutic
potential, involving acting as vaccines, drug carriers,
and drug targets, also possess great application
prospects. This review aims to illuminate the
pathogenic role and therapeutic potential of OMVs in
oral diseases, particularly periodontitis and oral
squamous cell carcinoma (OSCC), as well as their
broad implications for health, with the aim of more
thorough research into this field and the development
of more efficacious, safer treatments targeting OMVs.

2. Conspectus of OMVs

Due to bacterial diversity, the biogenetic
processes of OMVs differ among bacteria. Overall,
there are two fundamental methods: blebbing of the
OM and explosive cell lysis (Figure 1A).4 14151 Both
modes of OMV generation are influenced by genetic
factors and environmental conditions (Figure 1B).[4
OM blebbing is triggered mainly by genes and is
partially affected by environmental factors. Genes
regulate membrane curvature and fluidity through
intracellular events, including cross-linkage between
peptidoglycan and the OM, accumulation of
periplasmic peptidoglycan fragments or misfolded
proteins, and composition formation of the OM.[7.16,17]
Environmental conditions, such as antibiotics, iron
limitations, and hydrophobic compounds, also
disturb the membrane and impact the blebbing
process and content of OMVs.[16 18201 Notably, some
special bacterial structures can also trigger OM
blebbing. In Vibrio fischeri, OMVs can be produced by
the rotating flagellum, which is surrounded by a
sheath structure derived from the OM (Figure 1B).[2!]
In the case of explosive cell lysis, it is triggered by
endolysins of double-stranded DNA phages.
Endolysins rely on small hydrophobic proteins called
holins to enter peptidoglycans and trigger cell lysis,
producing OMVs while releasing new phage
particles.2l Environmental conditions, such as the
presence  of DNA-damaging agents and

peptidoglycan-degrading enzymes, can facilitate this
process.22l. OMV biogenesis may lead to a small
percentage of bacterial cell death but is generally
favourable for the survival of the whole bacterial
community. The produced OMVs can neutralize
environmental factors that are harmful to bacterial
survival in the environment and protect the
remaining bacterial population.[* %3l

OMVs are spherical vesicles composed of a
membrane surface and internally wrapped cargos.l
Since they are encapsulated only by the bacterial OM
and the inner membrane is not involved, OMVs
encompass molecules from the OM as well as the
periplasm.Bl These molecules are usually mature
biomolecules, including proteins, lipids, and nucleic
acids, which serve as both structural and virulent
components of OMVs (Figure 1C).[% Proteins, such as
gingipains in Porphyromonas gingivalis OMVs 24 and
leukotoxin A (LtxA) and cytolethal distending toxin
(CDT) in ¢ OMVs 2526, play crucial roles in bacterial
toxicity. Lipopolysaccharide (LPS) is an important
lipid on the surface of OMVs and originates from the
OM of gram-negative bacteria. It participates in the
formation of pathogen-associated molecular patterns
(PAMPs) to interact with the host.?721 LPS and
proteases may represent heat-stable or heat-unstable
components in OMVs and are involved in interactions
with the host.?% Nucleic acids in OMVs can act as
signalling molecules to mediate intercellular
communication and gene transfer.[30-33

Compared with bacteria, OMVs are more
invasive, contain higher concentrations of virulence
factors as well as endow some of them with new
forms and functions, and spread faster and farther.3*
%] For example, P. gingivalis OMVs enter oral cells
such as human oral keratinocytes (HOKs) and human
gingival fibroblasts (HGFs) more easily than the
original bacteria do.B3¢-401 They can also accelerate the
aggregation of a large class of bacteria and facilitate
the entry of some viruses into oral cells.[*! 42|

3. Functions of OMVs from various
bacteria

OMVs function via two main mechanisms. First,
OMVs burst near target cells and shed their contents
at very high localized concentrations.’ 43 Second,
OMVs bind to the surface of target cells and undergo
proximal cleavage, phagocytosis, internalization, or
membrane fusion as a whole delivery of contents.['*
43461 Both mechanisms enable the intercellular cargo
transfer of OMVs and horizontal gene transfer among
bacterial species. For example, Acinetobacter baylyi
OMVs can transfer small DNA fragments to E. coli.[*"]
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Figure 1. Biogenesis, basic structure, and roles of OMVs. (A). The biogenesis of OMVs is genetically determined by bacteria and influenced by the environment. The
environmental factors include antibiotics, iron limitation, and hydrophobic compounds. Together with genes, these factors affect the charge balance, lipid composition, and
peptidoglycan/misfolded protein accumulation of the bacterial outer membrane. These changes in membrane fluidity and curvature ultimately lead to the biogenesis of OMVs. (B).
OMVs are produced in three ways: blebbing, explosive cell lysis, and the unique rotation of sheathed flagella in V. fischeri. (C). OMVs are composed of lipids such as LPS and OM
proteins on the membrane and peptidoglycan, nucleic acid, and other cargos inside the vesicle. (D). The main roles of OMVs include providing nutrients to bacterial cells,
mediating molecular transfer and gene transfer, causing cleavage of other bacteria, and eliciting the host immune response.

OMVs exhibit specific functions in interactions
with bacteria and the host (Figure 1D).[*8! In terms of
communication with bacteria, OMVs protect parental
bacteria, cooperate and compete with other bacteria,
and promote biofilm formation. In addition, OMVs
play a trophic role in parental bacteria. They package
cargoes such as proteins and enzymes to promote

nutrient uptake and balance in the bacterial
community.[*> 501 OMVs also increase bacterial
resistance by removing misfolded proteins and toxins
from bacteria. For other bacteria, OMVs participate in
killing competing microorganisms, acting as
protectors of the parental bacteria.l5!] This recognition
mechanism is mediated by peptidoglycan hydrolases,
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which do not cleave the peptidoglycan layer when
they are identical to those of the target strains but
degrade the cell wall and kill the target cells when
they are different.l52 Thus, OMVs have the potential
to treat infections caused by other bacteria.l5¥ 54 In
addition to their competitive effects, OMVs can
synergize with other bacteria that share the same
pathogenicity. For example, OMVs from the
periodontal pathogen P. gingivalis can inhibit the
bactericidal activity of serum against another
periodontal pathogen, Capnocytophaga ochracea.l®> 5]
OMVs also engage in biofilm formation under
pressure and mediate the delivery of growth factors
and extracellular matrix components in biofilms.[57-5]
OMV-mediated release of extracellular
polysaccharides enhances bacterial coaggregation in
biofilms.[60]

In OMV-host interactions, OMVs can promote
pathogenesis through their virulence factors and
distant diffusion ability. However, not all OMVs are
harmful to the host, and some are actually beneficial
to human health. OMVs from probiotics can show
therapeutic potential.l-63 Moreover, OMVs from
some pathogens can also act as drug targets, drug
carriers, and vaccines to prevent and treat diseases.
This is decided by the stage of diseases that OMVs
occur. Before the occurrence of diseases, OMVs from
pathogens can be applied in disease prevention.
During the progression of the diseases, OMVs from
pathogens, as an important carrier of virulence
factors, promote the disease process. When treating
diseases, these OMVs may serve as a target for drug
therapy. And OMVs from probiotics may play a
therapeutic role throughout the entire process of
disease. Thus, given their wide range of implications,
OMVs represent current research directions in both
pathogenesis and therapeutic strategies.

OMVs from different bacteria function in
different mechanisms. For OMVs from pathogens,
they tend to invade and spread in the epithelial cells
by destroying the cell junctions, inhibiting
proliferation, and inducing apoptosis of the epithelial
cells (Figure 2A). These processes may be affected by
the type of parental bacteria and the competitive
relationship with the other bacteria. The functions of
OMVs from pathogens in the immune system include
two aspects: proinflammation and immune escape.
OMVs from pathogens enhance the immune response
through their virulence factors in general, while for
their parental bacteria and those with the same
pathogenic goal, they can promote immune escape by
consuming complements in the serum and
pre-treating the immune cells (Figure 2B). For OMVs
from probiotics, they can promote the healing process
in the epithelial tissues infected by pathogenic

bacteria (Figure 2C).[64] And their role in the immune
system may be to maintain homeostasis, regulating
inflammatory responses during the immune
dysregulation, and promoting immune responses
when the immune system is inhibited (Figure
2D).[6567]

OMVs can contribute to destruction of the host
structure, promote inflammation, and mediate the
spread of diseases.’®) For structural destruction,
OMVs invade the host through virulence factors and
act as a bridge to increase the adhesion of bacteria to
host cells. OMVs of Treponema denticola can disrupt
tight junction proteins between epithelial cells
through the protease dentilisin, causing damage.¢8!
OMVs strongly influence the host immune system to
promote inflammation and are involved in a variety
of inflammatory diseases, including periodontitis,
gastrointestinal inflammation, pulmonary
inflammation, and sepsis.[72l In inflammation,
OMVs promote the secretion of inflammatory factors
from not only immune cells but also nonimmune cells,
such as gingival epithelial cells, by activating multiple
signalling pathways.””] In addition to mediating
short-range intercellular communication, OMVs
spread throughout the body rather than being
confined to the primary lesion.[”l Due to their small
size and high concentration of virulence factors,
OMVs can be transported over long distances within
the host, thereby exerting systemic effects. For
example, P. gingivalis OMVs can induce vascular
calcification, trigger rheumatoid arthritis (RA), and
enter the central nervous system (CNS) to promote
Alzheimer's  disease = (AD).'>771  Fusobacterium
nucleatum OMVs can even accelerate the lung
metastasis of oral cancer.1?]

