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ABSTRACT: Extracellular vesicles (EV) are spherical structures limited by membranes and shed by several
cell types. Specifically, outer membrane vesicles (OMVs) are nanometric particles constitutively produced
by Gram-negative bacteria (GNB) under different environmental conditions. OMVs are biologically active;
they are loaded with selected lipids, polysaccharides, proteins, and even different types of nucleic acids.
OMVs from pathogenic oral bacteria play key roles in pathogen-host interactions, constituting a possible
link between oral health and systemic disease. OMVs participate in adhesion, invasion, and damage to
cells, as well as in modulating the host's immune response, biofilm formation, and promotion of virulence.
The objective of this systematic review was to collect, analyze and synthesize the knowledge available
on literature reviews on OMVs of the most studied pathogenic oral anaerobic GNB. This information
was classified into the following categories: induction of vesiculation and biogenesis, its liberation from
the parental cell, content, internalization by another host cell, and the interaction with the host cell. It
was found that the most studied OMVs are those of Porphyromonas gingivalis and Bacteroides spp.
and, to a lesser extent, Aggregatibacter spp., and Treponema spp. This systematic review provides a
synthesis of the current knowledge regarding OMVs, with emphasis on the information available for
periodontopathogens.

KEYWORDS: Outer membrane vesicles; Oral anaerobic bacteria; Porphyromonas gingivalis; Bacteroides,
Continuing education; Systematic review.
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RESUMEN: Las vesiculas extracelulares (EV) son estructuras esféricas delimitadas por membranas
y producidas por varios tipos de células. En particular, las vesiculas de membrana externa (OMV)
son particulas nanométricas producidas constitutivamente por bacterias Gram negativas (GNB) en
diferentes condiciones ambientales. Las OMV son bioldgicamente activas; estan cargadas de lipidos,
polisacaridos, proteinas e incluso diferentes tipos de acidos nucleicos. Las OMV de bacterias orales
patdgenas desempefian papeles clave en las interacciones patdgeno-hospedero, constituyendo un
posible vinculo entre la salud oral y las enfermedades sistémicas. Las OMV participan en la adhesion,
la invasion y el dafio celular, asi como en la modulacion de la respuesta inmunitaria del hospedero, la
formacion de biopeliculas y la promocion de la virulencia. El objetivo de esta revision sistematica era
recopilar, analizar y sintetizar los conocimientos disponibles sobre las OMV de las GNB anaerobias
orales patdgenas mas estudiadas. Esta informacion se clasifico en las siguientes categorias: induccion
de la vesiculacion y biogénesis, su liberacion de la célula parental, contenido, internalizacion por otra
célula hospedadora e interaccion con la célula hospedadora. Se observo que las OMV mas estudiadas
son las de Porphyromonas gingivalis y Bacteroides spp. y, en menor medida, Aggregatibacter spp. y
Treponema spp. Esta revision sistematica ofrece una sintesis de los conocimientos actuales sobre las
OMYV, haciendo hincapié en la informacion disponible para los periodontopatdgenos.

PALABRAS CLAVE: Vesiculas de membrana externa; Bacterias anaerobias orales; Porphyromonas

gingivalis, Bacteroides; Formacion continua; Revision sistematica.

INTRODUCTION

The oral environment is characterized by
a highly diverse microbiota organized in biofilms
whose composition varies depending on the anato-
mic site within the oral cavity (1). A dysbiosis, a
switch from a commensal microbiota to a patho-
genic community, can result from changes in the
oral environment, host immune status and/or the
introduction of keystone pathogens, microbes that
can modify their environment and the microbiota
composition (2). The transition from oral health
to gingivitis and periodontal disease is triggered
by a specific number of bacterial species, termed
a «complex» (3). Aggregatibacter actinomyce-
temcomitans, and the so-called «red complex»
composed of Porphyromonas gingivalis, Tannerella
forsythia and Treponema denticola are associated
with periodontitis (4-7). The chronic inflammation
caused by these anaerobic Gram-negative bacteria
(GNB) has been associated with systemic disease.

For example, a high GNB load in periodontitis has
been associated with adverse pregnancy outco-
mes and preeclampsia (8), with the progression of
liver disease to liver cirrhosis (9), and these perio-
dontopathogens have been detected in coronary
plaque from coronary artery disease patients (10).

As such, the link between periodontitis, perio-
dontopathogens and systemic disease has been
established (11). Several authors, in recent years,
have proposed that vesicles shed by oral bacte-
ria could be responsible for systemic disease, in
particular for cardiovascular disease (12), neuroin-
flamatory diseases (13), and preeclampsia (14).

