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membrane vesicles in
inflammatory diseases
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Outer membrane vesicles (OMVs) are spherical, bilayered, and nanosized membrane
vesicles that are secreted from gram-negative bacteria. OMVs play a pivotal role in
delivering lipopolysaccharide, proteins and other virulence factors to target cells.
Multiple studies have found that OMVs participate in various inflammatory diseases,
including periodontal disease, gastrointestinal inflammation, pulmonary
inflammation and sepsis, by triggering pattern recognition receptors, activating
inflammasomes and inducing mitochondrial dysfunction. OMVs also affect
inflammation in distant organs or tissues via long-distance cargo transport in
various diseases, including atherosclerosis and Alzheimer's disease. In this review,
we primarily summarize the role of OMVs in inflammatory diseases, describe the
mechanism through which OMVs participate in inflammatory signal cascades, and
discuss the effects of OMVs on pathogenic processes in distant organs or tissues
with the aim of providing novel insights into the role and mechanism of OMVs in
inflammatory diseases and the prevention and treatment of OMV-mediated
inflammatory diseases.
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1 Introduction

All gram-negative bacteria secrete outer membrane vesicles (OMVs) during planktonic
growth and in surface-attached biofilm communities (1). These spherical, nanosized
membrane vesicles are released from the outer cell membrane, and they consist of
lipopolysaccharide (LPS), peptidoglycan (PG), proteins, DNA, RNA, and other virulence
factors such as enzymes and toxins (1, 2). Compared to their parent bacteria, OMVs are
nanosized and contain a relatively high concentration of toxins and virulence factors (3).
During infection, pathogenic factors are exposed to host cells via these vesicles, and OMVs
can bypass direct contact between cells. Therefore, OMVs can establish bacteria-host
communication and initiate pathogenesis in the absence of living bacteria (4).
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In recent years, studies have connected OMVs with
inflammatory disease processes. The type of inflammatory diseases
include chronic inflammatory diseases, autoimmune diseases, and
inflammation-related tumors. The role of OMVs in inflammatory
diseases, particularly periodontal disease, gastrointestinal
inflammation (including inflammatory bowel disease), pulmonary
inflammation, sepsis and inflammation-related tumors, has been
reported extensively. For example, Fusobacterium nucleatum (F.
nucleatum) OMVs increased the number of osteoclasts and
increased the production of inflammatory cytokines in gingival
connective tissues, leading to more severe periodontitis symptoms
(5). Helicobacter pylori (H. pylori) OMVs containing virulence
factors were rapidly internalized by gastric epithelial cells and
promoted the destruction of the mucin barrier and bacterial
colonization in gastric disease development (1). OMVs derived
from Porphyromonas gingivalis (P. gingivalis) significantly
disrupted the tight junction proteins among lung epithelial cells
and exerted cytotoxic effects leading to pulmonary inflammation (6,
7). Escherichia coli (E. coli) OMVs have been shown to increase the
expression of IL-6, P-selectin, and intercellular adhesion molecules
and markedly decreased the expression of thrombomodulin,
ultimately leading to the coagulation cascade (8). Small RNA-
23392 (sRNA-23392) packaged by P. gingivalis OMVs promoted
oral squamous cell carcinoma cell migration and invasion by
targeting desmocollin-2 (9).

Generally, OMVs participate in inflammatory diseases initiated
by Toll-like receptor (TLR) signaling and nucleotide binding
oligomerization (NOD)-like receptor (NLR) signaling. LPS is
recognized by TLR4, PG by TLR2, NOD1 and NOD2, and
lipopeptides/proteins are recognized by TLR2, DNA by TLR9
(10-13). New insights on the interactions between OMVs and
target cells have been developed in the last 5 years. The outer
membrane proteins FomA and OmpA have recently been reported
to be recognized by TLR2, flagellin by TLR5 and RNA by TLR7 and
TLR8 (14-17). Furthermore, OMV activation of inflammasomes
and mitochondrial dysfunction can induce inflammation (18, 19).
Recent research has revealed that OMVs contribute to
inflammation by mediating cell death (20).

OMVs play a role in long-distance cargo transport and have
been implicated in distant organ or tissue inflammation, particularly
in atherosclerosis (AS) and Alzheimer’s disease (AD). A study of
OMVs from CagA-positive H. pylori demonstrated that these factors
significantly increased cholesterol levels, promoted apoptosis in the
arterial lumen and accelerated coronary artery atherosclerotic plaque
formation in ApoE-/- mice, an animal model of spontaneous
atherosclerosis (21). OMVs from the periodontal pathogen P.
gingivalis were involved in activating glial cells, and ultimately
stimulating neuroinflammation and memory dysfunction (22).
Therefore, determining the role of OMVs from different sources in
distant organ or tissue inflammation would be beneficial.

To date, only the review by Yu et al. (2018) has addressed the
role of OMVs in inflammatory diseases (such as pulmonary
inflammation and sepsis), and they mainly summarized the effects
of gram-negative and gram-positive bacterial membrane vesicles on
various mammalian cells (23). In the present review, we focused on
the role of OMVs in inflammatory diseases, examine the
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mechanism by which OMVs participate in inflammatory
cascades, and discuss the effects of OMVs on the inflammatory
pathology of distant organs or tissues with the aim of providing
novel ideas for the mechanism of OMVs in inflammatory diseases
and the prevention and treatment of OMV-mediated
inflammatory diseases.

2 Characteristics of OMVs

Bacterial OM Vs are secreted by gram-negative bacteria into their
surroundings and are approximately 20 to 350 nm in size (1).
Originally identified as a product of the cell wall, OMVs are now
considered to be part of a general secretory system (24, 25). The
secretion of OMVs is an omnipresent process and occurs in
numerous bacteria, including P. gingivalis, H. pylori,
enterohemorrhagic E. coli (EHEC), F. nucleatum, Pseudomonas
aeruginosa (P. aeruginosa), and E. coli Nissl 1917 (EcN) (26-29).
Recently, reports have shed light on OMV biogenesis, which is based
on the PG layer having a low amount of lipoproteins, the presence of
PG residues with autolysins, an increase in negatively charged LPS
within the cell envelope, and phospholipid accumulation (30).

Due to the mode of formation, OMVs have been shown to
harbor various contents of the parental bacteria. OMVs are
composed of many inflammatory substances, such as LPS,
phospholipids, PG, outer membrane proteins, DNA, RNA, and
other virulence factors such as enzymes and toxins (31). These
vesicles also contain anti-inflammatory factors that play a role in
limiting the immune response, such as polysaccharide and
sphingolipid (32, 33). However, OMVs produced by different
bacteria and different strains of a bacterial species vary in species
and cargo quantity. The mechanism of enriching factors is not fully
understood and need to be further investigated in depth.

High concentrations of cargoes can be protected from
degradation due to the membrane structure. The cargoes in
OMVs can perform specialized functions in bacteria-bacteria
interactions and bacteria-host interactions. The defensive
functions include the enhancement of bacterial survival by
communication through quorum sensing, stress response
adaptation, nutrient acquisition, antibiotic resistance and biofilm
formation (34-38). Their offensive functions play vital roles in
pathogenic processes, such as the transmission of toxins and
virulence factors into target cells, the establishment of a
colonization niche, and the modulation of host inflammation and
the immune response (39, 40). These characteristics determine the
wide roles of OMVs in various inflammatory diseases. Next, we will
elaborate in detail.

3 The role of OMVs in
inflammatory diseases

3.1 OMVs in periodontal disease

Periodontal disease is a kind of inflammatory disease induced
by the interaction between aberrant immune responses and
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dysbiosis of microbial communities within periodontal tissues (41).
It is classically characterized by gingival bleeding, alveolar bone
absorption, attachment loss, periodontal pocket formation, and
even tooth loss (3).

3.1.1 OMVs affect biofilm formation and
bacterial invasion

Numerous studies have reported the clinical importance of
OMVs in plaque biofilm formation by oral microorganism
coaggregation and the invasion of oral epithelial cells during the
pathogenesis of periodontal disease; similar to their parent bacteria
(Figure 1). P. gingivalis OMVs could promote coaggregation
between mycelium-type Candida albicans and Staphylococcus
aureus and between Treponema denticola (T. denticola) and
Lachnoanaerobaculum saburreum (42). OMVs also increased the
invasion and adhesion of Tannerella forsythia (T. forsythia) to oral
epithelial cells (43). However, proteases of P. gingivalis OMVs
decreased the auto-aggregation of F. nucleatum, and P. gingivalis
OMVs inhibited the invasion of F. nucleatum by downregulating
FadA and FomA (43). A comparative study revealed significantly
higher invasive capability by P. gingivalis OMVs than P. gingivalis
itself (6). It is well documented that P. gingivalis mediates invasion
through the interaction between the fimbriae and receptors on host
cells (44). However, the mechanism underlying the invasion of P.
gingivalis OMVs remains unclear. Fimbriae have not yet been
observed on OMVs. Several well-known adhesins, such as
gingipains and fimbrial proteins, are considered potential
weapons (45). Surprisingly, sphingolipid-containing P. gingivalis
OMVs can serve as a delivery vehicle to limit the macrophage
immune response to P. gingivalis (33). The sphingolipid-null P.
gingivalis OMVs induce a hyperinflammatory immune response
with increased levels of TNF-o,, IL-1b, and IL-6 (33). These findings
suggest that P. gingivalis OMVs induce pathogen recognition and/
or inflammation response in a manner that can be limited
by sphingolipids.

3.1.2 OMVs induce inflammation in
periodontal tissue

OMVs were shown to dysregulate the immune response and
induce local chronic inflammation in periodontal tissue (Figure 1).
P. gingivalis OMV's have been shown to promote the infiltration of
neutrophils in connective tissue, stimulate glycolysis, increase
mitochondrial reactive oxygen species (ROS) production and
induce macrophages to produce large amounts of IL-6, IL-12p70,
TNEF-a, IFN-B and nitric oxide (46). OMVs from P. gingivalis and
T. forsythia stimulated TLR2 signaling via lipoproteins and/or LPS
and induced the production of osteoclastogenic cytokines, such as
IL-6, IL-1B, and TNF-0, leading to alveolar bone loss (47).
However, it remains unclear whether or how OMVs affect
osteoblasts in periodontal disease. Further studies are warranted
to examine the role of bacterial OMVs in osteoblast differentiation,
proliferation and mineralization.

In an animal model of periodontitis, after being activated by F.
nucleatum OMVs, mouse gingival fibroblast apoptosis and lactate
dehydrogenase release were promoted, and M0 macrophages
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transformed into M1 macrophages, which produced more
inflammatory cytokines (5). The periodontitis symptoms of mice
treated with OMVs were more serious, and there were more
osteoclasts and more inflammatory factors in their gingival tissues
(5). However, it is not clear which OMV cargoes are involved in
periodontal disease. Since FadA in F. nucleatum was reported to
induce bone loss, scientists might reveal whether their OMVs
enhance the development of periodontitis by knocking out the
expression of FadA in F. nucleatum (48).

3.2 OMVs in gastrointestinal inflammation

The gastrointestinal tract is a complex ecosystem that maintains
homeostasis through interactions between the barrier system and
microorganisms. The highly compacted inner mucin layer
effectively prevents bacteria and their products from accessing
epithelial cells (49). Bacterial OMVs can deliver various bacterial
components to epithelial cells across the mucin layer, which is
physically inaccessible to bacteria (50-52) (Figure 1).

3.2.1 OMVs mediate proinflammatory effects in
gastric inflammation

Accordingly, H. pylori OMVs transport several virulence
factors, such as cytotoxin-associated gene A (CagA), vacuolating
cytotoxin A (VacA) and catalase (KatA) (53). CagA can disrupt the
tight junctions of the epithelium, VacA can induce vacuolization,
and high concentrations of KatA exerts a strong antioxidant effect
that protects the bacteria against oxidative damage induced by the
immune response (1). OMVs are internalized by the gastric
epithelium and then promote the destruction of the mucin barrier
and bacterial colonization. In addition, the effect of H. pylori OMV's
is dose dependent, affects epithelial cell proliferation and induces
the release of IL-6, TNF-o, and IL-8 (54). At low doses, OMVs
increase AGS cell (human gastric adenocarcinoma cell line)
proliferation, while at high doses, growth arrest, a decrease in
proliferation, an increase in toxicity and IL-8 production are
observed (55). Thus, OMVs can promote low-grade gastritis
associated with H. pylori bacterial infection (55). It should be
noted that H. pylori-derived OMVs from hosts with various
gastric diseases have different effects on inducing inflammation
(56). Further studies are warranted to differentiate the expression
pattern of pathogenic cargoes among H. pylori OMVs associated
with various gastric diseases.

3.2.2 OMVs mediate inflammatory and anti-
inflammatory effects in intestinal inflammation
The proinflammatory and immunomodulatory effects of
intestinal bacterial OMVs also have pathogenetic implications.
EHEC 0157 OMVs containing LPS and flagellin induced IL-8
production in human intestinal epithelial cells (IECs) by
activating TLR signaling and NF-xB signaling (16). OMV-
associated virulence factors are internalized by Caco-2 cells and
human brain microvascular endothelial cells via dynamin-
dependent endocytosis and trigger target cell apoptosis, which
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FIGURE 1
Different Pathways by which Outer Membrane Vesicles Participate in Various Inflammatory Diseases. OMVs derived from periodontal pathogens,

gastrointestinal pathogens and pulmonary pathogens participate in inflammatory diseases and affect distant organ or tissue inflammation in the
absence of living bacteria. On the one hand, in vivo and in vitro experiments have focused on OMVs in periodontal disease, gastrointestinal
inflammation, pulmonary inflammation, sepsis and inflammatory-related tumors. Periodontal pathogen OMVs have been shown to induce local
chronic inflammation and bone resorption in periodontal tissue after being injected via the ligation silk line. OMVs can kill lung epithelial cells due to
cytotoxic effects in vitro. Gastrointestinal pathogen OMVs promote the destruction of the gastrointestinal mucin barrier and the production of
inflammatory cytokines when administered by oral gavage. OMVs contribute to a hyperactive inflammatory system after intraperitoneal injection and
jugular injection. Stimulation of HUVECs promotes the activation of platelets and the formation of prothrombotic MPAs, thus increasing thrombus
formation in sepsis. OMVs can spread and accumulate in the lung, resulting in neutrophil recruitment and IL-8 production by vascular endothelial
cells. OMVs derived from pulmonary pathogens also directly trigger pulmonary inflammation. In addition, periodontal pathogen OMVs and
gastrointestinal pathogen OMVs can promote the invasion and migration of cancer cell line in vitro. On the other hand, periodontal pathogen and
gastrointestinal pathogen OMVs play vital roles in AS and AD based on long-distance cargo transport. After oral gavage, OMVs lead to high
cholesterol levels and the release of IL-6 and TNF-o, as well as the suppression of proliferation and the promotion of apoptosis in HUVECs in AS. In
addition, periodontal pathogen OMVs deliver cargoes that cross the blood-brain barrier (BBB) after intracardiac injection or oral gavage.
Gastrointestinal pathogen OMVs increase BBB permeability after tail vein injection. OMVs degrade tight junction proteins and activate microglia and

astrocytes, which are responsible for BBB leakage and neuroinflammation in AD.
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may contribute to diarrhea and hemolytic uremic syndrome (57). In
addition, Vibrio cholerae (V. cholerae) OMVs modulate the
epithelial proinflammatory response via the translocation of V.
cholerae cytolysin (58). Activated dendritic cells stimulated with
these OMV's promoted T-cell polarization toward an inflammatory
Th2/Th17 response (58, 59). Proinflammatory factors are also
present in IECs treated with F. nucleatum OMVs and
Campylobacter jejuni OMVs (60, 61). Furthermore, previous
reports have highlighted that intestinal commensal bacterial
OMVs could mediate anti-inflammatory and barrier protection
effects (62). For instance, colitis mice treated with EcN OMVs
exhibited a reversal of the dextran sodium sulfate (DSS)-induced
reduction in the anti-inflammatory cytokine IL-10 and a decrease in
proinflammatory cytokines, such as TNF-q,, IL-1f, and IL-17 (63).
A previous study indicated that Bacteroides fragilis (B. fragilis)
release OMVs with immunomodulatory and protective effects
against colitis (32). Dendritic cells are able to sense B. fragilis
OMV-associated polysaccharide through TLR2, resulting in
enhanced regulatory T cells and anti-inflammatory cytokine
production (32). Bacteroides vulgatus OMVs have been shown to
induce tolerant semimature dendritic cells for immunomodulation
and the maintenance of a balanced gut microbiota (64). OMVs
derived from Odoribacter splanchnicus, Akkermansia muciniphila
(A. muciniphila) and Faecalibacterium prausnitzii also
downregulate proinflammatory cytokines (62, 65-67). These
studies fully demonstrate the immunoregulatory effects of gut
microbiota OMVs and provide ideas for the development of
therapeutic strategies targeting the effects of OMVs. However,
most studies lack in-depth exploration of the mechanisms of
pathogenic and anti-inflammatory substances. The presence,
amount and functions of these substances associated with OMV's
depend greatly on the bacterial strain. Therefore, further research is
needed to explore the role of the individual virulence factors within
OMVs in gastrointestinal inflammation.

3.2.3 OMVs mediate immune modulation in
inflammatory bowel disease

Under physiological conditions, the gut microbiota interacts
with the host and maintains intestinal immune homeostasis, which
has been implicated in the maturation and functions of intestinal
epithelial cells and immune cells. Dysbiosis of the gut microbiota
can effect intestinal homeostasis by OMVs mediating cross-talk
between microbiota and intestinal immunity. Increasing studies
revealed that OMVs mediate immune modulation in inflammatory
bowel disease (IBD), a type of complex autoimmune disease
associated with genetic susceptibility, dysbiosis of the gut
microbiota and immune system imbalance. F. nucleatum OMVs
compromise intestinal barrier by significantly promoting the
differentiation of proinflammatory macrophages and oxidative
stress damage and accelerating RIPK1-mediated intestinal
epithelial cells necroptosis (68). In the DSS-induced colitis animal
model, A. muciniphila OMVs can ameliorate intestinal
inflammation and also protect against colitis phenotypes, such as
weight loss, colon length, and inflammatory cell infiltration of colon
wall (67). In addition, Bacteroides thetaiotaomicron (B.
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thetaiotaomicron) OMV's stimulate significant IL-10 expression by
colonic dendritic cells and significant IL-6 expression by peripheral
blood-derived dendritic cells in healthy individuals (69). However,
there are reduced numbers of regulatory dendritic cells in the colon
and lower proportion of dendritic cells that express IL-10 in the
blood of IBD patients (69). This finding suggests that IBD patients
may show disturbance of the immune response balance directed by
B. thetaiotaomicron OMVs. These studies provide novel insights
into the role of OMVs in IBD and encourage us to focus on the
functions of pathogenic bacteria and probiotics in health or disease
conditions. It should be noted that the available evidence
supporting the use of bacterial OMVs as a remedy for IBD is
comparatively scarce. More mechanisms of the interactions
mediated by OMVs between the intestinal microenvironment and
the host need to be identified and applied clinically.

However, except IBD, the role of OMVs in other autoimmune
diseases has not been reported. Recent study indicated that
exosomes of OMV-stimulated macrophages are found to contain
OMYV-derived proteins (70). These exosomes may carry
autoantigens and stimulate B cells to generate autoantibodies
(71). In addition, exosomes may carry complement components
or serve as a platform to activate complement system (71). These
findings expand our understanding of potential mechanisms of
OMVs in autoimmune diseases, but the further in-depth study is
still needed.

