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Preface

Since the discovery of bacteria as causal agents of infectious disease, scientists have
been fascinated by the multitude of interactions in which these small organisms are
engaged with their environment. In particular, the communication of bacteria with
eukaryotic host cells rapidly became a major focus during the past few decades,
coining the term cellular microbiology. In the field of bacterial pathogenesis, this
resulted in the generation of an era that mainly focused on understanding the
mechanisms whereby bacteria manipulate the host cellular machinery by effector
proteins, known as virulence factors.

Although it was well recognized that conserved structures of bacteria and their
cell membranes induce strong immune responses in the host, it was only until very
recently that a long-known property of bacteria, their capability to produce mem-
brane vesicles, gained increasing interest.

The potential of bacteria to produce membrane vesicles was initially thought to be
an artifact of culturing and isolation, and their ability to contribute to biological and
pathological functions was often overlooked or dismissed. Now a wealth of data
confirms that Gram-negative bacteria, in addition to Gram-positive species that lack
an outer membrane, can form outer-membrane vesicles (OMVs) and membrane
vesicles (MVs), respectively. Moreover, recent findings support the notion that the
production of OMVs and MVs is controlled, and not a random process as was once
suggested, further emphasizing that bacteria have the potential to modulate OMV
biogenesis.

Due to the plethora of research conducted within the past decade as a result of
reinvigorated interest in bacterial membrane vesicles, OMVs and MVs have now
emerged as a bona fide delivery mechanism of bacteria. They can be used by bacteria
for the targeted transport of proteins and nucleic acids, showing that membrane
vesicles are versatile tools that can transport a range of bacterial cargo over great
distances. In addition, the incorporation of membrane proteins and lipids derived
from the parent bacterial membrane into OMVs can be used for receptor-targeted
delivery, activation of membrane receptors, and inducing fusion with target recipient
cell membranes. Moreover, due to their nanostructure, OMVs and MVs can be used
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by bacteria to communicate with each other and regulate microbial functions, or
conversely, they can be used to attack and kill competing bacteria. The potential
applications of OMVs and MVs for bacteria appear to be endless, and it is evident
that we are just beginning to understand the vast complexity of their functions.

Currently, we witness an explosion in the field of bacterial membrane vesicle
research and the broad acceptance that these once suggested bacterial artifacts have
defined biological functions. This has resulted in the identification of exciting novel
properties of MVs, including their function in inter- and intra-bacterial communica-
tion, in induction and regulation of host immune defense, and as decoys for viral and
antibiotic attack. In addition, OMVs may also contribute to bacterial evolution via
their potential to facilitate horizontal gene transfer, a field which is currently in its
infancy. We also have a greater understanding that bacterial vesicles are produced by
pathogenic and commensal bacteria and that they can be found within a diverse
range of environments, including the ocean where they can serve as an energy source
to other bacteria. Furthermore, our ability to increase their production and modify
their composition now sets the stage for testing their potential in targeted interven-
tions such as their use as drug delivery systems or as vaccine candidates.

In this book, leading experts in the field summarize current knowledge regarding
the biology, biogenesis, and functions of bacterial OMVs and MVs. Furthermore,
interactions of OMV and MV from pathogenic bacterial species with host cells and
the immune system in addition to pathogenesis in plants are discussed in detail, as is
their presence and functions in the environment and their emerging potential as
novel vaccine candidates.

While providing molecular details for the informed reader, this book is also well
suited for the non-expert reader who wants to gain insights and a detailed overview
of the fascinating world of bacterial membrane vesicles. We hope that this book will
provide a useful resource for information about bacterial membrane vesicles and
increase the interest and awareness of this intriguing and novel topic in microbiol-
ogy, cellular microbiology, and immunology.

Finally, we would like to express our gratitude to all of our colleagues and friends
who contributed to the generation of this book. We thank each of them for sharing
their knowledge in their respective areas of expertise, their time, and dedication to
producing this book with us.

Melbourne, Australia Maria Kaparakis-Liaskos
Stuttgart, Germany Thomas A. Kufer
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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

L. Zavan · N. J. Bitto · M. Kaparakis-Liaskos (*)
Department of Physiology, Anatomy and Microbiology, La Trobe University, Melbourne, VIC,
Australia

Research Centre for Extracellular Vesicles, La Trobe Institute for Molecular Science, La Trobe
University, Melbourne, VIC, Australia
e-mail: m.liaskos@latrobe.edu.au

© Springer Nature Switzerland AG 2020
M. Kaparakis-Liaskos, T. A. Kufer (eds.), Bacterial Membrane Vesicles,
https://doi.org/10.1007/978-3-030-36331-4_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-36331-4_1&domain=pdf
mailto:m.liaskos@latrobe.edu.au


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

Nucleic acids

Membrane proteins

Enzymes
Toxins

Peptidoglycan

Proteins

Lipid bilayer

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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Chapter 2
Biogenesis of Gram-Negative OMVs

Franz G. Zingl, Deborah R. Leitner, and Stefan Schild

Abstract Initially dismissed as artifacts during sample preparation or as cell debris
in bacterial cultures, outer membrane vesicles (OMVs) are now widely accepted as
facsimiles of the outer membrane naturally secreted by Gram-negative bacteria.
Within the last decades, several studies focused on OMV biogenesis resulting in
different, in part complementary models to explain OMV release. Notably, vesicle
formation seems to be an essential process as neither a bacterial species nor a mutant
lacking vesicle release has been reported so far. Based on the complex physiological
roles discussed for OMVs, it is likely that parallel strategies for their production have
evolved to ensure their release in diverse conditions. Although, we are still far from a
comprehensive mechanistic understanding of OMV release, several studies shed
some insights in the processes driving the liberation of OMVs from the bacterial
surface. Within this chapter, we will discuss the observations resulting in the current
models for OMV formation including their regulation and relevance for bacterial
physiology.

2.1 Introduction

Over the last years, the biogenesis of Gram-negative outer membrane vesicles
(OMVs) has been investigated by several groups. This has resulted in a range of
models for OMV release from bacteria (Fig. 2.1). Indeed, it is likely that bacteria
encompass several complementary mechanisms for vesicle biogenesis.