Extracellular Vesicles (EVs) are proteolipid
bi-layered particles (15-19), secreted by eukaryo-
tic cells (fungi (20), protozoa (21), plants (22) and
mammals (23)); archaea (24); and bacteria. EVs
are released under normal and pathological condi-
tions by metabolically active cells (25).
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In particular, Bacterial Extracellular Vesicles
(BEVs) range between 20 and 500nm in diameter
(25). BEVs were first identified in Escherichia coli,
and later, found in Staphylococcus aureus (26) and
in mycobacteria (27). At first considered an artifact of
lysis or cell wall turnover, their release is now recog-
nized to establish cell-to-cell communication (28).

Naturally occurring BEVs can be classified
into at least three types: Cytoplasmic Membrane
Vesicles (CMVs or MVs) produced by monoderm
(Gram-positive) bacteria, Outer-Inner Membrane
Vesicles (OIMVs) produced by diderm (Gram-
negative) bacteria, and Outer Membrane Vesicles
(OMVs) also produced by diderm bacteria (29). MVs
(or CMVs) seem to be produced at lower quantities
than the other BEVs and are implicated in stress
resistance, biofilm formation and immunity (30).
OIMVs are produced at very low quantities, repre-
senting for many Gram-Negative species around
1% of BEVs production. The possession of outer
membranes, plasma membranes, and cytoplasmic
content characterizes OIMVs. These BEVs seem to
be involved in horizontal gene transfer (31). Finally,
OMVs derive from the outer membrane (OM) (29).

As the study of BEVs is still challenging
in terms of isolation, purification, and individual
analysis (32), its classification and nomencla-
ture is not congruent throughout literature (33).
In this review, all BEVs derived from GNB are
termed OMVs and their biological features will
be discussed. A special emphasis will be provi-
ded on OMVs derived from oral anaerobic GNB (1).
To do so, information derived from review articles
about anaerobic GNB’s OMVs will be analyzed,

and examples will be commented, to introduce the
oral health professionals to the subject, as a first
educational approach to a topic in full expansion.

MATERIALS AND METHODS

The recommendations of PRISMA (34) were
followed for the writing of this systematic review:
SEARCH

PubMed and ScienceDirect databases were
searched from the oldest records to 12/31/2023.
The search was performed using the following
constructs: "Outer Membrane Vesicles", "Extrace-
llular Vesicles" or "Bacterial Membrane Vesicles"
AND "Anaerobic bacteria", "Bacteroides", “Capno-
cytophaga”, “Fusobacterium”, "Porphyromonas",
“Prevotella”, “Tannerella” and “ Treponema”.

SELECTION CRITERIA

Inclusion criteria were: (1) literature reviews,
(2) written in English, (3) published in a peer-
reviewed journal, and (4) full-text available. The
exclusion criteria were: (1) it did not contain
relevant information or (2) the OMVs were not a
central topic in the article. Results were downloa-
ded and duplicate records were removed.

DATA EXTRACTION

All the information was organized in summary
tables (Table S1) that included the metadata of each
bibliographic review and the relevant information
for the present study. Each article was evaluated
independently.
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Table S1. Summary sheet used to extract and organize the information from the articles included in the

review.

Article n°

Authors:

Publication year:

Title:

DOI:

Main objective:

Obtained information:

1. Definition:

. Production signals:

. Biogenesis:

. Content:

. Exportation mechanisms:
. Intracellular traffic:

. Functions:

. Study methods:

. Other information:

O 00 N O~ W

Pending issues:

DATA ANALYSIS

Information obtained from each study was
organized into five categories: (1) induction of
vesiculationand biogenesis, (2) release, (3) content,
(4) internalization of OMVs by a host cell, and (5)
interaction of the OMV with the host cell. Based
on this information, a synthesis of knowledge was
written in each of the sections described above.

RESULTS

The search returned 1485 articles for inclu-
sion in this review. After the process of selection,
deduplication, and a manual review of each of the
retrieved articles, a total of 54 review articles were
used for this paper (Figure 1). The genera of Gram-

negative anaerobic bacteria (GNB) whose OMVs
have been studied in these articles correspond to
Porphyromonas spp., Bacteroides spp., Aggregati-
bacter spp., Treponema spp., Fusobacterium spp.,
Tannerella spp., and Prevotella spp., in decreasing
order of literature sources. None of the articles
found had information on the OMVs of any other oral
anaerobic GNB (Table 1). Notably, the only case for
which an anaerobic GNB OMV was the primary topic
of a review was for Porphyromonas gingivalis with
4 articles out of the 54 (7,4%) used in this review.
The information collected from the articles was
categorized into the following topics: (1) vesicu-
lation induction and biogenesis, (2) release, (3)
content, (4) trafficking and internalization of OMVs
by host cells, and (5) interaction of OMVs with host
cells. The information collected is detailed below.
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Figure 1. Flow chart based on PRISMA. Information on the article selection process for the systematic review is presented, along with the
reasons for exclusion. Reason 1 for exclusion was that the article did not contain relevant information and Reason 2 was that OMVs were
not a central theme in the article.