3.3 OMVs in pulmonary inflammation

The epithelial cell layer of the surface of airways and alveoli
provides the primary defense against microorganism invasion (72).
Once invasion impairs the lung epithelial barrier, a series of
pathologies occur, such as inflammation and fibrosis (7). It is
known that microorganisms employ OMVs to invade the lung
epithelial barrier without making direct contact with host cells,
mediating inflammatory responses in vitro and in vivo (Figure 1).

3.3.1 OMVs cause pulmonary inflammation in
animal models

OMVs administered via the trachea, nasal cavity and
enterocoelia have been shown to induce pulmonary inflammation
in animals (Figure 1). Intratracheal administration of Acinetobacter
nosocomialis-derived and Stenotrophomonas maltophilia-derived
OMVs could stimulate high expression of proinflammatory
cytokines and chemokines and induce early inflammatory
responses such as congestion and focal neutrophilic infiltration in
vivo (73, 74). Intranasal administration of OMVs secreted by P.
aeruginosa, Moraxella catarrhalis (M. catarrhalis), and
Acinetobacter baumannii (A. baumannii) resulted in pulmonary
inflammation (75-78). The response was even greater than the
induction of cytokines by purified LPS (76). Weight loss in an A.
baumannii OMV-induced experiment indicated the potential
relationship between OMVs and metabolism regulation (78).
Another study showed that intraperitoneally injected E. coli
OMVs could spread and accumulate in the lung and thereby
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induce systemic inflammatory response syndrome (SIRS),
characterized by systemic and pulmonary inflammation
(79). Increased levels of IL-6 and TNF-oo were observed.
Mechanistically, these factors recruited neutrophils to the lung via
IL-8/CXCLI released from vascular endothelial cells in TLR4- and
NF-kB-dependent manners, leading to a strong pulmonary
inflammatory response (79). This was the first report regarding
OMV-induced production of IL-8 by vascular endothelial cells.
Specific pathogenic components and the mechanisms of bacterial
OMYV involvement in pulmonary inflammation need to be
examined. Intriguingly, P. aeruginosa OMVs not only induced the
host innate immune response via the MAPK signaling pathway but
also delivered specific bacterial sSRNA-52320 to resist the innate
immune response (80). SRNA-52320 subsequently suppressed the
inflammatory response mediated by the MAPK signaling pathway,
IL-8 production and neutrophil recruitment during bacterial
infection (81, 82). There is a novel mechanism of pathogen-host
interaction in human airway epithelial cells and in mouse lungs
mediated by sRNA-52320-induced attenuation of the immune
response. It has been suggested that in immunocompromised
individuals, sSRNA-52320 enables P. aeruginosa to establish
chronic lung infection (81).

3.3.2 OMVs connect periodontal disease and
inflammatory respiratory diseases in vitro

OMVs derived from P. gingivalis, a periodontal pathogen,
disrupted the distribution of tight junction proteins resulting in
disrupting the intact lung epithelial barrier system (7) (Figure 1).
OMVs were also shown to significantly induce cell apoptosis,
decreasing the viability of lung epithelial cells due to prominent
cytotoxic effects and leading to pulmonary inflammation (6). As the
gingipains of P. gingivalis have been reported to be involved in
aspiration pneumonia and gingipains are important components of
P. gingivalis OMVss, the gingipains of P. gingivalis OMVs may be a
critical factor in P. gingivalis OMVs induced pulmonary
inflammation (83). This in vitro experiment was the first to show
that P. gingivalis OMVs participated in pulmonary pathology,
suggesting a close relationship between periodontal disease and
inflammatory respiratory diseases. Further verification of the
relationship between P. gingivalis OMVs and pulmonary
inflammation, as well as the pathogenic pathway in animal
models of periodontitis, may provide additional evidence.

3.3.3 OMVs cause inflammation in human
lung tissues

Rodent or cellular infection models differ from humans or lack
tissue complexity. Jager J. et al. established and used a new infection
model of Legionella pneumophila (L. pneumophila) infection in
human lung tissue (84). The researchers demonstrated that L.
pneumophila OMVs colocalized with alveolar macrophages and
induced histological tissue destruction, which was similar to the
damage caused by bacterial cells themselves in terms of quality and
quantity (84). Loose extracellular matrix, protein exudation, and
epithelial cell delamination from the connective tissue into the
alveolar compartments were frequently observed (84). In summary,
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this experiment characterized early steps in human infection. It
would be beneficial to understand the role of bacterial OMVs and
their relationship with bacteria in inflammatory diseases if we could
determine a practical concentration of OMVs during infection.

3.4 OMVs in sepsis-associated
inflammation

Sepsis is a serious complication of infectious diseases
characterized by life-threatening multisystem organ failure (85).
Inflammation and intravascular coagulation are the primary factors
in the etiology of sepsis (86). Host cells prevent bacteria and OMVs
from spreading systemically through complicated crosstalk and
interactions. An excessive immune response leads to systemic
inflammation, blood flow changes and organ failure (87).

3.4.1 OMVs induce inflammation and coagulation
in endothelial cell models

Previous research was limited to the OMVs of pathogenic E.
coli, while later studies showed that both nonpathogenic E. coli and
pathogenic E. coli OMVs could initiate inflammatory cascades in
human umbilical vein endothelial cells (HUVECs) (Figure 1) (8,
88). Endothelial cell stimulation by OMVs was shown to induce
cytokine secretion, adhesion protein expression, and the
presentation of the adhesion molecules E-selectin and P-selectin,
which facilitate the migration of inflammatory cells to infection sites
(88, 89). OMVs also upregulate tissue factor expression and
downregulate thrombomodulin expression to shift the
intravascular equilibrium toward coagulation. Stimulated
HUVECs promoted the activation of platelets and the formation
of prothrombotic monocyte-platelet aggregates (MPAs), thus
increasing thrombus formation (8, 88, 90). Although HUVECs
are the best characterized endothelial cells, there are still some
limitations. Endothelial cells from different vascular beds obviously
differ in their sensitivity to OMVs, as well as in their activation of
the inflammatory response and coagulation cascade (91). Further
investigation is required to determine the effect of OMVs on
endothelial cells from other vascular beds.

3.4.2 OMVs mediate inflammation and
coagulation cascades in animal models

Sepsis triggered by OMVs mediates inflammation and
coagulation cascades in an animal model (92, 93) (Figure 1). Mice
subjected to cecal ligation and puncture to establish the sepsis
model had E. coli and OMVs in their peritoneal fluid (94). E. coli
OMVs infused via the jugular route elicit histological, physiological,
and molecular changes in rats that are consistent with sepsis (92). E.
coli OMVs injected intraperitoneally also induced the host systemic
inflammatory response. This result is similar to clinically related
symptoms of sepsis that are characterized by hypothermia,
tachypnea, leukopenia, dysfunction of the lungs, disseminated
intravascular coagulation, and the induction of IL-6 and TNF-a
(93). However, compared with intraperitoneal injection of OMVs,
LPS alone showed less lethality. Some recent studies suggested that
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treating OMVs with the LPS inhibitor polymyxin B leads to a
reduction in OMV-induced lethality (93). In addition,
intraperitoneal injection of OMVs resulted in decreased lethality
in CD14”" mice compared with wild-type mice. Therefore, OMVs
are more powerful inducers of sepsis than LPS alone. The role of
OMYV components in sepsis is still unknown. OMV cargoes other
than LPS may be important in the pathogenesis of sepsis-related
lethality (93).

3.5 OMVs in inflammation-related tumors

Chronic tissue inflammation caused by bacteria may facilitate
tumor formation and development. Some recent studies pointed
that OMVs also play a vital role in oral squamous cell carcinomas,
gastric adenocarcinoma and colorectal cancer (9, 95, 96). Virulence
factors delivered by bacteria OMVs are able to induce genomic
damage in cancer cell line (97). Increasing evidence suggests that
OMVs may repress translation and promote transcript decay of
specific mRNAs by delivering differentially packaged sRNAs.
OMVs may also effect immunomodulation in the tumor
microenvironment by directly binding to immune cells. A recent
study indicated that sSRNA-23392 packaged by P. gingivalis OMV's
promote the invasion and migration of oral squamous cell
carcinoma cells by targeting desmocollin-2 (9) (Figure 1). SRNA-
2509025 and sRNA-989262 packaged by H. pylori OMV’s attenuate
IL-8 production in AGS cells (95). After binding to Siglic-7 (sialic
acid-binding immunoglobulin-like lectin) of dendritic cells, F.
nucleatum OMVs inhibit dendritic cell activation, which allow the
tumor to evade immune surveillance in colorectal cancer
(96) (Figure 1).

These studies provide a novel approach for understanding the
connection between OMVs-related inflammation and tumors and
also open a novel dimension for mediating tumor immune
modulation by bacteria OMVs. Initial evidence that blocking the
interaction between bacteria OMVs and immune cells may
represent a potential strategy for alleviating the progression of
bacteria-associated tumors. However, further investigations are
expected to verify the mechanisms of OMVs in animal
experiments and not only cell lines. The role and mechanisms of
OMVs in inflammation-related tumors need to be demystified in
the future.

4 The mechanisms of OMVs in
inflammatory signal cascades

4.1 OMVs recognized by pattern
recognition receptors on the
cell membrane

A variety of pattern recognition receptors (PRRs) on the
membrane of immune cells and nonimmune cells can recognize
the pathogen-associated molecular patterns (PAMPs) of OMVs,
triggering a rapid inflammatory response that is critical to innate
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immunity. Among them, LPS is recognized by TLR4,
peptidoglycan, lipopeptide/proteins, outer membrane protein
FomA and OmpA are recognized by TLR2, and flagellin is
recognized by TLR5 (Figure 2).

4.1.1 LPS is recognized by TLR4

LPS is an important virulence cargo in bacterial OMVs, such as
those of E. coli, EHEC, B. fragilis and Salmonella typhimurium (S.
typhimurium), that is recognized by TLR4 (16, 98-101) (Table 1).
Initially, LPS-binding protein (LBP) binds LPS and extracts and
transfers lipid A molecules from LPS to cluster of differentiation 14
(CD14). Interactions among LPS, LBP and CD14 contribute to the
remodeling and presentation of lipid A of LPS to myeloid
differentiation factor 2 (MD-2) (117, 118). Subsequently, MD-2
modularizes the lipid A moiety with a sandwich-like structure,
which then binds to TLR4 to induce dimerization (119). After
binding to the LPS/MD-2 complex, TLR4 can initiate two different
signaling pathways.

4.1.1.1 Two signaling pathways downstream of
LPS/MD-2/TLR4

For the first signaling pathway, surface dimerization of the
TLR4/MD-2 complex recruits the adaptor proteins myeloid
differentiation primary response 88 (MyD88) and Toll-interleukin
I receptor domain-containing adaptor protein (TIRAP, a bridging
adaptor protein between TLR4 and MyD88). MyD88 activates
downstream IL-1 receptor-associated kinase (IRAK) and TNF
receptor-associated factor 6 (TRAF6), subsequently stimulating
the inflammatory response through the NF-xB and MAPK
signaling pathways and the production of IL-6, IL-1P, IL-8 and
TNF-0, (10, 120-122).

In terms of the second signaling pathway, the dimerized TLR4/
MD-2 complex can be internalized and then recruit TIR domain-
containing adaptor protein inducing TRIF-related adaptor molecule
(TRAM) and TRIF, which activate the NF-«B signaling pathway
and induce the secretion of IFN via transcription factor interferon
regulatory protein 3 (IRF3) (123, 124). Collectively, LBP and CD14
may act upstream of TLR4/MD-2 to engage and dissociate the lipid
A molecule from LPS in OMVs, inducing the dimerization of TLR4
and activation of the NF-kB and MAPK signaling pathways.

4.1.2 Peptidoglycan, lipopeptide/proteins, FomA
and OmpA are recognized by TLR2

Peptidoglycan, lipopeptide/proteins, FomA and OmpA are
recognized by TLR2 on the cell membrane (Table 1). Similar to
the activation of TLR4, after binding to PAMPs, TLR2 recruits
MyD88 to stimulate the NF-xB and MAPK signaling pathways
(125). Early studies showed that PG is recognized by TLR2 (99, 126)
(Table 1). A experiment that showed purified PG can activate a
TLR2 reporter cell line excluded the effect of the contamination of
lipoproteins and lipoteichoic acids observed in previous studies
(127). However, PG-induced inflammatory responses could not be
completely suppressed and low levels of IL-6 and TNF-a. could be
detected with the TLR2 antibody treatment, which indicated that
other sensors are involved in PG-induced inflammatory responses,
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FIGURE 2

Outer Membrane Vesicles Induce Various Inflammatory Response. OMV-associated cargoes (red font), including LPS, OmpA, flagellin and DNA, can
elicit various inflammatory responses. These factors are directly detected by cell membrane receptors or enter target cells via endocytosis and are
detected by cell-cytoplasm receptors. OMV-derived LPS is sensed by TLR4. The LPS-TLR4 complex then recruits TIRAP and MyD88 to activate IRAK
and TRAF6, which stimulates the NF-kB and MAPK signaling pathways. The LPS-TLR4 complex can also be internalized and recruit TRAM and TRIF,
resulting in the NF-kB signaling pathway and the secretion of type | IFN via IRFs. GBP and hemolysin can induce the rupture of OMV-containing
vacuoles and increase LPS exposure to cytosolic sensors. Galectin-3 forms ternary complexes with LPS and caspase-11, thereby amplifying caspase-
4/11 oligomerization and exacerbating pyroptosis. Activated caspase-4/5/11 proteolytically triggers GSDMD pore formation to induce pyroptosis and
inflammation. Activated caspase-4/5/11 also triggers the NLRP3 inflammasome, and caspase-1 is similarly activated to induce pyroptosis and
inflammation. OMV-derived OmpA is not only sensed by TLR2 to induce the NF-kB and MAPK signaling pathways but also activates the NLRP3
inflammasome. In addition, OmpA stimulates the host GTPase DRP1 to promote its accumulation on mitochondria, which results in apoptosis and
inflammation. OMV-derived flagellin is sensed by TLR5 and induces the NF-xB and MAPK signaling pathways. Cytosolic flagellin activates the NLRC4
infammasome, leading to caspase-1-mediated pyroptosis and inflammation. OMVs containing MID mediate contact with the IgD BCR, resulting in
endosome formation via endocytosis. Subsequently, TLR9 is recruited and senses DNA in endosomes, contributing to inflammation and the
secretion of IgM. OMV-derived DNA is also sensed by the AIM2 inflammasome. Whether OMVs mediate NF-kB and MAPK signaling via TLR9 has not
been shown. How OMV-containing vacuoles release OmpA, flagellin and DNA and how OmpA activates NLRP3 inflammasomes also remain unclear.

TABLE 1 Examples of Inflammation Signal Cascades Activated by Outer Membrane Vesicles.

Effect of Activation

Bacteria Producing OMVs OMVs-associated Cargo Target Cell Sensors by OMVs Reference
TLR4-MyD88 Inflammation (98)
TLR4-TRIF Inflammation (98)
LPS
E. coli NLRP3 Pyroptosis, Inflammation (98, 102, 103)
caspase-4/11 Pyroptosis, Inflammation (98, 103, 104)
? Mitochondria Apoptosis, Inflammation (19)
P. gingivalis PG NODI, NOD2 Inflammation (105)
Lipopeptide/proteins TLR2 Inflammation (106)
P. gingivalis ? NLPR3 Pyroptosis, Inflammation (107)
? AIM2 Pyroptosis, Inflammation (107)
Lipopeptide/proteins TLR2 Inflammation (106)
T. denticola ? NLPR3 Pyroptosis, Inflammation (107)
? AIM2 Pyroptosis, Inflammation (107)
T. forsythia Lipopeptide/proteins TLR2 Inflammation (106)
(Continued)
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TABLE 1 Continued

10.3389/fimmu.2023.1157813

Effect of Activation

Bacteria Producing OMVs OMVs-associated Cargo Target Cell Sensors by OMVs Reference
? NLPR3 Pyroptosis, Inflammation (107)
? AIM2 Pyroptosis, Inflammation (107)
LPS TLR4 Inflammation (16)
EHEC flagellin TLR5-MyD88 Inflammation (16, 108)
hemolysin Mitochondria Apoptosis, Inflammation (57, 109)
F. nucleatum FomA TLR2 Inflammation (14)
RNA TLR8 Inflammation (110)
A.actinomycetemcomitans
PG NODI1, NOD2 Inflammation (105)
M. catarrhalis DNA TLRY Inflammation, IgM secretion (111)
H. pylori PG NOD1 Inflammation (112)
? NLPR3 Pyroptosis, Inflammation (19, 113, 114)
PG NOD1 Inflammation (112)
P. aeruginosa flagellin NLRC4 Pyroptosis, Inflammation (102)
LPS caspase-5/11 Pyroptosis, Inflammation (98, 114)
? Mitochondria Apoptosis, Inflammation (19)
? NLPR3 Pyroptosis, Inflammation (19)
N. gonorrhoeae PG NOD1 Inflammation (112)
PorB Mitochondria Apoptosis, Inflammation (115)
V. cholerae PG NOD1, NOD2 Inflammation (113)
UPEC ? NLPR3 Pyroptosis, Inflammation (19)
NLPR3 Pyroptosis, Inflammation (116)
B. pertussis LPS
caspase-11 Pyroptosis, Inflammation (98, 116)
LPS TLR4-MyD88/TRIF Inflammation (100)
S. typhimurium flagellin NLRC4 Pyroptosis, Inflammation (102)
LPS caspase-11 Pyroptosis, Inflammation (98)
E. tarda hemolysin-LPS caspase-4/11 Pyroptosis, Inflammation (19)
S. flexneri LPS caspase-11 Pyroptosis, Inflammation (98)
TLR2 Inflammation (15)
A. baumannii OmpA NLPR3 Pyroptosis, Inflammation (15)
Mitochondria Apoptosis, Inflammation (15)
PG TLR2 Inflammation (99)
B. fragilis LPS TLR4 Inflammation (99)
RNA TLR7 Inflammation (99)

2, unclear or not known.

and these sensors are NOD1 and NOD2, as mentioned previously ~ protein concentration, the stimulation of TLR2 by different
and will be elaborated later (128). In addition, the lipopeptide/  periodontal pathogen OMVs did not differ (106). FomA of F.
proteins on periodontal pathogen OMVs can activate TLR2, and  nucleatum OMVs was shown to trigger immunity in IECs by
their immunogenicity depends on the length of their alkyl chain.  inducing NF-«B activation in a TLR2-dependent manner (14).
Chain lengths of C18, C16, and C14 reduce the stimulation of TLR2 ~ The researchers suggested the involvement of the TLR2/TLR2
in sequence (11). Consistently, when OMVs are standardized by =~ homodimer but not the TLRI/TLR2 heterodimer or the TLR2/
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TLR6 heterodimer (14). In addition, OmpA of A. baumannii OMV's
also activates an intense proinflammatory response via the TLR2,
NF-xB and MAPK signaling pathways (15).