First reports indicated that mutants harboring a loss or reduction of linkages
between the outer membrane and the periplasmic peptidoglycan layer exhibit
increased vesiculation (Deatherage et al. 2009; Suzuki et al. 1978; Schwechheimer
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et al. 2013; Iwami et al. 2007; Moon et al. 2012; Turner et al. 2015; Llamas et al.
2000; Yeh et al. 2010; Mitra et al. 2016; Bernadac et al. 1998). Although these
observations were predominantly achieved by loss-of-function mutants, current data
suggest that bacteria can rearrange outer membrane–peptidoglycan linkages or
regulate their abundance thereby affecting OMV production (Song et al. 2008;
Choi et al. 2017; Schwechheimer et al. 2013).

Envelope stress is a general trigger for OMV release, highlighted by induction of
vesiculation upon the presence of physical, chemical, and biological membrane
stressors (Kadurugamuwa and Beveridge 1997). Moreover, accumulation of
misfolded proteins and metabolites (e.g., peptidoglycan breakdown products) in
the periplasm can result in increased OMV secretion, most likely via increased
turgor pressure and bulging of the outer membrane (Schwechheimer et al. 2014;
Hayashi et al. 2002). This could represent a response to harmful environments to
increase the bacterial fitness and allow effective removal of undesired factors.

More recent studies revealed OMV secretion processes independent of mutations
and presence of stressors, but allow refined regulation by the bacteria (Mashburn-

Fig. 2.1 Schematic overview of OMV biogenesis routes discussed in this chapter. Shown are
models of OMV formation based on: modulation of outer membrane–peptidoglycan linkages (a),
bacterial stress responses (b), filamentous and tubular surface structures (c), and modulation of
outer membrane components or outer membrane composition (d). In detail, (a) shows the mech-
anisms of OMV biogenesis due to loss of linkages between the outer membrane [outer leaflet
composed of LPS (green) and inner leaflet composed of phospholipids (black)] and the peptido-
glycan layer (gray) either by porins (orange) or proteins (light blue). (b) shows OMV formation due
to stressors (red arrows) ranging from membrane attacking substances, high temperature, DNA
damage or bacteriophages and accumulation of osmolytes (red). (c) shows OMV formation
associated to surface structures like the sheathed flagellum (black) as well as tube-like outer
membrane extensions such as nanopods, nanotubes, or nanowires. (d) indicates the mechanism of
OMV formation via outer membrane modulation ranging from LPS modulation (green rectangles to
triangles), intercalation of curvature-inducing molecules (purple circles), and modulation of phos-
pholipid composition (black rectangles)
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Warren et al. 2008; Tashiro et al. 2011; Roier et al. 2016; Bonnington and Kuehn
2016; Elhenawy et al. 2016). A first report in this direction investigated small
bacterial molecules produced during defined stages of the bacterial life cycle,
which induce surface curvature via intercalation into the outer membrane and
consequently promote vesiculation (Mashburn-Warren et al. 2008). So far, this
strategy seems restricted to certain species as curvature-inducing molecules have
only been identified in Pseudomonas aeruginosa (Mashburn and Whiteley 2005).
However, alternative OMV biogenesis models relying on modulation of the outer
membrane composition that are applicable to a wide range of Gram-negative bacteria
have been described. This includes several studies demonstrating that OMV release
is affected by alterations in the lipopolysaccharide (LPS) composition, LPS modifi-
cations or phospholipid accumulation in the outer membrane via silencing of a
retrograde lipid trafficking system (Tashiro et al. 2011; Roier et al. 2016;
Bonnington and Kuehn 2016; Elhenawy et al. 2016; Sabra et al. 2003; Haurat
et al. 2011). As LPS as well as the retrograde lipid trafficking system are quite
conserved among Gram-negative species, these models probably reflect general
mechanisms broadly applicable to a diverse set of bacteria.

OMV isolation and quantification protocols have improved within the last years.
As OMV research spans over decades, different approaches were used to identify
and characterize mechanisms of OMV biogenesis such as phenotypical analyses of
OMV formation under differential cultivation conditions or random and site-directed
mutants. Furthermore, standard operating procedures for isolation and quantification
of bacterial membrane vesicles are currently lacking. Methods for OMV analyses
range from protein measurement (e.g., Bradford assay, SDS, BCA assay), dry
weight measurement, immune-based assays (e.g., ELISA, immunoblot, dotblot),
lipid measurements (e.g., FM4-46, phospholipid measurement with ammonium
ferrothiocyanate), LPS quantification (e.g., purpald assay, mass spectrometry ana-
lyses), or microscopical analyses (e.g., fluorescence microscopy, electron micros-
copy, nanosight). Thus, comparison of the results from different OMV biogenesis
studies may require careful evaluation of the diverse methodologies used to isolate
and quantify OMVs. We kindly refer the interested readers to the original articles
cited throughout the chapter.

2.2 Modulation of Outer Membrane–Peptidoglycan
Linkages

The cell envelope of Gram-negative bacteria is composed of two bilayered mem-
branes. The so-called inner and the outer membranes are separated by the periplasm,
which contains a thin layer of peptidoglycan. While the inner membrane has
phospholipids in both leaflets, the outer membrane is composed of phospholipids
in the inner leaflet and predominantly LPS in the outer leaflet. This asymmetric
structure functions as a selective barrier against the extracellular environment (Ruiz
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et al. 2006). The peptidoglycan is covalently linked to the outer membrane and
determines the shape of the cell’s envelope. Moreover, it prevents Gram-negative
cells from lysis due to osmotic changes or mechanical stress (Vollmer and Bertsche
2008). The peptidoglycan is a highly dynamic polymer, which consists of glycan
chains that are crosslinked by short peptides (Vollmer and Bertsche 2008). Outer
membrane proteins can interact with the peptidoglycan layer, thereby stabilizing the
cell envelope by crosslinking the inner and outer membranes with the peptidoglycan.
Among these, the main players regarding envelope cross linkage are the Braun’s
lipoprotein (Lpp), outer membrane porin A (OmpA) and the Tol-Pal complex.
Several reports revealed that modulation of these covalent cross-linkages reduces
outer membrane integrity and induces vesiculation, which will be discussed within
this chapter.

