
Extracellular Vesicle Biogenesis and Functions in
Gram-Positive Bacteria

Paul Briaud,a Ronan K. Carrolla

aDepartment of Biological Sciences, Ohio University, Athens, Ohio, USA

ABSTRACT Extracellular vesicles (EVs) are membrane-derived lipid bilayers secreted
by bacteria and eukaryotic cells. Bacterial membrane vesicles were discovered over
60 years ago and have been extensively studied in Gram-negative bacteria. During
their production, EVs are loaded with proteins, nucleic acids, and various com-
pounds that are subsequently released into the environment. Depending on the
packaged cargo, EVs have a broad spectrum of action and are involved in pathogen-
esis, antibiotic resistance, nutrient uptake, and nucleic acid transfer. Due to differ-
ences in cell wall structure, EVs in Gram-positive bacteria have been disregarded for
decades, and our understanding of their biogenesis and host cell interaction is in-
complete. Recently, studies on bacteria such as Staphylococcus aureus, Streptococcus
spp., Bacillus subtilis, and Mycobacterium spp. have demonstrated EV production in
Gram-positive bacteria and shown the great importance EVs have in Gram-positive
bacterial physiology and disease progression. Here, we review the latest findings on
the biogenesis and functions of EVs from Gram-positive bacteria and identify key ar-
eas for future research.
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Living and surviving in an environment requires strong adaptation and communi-
cation with surrounding partners. The secretion of cytosolic compounds plays a key

role in inter- and intraspecies interactions, one of which can lead to the destruction of
external invaders. In bacteria, nearly 35% of proteins are secreted and are involved in
various functions ranging from nutrient acquisition to the killing of host cells through
toxins (1). In general, secreted compounds follow one of the two well-known secretion
machineries (i.e., the general secretion system [Sec] [2] or the twin-arginine transport
[Tat] pathway [3]) and need the presence of a particular signaling domain to be
transported outside the cell. The Sec system relies on the use of ATP and proton motive
force (PMF) to translocate unfolded chaperone-associated proteins containing an
N-terminal signal peptide sequence. The Tat system, composed of the TatA and TatC
subunits (at least), directly transports folded proteins with an N-terminal ST-R-R-x-FLK
consensus sequence, by use of PMF (3). Despite the existence of these two secretion
systems, approximately one-quarter of secreted proteins have no known export signals.
This raises important questions regarding the existence of alternative delivery and
secretion systems (1).

Extracellular vesicles (EVs) are membrane-derived lipid bilayers that are found in all
three domains of life. EVs are capable of packaging cytosolic compounds, including
proteins and nucleic acids, and are generated in a process known as vesicle biogenesis
or vesiculogenesis (4). Unjustly neglected for a long time, EVs have gained growing
attention in recent decades and have been extensively studied primarily in eukaryotic
cells and Gram-negative bacteria (4–7). In eukaryotes, EVs are called microvesicles,
exosomes, or apoptotic bodies (depending on their size and origin in the cell) and can
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deliver cargos to cells in close proximity or cells located throughout the body (4). They
are involved in the maintenance of normal physiology but can also be associated with
disease (8–10). In Gram-negative bacteria, EVs are pinched off from the outer mem-
brane and are therefore known as outer membrane vesicles (OMVs) (6). OMVs, which
are spherical, usually trap periplasmic components and are implicated in many bacterial
processes, such as biofilm formation, antibiotic resistance, and nucleic acid transfer (6).
During infection, host cells absorb OMVs through a variety of different routes, including
receptor-mediated endocytosis and membrane fusing (11). Host cell responses to OMV
uptake have been characterized in different cell types and range from the initiation of
a proinflammatory response in immune cells to an immunomodulatory effect in
nonimmune cells (12).

Although it was long thought to be impossible (due to cell wall architecture), the
production of EVs in Gram-positive bacteria was confirmed at the end of the last
decade, thus demonstrating the universality of membrane vesicles (13). However, our
knowledge of the biogenesis and composition of EVs in Gram-positive bacteria and
their interaction with host cells lags behind that of EVs in other cell types. This review
outlines recent advances in our understanding of EVs in Gram-positive bacteria, from
genetic determinants leading to vesiculogenesis to interactions with host cells, while
highlighting major questions that remain to be answered in this rapidly developing
field of research.

VESICULOGENESIS
Genetic regulation of vesiculogenesis in Gram-positive bacteria. EV biogenesis

in Gram-positive bacteria remains an elusive mechanism. Experiments with heat-
inactivated bacteria show that they are incapable of EV synthesis, demonstrating that
vesiculogenesis relies on cells that are metabolically active (14–16). In Gram-negative
bacteria, comparison of OMV production in wild-type bacteria within isogenic mutant
lineages has greatly enriched our knowledge of the genes involved in vesiculogenesis
(17). OMV formation is complex and not solely dependent on one gene. One study in
Escherichia coli reported that nearly 150 genes were involved in OMV biogenesis (4,
17–21).

