
Chapter 1
Introduction, History, and Discovery
of Bacterial Membrane Vesicles

Lauren Zavan, Natalie J. Bitto, and Maria Kaparakis-Liaskos

Abstract The production of extracellular vesicles is a conserved process that is
common to all living cells. Both Gram-negative and Gram-positive bacteria produce
extracellular vesicles, known as outer membrane vesicles (OMVs) and membrane
vesicles (MVs), respectively. Once disregarded as artifacts of bacterial growth,
research over the last 50 years has shown that OMVs contribute to numerous
bacterial functions. It is now understood that OMVs are purposely secreted by
Gram-negative bacteria to aid in bacterial communication and pathogenesis. The
OMV field has focused on understanding the mechanisms of OMV biogenesis, the
content of OMVs and how OMVs interact with the host immune system and their
environment. While there is a wealth of knowledge regarding OMVs, it was only in
the last decade that Gram-positive bacteria were found to release MVs. Due to the
late discovery of MVs there is little known about MVs in comparison to our
knowledge regarding OMVs. However, there is emerging evidence that MVs con-
tain bacterial cargo and may aid in bacterial functions. Research in the field of
bacterial vesicles has expanded rapidly within the past decade and continues to be a
growing field of interest. Future work aims to manipulate bacterial membrane
vesicles as novel therapeutics and nanoparticle technology.

1.1 Introduction to Gram-Negative OMVs

All forms of life, prokaryotic and eukaryotic, naturally release extracellular vesicles
as part of their normal growth (Brown et al. 2015; Deatherage and Cookson 2012).
Vesicles produced by Gram-negative bacteria are called outer membrane vesicles
(OMVs) as they are derived from the outer membrane of the Gram-negative bacterial
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cell (Hoekstra et al. 1976). First dismissed as bacterial artifacts, early studies
visualized OMVs being released from the outer membrane of a range of Gram-
negative pathogens by electron microscopy (Knox et al. 1966; Chatterjee and Das
1967). However, it was not until OMVs were identified in the spinal fluid of
meningococcal patients (DeVoe and Gilchrist 1975), that interest developed in
understanding OMV production, their functions in the host and how they benefit
bacteria.

It is now accepted that OMVs are purposely secreted by Gram-negative bacteria
to aid in an array of bacterial functions. OMVs range from approximately
20–400 nm in size and contain materials derived from their parent bacterium,
including nucleic acids, proteins and enzymes (Fig. 1.1) (Kadurugamuwa and
Beveridge 1995; Dorward et al. 1989; Dorward and Garon 1989; Haurat et al.
2011; reviewed in Schwechheimer and Kuehn 2015). It was originally thought
that OMV cargo was derived from the bacterial outer membrane and periplasm
only, as cytoplasmic components were thought to be unable to cross the inner
membrane (Hoekstra et al. 1976; Gankema et al. 1980). However, it is now known
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Fig. 1.1 Schematic overview of a Gram-negative outer membrane vesicle. Outer membrane
vesicles are composed of a lipid bilayer and contain membrane and cytoplasmic proteins, nucleic
acids, enzymes, toxins, and peptidoglycans that are derived from their parent bacterium
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that OMVs can also contain components derived from the bacterial cytoplasm, such
as nucleic acids and proteins (Lee et al. 2007; Perez-Cruz et al. 2015; Bitto et al.
2017; Renelli et al. 2004; Sjostrom et al. 2015).

OMVs are involved in a range of bacterial functions. Research over the last two
decades has highlighted the importance of OMVs in cell-to-cell communication
(Mashburn and Whiteley 2005), the transfer of genetic material (Yaron et al. 2000;
Dorward et al. 1989), biofilm formation (Yonezawa et al. 2009), inflammation and
disease progression (Ismail et al. 2003; Kaparakis et al. 2010; reviewed in Bitto and
Kaparakis-Liaskos 2017).