A recent report demonstrated that active P. gingivalis
peptidylarginine deaminase (PPAD) can citrullinate cell surface
proteins of P. gingivalis that function as TLR2 ligands (129)
(Table 1). A large amount of active PPAD on P. gingivalis OMV's
is required for the activation of TLR2 to stimulate the inflammatory
response (129). Furthermore, fimbriae from wild-type P. gingivalis
strains, but not PPAD-deficient P. gingivalis strains, induced
cytokine production via activation of the TLR2, NF-«xB and
MAPK signaling pathways (129). Despite the presence of PPAD
in OMVs, there was no citrullination of fimbriae in wild-type P.
gingivalis strains (130, 131). Notably, challenging techniques may
be responsible for the lack of detection of citrullinated peptides, and
strain-specific differences in citrullination efficiency are likely.

4.1.3 Flagellin is recognized by TLR5

Flagellin is recognized by TLR5. H7 flagellin on EHEC OMV's
was reported to trigger the inflammatory response through TLRS5,
leading to IL-8 production by human IECs (16) (Table 1).
Accordingly, TLR5 uses its lateral side to interact with the three
helices of the flagellin D1 domain (132). Two TLR5-flagellin 1:1
heterodimers assemble into a 2:2 tail-to-tail signaling complex
(132). The flagellin-TLR5 complex induces the MyD88-NF-xB
signaling pathway in epithelial cells, dendritic cells and
monocytes, which stimulates the immune response against
bacteria with flagellin (108, 133, 134).

4.2 OMVs recognized by pattern
recognition receptors in the cytosol

In addition to being recognized by TLRs on the cell membrane,
OMVs can also be recognized by TLRs and NLRs in the cytosol after
being endocytosed (135).

4.2.1 RNA is recognized by TLR7 or TLR8

RNA on bacterial OMV:s is recognized by TLR7 or TLR8 in the
endosomes (Table 1). As an endosomal single-stranded RNA
(ssRNA)-sensing receptor, the TLR7 and TLR8 MyDDosome
signaling complex activates the NF-xB signaling pathway and
induces the nuclear translocation of IRF5/7, which promotes the
secretion of IFN-3, IFN-y, TNF-o and IL-12 (136, 137). Confocal
microscopy showed that B. fragilis OMVs could transmit RNA to
Caco-2 cells intracellularly (99). In contrast to unstimulated
controls, stimulation with B. fragilis OMVs led to significant
activation of TLR7 in HEK-Blue cells expressing TLR7 (99).
However, neither B. fragilis OMVs nor B. fragilis cells activated
TLR8. The recognition of RNA by TLRs is species specific. RNA
from Aggregatibacter actinomycetemcomitans (A.
actinomycetemcomitans) OMVs was shown to induce TLR8 and
NF-kB signaling and stimulate TNF-o release by macrophages
(110). A. actinomycetemcomitans OMVs delivering RNA can
cross the blood-brain barrier (BBB) and promote TNF-o
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production, but whether they act via TLR8-dependent signaling is
not clear (17, 110, 138). In addition, Streptococcus Group B RNA is
recognized by TLR7, whereas RNA from E. coli is recognized by
TLR8 (139). Evidence of different ligand sensitivities may provide
an explanation for bacterial species specificity (140). These reports
did not investigate RNA structure, and so about it is unclear
whether RNA in OMVs is characterized by single strains.

4.2.2 DNA is recognized by TLR9

DNA on bacterial OMVs is recognized by TLRY in the
endosomes (Table 1). DNA from periodontopathogenic bacteria,
such as A. actinomycetemcomitans, P. gingivalis, and
Peptostreptococcus micros, activate the production of TNF-o and
IL-6 through TLRY signaling in a dose-dependent manner (12)
(Table 1 and Figure 2). TLRY is a DNA recognition receptor that
mediates the MyD88 and NF-«B signaling pathways and type I IFN
secretion (141). Upregulation of TLR9 was shown in OMV-
stimulated B cells. M. catarrhalis OMVs containing the
superantigen MID mediate contact with the IgD B-cell receptor
(BCR) to form lipid rafts, resulting in cross-linking and endocytosis
by B cells (111). Internalized antigen and BCR signaling recruit
TLRY to early endosomes, which allows TLRY to recognize the
antigen via its unmethylated CpG-DNA motif ligand (111). TLR9
signaling may contribute to nonspecific antibody production by
reducing the threshold for B-cell activation (111). Overall, DNA in
OMVs is sensed by TLR9 and mediates IL-6 and IgM secretion
(111). Bacterial OMVs that mediate NF-«xB signaling, MAPK
signaling and type I IFN secretion via TLR9 signaling have not
been reported. Whether DNA is located within or on the surface of
vesicles remains controversial. A proportion of DNA that remained
inaccessible to deoxyribonuclease showed that DNA may be located
within vesicles (142). However, the presence of extracellular DNA
in purified OMV preparations indicated that the DNA strands may
be located on the vesicle surface, potentially linking the factors in a
DNA/OMYV network (143).

4.2.3 Peptidoglycan is recognized by NLRs

After entering host cells, OMV-associated PG is recognized by
NLRs in the cytosol, NOD-containing protein 1 (NOD1) and NOD-
containing protein 2 (NOD2) (13, 144). Studies revealed that OMV's
derived from H. pylori, P. aeruginosa and Neisseria gonorrhoeae (N.
gonorrhoeae) enter the epithelium, induce NOD1-dependent
responses and activate NF-kB signaling (112) (Table 1). V.
cholerae OMVs interact with NOD1 and NOD2, thereby
activating NF-xB signaling and IL-8 production in HEK293T cells
and IL-8 production in THP1 and HeLa monocytes (113) (Table 1).
The periodontal pathogens A. actinomycetemcomitans and P.
gingivalis also produce OMVs that activate NOD1 and NOD2,
resulting in activation of the NF-kB signaling pathway
(105) (Table 1).

Specifically, NOD1 and NOD2 recognize the major
components of PG D-glutamyl-mesodiaminopimelic acid (iE-
DAP) and muramyl dipeptide (MDP), respectively (145, 146).
Their assembly recruits RIPK2 through characterized by a
caspase-recruitment domain (CARD)-CARD interactions, leading
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to the formation of the TAB1/TAK1 complex (147). TAK1 becomes
activated and then stimulates the downstream IKK complex,
resulting in IKK phosphorylation, activation of the NF-xB
signaling pathway, and the secretion of IL-6 and IL-8 (148). NOD
oligomerization also recruits the TAB1/TAK1 complex to activate
the MAPK signaling pathway via the upstream activation of MKKs
(149). In addition, the recognition of NOD1 and NOD2 binding to
TNF receptor-associated factor 3 (TRAF3) induces TRAF-
associated NF-xB activator-binding kinase 1 (TBK1)/IKKe
activation and IRF transcription factor dimerization, resulting in
type I IFN production (144, 150). Furthermore, NOD1 can
recognize PG within internalized OMVs and then induce
autophagy, resulting in the degradation of OMVs and cargo
release (151).

However, the mechanism by which NOD1 and NOD2 detect
OMV-associated cargoes remains unclear, and their exact
intracellular location is unknown. Studies have demonstrated that
NOD1/2 can be absorbed into the plasma membrane and
endosomes due to a lack of transmembrane domains (152). These
factors can be anchored to the plasma membrane via cytoskeletal
components or membrane binding proteins or to the endosomal
membrane by the proteins SLC15A3 or SLC15A4, which are
necessary for signal transduction (153). Recent research has
reported that membrane recruitment and immune signaling
require NOD1/2 S-palmitoylation. S-palmitoylation mediated by
the palmitoyltransferase ZDHHCS5 is characterized by reversible
localization and rapid changes in NOD1/2, which is essential for its
response to PG and the establishment of effective immune
responses to bacterial infection (153). However, NOD1/2
palmitoylation has not been examined during the recognition of
OMV-associated PG.

4.3 OMVs activate the inflammasome

4.3.1 OMVs activate canonical inflammasomes

In recent years, NLRP3, NLRC4 and AIM2 have been reported
to participate in the formation of inflammasomes (18, 154).
Inflammasomes are intracellular multimeric complexes that
assemble in the cytosol of different immune cells and epithelial
cells, particularly macrophages, and activate various receptors and
caspases (154). After PAMPs are recognized by PRRs, the
expression of inflammasome components is upregulated (155,
156). This is defined as canonical inflammasome activation.
NLRP3, NLRC4 and AIM2 inflammasomes serve as platforms to
engage and oligomerize pro-caspase-1 to form activated caspase-1
(18) (Figure 2). Activated caspase-1 converts pro-IL-1f and pro-IL-
18 to their active forms (IL-1P and IL-18) and proteolytically
stimulates gasdermin-D (GSDMD) (157, 158). Subsequently, the
amino-terminal fragment of GSDMD assembles into membrane
pores, and the release of IL-1f and IL-18 recruits immune cells to
resist infection (159). Ultimately, the loss of cell membrane integrity
induces pyroptosis (18).
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4.3.1.1 OMVs activate the NLRP3 inflammasome

Accumulating evidence has revealed that various bacteria,
including P. aeruginosa, uropathogenic E. coli (UPEC),
N. gonorrheae, P. gingivalis, T. denticola, T. forsythia, Bordetella
pertussis (B. pertussis), A. baumannii and E. coli, produce
OMVs that activate the NLRP3 inflammasome, resulting in
pyroptosis and inflammation (15, 19, 101, 102, 107, 114, 116)
(Table 1). The NLRP3 inflammasome is a multiprotein complex
consisting of a sensor (NLRP3), an adaptor (ASC) and pro-
caspase-1. Upon activation by PAMPs and DAMPs, NLRP3
oligomerizes and activates caspase-1 which proteolytic activates
the proinflammatory cytokines IL-18 and IL-18. In mouse
macrophages, TLR4 signaling via MyD88 reportedly initiates the
NLRP3 inflammasome rapidly and non-transcriptionally by
stimulating its deubiquitination (160). In comparison with A.
baumannii OMVs, OmpA-deficient OMVs induced significantly
reduced expression of NLRP3 (15). However, studies on the
mechanism of NLRP3 inflammasome activation have not focused
on OMV proinflammatory components. More investigations are
needed to fully understand NLRP3 inflammasome activation by
bacterial OMVs.

4.3.1.2 OMVs activate the NLRC4 inflammasome

P. aeruginosa OMVs reportedly activate the NLRC4
inflammasome with flagellin protein (102) (Table 1). Robust
activation of NLRC4 induced caspase-1 and the secretion of IL-1
after treatment with S. typhimurium-derived OMVs (102).
Specifically, in response to engagement with the NLRC4
monomer, flagellin-bound neuronal apoptosis inhibitory protein 5
(NAIP5) is assembled into an activated oligomeric complex and
directly recruits caspase-1, subsequently mediating pyroptosis
(161-164). Consistently, S. typhimurium OMVs lacking flagellin
failed to robustly activate the NLRC4 inflammasome (102). These
findings suggest a potential role of OMV-associated flagellin in
NLRC4 inflammasome activation.

4.3.1.3 OMVs activate the AIM2 inflammasome

Two methods of DNA encapsulation were explored to
demonstrate the origin of DNA within OMVs :(1) DNA existing
in the periplasm and along with other periplasmic components, is
encapsulated within an OMV, or (2) DNA existing in the
extracellular environment is internalized within an OMV (165).
OMVs from several gram-negative bacteria, such as P. gingivalis, T.
denticola, and T. forsythia, may deliver DNA to the host cytosol and
activate the AIM2 inflammasome (107) (Table 1). AIM2 is
characterized by a C-terminal HIN domain that directly binds to
dsDNA in the cytosol through electrostatic interactions during
inflammasome assembly (166). The AIM2-associated N-terminal
PYD domain is in charge of recruiting ASC (166). Scholars have
suggested that the mechanism of ASC-PYD complex assembly and
the polymerization of AIM2-PYD is similar to the mechanism
through which actin nucleation factors initiate actin
polymerization (166). However, how the dsDNA-bound HIN
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domain initiates the recruitment of ASC through the PYD domain
has not been determined. As an intracellular dsSDNA sensor, AIM2
forms an inflammasome with ASC to activate caspase-1 and the
production of the inflammatory cytokines IL-1P and IL-18 (116,
167). The AIM2-ASC platform has also been shown to activate
caspase-8, leading to apoptosis in caspase-1-deficient macrophages
during Francisella tularensis infection (168). However, a lack of
sequence specificity fails to distinguish self-DNA and
microbial DNA.

Notably, the activation of canonical inflammasomes induces
inflammatory responses, and pyroptosis provides host defense by
disrupting the cellular environment (158). However, we cannot
entirely rule out the possibility that other OMV cargoes may be
potential signals that activate canonical inflammasomes.

4.3.2 OMVs activate noncanonical
inflammasomes

In contrast to canonical inflammasome activation, PRR
signaling is not essential for noncanonical inflammasomes, which
consist of pro-caspase-4 and -5 in humans or pro-caspase-11 in
mice (169). These components can directly bind to LPS aggregates
and induce oligomerization, resulting in inflammasome activation
(170). In terms of the number and length of lipid chains in lipid A of
LPS, caspase-4/5/11 can recognize a greater variety of lipid A
variants than the TLR4/MD-2 complex (171). Activated caspase-
4/5/11 proteolytically triggers GSDMD pore formation, which
damages homeostasis and induces pyroptosis in the same manner
as canonical inflammasomes do (170, 172, 173) (Figure 2).
Activated caspase-4/5/11 stimulates the NLRP3 inflammasome to
activate IL-1P3 and IL-18 production (98). It has been demonstrated
that bacterial OMVs can activate noncanonical inflammasomes,
including E. coli, Edwardsiella tarda (E. tarda), P. aeruginosa, N.
gonorrheae, Shigella flexneri (S. flexneri), S. typhimurium, B.
pertussis and A. baumannii (15, 19, 98, 104, 114, 116) (Table 1).
But free/purified LPS may be recognized differently to OMV-
associated LPS. Previous study demonstrated that free/purified
LPS added to the macrophage culture does not enter the cytosol
to trigger caspase-11-dependent response compared to OMV-
associated LPS (103).

4.3.2.1 Factors that affect LPS-induced activation of
noncanonical inflammasomes

Type I TFN induced by TLR4-TRIF axis signaling is required for
OMV-induced activation of noncanonical inflammasomes and
enhances guanylate binding protein (GBP) expression (98).
Various GBPs, such as GBP1, GBP2 and GBPS5, bind cytosolic
OMVs by direct LPS-protein interactions, inducing endosomal lysis
or LPS release and promoting the activation of noncanonical
inflammasome-dependent pyroptosis (98, 174). However, GBP-
chr3-deficient cells that were treated with OMVs contained the
same levels of cytosolic LPS as wild-type cells, which indicated that
GBPs may indirectly participate in endosomal lysis and LPS release
(103). Therefore, it is possible that GBPs act as platforms for
caspase-4/5/11 activation. In addition, a study reported that the
overexpression of hemolysin activated IL-18 production in a
caspase-11-dependent manner in intestinal inflammation (104).
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Hemolysin can induce the rupture of OMVs and promote LPS
exposure to cytosolic sensors during noncanonical inflammasome
activation (104).

In macrophages treated with OMVs, galectin-3, a
nucleocytoplasmic protein, has been reported to promote the
activation of noncanonical inflammasomes by binding to
cytoplasmic LPS glycans (175). Colocalization of galectin-3, LPS
and caspase-11 was revealed by immunofluorescence staining.
Galectin-3 uses the carbohydrate recognition domain (CRD) to
assemble ternary complexes with LPS and caspase-11 in a
carbohydrate recognition-dependent manner, thereby amplifying
caspase-11 oligomerization and exacerbating pyroptosis (175). LPS
from OMVs of different bacterial species interacts with different
domains of caspase-11. The activated caspase-11 and recruitment
domain (CARD) coimmunoprecipitated with galectin-3 in the
presence of Salmonella minnesota LPS and E. coli LPS (175).
These studies provided insights into the manipulation of
noncanonical inflammasome signaling by restricting bacterial
colonization. Therefore, identifying the host factors that affect
LPS-induced activation of noncanonical inflammasomes may help
promote OMV-mediated pyroptosis activation to prevent infection.

4.4 OMVs induce mitochondrial
dysfunction

Mitochondria maintain intracellular homeostasis by
modulating metabolism, immunity and apoptosis (176). Many
pathogens have evolved to deliver virulence factors that target
mitochondria and interfere with cell defense (177). This also
explains why pathogen OMVs can induce macrophage death and
IL-1B secretion, although they can evade TLR4 and caspase-11
detection by modifying LPS (20). Recent research has shown that
macrophages exposed to OMVs from N. gonorrheae, UPEC and P.
aeruginosa induce mitochondrial dysfunction (19) (Table 1).
Specifically, this treatment triggered cytochrome C release,
decreased the mitochondrial membrane potential, and depleted
the unstable B-cell lymphoma 2 (BCL-2) family member myeloid
cell leukemia 1 (MCL-1), which inhibited the synthesis of host
proteins, leading to BCL-2-associated x protein (BAX)-dependent
mitochondrial apoptosis (19, 178, 179). It is worth mentioning that
mitochondrial apoptosis and potassium ion efflux can activate the
NLRP3 inflammasome, triggering pyroptosis and inflammation
after OMV exposure in vitro (180, 181). However, the specific
components involved in mitochondrial dysfunction have not
been identified.

OmpA, PorB and hemolysin were demonstrated to induce cell
death and inflammation. In a mouse model of lung infection, A.
baumannii used OMVs to promote bacterial dissemination and
pathogenesis (182). OMVs containing OmpA are absorbed by cells
to stimulate the host cell GTPase dynamin-related protein 1
(DRP1). DRPI1 is activated by OmpA and accumulates in
mitochondria, which results in the production of ROS,
mitochondrial fragmentation, and cell death (182) (Figure 2).
Additionally, direct insertion of the porin into mitochondria
could be a potential mechanism by which OMV-OmpA induces
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mitochondrial fragmentation, which leads to cytochrome C release,
thus damaging mitochondrial function (182). PorB from N.
gonorrheae OMVs colocalized with Tom20, the translocase on the
outer mitochondrial membrane, which influenced mitochondrial
membrane potential, activated cytochrome C secretion, and
subsequently induced apoptosis (115). However, the mechanisms
of PorB translocation into mitochondria remain unclear. There are
currently three ideas to explain this mechanism. First, PorB
separates from cytosolic OMVs and translocates into
mitochondria via host import machinery (183). Second, OMVs
directly interact with mitochondria to deliver PorB (115). In
addition, a close association between PorB and isolated
mitochondria-enriched fractions may transfer proteins to
mitochondria or promote membrane fusion (184). Interestingly,
PorB may also target the mitochondrial inner membrane to directly
initiate a decrease in membrane potential (185). Furthermore, when
OMVs enter endolysosomal compartments, EHEC-hemolysin can
dissociate from OMVs, escape from endolysosomes through pore-
form activity and target mitochondria after endosomal acidification,
which also contributes to mitochondrial dysfunction and cell death
(57, 109). Notably, the dissociation of EHEC-hemolysin from
endolysosomes to mitochondria may be related to a putative
mitochondrial targeting signal in the N-terminal region of the
EHEC-hemolysin sequence but not require OMVs (186).
However, the mechanisms of the interaction of EHEC-hemolysin
with mitochondria remain unclear.

Intriguingly, mitochondrial dysfunction mediated by P.
gingivalis OMVs activated the release of inflammatory cytokines
and promoted glycolysis in macrophages, leading to cell death (46,
187). Subsequently, inflammatory cytokines are released into the
extracellular environment and perpetuate local inflammation,
which enables the return of nutrients to P. gingivalis and other
plaque bacteria through gingival exudates (188). Therefore, further
study on the mechanism that regulates this metabolic transfer may
aid in the discovery of new inflammatory response mechanisms.

