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Food Microbiology, Wageningen University & Research, Wageningen, Netherlands

During recent years it has become increasingly clear that the release of extracellular
vesicles (EVs) is a feature inherent to all cellular life forms. These lipid bilayer-enclosed
particles are secreted by members of all domains of life: Eukarya, Bacteria and
Archaea, being similar in size, general composition, and potency as a functional entity.
Noticeably, the recent discovery of EVs derived from bacteria belonging to the Gram-
positive phyla Actinobacteria and Firmicutes has added a new layer of complexity to
our understanding of bacterial physiology, host interactions, and pathogenesis. Being
nano-sized structures, Gram-positive EVs carry a large diversity of cargo compounds,
including nucleic acids, viral particles, enzymes, and effector proteins. The diversity in
cargo molecules may point to roles of EVs in bacterial competition, survival, material
exchange, host immune evasion and modulation, as well as infection and invasion.
Consequently, the impact of Gram-positive EVs on health and disease are being
revealed gradually. These findings have opened up new leads for the development
of medical advances, including strategies for vaccination and anti-bacterial treatment.
The rapidly advancing research into Gram-positive EVs is currently in a crucial phase,
therefore this review aims to give an overview of the groundwork that has been laid at
present and to discuss implications and future challenges of this new research field.

Keywords: Actinobacteria, Firmicutes, membrane vesicles, pathogenicity, EV vaccination, phage therapy,
probiotics

GRAM-POSITIVE BACTERIAL EVs: AN UPCOMING RESEARCH
AREA

Although discovered 30 years later than their Gram-negative counterparts, Gram-positive bacterial
extracellular vesicles (EVs) have been drawing more attention in recent years (Brown et al., 2015;
Kim et al., 2015). Budding events of spherical particles and their release into the surrounding
environment of the cells have been observed for a wide range of bacterial species belonging to the
Gram-positive phyla Firmicutes and Actinobacteria (Table 1). These particles could be isolated
using common EV isolation strategies and reflected lipid bilayer-enclosed structures that are
morphologically similar to Gram-negative or eukaryotic EVs (Lee et al., 2009; Lee J.H. et al., 2013;
Lee J. et al., 2013; Brown et al., 2014; Olaya-Abril et al., 2014; Haas and Grenier, 2015; Schrempf
and Merling, 2015; Kim J.H. et al., 2016; Resch et al., 2016; Jeon et al., 2017). Consistent with other
classical EVs, Gram-positive EVs were within a nano-scale size range of about 10-400 nm.
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TABLE 1 | Gram-positive organisms for which EV release has been demonstrated.

Phyla Species Evidence
Firmicutes Staphylococcus aureus TEM of budding events and EV isolates, protein characterization (SDS-PAGE, MS), fluorescence
microscopy (lipid staining) (Lee et al., 2009; Gurung et al., 2011)
Streptococcus pneumoniae TEM of EV isolates, SEM of budding events, protein characterization (SDS-PAGE, MS), lipid
characterization (Olaya-Abril et al., 2014)
Streptococcus mutans TEM of EV isolates, protein characterization (SDS-PAGE) (Liao et al., 2014)
Streptococcus suis TEM of cell culture and EV isolates, protein characterization (MS) (Haas and Grenier, 2015)
Streptococcus TEM, SEM, and AFM of budding events and EV isolates, protein characterization (SDS-PAGE, MS), lipid
pyogenes/Group A characterization (Resch et al., 2016)
streptococci
Streptococcus TEM, SEM, and AFM of EV isolates or budding events, protein characterization (SDS-PAGE, MS), lipid
agalactiae/Group B characterization (Surve et al., 2016)
streptococci
Listeria monocytogenes TEM of EV isolates, protein characterization (MS) (Lee J.H. et al., 2013)
Propionibacterium acnes TEM of EV isolates, protein characterization (SDS-PAGE, MS) (Jeon et al., 2017)
Bacillus anthracis TEM of EV isolates, flow cytometry (Rivera et al., 2010)
Bacillus subtilis TEM and SEM of budding events and EV isolates, protein characterization (SDS-PAGE, MS) (Brown
etal., 2014; Kim Y. et al., 2016)
Clostridium perfringens TEM of EV isolates, protein characterization (SDS-PAGE, MS) (Jiang et al., 2014)
Lactobacillus plantarum TEM of EV isolates, protein characterization (MS) (Li et al., 2017)
Lactobacillus rhamnosus TEM of EV isolates (Behzadi et al., 2017)
Lactobacillus reuteri SEM and TEM of budding events or EV isolates (Grande et al., 2017)
Lactobacillus casei TEM and AFM of EV isolates, CLSM of budding events, protein characterization (SDS-PAGE, MS)
(Dominguez Rubio et al., 2017)
Bifidobacterium longum TEM of EV isolates, protein characterization (SDS-PAGE, MS) (Kim J.H. et al., 2016)
Enterococcus faecalis TEM of EV isolates, protein characterization (SDS-PAGE, MS) (Kim J.H. et al., 2016)
Actinobacteria Mycobacterium tuberculosis TEM of budding events and EV isolates, protein characterization (MS), lipid characterization

Mycobacterium smegmatis
Mycobacterium avium
Mycobacterium kansasii
Mycobacterium phlei

Mycobacterium bovis Bacillus
Calmette-Guérin (BCG)

Mycobacterium ulcerans
Streptomyces lividans
Streptomyces coelicolor

immunofluorescence (Prados-Rosales et al., 2014; Athman et al., 2015, 2017; Lee et al., 2015)
TEM of EV isolates, protein characterization (MS) (Prados-Rosales et al., 2011)

TEM of EV isolates (Prados-Rosales et al., 2011)

TEM of EV isolates (Prados-Rosales et al., 2011)

TEM of EV isolates (Prados-Rosales et al., 2011)

TEM of budding events and EV isolates, protein characterization (MS), lipid characterization
(Prados-Rosales et al., 2011)

SEM, protein characterization (MS) (Marsollier et al., 2007)
TEM of culture supernatant, lipid staining, protein characterization (MS) (Schrempf and Merling, 2015)

TEM of culture supernatant and EV isolates, cryo-EM and cryo-electron tomography, protein
characterization (SDS-PAGE, MS) (Schrempf et al., 2011)

TEM, transmission electron microscopy; SDS-PAGE, sodium dodecy! sulfate-polyacrylamide gel electrophoresis; MS, mass spectrometry; SEM, scanning electron
microscopy; AFM, atomic force microscope; CLSM, confocal laser scanning microscopy.