2.2.1 Braun’s Lipoprotein (Lpp)

Lpp represents the Braun’s lipoprotein in the outer membrane of Escherichia coli,
with homologs found in a variety of Gram-negative species including all
Enterobacteriaceae (Chang et al. 2012; Deatherage et al. 2009). It is the most
abundant lipoprotein in E. coli and was shown to exist in a free or bound form,
whereby the latter is covalently linked to the peptidoglycan (Braun 1975). About one
third of bacterial Lpp is connected to peptidoglycan via the C-terminal lysine
residue, thereby the outer membrane is anchored to the peptidoglycan via Lpp
(Braun and Rehn 1969; Braun 1975). While Lpp is quite abundant in the outer
membrane of E. coli, its OMVs contain relatively low levels of Lpp (Wensink and
Witholt 1981; Hoekstra et al. 1976). In fact, OMVs contained almost none of the
peptidoglycan-bound Lpp and only 35% of the free form compared to the
corresponding bacterial outer membrane (Wensink and Witholt 1981). These results
led to early models of OMV formation, wherein membrane blebbing occurs when
the outer membrane expands faster than the underlying peptidoglycan or in surface
areas with reduced prevalence of covalent linkages between Lpp in the outer
membrane and peptidoglycan (Wensink and Witholt 1981; Hoekstra et al. 1976).
Consequently, deletion of lpp leads to increased OMV formation in E. coli and in
Salmonella typhimurium (Deatherage et al. 2009; Suzuki et al. 1978). Notably, loss
of Lpp is associated with an impairment of the structural integrity of the outer
membrane and cellular leakage (Suzuki et al. 1978; Deatherage et al. 2009). Thus,
elevated OMV production might simply result from elevated cellular disintegration
of lpp mutants. However, Lpp-dependent OMV formation might be more precisely
regulated in wild-type cells. This regulation could be based on the reduction of Lpp
crosslinks via the modulation of peptidoglycan or a change in the overall amount of
Lpp via the small RNA Reg26 (Schwechheimer et al. 2013). Noteworthy, an uneven
distribution of (bound) Lpp resulting in outer membrane areas with reduced Lpp
amounts, as suggested for cell division sites (Hoekstra et al. 1976), might be more
relevant for OMV formation than the overall Lpp cross-linkages as almost no Lpp is
found in E. coli OMVs (Schwechheimer et al. 2014; Wensink and Witholt 1981).
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2.2.2 Outer Membrane Protein A (OmpA)

OmpA is a major porin in the outer membrane of many Gram-negative species
(Palva 1983; Wang 2002). Through its ability to non-covalently bind peptidoglycan
via the conserved residues D271 and R286 of the C-terminus, it contributes to the
structural integrity and stability of the cell envelope as it connects the peptidoglycan
with the outer membrane (Samsudin et al. 2016; Iwami et al. 2007). Indeed, loss of
OmpA results in an increase of OMV formation in S. typhimurium, Porphyromonas
gingivalis, and Acinetobacter baumannii (Iwami et al. 2007; Moon et al. 2012;
Deatherage et al. 2009). Both, Lpp and OmpA interactions, support membrane
integrity. Consequently, OMV release by the lpp/ompA double mutant is signifi-
cantly increased compared to each single mutant in S. typhimurium (Deatherage
et al. 2009). In a similar manner, Sonntag and coworkers could demonstrate that an
lpp/ompA double mutant in E. coli produced more OMVs than a lpp single mutant
(Sonntag et al. 1978). Notably, Lpp-peptidoglycan linkages seem to be a dominant
factor for increased OMV production in most bacteria probably due to the higher
abundance of Lpp in the outer membrane (Deatherage et al. 2009). Concordantly, the
impact of an ompA deletion in S. typhimurium is less pronounced as for lpp mutants
and the loss of OmpA–peptidoglycan linkages was not necessarily associated with
reduced membrane integrity (Deatherage et al. 2009). Noteworthy, bacteria can
regulate ompA expression. For example, the small RNA VrrA of Vibrio cholerae
interferes with ompA translation and its overexpression leads to increased vesicula-
tion (Song et al. 2008). Similar results were obtained in E. coli and S. typhimurium
by MicA, a homologue of VrrA, which downregulates ompA expression, thereby
inducing OMV production in both organisms (Choi et al. 2017). As highlighted
above, a similar regulation has also been observed for Lpp via the small RNA Reg26
(Schwechheimer et al. 2013). Interestingly, these small RNAs (VrrA, MicA, and
Reg26) are under positive control of σE, an alternative sigma factor induced upon
membrane stress, linking OMV formation to the envelope stress response (See Sect.
2.3.1) (Schwechheimer et al. 2013; Udekwu and Wagner 2007; Song et al. 2008).

2.2.3 Tol-Pal Complex

The Tol-Pal complex is widely conserved among Gram-negative bacteria and is
crucial for multiple physiological roles including the maintenance of membrane
integrity. In E. coli the apparatus consists of five proteins (TolQ-R-A-B and Pal)
(Lazzaroni et al. 1999). While TolQ, TolR, and TolA form a complex in the cyto-
plasm, the periplasmic protein TolB interacts with Pal, which is non-covalently linked
to the peptidoglycan (Lazzaroni et al. 1999; Parsons et al. 2006). Moreover, TolB and
Pal interact with Lpp and OmpA at a protein level (Clavel et al. 1998; Cascales and
Lloubes 2004), indicating that the Tol-Pal complex belongs to a protein network,
which connects the periplasmic peptidoglycan layer with the outer membrane.
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Accordingly, tol-pal mutants exhibit elevated OMV formation associated with loss of
membrane integrity and leakage of periplasmic proteins into the extracellular milieu in
E. coli (Bernadac et al. 1998). Concordantly, tolQ-, tolR-, and tolA-mutants in
Pseudomonas putida produce more OMVs, loss of tolA resulted in more vesicle
protein amount in Shigella boydii, deletion of tolB in Helicobacter pylori resulted in
increased vesiculation and in Caulobacter crescentus extensive blebbing of OMVs
were observed upon mutation of pal, tolA, or tolB (Turner et al. 2015; Llamas et al.
2000; Yeh et al. 2010; Mitra et al. 2016). In tol-pal mutants of E. coli and
C. crescentus, a substantial fraction of OMVs originate from the cell poles and
division sites where Tol-Pal usually accumulates in wild-type cells. Notably, tol-pal
mutants fail to connect the outer membrane and peptidoglycan during cell division,
which could explain the increased OMV release (Gerding et al. 2007; Yeh et al. 2010).