Probiotic-derived OMVs can package dioxide
nanozymes for the treatment of inflammatory bowel
disease with high safety and efficiency.'@ The
therapeutic potential of OMVs from pathogenic
bacteria is manifested mainly as targets of
antibacterial drugs and as immune stimulators. OMVs
from the periodontal pathogen P. gingivalis, for
example, represent the target of the antibacterial
drugs N-hexane-extracted fennel (HEF) and
curcumin, thereby  participating in  their
anti-inflammatory effects.l’s 71 OMVs, which have
high antigenicity, also function as immune
stimulators. In the prevention of periodontitis, P.
gingivalis OMVs can induce a strong immune
response in the blood and saliva.[8-82l Moreover, since
OMVs display good biocompatibility and specificity,
they are employed as carriers for antigens and drugs.
Bioengineered OMVs with different tumour antigens
can inhibit the metastasis of lung melanoma and
suppress the growth of subcutaneous colorectal
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Figure 2. Functions of different OMVs in the epithelial cells and immune system. (A). In the epithelial cells, OMVs from pathogens destroy the cell junctions to cause
cell detachment, promote cell apoptosis and inhibit cell proliferation. (B). In the immune system, OMVs from pathogens interact with immune cells and consume complements,
leading to proinflammation in general and the immune escape of specific bacteria. (C). In the epithelial cells, OMVs from probiotics can inhibit the structural destruction caused
by pathogens and promote tissue healing. (D). In the immune system, OMVs from probiotics adjust the state of immune cells to maintain homeostasis.

cancer ], and they can also deliver small interfering
RNAs (siRNAs) as drugs to kill cancer cells in a
cell-specific manner. 84

As  inappropriate  antibiotic = use and
drug-resistant bacteria present enormous challenges
to conventional antibiotic therapy, developing more
effective antimicrobial methods is vital. OMVs are
promising candidates because they display
antimicrobial activity and undermine bacterial
resistance by stimulating host cell immunity. [8587]
OMVs also possess the capacity for disease
prevention and cancer treatment as immune
stimulators and carriers. After oral administration,
natural OMVs spread rapidly to induce an immune
response but are unsuitable for clinical use because of
their uncontrolled toxicity and inaccurate targeting
ability 187l Therefore, natural OMVs should be surface
modified and express exogenous proteins, which will
reduce  their toxicity and increase their
biocompatibility and specificity.[88! By exerting a wide
range of immunostimulatory effects, OMVs show
great potential in vaccine development.®. 811 They can
be loaded with different tumour antigens to strongly
activate antitumour immunity with few adverse
reactions.[8% 8, %01 Appropriate OMV stimulation can
even enhance immunity against other diseases 1],
and OMV-targeting drugs are critical for the control
of gram-negative bacterial infections. Owing to their

high therapeutic potential, OMVs might open new
avenues for the treatment of several diseases.

The bacterial community in the oral cavity is one
of the most complex known. More than 700 bacterial
species routinely colonize the human oral cavity.
OMVs have been identified as important vesicles of
many oral bacteria. The involvement of OMVs
derived from oral bacteria in influencing host innate
and adaptive immunity has been shown.

3.1 P. gingivalis OMVs

P. gingivalis OMVs can serve as immune evasion
tools for bacteria to escape immune attack. They
retain antigenic determinants with strong antigenicity
to bind to and deplete antibodies and complements as
decoys, allowing bacteria to escape immune attack
during infection.’8! In addition to passively
eliminating immune factors, P. gingivalis OMVs also
actively regulate host immunity.®2 Due to their
smaller size, P. gingivalis OMVs spread faster and are
exposed to the immune system earlier than bacteria
are. When monocytes are present, P. gingivalis OMVs
act as gingival immune response modulators to
regulate their immunocompetence and induce
immune tolerance. When P. gingivalis restimulates the
host later, monocytes prestimulated with P. gingivalis
OMVs fail to secrete tumour necrosis factor (TNF) to
respond (Figure 3).1°2 This may represent an immune
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escape strategy for P. gingivalis. P. gingivalis OMVs can  proinflammatory  factors, and P.  gingivalis
also promote the maturation of bone marrow-derived =~ OMV-activated BMDCs can induce Th17 polarization
dendritic cells (BMDCs) and their secretion of  of naive CD4* T cells (Figure 3).19 94
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Figure 3. Functions of P. gingivalis OMVs in promoting periodontitis. P. gingivalis OMVs and their inner contents, including PPAD, gingipains, sSRNA, LPS, SL, and some
unknown virulence components, can promote the progression of periodontitis. Their functions include facilitating OMV biogenesis, facilitating immune escape and the
intracellular survival of P. gingivalis, damaging the periodontal structure and promoting inflammation in various host cells through different pathways.

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21

6332

P. gingivalis OMVs contain various virulence
factors of P. gingivalis, such as proteases, msRNAs,
and lipids. These virulence factors are powerful
weapons used by OMVs to disrupt the host immune
response. Gingipains are cysteine proteases that are
essential for the virulence of P. gingivalis OMVs. They
are composed of three subfractions: Arg-gingipain
(Rgp) A, RgpB, and Lys-gingipain (Kgp).l* The levels
of these proteins in P. gingivalis OMVs are much
greater than those in the parental bacteria, making P.
gingivalis OMVs more pathogenic and invasive, which
is due mainly to the type IX secretion system (T9SS)
and anionic lipopolysaccharide (A-LPS) mechanisms.
[96-100] Gingipains in the periplasm are recruited and
secreted across the OM by the T9SS via its structurally
conserved C-terminal structural domain (CTD).[01]
Then, the gingipains are covalently linked to A-LPS
on the OM of bacteria to build a toxic shell.[7. %]
OMVs are derived from the OM and thus obtain
gingipains through A-LPS. As A-LPS is more
abundant on OMVs than on OMs, P. gingivalis OMVs
are more enriched in gingipains.[% %7 %1 OMV-bound
gingipains from P. gingivalis may present a
“neutrophil deceptive strategy”. They explicitly
activate neutrophil degranulation.[02] Instead of being
internalized by macrophages or epithelial cells, they
are located on the surface of neutrophils and degrade
bactericidal molecules such as the particulate enzyme
myeloperoxidase (MPO) and the highly potent
particulate-derived cationic antimicrobial peptide
(CAMP) LL-37, undermining the host's ability to
sterilize.[102106] This process can be a conserved
neutrophil deceptive strategy that protects P.
gingivalis from being engulfed by inflammatory cells,
helps them colonize gingival crevices, and ultimately
exacerbates periodontitis (Figure 3).'02] Peptidylargi-
nine deiminase (PPAD) is another protease cargo of
the T9SS and plays an essential role in P. gingivalis
OMVs [0l PPAD  activity (citrullination) restricts
biofilm formation and promotes surface translocation,
participating in the biogenesis of P. gingivalis OMVs
and their surface attachment.[41, 107]

MicroRNA-sized small RNAs (msRNAs) in P.
gingivalis OMVs have the potential to promote host
cell apoptosis and accelerate inflammation.['%] In an in
vitro experiment in which human periodontal
ligament cells (HPDLCs) were cocultured with P.
gingivalis OMVs, OMVs were taken up and
endocytosed by HPDLCs.'8]  The msRNA
sRNA45033 in P. gingivalis OMVs inhibited the
apoptosis-related gene Chromobox 5 (CBX5) and
influenced the p53/B-cell lymphoma-2 (Bcl-2) axis,
indirectly facilitating the apoptosis of HPDLCs.[108]
Moreover, through promoting the release of
proinflammatory factors and the production of pyrin

domain containing 3 (NLRP3), sRNA45033 can also
aggravate inflammation and promote pyroptosis in
HPDLCs (Figure 3).[108,109]

Lipids are also important virulence factors in P.
gingivalis OMVs. As a component of PAMPs, LPS in P.
gingivalis OMVs interacts with pattern recognition
receptors (PRRs) on fibroblasts, epithelial cells, and
macrophages, causing chronic inflammatory
dysregulation.''0. 1111 LPS from Tannerella forsythia
OMVs and T. denticola OMVs is also involved, but
neither elicits a PRR response as intense as that
induced by LPS from P. gingivalis OMVs (Figure 3).112
113] In contrast, sphingolipid (SL), another lipid in P.
gingivalis OMVs, plays a different role than the
virulence factors described above. SL in P. gingivalis
OMVs inhibits the immune response and facilitates
immune escape.[l’] SL-depleted P. gingivalis OMVs
significantly increase the expression of TNF-a, IL-1p,
and IL-10 in THP-1 cells, confirming that SL in P.
gingivalis OMVs partially inhibits the host immune
response.[¥l SL may facilitate the immune escape of
P. gingivalis by altering the cargo of OMVs and
affecting the important receptors Toll-like receptor
(TLR)2 and TLR4 in the periodontium and their
signalling pathways (Figure 3).[115-121]

P. gingivalis OMVs can also interact with other
oral bacteria to help parental bacteria function
synergistically with other oral pathogens in adhesion,
spread, and serum survival. The adhesion of T.
forsythia to epithelial cells relies on its cell
surface-associated protein BspA, and P. gingivalis
OMVs facilitate this attachment.%¢] P. gingivalis OMVs
also promote the adhesion and diffusion of the
spirochetes T. denticola and Lachnoanaerobaculum
saburreum.1221 In human immortalized oral epithelial
cells, P. gingivalis OMVs prevent F. nucleatum from
entering oral epithelial cells and being degraded
intercellularly.'?! In turn, P. gingivalis invasion is
accelerated by this process to promote deep-seated
bacterial infection.'?!l These different effects may
result from the attempt to maximize the efficiency of
promoting inflammation in different host cells and in
different intracellular environments. Pretreating C.
ochracea incubated with human serum with P.
gingivalis OMVs revealed that P. gingivalis OMVs
inhibited the bactericidal activity of the serum against
C. ochracea.'?] This ability of P. gingivalis OMVs might
be broad enough to protect not only C. ochracea but
also other oral pathogenic bacteria that participate in
the synergistic pathogenic process of periodontitis.['?]