Since the analysis of EVs in Gram-positive bacteria is a relatively recent development
(compared to OMV study in Gram-negative bacteria), very few studies have identified
genetic determinants responsible for vesiculation (15, 22–25). In Listeria monocyto-
genes, EVs from a ΔsigB mutant were less abundant and appeared deformed relative to
those in the wild-type strain (22). The two-component system CovRS in Streptococcus
pyogenes and the Pst/SenX3-RegX3 signal transduction system in Mycobacterium tu-
berculosis have also been shown to regulate vesiculogenesis (15, 25). These global
regulators drive the expression of numerous genes; consequently, their involvement
suggests that EV production is not dependent on a small number of genes and that
instead, a complex global gene network is involved. Widely conserved regulators (e.g.,
sigB) could be common genetic determinants of EV production in Gram-positive
bacteria; however, this does not exclude the existence of intraspecies-specific genes
that also contribute to vesiculogenesis. For instance, inactivation of the virR gene in M.
tuberculosis leads to hypervesiculation via an unknown mechanism (23). Conversely, in
S. aureus, deletion of the psm� genes but not the psm� gene decreased the number of
EVs recovered in the supernatant (24) (Fig. 1). Phenol-soluble modulins (PSMs) are a
family of amphipathic alpha-helical peptides with surfactant-like activity. PSMs are
divided into two groups; alpha-type PSMs (including �-toxin), and beta-type PSMs. Even
though PSMs have been observed in other staphylococcal species (26, 27), only S.
aureus carries psm� genes with a described role in EV production (24). Our understand-
ing of the genetic factors that contribute to vesiculogenesis in Gram-positive bacteria
is in its infancy. Additional studies using global approaches (including the analysis of
transposon mutant libraries and transposon insertion sequencing [TN-seq]) will likely
identify species-specific factors that control vesiculogenesis and may lead to the
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FIG 1 Biogenesis and functions of Gram-positive EVs. Key steps are shown in bold. Red font indicates the hypothetical involvement of proteins or RNAs
that have yet to be demonstrated. Turgor pressure promotes membrane curvature, aided by the overall negative charge due to phospholipid enrichment.

(Continued on next page)
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discovery of common genetic determinants involved in vesiculogenesis in Gram-
positive bacteria.

Release of EVs. The nature of the peptidoglycan cell wall was long thought to rule
out the possibility of EV production in Gram-positive bacteria. However, in recent years,
several studies have isolated and observed 20- to 400-nm spherical lipid-bilayer struc-
tures in the supernatants of Gram-positive bacteria, demonstrating that EVs are widely
spread throughout the prokaryote domain (13, 28–30).

The first step in the release of EVs is budding of the cytoplasmic membrane.
Reduction of the turgor pressure in S. aureus hindered the release of EVs, demonstrat-
ing the importance of a hypotonic environment in vesiculogenesis (Fig. 1) (31). Lipido-
mic studies showed that EVs and cytoplasmic membranes are broadly composed of
similar lipids, indicating the membrane origin of EVs (29, 32). However, in several
bacteria, differences in fatty acids and phospholipid content between vesicles and
membranes have been observed. In S. pyogenes, thin-layer chromatography-based
quantification of membrane and EV lipid species identified anionic phosphatidylglyc-
erol as being enriched and cardiolipin as being depleted in EVs (15). Similarly, vesicles
from L. monocytogenes were enriched in phosphatidylethanolamine, sphingolipids, and
triacylglycerols (16). The dissimilarities in phospholipid content between membranes
and vesicles suggest that vesicle budding may be promoted at particular lipid-enriched
domains within cytoplasmic membranes. Supporting this assumption are numerous
studies in Gram-negative bacteria showing asymmetrical distribution of phospholipids,
which led to the proposal by Roier et al. that the major force triggering vesiculation was
the accumulation of phospholipids in the outer leaflet of the outer membrane, which
leads to rapid extension and an outward bulging of the membrane (20). A similar
mechanism involving lipid distribution is possible within cytoplasmic membranes of
Gram-positive bacteria; however, studies have shown that additional factors can con-
tribute to the release of EVs from membranes. For instance, reduction in lipoprotein
content in S. aureus improved membrane fluidity, which was implicated in increased EV
discharge (33). In addition, due to their surfactant-like properties and amphipathic
helical structure, the �PSMs are thought to disrupt membranes, facilitating the forma-
tion of EVs and their subsequent release into the periplasmic space (24). Given that
�PSMs are unique to S. aureus, it is possible that specific mechanisms exist in different
bacterial species to promote the formation and release of EVs from the plasma
membrane (Fig. 1).