1.1.1 The First Observations of OMVs

OMVs produced by Escherichia coli were the first OMVs to be observed using
electron microscopy, appearing as small, spherical “particles” that surrounded the
bacterial cell (Knox et al. 1966). These particles were thought to be responsible for
the secretion of lipopolysaccharide (LPS) and lipoproteins from bacteria (Knox et al.
1966). Subsequently, OMVs were isolated from the oral bacterium Veillonella
parvula by phenol–water extraction (Mergenhagen et al. 1966). These isolated
OMVs were heterogeneous in size and the outer leaflet was similar in morphology
to the outer membrane of V. parvula cells (Mergenhagen et al. 1966). The release of
OMVs from Vibrio cholerae was subsequently observed and it was noted that OMV
production occurred only during the log phase of bacterial growth (Chatterjee and
Das 1967). Researchers postulated that V. cholerae regulated the release of OMVs
from bacterial cells during active growth as a mechanism to secrete bacterial toxins
into the extracellular environment (Chatterjee and Das 1967). Despite these first
observations, the wider field did not consider OMVs as important or necessary
products released by bacteria but merely viewed OMVs as artifacts of bacterial
growth.

As research progressed, the release of OMVs from the outer membrane of bacterial
cells was proposed to be a continuous and essential process, and not the result of cell
lysis (Rothfield and Pearlman-Kothencz 1969; Loeb 1974; Gankema et al. 1980).
Importantly, for the first time it was discovered that E. coli and Salmonella enterica
serovar Typhimurium (S. Typhimurium) OMVs contained bacterial proteins, lipids
and LPS derived from their parent bacteria (Rothfield and Pearlman-Kothencz 1969).
Additionally, OMV production was seen to increase when bacterial protein synthesis
was inhibited, which was speculated to have been due to stress of the outer membrane
(Rothfield and Pearlman-Kothencz 1969). OMVs were next observed to be released
by Neisseria meningitidis and were thought to be associated with the release of
N. meningitidis toxins into the environment (Devoe and Gilchrist 1973). Similar to
V. cholera, N. meningitidis OMVs were not detected as bacteria progressed to
stationary phase of growth (Devoe and Gilchrist 1973) supporting the theory that
OMVs were only produced during the log phase of bacterial growth. In addition to
being released during the exponential phase of bacterial growth, OMVs were also
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observed to be released in response to treatment with detergents (Leive et al. 1968)
and exposure to stress from bacteriophages (Loeb 1974) suggesting they are pro-
duced in response to bacterial stress.

1.1.2 Advances in OMV Research

Until 1975, OMV production had only been observed in vitro. OMVs were identified
in primary cultures of spinal fluid taken from patients with meningococcal disease
(DeVoe and Gilchrist 1975) indicating that the release of OMVs was a normal part of
bacterial infection. This was the first study to identify OMVs released from patho-
genic bacteria in a physiologically relevant setting.

A decade after their discovery, OMVs were given the name outer membrane
vesicles as they closely resembled the outer membrane of their parent bacterium in
composition, and were thought to be lacking in cytoplasmic material (Hoekstra et al.
1976). Subsequently, the release of OMVs from E. coli was shown to preferentially
occur in locations of the outer membrane that contained newly synthesized proteins
(Mug-Opstelten and Witholt 1978). One of the first hypotheses of OMV biogenesis
suggested that the incorporation of new proteins into the outer membrane enabled a
portion of the outer membrane to bulge from the cell and once large enough, to be
released from the bacterial cell (Mug-Opstelten and Witholt 1978). Numerous
subsequent studies further elucidated the composition of OMVs from Gram-negative
bacterial species including E. coli (Gankema et al. 1980; Wensink and Witholt
1981), Aeromonas spp. (MacIntyre et al. 1980), Brucella melitensis (Gamazo and
Moriyon 1987), and Haemophilus influenzae (Deich and Hoyer 1982).

As OMVs were known to contain LPS, they were suggested to be able to interact
with host cells (MacIntyre et al. 1980). Functional studies of OMVs produced by
Porphyromonas gingivalis suggested that OMVs may contribute to the progression
of periodontal disease, as P. gingivalis OMVs contained bacterial toxins and
enzymes and promoted bacterial adhesion (Grenier and Mayrand 1987). Impor-
tantly, it was found that immunization of mice with OMVs from H. influenzae
type B resulted in an increase in the permeability of the blood–brain barrier, a similar
response to that observed when mice were treated with H. influenzae LPS
(Wispelwey et al. 1989). These studies highlighted the importance of OMVs in an
infection setting and demonstrated the role of OMVs as vehicles for bacterial cargo.
Furthermore, these studies were some of the first to describe how OMVs may
contribute to bacterial pathogenesis.