3.2 T. forsythia OMVs

T. forsythin is a gram-negative oral pathogen
associated with advanced periodontitis 1261 and a
member of the “red complex”.['?’ T. forsythian OMVs
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carry a variety of virulence factors through the T9SS
and glycosylation.['12128] Like P. gingivalis, T. forsythia
possesses a T9SS that transfers cargo proteins into
OMVs % 1291311 OMVs also depend on the
glycosylation of virulence-associated proteins to cause
disease.['32 T. forsythia has an O-type glycosylation
system, and locus analyses indicate that glycosylation
occurs on a vast range of motifs, including (D) (S/T)
(A/I/L/V/M/T/S/C/G/F).13] Thus, there is a high
probability of potential glycoproteins in bacteria and
their OMVs.13  The major glycoprotein class
observed in T. forsythia OMVs is the cargo proteins of
the T9SS.113

T. forsythin OMVs can play a regulatory role in
the immune processes of dendritic cell activation and
CD4* T-cell differentiation. Unlike P. gingivalis OMVs,
T. forsythin OMVs promote the secretion of
proinflammatory cytokines by BMDCs and induce
Th1 differentiation in naive CD4* T cells.[*]

3.3 T. denticola OMVs

Treponema is an important factor in different
human chronic diseases, and T. denticola is a common
motile,  specialized anaerobic = gram-negative
treponema that is a member of the “red complex” and
a major periodontitis pathogen.l'?”. 134 1351 EVs are
often found around T. denticola, in which proteins and
protein hydrolysis patterns are quite similar to those
of the bacterial sheaths.['36] Thus, T. denticola OMVs
may originate from the sheath of bacteria through
flagellar rotation.[3¢] The biogenesis of T. denticola
OMVs might be triggered by limited exposure to the
major sheath protein (Msp).[2!-137] Since Msp forms an
array within the bacterial OM and is mostly
periplasmic with limited surface exposure, the
generation of OMVs may be a strategy to increase
Msp surface exposure.[137]

OMVs of T. denticola act as long-range virulence
factors and contain the necessary adhesins and
proteolytic arsenal for adhering to and damaging host
cells and affecting inflammation.3¢1 The major
virulence factors in T. denticola OMVs include
dentilisin, Msp, and lipooligosaccharide (LOS).[68; 138]
Dentilisin is located on the surface of T. denticola
OMVs. It can degrade tight junction proteins such as
Z0O-1, disrupt transepithelial resistance (TER), and
effectively enter human epithelial type 2 (HEp-2)
cells.l68, 1381 Msp in T. denticola OMVs enhances the
inhibition of neutrophils to perpetuate periodontal
inflammation.['%] It moderately reduces Src homology
2 domain-containing inositol phosphatase 1 (SHIP1)
activity and prevents the secondary activation of the
phosphatase and tensin homologue (PTEN)/
phosphatidylinositol 3-kinase (PI3K) response, which
restricts ~ phosphatidylinositol ~ phosphate  (PIP)

signalling to disrupt the phagocytic function of
neutrophils and evade host immune responses.[3]
Like P. gingivalis, T. denticola OMVs activate BMDCs
and indirectly induce Th17 differentiation of naive
CD4* T cells.’®l However, there is no significant
alteration in the levels of proinflammatory factors
during the activation of BMDCs, which may be
related to the highly proteolytic characteristics of T.
denticola OMVs and their subsequent posttranslational
degradation.[*]

3.4 A. actinomycetemcomitans OMVs

Aggregatibacter  actinomycetemcomitans is an
inactive, nonencapsulated, slow-growing
gram-negative anaerobic bacterium.[40] It is capable of
producing OMVs that possess a bimodal size
distribution.l*!] The composition of these OMVs is
complex, and includes virulence factors, tentative
virulence-associated proteins, and small
molecules.[42] Biologically active virulence proteins of
A. actinomycetemcomitans OMVs include the unique
exotoxins CDT and LtxA.[143-145] Junction-related
proteins on A. actinomycetemcomitans OMVs are fused
to lipid rafts on the host plasma membrane, and the
OMVs are then internalized, delivering virulence
factors such as CDT to susceptible host cells in the
periodontium.?l CDT subsequently enters the
nucleus and cleaves double-stranded DNA, leading to
rapid growth arrest and thus destruction of
periodontal tissues.[2¢l LtxA is thought to be the major
virulence molecule in invasive periodontitis caused
by A. actinomycetemcomitans'46-148], and it is involved
in the formation of A. actinomycetemcomitans OMVs
and is enriched in OMVs.[%5, 149 This enrichment may
partly explain the size dependence of toxin
distribution in A. actinomycetemcomitans OMVs, with
larger OMVs being more likely to contain LtxA.[141] By
killing defence cells, LtxA in OMVs shields bacteria
from phagocytosis, thereby strengthening the
protective effect.'50] OMVs also contain peptidogly-
cans that can activate the nucleotide-binding
oligomerization domain (NOD)1 and NOD2.[151]
When internalized by nonphagocytic cells, OMVs act
as promoters of innate immunity.['511 Mass spectro-
metry analysis has revealed a series of potential
virulence-related proteins in A. actinomycetemcomitans
OMVs, including BilRI, Ompl00, TdeA, and
ferritin-like proteins.52 153 In addition, small
molecules in A. actinomycetemcomitans OMVs are
important for pathogenesis. LPS and lipid-associated
proteins can promote bone resorption.['54 155 msRNAs
capable of signal transduction can enhance the
activation of NF-xB via TLR-8 and promote TNF-a
production in macrophages to strengthen the
inflammatory response.33 15¢]
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A. actinomycetemcomitans OMVs protect their
parental bacteria as well as other bacteria. Serum
resistance, which enables bacteria to escape from the
innate immune system, is crucial for bacteria to enter
the blood and cause infection.[1571601 A,
actinomycetemcomitans OMVs serve as immune targets
that strongly activate and deplete complement via
virulence factors such as LPS.I"!] In this way, serum
resistance is induced, and A. actinomycetemcomitans is
protected.l'®ll A. actinomycetemcomitans OMVs may
also protect against other pathogens.['?l Experiments
could be designed to test the protective efficacy of A.
actinomycetemcomitans ~ OMVs  against  other
periodontal pathogens in the serum.

3.5 F. nucleatum OMVs

F. nucleatum is a gram-negative, anaerobic,
adhesive bacterium commonly found in the oral
mucosa and is involved in biofilm formation.[162 163] F,
nucleatum OMVs can regulate the extent of the
inflammatory = response and  tissue  barrier
permeability .64 Experiments in which F. nucleatum
OMVs stimulated bone marrow-derived
macrophages (BMDMs) revealed that F. nucleatum
OMVs could upregulate TNF-a and iNOS to induce
significant proinflammatory features and oxidative
stress in macrophages, promoting the polarization of
MO macrophages towards proinflammatory M1
macrophages. In this way, F. nucleatum OMVs
accelerate the formation of an inflammatory
microenvironment. When mouse gingival fibroblasts
(MGFs) were isolated and cocultured with F.
nucleatum OMV-treated macrophages, F. nucleatum
OMV-treated macrophages caused more significant
MGF damage than did macrophages cocultured
directly with F. nucleaturn OMVs, suggesting that the
inflammatory = microenvironment enhances the
damaging effect of F. nucleatum OMVs on MGFs.
Researchers further conducted in vivo experiments
with periodontitis mouse models and reported that F.
nucleatum OMV-treated periodontitis model mice
presented greater numbers of osteoclasts, more
widespread alveolar bone damage, and significant
increases in the levels of IL-1p, IL-6, and TNF-a. These
changes demonstrated the role of F. nucleaturn OMVs
in exacerbating periodontal inflammation, which may
be achieved by shifting M0 macrophages to the M1
phenotype  to  promote the  inflammatory
microenvironment.[165] In addition, F. nucleatum
OMVs can disrupt the oral mucosal epithelial barrier
and further enhance the spread of virulence by
downregulating the tight junction protein claudin-4 in
HOKSs.[1%6] A recent study in our lab revealed that F.
nucleatum  OMVs  could directly induce the
deterioration of periodontitis by enhancing

inflammation of the periodontium and the absorption
of alveolar bone, which was almost equivalent to the
effect of F. nucleatum itself.'3] As an entity of multiple
pathogenic components, F. nucleatum OMVs interact
with human periodontal ligament stem cells
(HPDLSCs) and trigger the NLRP3 inflammasome,
thus reducing the accumulation of mineralization in
HPDLSCs and promoting the resorption of alveolar
bone.

3.6 C. ochracea OMVs

C. ochracen is a facultative anaerobic
gram-negative bacillus responsible for the early stages
of plaque formation and is opportunistically
pathogenic for periodontal infections.®”] The
biogenesis of C. ochracea OMVs is associated with the
enrichment of the unsaturated fatty acid
phosphatidylinositol (PI) and increased membrane
fluidity.[1%8] Recent research has shown that C. ochracea
can undergo a unique microbial extracellular electron
transfer (EET) process through the OM.[%%1 C. ochracea
OMVs, which originate from and share high similarity
with the OM, might also be capable of mediating EET
and affecting the metabolism of other oral bacteria
through long-distance electron transfer. Thus, the
isolation of C. ochracea OMVs for study is needed to
confirm this process. To date, little is known about C.
ochracca OMVs, and only their biogenesis and
potential roles have been investigated. Future work
should shed light on the virulence factors, functions,
and mechanisms involved.