The expanding research field on Gram-positive EVs has so far
revealed possible roles of EVs in bacterial ecology, physiology,
and host-microbe interactions linked to health and disease
depending on the bacterial species. In this light, EVs are also of
potential value in medical and clinical applications. In this article
we will provide new insights into the diversity, functionality, and
possible applications of Gram-positive EVs.

PHYSIOLOGICAL ROLES OF
GRAM-POSITIVE EVs

The biogenesis mechanism of Gram-positive EVs was not
instantly evident as for the outer membrane vesicles (OMVs)
produced by Gram-negative bacteria. While OM Vs are generated
by pinching off the outer membrane, the generation and release

of Gram-positive EVs through the thick cell wall is still being
disputed. The current evidence-supported hypothesis involves
the action of cell wall-degrading enzymes that weaken the
peptidoglycan layer and facilitate the release of EVs (Brown et al.,
2015; Toyofuku et al., 2017; Wang et al., 2018).

Similar to OMVs, Gram-positive EVs carry a wide range of
cargo molecules including nucleic acids, proteins, lipids, viruses,
enzymes, and toxins (Brown et al,, 2015; Kim et al, 2015).
Nevertheless, Gram-positive EVs can still be distinguished from
OMVs since the latter typically contain lipopolysaccharide (LPS)
and encapsulate periplasmic components. Experimental evidence
has indicated that EV release is overall an active metabolic process
and that dedicated sorting mechanisms are conceivably involved
in determining the content of EVs (Prados-Rosales et al., 2011;
Brown et al.,, 2014; Liao et al., 2014; Athman et al., 2015; Resch
et al,, 2016). This implies physiological or ecological importance
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FIGURE 1 | Proposed functions and potential medical applications of Gram-positive EVs. On the left side a schematic drawing of EVs carrying different types of
cargo is shown. Functions marked with an asterisk (*) have been proposed on the basis of EV protein content, but a functional effect remains to confirmed. (X)
Bacterial cell-cell communication supported by membrane fusion assays. Blue boxes show EV roles in bacterial physiology and ecology, green boxes show EV roles
in microbe—host interaction, and red boxes show proposed applications of EVs. On the right side a SEM picture (A) of EV production from Bacillus subtilis and a
TEM picture (B) of isolated B. subtilis EVs are shown as examples (Brown et al., 2014). Copyright 2018 Wiley-Blackwell. EM pictures used with permission. Scale
bars: 100 nm.

of EV release in bacteria. An extensive overview of the possible
physiological roles of Gram-positive EVs is presented in Figure 1.

Obviously, the type of cargo determines the role of EVs to
a large extent. Gram-positive EVs have been suggested, among
others, to play a role in horizontal gene transfer. In addition
to the transfer of bacterial chromosomal DNA, which was
revealed in Ruminococcus spp. (Klieve et al., 2005), EVs may
also facilitate gene transfer by mediating bacteriophage (phage)
infection. It was observed in Bacillus subtilis that phage-resistant
cells acquired phage sensitivity by receiving phage receptors
carried by EVs generated from susceptible bacteria (Tzipilevich
et al,, 2017). The same mechanism even enabled B. subtilis
phages to attach to non-host species Bacillus cereus and Bacillus
amyloliquefaciens, providing the initial step for phages to adapt
to new hosts and exchange genetic material. Moreover, phage
particles were found inside EVs (Toyofuku et al., 2017), and
these EVs could potentially provide a novel route for phages to
enter bacterial hosts, that is, their intracellular release following
membrane fusion which was demonstrated in B. subtilis (Kim
Y. et al, 2016). Thus, EV-mediated horizontal gene transfer
among different bacterial strains and species, contributes to
bacterial DNA transfer and to phage spreading and invasion
(Figure 1).

Extracellular vesicles can also contribute to microbial survival
or competition. To explicate the former, the scavenging
properties of EVs support the uptake of nutrient molecules from

the environment. For example, EVs derived from Mycobacterium
tuberculosis, Streptomyces coelicolor as well as Staphylococcus
aureus were shown to contain iron-binding factors that
contribute to bacterial survival under iron-limited conditions
(Lee et al, 2009, 2015; Schrempf et al., 2011; Jeon et al,
2016; Rodriguez and Prados-Rosales, 2016). Proteomic analysis
also revealed the presence of beta-lactamase in S. aureus EVs.
As a result, EVs produced by resistant bacteria could protect
susceptible bacteria by degrading ampicillin in the environment
(Lee J. et al, 2013). Although so far EV-conferred protection
was restricted to this particular resistance factor, it is conceivable
that EVs could be involved in the establishment of antibiotic
resistant subpopulations via horizontal gene transfer and/or the
transfer of antimicrobial factors. Competition is also believed to
occur via antimicrobial factors released in EVs. The presence
of autolysins in EVs points to a role in lytic attack on targeted
bacteria (Olaya-Abril et al., 2014; Haas and Grenier, 2015; Lee
etal., 2015) (Figure 1).

GRAM-POSITIVE EVs IN
BACTERIA-HOST INTERACTIONS

In addition to the physiological roles of Gram-positive EVs, their
functions in interacting with the human host are also revealed.
Interestingly, Gram-positive EVs were shown to be internalized
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by eukaryotic cells via endocytosis in multiple epithelial and
macrophage cell lines (Kim et al., 2012; Brown et al., 2014; Hong
et al., 2014; Mulcahy et al., 2014; Surve et al., 2016). Moreover,
the fusion of bacterial EVs with eukaryotic cell membranes has
also been clearly demonstrated (Thay et al., 2013). In addition,
EVs can directly interact with receptors on the surface of host
cells to initiate intracellular signaling cascades (Kim et al., 2012;
Prados-Rosales et al., 2014). Surface-exposed enzymes linked
to EVs can function similarly to extracellular and cell surface-
associated enzymes. Notably, it has been proposed that rupture of
EVss facilitates targeted or delayed release of enzymes contained
within vesicles, leading to a locally high and hence biologically
active concentration of the released agent (Thay et al., 2013).