Due to their pathogenic cargo, OMVs were also thought to be ideal vaccine
candidates. The first OMV vaccine was trialed in 1991 against the pathogen
N. meningitidis, which causes group B meningococcal disease (Bjune et al. 1991).
Subsequent studies determined that three doses of the OMV-based vaccine increased
the vaccine efficiency and therefore conferred protection, leading to the production
of the MenB vaccine (Rosenqvist et al. 1995) that is now licensed for human use
(Arnold et al. 2011; Vernikos and Medini 2014). Currently, there are ongoing efforts
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to develop new vaccines for other diseases caused by Gram-negative pathogens
(Chen et al. 2010; Nieves et al. 2011).

1.1.3 Outer Membrane Vesicles Research in the Last Decade

OMVs from numerous pathogenic bacteria have been investigated for their ability to
induce an immune response in host cells. OMVs isolated from Helicobacter pylori
and Pseudomonas aeruginosa can induce an interleukin-8 (IL-8) response in host
epithelial cells, resulting in inflammation (Ismail et al. 2003; Bauman and Kuehn
2006). Additionally, OMVs isolated from Treponema denticola can disrupt the
epithelial cell layer and cross to the basolateral side of epithelial cells (Chi et al.
2003). Furthermore H. pylori OMVs can enter host epithelial cells via lipid rafts and
interact with intracellular nucleotide-binding oligomerization domain-containing
protein 1 (NOD1) causing an inflammatory response in host cells (Kaparakis et al.
2010; Allison et al. 2009). We now have a greater understanding of how OMVs can
interact with and sometimes cross the host epithelial cell layer to elicit a
pro-inflammatory immune response in the host. These studies highlight the impor-
tant role of OMVs in contributing to the immunogenicity of bacteria.

While there was increasing interest in understanding the inflammatory nature of
OMVs, there was still relatively little known about their production. Although early
studies hypothesized the mechanisms of OMV biogenesis, the last decade of
research has emphasized that OMV biogenesis is a complex and varied process
that is still not well understood. It is now known that OMV release can be mediated
by membrane proteins, LPS, O-polysaccharides, and phospholipids (Murphy et al.
2014; Roier et al. 2016; Elhenawy et al. 2016). Future studies should aim to identify
other novel mechanisms of OMV biogenesis that may be either conserved to specific
bacterial species or common to all Gram-negative bacteria.

Due to the nature of their biogenesis, there has been debate as to whether cargo is
selectively packaged into OMVs. Selective packaging has since been identified in
P. gingivalis, where OMVs were enriched in virulence proteins such as gingipains,
while excluding numerous outer membrane proteins (Haurat et al. 2011). There is
now greater interest in providing in-depth proteomic analyses of OMVs to further
elucidate OMV content. For example, the proteomes of E. coli, P. aeruginosa, and
H. pylori have been examined to provide insights into how bacterial growth stage,
biofilms, and infection settings can determine the protein content of OMVs (Zavan
et al. 2019; Ayalew et al. 2013; Pierson et al. 2011; Turner et al. 2018; Park et al.
2015) highlighting that there are a number of conditions that can determine OMV
composition.

These works highlight only some areas of OMV research that has been the focus
in recent years. Interest in OMVs has vastly increased over the last decade and
continued research shows there is still much that remains unknown. Future efforts
may focus on understanding what regulates OMV production and composition, how
OMV content can be used by recipient bacteria, and further elucidating the role of
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OMVs in inflammation and disease. Collectively, these studies will broaden our
knowledge regarding OMVs and will facilitate their development as novel
therapeutics.

1.1.4 Biogenesis of OMVs

The Gram-negative cell membrane is composed of the outer membrane, inner
membrane, and the periplasmic space, which contains a thick peptidoglycan layer
(reviewed in Costerton et al. 1974). Embedded within the membranes and
connecting them together are proteins which allow the bacterial cell to maintain its
shape (Schnaitman 1970). Additionally, the bacterial outer membrane contains
lipids, lipoproteins, and LPS that dictate membrane fluidity, curvature, and integrity
(reviewed in Schwechheimer and Kuehn 2015). Disruption to these fundamental
building blocks of the bacterial outer membrane can result in changes to OMV
biogenesis. Here we summarize some of the mechanisms of OMV biogenesis, and a
detailed discussion of this topic can be found in Chap. 2.