2.3 Bacterial Stress Responses Affecting Vesiculation

Facing the outside world, the cell envelope of bacterial cells is exposed to varying
environmental conditions, which can be detrimental for microbial viability. Varia-
tions in temperature, pH, or the exposure to antimicrobial or toxic compounds can
cause impaired protein folding and may result in cell death. Thus, the ability to
rapidly sense and respond to these adverse conditions is essential for the survival of
bacterial cells. Therefore, bacteria have developed regulatory networks to control
gene expression according to their specific requirements. Some of them have been
linked to increased vesiculation, which can enhance fitness under stressful
conditions.

2.3.1 Envelope Stress Response

In E. coli, adaptation to harsh environments is mediated by the activation of the
signal transduction pathways of the bacterial envelope stress responses (Raivio
2005). One of them is the σE stress response activated via DegS, a periplasmic
sensor protease, which recognizes misfolded outer membrane proteins. Upon its
activation, DegS cuts the anti-sigma factor RseA, which is again cleaved by RseP
and ClpXP and finally releases the alternative sigma factor σE. Liberated σE subse-
quently induces the transcription of genes involved in outer membrane protein and
cell wall biogenesis, including DegP, a temperature-dependent periplasmic chaper-
one and protease (Hayden and Ades 2008). Recently, studies in E. coli and
S. typhimurium linked the σE-mediated stress response to OMV biogenesis demon-
strating increased vesiculation for mutants of the σE pathway such as degP-, degS-,
and rseA-mutants for E. coli and the degP mutant in case of S. typhimurium
(McBroom and Kuehn 2007; McBroom et al. 2006). The authors concluded that
the impairment of the functionality of the σE pathway leads to an accumulation of
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misfolded products in the periplasm causing increased turgor pressure, which can be
resolved by vesiculation.

The importance of OMV formation as a stress relief mechanism in E. coli was
confirmed by mutation of nlpA (resulting in reduced vesiculation) in combination
with degP (resulting in accumulation of periplasmic misfolded proteins)
(Schwechheimer and Kuehn 2013). The reduced vesiculation of the nlpA/degP-
mutant compared to a degP mutant caused a severe growth defect upon higher
temperatures as misfolded proteins accumulated in the periplasm and could not be
removed via vesiculation (Schwechheimer and Kuehn 2013). By the construction of
a fusion protein, which mimicked an unfolded outer membrane protein, McBroom
and coworkers could reinforce the model that vesiculation might be an alternative
stress relief mechanism as this protein was significantly enriched in OMVs com-
pared to other periplasmic proteins (McBroom and Kuehn 2007). Thus, they intro-
duced OMV formation as a stress response of Gram-negative bacteria, which
supports the cell’s efforts to reduce the consequences of unfolded proteins.

Furthermore, the model of OMV formation as a stress relief mechanism could be
extended from misfolded proteins to other compounds accumulating in the peri-
plasm. For example, vesiculation was also increased in E. coli upon deletion of
ampG, which is an inner membrane permease and amiD, an amidase breaking down
large peptidoglycan fragments as well as upon deletion of the autolysin homologue
ami in P. gingivalis. These mutations resulted in the accumulation of peptidoglycan
fragments in the periplasm and a subsequent increase of turgor pressure
(Schwechheimer et al. 2014; Hayashi et al. 2002). In a similar manner, OMV
formation was increased in rfaC or rfaG deletion strains in E. coli. Both mutations
led to an accumulation of LPS in the periplasm, due to an impaired LPS maturation
in the outer membrane (Schwechheimer et al. 2014). Consequently, OMVs of rfaC
or rfaG deletion mutants in E. coli exhibited an increase of lipid-to-outer membrane
protein ratio (Schwechheimer et al. 2014). The detrimental effect of excessive
membrane products was demonstrated by deletion of yciM in E. coli, which
increases LPS production and its periplasmic accumulation. Interestingly, E. coli
strains lacking yciM required specific suppressor mutations for survival, either
involved in LPS synthesis (lpxA, lpxC, or lpxD) or enhance vesiculation (lpp, tolA,
pal, galU) (Mahalakshmi et al. 2014; Kulp et al. 2015).

The Kuehn lab extended their OMV biogenesis model by showing that the σE-
homologue AlgU of P. aeruginosa also plays a major role in OMV formation
(Macdonald and Kuehn 2013). In concordance with earlier observations in E. coli,
impairment of the envelope stress response in P. aeruginosa also resulted in
enhanced OMV formation (Tashiro et al. 2009; Macdonald and Kuehn 2013).
Interestingly, hypervesiculating mutants often showed no altered σE activity in
E. coli and deletion of algU in P. aeruginosa did not alter high vesiculation
phenotypes of stressed cells, indicating that various mechanisms exist for OMV
formation (Macdonald and Kuehn 2013; McBroom and Kuehn 2007). In the case of
P. aeruginosa, these additional mechanisms might be modulations of surface struc-
tures or composition (see Sects. 2.5.1 and 2.5.2.3).
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2.3.2 Cell Wall-Directed Agents