Passage through the cell wall is the final step in EV release. The cell wall of
Gram-positive bacteria primarily consists of peptidoglycan, a polymer made up of two
alternating sugar residues (N-acetylglucosamine and N-acetylmuramic acid) cross-
linked by peptide bonds. The mycobacterial cell wall is more complex than that found
in other Gram-positive bacteria. It is made of mycolic acids and arabinogalactan
anchored in a unique peptidoglycan composed of N-glycolyl and N-acetyl-muramic
acids (34). Cell wall homeostasis relies on a complex balance of synthesis and degra-
dation, orchestrated by proteins such as transpeptidases (also called penicillin-binding
proteins [PBPs]) and autolysins (34, 35). Mass spectrometry proteomic analyses of EVs
from S. aureus, Bacillus anthracis, L. monocytogenes, S. pyogenes, Propionibacterium
acnes, Filifactor alocis, and mycobacterial species (including M. tuberculosis) detected

FIG 1 Legend (Continued)
A selective sorting mechanism occurs during vesiculogenesis, driven by electrostatic interactions within EVs. The involvement of curvature-recognizing
proteins is also possible. Specific proteins, such as the �PSMs in S. aureus, facilitate the liberation of EVs from the plasma membrane. Autolysins and
antibiotics that inhibit penicillin-binding proteins (PBPs) loosen the peptidoglycan and thus promote the release of EVs. The cargo can be discharged
directly into the environment. This process can facilitate increased antibiotic resistance if, for example, antibiotic resistance proteins (e.g., �-lactamase
[BlaZ]) have been preincorporated into EVs. Once EVs come into contact with host cells, surface-associated molecules, such as lipopolysaccharides, can
interact with Toll-like receptor 2 (TLR-2) and trigger EV endocytosis. Direct membrane fusion, as described for Gram-negative OMVs, is also a potential
delivery mechanism for Gram-positive EVs. Cargo released inside the cell can have a wide variety of effects, such as activation or inhibition of transcription
factors (TFs), disruption of host cell membranes (Hla, PSMs, listeriolysin O [LLO], or pneumolysin A [PNL-A]), production and release of cytokines, and cell
death. Finally, as described for Gram-negative bacteria, the presence of RNA in Gram-positive bacterial EVs could interfere with host cell protein synthesis
and/or gene regulation by a base-pairing mechanism. Alternatively, prokaryote-specific RNA modifications may trigger immune system activation.
(Created with BioRender.com.)
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the presence of PBPs and autolysins inside EVs, suggesting that cell wall modification
plays a critical role in vesicle release (13–15, 22, 29, 36, 37). One study of group B
streptococcus (GBS) did not find cell wall-associated proteins in EVs, possibly because
a targeted proteomic analysis was used, rather than a global approach (32). The precise
mechanism leading to EV trafficking through the cell wall remains poorly understood,
but some evidence in S. aureus has demonstrated that the degree of peptidoglycan
cross-linking can play a role in EV release (24). Indeed, sublethal or lethal exposure to
�-lactam antibiotics reduced peptidoglycan cross-linking and massively increased the
number of EVs recovered from S. aureus supernatants, relative to untreated cells (24,
38). Importantly, a strain defective in PBP production exhibited increased EV produc-
tion, whereas an autolysin mutant (with a mutation in the sle1 gene), and to a lesser
extent an atl1 mutant, exhibited reduced EV size and release, respectively, consistent
with roles for sle1 and atl1 in cross-linking and peptidoglycan degradation (24).
Likewise, wall teichoic acids negatively influenced S. aureus EV production (24).

In Gram-negative bacteria, a process called explosive cell lysis has also been shown
to participate in OMV production (39). Increased expression of prophage-derived
endolysins under DNA-damaging stress conditions provokes thinning of the pepti-
doglycan, resulting in cell lysis. Membranes from dead cells can round up and form
OMVs (7). A similar mechanism has been observed in Gram-positive bacteria, where
prophage-derived endolysins facilitate EV release under SOS response-inducing condi-
tions (e.g., exposure to ciprofloxacin) (38, 40). Unlike Gram-negative bacteria, Bacillus
subtilis preserves its morphology during this process. Bacterial membrane is pressed out
of holes in the peptidoglycan, and EVs are subsequently created (40). EVs have been
isolated within different growth phases (e.g., exponential and stationary phase) and
during sporulation in B. subtilis, showing that EV production is a continuous process
(41). Studies in Gram-negative bacteria revealed that vesicles can be formed at the
division septa between the two daughter cells. (42). It is thought that OMVs are easily
released during cell division, because this region is transiently composed of a thinner
peptidoglycan layer (42). A similar process has yet to be proven for Gram-positive
bacteria.

Hence, membrane fluidity and cell wall integrity (in particular, peptidoglycan cross-
linking) appear to be critical determinants of vesicle release in Gram-positive bacteria
(Fig. 1).