5 OMVs affect inflammation in distant
organs or tissues

5.1 Atherosclerosis

AS, which is a chronic inflammatory disease, is characterized by
cholesterol accumulation, foam cell formation and macrophage
recruitment to the arterial wall (21). The accumulation of low-
density lipoprotein (LDL) is considered a crucial risk factor for AS,
but native LDL is not transported into macrophages (189). After
being modified by oxidation or aggregation, decorated LDL tends to
be absorbed by macrophages and is responsible for foam cell
formation (190). Studies in the past decade have examined the
role of infection in AS pathogenesis. Bacterial infection in the oral
and gastrointestinal tract induces endothelial cell damage, which is
related to AS pathogenesis (191, 192). However, only P. gingivalis
OMVs and H. pylori OMVs were shown to be involved in
AS (Figure 1).

Frontiers in Immunology

13

10.3389/fimmu.2023.1157813

5.1.1 P. gingivalis OMVs are involved in AS

Patients with periodontal disease tend to experience transient
bacteremia due to mechanical friction or iatrogenic injury, and
OMVs released from periodontal pathogens advance into deeper
epithelial layers and the bloodstream (193, 194). Studies have
reported that bacteria in the oral microbiome, such as P.
gingivalis, T. forsythia, T. denticola, A. actinomycetemcomitans,
and Prevotella intermedia, are present in atherosclerotic plaques
obtained from the carotid and coronary arteries of patients (195).
Studies also have provided evidence that P. gingivalis OMVs are
involved in AS. In the presence of LDL, low concentrations of P.
gingivalis OMVs induce the formation of foam cells. P. gingivalis
OMVs promoted LDL absorption and modification by
macrophages (196). OMVs have been shown to use gingipains to
aggregate and transfer LDL via apoB-100 proteolysis to stimulate
foam cell formation (196, 197). In addition, P. gingivalis OMVs
promoted calcification in vascular smooth muscle cells, further
indicating their involvement in AS. These factors upregulated the
expression of classical markers of osteoblastic differentiation and
mineralization in vascular smooth muscle cells in vitro and ex vivo
through ERK1/2-Runx2 signaling (198). Due to high invasive
abilities, P. gingivalis OMVs induced the expression of CXCL8
and E-selectin in endothelial cells, which significantly initiated
monocyte adhesion to HUVECs, consequently resulting in
atherosclerotic plaques (199). However, there are still some
limitations. More research is required to investigate whether
bacteria or OMV components participate in LDL aggregation and
transfer and how P. gingivalis OMV:s participate in AS pathogenesis
in addition to LDL surface modification. It is still unclear what
the actual levels of bacterial OMVs are in the circulation
following bacteremia.

5.1.2 H. pylori OMVs are involved in AS

H. pylori-specific DNA and the virulence factor CagA are
present in atherosclerotic plaques obtained from the coronary
arteries of patients (200). It has been reported that treatment with
H. pylori OMVs increased cholesterol levels, promoted apoptosis in
the arterial lumen and accelerated coronary artery atherosclerotic
plaque formation in ApoE™" mice (21). In vitro, H. pylori OMV's
promoted apoptosis and suppressed the proliferation of HUVECs
in a concentration-dependent manner (21). Specifically, CagA and
LPS from OMVs affected these processes via the ROS/NF-kB
signaling pathway and mediated the release of IL-6 and TNF-o
(21). Here, we provide novel insight into how target cells may be
induced to release CagA-containing extracellular vesicles that are
involved in AS due to H. pylori OMVs delivering virulence
components (such as CagA) to the epithelium (201). H. pylori
OMVs can increase epithelial permeability, thereby crossing the
compacted epithelium monolayer, although there is a lack of
evidence on whether or how H. pylori OMVs access the blood
circulation (202). More fundamental research should be conducted
to clarify the mechanism and virulence components of H. pylori
OMVs in AS. Some damage mediated by H. pylori in atherosclerotic
plaques is direct, and OMVs derived from H. pylori can be
transferred to the plaques, promoting AS (203). It should be
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noted that OMV's may be by in atherosclerotic plaques and function
locally, although this remains to be validated.

5.2 Alzheimer's disease

AD is a neuroinflammatory disease with a long duration and
generally slow progression. Neuroinflammation, which is the main
pathological factor of AD, is characterized by activated glial cells such
as astrocytes and microglia and proinflammatory cytokine
production (204). The hallmark pathology of AD includes
extracellular amyloid (AP) plaques and phospho-tau bound to
neurofibrillary tangles (NFTs) (205). Specifically, increased
permeability of the BBB is one of the requirements for infectious
stimulation in AD pathogenesis (206). It has been shown that the
function of the BBB relies on the tight junctions between capillary
endothelial cells, and claudin-5 is an important protein in tight
junctions (207). The glycogen synthase kinase 3B (GSK-3f)
pathway also plays a crucial role in cognitive dysfunction associated
with AD by inducing neuroinflammation and tau
hyperphosphorylation (208). Previous results have shown that an
abnormal gut microbiota (GM) OMVs and periodontal pathogens
OMVs are closely associated with AD (22, 209) (Figure 1). Notably,
OMV -associated LPS may be more toxic than free/purified LPS. Even
in settings of increased BBB permeability, free/purified LPS only
minimally crosses the BBB (210). Yet, OMVs can cross the BBB and
are enriched with LPS causing peripheral and central nervous system
inflammation (210). OMVs may represent an important alternate
pathway of LPS brain entry. Collectively, OMV's might become more
important in enabling transport of bacterial virulence factors.

5.2.1 GM-derived OMVs are involved in AD
Recently, a study showed that after oral gavage of E. coli, E. coli
OMVs were detected in the brain, but E. coli was not (211).
Therefore, as a carrier for long-distance cargo transport, OMVs
alter BBB permeability or penetrate the BBB in AD. For example,
mice were injected with GM-derived OMV's from patients with AD
into the tail vein, and they exhibited decreased claudin-5 expression
and increased BBB permeability. This treatment activated astrocytes
and microglia, increased the secretion of NF-kB, IL-1f3, and TNF-0,
and induced tau phosphorylation by stimulating GSK-3 (209).
Overall, GM-derived OMVs trigger the GSK-3f signaling pathway,
enhance tau phosphorylation, induce neuroinflammation and
contribute to cognitive impairment (209). Previous studies have
identified a significant positive association between H. pylori
infection and AD development (212-214). The inflammatory
response induced by H. pylori OMVs may further accelerate the
development of H. pylori infection (215). A recent study first
revealed role of H. pylori OMVs in AD development and
progression (216). The authors indicated that H. pylori OMVs
can reach the brain and be taken up by astrocytes (216). H. pylori
OMVs exacerbate AP pathology and induce cognitive impairment
via activation of glial cells and neuronal dysfunction. Upon the
presence of H. pylori OMVs challenge, the complement component
3 (C3)-C3a receptor (C3aR) signaling played a critical role in
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mediating the interactions of astrocyte-microglia-neuron (216).
These findings identify a mechanism based on initial evidence
that pharmacological inhibition of GSK-3f signaling and C3-
C3aR signaling prevents OMV induced neuroinflammation,
activation of glial cells and neuronal loss and thereby rescues AP
pathology and cognitive functions.

5.2.2 Periodontal pathogen-derived OMVs are
involved in AD

P. gingivalis OMV-delivered gingipains were involved in
increased permeability of the human cerebral microvascular
endothelial cell monolayer by degrading the tight junction
proteins (occludin and Zonula occludens-1 (ZO-1)) responsible
for BBB leakage in vitro (217, 218). LPS from P. gingivalis OMVs
activates glial cells to induce neuroinflammation and the expression
of NFTs and the AD marker protein AP (219). In vivo, three days
after oral gavage, P. gingivalis OMVs could be detected in the cortex
and hippocampus by confocal microscopy. Similarly, P. gingivalis
OMVs administered to mice have been shown to activate glial cells,
trigger NLRP3 inflammasomes, and promote tau phosphorylation,
neuroinflammation, and memory dysfunction (22). In addition,
after intracardiac injection, A. actinomycetemcomitans OMVs were
able to pass through the BBB, induce neuroinflammation and
promote the secretion of TNF-o. via the TLR-8/NF-xB signaling
pathway (110). A recent study demonstrated that OMVs could
successfully deliver RNA into brain monocytes, resulting in the
activation of IL-6 and neuroinflammation, suggesting a novel
pathogenic mechanism in AD (17).

Additionally, as described by the polymicrobial synergy and
dysbiosis theory, proinflammatory microbe-host communication
could be induced by the remodified microbiota, rather than a single
bacterial species (220). In fact, studies have demonstrated that
OMVs extracted from the microbiota rather than a single strain
in AD patients induced pathological changes (209). Thus, we need
to be aware that periodontal pathogens and the GM as a whole may
be involved in the pathogenesis of AD. Investigating OMV's from
difterent sources and further identifying different substances in AD
pathogenesis would yield some enlightening findings.

6 Conclusions

Bacterial OMVs are continuously secreted by gram-negative
bacteria (35). Various pathogenic factors in OMVs and their ability
to transfer toxic components to host cells and translocate into
systemic circulation suggest that OMVs may play vital roles in
bacterial pathogenesis by functioning as vehicles to deliver virulence
cargoes (221). In this review, we examined the role of bacterial
OMVs in inflammatory diseases, the mechanisms by which OMV's
participate in inflammatory cascades, and the effects of OMVs on
inflammation in distant organs or tissues.

In periodontal disease, bacterial OMVs participate in oral
microorganism aggregation and invasion (42). The toxins and
virulence factors delivered by gastrointestinal pathogenetic
bacterial OMVs induce the destruction of the mucin barrier and
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bacterial colonization, resulting in gastrointestinal inflammation,
while gastrointestinal commensal bacterial OMV's can mediate anti-
inflammatory and barrier protection (54, 60, 62). Microorganisms
also use OMVs to invade the lung epithelial barrier in vivo and in
vitro (74, 78). Bacterial OMVs have been reported to trigger
inflammation and coagulation cascades in sepsis (79, 92).
Conclusively, OMVs can exert direct effects on cytotoxicity,
apoptosis, or pyroptosis or indirectly target cells to produce tissue
damaging components or cytokines. By understanding OMVs in
inflammatory diseases, this knowledge is gradually being translated
into novel ideas of OMV vaccines against inflammatory diseases.

Various PAMPs on OMVs are recognized by PRRs on cell
membranes and in the cytosol, activate canonical inflammasomes
and noncanonical inflammasomes, and induce mitochondrial
dysfunction during the inflammatory cascade response. Due to their
complexity and heterogeneity, OMVs may activate multiple receptors
and mechanisms, such as LPS, OmpA, flagellin and DNA. However,
we could not prove which mechanism is likely to be the principle
method of OMV-induced inflammation, rather than functionally
redundant mechanisms. Further understanding of the mechanism by
which OMV cargoes initiate inflammatory cascades will promote the
development of medicines to limit OMV-mediated inflammation.
These findings regarding anti-inflammatory factors also provide new
insights into their role in bacterial OMV assembly and expand our
understanding of anti-inflammatory factor-containing OMVs as
delivery vesicles in chronic inflammatory diseases.

In distant organ or tissue inflammation, P. gingivalis OMVs and
H. pylori OMVs have been reported to be involved in
atherosclerotic plaques (21, 199). Periodontal pathogen OMVs
and GM OMYVs play roles in neuroinflammation in AD (209,
219). These findings not only open a new dimension supporting
the bacterial infection hypothesis underlying AS and AD
pathogenesis but also identify OMVs as important players in the
gut-brain axis. These reports demonstrated the potent long-distance
cargo transport capacity of OMVs and provide new insights into the
associations of multiple inflammatory diseases. However, existing
reports have not provided direct evidence that OMVs in specific
disease models are involved in pathogenesis in distant organs or
tissues, and it is difficult to directly determine the relationship
between periodontal disease or gastrointestinal inflammation and
AS or AD. In detail, evidence of whether or how OMV’s enter the
blood circulation and cross the BBB and specific virulence factors in
OMVs will clarify this mechanism.

In summary, the analysis of the role of OMVs in inflammatory
diseases mainly concentrated on chronic inflammatory diseases in
previous studies. However, the findings related to OMVs in
autoimmune diseases except IBD have not been verified, and animal
experiments exploring the role of OMVs in inflammation-related
tumors have not been carried out. Notably, due to OMVs inheriting
PAMPs of native bacteria, OMVs are effectively recognized,
internalized and delivered by neutrophils to the target (222).
Interestingly, bacterial OMVs can induce host mammalian cells to
release stimulatory extracellular vesicles that enhance inflammatory
responses (70). Numerous studies have indicated that OMVs act as
more potent inducers of the inflammatory response. Based on
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knowledge of the source, biogenesis, structure and components of
OMVs, it is reasonable to believe that OMVs may play a vital role in all
inflammatory diseases through known or unknown mechanisms.
Recent meta-analyses also identified that bacterial infection influence
the development of central nervous system disease, psychiatric
disorders, metabolic disease, autoimmune disease, etc. (212, 223—
226). Further examination is needed to expand the existing limited
understanding of the relationship between OMVs and inflammatory
diseases and focus on the role and mechanism of OMVs in distant
organ or tissue inflammatory pathology. The fundamental and clinical
transformation of OMVs and inflammatory mechanisms should
be strengthened.

Author contributions

Conceptualization: SC, QL, XZ, and DM; writing-original draft
preparation: SC; designing-figures and table: SC, QL, and XZ;
writing-review and editing: SC and DM; supervision: SC, QL, XZ,
and DM; funding acquisition: DM. All authors contributed to the
article and approved the submitted version.

Funding

This work was supported by 81970930 from National Natural
Science Foundation of China, which was awarded to DM

Acknowledgments

The authors gratefully acknowledge support from
BioRender.com for drawing figures. We thank American Journal
Experts for their help in revising the English grammar. Figures were
created with BioRender software (https://biorender.com/). Space
limitations preclude covering all the research in this field, and we
sincerely apologize to colleagues whose exceptional work could not
be included in this review.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://biorender.com/
https://doi.org/10.3389/fimmu.2023.1157813
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

References

1. Gonzalez MF, Diaz P, Sandoval-Borquez A, Herrera D, Quest AFG. Helicobacter
pylori outer membrane vesicles and extracellular vesicles from helicobacter pylori-
infected cells in gastric disease development. Int J Mol Sci (2021) 22(9):4823.
doi: 10.3390/ijms22094823

2. Furuyama N, Sircili MP. Outer membrane vesicles (Omvs) produced by gram-
negative bacteria: structure, functions, biogenesis, and vaccine application. BioMed Res
Int (2021) 2021:1490732. doi: 10.1155/2021/1490732

3. Zhang Z, Liu D, Liu S, Zhang S, Pan Y. The role of porphyromonas gingivalis
outer membrane vesicles in periodontal disease and related systemic diseases. Front Cell
Infect Microbiol (2020) 10:585917. doi: 10.3389/fcimb.2020.585917

4. Behrouzi A, Vaziri F, Riazi Rad F, Amanzadeh A, Fateh A, Moshiri A, et al.
Comparative study of pathogenic and non-pathogenic escherichia coli outer membrane
vesicles and prediction of host-interactions with tlr signaling pathways. BMC Res Notes
(2018) 11(1):539. doi: 10.1186/s13104-018-3648-3

5. Chen G, Sun Q, Cai Q, Zhou H. Outer membrane vesicles from fusobacterium
nucleatum switch MO-like macrophages toward the M1 phenotype to destroy
periodontal tissues in mice. Front Microbiol (2022) 13:815638. doi: 10.3389/
fmicb.2022.815638

6. Ho MH, Chen CH, Goodwin JS, Wang BY, Xie H. Functional advantages of
porphyromonas gingivalis vesicles. PloS One (2015) 10(4):e0123448. doi: 10.1371/
journal.pone.0123448

7. He Y, Shiotsu N, Uchida-Fukuhara Y, Guo J, Weng Y, Tkegame M, et al. Outer
membrane vesicles derived from porphyromonas gingivalis induced cell death with
disruption of tight junctions in human lung epithelial cells. Arch Oral Biol (2020)
118:104841. doi: 10.1016/j.archoralbio.2020.104841

8. Soult MC, Lonergan NE, Shah B, Kim WK, Britt LD, Sullivan CJ. Outer
membrane vesicles from pathogenic bacteria initiate an inflammatory response in
human endothelial cells.  Surg Res (2013) 184(1):458-66. doi: 10.1016/j.js5.2013.05.035

9. Liu D, Liu S, Liu J, Miao L, Zhang S, Pan Y. Srna23392 packaged by
porphyromonas gingivalis outer membrane vesicles promotes oral squamous cell
carcinomas migration and invasion by targeting desmocollin-2. Mol Oral Microbiol
(2021) 36(3):182-91. doi: 10.1111/0omi.12334

10. Latty SL, Sakai J, Hopkins L, Verstak B, Paramo T, Berglund NA, et al.
Activation of toll-like receptors nucleates assembly of the myddosome signaling hub.
Elife (2018) 7:¢31377. doi: 10.7554/eLife.31377

11. Chua BY, Zeng W, Lau YF, Jackson DC. Comparison of lipopeptide-based
immunocontraceptive vaccines containing different lipid groups. Vaccine (2007) 25
(1):92-101. doi: 10.1016/j.vaccine.2006.07.012

12. Nonnenmacher C, Dalpke A, Zimmermann S, Flores-De-Jacoby L, Mutters R,
Heeg K. DNA From periodontopathogenic bacteria is immunostimulatory for mouse
and human immune cells. Infect Immun (2003) 71(2):850-6. doi: 10.1128/iai.71.2.850-
856.2003

13. Ogura Y, Inohara N, Benito A, Chen FF, Yamaoka S, Nunez G. Nod2, a Nod1/
Apaf-1 family member that is restricted to monocytes and activates nf-kappab. J Biol
Chem (2001) 276(7):4812-8. doi: 10.1074/jbc.M008072200

14. Martin-Gallausiaux C, Malabirade A, Habier ], Wilmes P. Fusobacterium
nucleatum extracellular vesicles modulate gut epithelial cell innate immunity Via
foma and TIr2. Front Immunol (2020) 11:583644. doi: 10.3389/fimmu.2020.583644

15. Skerniskyté J, Karazijaité E, Lucitnaité A, Suziedéliené E. Ompa protein-
deficient acinetobacter baumannii outer membrane vesicles trigger reduced
inflammatory response. Pathogens (2021) 10(4):407. doi: 10.3390/pathogens10040407

16. Bielaszewska M, Marejkova M, Bauwens A, Kunsmann-Prokscha L, Mellmann
A, Karch H. Enterohemorrhagic escherichia coli O157 outer membrane vesicles induce
interleukin 8 production in human intestinal epithelial cells by signaling Via toll-like
receptors Tlr4 and Tlr5 and activation of the nuclear factor nf-Kb. Int ] Med Microbiol
(2018) 308(7):882-9. doi: 10.1016/j.ijmm.2018.06.004

17. Ha JY, Choi SY, Lee JH, Hong SH, Lee HJ. Delivery of periodontopathogenic
extracellular vesicles to brain monocytes and microglial il-6 promotion by rna cargo.
Front Mol Biosci (2020) 7:596366. doi: 10.3389/fmolb.2020.596366

18. Li Y, Huang H, Liu B, Zhang Y, Pan X, Yu XY, et al. Inflammasomes as
therapeutic targets in human diseases. Signal Transduct Target Ther (2021) 6(1):247.
doi: 10.1038/s41392-021-00650-2