In summary, P. gingivalis is the keystone
pathogen of periodontitis, and studies on its OMVs
are more extensive than those on other oral
pathogens. The virulence factors in P. gingivalis OMVs
include proteases, nucleic acids, and lipids, and their
functions can be divided into two main categories:
structural destruction and effects on the host immune
response. Structural destruction, such as the apoptosis
of HPDLCs caused by gingipains in P. gingivalis
OMVs, can promote the spread of OMVs via a
positive feedback mechanism. The proinflammatory
effects of OMVs, which regulate the host immune
response, are more extensive. P. gingivalis OMVs
promote the expression of proinflammatory factors in
nonimmune cells such as gingival epithelial cells.
They also interact with PRRs to activate nonspecific
immunity. In addition, P. gingivalis OMVs activate
BMDCs and indirectly induce Thl7 polarization of
naive CD4* T cells to affect specific immunity.
Although the general role of P. gingivalis OMVs is to
exacerbate inflammation, measures are available to
protect parental bacteria from immune attack, even
when the overall immune response is strengthened. P.
gingivalis OMVs can moderately inhibit the
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SL-induced immune response, as a strategy to achieve
immune escape. Prestimulation of monocytes with P.
gingivalis OMVs elicits immune tolerance. When these
monocytes are exposed to P. gingivalis, immune
escape, rather than an immune response, occurs. P.
gingivalis OMVs can also help bacteria escape death
by degrading and depleting bactericidal substances
such as complement, MPO, and LL-37.

Although the role of P. gingivalis OMVs has been
widely studied in both structural and immunologic
dimensions, the complicated underlying mechanisms
still need to be fully elucidated. Some studies have
explored the effects of P. gingivalis OMVs as a whole,
but the specific molecules involved are unclear.
Further analysis is needed. For example, we can first
apply heat treatment to determine the thermal
stability of unknown molecules and then further
analyse the thermal stability with the control variable
method to verify the results. If the OMV-mediated
effect disappears after heat treatment, a molecule,
such as a protein, is heat unstable. If there is no
significant change, a molecule, such as LPS, is heat
stable. If there is a partial change, it may be a
synergistic effect of both heat-unstable molecules and
heat-stable molecules.

In addition to P. gingivalis, the OMVs of other
oral pathogens, including T. forsythia, T. denticola, A.
actinomycetemcomitans, F. nucleatum, and C. ochracea,
also play a pathogenic role. Similar to P. gingivalis
OMVs, the OMVs of these bacteria exert their effects
mainly  through structural destruction and
inflammation and can induce immune escape to
protect against pathogens. Structurally, dentilisin in
T. denticola OMVs degrades the tight junction protein
Z0O-1 to disrupt intercellular tight junctions. In terms
of inflammation, OMVs from these pathogenic
bacteria function similarly to P. gingivalis OMVs do,
enhancing the host immune response by inducing the
overexpression of proinflammatory factors. These
OMVs also possess immune escape mechanisms. A.
actinomycetemcomitans OMVs kill defence cells to
protect bacteria via LtxA. They also act as
complement targets to induce serum resistance and
prevent bacteria from being attacked. However, only
a few studies have focused on oral OMVs other than
P. gingivalis OMVs, and there is a dearth of
information on their interrelationships and systemic
effects. In-depth studies on these OMVs are needed.

4. Pathogenic roles of oral bacterial
OMYVs in diseases

Oral biofilms, also known as dental plaques, are
complex biofilms arranged in spatial order on the
tooth surface and gum by bacteria.l'’0l Usually, the
oral biofilm is dynamically balanced, with constant

interactions between the oral microbiome and the
host.[171l Disruptions in the balance triggered by
pathogens can lead to many oral diseases, including
dental caries [172, periodontitis [173175], mucosal
diseases [176], and oral cancer [177.178], as well as other
health issues, such as circulatory diseases and
endocrine diseases.['”]

In recent years, intensive research interest has
focused not only on the role of pathogenic
gram-negative bacteria in oral biofilms but also on
their secreted OMVs. OMVs of oral pathogens play an
essential role in periodontitis and OSCC, facilitating
their progression and systemic spread. However, the
specific functions and mechanisms still warrant
further investigation. By summarizing the pathogenic
roles of OMVs from major oral pathogens and
discussing their therapeutic potential, we attempt to
provide possibilities for exploring the pathogenesis,
systemic spread, and Dbiological therapies of
periodontitis and OSCC.

4.1 OMVs in periodontitis

Periodontitis is a form of chronic inflammation
related to biofilm dysregulation.[80.181] ]t is the result
of imbalanced periodontal ecology, in which
pathogens cause destruction either directly by
invading periodontal tissue or indirectly by affecting
the immune system.['81] Periodontitis is characterized
by the gradual destruction of dental supporting
structures, such as the alveolar bone, periodontal
ligament, and cementum. In cases of severe
deterioration, periodontitis eventually leads to tooth
loss.[175, 180]

Periodontitis is initiated by interactions among
multiple pathogenic bacteria.l'82 The oral pathogenic
bacteria P. gingivalis, T. forsythia, and T. denticola
constitute the "red complex" consortium.'”1 They
congregate, interact, and metabolically intertwine
with each other, forming a dense biofilm to trigger
and aggravate periodontitis.'?”, 132 18] The key
pathogens involved in periodontitis also include A.
actinomycetemcomitans, ~F.  nucleatum, and C.
ochracea.l1¢7, 184, 185] These gram-negative periodontal
bacteria not only attack the periodontium but also
produce OMVs to accelerate  periodontitis
progression. OMVs inherit many characteristics from
their parental bacteria and even perform better in
different ways. These OMVs transfer virulence factors
into host cells to promote periodontitis (Table 1).
They also interact with other bacteria, causing
changes in microbial communities and consolidating
the dominant position of pathogenic bacteria. OMVs
even associate periodontitis with other nonoral
diseases by promoting the occurrence of systemic
diseases via their strong ability to spread.

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21

6336

Table 1. OMVs involved in oral diseases

No. Diseases OMVs Key factors

Functions Ref.

1.  Periodontitis P. gingivalis OMVs Gingipains (active)

Degrading bactericidal granule-derived proteins and peptides like MPO and [102]

LL-37 and preventing the bacteria to be killed by neutrophils in the gingival

crevice

Gingipains (inactive)

Activating the pro-inflammatory immune response in human [189]

telomerase-immortalized gingival keratinocytes

Stimulating the AKT pathway in dendritic cells in periodontal tissues and [189]
leading to alveolar bone resorption
PPAD Promoting the OMV biogenesis and the systemic effects [41]
msRNA Targeting the apoptosis-related gene Chromobox 5 to promote the apoptosis of ~ [108]
HPDLCs
LPS Interacting with PRRs and causing chronic inflammatory dysregulation [111]
SL Inhibiting the immune response of the THP-1 cells [114]
T. forsythia OMVs Miropin Causing damage to periodontal support structures by inhibiting degrading [200]
fibrin deposits
T. denticola OMVs Msp Promoting the OMV biogenesis [137]
Restricting PIP signaling, disrupting the phagocytose function of neutrophils, [139]
and helping the bacteria to evade host immune responses
LOs Increasing OMVs’ adhesion to periodontal tissues [201]
Promoting P. micros to secret pro-inflammatory cytokines [201]
Dentilisin Degrading the tight junctional proteins to disrupt the cellular tight junctions in ~ [68]

periodontal epitheliums

A. actinomycetemcomitans  LtxA Killing defense cells to protect the bacteria from phagocytosis [146-148,
OMVs 152]
CDT Cleaving the DNA and leading to a rapid growth arrest in susceptible cells of the [26]
periodontium
F. nucleatum OMVs Major OM protein Taking part in immunomodulation and adhesion by making M0-like [165]
macrophages tend to be differentiated into the M1 phenotype
C. ochracea OMVs Unsaturated fatty acid of Promoting the OMV biogenesis [168]
phosphatidylinositol
Microbial EET Influencing the metabolism of other oral bacteria through EET [169]
2. 0OsCC P. gingivalis OMVs sRNA23392 Targeting DSC2 to accelerate the invasion and migration of the cancer [217]
F. nucleatum OMVs EMT Promoting lung metastasis of OSCC through EMT [12]

Some in vitro experiments have revealed that
OMVs from P. gingivalis can inhibit HGF proliferation
and affect inflammation in human gingival epithelial
cells (HGECs) (Figure 3).[73 18] Further evidence has
been derived from animal model studies. Compared
with that in untreated rats, significant resorption of
alveolar bone was detected, suggesting that P.
gingivalis OMVs promote periodontitis.[1081 P,
gingivalis OMVs also work together with other
periodontal pathogens to aggravate periodontitis.[12]

The bacterial virulence factors in OMVs play a
key role in periodontal inflammation and tissue
destruction caused by OMVs. Gingipains in P.
gingivalis OMVs can trigger the detachment of oral
squamous epithelial cells to promote periodontitis.[4]
As OMVs diffuse away from the periodontal pocket,
the environmental oxygen level increases, and
gingipains are inactivated because of the oxidation of
cysteine residues.['87. 18] However, gingipains that lose
protein hydrolysis activity can still damage
periodontal tissues via a mechanism different from
that in the periodontal pocket.18% 190 [nactive RgpA
interacts with the epidermal growth factor receptor
(EGFR) on the membrane surface of human
telomerase-immortalized  gingival  keratinocyte