One mechanism of OMV biogenesis observed in numerous Gram-negative spe-
cies is a process known as budding or blebbing. Blebbing of OMVs occurs when a
portion of the outer membrane bulges at the cell surface and is liberated from the
membrane to create a vesicle (reviewed in Schwechheimer and Kuehn 2015).
Blebbing of OMVs from the outer membrane has been studied in numerous bacterial
species and can be the result of a disruption at the cell membrane during protein
modification or lipid remodeling (Bernadac et al. 1998; Elhenawy et al. 2016).

Protein modifications that occur in the outer membrane and surrounding regions
are known to affect the production of OMVs in differing ways. For example,
mutations in tolB or tolC of the Tol-Pal complex spanning the inner and outer
membrane of E. coli cause a decrease in the release of OMVs, while in H. pylori
Tol-Pal mutants cause an increase in OMV production (Turner et al. 2015; Bernadac
et al. 1998). Additionally, the overexpression or misfolding of membrane proteins
can cause vesiculation to increase up to 100-fold, which may be a response to the
increasing pressure at the outer membrane (McBroom and Kuehn 2007; reviewed in
Vasilyeva et al. 2009).

Furthermore, other key components of the bacterial outer membrane such as
phospholipids and LPS have been implicated in OMV biogenesis. For example,
the accumulation of phospholipids in the outer membrane of H. influenzae and
V. cholerae can regulate OMV biogenesis (Roier et al. 2016). Additionally, the
remodeling of Lipid A in phospholipids of S. Typhimurium was found to be required
for the formation of OMVs (Elhenawy et al. 2016).

Moreover, research has shown that explosive cell lysis events in P. aeruginosa,
caused by the production of prophage endolysins, can also result in OMV production
(Turnbull et al. 2016). This mechanism has not been observed for other bacterial
species; however, research continues to investigate the numerous mechanisms of
OMV biogenesis.
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While there have been numerous studies detailing specific changes in the outer
membrane that result in OMV release, there are other circumstances that lead to
variation in OMV production. Cellular stresses such as growth conditions (Park et al.
2015), bacterial growth stage (Zavan et al. 2019), changes in temperature (McMahon
et al. 2012), or the presence of antibiotics (Kadurugamuwa and Beveridge 1997,
1995) can all alter OMV biogenesis.

The mechanisms described are widely varied but highlight the numerous factors
which influence the release of OMVs. However, future research is needed to
understand what other factors may impact or regulate OMV production. Expanding
our knowledge regarding the mechanisms of Gram-negative OMV biogenesis will
provide further understanding of the regulation of OMV composition and subse-
quent functions by bacteria.

1.1.5 Outer Membrane Vesicles in Bacterial Communication

OMVs contain parental proteins, enzymes, and nucleic acids that can be delivered to
surrounding bacterial cells (Kadurugamuwa and Beveridge 1995; Mashburn and
Whiteley 2005; Dorward et al. 1989; Bomberger et al. 2009). Importantly, it has
been shown that P. aeruginosa OMVs carrying proteins and toxins from their parent
bacteria could kill neighboring bacterial cells (Kadurugamuwa and Beveridge 1996).
This research has since sparked interest into examining the ability of OMVs to
confer a selective advantage to their parent bacterium.

OMVs from Neisseria gonorrhoeae, Acinetobacter baylyi and P. aeruginosa can
carry both chromosomal and plasmid DNA derived from their parent bacteria
(Dorward et al. 1989; Fulsundar et al. 2014; Renelli et al. 2004). DNA contained
in some OMVs can be transferred to neighboring cells, including DNA that encodes
for antibiotic resistance, highlighting the potential role of OMVs in horizontal gene
transfer. Furthermore, it has recently been discovered that OMVs can contain RNA
including messenger RNA (mRNA), ribosomal RNA (rRNA), and small RNA
(sRNA) (Blenkiron et al. 2016; Koeppen et al. 2016; Sjostrom et al. 2015; Choi
et al. 2017). Additionally, it was recently shown that OMVs can deliver sRNA to
host cells, where the sRNA modulates the innate immune molecules of the host
(Koeppen et al. 2016; Choi et al. 2017). However, it is still not well understood how
or why RNA is packaged into OMVs.