19. Deo P, Chow SH, Han ML, Speir M, Huang C, Schittenhelm RB, et al.
Mitochondrial dysfunction caused by outer membrane vesicles from gram-negative
bacteria activates intrinsic apoptosis and inflammation. Nat Microbiol (2020) 5
(11):1418-27. doi: 10.1038/s41564-020-0773-2

20. Dhital S, Deo P, Stuart I, Naderer T. Bacterial outer membrane vesicles and host
cell death signaling. Trends Microbiol (2021) 29(12):1106-16. doi: 10.1016/
j.tim.2021.04.003

21. WangN, Zhou F, Chen C, Luo H, Guo ], Wang W, et al. Role of outer membrane
vesicles from helicobacter pylori in atherosclerosis. Front Cell Dev Biol (2021) 9:673993.
doi: 10.3389/fcell.2021.673993

22. Gong T, Chen Q, Mao H, Zhang Y, Ren H, Xu M, et al. Outer membrane vesicles
of porphyromonas gingivalis trigger Nlrp3 inflammasome and induce

Frontiers in Immunology

16

10.3389/fimmu.2023.1157813

neuroinflammation, tau phosphorylation, and memory dysfunction in mice. Front
Cell Infect Microbiol (2022) 12:925435. doi: 10.3389/fcimb.2022.925435

23. Yu YJ, Wang XH, Fan GC. Versatile effects of bacterium-released membrane
vesicles on mammalian cells and Infectious/Inflammatory diseases. Acta Pharmacol Sin
(2018) 39(4):514-33. doi: 10.1038/aps.2017.82

24. Zhou L, Srisatjaluk R, Justus DE, Doyle RJ. On the origin of membrane vesicles
in gram-negative bacteria. FEMS Microbiol Lett (1998) 163(2):223-8. doi: 10.1111/
j.1574-6968.1998.tb13049.x

25. Guerrero-Mandujano A, Hernandez-Cortez C, Ibarra JA, Castro-Escarpulli G.
The outer membrane vesicles: secretion system type zero. Traffic (2017) 18(7):425-32.
doi: 10.1111/tra.12488

26. Bauwens A, Kunsmann L, Marejkova M, Zhang W, Karch H, Bielaszewska M,
et al. Intrahost milieu modulates production of outer membrane vesicles, vesicle-
associated shiga toxin 2a and cytotoxicity in escherichia coli O157:H7 and O104:H4.
Environ Microbiol Rep (2017) 9(5):626-34. doi: 10.1111/1758-2229.12562

27. Augustyniak D, Olszak T, Drulis-Kawa Z. Outer membrane vesicles (Omvs) of
pseudomonas aeruginosa provide passive resistance but not sensitization to Ips-specific
phages. Viruses (2022) 14(1):121. doi: 10.3390/v14010121

28. Mitra S, Barman S, Nag D, Sinha R, Saha DR, Koley H. Outer membrane vesicles
of shigella boydii type 4 induce passive immunity in neonatal mice. FEMS Immunol
Med Microbiol (2012) 66(2):240-50. doi: 10.1111/j.1574-695X.2012.01004.x

29. Alvarez CS, Badia J, Bosch M, Giménez R, Baldoma L. Outer membrane vesicles
and soluble factors released by probiotic escherichia coli nissle 1917 and commensal
Ecor63 enhance barrier function by regulating expression of tight junction proteins in
intestinal epithelial cells. Front Microbiol (2016) 7:1981. doi: 10.3389/fmicb.2016.01981

30. Avila-Calderon ED, Ruiz-Palma MDS, Aguilera-Arreola MG, Velazquez-
Guadarrama N, Ruiz EA, Gomez-Lunar Z, et al. Outer membrane vesicles of gram-
negative bacteria: an outlook on biogenesis. Front Microbiol (2021) 12:557902.
doi: 10.3389/fmicb.2021.557902

31. Toyofuku M, Nomura N, Eberl L. Types and origins of bacterial membrane
vesicles. Nat Rev Microbiol (2019) 17(1):13-24. doi: 10.1038/s41579-018-0112-2

32. Shen Y, Giardino Torchia ML, Lawson GW, Karp CL, Ashwell JD, Mazmanian
SK. Outer membrane vesicles of a human commensal mediate immune regulation and
disease protection. Cell Host Microbe (2012) 12(4):509-20. doi: 10.1016/
j.chom.2012.08.004

33. Rocha FG, Ottenberg G, Eure ZG, Davey ME, Gibson FC3rd. Sphingolipid-
containing outer membrane vesicles serve as a delivery vehicle to limit macrophage
immune response to porphyromonas gingivalis. Infect Immun (2021) 89(4):e00614-20.
doi: 10.1128/iai.00614-20

34. Schooling SR, Beveridge TJ. Membrane vesicles: an overlooked component of
the matrices of biofilms. J Bacteriol (2006) 188(16):5945-57. doi: 10.1128/jb.00257-06

35. Kaparakis-Liaskos M, Ferrero RL. Immune modulation by bacterial outer
membrane vesicles. Nat Rev Immunol (2015) 15(6):375-87. doi: 10.1038/nri3837

36. Chatterjee S, Mondal A, Mitra S, Basu S. Acinetobacter baumannii transfers the
blandm-1 gene Via outer membrane vesicles. | Antimicrob Chemother (2017) 72
(8):2201-7. doi: 10.1093/jac/dkx131

37. Dhurve G, Madikonda AK, Jagannadham MYV, Siddavattam D. Outer
membrane vesicles of acinetobacter baumannii Ds002 are selectively enriched with
tonb-dependent transporters and play a key role in iron acquisition. Microbiol Spectr
(2022) 10(2):0029322. doi: 10.1128/spectrum.00293-22

38. Zhao Z, Wang L, Miao J, Zhang Z, Ruan J, Xu L, et al. Regulation of the
formation and structure of biofilms by quorum sensing signal molecules packaged in
outer membrane vesicles. Sci Total Environ (2022) 806(Pt 4):151403. doi: 10.1016/
j.scitotenv.2021.151403

39. Kulp A, Kuehn M]J. Biological functions and biogenesis of secreted bacterial
outer membrane vesicles. Annu Rev Microbiol (2010) 64:163-84. doi: 10.1146/
annurev.micro.091208.073413

40. Li M, Zhou H, Yang C, Wu Y, Zhou X, Liu H, et al. Bacterial outer membrane
vesicles as a platform for biomedical applications: an update. J Control Release (2020)
323:253-68. doi: 10.1016/j.jconrel.2020.04.031

41. Sedghi LM, Bacino M, Kapila YL. Periodontal disease: the good, the bad, and the
unknown. Front Cell Infect Microbiol (2021) 11:766944. doi: 10.3389/
fcimb.2021.766944

42. Grenier D. Porphyromonas gingivalis outer membrane vesicles mediate
coaggregation and piggybacking of treponema denticola and lachnoanaerobaculum
saburreum. Int ] Dent (2013) 2013:305476. doi: 10.1155/2013/305476

43. Zhang Z, Liu S, Zhang S, Li Y, Shi X, Liu D, et al. Porphyromonas gingivalis
outer membrane vesicles inhibit the invasion of fusobacterium nucleatum into oral
epithelial cells by downregulating fada and foma. J Periodontol (2022) 93(4):515-25.
doi: 10.1002/jper.21-0144

44. Yilmaz O, Watanabe K, Lamont RJ. Involvement of integrins in fimbriae-
mediated binding and invasion by porphyromonas gingivalis. Cell Microbiol (2002) 4
(5):305-14. doi: 10.1046/j.1462-5822.2002.00192.x

frontiersin.org


https://doi.org/10.3390/ijms22094823
https://doi.org/10.1155/2021/1490732
https://doi.org/10.3389/fcimb.2020.585917
https://doi.org/10.1186/s13104-018-3648-3
https://doi.org/10.3389/fmicb.2022.815638
https://doi.org/10.3389/fmicb.2022.815638
https://doi.org/10.1371/journal.pone.0123448
https://doi.org/10.1371/journal.pone.0123448
https://doi.org/10.1016/j.archoralbio.2020.104841
https://doi.org/10.1016/j.jss.2013.05.035
https://doi.org/10.1111/omi.12334
https://doi.org/10.7554/eLife.31377
https://doi.org/10.1016/j.vaccine.2006.07.012
https://doi.org/10.1128/iai.71.2.850-856.2003
https://doi.org/10.1128/iai.71.2.850-856.2003
https://doi.org/10.1074/jbc.M008072200
https://doi.org/10.3389/fimmu.2020.583644
https://doi.org/10.3390/pathogens10040407
https://doi.org/10.1016/j.ijmm.2018.06.004
https://doi.org/10.3389/fmolb.2020.596366
https://doi.org/10.1038/s41392-021-00650-z
https://doi.org/10.1038/s41564-020-0773-2
https://doi.org/10.1016/j.tim.2021.04.003
https://doi.org/10.1016/j.tim.2021.04.003
https://doi.org/10.3389/fcell.2021.673993
https://doi.org/10.3389/fcimb.2022.925435
https://doi.org/10.1038/aps.2017.82
https://doi.org/10.1111/j.1574-6968.1998.tb13049.x
https://doi.org/10.1111/j.1574-6968.1998.tb13049.x
https://doi.org/10.1111/tra.12488
https://doi.org/10.1111/1758-2229.12562
https://doi.org/10.3390/v14010121
https://doi.org/10.1111/j.1574-695X.2012.01004.x
https://doi.org/10.3389/fmicb.2016.01981
https://doi.org/10.3389/fmicb.2021.557902
https://doi.org/10.1038/s41579-018-0112-2
https://doi.org/10.1016/j.chom.2012.08.004
https://doi.org/10.1016/j.chom.2012.08.004
https://doi.org/10.1128/iai.00614-20
https://doi.org/10.1128/jb.00257-06
https://doi.org/10.1038/nri3837
https://doi.org/10.1093/jac/dkx131
https://doi.org/10.1128/spectrum.00293-22
https://doi.org/10.1016/j.scitotenv.2021.151403
https://doi.org/10.1016/j.scitotenv.2021.151403
https://doi.org/10.1146/annurev.micro.091208.073413
https://doi.org/10.1146/annurev.micro.091208.073413
https://doi.org/10.1016/j.jconrel.2020.04.031
https://doi.org/10.3389/fcimb.2021.766944
https://doi.org/10.3389/fcimb.2021.766944
https://doi.org/10.1155/2013/305476
https://doi.org/10.1002/jper.21-0144
https://doi.org/10.1046/j.1462-5822.2002.00192.x
https://doi.org/10.3389/fimmu.2023.1157813
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

45. Mantri CK, Chen CH, Dong X, Goodwin JS, Pratap S, Paromov V, et al.
Fimbriae-mediated outer membrane vesicle production and invasion of
porphyromonas gingivalis. Microbiologyopen (2015) 4(1):53-65. doi: 10.1002/
mbo3.221

46. Fleetwood AJ, Lee MKS, Singleton W, Achuthan A, Lee MC, O'Brien-Simpson
NM, et al. Metabolic remodeling, inflammasome activation, and pyroptosis in
macrophages stimulated by porphyromonas gingivalis and its outer membrane
vesicles. Front Cell Infect Microbiol (2017) 7:351. doi: 10.3389/fcimb.2017.00351

47. Kim HY, Song MK, Lim Y, Jang JS, An S], Kim HH, et al. Effects of extracellular
vesicles derived from oral bacteria on osteoclast differentiation and activation. Sci Rep
(2022) 12(1):14239. doi: 10.1038/s41598-022-18412-4

48. Meng Q, Gao Q, Mehrazarin S, Tangwanichgapong K, Wang Y, Huang Y, et al.
Fusobacterium nucleatum secretes amyloid-like fada to enhance pathogenicity. EMBO
Rep (2021) 22(7):¢52891. doi: 10.15252/embr.202152891

49. Parker H, Chitcholtan K, Hampton MB, Keenan JI. Uptake of helicobacter
pylori outer membrane vesicles by gastric epithelial cells. Infect Immun (2010) 78
(12):5054-61. doi: 10.1128/iai.00299-10

50. Mullaney E, Brown PA, Smith SM, Botting CH, Yamaoka YY, Terres AM, et al.
Proteomic and functional characterization of the outer membrane vesicles from the
gastric pathogen helicobacter pylori. Proteomics Clin Appl (2009) 3(7):785-96.
doi: 10.1002/prca.200800192

51. Winter J, Letley D, Rhead J, Atherton J, Robinson K. Helicobacter pylori
membrane vesicles stimulate innate pro- and anti-inflammatory responses and
induce apoptosis in jurkat T cells. Infect Immun (2014) 82(4):1372-81. doi: 10.1128/
iai.01443-13

52. Lynch JB, Alegado RA. Spheres of hope, packets of doom: the good and bad of
outer membrane vesicles in interspecies and ecological dynamics. J Bacteriol (2017) 199
(15):€00012-17. doi: 10.1128/jb.00012-17

53. Olofsson A, Vallstrom A, Petzold K, Tegtmeyer N, Schleucher J, Carlsson S, et al.
Biochemical and functional characterization of helicobacter pylori vesicles. Mol
Microbiol (2010) 77(6):1539-55. doi: 10.1111/.1365-2958.2010.07307.x

54. Choi HI, Choi JP, Seo ], Kim BJ, Rho M, Han JK, et al. Helicobacter pylori-
derived extracellular vesicles increased in the gastric juices of gastric adenocarcinoma
patients and induced inflammation mainly Via specific targeting of gastric epithelial
cells. Exp Mol Med (2017) 49(5):e330. doi: 10.1038/emm.2017.47

55. Ismail S, Hampton MB, Keenan JI. Helicobacter pylori outer membrane vesicles
modulate proliferation and interleukin-8 production by gastric epithelial cells. Infect
Immun (2003) 71(10):5670-5. doi: 10.1128/iai.71.10.5670-5675.2003

56. Choi MS, Ze EY, Park JY, Shin TS, Kim JG. Helicobacter pylori-derived outer
membrane vesicles stimulate interleukin 8 secretion through nuclear factor kappa b
activation. Korean J Intern Med (2021) 36(4):854-67. doi: 10.3904/kjim.2019.432

57. Bielaszewska M, Riiter C, Kunsmann L, Greune L, Bauwens A, Zhang W, et al.
Enterohemorrhagic escherichia coli hemolysin employs outer membrane vesicles to
target mitochondria and cause endothelial and epithelial apoptosis. PloS Pathog (2013)
9(12):¢1003797. doi: 10.1371/journal.ppat.1003797

58. Bitar A, Aung KM, Wai SN, Hammarstrém ML. Vibrio cholerae derived outer
membrane vesicles modulate the inflammatory response of human intestinal epithelial
cells by inducing microrna-146a. Sci Rep (2019) 9(1):7212. doi: 10.1038/s41598-019-
43691-9

59. Chatterjee D, Chaudhuri K. Vibrio cholerae 0395 outer membrane vesicles
modulate intestinal epithelial cells in a Nod1 protein-dependent manner and induce
dendritic cell-mediated Th2/Th17 cell responses. ] Biol Chem (2013) 288(6):4299-309.
doi: 10.1074/jbc.M112.408302

60. Engevik MA, Danhof HA, Ruan W, Engevik AC, Chang-Graham AL, Engevik
KA, et al. Fusobacterium nucleatum secretes outer membrane vesicles and promotes
intestinal inflammation. mBio (2021) 12(2):e02706-20. doi: 10.1128/mBi0.02706-20

61. Elmi A, Watson E, Sandu P, Gundogdu O, Mills DC, Inglis NF, et al.
Campylobacter jejuni outer membrane vesicles play an important role in bacterial
interactions with human intestinal epithelial cells. Infect Immun (2012) 80(12):4089-
98. doi: 10.1128/iai.00161-12

62. Hiippala K, Barreto G, Burrello C, Diaz-Basabe A, Suutarinen M, Kainulainen V,
et al. Novel odoribacter splanchnicus strain and its outer membrane vesicles exert
immunoregulatory effects in vitro. Front Microbiol (2020) 11:575455. doi: 10.3389/
fmicb.2020.575455

63. Fabrega MJ, Rodriguez-Nogales A, Garrido-Mesa J, Algieri F, Badia J, Giménez
R, et al. Intestinal anti-inflammatory effects of outer membrane vesicles from
escherichia coli nissle 1917 in dss-experimental colitis in mice. Front Microbiol
(2017) 8:1274. doi: 10.3389/fmicb.2017.01274

64. Maerz JK, Steimle A, Lange A, Bender A, Fehrenbacher B, Frick JS. Outer
membrane vesicles blebbing contributes to b. vulgatus mpk-mediated immune
response silencing. Gut Microbes (2018) 9(1):1-12. doi: 10.1080/
19490976.2017.1344810

65. Rabiei N, Ahmadi Badi S, Ettehad Marvasti F, Nejad Sattari T, Vaziri F, Siadat
SD. Induction effects of faecalibacterium prausnitzii and its extracellular vesicles on
toll-like receptor signaling pathway gene expression and cytokine level in human
intestinal epithelial cells. Cytokine (2019) 121:154718. doi: 10.1016/j.cyt0.2019.05.005

66. Huang XL, Zhang X, Fei XY, Chen ZG, Hao YP, Zhang S, et al. Faecalibacterium
prausnitzii supernatant ameliorates dextran sulfate sodium induced colitis by

Frontiers in Immunology

17

10.3389/fimmu.2023.1157813

regulating Th17 cell differentiation. World ] Gastroenterol (2016) 22(22):5201-10.
doi: 10.3748/wjg.v22.i22.5201

67. Kang CS, Ban M, Choi EJ, Moon HG, Jeon JS, Kim DK, et al. Extracellular
vesicles derived from gut microbiota, especially akkermansia muciniphila, protect the
progression of dextran sulfate sodium-induced colitis. PloS One (2013) 8(10):€76520.
doi: 10.1371/journal.pone.0076520

68. Liu L, Liang L, Yang C, Zhou Y, Chen Y. Extracellular vesicles of fusobacterium
nucleatum compromise intestinal barrier through targeting Ripkl-mediated cell death
pathway. Gut Microbes (2021) 13(1):1-20. doi: 10.1080/19490976.2021.1902718

69. Durant L, Stentz R, Noble A, Brooks J, Gicheva N, Reddi D, et al. Bacteroides
thetaiotaomicron-derived outer membrane vesicles promote regulatory dendritic cell
responses in health but not in inflammatory bowel disease. Microbiome (2020) 8(1):88.
doi: 10.1186/s40168-020-00868-z

70. Imamiya R, Shinohara A, Yakura D, Yamaguchi T, Ueda K, Oguro A, et al.
Escherichia coli-derived outer membrane vesicles relay inflammatory responses to
macrophage-derived exosomes. mBio (2023) 14(1):e0305122. doi: 10.1128/
mbio.03051-22

71. ZhaoY, Wei W, Liu ML. Extracellular vesicles and lupus nephritis - new insights
into pathophysiology and clinical implications. J Autoimmun (2020) 115:102540.
doi: 10.1016/j.jaut.2020.102540

72. Schlingmann B, Molina SA, Koval M. Claudins: gatekeepers of lung epithelial
function. Semin Cell Dev Biol (2015) 42:47-57. doi: 10.1016/j.semcdb.2015.04.009