(TIGK) cells and phosphorylates tyrosine residue
Y1173 of the receptor.'® It causes a robust
proinflammatory response with a marked increase in
TNF-a and IL-1P and activates the PI3K and protein
kinase B (AKT) pathways.[18% 191, 192] In the dendritic
cells of periodontal tissues, the inactive
RgpA-stimulated AKT pathway strongly triggers
local inflammation around the alveolar bone, causing
destruction and resorption.') Moreover, via this
AKT pathway, inactive RgpA may regulate apoptosis.
In the intracellular pathogen Shigella flexneri,
IpgD-induced phosphorylation of AKT inhibits
apoptosis and promotes intracellular survival and
growth.['%] Since P. gingivalis is also an intracellular
pathogen, it is hypothesized that inactive RgpA in P.
gingivalis OMVs may also promote intracellular
survival through the AKT pathway (Figure 3).[194 19]
LPS in P. gingivalis OMVs interacts with PRRs on
fibroblasts, epithelial cells, and macrophages in
periodontal tissues.[110.111] This interaction functions in
the chronic inflammatory pathology of periodontitis
by activating inflammasome complexes to destroy
connective  tissue and cause alveolar bone
resorption.['%! Fibrinolytic activity is critical for
human periodontal health.97191 T. forsythia OMVs
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can release a significant virulence protein named
miropin, which can inhibit human fibrinolysin and
prevent fibrin clot degradation.??l This may have a
deleterious effect on periodontal tissue. LOS resides
on the surface of T. denticola OMVs and has a high
affinity for laminin.[20l It assists T. denticola OMVs in
adhering to gingival epithelial cells and fibroblasts,
and damages periodontal tissues.[?01l LOS can also
help T. denticola OMVs bind to other bacteria,
increasing their proinflammatory potential. Applying
T. denticola LOS-coated Peptostreptococcus micros to
stimulate HGFs can significantly increase the
expression of IL-6 and IL-8.1201 msRNAs in T. denticola
OMVs can act as novel signalling molecules that
mediate signal transmission to bacteria and host
cells.B31  However, its specific functions and
mechanisms have not yet been elucidated.

Progress in the field of OMVs has provided
increasing detail about the pathogenic role of oral
bacterial OMVs in periodontitis. Several lines of
evidence have suggested that OMVs derived from
periodontal pathogens such as P. gingivalis and T.
denticola participate in periodontal tissue destruction.
However, the differences in OMV components and
comparisons of the OMV virulence of different oral
bacteria are still lacking. The precise process and key
molecular events involved in OMV-induced
periodontitis still need to be elucidated.

4.2 OMVs in OSCC

OSCC is one of the most common
malignancies.?2 It occurs mainly in the tongue,
mouth floor, gingiva, and buccal mucosa, with
various subtypes and high rates of recurrence and
metastasis.[?3] Chronic infection is a significant risk
factor for cancer development, and host-microbiota
interactions in cancer are closely related to
tumorigenesis, progression, metastasis, therapeutic
efficacy, and prognosis.20% 2051 Therefore, the
pathogenesis of OSCC is associated with the
dysregulation of oral bacterial ecology and inflam-
mation. Studies have shown that OSCC strongly
correlates with pathogenic bacteria, including P.
gingivalis, F. nucleatum, and T. denticola.[206:2091 The
progression of OSCC is accelerated by promoting
epithelial cell proliferation [?19-212], enhancing cancer
cell invasion and metastasis [213 214, and modulating
the immune microenvironment.[?15 216l OMVs have
also been shown to be involved in OSCC progression
in recent studies (Table 1).

P. gingivalis OMVs disrupt intercellular adhesion
to increase cell invasiveness and metastasis in
epithelial malignancies.[?7. 218] Desmosomes are
essential intercellular adhesive complexes in epithelial
and some nonepithelial tissues, and serve as reliable

tumour markers.[291 Desmocollin 2 (DSC2) is a
cadherin-type transmembrane adhesion molecule
whose aberrant expression is correlated with the
invasive properties of cancers 1220, and its mRNA can
be bound to and degraded by the virulence factor
sRNA23392 in P. gingivalis OMVs.[27] This process
reduces the expression of DSC2, decreases the
adhesion among oral carcinoma HSC-3 cells, and
leads to an increase in migration and invasion,
ultimately resulting in the metastasis of OSCC (Figure
4A).[217]

F. nucleatum OMVs may trigger the lung
metastasis of OSCC by  inducing the
epithelial-mesenchymal transition (EMT) phenotype
in cancer cells.?l EMT is closely related to cancer
metastasis.[?2l: 2221 The epithelial marker E-cadherin
and the tight junction protein ZO-1 are
downregulated in cancer, whereas the mesenchymal
markers N-cadherin and vimentin are
upregulated.i??!l In the OSCC hormonal mouse model,
metastatic lung nodules were present on the lung
surface in the F. nucleatum OMV-treated group but
did not appear in the control group, suggesting that F.
nucleaturn OMVs can promote the lung metastasis of
OSCC (Figure 4B).['2l A report involving coculture of
the human tongue squamous carcinoma cell line
CAL27 and the oral carcinoma cell line HSC-3 with F.
nucleatum OMVs indicated that F. nucleatum OMV
exposure could downregulate  E-calmodulin
expression and upregulate vimentin expression in
these two cell lines, suggesting that F. nucleatum
OMVs induce an EMT phenotype in OSCC cells to
accelerate their lung metastasis. This process is
achieved by activating autophagic pathways to
increase autophagic flux; thus, the F. nucleatum
OMV-induced EMT phenotype and metastasis of
OSCC cells can be reversed by using autophagy
inhibitors such as chloroquine (CHQ).[2

4.3 Systemic effects of OMVs

Periodontitis is linked through P. gingivalis
OMVs to a variety of systemic impairments, including
circulatory diseases, endocrine diseases, autoimmune
diseases, and neurologic diseases.?0 77 2231 In
circulatory diseases, P. gingivalis OMVs can induce
oedema and vascular calcification. They decrease the
level of platelet endothelial cell adhesion molecule 1
(PECAM-1) on the surface of human microvascular
endothelial cells (HMEC-1) via gingipains.[?2]
PECAM-1 acts as an endothelial adhesion molecule
crucial for sustaining vascular integrity at cell-cell
junctions.[??] Thus, its loss causes increased vascular
permeability and leakage, leading to cellular oedema
(Figure 5A).1221 Moreover, this damage to cellular
junctions caused by P. gingivalis OMVs may expose

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21

6338

connective tissues and contribute to platelet
activation, subsequently activating immune cells in
the endothelium and increasing the risk of systemic
diseases.220]  P. gingivalis OMVs also induce
calcification of vascular smooth muscle cells (VSMCs)
through the ERK1/2-Runx2 pathway in the mouse
aorta.[’” Notably, the nanoscale size of P. gingivalis
OMVs may even allow vascular injury to occur in tiny
spaces inaccessible to bacteria (Figure 5A).224 In
endocrine diseases, after translocating to the liver, P.
gingivalis OMVs, with the help of gingipains,
downregulate the insulin-induced AKT/glycogen
synthase kinase-3 B (GSK-3p) pathway in HepG2 cells,
attenuate insulin sensitivity, and alter glucose
metabolism, which ultimately leads to diabetes
progression (Figure 5B).136, 227, 228]

P. gingivalis OMVs have also been potentially
implicated in autoimmune diseases. Since P. gingivalis
is closely connected to the pathogenesis of RA and
one probable cause of RA is the loss of tolerance to
citrullinated proteins, P. gingivalis OMVs might
function to extend periodontitis to RA through the
key enzyme PPAD.?»! This process may rely on
A-LPS modification of the bacterial OM to affect
PPAD anchoring and distribution to OMVs, thereby
indirectly influencing RA initiation (Figure 5C)."7] In
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the nervous system, P. gingivalis OMVs increase the
secretion of proinflammatory cytokines by human
microglial clone 3 (HMC3) cells and further induce
neuroinflammation via neurotoxic gingipains (Figure
5D).[761 After oral gavage, P. gingivalis OMVs enter the
ventricles of mice to promote inflammation and tau
phosphorylation in the brain (Figure 5D).[] They
may also induce trigeminal nerve-mediated cognitive
impairment.[230] These results indicate that P. gingivalis
OMVs can act as vital mediators of periodontitis to
affect the nervous system and trigger degenerative
diseases such as AD.

However, the lack of in vivo experiments
prevents further verification of these systemic effects
induced by P. gingivalis OMVs. Controlled
experiments can be designed in mice to establish the
systemic spread process. For example, to verify
whether A-LPS modification can affect the anchoring
of PPAD to OMVs and indirectly promote RA
initiation, we can divide P. gingivalis into
A-LPS-modified and non-A-LPS-modified groups,
inject them separately into mice, extract OMVs,
calculate their PPAD content, and observe the
occurrence of RA. Additionally, more clinical data are
needed to clarify the functions of these genes in the
host body.
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P. gingivalis OMVs can lead to neuroinflammation by promoting the expression of proinflammatory factors in HMC3 cells, Tau phosphorylation, and NLRP3 inflammasome
production. OMVs from T. denticola may help form mini-biofilm aggregates. A. actinomycetemcomitans OMVs may cross the BBB and promote the expression of the

proinflammatory factor TNF-a.