Various chemical and biological substances targeting the outer membrane have been
shown to stimulate OMV formation. Increased OMV formation upon presence of
sublethal concentrations of membrane-attacking substances (e.g., polymyxin B,
LL-37 and colistin) was shown to be beneficial for bacterial survival as OMVs can
act as sink for these antimicrobial compounds (Manning and Kuehn 2011;
Duperthuy et al. 2013). The increased vesiculation induced by polymyxin B and
colistin is based on the displacement of Mg2+ and Ca2+ cations in the outer
membrane, which destabilize the electrostatic interactions between negatively
charged LPS molecules (Moore and Hancock 1986; Storm et al. 1977). Upon
treatment with polymyxin B, increased OMV levels were observed for
P. aeruginosa (Macdonald and Kuehn 2013), E. coli and enterotoxigenic
Escherichia coli (ETEC) (Manning and Kuehn 2011) as well as enterohemorrhagic
Escherichia coli (EHEC) (Bauwens et al. 2017a; Bauwens et al. 2017b). Exposure to
colistin resulted in elevated OMV formation in E. coli (Manning and Kuehn 2011).
Similarly, the human cathelicidin LL-37, a cationic antimicrobial peptide was shown
to induce pore formation in the outer membrane (Brogden 2005) and increases OMV
formation in EHEC (Urashima et al. 2017). Presence of bile salts, acting as an
emulsifier of biological membranes, also promotes vesicle formation in Campylo-
bacter jejuni (Taheri et al. 2018). Moreover, gentamicin was shown to increase
OMV formation in P. aeruginosa via destabilization of the outer membrane by
binding to the LPS (Kadurugamuwa and Beveridge 1997).

Furthermore, highly hydrophobic carbon sources such as hexadecane or phenan-
threne were reported to interact with the outer membrane of Gram-negative bacteria
and are thought to induce vesiculation. Hexadecane stimulates OMV release in
Acinetobacter calcoaceticus and phenanthrene induces vesiculation in Delftia
acidovorans (Shetty and Hickey 2014; Borneleit et al. 1988). Although this is not
a comprehensive list of cell wall-directed agents, it still indicates that substances that
disturb or disrupt the outer membrane of Gram-negative bacteria are connected to
OMV formation.

It is likely that several other cell wall-directed agents destabilize the outer
membrane by similar modes of action as described above and thereby increase
bacterial vesiculation. Elevated OMV levels caused by cell wall-directed agents
could rather be a consequence of physical or chemical membrane damage, than a
controlled OMV formation process actively regulated by the bacterium. Indeed,
vesicles can reassemble from membrane material originating from lysed cells
(Sych et al. 2018; Turnbull et al. 2016). However, cell wall-directed agents might
activate the σE pathway. As a matter of fact, polymyxin B was shown to induce micA
in a σE-dependent manner in S. typhimurium (Papenfort et al. 2006) and σE in
V. cholerae (Mathur et al. 2007). Moreover, bile induces the SOS response in
E. coli and S. typhimurium (Prieto et al. 2006). Thus, OMV formation by sublethal
concentrations of cell wall-directed agents could be linked to regulatory pathways
implicated in OMV biogenesis (see Sects. 2.3.1 and 2.3.3).
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2.3.3 SOS Response and Bacteriophages

In E. coli, one regulatory network facilitating bacterial survival upon DNA damage
is the so-called SOS response, representing an inducible DNA repair system
(Simmons et al. 2008). Along the SOS response two regulatory proteins, the LexA
repressor and the RecA protein, modulate the expression of more than 50 genes
comprising, for example, sulA, an inhibitor of cell division; uvr genes, which are
involved in DNA repair or sbmC, a DNA gyrase inhibitor (Simmons et al. 2008).
While LexA inhibits the expression of the SOS genes during normal cell growth,
RecA binds to single-stranded DNA caused by DNA damaging agents (e.g., antibi-
otics or UV radiation). Binding of RecA to single-stranded DNA activates RecA and
stimulates the autocatalytic cleavage of LexA, thereby relieving the repressor from
the SOS genes and leading to the expression of LexA repressed genes (Simmons
et al. 2008). Recently, some studies have shown that the SOS response is closely
linked to OMV biogenesis inducing OMV formation. Such an upregulation of OMV
formation has been observed for EHEC and Shigella dysenteriae upon treatment
with SOS response stimulating substances like ciprofloxacin or mitomycin C
(Bauwens et al. 2017a; Dutta et al. 2004). In P. aeruginosa, Maredia and coworkers
demonstrated that the OMV amount was higher under ciprofloxacin treatment
compared to non-treated wild-type cells (Maredia et al. 2012). Since ciprofloxacin
is an efficient SOS response stimulator, a noncleavable LexA strain (no induction of
the SOS response) was used to test if the enhanced vesiculation can be solely
attributed to the SOS response. Under ciprofloxacin treatment, OMV levels were
higher in wild-type cells than in the noncleavable LexA strain. However, an induc-
tion of vesiculation upon ciprofloxacin treatment was also detected in the
noncleavable LexA strain, indicating that vesiculation is linked to the SOS response,
but also to alternative pathways (Maredia et al. 2012). Moreover, the study of
Toyofuku and coworkers confirmed the association of the SOS response with
enhanced OMV formation in P. aerugionsa as an increase of the OMV amount
was also observed under denitrifying conditions, which induces the SOS response
(Toyofuku et al. 2014). Although a concise mechanism is lacking, Maredia and
coworkers speculated that the enhanced OMV formation is a consequence of the
delay in cell division and cell surface alterations during the SOS response (Maredia
et al. 2012).

DNA damage also activates lysogenic bacteriophages, which infect, parasitize,
and lyse their host cell (Weinbauer 2004). These phages integrate their genome into
the bacterial chromosome and replicate through the cell cycle of their host. Upon
stressors such as UV radiation or antibiotics, resulting in bacterial DNA damage and
induction of the SOS response, lysogenic phages become activated causing excision
from the chromosome, proliferation of new phages, and lysis of the bacterial cell
(Weinbauer 2004; Feiner et al. 2015). Recently, a novel OMV formation mechanism
based on a phage effector was proposed for P. aeruginosa in biofilms (Turnbull et al.
2016). Turnbull and coworkers demonstrated that the SOS-dependent activation of
the cryptic phages endolysin, which degrades the bacterial peptidoglycan, results in
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explosive cell lysis and high amounts of liberated OMVs. These OMVs are formed
by shattered membrane fragments of the exploding bacteria, which self-assemble to
vesicle structures (Turnbull et al. 2016). Notably, activation of the SOS response in
Stenotrophomonas maltophilia triggers formation of vesicles containing outer and
inner membranes (Devos et al. 2017). Such cell lysis-induced outer–inner membrane
vesicles were also reported for P. aeruginosa, Pseudoalteromonas marina, and
Shewanella vesiculosa (Perez-Cruz et al. 2013; Hagemann et al. 2014;
Kadurugamuwa and Beveridge 1995). A similar mechanism based on cell lysis
was shown to induce vesicle formation in the Gram-positive bacterium Bacillus
subtilis mediated by the SOS-dependent activation of an endolysin encoded by a
defective prophage (Toyofuku et al. 2017).