OMVs can package other bacterial molecules such as the Pseudomonas quino-
lone signal (PQS) molecule, which contributes to cell-to-cell communication and
coordination of the formation of biofilms (Mashburn and Whiteley 2005; Pesci et al.
1999). Removal of OMVs from P. aeruginosa cultures stops bacterial communica-
tion and group behaviors that are mediated by PQS, highlighting OMVs as a key
contributor to cell-to-cell communication of P. aeruginosa (Mashburn and Whiteley
2005). Collectively, these works highlight the variety of materials that can be
packaged into OMVs and how bacteria can use OMVs to communicate and interact
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with neighboring cells. A more detailed discussion about the ability of OMVs to
function in inter-bacterial communication can be found in Chap. 5.

1.1.6 Outer Membrane Vesicles in Host–Pathogen
Interactions

Due to the nature of their contents, OMVs are immunostimulatory to eukaryotic
hosts. OMVs contain a number of microbe-associated molecular patterns (MAMPs)
such as LPS, DNA, and peptidoglycan, all of which are capable of inducing a host
pro-inflammatory response (reviewed in Ellis and Kuehn 2010). Toll-like receptors
(TLRs) are pattern recognition receptors (PRRs) located on the membranes of host
cells that can detect bacterial MAMPs (reviewed in Kawai and Akira 2010). TLR4
has been shown to detect LPS contained in E. coli and N. meningitidis OMVs, with
the detection of E. coli OMVs leading to the production of pro-inflammatory
cytokines (Mirlashari and Lyberg 2003; Soderblom et al. 2005). Alternatively,
when OMVs interact with epithelial cells they can be internalized by lipid rafts on
the cell surface and their peptidoglycan cargo can be detected by cytosolic NOD1
(Kaparakis et al. 2010). The detection of OMVs by PRRs activates a signaling
cascade, resulting in the initiation of an innate immune response, the production of
pro-inflammatory cytokines and the recruitment of immune cells (Kaparakis et al.
2010; Ismail et al. 2003; Bielig et al. 2011). These reports represent a small portion
of the research that has been undertaken to determine how bacterial OMVs interact
with innate immune receptors of the host to mediate inflammation. They also
highlight the ability of OMVs to function as an important secretory system for
immunostimulatory molecules and demonstrates their role in bacterial infection
and inflammation. A more detailed discussion of the pathogenic and
immunostimulatory functions of OMVs can be found in Chaps. 7 and 8.

Commensal bacteria have adapted mechanisms to enable their persistence in the
host (reviewed in Hooper and Gordon 2001; Hooper 2004). Commensal bacteria that
reside in the gut cannot cross the mucus layer to interact directly with epithelial cells
(Johansson et al. 2008). However, it was recently identified that commensal and
probiotic bacteria such as Bacteroides fragilis (Shen et al. 2012) and E. coli (Cañas
et al. 2016) are capable of producing OMVs. These OMVs can be used as a bacterial
delivery system, as they can cross the mucus layer and enter host epithelial cells via
endocytic pathways (Cañas et al. 2016). It is now known that OMVs from commen-
sal bacteria are able to modulate the host immune system to prevent inflammation
and protect against diseases such as colitis (Shen et al. 2012; Kang et al. 2013).
Additionally, OMVs isolated from commensal and probiotic E. coli prime the host
immune system via NOD1 activation which may aid in the elimination of pathogenic
bacteria (Cañas et al. 2018). These recent works highlight that OMVs from com-
mensal bacteria may interact with the host immune system to maintain host–microbe
homeostasis and may aid in the prevention of infections, and these topics are
discussed in further detail in Chap. 9.
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1.1.7 Distribution of OMVs in the Environment

Although OMVs have been thoroughly studied in the context of human pathogenic
bacteria, more recently we have begun to understand their presence and functions in
the environment. Here we give a brief overview of the distribution of bacterial
OMVs in the environment, and this topic is discussed in further detail in Chap. 4.
Two marine bacterial species, Prochlorococcus sp. and Synechoccocus sp., were
found to be able to produce OMVs in their ecosystem (Biller et al. 2014). OMVs
produced by Prochlorococcus sp. contained carbon and were able to aid in the
growth of other marine bacterial species as the sole carbon source provided (Biller
et al. 2014). Along with carbon, Prochlorococcus sp. OMVs contain DNA, RNA,
and a range of proteins. In addition to the presence of OMVs in marine ecosystems,
early research had identified OMVs were produced by freshwater bacterial biofilms
(Beveridge 1999). However, it was not until recently that freshwater OMVs were
further explored. Electron microscopy images of autotrophic freshwater bacterial
species showed the release of OMVs from the outer membrane of bacterial cells into
the environment (Silva et al. 2014). However, the importance of OMVs in freshwater
aquatic environments is currently unknown and requires further investigation.