P. gingivalis OMVs can also interact with other
pathogens and cause systemic effects. For example,
with the aid of P. gingivalis OMVs, HIV-1 can rapidly
spread to HOKs and promote oral mucosal infection.
This faster rate of P. gingivalis OMV-mediated viral
entry, reverse transcription, and integration may be
related to the more rapid entry of OMVs into host
cells than that of the virus alone.l*2l P. gingivalis OMVs
induce reversible Staphylococcus aureus aggregation
and promote its adherence to neutrophils with
subsequent internalization, which indirectly allows S.
aureus to be transported into the bloodstream and
potentially triggers S. aureus bacteraemia (SAB)41. 231

2321 However, as mentioned above, P. gingivalis OMVs
enhance the proliferative activity of F. nucleatum and
protect C. ochracea from serum bactericidal activity
rather than promoting its internalization. This
difference may be determined by the pathogenicity of
the bacteria in periodontitis. P. gingivalis OMVs have
synergistic effects with their copathogenic periodontal
pathogens. For nonperiodontitis pathogens such as S.
aureus, P. gingivalis OMVs may promote their
internalization by neutrophils to eliminate their
competition in the periodontium, thus indirectly
triggering systemic diseases such as SAB. However,
this possibility requires further investigation via
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controlled experiments involving P. gingivalis OMVs
against different oral pathogens (especially
periodontal pathogens) and nonoral pathogens to
verify whether there are distinct differences.

T. denticola has been shown to be an essential
mediator of the spread of periodontal infection to the
nervous system, leading to neurodegeneration in the
midbrain. Treponemes are neurotrophic: they can
reach the brain from a peripheral route of infection.
Interactions between virulence factors of treponemes
and microglia can directly or indirectly inflict
neurological damage.[?3l T. denticola has been
reported to form mini-biofilm aggregates after
entering the CNS, increasing its virulence through
group sensing.[?3l Since T. denticola OMVs spread
faster and can promote biofilm formation than can the
whole bacteria, T. denticola OMVs possibly participate
in mini-biofilm formation and neurological damage in
the CNS (Figure 5D).

A. actinomycetemcomitans OMVs also influence
the development of neurological disorders. Research
on mice has shown that periodontopathogenic A.
actinomycetemcomitans OMVs not only promote TNF-a
secretion by human macrophages in the periodontium
but also pass through the blood-brain barrier (BBB) to
increase TNF-a levels in the brain, contributing to the
progression of neuroinflammatory disorders such as
AD (Figure 5D).[15]

5. Therapeutic potentials of OMVs

OMVs of periodontal pathogens are rich in
various virulence factors that are closely connected
with parental bacteria and other pathogenic bacteria.
These pathogenic effects strongly suggest the great
therapeutic potential of OMVs as drug targets and as

Table 2. Therapeutic effects of OMVs in oral diseases

high-antigenicity vaccines for periodontitis treatment,
and eliminating OMVs is beneficial for preventing the
aggravation and spread of periodontitis and OSCC
(Table 2).

5.1 Therapeutic potential of OMVs in
periodontitis

P. gingivalis OMVs are potential therapeutic
targets for periodontitis. HEF is rapidly lethal to P.
gingivalis and displays significant antibacterial
activity.[”®l Low concentrations of HEF lead to the
formation of OMV-like bubbles, whereas high
concentrations promote bacterial disintegration,
resulting in the overproduction of OMVs with
aberrant surface properties.”sl RagA and RagB, two
transport proteins of P. gingivalis and its OMVs, are
essential for nutrient acquisition. Excess OMV
production induced by HEF results in the overrelease
of RagA and RagB from bacteria into OMVs and the
depletion of the vital RagA/RagB conveyance
mechanism in P. gingivalis, and eventually, the
bacteria become undernourished.”®l HEF has also
been found to have inhibitory effects on both Rgps
and Kgp in P. gingivalis OMVs, which hinders
periodontitis progression (Figure 6A)."8] Another
drug, curcumin, can inhibit the proinflammatory and
toxic effects of P. gingivalis OMVs.[’”l A report
revealed that curcumin significantly suppressed P.
gingivalis OMV-mediated secretion of IL-6, IL-1p, and
TNF-a by HGECs in a dose-dependent manner./”!
Moreover, curcumin inhibits the ability of OMVs to
adhere to and enter HGECs and restrains their toxic
effects on cell migration, preventing the death or
apoptosis of host cells and effectively restraining
periodontitis progression (Figure 6A).["]

No. Diseases Roles OMVs

Drugs/immune adjuvants

Effects of the drugs/immune adjuvants Ref.

1.  Periodontitis Drug target P. gingivalis OMVs HEF

Curcumin

T. forsythia OMVs  QSI

Antigen and
immune adjuvant
in vaccine

P. gingivalis OMVs  Poly(I:C)

OMVs

2. 0sCC Drug carrier E. coli OMVs

system
TiO,@OMV delivery
system

Drug target P. gingivalis OMVs sRNA23392 inhibitors

A. actinomycetemcomitans

OMV-MSN-5-FU delivery

Inducing bacterial disintegration, overproducing OMVs with aberrant [78]
surface properties and leading to the rapid death of P. gingivalis

Suppressing the OMV-mediated expression of IL-6, IL-13, and TNF-a in [79]
HGECs

Inhibiting OMVs’ adhesion to gingival epithelial cells and restraining their ~[79]
toxic effects on cell migration

Decreasing the OMV-induced production of TNF-a, IL- 1p, IL-6 and IL-8 in  [235]
THP-1 monocytes

Effectively inducing serum IgG and IgA, and mucosal secretory IgA [82]

More potent than Poly(I:C) as the immune adjuvant [145]
Prolonging the duration of action and enhancing the therapeutic efficacy [244]
Exerting dual effects of radiosensitization and immune activation [254]
Inhibiting the P. gingivalis OMV-related metastasis of OSCC [217]
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Figure 6. Therapeutic potential of OMVs in periodontitis and OSCC. (A). Drugs can target OMVs for the treatment of periodontitis. HEF promotes the production of
excess abnormal OMVs by P. gingivalis, which in turn downregulates the expression of the important OM transport proteins RagA and RagB in bacteria, decreases gingipain
activity, and ultimately disrupts nutrient cycling. Curcumin can suppress the expression of the proinflammatory cytokines IL-6, IL-1B, and TNF-a in HGECs induced by P. gingivalis
OMVs. QSIs can block QS, which may function partly through T. forsythia OMVs, to inhibit bacterial biofilm formation. It also blocks the MAPK and NF-kB signalling pathways to
suppress the proinflammatory cytokine production induced by T. forsythia OMVs in monocytes. (B). P. gingivalis OMVs can be used as antigens in periodontitis vaccines. With
immune adjuvants such as poly(I:C) and the more efficient A. actinomycetemcomitans OMVs, IgG in the serum and s-IgA in the mucosa can be induced via intranasal immunization.
(C). E. coli OMVs can act as carriers for 5-FU and TiO; in OSCC. The system E. coli OMV-MSN-5-FU effectively decreases the expression of the cancer progression biomarker
Naal0 and inhibits the proliferation and metastasis of cancer cells. The system TiO2@E.coli OMV enhances the radiosensitization and immune activation of the tumour tissue.
P. gingivalis OMVs can act as a target of SRNA23392 inhibitors to inhibit the P. gingivalis OMV-related metastasis.

T. forsythin OMVs can also serve as
biotherapeutic targets. Quorum sensing (QS), a form
of cell density-dependent communication among
bacteria, promotes a wide range of bacterial activities,
such as biofilm formation and virulence expression,
which provides an advantage for bacterial
survival.l?®¥ Quorum-sensing inhibitors (QSIs) are
able to block QS and prohibit biofilm formation.
Using d-arabinose and d-galactose as community
QSIs to treat T. forsythia OMVs reduces the NF-xB and
MAPK pathways, resulting in decreased TNF-a,
IL-1B, IL-6, and IL-8 production by THP-1
monocytes.[?5 This result suggests that T. forsythia
OMVs may partly mediate QS and that QSIs not only
inhibit dental plaque formation but also restrain the
proinflammatory response stimulated by T. forsythia
OMVs (Figure 6A).1%%%1 QSIs may also have excellent
potential to function on OMVs of other periodontal
pathogens, showing great promise in periodontitis
biotherapy. For example, as the process by which T.
denticola diffuses into the CNS to form a mini-biofilm
by QS may be associated with T. denticola OMVs,
developing T. denticola OMV-associated QSIs to
restrain QS in the CNS can clarify the role of T.
denticola OMVs in CNS mini-biofilm formation and

alleviate  neurological
periodontitis.[2%]
Furthermore, in addition to eliminating OMVs in
biotherapy, processing modified OMVs is a novel
method for periodontitis vaccine development since
OMVs possess high antigenic properties to stimulate
the host immune response. OMVs migrate across the
extracellular matrix to the lymph nodes and are then
taken up by dendritic cells.[?6-239 Their hardness
contributes to the slow release of antigens, eliciting a
long-lasting immune response.l?* Compared with the
OMV-negative P. gingivalis mutant, the wild type
strengthens antigenicity through OMVs.[®8l First, P.
gingivalis OMVs increase the surface area to increase
antigenicity.®®! In addition, they retain the
immunodominant determinants through LPS and
A-LPS modifications, which are more centralized than
those in bacteria are, making OMVs more suitable for
vaccine  development.? 2411 The intranasal
administration of P. gingivalis OMVs with the immune
adjuvant poly (I:C) induces the secretion of P.
gingivalis-specific antibodies in the blood and saliva in
a dose-dependent manner. In addition to IgG and IgA
in serum, secretory IgA (s-IgA) is also induced in
nasal rinses and saliva in this way and thus stimulates