In contrast, lytic phages immediately replicate their genome upon infection until
the bacterial cell bursts, thereby transferring the phages to new cells. During this
process, increased vesicle formation was observed for Yersinia pseudotuberculosis
upon infection with a pseudotuberculous diagnostic bacteriophage and for E. coli
upon infection with the T4 phage, which is thought to occur due to increased osmotic
stress and subsequent self-assembly of outer membrane fragments (Byvalov et al.
2018; Tarahovsky et al. 1994). Prophage(-like) elements are frequently found in
bacterial genomes and lytic phages are constantly attacking bacterial cells (Casjens
2003; Weinbauer 2004). Thus, the induction of vesicle formation by phages might
be a ubiquitous mechanism for the production of membrane vesicles ranging from
Gram-negative to Gram-positive bacteria. Similar to cell wall-directed agents (see
Sect. 2.3.2), phage-induced vesicle formation likely represents less of an active
mechanism than a physical or chemical consequence of the self-assembly properties
of biological membranes, which re-organize themselves to vesicles and vesicle-like
structures (Sych et al. 2018).

2.4 Filamentous or Tubular Surface Structures

Recently, new mechanisms of OMV biogenesis have been addressed by several
studies dealing with the outer membrane sheathed flagellum or nanotube-like struc-
tures of Gram-negative bacteria. Several bacterial species like Brucella melitensis,
Vibrio ssp., or H. pylori assemble flagella covered with an outer membrane-derived
sheath (Fuerst and Perry 1988; Geis et al. 1993; Ferooz and Letesson 2010).
Interestingly, for Vibrio fischeri, B. melitensis, and H. pylori vesicle-like structures
were found along the sheath, frequently localized at the distal tip of the flagella
(Ferooz and Letesson 2010; Millikan and Ruby 2004; Qin et al. 2016). In the case of
V. fischeri, rotation of the flagellum results in release of more LPS molecules, which
were later shown to be shed via OMVs (Brennan et al. 2014; Aschtgen et al. 2016).
Interestingly, Aschtgen and coworkers also observed different OMV sizes
depending on the presence and functionality of the bacterium’s sheathed flagellum.
A hyperflagellated mutant produced a higher proportion of smaller OMVs whereas a
nonmotile mutant produced fewer OMVs that tend to be slightly larger in electron
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microscopy than those generated by wild-type cells (Aschtgen et al. 2016). Hampton
and coworkers reported similar observations for Vibrio vulnificus comparing the
amount and size of OMVs via electron microscopy derived from motile and
nonmotile strains (Hampton et al. 2017). Notably, recent studies show that the
bacterial growth phase determines OMV size and protein composition in H. pylori,
a pathogen with growth phase-dependent expression of flagellar genes (Niehus et al.
2002; Zavan et al. 2019). Taken together, these results not only demonstrate a novel
mechanism of OMV formation by bacteria with sheathed flagella, but also raise the
question if at least two OMV populations exits, being either released from the
cellular body or from the flagellar sheath. Due to their different site of origin,
these vesicles may differ in their size and composition (Aschtgen et al. 2016).

Recently, studies showed that bacteria are also able to produce other outer
membrane structures such as nanotubes, nanopods, or nanowires, which stay
connected to their originating cell and enable them to interact directly with distant
surfaces. Among them, the presence of nanopods and nanowires has just recently
been reported (Shetty et al. 2011). Nanopods are described as outer membrane tubes
filled with OMVs and may represent a new bacterial organelle, still their biogenesis
and regulation are currently not well defined (Shetty et al. 2011). In D. acidovorans
nanopods were shown to play an important role in the biodegradation of the highly
hydrophobic phenanthrene as cells producing almost no nanopods were massively
attenuated upon growth on this carbon source (Shetty and Hickey 2014).

Shewanella oneidensis, a metal-reducing bacterium was found to produce exten-
sions of the outer membrane and periplasm called nanowires, which were shown to
enable the cells to link the respiratory chain to external (metal) electron acceptors
(Pirbadian et al. 2014).

Nanotubes have been described as tube-shaped membranous structures and are
considered to be a specialized form of OMV production (McCaig et al. 2013). It has
been suggested that these structures connect neighboring cells thereby playing
important roles in cell–cell communication or the exchange of molecules in
Myxococcus xanthus, enteropathogenic Escherichia coli (EPEC), V. vulnificus, and
Francisella novicida (Remis et al. 2014; Hampton et al. 2017; McCaig et al. 2013;
Pal et al. 2019). Though their nature is not completely understood, in EPEC
nanotubes are thought to be evolutionary related to the injectosome and the flagellum
(Pal et al. 2019). A first step toward a regulatory mechanism is a study showing that
nanotube production is induced upon amino acid starvation in F. novicida indicating
their importance for nutrient acquisition (Sampath et al. 2018).