Table 1. Articles included in this review (number and percentage) with information on OMVs produced
by oral anaerobic GNB, presented by genus and with the reference number used throughout the main
text of the review.

Bacterium Number of  Percen- Reference in main review text
articles tage of
articles

Porphyromonas spp. 36 66,7% (35,36,38-45,47-49,51-54,56,58,60,62,63,65,68-73,75,76,78-80,84,86)
Bacteroides spp. 34 63,0% (37,44-50,53,54,59-61,63-65,67,68,70,72-74,76-78,80-85,87-89)
Aggregatibacter spp. 13 24.1% (37,48,54,59,60,66,68,75,79,84,86-88)
Treponema spp. 7 13,0% (39,40,45,62,63,68,70)
Fusobacterium spp. 5 9,3% (40,44,55,60,82)
Tannerella spp. 2 3,7% (40,63)
Prevotella spp. 2 3,7% (60,87)
Other oral anaerobic GNB 0 0% -
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INDUCTION OF VESICULATION AND
OMV BIOGENESIS

In GNB, vesicles are formed when a section
of the outer membrane (OM) selectively buds,
producing vesicles that encapsulate periplasmic
material and detach from the OM. This results in
the creation of spheroidal particles that consist of
a single lipid bilayer (an outer layer rich in lipopo-
lysaccharide (LPS) and an inner layer with more
phospholipids) with a lumen (35-40).

OMVs share similar characteristics and
biomolecular components to the precursor cells
from which they originated (41-43). They range
in size from 20 to 250nm (42, 44) and their
composition reflects components of the OM and
periplasm (41, 43). OMVs are produced constituti-
vely, at low concentrations, during different growth
phases and under different conditions such as in
pure culture or in natural environments, whether
in biofilm or not (40, 42, 45-48). The rate of OMV
production varies between bacterial species, even
between strains of the same species, and can also
be influenced by different environmental condi-
tions (36, 49, 50). For example, among “the red
complex”, P. gingivalis produces the most OMVs,
followed by Tannerella forsythia and Treponema
denticola (40). As mentioned, vesicle produc-
tion also varies considerably between strains, for
example in Bacteroides fragilis. whereas the OMVs
were formed in great volumes by some clinical
isolates, they were virtually completely absent in
others (49).

Some factors such as quorum sensing,
population size, and hostile or stress-generating
external factors affect the properties of OMVs and
increase their production (38, 41, 43, 44, 51-54).
For instance, under low iron/heme conditions,
P. gingivalis OMVs exhibited high levels of the

protein HmuY, involved in heme acquisition (38).
It is noteworthy that the molecular composition of
naturally produced OMVs could differ from those
induced by stress (42), and that OMVs can be
isolated directly from the environment, particularly
from aquatic environments, and have been isola-
ted from household dust (47).

Despite initially being considered the result
of cell lysis, vesiculation occurs in viable and
metabolically active cells in which the integrity of
the OM is not compromised (35, 51, 52). Moreo-
ver, certain OM or periplasmic proteins are more
abundant in OMVs while others are comple-
tely absent (41). These observations support that
vesiculation is regulated and that it would depend on
environmental factors, bacterial pathogenicity, and
the cellular metabolic state (36). However, experi-
mental data to support the hypothesis that OMV
biogenesis is a regulated process is lacking. Some
important biological mechanisms that continue to
be unknown are genes and regulatory pathways
involved in OMV production, and whether or not
bacterial populations coordinate OMV liberation, to
cite a few open questions.

Yet, OMV biogenesis is an energy-deman-
ding process, so it should be a tightly controlled
process, well-regulated and coordinated, as it
enables crucial functions for the benefit of the
producer (53). Some genes increase vesicula-
tion rates by compromising bacterial OM (44, 52,
55); for example, in P. gingivalis an ompA mutant
showed hypervesiculation (56).

OMV RELEASE
Given the OMVs heterogeneity in production
rate and size, it is likely that multiple biogenesis

pathways occur in different stains and even within
the same bacterial cell (53, 57). It was observed that
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different P. gingivalis strains had varied vesicula-
tion levels, correlating to fimbrial (FimA/FimR),
OmpA-like protein and Galk expression (56, 58).

OM microdomains formed during envelope
biogenesis would exhibit compositional differen-
ces, with areas prone to form OMVs (36) with
specific physical characteristics in terms of curva-
ture, charge, fluidity, and/or affinity (36). As such,
induction of OMV formation results from increa-
sed OM curvature, where OM and peptidoglycan
(PG)-binding proteins are decreased, absent or
broken (36, 42, 47, 56, 58). This mechanism may
be concomitant with others that increase turgor
pressure and promote OM curvature. For example,
OMV production could be induced by a negatively
charged molecule that induces repulsion of the
OM anionic charge (47, 59, 60) and/or the physi-
cal force induced by accumulation of misfolded or
overexpressed envelope proteins (47, 56).