Environmental bacteria predominantly reside in the form of biofilms (Costerton
et al. 1978). Biofilms are composed of a mucus layer containing bacteria in a
scaffold-like structure known as the extracellular matrix. The extracellular matrix
of biofilms contains exopolysaccharides, proteins, and extracellular DNA (eDNA)
(Danese et al. 2000; Allesen-Holm et al. 2006; Jurcisek and Bakaletz 2007;
Whitchurch et al. 2002). It was shown that P. aeruginosa OMVs make up an
important and necessary component of the biofilm matrix (Schooling and Beveridge
2006; Whitchurch et al. 2002). It is now known that OMV size and content can differ
between biofilm and planktonic cultures, as demonstrated for P. aeruginosa and
H. pylori, suggesting that the role of OMVs in bacterial biofilms determines their
composition (Park et al. 2015; Grande et al. 2015). These works highlight biofilm
OMVs as an important component of the extracellular matrix and suggests that
changes in OMV composition are in response to the role and necessity of OMVs in
biofilms.

Finally, OMVs have recently been found within household environments. Gram-
negative OMVs have been identified in household dust in the air and in mattresses
(Kim et al. 2013). It was speculated that dust OMVs may be inhaled by residents and
internalized by epithelial cells of the airway to cause disease. Mouse models have
shown that internalization of dust OMVs leads to an inflammatory response that can
be blocked by Polymyxin B (Kim et al. 2013). This suggests that like pathogenic
OMVs, LPS from dust OMVs is detected by PRRs and can cause an inflammatory
response (Kim et al. 2013).

Collectively, these studies indicate that Gram-negative OMVs can be identified in
a number of environments suggesting that they are an essential part of bacterial
growth and survival. As research continues, the extent to which OMVs can be found
in the environment and the roles that OMVs play in these settings will become
apparent.
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1.2 Introduction to Gram-Positive MVs

The last decade of research has uncovered that Gram-positive bacteria can also
produce vesicles, known as membrane vesicles (MVs). The discovery of Gram-
positive MVs occurred much later than the discovery of Gram-negative OMVs, as
researchers thought that the thick cell wall that surrounds Gram-positive bacteria
would prevent the release of MVs. Despite this, MVs were reported to be produced
by Gram-positive bacteria as early as 1976 (Bisschop and Konings 1976), as well as
in a number of other early reports, however, these findings were dismissed by the
wider bacterial vesicle field (Dorward and Garon 1990; Ruhr and Sahl 1985). Here
we provide a brief discussion of the discovery, biogenesis, and functions of Gram-
positive MVs, and an extensive review of this topic can be found in Chap. 3.

In 2009, electron microscopy showed for the first time the release of MVs from
the surface of the Gram-positive organism, Staphylococcus aureus (Lee et al. 2009).
This renewed interest in the existence of Gram-positive MVs, and soon reports
emerged of MVs being produced by other Gram-positive species, including Bacillus
anthracis (Rivera et al. 2010), Listeria monocytogenes (Lee et al. 2013b), Clostrid-
ium perfringens (Jiang et al. 2014), and Streptococcus sp. (Liao et al. 2014; Resch
et al. 2016).

Due to the years between the discovery of Gram-negative OMVs and Gram-
positive MVs, MVs remain poorly understood in comparison to their Gram-negative
counterparts. While interest in MVs is increasing, there is still much to be uncovered
surrounding their roles in inter-bacterial communication and host–pathogen
interactions.