EV-Associated Virulence

Since virulence factors can form a large constituent of the protein
content of EVs, a strong interest is focused on the role of Gram-
positive EVs during infection (Lee J. et al., 2013) (Figure 1). This
not only relates to abundance, ranking among the top protein
hits, but also the diversity of virulence factors found in EVs
(Lee et al., 2009; Haas and Grenier, 2015) including so-called
superantigens, capable of a-specifically activating a substantial
portion of the human T cell repertoire (Lee J.H. et al., 2013; Jeon
et al., 2016). Virulence factors specifically aimed at promoting
invasion and spread throughout tissues have also been identified
in EVs. Examples include collagenase and hyaluronate lyase that
disrupts the extracellular matrix (ECM), and serine proteases,
such as exfoliative toxins, which aid in the disruption of physical
barriers (Jeon et al., 2016; Surve et al., 2016; Jeon et al., 2017).
Functional effects of EV-incorporated virulence factors have so
far most clearly been demonstrated for cytotoxic factors (Rivera
etal,, 2010; Thay etal,, 2013). EVs produced by Bacillus anthracis,
S. aureus, Streptococcus pneumoniae, Streptococcus pyogenes,
and Streptococcus agalactiae were shown to carry a range of
hemolysins and/or pore forming toxins (Rivera et al., 2010; Thay
et al., 2013; Olaya-Abril et al., 2014; Jeon et al., 2016; Resch et al.,
2016; Surve et al., 2016). Notably, the activity of such toxins can
be altered or enhanced by enclosure inside or in membranes of
EVs. Whereas soluble a-hemolysin induced apoptosis-like cell
death, necrosis was caused following exposure to EV-enclosed
a-hemolysin (Hong et al., 2014). This feature can be the result
of a more preferable molecular organization of toxins in EVs or
alternatively, by increased delivery to target cells.

Gram-positive EVs can contain an array of molecules
involved in immune evasion (Figure 1). EVs of S. aureus bear
coagulase enzymes and factors that can mediate clot formation
upon addition of EVs to serum (Lee et al, 2009; Sugimoto
et al, 2016). EVs can thus aid in the formation of fibrin
networks surrounding pathogens, thereby forming a protective
environment with limited access to the innate immune system.
Also an efficient humoral immune response can be subverted
by EVs. M. tuberculosis-derived EVs carrying lipoglycans were
shown to inhibit T cell responses (Athman et al., 2017). Multiple
protein-disrupting key steps of the complement cascade have
been identified in EV preparations (Lee et al., 2009; Resch
et al., 2016). In addition, an IgM protease as well as functional
IgG binding factors could be retrieved from these samples (Lee

et al, 2009; Gurung et al., 2011; Haas and Grenier, 2015).
These factors would allow EVs to actively clear antibodies in the
surroundings, in addition to their natural decoy ability due to
antigenic similarity with the secreting pathogen.

EVs in Clinical Disease

Given the virulence factors harbored in EVs, it is not surprising
that EV exposure has been linked with the exacerbation or
induction of a variety of disease states. For instance, the exposure
of fetal-maternal structures to S. agalactiae-derived EV's can lead
to fetal compromise and preterm termination of the pregnancy,
as evidenced using mice models (Surve et al., 2016). Interestingly,
EVs were able to travel along the female mouse reproductive
tract toward the uterus. This phenomenon could provide
an explanation for the paradoxical link between reproductive
tract colonization and the occurrence of complications at
the sterile fetal-maternal interface (Surve et al., 2016). These
findings suggest that via the transfer of EVs, even infection
or colonization at a distant site can contribute to disease
development. Likewise, challenge with EVs can even occur via
environmental exposure. S. aureus EVs were found in house
dust, and in this form, bacterial products are thought to be more
easily inhaled than whole bacteria (Kim et al., 2012). Incidental
or repeated inhalation of S. aureus EVs was shown to cause
airway inflammation in mice. Importantly, when EV exposure in
the lungs was combined with allergens, a stronger sensitization
occurred compared to the allergen exposure alone. EV exposure
thereby enhanced a hypersensitivity response to the allergen in
question (Kim et al., 2012). Gram-positive EVs therefore seem to
represent an unforeseen contributor to frequently occurring, and
seemingly unrelated disease conditions.

EVs in Health Benefits

Although a number of studies focus on EVs derived from
pathogens and hence associate them with health threats, evidence
of EV production by probiotic bacteria is also emerging
and drawing attention to the health benefits conferred by
EVs (Ilinskaya et al, 2017; Liu et al, 2018). Strains of
Bifidobacterium longum, Lactobacillus rhamnosus, Lactobacillus
casei, and Lactobacillus plantarum were shown to produce EVs
carrying effector molecules that are associated with the probiotic
effects of the producing bacteria (Kim J.H. et al., 2016; Behzadi
et al., 2017; Dominguez Rubio et al,, 2017; Li et al, 2017).
EVs from B. longum effectively alleviated food allergy response
in a mouse model; purified L. rhamnosus EVs were shown
to have significant cytotoxic effect on hepatic cancer cells;
L. casei-derived EVs carry proteins that offer the host intestinal
epithelial cells protective, anti-apoptotic effects; L. plantarum-
derived EVs provided protection to the host against pathogenic
bacteria. Often these effects could be observed with EVs but
not with complete bacterial cells, possibly due to the fact that
EVs can penetrate the intestinal epithelial barrier and migrate
to the other organs or interact with the immune system of
the host (Kim J.H. et al., 2016; Behzadi et al., 2017). These
insights into the mechanisms of previously observed beneficial
properties of probiotic microorganisms further highlight the
importance of EVs.
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REPURPOSING BACTERIAL EVs IN
MEDICAL APPLICATIONS

Based on the revealed cargo components and speculated
roles of Gram-positive EVs in microbe-microbe as well as
microbe-host interactions, we propose several medical or
biotechnological applications for Gram-positive EVs, including
delivery of antimicrobial compounds, reinforcing phage therapy,
vaccination, disease diagnosis, and delivery of health-promoting
compounds (Figure 1).