73. Nho JS, Jun SH, Oh MH, Park TI, Choi CW, Kim SI, et al. Acinetobacter
nosocomialis secretes outer membrane vesicles that induce epithelial cell death and
host inflammatory responses. Microb Pathog (2015) 81:39-45. doi: 10.1016/
j.micpath.2015.03.012

74. Kim Y], Jeon H, Na SH, Kwon HI, Selasi GN, Nicholas A, et al.
Stenotrophomonas maltophilia outer membrane vesicles elicit a potent inflammatory
response in vitro and in vivo. Pathog Dis (2016) 74(8):ftw104. doi: 10.1093/femspd/
ftw104

75. Bauman SJ, Kuehn M]. Purification of outer membrane vesicles from
pseudomonas aeruginosa and their activation of an il-8 response. Microbes Infect
(2006) 8(9-10):2400-8. doi: 10.1016/j.micinf.2006.05.001

76. Park KS, Lee ], Jang SC, Kim SR, Jang MH, Létvall J, et al. Pulmonary
inflammation induced by bacteria-free outer membrane vesicles from pseudomonas
aeruginosa. Am ] Respir Cell Mol Biol (2013) 49(4):637-45. doi: 10.1165/rcmb.2012-
03700C

77. Schaar V, de Vries SP, Perez Vidakovics ML, Bootsma HJ, Larsson L, Hermans
PW, et al. Multicomponent moraxella catarrhalis outer membrane vesicles induce an
inflammatory response and are internalized by human epithelial cells. Cell Microbiol
(2011) 13(3):432-49. doi: 10.1111/j.1462-5822.2010.01546.x

78. Marion CR, Lee ], Sharma L, Park KS, Lee C, Liu W, et al. Toll-like receptors 2
and 4 modulate pulmonary inflammation and host factors mediated by outer
membrane vesicles derived from acinetobacter baumannii. Infect Immun (2019) 87
(9):€00243-19. doi: 10.1128/iai.00243-19

79. Lee], Yoon YJ, Kim JH, Dinh NTH, Go G, Tae S, et al. Outer membrane vesicles
derived from escherichia coli regulate neutrophil migration by induction of endothelial
il-8. Front Microbiol (2018) 9:2268. doi: 10.3389/fmicb.2018.02268

80. Stanton BA. Extracellular vesicles and host-pathogen interactions: a review of
inter-kingdom signaling by small noncoding rna. Genes (Basel) (2021) 12(7):1010.
doi: 10.3390/genes12071010

81. Koeppen K, Hampton TH, Jarek M, Scharfe M, Gerber SA, Mielcarz DW, et al.
A novel mechanism of host-pathogen interaction through srna in bacterial outer
membrane vesicles. PloS Pathog (2016) 12(6):e1005672. doi: 10.1371/
journal.ppat.1005672

82. Koeppen K, Barnaby R, Jackson AA, Gerber SA, Hogan DA, Stanton BA.
Tobramycin reduces key virulence determinants in the proteome of pseudomonas
aeruginosa outer membrane vesicles. PloS One (2019) 14(1):e0211290. doi: 10.1371/
journal.pone.0211290

83. Tan L, Tang X, Pan C, Wang H, Pan Y. Relationship among clinical periodontal,
microbiologic parameters and lung function in participants with chronic obstructive
pulmonary disease. ] Periodontol (2019) 90(2):134-40. doi: 10.1002/jper.17-0705

84. Jiger J, Marwitz S, Tiefenau J, Rasch J, Shevchuk O, Kugler C, et al. Human lung
tissue explants reveal novel interactions during legionella pneumophila infections.
Infect Immun (2014) 82(1):275-85. doi: 10.1128/iai.00703-13

85. Zhang YY, Ning BT. Signaling pathways and intervention therapies in sepsis.
Signal Transduct Target Ther (2021) 6(1):407. doi: 10.1038/s41392-021-00816-9

86. Iba T, Levy JH. Inflammation and thrombosis: roles of neutrophils, platelets and
endothelial cells and their interactions in thrombus formation during sepsis. ] Thromb
Haemost (2018) 16(2):231-41. doi: 10.1111/jth.13911

87. Levi M. The coagulant response in sepsis and inflammation. Hamostaseologie
(2010) 30(1):10-2. doi: 10.1055/s-0037-1617143

88. Soult MC, Dobrydneva Y, Wahab KH, Britt LD, Sullivan CJ. Outer membrane
vesicles alter inflammation and coagulation mediators. J Surg Res (2014) 192(1):134-42.
doi: 10.1016/j.js5.2014.05.007

89. Shapiro NI, Schuetz P, Yano K, Sorasaki M, Parikh SM, Jones AE, et al. The
association of endothelial cell signaling, severity of illness, and organ dysfunction in
sepsis. Crit Care (2010) 14(5):R182. doi: 10.1186/cc9290

frontiersin.org


https://doi.org/10.1002/mbo3.221
https://doi.org/10.1002/mbo3.221
https://doi.org/10.3389/fcimb.2017.00351
https://doi.org/10.1038/s41598-022-18412-4
https://doi.org/10.15252/embr.202152891
https://doi.org/10.1128/iai.00299-10
https://doi.org/10.1002/prca.200800192
https://doi.org/10.1128/iai.01443-13
https://doi.org/10.1128/iai.01443-13
https://doi.org/10.1128/jb.00012-17
https://doi.org/10.1111/j.1365-2958.2010.07307.x
https://doi.org/10.1038/emm.2017.47
https://doi.org/10.1128/iai.71.10.5670-5675.2003
https://doi.org/10.3904/kjim.2019.432
https://doi.org/10.1371/journal.ppat.1003797
https://doi.org/10.1038/s41598-019-43691-9
https://doi.org/10.1038/s41598-019-43691-9
https://doi.org/10.1074/jbc.M112.408302
https://doi.org/10.1128/mBio.02706-20
https://doi.org/10.1128/iai.00161-12
https://doi.org/10.3389/fmicb.2020.575455
https://doi.org/10.3389/fmicb.2020.575455
https://doi.org/10.3389/fmicb.2017.01274
https://doi.org/10.1080/19490976.2017.1344810
https://doi.org/10.1080/19490976.2017.1344810
https://doi.org/10.1016/j.cyto.2019.05.005
https://doi.org/10.3748/wjg.v22.i22.5201
https://doi.org/10.1371/journal.pone.0076520
https://doi.org/10.1080/19490976.2021.1902718
https://doi.org/10.1186/s40168-020-00868-z
https://doi.org/10.1128/mbio.03051-22
https://doi.org/10.1128/mbio.03051-22
https://doi.org/10.1016/j.jaut.2020.102540
https://doi.org/10.1016/j.semcdb.2015.04.009
https://doi.org/10.1016/j.micpath.2015.03.012
https://doi.org/10.1016/j.micpath.2015.03.012
https://doi.org/10.1093/femspd/ftw104
https://doi.org/10.1093/femspd/ftw104
https://doi.org/10.1016/j.micinf.2006.05.001
https://doi.org/10.1165/rcmb.2012-0370OC
https://doi.org/10.1165/rcmb.2012-0370OC
https://doi.org/10.1111/j.1462-5822.2010.01546.x
https://doi.org/10.1128/iai.00243-19
https://doi.org/10.3389/fmicb.2018.02268
https://doi.org/10.3390/genes12071010
https://doi.org/10.1371/journal.ppat.1005672
https://doi.org/10.1371/journal.ppat.1005672
https://doi.org/10.1371/journal.pone.0211290
https://doi.org/10.1371/journal.pone.0211290
https://doi.org/10.1002/jper.17-0705
https://doi.org/10.1128/iai.00703-13
https://doi.org/10.1038/s41392-021-00816-9
https://doi.org/10.1111/jth.13911
https://doi.org/10.1055/s-0037-1617143
https://doi.org/10.1016/j.jss.2014.05.007
https://doi.org/10.1186/cc9290
https://doi.org/10.3389/fimmu.2023.1157813
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

90. Schouten M, Wiersinga WJ, Levi M, van der Poll T. Inflammation, endothelium,
and coagulation in sepsis. J Leukoc Biol (2008) 83(3):536-45. doi: 10.1189/j1b.0607373

91. Gerritsen ME. Functional heterogeneity of vascular endothelial cells. Biochem
Pharmacol (1987) 36(17):2701-11. doi: 10.1016/0006-2952(87)90252-8

92. Shah B, Sullivan CJ, Lonergan NE, Stanley S, Soult MC, Britt LD. Circulating
bacterial membrane vesicles cause sepsis in rats. Shock (2012) 37(6):621-8.
doi: 10.1097/SHK.0b013e318250de5d

93. Park KS, Choi KH, Kim YS, Hong BS, Kim OY, Kim JH, et al. Outer membrane
vesicles derived from escherichia coli induce systemic inflammatory response
syndrome. PloS One (2010) 5(6):e11334. doi: 10.1371/journal.pone.0011334

94. Baker CC, Chaudry IH, Gaines HO, Baue AE. Evaluation of factors affecting
mortality rate after sepsis in a murine cecal ligation and puncture model. Surgery (1983)
94(2):331-5.

95. Zhang H, Zhang Y, Song Z, Li R, Ruan H, Liu Q, et al. Sncrnas packaged by
helicobacter pylori outer membrane vesicles attenuate il-8 secretion in human cells. Int
J Med Microbiol (2020) 310(1):151356. doi: 10.1016/j.ijmm.2019.151356

96. Lamprinaki D, Garcia-Vello P, Marchetti R, Hellmich C, McCord KA, Bowles
KM, et al. Siglec-7 mediates immunomodulation by colorectal cancer-associated
fusobacterium nucleatum ssp. animalis. Front Immunol (2021) 12:744184.
doi: 10.3389/fimmu.2021.744184

97. Chitcholtan K, Hampton MB, Keenan JI. Outer membrane vesicles enhance the
carcinogenic potential of helicobacter pylori. Carcinogenesis (2008) 29(12):2400-5.
doi: 10.1093/carcin/bgn218

98. Santos JC, Dick MS, Lagrange B, Degrandi D, Pfeffer K, Yamamoto M, et al. Lps
targets host guanylate-binding proteins to the bacterial outer membrane for non-
canonical inflammasome activation. EMBO ] (2018) 37(6):¢98089. doi: 10.15252/
embj.201798089

99. Gilmore WJ, Johnston EL, Bitto NJ, Zavan L, O'Brien-Simpson N, Hill AF, et al.
Bacteroides fragilis outer membrane vesicles preferentially activate innate immune
receptors compared to their parent bacteria. Front Immunol (2022) 13:970725.
doi: 10.3389/fimmu.2022.970725

100. Aldapa-Vega G, Moreno-Eutimio MA, Berlanga-Taylor AJ, Jiménez-Uribe AP,
Nieto-Velazquez G, Lopez-Ortega O, et al. Structural variants of salmonella
typhimurium lipopolysaccharide induce less dimerization of Tlr4/Md-2 and reduced
pro-inflammatory cytokine production in human monocytes. Mol Immunol (2019)
111:43-52. doi: 10.1016/j.molimm.2019.03.003

101. Johnston EL, Heras B, Kufer TA, Kaparakis-Liaskos M. Detection of bacterial
membrane vesicles by nod-like receptors. Int ] Mol Sci (2021) 22(3):1005. doi: 10.3390/
ijms22031005

102. Yang J, Hwang I, Lee E, Shin SJ, Lee EJ, Rhee JH, et al. Bacterial outer
membrane vesicle-mediated cytosolic delivery of flagellin triggers host Nlrc4 canonical
inflammasome signaling. Front Immunol (2020) 11:581165. doi: 10.3389/
fimmu.2020.581165

103. Vanaja SK, Russo AJ, Behl B, Banerjee I, Yankova M, Deshmukh SD, et al.
Bacterial outer membrane vesicles mediate cytosolic localization of Ips and caspase-11
activation. Cell (2016) 165(5):1106-19. doi: 10.1016/j.cell.2016.04.015

104. Chen S, Yang D, Wen Y, Jiang Z, Zhang L, Jiang J, et al. Dysregulated
hemolysin liberates bacterial outer membrane vesicles for cytosolic
lipopolysaccharide sensing. PloS Pathog (2018) 14(8):e1007240. doi: 10.1371/
journal.ppat.1007240

105. Thay B, Damm A, Kufer TA, Wai SN, Oscarsson J. Aggregatibacter
actinomycetemcomitans outer membrane vesicles are internalized in human host
cells and trigger Nod1- and Nod2-dependent nf-Kb activation. Infect Immun (2014)
82(10):4034-46. doi: 10.1128/iai.01980-14

106. Cecil JD, O'Brien-Simpson NM, Lenzo JC, Holden JA, Chen YY, Singleton W,
et al. Differential responses of pattern recognition receptors to outer membrane vesicles
of three periodontal pathogens. PloS One (2016) 11(4):¢0151967. doi: 10.1371/
journal.pone.0151967

107. Cecil JD, O'Brien-Simpson NM, Lenzo JC, Holden JA, Singleton W, Perez-
Gonzalez A, et al. Outer membrane vesicles prime and activate macrophage
inflammasomes and cytokine secretion in vitro and in vivo. Front Immunol (2017)
8:1017. doi: 10.3389/fimmu.2017.01017

108. Gewirtz AT, Navas TA, Lyons S, Godowski PJ, Madara JL. Cutting edge:
bacterial flagellin activates basolaterally expressed TIr5 to induce epithelial
proinflammatory gene expression. ] Immunol (2001) 167(4):1882-5. doi: 10.4049/
jimmunol.167.4.1882

109. Bielaszewska M, Riiter C, Bauwens A, Greune L, Jarosch KA, Steil D, et al. Host
cell interactions of outer membrane vesicle-associated virulence factors of
enterohemorrhagic escherichia coli O157: intracellular delivery, trafficking and
mechanisms of cell injury. PloS Pathog (2017) 13(2):e1006159. doi: 10.1371/
journal.ppat.1006159

110. Han EC, Choi SY, Lee Y, Park JW, Hong SH, Lee HJ. Extracellular rnas in
periodontopathogenic outer membrane vesicles promote tnf-A production in human
macrophages and cross the blood-brain barrier in mice. FASEB J (2019) 33(12):13412—
22. doi: 10.1096/1.201901575R

111. Vidakovics ML, Jendholm J, Mérgelin M, Mansson A, Larsson C, Cardell LO,
et al. B cell activation by outer membrane vesicles—a novel virulence mechanism. PloS
Pathog (2010) 6(1):e1000724. doi: 10.1371/journal.ppat.1000724

Frontiers in Immunology

10.3389/fimmu.2023.1157813

112. Kaparakis M, Turnbull L, Carneiro L, Firth S, Coleman HA, Parkington HC,
et al. Bacterial membrane vesicles deliver peptidoglycan to Nod1 in epithelial cells. Cell
Microbiol (2010) 12(3):372-85. doi: 10.1111/j.1462-5822.2009.01404.x

113. Bielig H, Rompikuntal PK, Dongre M, Zurek B, Lindmark B, Ramstedt M, et al.
Nod-like receptor activation by outer membrane vesicles from vibrio cholerae non-O1
non-0139 strains is modulated by the quorum-sensing regulator hapr. Infect Immun
(2011) 79(4):1418-27. doi: 10.1128/iai.00754-10

114. Bitto NJ, Baker PJ, Dowling JK, Wray-McCann G, De Paoli A, Tran LS, et al.
Membrane vesicles from pseudomonas aeruginosa activate the noncanonical
inflammasome through caspase-5 in human monocytes. Immunol Cell Biol (2018) 96
(10):1120-30. doi: 10.1111/imcb.12190

115. Deo P, Chow SH, Hay ID, Kleifeld O, Costin A, Elgass KD, et al. Outer
membrane vesicles from neisseria gonorrhoeae target porb to mitochondria and induce
apoptosis. PloS Pathog (2018) 14(3):e1006945. doi: 10.1371/journal.ppat.1006945

116. Elizagaray ML, Gomes MTR, Guimaraes ES, Rumbo M, Hozbor DF, Oliveira
SC, et al. Canonical and non-canonical inflammasome activation by outer membrane
vesicles derived from bordetella pertussis. Front Immunol (2020) 11:1879. doi: 10.3389/
fimmu.2020.01879

117. Ciesielska A, Matyjek M, Kwiatkowska K. Tlr4 and Cd14 trafficking and its
influence on Ips-induced pro-inflammatory signaling. Cell Mol Life Sci (2021) 78
(4):1233-61. doi: 10.1007/s00018-020-03656-y

118. Barker JH, Weiss JP. Detecting lipopolysaccharide in the cytosol of mammalian
cells: lessons from md-2/Tlr4. J Leukoc Biol (2019) 106(1):127-32. doi: 10.1002/
jlb.3mir1118-434r

119. Park BS, Lee JO. Recognition of lipopolysaccharide pattern by Tlr4 complexes.
Exp Mol Med (2013) 45(12):¢66. doi: 10.1038/emm.2013.97

120. Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell
(2010) 140(6):805-20. doi: 10.1016/j.cell.2010.01.022

121. LiX, Zhong CQ, Yin Z, Qi H, Xu F, He Q, et al. Data-driven modeling identifies
tirap-independent Myd88 activation complex and myddosome assembly strategy in
Lps/Tlr4 signaling. Int ] Mol Sci (2020) 21(9):3061. doi: 10.3390/ijms21093061

122. Singh K, Bayrak B, Riesbeck K. A role for tlrs in moraxella-superantigen
induced polyclonal b cell activation. Front Biosci (Schol Ed) (2012) 4(3):1031-43.
doi: 10.2741/s316

123. Giordano NP, Cian MB, Dalebroux ZD. Outer membrane lipid secretion and
the innate immune response to gram-negative bacteria. Infect Immun (2020) 88(7):
€00920-19. doi: 10.1128/1ai.00920-19

124. Yamamoto M, Sato S, Hemmi H, Uematsu S, Hoshino K, Kaisho T, et al. Tram
is specifically involved in the toll-like receptor 4-mediated Myd88-independent
signaling pathway. Nat Immunol (2003) 4(11):1144-50. doi: 10.1038/ni986

125. Takeda K, Akira S. Tlr signaling pathways. Semin Immunol (2004) 16(1):3-9.
doi: 10.1016/j.smim.2003.10.003

126. Schwandner R, Dziarski R, Wesche H, Rothe M, Kirschning CJ. Peptidoglycan-
and lipoteichoic acid-induced cell activation is mediated by toll-like receptor 2. J Biol
Chem (1999) 274(25):17406-9. doi: 10.1074/jbc.274.25.17406

127. Dziarski R, Gupta D. Staphylococcus aureus peptidoglycan is a toll-like
receptor 2 activator: a reevaluation. Infect Immun (2005) 73(8):5212-6. doi: 10.1128/
1ai.73.8.5212-5216.2005

128. WangF, Li Y, Yang C, Mu Y, Wang Y, Zhang W, et al. Mannan-binding lectin
suppresses peptidoglycan-induced TIr2 activation and inflammatory responses.
Mediators Inflamm (2019) 2019:1349784. doi: 10.1155/2019/1349784

129. Wielento A, Bereta GP, Lagosz—Cwik KB, Eick S, Lamont RJ, Grabiec AM, et al.
TIr2 activation by porphyromonas gingivalis requires both ppad activity and fimbriae.
Front Immunol (2022) 13:823685. doi: 10.3389/fimmu.2022.823685

130. Gabarrini G, Palma Medina LM, Stobernack T, Prins RC, du Teil Espina M,
Kuipers J, et al. There's no place like om: vesicular sorting and secretion of the
peptidylarginine deiminase of porphyromonas gingivalis. Virulence (2018) 9(1):456—
64. doi: 10.1080/21505594.2017.1421827