injuries

caused by
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both haematal and mucosal immune responses
(Figure 6B).[821 Furthermore, since s-IgA is usually
more cross-reactive than other classes of
immunoglobulins are, intranasal immunization with
P. gingivalis OMVs + poly (I:C) enhances resistance to
bacterial variants, which has important implications
for vaccine strategies for periodontitis.l?*2l In addition
to inducing antibodies, intranasal immunization with
P. gingivalis OMVs + poly (I:C) also inhibits the
activity of P. gingivalis.2l In a mouse model of oral
infection, P. gingivalis OMVs + poly (:C) immune
serum apparently reduced P. gingivalis in the oral
cavity ~compared with that in  poly(I:C)
mock-immunized mice.[2 Moreover, the application
of P. gingivalis OMVs as vaccines can be stable and
safe. Owing to their resistance to proteinase K, OMVs
are able to withstand long-term storage and stably
reach the site of action.®2 The administered P.
gingivalis OMVs barely accumulated in proximal
organ samples, suggesting that a low dose of P.
gingivalis OMVs can be safe.l’2 In addition to P.
gingivalis OMVs, T. denticola OMVs can also be used in
periodontitis vaccines. Analysis of the protein
components and localization of T. denticola OMVs can
provide new targets for periodontitis vaccine
development.[243] Research on OMVs rich in virulence
factors rather than complex bacteria has facilitated
vaccine development as well.

Periodontitis arises from the interplay of
multiple periodontal pathogens, and different
periodontal pathogens produce distinctive OMVs.[182]
It is speculated that a composite multivalent OMV
could improve immune efficacy. This conjecture has
been preliminarily validated. Intranasal
immunization with P. gingivalis OMVs alone has
relatively low mucosal immunogenicity, whereas the
addition of A. actinomycetemcomitans OMVs as an
immune adjuvant markedly enhances the P.
gingivalis-specific ~ response, resulting in the
production of more serum IgG and salivary IgA and
the aggregation of P. gingivalis and A.
actinomycetemcomitans after infection.! In an in vivo
experiment, mice were intranasally immunized with
P. gingivalis OMVs + A. actinomycetemcomitans OMVs
or P. gingivalis OMVs + poly (I:C). Then, they were
orally administered P. gingivalis and A.
actinomycetemcomitans. Both groups presented a
decrease in the number of these bacteria, but the
group treated with A. actinomycetemcomitans OMVs as
an adjuvant presented superior results to the group
treated with poly (I:C), demonstrating that this
bivalent OMV vaccine can be more effective in
preventing periodontitis (Figure 6B).['5! In addition,
it is safe, with no serious side effects detected in an
intracerebrally injected mouse model.[14]

OMVs have great potential in treating and
preventing periodontitis. They can function as drug
targets or be employed as antigens and immune
adjuvants in periodontitis vaccines. In the field of
immunoprophylaxis, P. gingivalis OMVs, as vaccine
antigens, induce serum antibody production to resist
bacterial invasion. However, in previous studies, they
were reported to inhibit serum antimicrobial activity
against C. ochracea and instead protect bacteria. This
discrepancy might result from the administration
mode and action period. Intranasal immunization
with P. gingivalis OMVs induces s-IgA production,
which elicits immunization of the local nasal cavity
and remote mucosal sites to increase the degree of the
immune response. However, infection with P.
gingivalis OMVs does not have this effect. In addition,
the persistent period of periodontitis after
administration may be another factor.
Immunoprophylaxis in healthy periodontal tissue
occurs in a different environment than that after
periodontitis  develops. Different amounts of
pathogens and proinflammatory factors may interfere
with the specific effects of OMVs. Therefore, the
action environment needs to be evaluated first when
OMV-related vaccines are used. For example, when
bacteria have already destroyed the periodontium,
OMVs should be used with caution to prevent further
immune escape.

Moreover, considering the virulence factors of
OMVs, they should be artificially modified in vaccine
development to reduce their virulence and enhance
their antigenicity. The systemic effects of these
periodontal vaccines should also be taken into
account before their clinical use. In addition, OMV
vaccines with OMV immune adjuvants have
promising therapeutic effects, as the use of A.
actinomycetemcomitans OMVs increases the degree of
the mucosal immune response induced by P. gingivalis
OMVs. The development of multivalent periodontitis
vaccines with multiple OMVs can increase
immunoprophylactic ability and effectively eliminate
pathogens in periodontitis.

5.2 Therapeutic potential of OMVs in OSCC

As OMVs are biocompatible and target specific,
they can act as good drug carriers to decrease the
degree of lymphatic metastasis in OSCC (Table 2).[244
5-Fluorouracil (5-FU) is a commonly used
antimetabolite and antitumour drug that can inhibit
thymidylate synthase activity.[?#> 241 It has been
widely applied in the treatment of many types of
cancers, including OSCC.[2¥1 However, since OSCC
cells acquire 5-FU resistance, more effective
therapeutic strategies are needed.l?*] Researchers
have modified E. coli OMVs to establish a biofilm drug
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delivery system (OMV-MSN-5-FU) and added it to
artificial gastric and artificial intestinal fluids. OMVs
have been found to prolong the duration of drug
treatment and enhance therapeutic efficacy compared
with MSNs-5-FU alone.[?*4l Coculturing OSCC cells
with OMV-MSN-5-FU demonstrated that
OMV-MSN-5-FU  can significantly inhibit the
proliferative activity of OSCC cells and prevent cancer
progression.?*l In a tumour-loaded mouse model
prepared from the human tongue squamous
carcinoma cell line Tca8113, OMV-MSN-5-FU
injection decreased the level of N-a-acetyltransferase
(Naal0), which promotes the proliferation of tumour
cells as a progression biomarker.[2# 249, 250]
OMVs-MSN-5-FU can also regulate the ratio of
effector T cells and helper T cells to assist in
maintaining stability in the immune environment
(Figure 6C).[24] Titanium dioxide (TiOz) can produce
reactive oxygen species under light or radiation,
causing damage to cell membrane, mitochondrion
and DNA of cancer cells, which has broad prospects
in enhancing sensitivity in photodynamic therapy and
radiotherapy  of  OSCC.I%. 2521 However,
aqueous-phase TiO, nanoparticles tend to aggregate
and that limits their efficacy.[?3l Encapsulating TiO-
with E. coli OMVs can transform the aqueous-phase
TiO; into the oil-phase, which not only enhances the
efficacy of TiO, but also enables it to carry tumour
antigens and improve the targeting ability through
bioengineering, stimulating antitumour immune
responses.[?l The combination of TiO, and E. coli
OMVs serves as a novel low-dose radiotherapy
delivery system TiO@OMYV, exerting dual effects of
radiosensitization and immune activation (Figure
6C). 241 Moreover, virulence factor sSRNA23392 in P.
gingivalis OMVs can promote the migration and
invasion of OSCC, and its inhibitors can attenuate this
process.2'7l Therefore, in P. gingivalis related OSCC,
the sSRNA23392 inhibitors can be applied to inhibit the
metastasis of OSCC by targeting P. gingivalis OMVs
(Figure 6C). Overall, OMVs are promising drug
delivery agents and drug targets for OSCC therapy.
Recently, the application of OMVs as immune
stimulators in cancer immunotherapy has received
much attention.83 8, %  Considering that
bioengineered OMVs can be loaded with tumour
antigens in cancer immunotherapy, they have the
potential to be modified to express multiple
OSCC-associated antigens on the surface and strongly
activate antitumour immunity, thereby reversing
OSCC progression. Some OSCC-associated antigens,
such as melanoma-associated antigens and MUC1, are
attractive targets for OSCC immunotherapy, but
whether these antigens are suitable for expression on
OMVs and how to display them on the surface of

OMVs by bioengineering remain to be explored.[255 25¢]
In addition, identifying additional OSCC-associated
antigens to increase the immunostimulatory effects of
bioengineered OMVs is equally important.

Moreover, as the occurrence and progression of
OSCC are closely related to OMVs from oral
pathogenic bacteria, the removal of OMVs in
bacteria-related OSCC treatment is also particularly
important. Similar to therapies for periodontitis,
drugs that target OMVs can be developed to eliminate
them. For example, since HEF and curcumin target P.
gingivalis OMVs to inhibit periodontitis progression,
experiments can use these drugs in OMV-related
OSCC to explore whether they can also target P.
gingivalis OMVs under these conditions.

6. Conclusion and perspectives

OMVs are vesicles derived from the OM of
gram-negative bacteria through OM blebbing and
explosive cell lysis. The contents encompass
signalling molecules and virulence factors, including
various proteins, lipids, nucleic acids, and
peptidoglycans, through which OMVs interact with
bacteria and host cells. OMVs of probiotics can benefit
host health, while OMVs of oral pathogens play a
pathogenic role in periodontitis and OSCC,
accelerating the development of oral diseases.