OM curvature is also favored in regions
of low fluidity, where the proportion of saturated
fatty acids is higher, which is also consistent with
higher proportion of fatty acids in OMV envelopes
(47). Additionally, the local curvature of bacte-
rial OM is enhanced by extracellular signals (56),
related to the affinity for amphipathic substances
in the extracellular medium. This mechanism may
be relevant to stress-induced responses (47).

Another factor that could promote OMV
biogenesis is OM curvature increase, favored by

conformation of transmembrane proteins (36, 47).
Finally, decreased, or absent expression of vacJ
and/or yrb genes, due to iron and sulfate deple-
tion, leads to the accumulation of phospholipids in
OM which induces a change in membrane curva-
ture (44, 58, 61).

As a consequence of the increase in OM
curvature, by the mechanisms outlined above, a
budding arises and then the OM constricts forming
a proteo-liposome and encapsulating contents in
its lumen (36, 41, 45). Different inductors of OMV
production and release should influence different
biogenesis pathways and induce mechanisms for
OMV liberation from its parental cell. Knowledge
about OMV surface biomarkers and their differen-
tial expression is needed. Without this information,
the study of biogenesis routes or the mechanism
of release would be extremely difficult.

OMVS CONTENT

OMVs composition varies even within the
same bacterial population and depends on the
growth phase and environmental conditions
(51, 55). However, detailed molecular analysis
of OMV contents supports the idea of selective
enrichment or exclusion of specific proteins,
lipids and other biomolecules (47, 52, 62). Load
selection mechanisms in OMVs remain incomple-
tely understood (38, 62). A schematic represen-
tation of the content of the OMVs is presented in
Figure 2.
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Figure 2. OMVs content and structure. OMVs are enveloped by an outer membrane bilayer of Gram-negative bacteria (GNB). They contain
LPS, porins, transmembrane proteins, peptidoglycan, enzymes, proteins, nucleic acids, exogenous components, and other metabolites.

In the intravesicular lumen, the content or
cargo is mostly composed of OM and periplasmic
proteins, and to a minor degree, inner membrane
(IM) and cytoplasmic proteins, including soluble
proteins, integral membrane proteins, and lipopro-
teins (36, 38, 40, 41,54, 58,63, 64). Forinstance,
Aggregatibacter actinomycetemcomitans exports
leukotoxin, a Type I-secreted, highly conserved
repeat toxin (RTX) family-member, through OMVs
(36), while TonB-dependent receptors have been
found in vesicles of T. forsythia (40) and Type V
secretion system proteins have been identified in
OMVs from Fusobacterium nucleatum (40).

It has also been described, in OMVs lumen,
genetic material including DNA, rRNA, mRNA,
miRNA, IncRNA, circRNA and other small RNAs
(35, 39, 51, 58, 59, 62, 65, 66). For example,
small RNAs have been found in vesicles from A.
actinomycetemcomitans, P. gingivalis and 1. denti-

cola (39). In the case of P. gingivalis, chromosomal
DNA, mRNA and rRNA are present in OMVs (51).
Some of these biomolecules could be biologically
active (62, 67), and misfolded proteins or exoge-
nous components such as antibiotics and metal
ions have also been reported (51). OMVs from B.
fragilis exhibited inhibitory activity against other
Bacteroidales through the intravesicle antimicro-
bial peptide Bacteroidales secreted antimicrobial
proteins (BSAP) (59).

Abundant structural proteins and porins, as
well as enzymes, ion channels, transporters, and
proteins related to stress responses are found in
most OMVs in both the lumen and outer layers (59).
For instance, several hydrolytic enzymes such as
glycosidases, sulfatases and proteases are contai-
ned in vesicles derived from Bacteroides spp. (59).
Moreover, OMV envelopes may contain a specific
lipid profile that differs from OM, with distinctive
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differences in the LPS profile (47, 53). P. gingivalis
synthesizes anionic LPS and neutral LPS, both of
which are present in OMVs; nonetheless, lipid A
was deacylated in vesicles in comparison to the
OM and cardiolipin was enriched in OMVs from A.
actinomycetemcomitans (47, 55). Likewise, OMVs
contain pathogen-associated molecular patterns
(PAMPs) present in the outer membranes of bacteria
(52, 68). For example, P. gingivalis OMVs induced
NF-kB activation and cytokine secretion such as
TNF-q, IL-8 and IL-1 3 on monocytes and diffe-
rentiated macrophages (69). These interactions
with host immune cells through PAMPs provide
OMVs with immunomodulatory properties.

Thus, OMVs are a rich source of antigenic
determinants and other bioactive components
(70-72) that could play various roles in adherence
and invasion of host cells, resistance to antibio-
tics, biofilm formation, promotion of virulence, or
have immunomodulatory effects (36, 50, 67, 73,
74). Table 2 provides more details on the virulence
factors, mainly proteases and adhesins, described
in oral anaerobic GNB’s OMVs.