Taken together, these findings suggest that nanotubes, nanopods and nanowires
represent a specialized type of OMVs that stay connected to the cell, thereby
facilitating nutrient degradation and acquisition of highly specialized bacteria, aid
in energy production cycles or enable cell to cell communication.
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2.5 Modulation of Outer Membrane Components or
Composition

All domains of life share a bilayered membrane mainly composed of phospholipids
in both leaflets or at least in the inner leaflet (i.e., outer membrane of Gram-negative
bacteria). For eukaryotic cells, the curvature alteration of membranes plays an
important role in defining the cell morphology, organelles, and local subdomains
and is therefore crucial for compartmentalizing proteins and enzymatic reactions
(McMahon and Boucrot 2015). Besides changes in the phospholipid composition,
curvature induction in eukaryotes is predominately mediated via proteins, which
may be integral components of the membrane or are able to induce curvature via
binding from the inside or outside of the membrane (Zimmerberg and Kozlov 2006;
McMahon and Boucrot 2015). Notably, mechanisms for the alteration of membrane
curvatures have also been identified in bacteria, which range from the insertion of
curvature-inducing small molecules (e.g., Pseudomonas quinolone signal PQS),
modification of membrane components (e.g., LPS), or alteration of the membrane
composition (e.g., phospholipid accumulation) (Mashburn-Warren et al. 2008;
Tashiro et al. 2011; Roier et al. 2016; Bonnington and Kuehn 2016; Elhenawy
et al. 2016). All of these processes have also been demonstrated to affect OMV
formation, which will be discussed in this chapter.

2.5.1 Pseudomonas Quinolone Signal (PQS)

The quorum sensing signal molecule 2-heptyl-3-hydroxy-4-quinolone (Pseudomonas
quinolone signal; PQS) is involved in communication and growth phase coordination
of P. aeruginosa. The inter-bacterial delivery of this hydrophobic molecule in aqueous
solution was not understood until Mashburn and coworkers demonstrated that PQS is
transferred via OMVs (Mashburn and Whiteley 2005). Aside from its role in quorum
sensing signaling, PQS also induces OMV formation. In P. aeruginosa it seems to be a
dominant biogenesis mechanism as a pqsA mutant, unable to produce PQS, exhibits
massively reduced OMV levels (Mashburn and Whiteley 2005). Due to its chemical
properties, it is able to interact with the acyl chains of lipid A, a component of LPS,
bringing them into a more ordered gel-like state. Thereby PQS reduces membrane
fluidity, which facilitates bulging of the membrane and OMV release. Importantly, the
high fluidity of the P. aeruginosa outer membrane likely prevents OMV blebbing
without PQS (Schertzer and Whiteley 2012; Mashburn and Whiteley 2005;
Mashburn-Warren et al. 2008). Consistent with the observation that PQS is strictly
produced under aerobic growth, OMV formation under anaerobic conditions is mas-
sively reduced (Schertzer and Whiteley 2013). Interestingly, vesicle formation can
also be induced upon the addition of PQS to cultures of other Gram-negative or Gram-
positive bacteria including E. coli, Burkholderia cepacia, and B. subtilis and is thought
to interact with their membranes (Mashburn-Warren et al. 2008; Tashiro et al. 2010).
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This fascinating observation implicates a unique strategy allowing interspecies con-
trolled induction of vesicle formation in bacteria.

2.5.2 LPS Modifications

LPS is a major component of the outer membrane of Gram-negative bacteria and
constitutes its outer leaflet. This molecule consists of three components and is highly
variable between species. The O-antigen is the outermost part of the LPS with the
highest diversity and is mainly recognized by the host immune system. The core
region is in parts highly conserved and plays an important role in outer membrane
stability. The lipid A, or so-called endotoxin, represents the membrane anchor of the
LPS. In many species, it is a target molecule for defined, inducible modifications to
increase resistance against antimicrobial factors, which need to penetrate through the
outer membrane or directly attack the outer membrane integrity (Hankins et al. 2012;
Gunn 2001). Due to its central role in the bacterial surface it is not surprising that
modifications in all three parts of the LPS molecule have been reported to affect
OMV formation in various species, which will be discussed below.

2.5.2.1 Lipid A Modifications

The biosynthesis of lipid A is a multistep process wherein many modifications can
be introduced such as glycinations, changes in acylation patterns or the attachment of
phosphoethanolamine or aminoarabinose (Hankins et al. 2012; Raetz et al. 2007;
Brozek and Raetz 1990; Gunn et al. 1998). These lipid A modifications have been
shown to promote resistance to antimicrobial peptides, reduce host immune system
activation, change in membrane stability, or change in vesicle formation (Raetz et al.
2007; Kawasaki et al. 2004b; Gwozdzinski 2018).

A recent study showed that the addition of a phosphoethanolamine group onto the
N-acetylglucosamine disaccharide of lipid A via mcr-1 in E. coli increases OMV
formation (Gwozdzinski 2018). The current model suggests this modification causes
a charge repulse inducing vesiculation (Gwozdzinski 2018). In S. typhimurium PagL
can deacetylate lipid A to downregulate the host immune response. PagL is activated
via the two-component system PhoPQ upon entering the macrophages (Kawasaki
et al. 2004a; Trent et al. 2001). The deacylation in the 3-position of the lipid A also
increases OMV formation inside of macrophages, where OMVs are thought to
interfere with host cellular pathways. The loss of the acyl chain is thought to generate
a positive curvature of the outer membrane by changing the shape of the lipid A and
thereby induce vesiculation (Kawasaki et al. 2004a; Elhenawy et al. 2016).
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2.5.2.2 LPS Core Modifications

Mutations in the core region of the LPS can have a massive impact on the bacterial
surface structure, colony morphology, and outer membrane integrity. Several LPS
core mutants showed elevated OMV levels in P. aeruginosa (Ruhal et al. 2015;
Salkinoja-Salonen and Nurmiaho 1978). Similar results were observed in E. coli
(Nakao et al. 2012; Schwechheimer et al. 2014). These studies often relied on
mutants lacking the majority of the LPS core and, as a consequence, the entire
O-antigen. As full length LPS has a pivotal impact on outer membrane stability, such
core mutants have an impaired outer membrane integrity, which could explain the
increased liberation of outer membrane material. Yet, a study by Schwechheimer
and coworkers described a mechanism for the increased vesiculation observed in
LPS core mutants (Schwechheimer et al. 2014). According to their model, enhanced
vesiculation in E. coli rfaC or rfaB mutants lacking full-length LPS results from
accumulation of periplasmic LPS and subsequent increase in turgor pressure
(Schwechheimer et al. 2014).