Delivery of Antimicrobial Compounds

The role of Gram-positive EVs in cargo exchange among bacteria
suggests that they could serve to deliver compounds that have
difficulties to pass the cell membrane, such as antibiotics.
Liposome incorporation of the antibiotic tobramycin was shown
to greatly increase the efficacy against S. aureus, implicating EV-
mediated delivery of antimicrobials as an interesting therapeutic
approach (Beaulac et al., 1998). Many strategies have been
proposed for the artificial loading of vesicles, which could enable
the delivery of antibiotics or other chemical compounds via
natural EVs to enhance uptake and targeting compared to
synthetic structures (Vader et al., 2016). Local concentration
and simultaneous release of two or more compounds via
EV-incorporation could enable synergy of drug actions. In the
case of autolysins, joined release with other compounds might
aid in the passage of drugs, or maybe even whole EVs, through
the cell wall. As EVs offer protection to the cargos, they may
indeed show advantage in delivery of compounds susceptible to
degradation, for example antimicrobial peptides (Moncla et al.,
2011).

Reinforcing Phage Therapy

Phage therapy is being revisited frequently nowadays as an
alternative to antibiotics for treating bacterial infections due
to the increasing severity of antibiotic resistance (Nobrega
et al, 2015; Lin et al., 2017). However, a challenge posed to
phage therapy is the narrow host-range of phages (Koskella
and Meaden, 2013). To tackle this, the use of phage cocktails
(Sadekuzzaman et al, 2017; Yen et al, 2017) or engineering
phages with broad host ranges has been reported (Ando et al.,
2015; Pires et al., 2016). As Gram-positive EVs can have a role in
promoting the spread of phages and invasion of novel bacterial
hosts by transferring phage receptors (Tzipilevich et al., 2017),
EVs might provide extra opportunities in phage therapy too. EVs
derived from phage-sensitive bacteria can be administered prior
to the phages, to enhance the targeting of bacteria and even enable
the infection of novel bacterial host targets.

Another challenge in phage therapy is the reduction in
activity in the case of orally administered phages through
the gastrointestinal tract (GIT), where factors such as low
pH have a large impact on phage activity (Ly-Chatain, 2014).
Liposome encapsulation was shown to improve phage stability
in GIT both in simulated gastric fluid and in vivo (Colom
et al., 2015). Similarly, we speculate that EV-engulfed phages
may demonstrate improved tolerance to hostile conditions, and

therefore show higher efficacy after (oral) administration. In
addition, EV-mediated transfer of phages themselves could serve
as a potential receptor-independent delivery route, although this
theory remains to be confirmed experimentally.

Vaccination

Since EVs can transport bacterial products to the host, large
efforts are being undertaken to study the EV-mediated delivery
of immunogenic antigens. Initial steps toward the clinical use
of Gram-positive EVs as disease prophylaxis are currently being
evaluated. A patent has already been filed claiming ownership
of the method of immune induction via Gram-positive EVs,
thereby aiming to develop a new vaccination strategy (Gho
et al., 2016). So far, beneficial effects of vaccination with Gram-
positive EVs have been demonstrated for Clostridium perfringens,
S. pneumoniae, B. anthracis, M. tuberculosis, and S. aureus. In
mice models, the above mentioned EV vaccination prolonged
survival time or increased the survival rate upon lethal challenge
(Rivera et al., 2010; Jiang et al., 2014; Olaya-Abril et al., 2014; Choi
et al., 2015). In addition, the bacterial burden to the host immune
system and the degree of inflammation could be reduced upon
a sub-lethal challenge (Prados-Rosales et al., 2011; Choi et al,,
2015). While, Wang et al. (2018) employed genetic engineering
to ensure the production of non-toxic S. aureus EVs as effective
vaccines in mice, another study showed that also non-engineered
S. aureus EVs did not cause notable toxicity in mice despite the
potent immune activation (Choi et al., 2015). This is in contrast
to OMV-based vaccines, for which toxicity of LPS constituents
hampers the vaccine application (Acevedo et al., 2014). Gram-
positive EVs might thus form an even more potent vaccination
strategy than currently licensed vaccines.

Disease Diagnosis

The link between gut microbiota composition and human
health or diseases is being revealed gradually in recent years
(Marchesi et al., 2016; Yamashiro, 2017; Chelakkot et al., 2018).
Studies show that EVs derived from the gut microbiota are
distributed throughout the human body including the blood
and urine, and they reflect the composition of the microbiota
to a great extent (Kang et al, 2013; Jang et al, 2015; Yoo
et al., 2016). This observation opens doors to novel methods of
disease diagnosis or assessment. As an example, Lee et al. (2017)
successfully developed a rapid, non-invasive assessment method
on microbiota profiles in autism spectrum disorder patients by
examining the 16S rRNA gene sequences in bacterial EV's isolated
from urine samples. Since EV release is often the result of active
metabolism in bacteria, EVs may form a better indication of the
microbiota activities in the hosts than the bacterial populations
themselves, and therefore provide more insights into the links
between microbiota and the disease or health status of the hosts.

Delivery Vehicles of Health-Promoting

Compounds
As EVs were shown to play important roles in realizing the
anti-allergy, anti-inflammation, and cancer-inhibiting effects of
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several probiotic bacteria (Kim J.H. et al., 2016; Behzadi et al,,
2017; Li et al, 2017), the opportunity of using EVs as a
booster or even substitute for bacteria to achieve probiotic effects
becomes attractive. Moreover, EVs may offer protection and serve
to deliver beneficial nutritional compounds, namely proteins
or vitamins, to the hosts in an efficient manner (Liu et al.,
2018). The same effect might not be attained by ingesting the
pure compounds or whole-cell bacteria due to degradation of
the effector molecules or limited accessibility to the targeted
tissue or cells. Therefore, bacterial EVs may contribute to novel
formulations of probiotics or food supplements.

CONCLUDING REMARKS

Gram-positive bacteria constitute a large and widely diverse
group, including species that are extensively used in food
fermentations and as probiotics, whereas other species are known
to be pathogenic causing a range of foodborne and clinical
infections. So far, a clear picture has emerged showing that
Gram-positive EVs may play a role in a wide range of biological
events and consequently in human health and disease. These
initial indications form a strong framework that can guide

REFERENCES

Acevedo, R., Fernandez, S., Zayas, C., Acosta, A., Sarmiento, M. E., Ferro, V. A.,
et al. (2014). Bacterial outer membrane vesicles and vaccine applications. Front.
Immunol. 5:121. doi: 10.3389/fimmu.2014.00121

Ando, H., Lemire, S., Pires, D. P, and Lu, T. K. (2015). Engineering modular
viral scaffolds for targeted bacterial population editing. Cell Syst. 1, 187-196.
doi: 10.1016/j.cels.2015.08.013

Athman, J. J., Sande, O. J., Groft, S. G., Reba, S. M., Nagy, N., Wearsch, P. A,,
et al. (2017). Mycobacterium tuberculosis membrane vesicles inhibit T cell
activation. J. Immunol. 198, 2028-2037. doi: 10.4049/jimmunol.1601199

Athman, J. ], Wang, Y., McDonald, D. J., Boom, W. H., Harding, C. V.,
and Wearsch, P. A. (2015). Bacterial membrane vesicles mediate the release
of Mycobacterium tuberculosis lipoglycans and lipoproteins from infected
macrophages. J. Immunol. 195, 1044-1053. doi: 10.4049/jimmunol.1402894

Beaulac, C., Sachetelli, S., and Lagace, J. (1998). In-vitro bactericidal efficacy of
sub-MIC concentrations of liposome-encapsulated antibiotic against Gram-
negative and Gram-positive bacteria. J. Antimicrob. Chemother. 41, 35-41.