Other OMV-associated proteins may play
roles in interspecies cooperation and intercellu-
lar communication (36). For instance, P. gingiva-
lis OMVs loaded with HmuY may provide a source
for iron and protoporphyrin IX to P. gingivalis, but

also to other subgingival plaque bacteria (53).
Additionally, P gingivalis OMVs strongly promote
coaggregation between Staphylococcus aureus
and Candida albicans (58).

Many scientific groups, using proteomics,
have extensively studied the presence of proteins
from different cell compartments. However, protein
sorting for cargo into the OMV lumen is poorly
understood. Additionally, the reported presence of
nucleic acids in OMV’s lumen is more controversial
since the biological mechanism is unknown and
may be the result of contamination or a random
event, rather than of active transport and packa-
ging. It has been proposed that nucleic acids could
be present in OMV’s lumen through the cytoplas-
mic route (where cytoplasmic content is trapped
into OIMVs), through the periplasmic route (where
nucleic acids are exported from the cytosol to
the periplasm, and then packed into OMVs), and/
or through a extracellular route (where OMVs
reassemble in extracellular media and incorpo-
rate nucleic acids, and/or phages inject DNA into
OMVs). DNA and/or RNA sequencing from indivi-
dual OMVs in a population might shed light on
this controversy. Moreover, whether these nucleic
acids are biologically significant and can contri-
bute to the adaptation and response from host
cells interacting with oral anaerobic GNB OMVs
should be further explored.
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Table 2. OMV-associated contents in anaerobic Gram-negative bacteria (GNB).

Bacterium Contents Associated effect References
Leukotoxin Kills human leukocytes (36,40,41,45,60)
Cytolethal distending toxin Cytolethal distension in eukaryotic cells (36,40)
Peptidoglycan-associated lipoprotein -~ N/A (45)
Aggregatibacter sp.  LPS N/A (40)
Phosphatidylethanolamine N/A (40)
Cardiolipin N/A (40)
RNA Enhanced macrophage TNF-a production (40)
Hemagglutinin N/A (45)
Cellulase, Xylanase Provide a source of carbon from diges- (46)
tion of non-metabolizable carbohydrate
polymers
Bacteroides sp. Antimicrobial peptide BSAP Inhibitory activity against other Bacte- (43,59)
roidales
Capsular polysaccharide A Immune modulation (43,54,67)
B-lactamases Degradation of antibiotics (43)
Histamine and GABA N/A (83)
Fusobacterium sp.  Type V secretion system proteins N/A (40)

Porphyromonas sp.

Tannerella sp.

Treponema sp.

Gingipains
(proteases)

Fimbriae

Peptidylarginine deiminase

Anionic LPS and neutral LPS
Muramic acid

Capsule

Hemagglutinin

Heme binding and transporting
proteins

DNA fragments encoding fimbriae,

superoxide dismutase, and gingipains

RNA
Glycoproteins

Type IX secretion system substrates

TonB-dependent receptor
RNA and DNA

Dentilisin

RNA and DNA

Cytokine degradation, tissue destruction,
bacterial colony formation

Mediation of bacterial adherence and
entry to cells

Citrullination of bacterial and host
proteins

N/A
N/A
N/A
N/A
Heme acquisition

N/A

N/A
N/A
N/A
N/A
N/A
Proteolysis and adhesion
N/A

(40,41,43,45,47,58,60,69)
(40,45,69)
(40,43)

(45,47,53,55,56,58,69)
(45,69)
(45,69)
(56)
(40,53,58)

(56)

(39,40,51,56,58,69)
(40)

(40

(40

(@

(45

(40

o e L

BSAP: Bacteroidales secreted antimicrobial proteins; DNA: Deoxyribonucleic acid; LPS: Lipopolysaccharides; RNA: Ribonucleic acid; TNF:
Tumor necrosis factor; N/A: not available.
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INTERNALIZATION OF OMVS BY A HOST CELL

Once released, OMVs can travel to distant
sites and interact with various cells; this has been
studied mainly in pathogenic anaerobic GNB.
OMVs lack a mechanism to self-target cells and
the medium they are in would affect their trans-
port (36, 47). Several factors have been identified
to promote OMVs adhesion to eukaryotic cells,
such as LPS-binding proteins (47). In the case of
P. gingivalis, fimbriae confer adhesive abilities to
OMVs, and T. denticola OMVs also contain adhes-
ins such as dentilisin (45).

A few routes for OMV entry into host cells
have been proposed: (1) endocytosis, in eukar-
yotic cells it can be clathrin-or caveolin-depen-
dent, (2) pinocytosis, an actin-induced process
where nonspecific uptake of extracellular compo-
nents occur, (3) by lipid rafts in the host plasma
membrane via caveolins or GTPases, (4) phago-
cytosis, and (5) by direct membrane fusion (37-40,
43,44,47,53, 54,56, 58, 60, 63, 66-69, 74-80).
In that sense, OMVs have an intrinsic ability to fuse
with the cell and spill their contents into the host’s
cytoplasm (39, 47, 68, 69, 81).