COMPOSITION OF EV CARGOS
Extracellular-vesicle content. EVs can contain numerous different compounds

such as cytosolic proteins, secreted proteins, and nucleic acids (DNA and RNA). The first
report describing the composition of EVs in a Gram-positive bacterium was published
in 2009 by Lee and colleagues (13). Ninety proteins were identified in S. aureus EVs, the
majority of which were cytoplasmic proteins (56.7%), followed by extracellular proteins
(23.3%) (13). A subsequent study further characterized the protein content in S. aureus
EVs showing more than 200 proteins associated with EVs, 160 of which were cytoplas-
mic proteins (43). Recently, the same group confirmed these results in a variety of S.
aureus strains, isolated from humans and animals, and demonstrated the existence of
a “core S. aureus EV proteome” consisting of 119 proteins (44). Others groups have
found similar results in different bacteria, such as M. tuberculosis, Streptococcus pneu-
moniae, and Bacillus anthracis (29, 45–47). Proteinase protection assays showed that
proteins could either be localized in the EV lumen (and thus be protected from
proteinase activity) or be anchored in the EV membrane (33, 48), demonstrating a
complex protein organization within vesicles. Given the origin of EVs, it seems likely
that most EV membrane-associated proteins originate from the cytoplasmic membrane,
while proteins found in the lumen are cytoplasmic proteins packaged during vesicu-
logenesis. It is still unknown to what extent cytoplasmic proteins are “selected” and
loaded into EVs. Functional category analyses of EV proteins indicates that the most
common type of protein contained in EVs are metabolism associated (13, 29, 36, 43, 46).
The function of these non-virulence-related proteins in EVs is still debated; however,
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several studies have speculated that they may play a role in distribution of nitrogen
sources within bacterial communities (49, 50).

Genetic material has also been reported to be associated with EVs, either in the
lumen or associated with the EV membrane (51, 52). Most research investigating the
nucleic acid content of vesicles has been performed in Gram-negative bacteria, and
the presence of DNA (chromosomal, plasmid, or phage origin) and RNA (including
mRNA, rRNA, sRNA, and tRNA) has been demonstrated (53–59). To the best of our
knowledge, only two studies have characterized the genetic material in Gram-positive-
bacterial EVs (15, 32). Vesicles from group B streptococcus contained DNA at a con-
centration of 33 ng/�g of EV protein, and the virulence factor gene cfb (a pore-forming
toxin-encoding gene) was successfully amplified by PCR from EVs (32). Using deep RNA
sequencing, Resch et al. (15) observed that the majority of vesicular RNA sequences
corresponded to rRNAs and tRNAs in S. pyogenes; however, the overall RNA profile was
not the same as that found inside the parent cells (see below). This suggests that (as is
the case for proteins) some type of selection process exists that controls which RNA
species are loaded inside EVs. Characterization of nucleic acid composition in Gram-
positive EVs has only begun, and additional studies in other species (e.g., S. aureus and
M. tuberculosis) using global approaches (next-generation sequencing [NGS] and tran-
scriptome sequencing [RNA-seq]) are needed to ascertain if any commonalities exist
with regard to EV nucleic acid content and function.

A potential sorting mechanism. To our knowledge, all studies conducted to date
to define EV content noted differences in EV protein and nucleic acid composition
relative to the bacterial cell, suggesting that an unknown sorting mechanism exists to
package EV cargos (15, 16, 33, 43–47). SDS-PAGE analysis showed similarities and
differences between EVs, whole cells, membranes, and supernatants in streptococcus
species (15, 47). Notably, mass spectrometry analysis indicated that 169 proteins were
enriched in S. pyogenes EVs, and 3 membrane proteins were entirely unique to EVs (15).
Similarly, in B. subtilis, 30 proteins were found to be associated only with EVs and not
the bacterial cell (45). Studies in S. aureus, M. tuberculosis, and L. monocytogenes showed
that EVs were enriched for proteins related to metabolism, such as translation and
energy production (16, 43, 46). It is noteworthy that in several pathogenic bacteria,
certain virulence factor proteins are found exclusively in vesicles or are more abundant
than in the bacterium, suggesting a key role for EVs in virulence (16, 24, 29, 43, 46, 47,
60). Moreover, as mentioned above, the discovery by Tartaglia et al. that diverse S.
aureus strains possess a core proteome composed of 119 proteins strongly suggests
that a conserved sorting mechanism exists to load S. aureus EVs with their protein cargo
(44).

The nucleic acid composition of EVs (both RNA and DNA) has also been shown to
be different from that of the parent cell. An analysis of RNAs in S. pyogenes EVs showed
that 207 RNA species were differentially present relative to bacterial cells, with 120 RNA
transcripts being more abundant inside EVs (15). The adcR, nrdG, rexA, and hsdR
transcripts were highly abundant in EVs while the sagA and nagB transcripts were
depleted (15). In GBS, DNA encoding the cfb gene could be detected within vesicles;
however, no amplification was obtained for other virulence factors (such as cylE, pepB,
and zooA) or housekeeping genes (32). Although the precise mechanism leading to EV
cargo loading/differential packaging is still unknown, several nonexclusive hypotheses
can be made from what we know about EVs in eukaryotic cells and Gram-negative
bacteria (Fig. 1).