Behzadi, E., Mahmoodzadeh Hosseini, H., and Imani Fooladi, A. A. (2017).
The inhibitory impacts of Lactobacillus rhamnosus GG-derived extracellular
vesicles on the growth of hepatic cancer cells. Microb. Pathog. 110, 1-6.
doi: 10.1016/j.micpath.2017.06.016

Brown, L., Kessler, A., Cabezas-Sanchez, P., Luque-Garcia, J. L., and Casadevall, A.
(2014). Extracellular vesicles produced by the Gram-positive bacterium Bacillus
subtilis are disrupted by the lipopeptide surfactin. Mol. Microbiol. 93, 183-198.
doi: 10.1111/mmi.12650

Brown, L., Wolf, J. M., Prados-Rosales, R., and Casadevall, A. (2015). Through the
wall: extracellular vesicles in Gram-positive bacteria, mycobacteria and fungi.
Nat. Rev. Microbiol. 13, 620-630. doi: 10.1038/nrmicro3480

Chelakkot, C., Choi, Y., Kim, D. K., Park, H. T., Ghim, J., Kwon, Y., et al.
(2018). Akkermansia muciniphila-derived extracellular vesicles influence gut
permeability through the regulation of tight junctions. Exp. Mol. Med. 50:e450.
doi: 10.1038/emm.2017.282

Choi, S. J., Kim, M.-H., Jeon, J., Kim, O. Y., Choi, Y., Seo, J., et al. (2015). Active
immunization with extracellular vesicles derived from Staphylococcus aureus
effectively protects against staphylococcal lung infections, mainly via Th1 cell-
mediated immunity. PLoS One 10:¢0136021. doi: 10.1371/journal.pone.0136021

Colom, J., Cano-Sarabia, M., Otero, J., Cortés, P., Maspoch, D., and Llagostera, M.
(2015). Liposome-encapsulated bacteriophages for enhanced oral phage

new research lines focused on the mechanistic understanding
of these events and the translation of individual examples
to general concepts and applications. Yet, many enigmatic
puzzles regarding the underlying biology of Gram-positive EV's
still remain unsolved, especially in EV biogenesis and uptake.
Elucidation of these aspects may further stimulate innovative
medical and biotechnological applications.

AUTHOR CONTRIBUTIONS

YL and KD wrote the manuscript. ES and TA critically reviewed
the manuscript and provided feedback. All authors have read and
approved the final version of the manuscript.

FUNDING

The work described in this article was subsidized by the
Netherlands Organisation for Scientific Research (NWO)
through the Graduate Program on Food Structure, Digestion
and Health.

therapy against Salmonella spp. Appl. Environ. Microbiol. 81, 4841-4849.
doi: 10.1128/AEM.00812-15

Dominguez Rubio, A. P., Martinez, J. H., Martinez Casillas, D. C., Coluccio
Leskow, F., Piuri, M., and Pérez, O. E. (2017). Lactobacillus casei BL23 produces
microvesicles carrying proteins that have been associated with its probiotic
effect. Front. Microbiol. 8:1783. doi: 10.3389/fmicb.2017.01783

Gho, Y. S, Kim, Y. K,, Lee, E. Y., Hong, S. W., Kim, J. H., and Choi, S. J. (2016).
Extracellular vesicles derived from gram-positive bacteria, and use thereof. U.S.
Patent No US9273359B2. Washington, DC: U.S. Patent and Trademark Office.

Grande, R., Celia, C., Mincione, G., Stringaro, A., Di Marzio, L., Colone, M.,
et al. (2017). Detection and physicochemical characterization of membrane
vesicles (MVs) of Lactobacillus reuteri DSM 17938. Front. Microbiol. 8:1040.
doi: 10.3389/fmicb.2017.01040

Gurung, M., Moon, D. C., Choi, C. W., Lee, J. H., Bae, Y. C,, Kim, J., et al. (2011).
Staphylococcus aureus produces membrane-derived vesicles that induce host
cell death. PLoS One 6:€27958. doi: 10.1371/journal.pone.0027958

Haas, B., and Grenier, D. (2015). Isolation, characterization and biological
properties of membrane vesicles produced by the swine pathogen Streptococcus
suis. PLoS One 10:¢0130528. doi: 10.1371/journal.pone.0130528

Hong, S.-W., Choi, E.-B., Min, T.-K., Kim, J.-H., Kim, M.-H,, Jeon, S. G., et al.
(2014). An important role of a-hemolysin in extracellular vesicles on the
development of atopic dermatitis induced by Staphylococcus aureus. PLoS One
9:€100499. doi: 10.1371/journal.pone.0100499

Ilinskaya, O. N., Ulyanova, V. V., Yarullina, D. R,, and Gataullin, I. G. (2017).
Secretome of intestinal Bacilli: a natural guard against pathologies. Front.
Microbiol. 8:1666. doi: 10.3389/fmicb.2017.01666

Jang, S. C., Kim, S. R,, Yoon, Y. J., Park, K.-S., Kim, J. H,, Lee, J., et al. (2015).
In vivo kinetic biodistribution of nano-sized outer membrane vesicles derived
from bacteria. Small 11, 456-461. doi: 10.1002/sml1.201401803

Jeon, H.,, Oh, M. H., Jun, S. H.,, Kim, S. I, Choi, C. W., Kwon, H. L,

(2016). among  Staphylococcus
vesicle proteomes affects cytotoxicity of host cells. Microb. Pathog. 93,
185-193. doi: 10.1016/j.micpath.2016.02.014