Importantly, OMVs size and content have
been shown to influence the route and speed
of uptake, with potentially several endocytic
pathways in simultaneous use (58, 75, 76, 78,
82). For example, rough OMVs with shorter LPS
will rapidly fuse to the host membrane surface,
whereas smooth OMVs, containing LPS with
O-terminal antigen-terminal chains, tend to retain
their spherical shape during interaction (76).

Furthermore, for pathogens with an intra-
cellular (facultative) lifestyle, OMVs can be relea-
sed directly into the host cell without the need to
overcome a cytoplasmic membrane. Therefore,
host responses are likely to differ according to
pathogen lifestyle and interaction pathway (39).

Additionally, OMVs from bacteria can be
detected in host’s blood and urine. This suggests
that OMV can cross the epithelium and vascu-
lar endothelium to reach sites far beyond the
location of the parental cell (77). For instance,
OMVs from P. gingivalis can relocate to blood and
act on distant tissues and organs (58). In addition,
histamine and y-aminobutyric acid (GABA) were
found in B. fragilis OMVs, as neurotransmitters,
these compounds play a prominent role in the
functions of the central nervous system (83).
Thereby, OMVs can play a role in homeostasis and
systemic diseases.

To travel, OMVs can use two distinct
pathways: the paracellular or transcellular
pathways (37, 77). The paracellular pathway
works through the disruption of tight junctions (TJ)
that form the intercellular barrier between epithe-
lial cells; and the transcellular pathway consists
in OMVs being internalized trough endocytosis,
transported through the cell body and released
at the basolateral cell surface (37, 43, 77). For
example, OMVs produced by Bacteroides thetaio-
taomicron have been reported to travel by both
pathways, with imaging techniques showing that
after hours of oral administration of OMVs, they
can be detected in tissues such as the liver (77).
These results support the possibility that OMVs
can act as a long-distance communication system
between anaerobic bacteria and the host.

It has been described that OMVs from P
gingivalis can be internalized via receptors, such
as integrin abB1, via lipid rafts and via caveo-
lin/clathrin-independent endocytosis (40, 53, 56,
58, 68, 76). OMVs from P. gingivalis have been
shown to enter cells such as human oral keratino-
cytes and gingival fibroblasts more efficiently than
parental bacterial cells (69). Moreover, the content
of T. denticola OMVs can be sensed by the absent
in melanoma 2 (AIM2) inflammasome and conse-
quently trigger an inflammatory cell death (63).
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Limited information about receptors for
internalization and the actual entry route skew
our understanding on anaerobic GNB OMVs entry
into cells. Furthermore, a bias exists in the lack
of information for almost all oral anaerobic GNB
(P. gingivalis being perhaps the exception), as they
are not usually recognized as bacterial models
of study, and therefore their particularities are
poorly understood.

INTERACTION OF OMVS WITH HOST CELLS

Host cells can internalize OMVs released
by an oral anaerobic GNB. Nonetheless, host cells
can be distant from where the OMVs parental cell
is located. There is evidence that points that, in
animals, OMVs could be dispersed in body fluids
(36, 71, 77). The host cells that internalize OMVs
can be bacterial or eukaryotic, as detailed below.

OMVS-BACTERIA INTERACTIONS

OMVs play an important role in competitive
and cooperative functions for the microorganisms
that secrete them, and for the microbial commu-
nity by participating in events such as: i. biofilm
formation, ii. gene transfer, iii. antibiotic resis-
tance, and iv. phage neutralization (35, 36, 38-40,
42,50, 59, 73,75, 76, 84, 85).

i. OMVs play their role in biofilm formation
and stabilization by participating in nutrient acqui-
sition, protection against antimicrobial effects,
nucleation, and intercellular communication (35,
41, 75). It has even been reported that OMVs can
be part of the biofilm matrix and are one of the
most important protein sources for the matrix of
certain biofilms (35, 47, 76). For example, under
starvation conditions, quorum sensing and the
HmuY protein detected in OMVs of P. gingivalis aid
in cell survival and biofilm formation (36, 75).

ii. OMVs could participate in the lateral
transfer of plasmids and genomic DNA to other
bacteria (35, 37,47, 59, 75, 76). Gene transfer
via OMVs contributes to the propagation of factors
necessary for bacterial adaptation, such as antimi-
crobial resistance genes or virulence factors (35,
51, 59, 62, 75). For example, chromosomal DNA
transfer by OMVs from two different strains of P
gingivalis with subsequent integration by homolo-
gous recombination and gene expression in the
recipient strain has been demonstrated (51).