1.2.1 Production and Biogenesis of Gram-Positive MVs

Gram-positive MVs are similar in size to Gram-negative OMVs, ranging from 20 to
400 nm (Jiang et al. 2014; Brown et al. 2014; Haas and Grenier 2015; Tartaglia et al.
2018). However, the mechanism of Gram-positive MV biogenesis and release
through their thick peptidoglycan layer is unclear. Studies have suggested that
surfactant-like enzymes may be involved in disrupting the cytoplasmic membrane
(Wang et al. 2018; Schlatterer et al. 2018), as well as endolysins that may alter the
permeability of the peptidoglycan-rich cell wall thereby enabling the release of MVs
(Toyofuku et al. 2017). It has also been suggested that cytoskeletal changes may
contribute to the formation of MVs (Mayer and Gottschalk 2003). Furthermore, MV
production is increased during stress conditions such as antibiotic exposure (He et al.
2017; Andreoni et al. 2019) suggesting that environmental factors may regulate their
biogenesis. However, since MV biogenesis is still in the early stages of exploration,
more studies are needed to reach a consensus on their mechanisms of biogenesis and
the factors that influence it.
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1.2.2 Contents of Gram-Positive MVs

The first characterization of Gram-positive MVs was a proteomic study of S. aureus
MVs (Lee et al. 2009). These findings revealed that S. aureusMVs contain a variety
of proteins that may serve biological roles in inter-bacterial communication, antibi-
otic resistance, virulence, and regulation of MV biogenesis (Lee et al. 2009).
Moreover, this study suggested an enrichment of specific proteins in MVs compared
to their parent bacteria indicating a selective packaging of protein cargo (Lee et al.
2009). Further studies confirmed that S. aureus MVs carry a range of pathogenic
proteins including beta-lactamase (Lee et al. 2013a), alpha-toxin (Thay et al. 2013),
and other virulence-related proteins (Lee et al. 2013b; Tartaglia et al. 2018). Similar
findings have since been reported for MVs isolated from other Gram-positive
species, including B. anthracis (Rivera et al. 2010), Enterococcus faecium (Wagner
et al. 2018), C. perfringens (Jiang et al. 2014), L. monocytogenes (Coelho et al.
2019), and Streptococcus sp. (Haas and Grenier 2015; Resch et al. 2016). These
studies suggest that MVs may serve as a Gram-positive secretion system for the
delivery of biologically active proteins.

Early reports suggested that Gram-positive MVs do not carry nucleic acids
(Dorward and Garon 1990). However, more recent findings have demonstrated
that MVs from a variety of Gram-positive species contain DNA and RNA, including
C. perfringens (Jiang et al. 2014), Streptococcus sp. (Liao et al. 2014; Resch et al.
2016), and Lactobacillus reuteri (Grande et al. 2017). While it is unclear how this
DNA is packaged, the amount of DNA contained in Streptococcus MVs changes at
different growth stages, suggesting that this process may be regulated by their parent
bacterium during bacterial growth (Liao et al. 2014). Moreover, there are currently
only a few reports describing the detection of RNA associated with Gram-positive
MVs. RNA species detected in MVs include ribosomal RNA (rRNA) (Resch et al.
2016), transfer RNA (tRNA) (Resch et al. 2016), and small RNA (sRNA) (Choi et al.
2018). Differences in the abundance of RNA species carried by MVs when com-
pared to their parent bacteria suggests that RNA may be selectively packaged into
MVs (Resch et al. 2016).

These studies highlight that Gram-positive MVs can contain a range of molecules
from their parent bacterium including proteins and nucleic acids. While it is still not
well understood as to how and why these molecules are packaged into MVs,
researchers are beginning to understand how the contents of MVs may aid in
bacterial functions.

1.2.3 Role of MVs in Inter-Bacterial Communication

While there are limited studies describing the role of MVs in aiding bacterial
functions compared to OMVs, their contents suggest that MVs are involved in
inter-bacterial communication and the delivery of molecules between bacteria
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(reviewed in Brown et al. 2015). Proteins with bacteriolytic function and proteins
that may facilitate transfer of molecules in an inter-bacterial manner have been
identified in S. aureus MVs (Lee et al. 2009). Additionally, MVs have been
implicated in biofilm production and formation. For example, DNA contained in
Streptococcus mutans MVs are thought to be a component of S. mutans biofilms
(Liao et al. 2014), while S. aureus MV production is upregulated during biofilm
formation (He et al. 2017). Additionally, recent work determined that E. faecium
MVs carry proteins that facilitate the production of bacterial biofilms (Wagner et al.
2018). While horizontal gene transfer via MVs is yet to be demonstrated, transfer of
functional beta-lactamase protein via MVs has been shown, whereby MVs from an
ampicillin resistant S. aureus strain transferred resistance to ampicillin-sensitive
strains of E. coli, Salmonella enterica ser. Enteritidis, and Staphylococcus sp. via
the transfer of the BlaZ protein (Lee et al. 2013a). These studies indicate that MVs
may play an important role in communicating with other bacterial cells in the
environment to promote bacterial survival.