Jeon, J., Mok, H. J., Choi, Y., Park, S. C, Jo, H., Her, J., et al. (2017).
Proteomic analysis of extracellular vesicles derived from Propionibacterium
acnes. Proteomics Clin. Appl. 11:1600040. doi: 10.1002/prca.201600040

Jiang, Y., Kong, Q., Roland, K. L., and Curtiss, R. IIT (2014). Membrane vesicles
of Clostridium perfringens type a strains induce innate and adaptive immunity.
Int. J. Med. Microbiol. 304, 431-443. doi: 10.1016/j.ijmm.2014.02.006

et al Variation aureus membrane

Frontiers in Microbiology | www.frontiersin.org

July 2018 | Volume 9 | Article 1502


https://doi.org/10.3389/fimmu.2014.00121
https://doi.org/10.1016/j.cels.2015.08.013
https://doi.org/10.4049/jimmunol.1601199
https://doi.org/10.4049/jimmunol.1402894
https://doi.org/10.1016/j.micpath.2017.06.016
https://doi.org/10.1111/mmi.12650
https://doi.org/10.1038/nrmicro3480
https://doi.org/10.1038/emm.2017.282
https://doi.org/10.1371/journal.pone.0136021
https://doi.org/10.1128/AEM.00812-15
https://doi.org/10.3389/fmicb.2017.01783
https://doi.org/10.3389/fmicb.2017.01040
https://doi.org/10.1371/journal.pone.0027958
https://doi.org/10.1371/journal.pone.0130528
https://doi.org/10.1371/journal.pone.0100499
https://doi.org/10.3389/fmicb.2017.01666
https://doi.org/10.1002/smll.201401803
https://doi.org/10.1016/j.micpath.2016.02.014
https://doi.org/10.1002/prca.201600040
https://doi.org/10.1016/j.ijmm.2014.02.006
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Liu et al.

Health Implications of Gram-Positive EVs

Kang, C.-s., Ban, M., Choi, E.-J., Moon, H.-G.,, Jeon, ].-S., Kim, D.-K,, et al. (2013).
Extracellular vesicles derived from gut microbiota, especially Akkermansia
muciniphila, protect the progression of dextran sulfate sodium-induced colitis.
PLoS One 8:¢76520. doi: 10.1371/journal.pone.0076520

Kim, J.-H., Jeun, E.-]., Hong, C.-P., Kim, S.-H., Jang, M. S,, Lee, E.-],, et al. (2016).
Extracellular vesicle-derived protein from Bifidobacterium longum alleviates
food allergy through mast cell suppression. J. Allergy Clin. Immunol. 137,
507-516. doi: 10.1016/j.jaci.2015.08.016

Kim, J. H., Lee, J., Park, J., and Gho, Y. S. (2015). Gram-negative and gram-
positive bacterial extracellular vesicles. Semin. Cell Dev. Biol. 40, 97-104.
doi: 10.1016/j.semcdb.2015.02.006

Kim, M.-R., Hong, S.-W., Choi, E.-B., Lee, W.-H., Kim, Y.-S,, Jeon, S. G., et al.
(2012). Staphylococcus aureus-derived extracellular vesicles induce neutrophilic
pulmonary inflammation via both Thl and Th17 cell responses. Allergy 67,
1271-1281. doi: 10.1111/all.12001

Kim, Y., Edwards, N., and Fenselau, C. (2016). Extracellular vesicle proteomes
reflect developmental phases of Bacillus subtilis. Clin. Proteomics 13:6. doi:
10.1186/s12014-016-9107-z

Klieve, A. V., Yokoyama, M. T., Forster, R. J., Ouwerkerk, D., Bain, P. A., and
Mawhinney, E. L. (2005). Naturally occurring DNA transfer system associated
with membrane vesicles in cellulolytic Ruminococcus spp. of ruminal origin.
Appl. Environ. Microbiol. 71, 4248-4253. doi: 10.1128/AEM.71.8.4248-4253.
2005

Koskella, B., and Meaden, S. (2013). Understanding bacteriophage specificity
in natural microbial communities. Viruses 5, 806-823. doi: 10.3390/v503
0806

Lee, E.-Y., Choi, D.-Y.,, Kim, D.-K.,, Kim, J.-W., Park, J. O. Kim, S,
et al. (2009). Gram-positive bacteria produce membrane
proteomics-based  characterization of  Staphylococcus  aureus-derived
membrane vesicles. Proteomics 9, 5425-5436. doi: 10.1002/pmic.2009
00338

Lee, J., Kim, S.-H., Choi, D.-S., Lee, J. S., Kim, D.-K., Go, G, et al. (2015). Proteomic
analysis of extracellular vesicles derived from Mpycobacterium tuberculosis.
Proteomics 15, 3331-3337. doi: 10.1002/pmic.201500037

Lee, J., Lee, E.-Y., Kim, S.-H., Kim, D.-K., Park, K.-S., Kim, K. P., et al.
(2013). Staphylococcus aureus extracellular vesicles carry biologically active
p-lactamase. Antimicrob. Agents Chemother. 57, 2589-2595. doi: 10.1128/AAC.
00522-12

Lee, J. H., Choi, C.-W., Lee, T., Kim, S. L., Lee, J.-C., and Shin, J.-H. (2013).
Transcription factor ob plays an important role in the production of
extracellular membrane-derived vesicles in Listeria monocytogenes. PLoS One
8:€73196. doi: 10.1371/journal.pone.0073196

Lee, Y., Park, J.-Y., Lee, E.-H., Yang, J., Jeong, B.-R., Kim, Y.-K,, et al. (2017). Rapid
assessment of microbiota changes in individuals with autism spectrum disorder
using bacteria-derived membrane vesicles in urine. Exp. Neurobiol. 26, 307-317.
doi: 10.5607/en.2017.26.5.307

Li, M., Lee, K., Hsu, M., Nau, G., Mylonakis, E., and Ramratnam, B. (2017).
Lactobacillus-derived extracellular vesicles enhance host immune responses
against vancomycin-resistant enterococci. BMC Microbiol. 17:66. doi: 10.1186/
s12866-017-0977-7