iii. OMVs can protect bacteria from antibio-
tics in several ways: (1) by carrying B-lactamases
(36, 43, 67, 75-77), (2) by binding antibiotics in
the extracellular environment, serving as a decoy,
and preventing cellular entry (38, 41, 43, 59, 75,
76), and (3) by exhibiting a high content of drug-
binding proteins (75). In a mixed bacterial popula-
tion, OMVs may provide antibiotic protection not
only to parental cells, but to the whole bacterial
population; thus, OMVs may be involved in the
emergence of drug-resistant strains (36, 75). For
example, [-lactamases associated with OMVs
from Bacteroides sp. provide antibiotic resistance
to parental cells, but also to other commensals
and pathogens against 3-lactam antibiotics (43,
59, 67).

iv. Since OMVs have similar surface structu-
res to the parental bacteria, the release of OMVs
may act as a trap to prevent phage adsorption
(75). Phages form complexes with OMVs and
avoid binding to bacterial cells, preventing harmful
effects on bacteria (59, 75).

Other functions of OMVs have been descri-
bed; for example, they could be a removal system
for unnecessary or harmful substances that
accumulate in microbial cells, such as misfolded
proteins and xenobiotics (47, 76). A graphical
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summary of these and other functions performed
by OMVs is presented in Figure 3.

OMVS-EUKARYOTIC CELL INTERACTIONS

OMVs of pathogens and commensals play a
pivotal role in the communication between bacte-
ria and their eukaryotic hosts (54, 59, 61, 86).
Generally, OMVs of pathogenic and commensal
bacteria are related to distinct interactions with
the host: i. OMVs of commensal bacteria promote
host homeostasis, and ii. OMVs of pathogenic
bacteria participate in the pathological process
(49, 59, 86, 87).

OMVS FROM COMMENSAL BACTERIA-EUKARYOTIC
CELL INTERACTIONS

OMVs from commensal bacteria can generate
positive effects on host immune tolerance by
regulating the host innate immune system, assis-
ting in the maturation of the immune system, and
promoting homeostasis (51, 59, 61, 75, 87, 88).
For example, OMVs would serve to control bacte-
rial populations by loading with toxic molecules,
such as peptidoglycan hydrolases, murein hydro-
lases, endopeptidases, and other types of enzymes
that induce bacterial lysis, thus controlling bacte-
rial overgrowth (46, 59, 61, 76). In addition, OMVs
from commensal intestinal bacteria promote
regulatory T cells and anti-inflammatory cytokine
secretion through activation of host dendritic cells
(DCs) (61, 70, 78).

The interaction between oral anaerobic GNB
OMVs and eukaryotic cells is not fully known,
many aspects need clarification, as stated throug-
hout this review. In this sense, OMVs potentiali-
ties, especially for those produced by commensal
anaerobic GNB, as drug-delivery systems or other
biotechnological/biomedical uses are still too
poorly understood for clinical applications.

OMVS FROM PATHOGENIC BACTERIA-EUKARYOTIC
CELL INTERACTIONS

The content of OMVs of pathogenic bacteria
is involved in host cell invasion, nutrient acquisition,
antibiotic resistance, immune modulation, virulence,
biofilm formation and intracellular communica-
tion (35, 36, 54, 56, 58-60, 75, 76). In addition to
transferring toxins to host cells, OMVs contribute
to pathogen survival and maintenance of pathoge-
nesis by evading host immunity, aiding adaptation
to the stressful environment, and nutrient capture
(75). Some examples of virulence factors and their
interaction with the host are cited in Table 2.

OMVs from different bacteria, and their
components, induce distinct immune responses
(84). LPS derived from OMVs activates toll-like
receptor 4 (TLR4), which triggers inflammation
through the nuclear factor kappa-light-chain-enhan-
cer of activated B cells (NF-kB), proinflammatory
cytokine production, caspase-11-dependent effec-
tor responses and cell death (35, 63, 68, 75, 78).
Moreover, OMVs polysaccharides activate TLR2
and cytosolic nucleotide-binding oligomerization
domain-containing protein 2 (NOD2), which induces
phagocytosis and anti-inflammatory responses
associated with autophagy (44, 63). Finally, flage-
llin in OMVs is detected by the nucleotide-binding
domain leucine-rich repeat (NLR) family, apoptosis
inhibitory protein 5 (NAIP5) and activates the NLR
family CARD domain-containing protein 4 (NLRC4)
inflammasome, while OMV-derived dsDNA promo-
tes the formation of the AIM2 inflammasome;
both inflammasomes trigger caspase-1-mediated
pyroptosis and inflammation (44).

An example is P. gingivalis OMVs which can
induce inflammasome activation via caspase-1
activation and IL-13 and IL-8 production (58, 63,
69), and induce the production of tumor necrosis
factor alpha (TNF-a), IL-12p70, IL-6, IL-10, inter-
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feron beta (IFNB) and nitric oxide in macrophages
(58, 69). In addition, gingipains in P. gingivalis
OMVs induce IL-8 scission and activation, leading
to neutrophil recruitment (84). Importantly, it has
been reported that inflammation may be enhan-
ced in macrophages exposed to P. gingivalis OMVs
compared to inflammation induced by exposure to
P. gingivalis cells (69).