In Gram-negative bacteria that contain both neutral (O lipopolysaccharide [O-LPS])
and negatively charged (A-LPS) O antigen residues in the outer membrane, only A-LPS
has been found to be associated with OMVs. This suggests the pre-existence of patches
of negatively charged outer membrane enriched in A-LPS (6). In Porphyromonas gingi-
valis OMVs, virulence factors such as gingipains were highly abundant, but the pack-
aging process responsible for this enrichment was abolished in an A-LPS mutant strain.
Hence, outer membrane patches with high A-LPS composition may play a role in
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sorting proteins as a consequence of their affinities for the overall charge (61). Fur-
thermore, in eukaryotic cells, exosomes are formed in lipid raft-like regions enriched in
cholesterol and particular types of glycolipids and phospholipids, such as phosphati-
dylcholine and sphingomyelin (62). It has been proposed that the selective loading of
RNAs inside exosomes was based on the affinity of RNAs for lipid raft-like regions.
Specific nucleotide sequences or even RNA hydrophobic modifications could deter-
mine their localization in rafted regions (62).

Such passive mechanisms could also exist in Gram-positive bacteria. A recent study
by Wang et al. in S. aureus revealed that EVs from an lgt-deficient strain (which are
impaired in the first step of lipoprotein synthesis) had a cargo profile different from that
of EVs from the parental strain (i.e., a reduction of pore-forming toxins inside EVs) (33).
Given that lipoproteins are commonly found within EVs from many Gram-positive
bacteria (15, 33, 45–47), it is possible that a passive lipoprotein-dependent loading
mechanism helps sort proteins and nucleic acids into EVs based on their charges,
similarly to the mechanism described for A-LPS in Gram-negative bacteria. Furthermore,
a recent study in S. aureus showed that proteins packed inside EVs were overall
positively charged and contained more small residues and fewer aromatic, aliphatic,
and hydrophobic amino acids than the whole-cell proteome, supporting the important
role of the physicochemical properties (and potentially charge) of cargos (44). The
asymmetric distribution of lipids in EVs suggests that EVs could be synthesized in lipid
domains, which could potentiate the lipoprotein-dependent effect on cargo loading.
The existence of such domains in bacterial membranes has been studied, mostly in B.
subtilis, and one of the best examples is functional membrane microdomains (63, 64).
These nanoscale regions in membranes are enriched in particular types of lipids from
the polyisoprenoid family and enriched in specific proteins, such as flotillins (63–65).

Flotillins were originally found in eukaryotic lipid rafts and promote protein inter-
actions within lipid raft regions. In B. subtilis, flotillins are essential for the kinase
signaling cascade leading to sporulation (66). In S. aureus, flotillins are involved in type
VII secretion system assembly within functional membrane microdomains (67). Inter-
estingly, flotillins are not found in the core proteome of S. aureus EVs defined by
Tartaglia et al., and this suggests that vesiculogenesis may occur in lipid-enriched
regions different from functional membrane microdomains (44). Similarly, cardiolipin
domains have also been identified in S. pyogenes and B. subtilis, but the depletion of
cardiolipin in S. pyogenes EVs suggests a different origin from cardiolipin-enriched
domains for vesiculogenesis (15, 63). Finally, we cannot exclude the existence of an
active sorting mechanism that is specifically responsible for packing EVs. Studies in B.
subtilis and E. coli reported that proteins such as SpoVM could recognize convex or
concave topology of membranes (68). The budding of EVs from the bacterial mem-
brane creates a region of curvature, and it is possible that curvature-detecting proteins
could sense this and guide compounds to the appropriate location for them to be
inserted into EVs (Fig. 1).

INTERACTION OF EVs WITH CELLS
Interactions with eukaryotic hosts. The function of vesicles in Gram-positive

bacteria is dependent, to a large extent, on the cargo packaging during vesiculogen-
esis. The presence of toxins, siderophores, immune evasion proteins, adhesins, and
antibiotic resistance proteins clearly indicates a role for EVs in virulence (16, 43, 46–48).
S. aureus EVs contain superantigens that induce the activation of human T cells (e.g.,
enterotoxin SeQ), lipase, immune evasion proteins (e.g., protein A and SbI), toxins (such
as PSMs and the bicomponent pore-forming toxins alpha-toxin, LukSF-PV, and LukAB),
�-lactamase-degrading �-lactam antibiotics, and staphopain A (responsible for extra-
cellular matrix degradation promoting tissue invasion) (13, 33, 43, 44, 48). Likewise, L.
monocytogenes EVs contain the pore-forming toxin listeriolysin O, which contributes to
the escape of this bacterium from host vacuoles (16). The S. pneumoniae cytosolic
pore-forming toxin pneumolysin lacks an export signal sequences and is released in
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host cells via EV secretion only, highlighting the importance of EVs in S. pneumoniae
virulence (47).