OMVs from the periodontitis "red complex"
consortium (P. gingivalis, T. forsythia, and T. denticola)
and A.  actinomycetemcomitans ~ have  drawn
considerable attention. The virulence factors and
functions of these bacteria under different conditions
have been widely studied.[257, 258] However, OMVs
from other oral gram-negative pathogens, such as C.
ochracea and F. nucleatum, have not been extensively
studied. Although these bacteria seem subordinate in
the pathogenesis of periodontitis, their OMVs may
also cause severe damage to the periodontium by
promoting biofilm formation and supporting other
important pathogens. For example, C. ochracea
participates in early plaque formation, and its OMVs
are likely involved in the early colonization of C.
ochracea and biofilm formation in cooperation with
other bacteria. Controlling the production of C.
ochracea OMVs may help to inhibit the formation of
pathogenic biofilms. Therefore, it is necessary to
explore the contents and mechanisms of OMVs from
these “unpopular” pathogenic bacteria. F. nucleatum
OMVs can independently exacerbate periodontitis by
enhancing inflammation of the periodontium and the
absorption of alveolar bone.['¥l The interaction
between F. nucleatum OMVs and HPDLSCs triggers
the activation of the NLRP3 inflammasome and a
decrease in the accumulation of mineralization in
HPDLSCs, which ultimately leads to damage to the
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periodontium and resorption of alveolar bone.

Notably, oral bacteria play an important role in
systemic diseases, and OMVs represent their main
virulence and increase their ability to diffuse, which is
an important way for oral bacteria to spread
throughout the whole body. The systemic effects of P.
gingivalis OMVs have been extensively studied. They
can indirectly affect the body by promoting the
pathogenicity of other pathogens, such as S. aureus
and HIV-1. P. gingivalis OMVs themselves also
directly influence the CNS, circulatory system,
endocrine system and immune system, such as by
inducing neuroinflammation, increasing vascular
leakage, reducing insulin sensitivity and promoting
the RA process. The potential damaging effects of T.
denticola OMVs and A. actinomycetemcomitans OMVs
in the CNS have also been suggested. These results
suggest that the OMVs of oral bacteria are a vital
source of many systemic diseases. However, current
studies on this topic, especially the systemic action of
non-P. gingivalis OMVs, are insufficient. It is necessary
to focus on the systemic actions and mechanisms of
oral bacteria and their OMVs to further explore the
role of various oral OMVs and to develop
biotherapies for related systemic diseases.

In addition to their pathogenic effects, OMVs
also have therapeutic importance in periodontitis and
OSCC. They can act as drug carriers and immune
stimulators, such as vaccines and adjuvants.
However, its clinical application is still a long way off.
The balance between reducing the toxicity and
maintaining the antigenicity of OMVs from
pathogenic bacteria and the improvement of their
targeting ability are important challenges of the OMV
therapy.® Meanwhile, their proinflammatory
properties may cause the risk of inflammation
throughout the body.[260] Bioengineering of OMVs is
a powerful approach to addressing these issues
existing in natural OMVs. However, in the field of
stomatology, research on bioengineering of OMVs is
still very scarce. More studies are required to
overcome the existing limitations of OMVs in order to
apply them in clinical treatment. Bioengineering of
OMVs involves the modification of bacteria before
OMV isolation or direct modification of the OMV
properties after isolation.[?°l For the modification
before OMV isolation, through deletion or
modification of the bacterial genes, the toxins and
unwanted antigens in the mutant-derived OMVs can
then be removed, and the specific homologous and
heterologous antigens are expressed, thereby
balancing safety and antigenicity. For example, OMVs
are derived from gram-negative bacteria, and the LPS
on their surface is a potent TLR4 agonist that enhances
the immune response. However, as LPS is also toxic to

the body and may lead to excessive inflammatory
responses, the expression of LPS needs to be
moderately reduced in the OMV vaccine. A study
conducted gene editing on Salmonella Typhimurium by
constructing plasmids, deleting fIjB, eptA, arnT and
IpxT, and introducing IxpE to construct the targeted
mutant strain, modifying LPS to monophosphoryl
lipid A.1?61] Compared with OMVs from the wild type,
those from the mutant significantly reduced the
degree of organ damage and decreased the
production of proinflammatory factors throughout
the body. 1261l Bioengineering of OMVs from probiotics
can also be promising. Modifying the genes of
probiotics to express the heterologous protein of
pathogens on the OMVs may be a strategy to enhance
the bioactivity as well as guarantee the safety.l22l For
the modification after OMYV isolation, the molecules
are directly modified on the surface of the OMVs or
inside, which is more flexible for it can modify more
kinds of molecules in various ways like chemical
coupling and membrane fusion.’0: 2632651 While the
bioengineered OMVs still have application
challenges. Notably, the quantity of OMVs produced
varies under different conditions. @ Whether
modification of the antigens will influence the
quantity of OMVs and how bioengineering can help
to improve the quantity as well as ensure the safety
and antigenicity needs further research.[266]

At present, there is still a lack of direct evidence
to prove that oral OMVs play a role in the prevention
and treatment of systemic diseases. But existing
studies have shown that they can spread oral diseases
such as periodontitis and OSCC throughout the body
and take part in treating these diseases. This suggests
that oral OMVs have a potential indirect therapeutic
effect on some odontogenic systemic diseases.
Experiments can be designed to explore the systemic
effects of OMV therapy in oral diseases, in order to
further study the application prospects of oral OMVs
in the prevention and treatment of relevant systemic
diseases.

Most studies on the role of OMVs in oral
diseases have focused on pathogenic OMVs, whereas
little attention has been given to OMVs from
nonpathogenic oral bacteria. Considering that OMVs
from probiotics have been found to be beneficial to the
body and can be used as safe and efficient drug
carriers in intestinal diseases, oral probiotic OMVs are
also worthy of investigation. The use of probiotic
OMVs as drug and antigen carriers in periodontitis
and OSCC is safer and more beneficial to oral health
than the use of pathogenic OMVs. Researchers have
employed nonpathogenic E. coli Nissle 1917 strain to
carry antigens in an oral vaccine and found that it has
the potential to induce considerable systemic and
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mucosal humoral reactions. However, the effects are
not stable enough and the colonization ability of
bacteria is weak.[?"] In contrast, with strong adhesion
and strong involvement in biofilm formation,
probiotic OMVs may improve colonization ability and
represent a better choice for antigen carriers. OMVs
from other nonpathogenic gram-negative bacteria in
the oral cavity may also carry some characteristics of
the parent bacteria and exert beneficial effects on oral
health beyond the role of vaccine carriers.

In conclusion, oral OMVs play critical
pathogenic roles in periodontitis and OSCC, with
strong effects on the spread of systemic diseases. They
are also promising candidates for disease prevention
and treatment as therapeutic drug targets, vaccines,
and drug carriers. Oral OMVs, as a broad group, have
gained increasing attention in recent years, and more
in-depth research is needed to elucidate their roles in
pathogenesis and treatment. The application of oral
OMVs in therapies for oral diseases and related
systemic diseases will be a major direction for future
experiments.
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E. coli: Escherichia coli

P. gingivalis: Porphyromonas gingivalis

C. ochracea: Capnocytophaga ochracea

T. denticola: Treponema denticola

F. nucleatum: Fusobacterium nucleatum

T. forsythia: Tannerella forsythia

A. actinomycetemcomitans:
actinomycetemcomitans

S. aureus: Staphylococcus aureus

EVs: extracellular vesicles

BEVs: bacterial extracellular vesicles

OMVs: outer membrane vesicles

OIMVs: outer inner membrane vesicles

TSMSs: tube-shaped membranous structures

CMVs: cytoplasmic membrane vesicles

PRRs: pattern recognition receptors

SL: sphingolipid

TLR: Toll-like receptor

Msp: major sheath protein

LOS: lipooligosaccharide

TER: transepithelial resistance

HEp-2: human epithelial type 2

SHIP1: Src homology 2 domain-containing
inositol phosphatase 1

PTEN: phosphatase and tensin homologue

PI3K: phosphatidylinositol 3-kinase

PIP: phosphatidylinositol phosphate

NOD:  nucleotide-binding  oligomerization
domain

BMDMs: bone marrow-derived macrophages

OM: outer membrane

Aggregatibacter

OSCC: oral squamous cell carcinoma

LtxA: leukotoxin A

CDT: cytolethal distending toxin

LPS: lipopolysaccharide

PAMPs: pathogen-associated molecular patterns

RA: rheumatoid arthritis

CNS: central nervous system

AD: Alzheimer's disease

HEF: N-hexane-extracted fennel

siRNAs: small interfering RNAs

TNF: tumour necrosis factor

BMDCs: bone marrow-derived dendritic cells

Rgp: Arg-gingipain

Kgp: Lys-gingipain

TISS: the type IX secretion system

A-LPS: anionic lipopolysaccharide

CTD: C-terminal structural domain

MPO: myeloperoxidase

PPAD: Peptidylarginine deiminase

msRNAs: microRNA-sized small RNAs

HPDLCs: human periodontal ligament cells

CBX5: Chromobox 5

Bcl-2: B-cell lymphoma-2

NLRP3: pyrin domain containing 3

MGFs: mouse gingival fibroblasts

HPDLSCs: human periodontal ligament stem
cells

PI: phosphatidylinositol

EET: extracellular electron transfer

HGECs: human gingival epithelial cells

EGFR: epidermal growth factor receptor

TIGK: telomerase-immortalized
keratinocyte

DSC2: Desmocollin 2

EMT: epithelial-mesenchymal transition

CHQ: chloroquine

PECAM-1: platelet endothelial cell adhesion
molecule 1

HMEC-1: human microvascular endothelial cells

VSMCs: vascular smooth muscle cells

GSK-3p: glycogen synthase kinase-3 3

HMC3: human microglial clone 3

SAB: Staphylococcus aureus bacteraemia

BBB: blood-brain barrier

QS: Quorum sensing

QSIs: Quorum-sensing inhibitors

5-FU: 5-Fluorouracil

Naal0: N-a-acetyltransferase

TiOz: Titanium dioxide
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