131. Vermilyea DM, Ottenberg GK, Davey ME. Citrullination mediated by ppad
constrains biofilm formation in p. gingivalis strain 381. NPJ Biofilms Microbiomes
(2019) 5(1):7. doi: 10.1038/s41522-019-0081-x

132. Yoon SI, Kurnasov O, Natarajan V, Hong M, Gudkov AV, Osterman AL, et al.
Structural basis of Tlr5-flagellin recognition and signaling. Science (2012) 335
(6070):859-64. doi: 10.1126/science.1215584

133. Means TK, Hayashi F, Smith KD, Aderem A, Luster AD. The toll-like receptor
5 stimulus bacterial flagellin induces maturation and chemokine production in human
dendritic cells. J Immunol (2003) 170(10):5165-75. doi: 10.4049/jimmunol.170.10.5165

134. McDermott PF, Ciacci-Woolwine F, Snipes JA, Mizel SB. High-affinity
interaction between gram-negative flagellin and a cell surface polypeptide results in
human monocyte activation. Infect Immun (2000) 68(10):5525-9. doi: 10.1128/
1ai.68.10.5525-5529.2000

135. Babamale AO, Chen ST. Nod-like receptors: critical intracellular sensors for
host protection and cell death in microbial and parasitic infections. Int ] Mol Sci (2021)
22(21):11398. doi: 10.3390/ijms222111398

136. Nilsen KE, Skjesol A, Frengen Kojen J, Espevik T, Stenvik J, Yurchenko M.
Tirap/Mal positively regulates Tlr8-mediated signaling Via Irf5 in human cells.
Biomedicines (2022) 10(7):1476. doi: 10.3390/biomedicines10071476

frontiersin.org


https://doi.org/10.1189/jlb.0607373
https://doi.org/10.1016/0006-2952(87)90252-8
https://doi.org/10.1097/SHK.0b013e318250de5d
https://doi.org/10.1371/journal.pone.0011334
https://doi.org/10.1016/j.ijmm.2019.151356
https://doi.org/10.3389/fimmu.2021.744184
https://doi.org/10.1093/carcin/bgn218
https://doi.org/10.15252/embj.201798089
https://doi.org/10.15252/embj.201798089
https://doi.org/10.3389/fimmu.2022.970725
https://doi.org/10.1016/j.molimm.2019.03.003
https://doi.org/10.3390/ijms22031005
https://doi.org/10.3390/ijms22031005
https://doi.org/10.3389/fimmu.2020.581165
https://doi.org/10.3389/fimmu.2020.581165
https://doi.org/10.1016/j.cell.2016.04.015
https://doi.org/10.1371/journal.ppat.1007240
https://doi.org/10.1371/journal.ppat.1007240
https://doi.org/10.1128/iai.01980-14
https://doi.org/10.1371/journal.pone.0151967
https://doi.org/10.1371/journal.pone.0151967
https://doi.org/10.3389/fimmu.2017.01017
https://doi.org/10.4049/jimmunol.167.4.1882
https://doi.org/10.4049/jimmunol.167.4.1882
https://doi.org/10.1371/journal.ppat.1006159
https://doi.org/10.1371/journal.ppat.1006159
https://doi.org/10.1096/fj.201901575R
https://doi.org/10.1371/journal.ppat.1000724
https://doi.org/10.1111/j.1462-5822.2009.01404.x
https://doi.org/10.1128/iai.00754-10
https://doi.org/10.1111/imcb.12190
https://doi.org/10.1371/journal.ppat.1006945
https://doi.org/10.3389/fimmu.2020.01879
https://doi.org/10.3389/fimmu.2020.01879
https://doi.org/10.1007/s00018-020-03656-y
https://doi.org/10.1002/jlb.3mir1118-434r
https://doi.org/10.1002/jlb.3mir1118-434r
https://doi.org/10.1038/emm.2013.97
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.3390/ijms21093061
https://doi.org/10.2741/s316
https://doi.org/10.1128/iai.00920-19
https://doi.org/10.1038/ni986
https://doi.org/10.1016/j.smim.2003.10.003
https://doi.org/10.1074/jbc.274.25.17406
https://doi.org/10.1128/iai.73.8.5212-5216.2005
https://doi.org/10.1128/iai.73.8.5212-5216.2005
https://doi.org/10.1155/2019/1349784
https://doi.org/10.3389/fimmu.2022.823685
https://doi.org/10.1080/21505594.2017.1421827
https://doi.org/10.1038/s41522-019-0081-x
https://doi.org/10.1126/science.1215584
https://doi.org/10.4049/jimmunol.170.10.5165
https://doi.org/10.1128/iai.68.10.5525-5529.2000
https://doi.org/10.1128/iai.68.10.5525-5529.2000
https://doi.org/10.3390/ijms222111398
https://doi.org/10.3390/biomedicines10071476
https://doi.org/10.3389/fimmu.2023.1157813
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

137. Bender AT, Tzvetkov E, Pereira A, Wu Y, Kasar S, Przetak MM, et al. TIr7 and
TIr8 differentially activate the irf and nf-Kb pathways in specific cell types to promote
inflammation. Immunohorizons (2020) 4(2):93-107. doi: 10.4049/
immunohorizons.2000002

138. Choi JW, Kim SC, Hong SH, Lee HJ. Secretable small rnas Via outer membrane
vesicles in periodontal pathogens. J Dent Res (2017) 96(4):458-66. doi: 10.1177/
0022034516685071

139. Chen N, Xia P, Li S, Zhang T, Wang TT, Zhu J. Rna sensors of the innate
immune system and their detection of pathogens. IUBMB Life (2017) 69(5):297-304.
doi: 10.1002/iub.1625

140. Jurk M, Heil F, Vollmer J, Schetter C, Krieg AM, Wagner H, et al. Human Tlr7
or TIr8 independently confer responsiveness to the antiviral compound r-848. Nat
Immunol (2002) 3(6):499. doi: 10.1038/ni0602-499

141. Brown J, Wang H, Hajishengallis GN, Martin M. Tlr-signaling networks: an
integration of adaptor molecules, kinases, and cross-talk. ] Dent Res (2011) 90(4):417-
27. doi: 10.1177/0022034510381264

142. Pérez-Cruz C, Carrion O, Delgado L, Martinez G, Lopez-Iglesias C, Mercade E.
New type of outer membrane vesicle produced by the gram-negative bacterium
shewanella vesiculosa M7t: implications for DNA content. Appl Environ Microbiol
(2013) 79(6):1874-81. doi: 10.1128/aem.03657-12

143. Draghi JA, Turner PE. DNA Secretion and gene-level selection in bacteria.
Microbiol (Reading) (2006) 152(Pt 9):2683-8. doi: 10.1099/mic.0.29013-0

144. Mukherjee T, Hovingh ES, Foerster EG, Abdel-Nour M, Philpott DJ, Girardin
SE. Nod1 and Nod2 in inflammation, immunity and disease. Arch Biochem Biophys
(2019) 670:69-81. doi: 10.1016/j.abb.2018.12.022

145. Girardin SE, Boneca IG, Carneiro LA, Antignac A, Jéhanno M, Viala J, et al.
Nod1 detects a unique muropeptide from gram-negative bacterial peptidoglycan.
Science (2003) 300(5625):1584-7. doi: 10.1126/science.1084677

146. Girardin SE, Boneca IG, Viala J, Chamaillard M, Labigne A, Thomas G, et al.
Nod2 is a general sensor of peptidoglycan through muramyl dipeptide (Mdp)
detection. J Biol Chem (2003) 278(11):8869-72. doi: 10.1074/jbc.C200651200

147. Chen F, Bhatia D, Chang Q, Castranova V. Finding nemo by K63-linked
polyubiquitin chain. Cell Death Differ (2006) 13(11):1835-8. doi: 10.1038/
sj.cdd.4402014

148. Hasegawa M, Fujimoto Y, Lucas PC, Nakano H, Fukase K, Nufez G, et al. A
critical role of Rick/Rip2 polyubiquitination in nod-induced nf-kappab activation.
EMBO ] (2008) 27(2):373-83. doi: 10.1038/sj.emboj.7601962

149. Wang C, Deng L, Hong M, Akkaraju GR, Inoue J, Chen ZJ. Tak1 is a ubiquitin-
dependent kinase of mkk and ikk. Nature (2001) 412(6844):346-51. doi: 10.1038/
35085597

150. Correa RG, Milutinovic S, Reed JC. Roles of Nod1 (Nlrc1) and Nod2 (Nlrc2) in
innate immunity and inflammatory diseases. Biosci Rep (2012) 32(6):597-608.
doi: 10.1042/bsr20120055

151. Irving AT, Mimuro H, Kufer TA, Lo C, Wheeler R, Turner L], et al. The
immune receptor Nod1 and kinase Rip2 interact with bacterial peptidoglycan on early
endosomes to promote autophagy and inflammatory signaling. Cell Host Microbe
(2014) 15(5):623-35. doi: 10.1016/j.chom.2014.04.001

152. Li D, Wu M. Pattern recognition receptors in health and diseases. Signal
Transduct Target Ther (2021) 6(1):291. doi: 10.1038/s41392-021-00687-0

153. Lu Y, Zheng Y, Coyaud E, Zhang C, Selvabaskaran A, Yu Y, et al.
Palmitoylation of Nodl and Nod2 is required for bacterial sensing. Science (2019)
366(6464):460-7. doi: 10.1126/science.aau6391

154. Erlich Z, Shlomovitz I, Edry-Botzer L, Cohen H, Frank D, Wang H, et al.
Macrophages, rather than dcs, are responsible for inflammasome activity in the gm-csf
bmdc model. Nat Immunol (2019) 20(4):397-406. doi: 10.1038/s41590-019-0313-5

155. McKee CM, Coll RC. Nlrp3 inflammasome priming: a riddle wrapped in a
mystery inside an enigma. J Leukoc Biol (2020) 108(3):937-52. doi: 10.1002/
jlb.3mr0720-513r

156. Horvath GL, Schrum JE, De Nardo CM, Latz E. Intracellular sensing of
microbes and danger signals by the inflammasomes. Immunol Rev (2011) 243
(1):119-35. doi: 10.1111/j.1600-065X.2011.01050.x

157. Chen KW, Monteleone M, Boucher D, Sollberger G, Ramnath D, Condon ND,
et al. Noncanonical inflammasome signaling elicits gasdermin d-dependent neutrophil
extracellular traps. Sci Immunol (2018) 3(26):eaar6676. doi: 10.1126/
sciimmunol.aar6676

158. Duncan JA, Canna SW. The Nlrc4 inflammasome. Immunol Rev (2018) 281
(1):115-23. doi: 10.1111/imr.12607

159. Monteleone M, Stanley AC, Chen KW, Brown DL, Bezbradica JS, von Pein JB,
et al. Interleukin-1 maturation triggers its relocation to the plasma membrane for
gasdermin-D-Dependent and -independent secretion. Cell Rep (2018) 24(6):1425-33.
doi: 10.1016/j.celrep.2018.07.027

160. Juliana C, Fernandes-Alnemri T, Kang S, Farias A, Qin F, Alnemri ES. Non-
transcriptional priming and deubiquitination regulate Nlrp3 inflammasome activation.
] Biol Chem (2012) 287(43):36617-22. doi: 10.1074/jbc.M112.407130

161. Poyet JL, Srinivasula SM, Tnani M, Razmara M, Fernandes-Alnemri T,
Alnemri ES. Identification of ipaf, a human caspase-1-Activating protein related to
apaf-1. J Biol Chem (2001) 276(30):28309-13. doi: 10.1074/jbc.C100250200

Frontiers in Immunology

10.3389/fimmu.2023.1157813

162. Ghayur T, Banerjee S, Hugunin M, Butler D, Herzog L, Carter A, et al. Caspase-
1 processes ifn-Gamma-Inducing factor and regulates lps-induced ifn-gamma
production. Nature (1997) 386(6625):619-23. doi: 10.1038/386619a0

163. Sborgi L, Rithl S, Mulvihill E, Pipercevic J, Heilig R, Stahlberg H, et al. Gsdmd
membrane pore formation constitutes the mechanism of pyroptotic cell death. EMBO ]
(2016) 35(16):1766-78. doi: 10.15252/embj.201694696

164. Zhao Y, Yang J, Shi J, Gong YN, Lu Q, Xu H, et al. The Nlrc4 inflammasome
receptors for bacterial flagellin and type iii secretion apparatus. Nature (2011) 477
(7366):596-600. doi: 10.1038/nature10510

165. Renelli M, Matias V, Lo RY, Beveridge TJ. DNA-Containing membrane
vesicles of pseudomonas aeruginosa Paol and their genetic transformation potential.
Microbiol (Reading) (2004) 150(Pt 7):2161-9. doi: 10.1099/mic.0.26841-0

166. Kumari P, Russo AJ, Shivcharan S, Rathinam VA. Aim2 in health and disease:
inflammasome and beyond. Immunol Rev (2020) 297(1):83-95. doi: 10.1111/imr.12903

167. Fernandes-Alnemri T, Yu JW, Datta P, Wu J, Alnemri ES. Aim2 activates the
inflammasome and cell death in response to cytoplasmic DNA. Nature (2009) 458
(7237):509-13. doi: 10.1038/nature07710

168. Pierini R, Juruj C, Perret M, Jones CL, Mangeot P, Weiss DS, et al. Aim2/Asc
triggers caspase-8-Dependent apoptosis in francisella-infected caspase-1-Deficient
macrophages. Cell Death Differ (2012) 19(10):1709-21. doi: 10.1038/cdd.2012.51

169. Matikainen S, Nyman TA, Cypryk W. Function and regulation of
noncanonical caspase-4/5/11 inflammasome. ] Immunol (2020) 204(12):3063-9.
doi: 10.4049/jimmunol.2000373

170. ShiJ, Zhao Y, Wang Y, Gao W, Ding J, Li P, et al. Inflammatory caspases are
innate immune receptors for intracellular lps. Nature (2014) 514(7521):187-92.
doi: 10.1038/nature13683

171. Zamyatina A, Heine H. Lipopolysaccharide recognition in the crossroads of
Tlr4 and caspase-4/11 mediated inflammatory pathways. Front Immunol (2020)
11:585146. doi: 10.3389/fimmu.2020.585146

172. Lamkanfi M, Dixit VM. Mechanisms and functions of inflammasomes. Cell
(2014) 157(5):1013-22. doi: 10.1016/j.cell.2014.04.007

173. Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H, et al. Inflammasome-
activated gasdermin d causes pyroptosis by forming membrane pores. Nature (2016)
535(7610):153-8. doi: 10.1038/nature18629

174. Finethy R, Luoma S, Orench-Rivera N, Feeley EM, Haldar AK, Yamamoto M,
et al. Inflammasome activation by bacterial outer membrane vesicles requires guanylate
binding proteins. mBio (2017) 8(5):01188-17. doi: 10.1128/mBio.01188-17

175. Lo TH, Chen HL, Yao CI, Weng IC, Li CS, Huang CC, et al. Galectin-3
promotes noncanonical inflammasome activation through intracellular binding to
lipopolysaccharide glycans. Proc Natl Acad Sci U S A (2021) 118(30):e2026246118.
doi: 10.1073/pnas.2026246118

176. Zhang X, Agborbesong E, Li X. The role of mitochondria in acute kidney injury
and chronic kidney disease and its therapeutic potential. Int ] Mol Sci (2021) 22
(20):11253. doi: 10.3390/ijms222011253

177. Andrieux P, Chevillard C, Cunha-Neto E, Nunes JPS. Mitochondria as a
cellular hub in infection and inflammation. Int ] Mol Sci (2021) 22(21):11338.
doi: 10.3390/ijms222111338

178. Warren CFA, Wong-Brown MW, Bowden NA. Bcl-2 family isoforms in
apoptosis and cancer. Cell Death Dis (2019) 10(3):177. doi: 10.1038/s41419-019-
1407-6

179. Han L, Lu Y, Wang X, Zhang S, Wang Y, Wu F, et al. Regulatory role and
mechanism of the inhibition of the mcl-1 pathway during apoptosis and polarization of
H37rv-infected macrophages. Med (Baltimore) (2020) 99(42):e22438. doi: 10.1097/
md.0000000000022438

180. Iyer SS, He Q, Janczy JR, Elliott EI, Zhong Z, Olivier AK, et al. Mitochondrial
cardiolipin is required for Nlrp3 inflammasome activation. Immunity (2013) 39
(2):311-23. doi: 10.1016/j.immuni.2013.08.001

181. Shimada K, Crother TR, Karlin J, Dagvadorj J, Chiba N, Chen S, et al. Oxidized
mitochondrial DNA activates the Nlrp3 inflammasome during apoptosis. Immunity
(2012) 36(3):401-14. doi: 10.1016/j.immuni.2012.01.009

182. Tiku V, Kofoed EM, Yan D, Kang J, Xu M, Reichelt M, et al. Outer membrane
vesicles containing ompa induce mitochondrial fragmentation to promote
pathogenesis of acinetobacter baumannii. Sci Rep (2021) 11(1):618. doi: 10.1038/
541598-020-79966-9

183. Jiang JH, Davies JK, Lithgow T, Strugnell RA, Gabriel K. Targeting of neisserial
porb to the mitochondrial outer membrane: an insight on the evolution of B-barrel
protein assembly machines. Mol Microbiol (2011) 82(4):976-87. doi: 10.1111/j.1365-
2958.2011.07880.x

184. Jager J, Keese S, Roessle M, Steinert M, Schromm AB. Fusion of legionella
pneumophila outer membrane vesicles with eukaryotic membrane systems is a
mechanism to deliver pathogen factors to host cell membranes. Cell Microbiol (2015)
17(5):607-20. doi: 10.1111/cmi.12392

185. Kozjak-Pavlovic V, Dian-Lothrop EA, Meinecke M, Kepp O, Ross K,
Rajalingam K, et al. Bacterial porin disrupts mitochondrial membrane potential and
sensitizes host cells to apoptosis. PloS Pathog (2009) 5(10):¢1000629. doi: 10.1371/
journal.ppat.1000629