There is strong evidence suggesting that EV-associated toxins have a greater impact
in the progression of certain diseases than the action of soluble secreted forms of the
same toxin(s). For example, the development of atopic dermatitis is strongly influenced
by EV-associated alpha-toxin from S. aureus (69). This disease is characterized by chronic
skin inflammation triggered by keratinocyte necrosis, resulting in the loss of the skin
barrier function. Both soluble and EV-associated alpha-toxin induce keratinocyte death,
but only the EV-associated form provoked keratinocyte necrosis and eosinophilic
infiltration in the dermis of mice—a process specific to atopic dermatitis disease (69).
It has also been shown that EVs enriched in extracellular-matrix-degrading enzymes
from GBS are involved in physical barrier disruption and host cell death. In mice,
treatment of fetal membranes with GBS EVs resulted in collagen fragmentation, leu-
kocytic and macrophage infiltration, and loss of membrane integrity, leading to pre-
term birth (32). One potential explanation for the increased potency of EV-associated
toxins is that once embedded within EVs, toxins can be delivered at higher concen-
trations, as they are not diluted as a function of distance and are protected from
immune system clearance (e.g., antibodies and protease activity). Furthermore, the
method of delivery (either soluble or EV associated) could potentially explain the
differential effect of associated and soluble forms. While soluble toxins can attack host
cells only from the outside, EV-associated toxins can be directly distributed into
recipient cells, disrupt host cell organelles, and potentially attack host cell membranes
from the inside (Fig. 1).

To date, only three potential modes of delivery (into host cells) have been described
for EVs from Gram-positive bacteria. They are (i) dynamin-dependent endocytosis, (ii)
membrane fusion, and (iii) clathrin-dependent endocytosis. Pretreatment of THP-1 cells
or monocyte-derived macrophages with the inhibitor dynasore (which inhibits
dynamin-dependent endocytosis) prevented the internalization of S. aureus EVs and in
doing so inhibited the delivery of pore-forming toxins inside host cells (33). The
cholesterol-destroying agent M�CD abolished the internalization of EV-associated pro-
tein A from S. aureus inside Hep2 cells (human laryngeal carcinoma cells), potentially
demonstrating that EVs fuse with cholesterol-rich domains of host cell membranes (70).
In P. acnes, clathrin-dependent endocytosis appears to be the major route of internal-
ization of EVs in human epidermal keratinocyte cells, although the receptor involved
remains unknown (Fig. 1) (71). While these are the only known delivery routes for
Gram-positive EVs, it is likely that additional modes of entry exist, given that multiple
routes of internalization have been described for OMVs and the route taken is often
dependent on the size of vesicles and the type of cells being infected (12).

Interactions with bacteria. While the ability of OMVs from Gram-negative bacteria

to target other bacterial species has long been known (72, 73), the potential interaction
of EVs with other bacteria have only recently been reported (41, 74). EVs labeled with
the lipophilic probe R18 from B. subtilis can fuse to other B. subtilis cells (41). Lactoba-
cillus acidophilus EVs merge with Lactobacillus delbrueckii and E. coli membranes. The
high content of bacteriocin (antimicrobial peptide) inside L. acidophilus EVs leads to
growth inhibition of the target cells (74). Cell wall-degrading enzymes are commonly
found in Gram-positive vesicles and could contribute to the antibacterial action of EVs
(50).

Bactericidal activity (against other bacterial cells) is not the only role EVs are thought
to play in bacterial interactions. Several studies have shown that vesicles incorporate
quorum-sensing molecules (e.g., Pseudomonas quinolone signal and N-acylhomoserine
lactones) and could therefore be used as an alternative delivery system for long-
distance signaling within bacterial populations (7, 75, 76). The delivery of quorum-
sensing molecules embedded in EVs could specifically activate the recipient cells,
leading to heterogenous gene activation within a bacterial population. However, as
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intriguing a prospect as this is, the presence of quorum-sensing molecules within
Gram-positive EVs has yet to be shown.

As described above, bacterial vesicles can package DNA, and they have already been
associated with horizontal gene transfer in several Gram-negative bacteria (51). For
instance, Acinetobacter baumannii can acquire resistance to carbapenem antibiotics via
OMVs harboring the blaOXA-24 gene (54). It is not yet clear whether vesicle-based
horizontal gene transfer could occur across species or even bacterial genera. Nonethe-
less, since EVs can fuse to bacterial membranes (41, 74), it is highly likely that horizontal
gene transfer via EVs can occur in Gram-positive bacteria, at least within the same
bacterial species. A similar mechanism could also occur with EV-embedded-RNAs, in
which recipient bacteria could transiently use RNAs delivered by EVs.