The involvement of P gingivalis OMVs in
several diseases has been described, for example
in: (1) periodontitis: OMVs induce inflammation
and tissue destruction, (2) diabetes: OMVs trans-
locate to the liver and attenuate insulin sensitivity
and glycogen synthesis, (3) arteriosclerosis: OMVs
possess potent platelet aggregation activity, stimu-
late foam cell formation and low-density lipopro-
tein (LDL) aggregation, (4) rheumatoid arthritis:
OMVs induce production of anti-citrullinated protein
antibodies and loss of tolerance to citrullinated
proteins, (5) Alzheimer's disease: OMVs induce
brain inflammation (40, 58, 69, 79).

For other pathogens, the amount of infor-
mation found is more limited. In the case of T.

denticola, its OMVs could destroy the integrity
of the epithelial cell barrier (68, 70). £ nuclea-
tum OMVs activate TLR2-MyD88-NF-kB signaling
through the FomA porin, and thus exert proinflam-
matory effects and regulate innate immunity (44).
Finally, A. actinomycetemcomitans OMVs contain
cytolethal distending toxin and leukotoxin A, the
latter of which is lethal to human monocytes and
polymorphonuclear leukocytes, and the genetic
material contained in OMVs could regulate human
macrophage gene expression, promoting TNF-a
production (40, 45, 87).

Limited information about OMVs cargo is
presented in the literature that presents regulation
of eukaryotic cells after OMVs content’s internaliza-
tion. Besides the examples presented, and to add to
the controversy about the presence of nucleic acids
in OMVs, several studies presented downregula-
tion of immune effectors after delivery of small
RNAs into host cells by OMVs from A. actinomyce-
temcomitans, P. gingivalis, T. denticola, and/or
T. forsythia. The lack of genetic tools to inhibit
vesiculation to understand OMVs implication in
infections is a difficulty that should be addressed.
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Figure 3. OMVs functions. OMVs play several roles in bacteria-bacteria interactions in processes of cooperation and competition, and in

bacteria-eukaryotic interactions either in homeostasis or pathology.

CONCLUDING REMARKS AND PERSPECTIVES

OMVs fulfill several roles in bacteria-bacte-
ria interactions and bacteria-eukaryotic interac-
tions. This systematic review offers a synthesis of
current knowledge available for the OMVs produ-
ced by oral anaerobic GNB. Induction of OMVs
production, its biogenesis, contents, liberation
from the parental cell, spread to the environment,
internalization by either bacterial or eukaryotic
host cells and the interactions with host cells are
discussed. An important limitation in literature
is the lack of consistent nomenclature for BEVs
produced by GNB as at least two different types
have been described: OIMVs, and OMVs. In this
review, we termed OMVs both types, as almost all
analyzed articles named them as such, and did
not state which type of BEV was being discussed.
This is the fundamental source of confusion in

the understanding of important mechanisms for
OMVs cargo loading. Additionally, many aspects of
OMVs biology are still poorly described: biogene-
sis pathways, signaling for release, receptors in
the target cell, and mechanism for host cells to
respond. This hinders concluding whether a speci-
fic OMV cargo has meaningful biological value
to explore or is the result of contamination. As
a result, contradictory results between different
working groups exist, and several authors have
clear positions on aspects regarding OMVs. This
article is not intended to be a critical review, but
rather to present the information as it is stated,
and to be an invitation for the curious and infor-
med readers to draw their own conclusions.

Nonetheless, literature describes that OMVs

derived from pathogenic bacteria, like P. gingivalis,
contain virulence factors and have inflammatory
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and immunomodulatory properties. For example, P,
gingivalis OMVs can be the cause of IL-10 secre-
tion (anti-inflammatory) by macrophages (69).

However, some genera have very limited
information while other dominates literature (P,
gingivalis). Given the heterogeneity of OMVs, the
characteristics of every species’ OMVs should be
studied independently; therefore, there is still a
broad field of research to be developed. Consi-
dering that several of the included studies were
published in recent years, this subject is in constant
development, and it would be worth updating the
knowledge synthesis often.

The understanding of OMVs, their nature and
their interactions in a biosystem not only deepens
our comprehension of the bacterial reality, but
also clears the path to their biotechnological use.
The development of the field has the potential for
vaccine production, adjuvant platforms, antibacte-
rial treatment, biofilm studies, drug delivery, and
more. Further studies are necessary to assure safe
use of OMVs in the prevention and treatment of
infection and disease. Finally, the study of OMVs
produced by oral anaerobic GNB is also important
for broadening our comprehension of mucosal
immunity as commensal and pathogenic bacteria
produce them.
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