Liao, S., Klein, M. 1., Heim, K. P., Fan, Y., Bitoun, J. P., Ahn, S.-J., et al.
(2014). Streptococcus mutans extracellular DNA is upregulated during growth
in biofilms, actively released via membrane vesicles, and influenced by
components of the protein secretion machinery. J. Bacteriol. 196, 2355-2366.
doi: 10.1128/JB.01493-14

Lin, D. M., Koskella, B., and Lin, H. C. (2017). Phage therapy: an alternative to
antibiotics in the age of multi-drug resistance. World J. Gastrointest. Pharmacol.
Ther. 8, 162-173. doi: 10.4292/wjgpt.v8.i3.162

Liu, Y., Alexeeva, S., Defourny, K. A. Y., Smid, E. J., and Abee, T. (2018).
Tiny but mighty: bacterial membrane vesicles in food biotechnological
applications. Curr. Opin. Biotechnol. 49, 179-184. doi: 10.1016/j.copbio.2017.
09.001

Ly-Chatain, M. H. (2014). The factors affecting effectiveness of treatment
in phages therapy. Front. Microbiol. 5:51. doi: 10.3389/fmicb.2014.
00051

Marchesi, J. R., Adams, D. H., Fava, F., Hermes, G. D. A., Hirschfield, G. M.,
Hold, G., et al. (2016). The gut microbiota and host health: a new clinical
frontier. Gut 65, 330-339. doi: 10.1136/gutjnl-2015-309990

vesicles:

Marsollier, L., Brodin, P., Jackson, M., Kordulékova, J., Tafelmeyer, P.,
Carbonnelle, E., et al. (2007). Impact of Mycobacterium ulcerans biofilm on
transmissibility to ecological niches and buruli ulcer pathogenesis. PLoS Pathog.
3:¢62. doi: 10.1371/journal.ppat.0030062

Mongcla, B. J.,, Pryke, K., Rohan, L. C., and Graebing, P. W. (2011).
Degradation of naturally occurring and engineered antimicrobial peptides
by proteases. Adv. Biosci. Biotechnol. 2, 404-408. doi: 10.4236/abb.2011.
26059

Mulcahy, L. A, Pink, R. C,, and Carter, D. R. F. (2014). Routes and mechanisms
of extracellular vesicle uptake. J. Extracell. Vesicles 3:24641. doi: 10.3402/jev.v3.
24641

Nobrega, F. L., Costa, A. R., Kluskens, L. D., and Azeredo, J. (2015). Revisiting
phage therapy: new applications for old resources. Trends Microbiol. 23,
185-191. doi: 10.1016/j.tim.2015.01.006

Olaya-Abril, A., Prados-Rosales, R., McConnell, M. J., Martin-Pefia, R,
Gonzélez-Reyes, J. A., Jiménez-Munguia, L, et al. (2014). Characterization
of protective extracellular membrane-derived vesicles produced by
Streptococcus pneumoniae. J. Proteomics 106, 46-60. doi: 10.1016/j.jprot.2014.
04.023

Pires, D. P, Cletoa, S., Sillankorvac, S., Azeredoc, J., and Lu, T. K.
(2016). Genetically engineered phages: a review of advances over the
last decade. Microbiol. Mol. Biol. Rev. 80, 523-543. doi: 10.1128/ MMBR.
00069-15

Prados-Rosales, R., Baena, A., Martinez, L. R., Luque-Garcia, J., Kalscheuer, R.,
Veeraraghavan, U., et al. (2011). Mycobacteria release active membrane

vesicles that modulate immune responses in a TLR2-dependent
manner in mice. J. Clin. Invest. 121, 1471-1483. doi: 10.1172/JCI4
4261

Prados-Rosales, R., Carrefio, L. ]., Batista-Gonzalez, A., Baena, A., Venkataswamy,
M. M, Xu, J., et al. (2014). Mycobacterial membrane vesicles administered
systemically in mice induce a protective immune response to surface
compartments of Mycobacterium tuberculosis. mBio 5:€1921-14. doi: 10.1128/
mBio.01921-14

Resch, U., Tsatsaronis, J. A., Le Rhun, A., Stiibiger, G., Rohde, M., Kasvandik, S.,
et al. (2016). A two-component regulatory system impacts extracellular
membrane-derived vesicle production in Group A Streptococcus. mBio
7:€00207-16. doi: 10.1128/mBi0.00207- 16

Rivera, J., Cordero, R. J. B., Nakouzi, A. S., Frases, S., Nicola, A., and Casadevall, A.
(2010). Bacillus anthracis produces membrane-derived vesicles containing
biologically active toxins. Proc. Natl. Acad. Sci. U.S.A. 107, 19002-19007.
doi: 10.1073/pnas.1008843107

Rodriguez, G. M., and Prados-Rosales, R. (2016). Functions and importance
of mycobacterial extracellular vesicles. Appl. Microbiol. Biotechnol. 100,
3887-3892. doi: 10.1007/s00253-016-7484-x

Sadekuzzaman, M., Yang, S., Mizan, F. R, Kim, H.-S., and Ha, S.-D. (2017).
Effectiveness of a phage cocktail as a biocontrol agent against L. monocytogenes
biofilms. Food Control 78, 256-263. doi: 10.1016/j.foodcont.2016.
10.056

Schrempf, H., Koebsch, I, Walter, S., Engelhardt, H., and Meschke, H.
(2011). Extracellular Streptomyces vesicles: amphorae for survival and
defence. Microb. Biotechnol. 4, 286-299. doi: 10.1111/j.1751-7915.2011.
00251.x

Schrempf, H., and Merling, P. (2015). Extracellular Streptomyces lividans vesicles:
composition, biogenesis and antimicrobial activity. Microb. Biotechnol. 8, 644
658. doi: 10.1111/1751-7915.12274

Sugimoto, S., Okuda, K., Miyakawa, R., Sato, M., Arita-Morioka, K., Chiba, A.,
et al. (2016). Imaging of bacterial multicellular behaviour in biofilms in liquid
by atmospheric scanning electron microscopy. Sci Rep. 6:25889. doi: 10.1038/
srep25889

Surve, M. V., Anil, A., Kamath, K. G., Bhutda, S., Sthanam, L. K., Pradhan, A,,
etal. (2016). Membrane vesicles of Group B Streptococcus disrupt feto-maternal
barrier leading to preterm birth. PLoS Pathog. 12:e1005816. doi: 10.1371/
journal.ppat.1005816