IMMUNOMODULATION OF EVs
Proinflammatory activity. Because EVs originate from bacterial membranes, it is

not surprising that their presence induces a proinflammatory response, involving the
recognition of pathogen-associated molecular patterns (PAMPs) by host pattern rec-
ognition receptors (PRRs), leading to cytokine and chemokine production. As each
bacterium loads different content into EVs, the extent to which a proinflammatory
response is generated can differ. Treatment of THP-1 cells with F. alocis EVs caused
increased secretion of CCL1, CCL2, MIP-1, CCL5, CXCL1, CXCL10, ICAM-1, interleukin 1
receptor agonist (IL-1RA), IL-6, IL-8, migration inhibition factor (MIF), and SerpinE, while
the secretion of CXCL1, granulocyte colony-stimulating factor (G-CSF), granulocyte-
macrophage colony-stimulating factor (GM-CSF), IL-6, and IL-8 was increased in HOK-
16B cells (oral keratinocyte cell line) relative to controls infected with whole bacterial
cells (37). In vivo intra-amniotic injection in mice with GBS EVs increased the mRNA
levels of genes encoding IL-1�, tumor necrosis factor alpha (TNF-�), gamma interferon
(IFN-�), KC (homolog of IL-8 in humans), and IL-6 (32). Similarly, S. pneumoniae EVs
induced production of IL-6, IL-8, IL-10, and TNF in human monocyte-derived dendritic
cells, independently of pneumolysin content (47, 77).

The precise mechanism through which S. aureus activates the immune system
response via EVs in human macrophages has recently been described, and that report
remains the only study describing the signaling pathway involved in EV-mediated
cytokine production thus far (33). The establishment of an inflammatory response relied
on two essential steps. First, lipoproteins within the S. aureus EV membrane stimulate
Toll-like receptor 2 (TLR-2), resulting in NF-�B-dependent production of pro-IL-1� and
pro-IL-18 (the inactive precursor forms of IL-1� and IL-18). Second, EV-associated
pore-forming toxins (such as LukAB and alpha-toxin) activate the NLRP3 inflammasome
through K� efflux, which results in caspase-1 activation and the release of IL-1� and
IL-18 after cleavage of the precursor forms (33). Consistent with this study, EVs from
bacillus Calmette-Guérin (BCG), M. tuberculosis, and Mycobacterium smegmatis pro-
duced an intense TLR-2 inflammatory response in mice with the secretion of IL-1�, IL-6,
IL-10, IL-12, TNF, CXCL1, and MIP-1�/CCL3, consistent with the high content of TLR-2
ligands in EVs, such as the lipoproteins LprA and LprG and the polar lipids PIM2 and
PIM6 (14). While the TLR-2-dependent activation pathway appears to be an important
signaling cascade in the proinflammatory effect of EVs, others are likely to be involved.
In studies of OMVs, several different pathways leading to proinflammatory cytokine
production have been described. TLR-4 and TLR-8 activation, recognition of OMV-
associated LPS outside cells, recognition of OMV-associated RNA inside cells, and NOD1
interaction with peptidoglycan (PGN) inside host cells (delivered via OMVs) are among
the known OMV proinflammatory activation mechanisms (12, 78). It is probable that
some of these mechanisms are shared, and additional unique activation pathways exist,
for Gram-positive EVs.

Anti-inflammatory activity. Anti-inflammatory activity of EVs has mostly been
described in nonpathogenic species such as probiotic bacteria. EVs from Lactobacillus
paracasei reduced the expression of LPS-induced cytokines (IL-1�, IL-1�, IL-2, and
TNF-�) and increased the production of anti-inflammatory cytokines IL-10 and TGF-� in
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HT29 human colorectal cancer cells (79). Furthermore, in vivo oral administration of L.
paracasei EVs protected mice against dextran sulfate sodium-induced colitis, demon-
strating a biologically meaningful anti-inflammatory impact of EVs in vivo (79). EVs from
additional lactobacilli species have also been shown to damp the proinflammatory
secretion of peripheral blood mononuclear cells (80). In addition to these studies on
probiotic bacteria, one study demonstrated the anti-inflammatory activity of EVs from
a pathogenic bacterium, M. tuberculosis. Athman and colleagues demonstrated that
during macrophage infection, mycobacterial EVs were released and could inhibit the
activation of CD4� T cells (81). Lipoglycans on the EVs were transferred to T cells and
stimulated expression of the T cell anergy factor GRAIL, which diminished the capacity
of the cells to proliferate upon subsequent restimulation (81).