186. Kisiela DI, Aulik NA, Atapattu DN, Czuprynski CJ. N-terminal region of
mannheimia haemolytica leukotoxin serves as a mitochondrial targeting signal in

frontiersin.org


https://doi.org/10.4049/immunohorizons.2000002
https://doi.org/10.4049/immunohorizons.2000002
https://doi.org/10.1177/0022034516685071
https://doi.org/10.1177/0022034516685071
https://doi.org/10.1002/iub.1625
https://doi.org/10.1038/ni0602-499
https://doi.org/10.1177/0022034510381264
https://doi.org/10.1128/aem.03657-12
https://doi.org/10.1099/mic.0.29013-0
https://doi.org/10.1016/j.abb.2018.12.022
https://doi.org/10.1126/science.1084677
https://doi.org/10.1074/jbc.C200651200
https://doi.org/10.1038/sj.cdd.4402014
https://doi.org/10.1038/sj.cdd.4402014
https://doi.org/10.1038/sj.emboj.7601962
https://doi.org/10.1038/35085597
https://doi.org/10.1038/35085597
https://doi.org/10.1042/bsr20120055
https://doi.org/10.1016/j.chom.2014.04.001
https://doi.org/10.1038/s41392-021-00687-0
https://doi.org/10.1126/science.aau6391
https://doi.org/10.1038/s41590-019-0313-5
https://doi.org/10.1002/jlb.3mr0720-513r
https://doi.org/10.1002/jlb.3mr0720-513r
https://doi.org/10.1111/j.1600-065X.2011.01050.x
https://doi.org/10.1126/sciimmunol.aar6676
https://doi.org/10.1126/sciimmunol.aar6676
https://doi.org/10.1111/imr.12607
https://doi.org/10.1016/j.celrep.2018.07.027
https://doi.org/10.1074/jbc.M112.407130
https://doi.org/10.1074/jbc.C100250200
https://doi.org/10.1038/386619a0
https://doi.org/10.15252/embj.201694696
https://doi.org/10.1038/nature10510
https://doi.org/10.1099/mic.0.26841-0
https://doi.org/10.1111/imr.12903
https://doi.org/10.1038/nature07710
https://doi.org/10.1038/cdd.2012.51
https://doi.org/10.4049/jimmunol.2000373
https://doi.org/10.1038/nature13683
https://doi.org/10.3389/fimmu.2020.585146
https://doi.org/10.1016/j.cell.2014.04.007
https://doi.org/10.1038/nature18629
https://doi.org/10.1128/mBio.01188-17
https://doi.org/10.1073/pnas.2026246118
https://doi.org/10.3390/ijms222011253
https://doi.org/10.3390/ijms222111338
https://doi.org/10.1038/s41419-019-1407-6
https://doi.org/10.1038/s41419-019-1407-6
https://doi.org/10.1097/md.0000000000022438
https://doi.org/10.1097/md.0000000000022438
https://doi.org/10.1016/j.immuni.2013.08.001
https://doi.org/10.1016/j.immuni.2012.01.009
https://doi.org/10.1038/s41598-020-79966-9
https://doi.org/10.1038/s41598-020-79966-9
https://doi.org/10.1111/j.1365-2958.2011.07880.x
https://doi.org/10.1111/j.1365-2958.2011.07880.x
https://doi.org/10.1111/cmi.12392
https://doi.org/10.1371/journal.ppat.1000629
https://doi.org/10.1371/journal.ppat.1000629
https://doi.org/10.3389/fimmu.2023.1157813
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

mammalian cells. Cell Microbiol (2010) 12(7):976-87. doi: 10.1111/j.1462-
5822.2010.01445.x

187. O'Brien-Simpson NM, Pathirana RD, Walker GD, Reynolds EC.
Porphyromonas gingivalis rgpa-kgp proteinase-adhesin complexes penetrate gingival
tissue and induce proinflammatory cytokines or apoptosis in a concentration-
dependent manner. Infect Immun (2009) 77(3):1246-61. doi: 10.1128/iai.01038-08

188. Gui MJ, Dashper SG, Slakeski N, Chen YY, Reynolds EC. Spheres of influence:
porphyromonas gingivalis outer membrane vesicles. Mol Oral Microbiol (2016) 31
(5):365-78. doi: 10.1111/0mi.12134

189. Aviram M. Interaction of oxidized low density lipoprotein with macrophages
in atherosclerosis, and the antiatherogenicity of antioxidants. Eur J Clin Chem Clin
Biochem (1996) 34(8):599-608.

190. Oorni K, Pentikdinen MO, Ala-Korpela M, Kovanen PT. Aggregation, fusion,
and vesicle formation of modified low density lipoprotein particles: molecular
mechanisms and effects on matrix interactions. J Lipid Res (2000) 41(11):1703-14.
doi: 10.1016/S0022-2275(20)31964-7

191. Koren O, Spor A, Felin J, Fak F, Stombaugh J, Tremaroli V, et al. Human oral,
gut, and plaque microbiota in patients with atherosclerosis. Proc Natl Acad Sci U S A
(2011) 108 Suppl 1(Suppl 1):4592-8. doi: 10.1073/pnas.1011383107

192. Ali ZA, Rinze R, Douglas G, Hu Y, Xiao Q, Qi W, et al. Tetrahydrobiopterin
determines vascular remodeling through enhanced endothelial cell survival and regeneration.
Circulation (2013) 128(11 Suppl 1):S50-s8. doi: 10.1161/circulationaha.112.000249

193. Papapanou PN, Sandros J, Lindberg K, Duncan MJ, Niederman R, Nannmark
U. Porphyromonas gingivalis may multiply and advance within stratified human
junctional epithelium in vitro. J Periodontal Res (1994) 29(5):374-5. doi: 10.1111/
j.1600-0765.1994.tb01237 x

194. Iwai T. Periodontal bacteremia and various vascular diseases. ] Periodontal Res
(2009) 44(6):689-94. doi: 10.1111/j.1600-0765.2008.01165.x

195. Pavlic V, Peric D, Kalezic IS, Madi M, Bhat SG, Brkic Z, et al. Identification of
periopathogens in atheromatous plaques obtained from carotid and coronary arteries.
BioMed Res Int (2021) 2021:9986375. doi: 10.1155/2021/9986375

196. Qi M, Miyakawa H, Kuramitsu HK. Porphyromonas gingivalis induces murine
macrophage foam cell formation. Microb Pathog (2003) 35(6):259-67. doi: 10.1016/
j.micpath.2003.07.002

197. Miyakawa H, Honma K, Qi M, Kuramitsu HK. Interaction of porphyromonas
gingivalis with low-density lipoproteins: implications for a role for periodontitis in
atherosclerosis. ] Periodontal Res (2004) 39(1):1-9. doi: 10.1111/j.1600-0765.2004.00697.x

198. Yang WW, Guo B, Jia WY, Jia Y. Porphyromonas gingivalis-derived outer
membrane vesicles promote calcification of vascular smooth muscle cells through Erk1/
2-Runx2. FEBS Open Bio (2016) 6(12):1310-9. doi: 10.1002/2211-5463.12151

199. Ho MH, Guo ZM, Chunga J, Goodwin JS, Xie H. Characterization of innate
immune responses of human endothelial cells induced by porphyromonas gingivalis
and their derived outer membrane vesicles. Front Cell Infect Microbiol (2016) 6:139.
doi: 10.3389/fcimb.2016.00139

200. Kowalski M. Helicobacter pylori (H. pylori) infection in coronary artery disease:
influence of h. pylori eradication on coronary artery lumen after percutaneous
transluminal coronary angioplasty. the detection of h. pylori specific DNA in human
coronary atherosclerotic plaque. J Physiol Pharmacol (2001) 52(1 Suppl 1):3-31.

201. Qiang L, Hu J, Tian M, Li Y, Ren C, Deng Y, et al. Extracellular vesicles from
helicobacter pylori-infected cells and helicobacter pylori outer membrane vesicles in
atherosclerosis. Helicobacter (2022) 27(2):e12877. doi: 10.1111/hel.12877

202. Parker H, Keenan JI. Composition and function of helicobacter pylori outer
membrane vesicles. Microbes Infect (2012) 14(1):9-16. doi: 10.1016/j.micinf.2011.08.007

203. Testerman TL, Semino-Mora C, Cann JA, Qiang B, Pefia EA, Liu H, et al. Both
diet and helicobacter pylori infection contribute to atherosclerosis in pre- and
postmenopausal cynomolgus monkeys. PloS One (2019) 14(9):€0222001.
doi: 10.1371/journal.pone.0222001

204. Minter MR, Taylor JM, Crack PJ. The contribution of neuroinflammation to
amyloid toxicity in alzheimer's disease. ] Neurochem (2016) 136(3):457-74.
doi: 10.1111/jnc.13411

205. Braak H, Braak E. Neuropathological stageing of Alzheimer-related changes.
Acta Neuropathol (1991) 82(4):239-59. doi: 10.1007/bf00308809

206. Lyte M. Microbial endocrinology in the microbiome-Gut-Brain axis: how
bacterial production and utilization of neurochemicals influence behavior. PloS
Pathog (2013) 9(11):¢1003726. doi: 10.1371/journal.ppat.1003726

207. Jia W, Lu R, Martin TA, Jiang WG. The role of claudin-5 in blood-brain barrier
(Bbb) and brain metastases (Review). Mol Med Rep (2014) 9(3):779-85. doi: 10.3892/
mmr.2013.1875

Frontiers in Immunology

20

10.3389/fimmu.2023.1157813

208. Calsolaro V, Edison P. Neuroinflammation in alzheimer's disease: current
evidence and future directions. Alzheimers Dement (2016) 12(6):719-32. doi: 10.1016/
jjalz.2016.02.010

209. Wei S, Peng W, Mai Y, Li K, Wei W, Hu L, et al. Outer membrane vesicles
enhance tau phosphorylation and contribute to cognitive impairment. J Cell Physiol
(2020) 235(5):4843-55. doi: 10.1002/jcp.29362

210. Pirolli NH, Bentley WE, Jay SM. Bacterial extracellular vesicles and the gut-
microbiota brain axis: emerging roles in communication and potential as therapeutics.
Adyv Biol (Weinh) (2021) 5(7):€2000540. doi: 10.1002/adbi.202000540

211. Bittel M, Reichert P, Sarfati I, Dressel A, Leikam S, Uderhardt S, et al.
Visualizing transfer of microbial biomolecules by outer membrane vesicles in
microbe-Host-Communication in vivo. ] Extracell Vesicles (2021) 10(12):e12159.
doi: 10.1002/jev2.12159

212. Fu P, Gao M, Yung KKL. Association of intestinal disorders with parkinson's
disease and alzheimer's disease: a systematic review and meta-analysis. ACS Chem
Neurosci (2020) 11(3):395-405. doi: 10.1021/acschemneuro.9b00607

213. Park AM, Tsunoda I. Helicobacter pylori infection in the stomach induces
neuroinflammation: the potential roles of bacterial outer membrane vesicles in an
animal model of alzheimer's disease. Inflammation Regen (2022) 42(1):39. doi: 10.1186/
541232-022-00224-8

214. Beydoun MA, Beydoun HA, Weiss J, Hossain S, El-Hajj ZW, Zonderman AB.
Helicobacter pylori, periodontal pathogens, and their interactive association with
incident all-cause and alzheimer's disease dementia in a Large national survey. Mol
Psychiatry (2021) 26(10):6038-53. doi: 10.1038/s41380-020-0736-2

215. Chmiela M, Walczak N, Rudnicka K. Helicobacter pylori outer membrane
vesicles involvement in the infection development and helicobacter pylori-related
diseases. ] BioMed Sci (2018) 25(1):78. doi: 10.1186/s12929-018-0480-y

216. Xie J, Cools L, Van Imschoot G, Van Wonterghem E, Pauwels MJ, Vlaeminck I,
et al. Helicobacter pylori-derived outer membrane vesicles contribute to alzheimer's
disease pathogenesis Via C3-C3ar signalling. J Extracell Vesicles (2023) 12(2):¢12306.
doi: 10.1002/jev2.12306

217. Pritchard AB, Fabian Z, Lawrence CL, Morton G, Crean S, Alder JE. An
investigation into the effects of outer membrane vesicles and lipopolysaccharide of
porphyromonas gingivalis on blood-brain barrier integrity, permeability, and
disruption of scaffolding proteins in a human in vitro model. J Alzheimers Dis
(2022) 86(1):343-64. doi: 10.3233/jad-215054

218. Nonaka S, Kadowaki T, Nakanishi H. Secreted gingipains from
porphyromonas gingivalis increase permeability in human cerebral microvascular
endothelial cells through intracellular degradation of tight junction proteins.
Neurochem Int (2022) 154:105282. doi: 10.1016/j.neuint.2022.105282

219. Singhrao SK, Olsen I. Are porphyromonas gingivalis outer membrane vesicles
microbullets for sporadic alzheimer's disease manifestation? J Alzheimers Dis Rep
(2018) 2(1):219-28. doi: 10.3233/adr-180080

220. Hajishengallis G, Lamont R]. Beyond the red complex and into more
complexity: the polymicrobial synergy and dysbiosis (Psd) model of periodontal
disease etiology. Mol Oral Microbiol (2012) 27(6):409-19. doi: 10.1111/j.2041-
1014.2012.00663.x

221. Sartorio MG, Pardue EJ, Feldman MF, Haurat MF. Bacterial outer membrane
vesicles: from discovery to applications. Annu Rev Microbiol (2021) 75:609-30.
doi: 10.1146/annurev-micro-052821-031444

222. Li M, Li§, Zhou H, Tang X, Wu Y, Jiang W, et al. Chemotaxis-driven delivery
of nano-pathogenoids for complete eradication of tumors post-phototherapy. Nat
Commun (2020) 11(1):1126. doi: 10.1038/s41467-020-14963-0

223. Nikolova VL, Smith MRB, Hall LJ, Cleare AJ, Stone JM, Young AH.
Perturbations in gut microbiota composition in psychiatric disorders: a review and
meta-analysis. JAMA Psychiatry (2021) 78(12):1343-54. doi: 10.1001/
jamapsychiatry.2021.2573

224. Michels N, Zouiouich S, Vanderbauwhede B, Vanacker |, Indave Ruiz BI,
Huybrechts I. Human microbiome and metabolic health: an overview of systematic
reviews. Obes Rev (2022) 23(4):¢13409. doi: 10.1111/0br.13409

225. Huang R, Liu P, Bai Y, Huang J, Pan R, Li H, et al. Changes in the gut
microbiota of osteoporosis patients based on 16s rrna gene sequencing: a systematic
review and meta-analysis. ] Zhejiang Univ Sci B (2022) 23(12):1002-13. doi: 10.1631/
jzus.B2200344

226. Youssefi M, Tafaghodi M, Farsiani H, Ghazvini K, Keikha M. Helicobacter
pylori infection and autoimmune diseases; is there an association with systemic lupus
erythematosus, rheumatoid arthritis, autoimmune atrophy gastritis and autoimmune
pancreatitis? a systematic review and meta-analysis study. ] Microbiol Immunol Infect
(2021) 54(3):359-69. doi: 10.1016/j.jmii.2020.08.011

frontiersin.org


https://doi.org/10.1111/j.1462-5822.2010.01445.x
https://doi.org/10.1111/j.1462-5822.2010.01445.x
https://doi.org/10.1128/iai.01038-08
https://doi.org/10.1111/omi.12134
https://doi.org/10.1016/S0022-2275(20)31964-7
https://doi.org/10.1073/pnas.1011383107
https://doi.org/10.1161/circulationaha.112.000249
https://doi.org/10.1111/j.1600-0765.1994.tb01237.x
https://doi.org/10.1111/j.1600-0765.1994.tb01237.x
https://doi.org/10.1111/j.1600-0765.2008.01165.x
https://doi.org/10.1155/2021/9986375
https://doi.org/10.1016/j.micpath.2003.07.002
https://doi.org/10.1016/j.micpath.2003.07.002
https://doi.org/10.1111/j.1600-0765.2004.00697.x
https://doi.org/10.1002/2211-5463.12151
https://doi.org/10.3389/fcimb.2016.00139
https://doi.org/10.1111/hel.12877
https://doi.org/10.1016/j.micinf.2011.08.007
https://doi.org/10.1371/journal.pone.0222001
https://doi.org/10.1111/jnc.13411
https://doi.org/10.1007/bf00308809
https://doi.org/10.1371/journal.ppat.1003726
https://doi.org/10.3892/mmr.2013.1875
https://doi.org/10.3892/mmr.2013.1875
https://doi.org/10.1016/j.jalz.2016.02.010
https://doi.org/10.1016/j.jalz.2016.02.010
https://doi.org/10.1002/jcp.29362
https://doi.org/10.1002/adbi.202000540
https://doi.org/10.1002/jev2.12159
https://doi.org/10.1021/acschemneuro.9b00607
https://doi.org/10.1186/s41232-022-00224-8
https://doi.org/10.1186/s41232-022-00224-8
https://doi.org/10.1038/s41380-020-0736-2
https://doi.org/10.1186/s12929-018-0480-y
https://doi.org/10.1002/jev2.12306
https://doi.org/10.3233/jad-215054
https://doi.org/10.1016/j.neuint.2022.105282
https://doi.org/10.3233/adr-180080
https://doi.org/10.1111/j.2041-1014.2012.00663.x
https://doi.org/10.1111/j.2041-1014.2012.00663.x
https://doi.org/10.1146/annurev-micro-052821-031444
https://doi.org/10.1038/s41467-020-14963-0
https://doi.org/10.1001/jamapsychiatry.2021.2573
https://doi.org/10.1001/jamapsychiatry.2021.2573
https://doi.org/10.1111/obr.13409
https://doi.org/10.1631/jzus.B2200344
https://doi.org/10.1631/jzus.B2200344
https://doi.org/10.1016/j.jmii.2020.08.011
https://doi.org/10.3389/fimmu.2023.1157813
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The role and mechanisms of gram-negative bacterial outer membrane vesicles in inflammatory diseases
	1 Introduction
	2 Characteristics of OMVs
	3 The role of OMVs in inflammatory diseases
	3.1 OMVs in periodontal disease
	3.1.1 OMVs affect biofilm formation and bacterial invasion
	3.1.2 OMVs induce inflammation in periodontal tissue

	3.2 OMVs in gastrointestinal inflammation
	3.2.1 OMVs mediate proinflammatory effects in gastric inflammation
	3.2.2 OMVs mediate inflammatory and anti-inflammatory effects in intestinal inflammation
	3.2.3 OMVs mediate immune modulation in inflammatory bowel disease

	3.3 OMVs in pulmonary inflammation
	3.3.1 OMVs cause pulmonary inflammation in animal models
	3.3.2 OMVs connect periodontal disease and inflammatory respiratory diseases in vitro
	3.3.3 OMVs cause inflammation in human lung tissues

	3.4 OMVs in sepsis-associated inflammation
	3.4.1 OMVs induce inflammation and coagulation in endothelial cell models
	3.4.2 OMVs mediate inflammation and coagulation cascades in animal models

	3.5 OMVs in inflammation-related tumors

	4 The mechanisms of OMVs in inflammatory signal cascades
	4.1 OMVs recognized by pattern recognition receptors on the cell membrane
	4.1.1 LPS is recognized by TLR4
	4.1.1.1 Two signaling pathways downstream of LPS/MD-2/TLR4

	4.1.2 Peptidoglycan, lipopeptide/proteins, FomA and OmpA are recognized by TLR2
	4.1.3 Flagellin is recognized by TLR5

	4.2 OMVs recognized by pattern recognition receptors in the cytosol
	4.2.1 RNA is recognized by TLR7 or TLR8
	4.2.2 DNA is recognized by TLR9
	4.2.3 Peptidoglycan is recognized by NLRs

	4.3 OMVs activate the inflammasome
	4.3.1 OMVs activate canonical inflammasomes
	4.3.1.1 OMVs activate the NLRP3 inflammasome
	4.3.1.2 OMVs activate the NLRC4 inflammasome
	4.3.1.3 OMVs activate the AIM2 inflammasome

	4.3.2 OMVs activate noncanonical inflammasomes
	4.3.2.1 Factors that affect LPS-induced activation of noncanonical inflammasomes


	4.4 OMVs induce mitochondrial dysfunction

	5 OMVs affect inflammation in distant organs or tissues
	5.1 Atherosclerosis
	5.1.1 P. gingivalis OMVs are involved in AS
	5.1.2 H. pylori OMVs are involved in AS

	5.2 Alzheimer’s disease
	5.2.1 GM-derived OMVs are involved in AD
	5.2.2 Periodontal pathogen-derived OMVs are involved in AD


	6 Conclusions
	Author contributions
	Funding
	Acknowledgments
	References