Thay, B., Wai, S. N., and Oscarsson, J. (2013). Staphylococcus aureus a-toxin-
dependent induction of host cell death by membrane-derived vesicles. PLoS One
8:¢54661. doi: 10.1371/journal.pone.0054661

Toyofuku, M., Cércamo-Oyarce, G., Yamamoto, T., Eisenstein, F., Hsiao, C.-C,,
Kurosawa, M., et al. (2017). Prophage-triggered membrane vesicle formation

Frontiers in Microbiology | www.frontiersin.org

July 2018 | Volume 9 | Article 1502


https://doi.org/10.1371/journal.pone.0076520
https://doi.org/10.1016/j.jaci.2015.08.016
https://doi.org/10.1016/j.semcdb.2015.02.006
https://doi.org/10.1111/all.12001
https://doi.org/10.1186/s12014-016-9107-z
https://doi.org/10.1186/s12014-016-9107-z
https://doi.org/10.1128/AEM.71.8.4248-4253.2005
https://doi.org/10.1128/AEM.71.8.4248-4253.2005
https://doi.org/10.3390/v5030806
https://doi.org/10.3390/v5030806
https://doi.org/10.1002/pmic.200900338
https://doi.org/10.1002/pmic.200900338
https://doi.org/10.1002/pmic.201500037
https://doi.org/10.1128/AAC.00522-12
https://doi.org/10.1128/AAC.00522-12
https://doi.org/10.1371/journal.pone.0073196
https://doi.org/10.5607/en.2017.26.5.307
https://doi.org/10.1186/s12866-017-0977-7
https://doi.org/10.1186/s12866-017-0977-7
https://doi.org/10.1128/JB.01493-14
https://doi.org/10.4292/wjgpt.v8.i3.162
https://doi.org/10.1016/j.copbio.2017.09.001
https://doi.org/10.1016/j.copbio.2017.09.001
https://doi.org/10.3389/fmicb.2014.00051
https://doi.org/10.3389/fmicb.2014.00051
https://doi.org/10.1136/gutjnl-2015-309990
https://doi.org/10.1371/journal.ppat.0030062
https://doi.org/10.4236/abb.2011.26059
https://doi.org/10.4236/abb.2011.26059
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.1016/j.tim.2015.01.006
https://doi.org/10.1016/j.jprot.2014.04.023
https://doi.org/10.1016/j.jprot.2014.04.023
https://doi.org/10.1128/MMBR.00069-15
https://doi.org/10.1128/MMBR.00069-15
https://doi.org/10.1172/JCI44261
https://doi.org/10.1172/JCI44261
https://doi.org/10.1128/mBio.01921-14
https://doi.org/10.1128/mBio.01921-14
https://doi.org/10.1128/mBio.00207-16
https://doi.org/10.1073/pnas.1008843107
https://doi.org/10.1007/s00253-016-7484-x
https://doi.org/10.1016/j.foodcont.2016.10.056
https://doi.org/10.1016/j.foodcont.2016.10.056
https://doi.org/10.1111/j.1751-7915.2011.00251.x
https://doi.org/10.1111/j.1751-7915.2011.00251.x
https://doi.org/10.1111/1751-7915.12274
https://doi.org/10.1038/srep25889
https://doi.org/10.1038/srep25889
https://doi.org/10.1371/journal.ppat.1005816
https://doi.org/10.1371/journal.ppat.1005816
https://doi.org/10.1371/journal.pone.0054661
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Liu et al.

Health Implications of Gram-Positive EVs

through peptidoglycan damage in Bacillus subtilis. Nat. Commun. 8:481.
doi: 10.1038/541467-017-00492-w

Tzipilevich, E., Habusha, M., and Ben-Yehuda, S. (2017). Acquisition of phage
sensitivity by bacteria through exchange of phage receptors. Cell 168, 186-199.
doi: 10.1016/j.cell.2016.12.003

Vader, P., Mol, E. A., Pasterkamp, G., and Schiffelers, R. M. (2016). Extracellular
vesicles for drug delivery. Adv. Drug Deliv. Rev. 106, 148-156. doi: 10.1016/j.
addr.2016.02.006

Wang, X., Thompson, C. D., Weidenmaier, C., and Lee, J. C. (2018). Release of
Staphylococcus aureus extracellular vesicles and their application as a vaccine
platform. Nat. Commun. 9:1379. doi: 10.1038/s41467-018-03847-z

Yamashiro, Y. (2017). Gut microbiota in health and disease. Ann. Nutr. Metab. 71,
242-246. doi: 10.1159/000481627

Yen, M., Cairns, L. S., and Camilli, A. (2017). A cocktail of three virulent
bacteriophages prevents Vibrio cholerae infection in animal models. Nat.
Commun. 8:14187. doi: 10.1038/ncomms14187

Yoo, J. Y., Rho, M., You, Y.-A., Kwon, E. J., Kim, M.-H., Kym, S., et al. (2016). 16S
rRNA gene-based metagenomic analysis reveals differences in bacteria-derived
extracellular vesicles in the urine of pregnant and non-pregnant women. Exp.
Mol. Med. 48:€208. doi: 10.1038/emm.2015.110

Conflict of Interest Statement: 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.

Copyright © 2018 Liu, Defourny, Smid and Abee. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Microbiology | www.frontiersin.org

July 2018 | Volume 9 | Article 1502


https://doi.org/10.1038/s41467-017-00492-w
https://doi.org/10.1016/j.cell.2016.12.003
https://doi.org/10.1016/j.addr.2016.02.006
https://doi.org/10.1016/j.addr.2016.02.006
https://doi.org/10.1038/s41467-018-03847-z
https://doi.org/10.1159/000481627
https://doi.org/10.1038/ncomms14187
https://doi.org/10.1038/emm.2015.110
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Gram-Positive Bacterial Extracellular Vesicles and Their Impact on Health and Disease
	Gram-Positive Bacterial Evs: an Upcoming Research Area
	Physiological Roles of Gram-Positive Evs
	Gram-Positive Evs in Bacteria–Host Interactions
	EV-Associated Virulence
	EVs in Clinical Disease
	EVs in Health Benefits

	Repurposing Bacterial Evs in Medical Applications
	Delivery of Antimicrobial Compounds
	Reinforcing Phage Therapy
	Vaccination
	Disease Diagnosis
	Delivery Vehicles of Health-Promoting Compounds

	Concluding Remarks
	Author Contributions
	Funding
	References