1.2.4 Role of MVs in Host–Pathogen Interactions

Like OMVs, MVs are able to interact with eukaryotic host cells, including both
epithelial cells (Gurung et al. 2011; Kim et al. 2012) and immune cells (Haas and
Grenier 2015; Rivera et al. 2010; Jiang et al. 2014). Although there are few studies
investigating the mechanisms of MV entry into target cells, there is evidence that
S. aureus MVs enter host cells via cholesterol-dependent fusion (Thay et al. 2013),
and that they are likely to enter host cells via a number of other mechanisms. Entry
into host cells enables MVs to deliver their immunogenic cargo to mediate patho-
genesis, similar to Gram-negative OMVs.

MVs carry a range of MAMPs, however, there is limited knowledge surrounding
the innate and adaptive immune responses that they induce. Reports have shown that
S. aureusMVs induce inflammation and cell death in host cells (Gurung et al. 2011;
Jeon et al. 2016; Hong et al. 2011; Jun et al. 2017). The first reports of MVs
activating innate immune pathways showed that S. aureus MVs activate TLR2
and NOD2, leading to the production of pro-inflammatory cytokines (Hong et al.
2011; Jun et al. 2017; Kim et al. 2012). Furthermore, MVs isolated from feces were
shown to cause sepsis through the activation of TLR2 (Park et al. 2018).

The ability of Gram-positive MVs to induce adaptive immune responses has also
been reported. C. perfringensMVs were shown to produce high-titer immunoglobulin
G1 (IgG1) responses in mice (Jiang et al. 2014), while B. anthracis MVs produce a
robust IgM response in mice when they encounter toxins carried by the MVs (Rivera
et al. 2010). Due to the ability of MVs to activate the adaptive immune response,
researchers have investigated their efficacy as a vaccine platform. Studies have shown
that MVs from Streptococcus pneumoniae induce a protective response in mice when
exposed to bacterial challenge (Olaya-Abril et al. 2014). Similarly, administration of
S. aureus MVs to mice has been shown to be protective against S. aureus lung
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infection (Choi et al. 2015). These studies indicate that MVs warrant further investi-
gation into their potential as alternative vaccine candidates.

Compared to OMV research, these few studies highlight that there is still little
knowledge regarding howMVs interact with the innate and adaptive immune system
of their host. Future work focused on how MVs from a variety of Gram-positive
bacteria can enter host cells and modulate the host immune system will provide
better understanding of the role of MVs in the context of Gram-positive bacterial
infections.

1.3 Conclusions

It has become apparent that OMVs are important biological products that contribute
to numerous bacterial functions including cell-to-cell communication and bacterial
pathogenesis (Mashburn and Whiteley 2005; reviewed in Kaparakis-Liaskos and
Ferrero 2015). OMVs contain a range of materials such as proteins and nucleic acids
that aid in bacterial functions (Haurat et al. 2011; Dorward et al. 1989; Ciofu et al.
2000); however, the mechanisms of selective packaging of materials into OMVs
remains elusive. Research is now focusing on understanding the mechanisms of
OMV biogenesis and how OMVs modulate the innate and adaptive immune system
of their host in order to develop their use as novel therapeutics. In the last decade it
was shown that Gram-positive bacteria can also produce vesicles as part of their
natural growth (Lee et al. 2009). It has become apparent that like OMVs, MVs can
carry a range of cargo from their parent bacterium that may be able to aid in bacterial
communication and pathogenesis (Resch et al. 2016; Lee et al. 2009). Nevertheless,
the roles of MVs in bacterial functions are still not well understood. Research is
continuously progressing in both OMV and MV fields to further understand the
fundamental production of vesicles and the packaging of materials into them.
Importantly, elucidating how OMVs and MVs interact with host epithelial and
immune cells is necessary to determine the role of membrane vesicles in contributing
to bacterial survival and disease progression. Understanding the production of
bacterial membrane vesicles and manipulating vesicles for therapeutic use will
have broad implications in how we consider host–pathogen interactions and bacte-
rial diseases. Overall, these works demonstrate the multifaceted, but not exhaustive,
roles bacterial membrane vesicles play in contributing to bacterial survival, commu-
nication, and pathogenesis.
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