Immune stimulation can also be carried out by nucleic acids packaged inside
membrane vesicles. One example of this is the small RNA sRNA52320, found in P.
aeruginosa OMVs, which can modulate the immune response (59). sRNA52320, abun-
dant in OMVs, is delivered inside human airway cells and downregulates the expression
of several major genes involved in the LPS-stimulated mitogen-activated protein kinase
(MAPK) signaling pathway, leading to a reduction in OMV/LPS-induced IL-8 secretion
(59). Based on bioinformatic analysis, this sRNA was predicted to interact, by a base pair
mechanism, with several human RNAs within the MAPK signaling pathway (59). This
elegant system opens the door to a whole new world of interkingdom communication,
facilitated by RNA molecules delivered by bacterial vesicles. Although an equivalent
mechanism has yet to be described for a Gram-positive bacterium, the discovery that
EVs are replete with RNA suggests that similar interactions are possible.

BIOENGINEERED EVs TO FIGHT INFECTIONS

The presence of multiple immunogenic epitopes within EVs leads to the production
of antibodies against these epitopes in mice. This has raised the interesting prospect of
using EVs as new vaccine vectors. Immunization of mice with EVs from B. anthracis led
to increased survival upon challenge, compared to control mice, and generated a
higher IgM response (29). The vaccine potential of M. tuberculosis EVs was evaluated in
a mouse model; it was shown to be just as effective as BCG vaccination and to enhance
the humoral and cellular immune responses of BCG-vaccinated mice (82). Interestingly,
no adjuvant was necessary with EVs to induce immunity, and the antibody response
generated was exclusively directed toward lipoproteins and toxins (82). The protective
activity of S. pneumoniae EVs has been demonstrated in mice, where they were shown
to be more immunoreactive than pneumococcal cell extracts (83). It has been sug-
gested that to improve the immunogenicity and safety of EV vaccines, bioengineered
EVs could be constructed that contain increased amounts of immunoreactive determi-
nants while toxins and deleterious compounds are removed. This process has already
been applied to produce a vaccine platform to protect mice against S. aureus lethal
sepsis (24). Immunization with EVs from S. aureus which expressed nontoxic forms of
the cytolytic toxins Hla and LukE provided significant protection against lethal sepsis in
mice (24). It is noteworthy that vesicle-based vaccines have already been commercial-
ized for Neisseria meningitidis (VA-MENGOC-BC, MenBvac, and MeNZB), and several
others are under investigation (84).

Bacteriophage are emerging as one potential treatment option to fight antibiotic-
resistant bacteria, and bacteriophage therapy has already shown clinical efficiency in
resolving infections (85). Despite their promise, the narrow host range of phages limits
their use, and bacteria can rapidly become resistant to phage infection (85). Studies
have shown that in B. subtilis, phage-resistant cells treated with phages could be lysed
if phage-sensitive cells were present in the bacterial population (86). Phage-resistant
cells transiently acquired phage entry receptors from phage-sensitive cells through EV
transfer (86). Remarkably, EVs also transferred phage entry receptors to nonhost
bacterial species, allowing the attachment of phage (86). EVs harboring phage recep-
tors could be used in conjunction with phage therapy to enhance the host range and
prevent the selection of phage-resistant bacteria. In a similar way, EVs could be used to
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carry antibiotics, facilitating their delivery to previously inaccessible sites. The intracel-
lular lifestyle (either within a vacuole or in the host cell cytoplasm) is a particularly
efficient method for bacteria to escape from antibiotics because of reduced accumu-
lation and/or retention of antibiotics inside cells. Intracellular reservoirs of bacteria
(such as S. aureus) have been speculated to represent a sustained source of recoloni-
zation and/or reinfection of the host. Exosomes filled with linezolid have already been
shown to demonstrate bactericidal effects on S. aureus inside host macrophages (87).
Loading EVs with antibacterial compounds may increase their rate of delivery to
Gram-positive pathogens and could represent a promising new delivery system to fight
infection with intracellular bacteria.

CONCLUDING REMARKS

EVs in Gram-positive bacteria play an important role in various processes. Although
research has accelerated in recent years, many aspects of EV biology remain unclear.
Some compounds inside EVs have an obvious role in virulence and triggering immune
system activation (e.g., antibiotic-sequestering proteins and toxins) while others have
an undefined role during the interaction with host cells. The presence of nucleic acids
(RNA and DNA) in EVs leads to speculation about their roles inside host cells. It is
tempting to think that EV-delivered bacterial RNA could interfere with the host tran-
scriptome (as described for viral RNAs), leading to protein synthesis inhibition. In
addition, bacterial RNA modifications could be recognized by Rig-1-like receptors (RLR),
initiating the immune system response. Further studies are needed to precisely define
the role of bacterial nucleic acids once they are delivered inside host cells. The use of
new technologies to isolate and study EVs and our knowledge of EVs in Gram-negative
and eukaryotic cells will improve the characterization of vesicles and broaden our
understanding of this fascinating and rapidly emerging field.
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