2.5.2.3 O-Antigen Modifications

P. aeruginosa was shown to express two distinct types of LPS varying in the
O-antigen composition. One is a homopolymer of D-rhamnose and is named common
polysaccharide antigen (CPA, formerly termed A-band), the other is a heteropolymer
of three to five distinct sugars in its repeat units known as O-specific antigen (OSA,
formerly termed B-band). P. aeruginosamutants lacking OSA or CPA were shown to
produce OMVs with altered size and protein composition (Murphy et al. 2014). While
OSA is more immunogenic, CPA plays an important role in binding to human cells
(Lam et al. 2011). Interestingly, P. aeruginosaOMVs were shown to be enriched with
the negatively charged OSA (Kadurugamuwa and Beveridge 1995). Enrichment of
OMVs with OSA is believed to be the consequence of the charge repulsive forces
between adjacent OSA and other LPS molecules in the outer membrane. Interestingly,
exposure to oxidative stress increased the abundance of negatively charged OSA and
OMV formation (Sabra et al. 2003). Thus, increased vesiculation during stress condi-
tions might be induced by the AlgU pathway (see Sect. 2.3.1) and alterations in
O-antigen composition to facilitate survival of P. aeruginosa.

P. gingivalis also produces two classes of LPS, carrying either neutral (O-LPS) or
negatively charged (A-LPS) O-antigen chains (Paramonov et al. 2001; Rangarajan
et al. 2008; Paramonov et al. 2005). OMVs of this human oral pathogen are enriched in
A-LPS, which may implicate a role for this O-antigen species in OMV release (Haurat
et al. 2011). Indeed, for species with neutral and negatively charged O-antigens, the
latter has been found to be enriched in OMVs. Thus, it could be suggested that an
interaction between negatively charged O-antigen species contributes to OMV forma-
tion comparable to the destabilization of the OM of P. aeruginosa by negatively
charged gentamicin (see Sect. 2.3.2; Kadurugamuwa and Beveridge 1997).
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2.5.3 Modulation of Phospholipid Composition

The outer membrane of Gram-negative bacteria is composed of an asymmetric
bilayer with phospholipids in the inner leaflet and LPS on the outside. This asym-
metry is maintained by a putative retrograde phospholipid trafficking system
transporting phospholipids from the outer to the inner membrane (Malinverni and
Silhavy 2009). This system was first described in E. coli, but is highly conserved
among Gram-negative bacteria (Roier et al. 2016; Malinverni and Silhavy 2009). In
E. coli, the system is composed of the outer membrane lipoprotein VacJ (MlaA), the
periplasmic binding/transport protein YrbC (MlaC), and a permease complex
consisting of YrbB (MlaB), YrbD (MlaD), YrbE (MlaE), and YrbF (MlaF)
(Malinverni and Silhavy 2009).

Deletion or downregulation of this retrograde phospholipid transport system has
been shown to increase OMV formation in multiple species including E. coli,
Haemophilus influenzae, V. cholerae, and Neisseria gonorrhoeae (Roier et al.
2016; Baarda et al. 2019). In H. influenzae, comprehensive lipid analyses revealed
a higher phospholipid abundance in the OMVs derived from yrbE and vacJ deletion
mutants compared to wild type (Roier et al. 2016). This is accompanied by distinct
changes of the lipid species composition, such as the enrichment of short-chain fatty
acids, in the outer membrane and OMVs of yrbE and vacJmutants compared to wild
type (Roier et al. 2016). Together with the observation that the fatty acid composi-
tion of P. aeruginosa OMVs differs from the outer membrane, it can be hypothe-
sized that arrangement of certain phospholipid might promote OMV biogenesis
(Tashiro et al. 2011). Generalized models based on accumulation of defined lipid
species are hampered by the heterogeneous phospholipid compositions found in the
outer membrane of Gram-negative bacteria.

Interestingly, the phospholipid transport system was shown to be transcriptionally
silenced upon iron limitation in a Fur (ferric uptake regulator)-dependent manner. As
iron limitation is a signal for host environment for many bacteria, it is very likely that
vesiculation plays a major role in colonization strategies of pathogenic bacteria
(Roier et al. 2016). Along this line, an increased in vivo fitness upon deletion of
this system has been reported for P. aeruginosa and N. gonorrhoeae (Shen et al.
2012; Baarda et al. 2019). In contrast, other studies report that mutants in the
retrograde lipid transporter of Shigella flexneri and Haemophilus parasuis are
attenuated in vivo (Carpenter et al. 2014; Zhao et al. 2017; Suzuki et al. 1994),
indicating a current lack of understanding of the complex physiological processes
involved. Another example of increased vesiculation due to phospholipid accumu-
lation was observed in Neisseria meningitidis, where higher production of phospho-
lipids triggered by sulfate depletion led to increased OMV production. Moreover,
sulfate depletion is associated with oxidative stress, which has already been shown to
be a signal for increased vesiculation in P. aeruginosa (see Sect. 2.5.1; Gerritzen
et al. 2019; Macdonald and Kuehn 2013).
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2.6 Conclusion

Long neglected within the scientific community, the vital role of membrane vesicles
is nowadays increasingly studied and has been proven for all branches of life ranging
from Gram-negative and Gram-positive bacteria to archaea and even eukaryotic cells
(Deatherage and Cookson 2012). Among them, OMVs of Gram-negative bacteria
have been most extensively studied. Pioneer work of the Beveridge and Kuehn labs
on OMV physiology and biogenesis provided basic knowledge on the existence and
multiple physiological roles of these spherical surface derivatives, which ultimately
opened this field to become a striving research topic (Horstman and Kuehn 2000;
Kadurugamuwa et al. 1993). Noteworthy, a lack of vesiculation has neither been
observed for the investigated bacterial species nor any mutants, implicating that
outer membrane vesiculation might be an essential process. This chapter provided a
concise overview of the most prominent models of OMV formation of Gram-
negative bacteria, which have been reported so far (Fig. 2.1). Importantly, all of
these mechanisms could act in concert without excluding each other.

While vesiculation due to the loss of outer membrane and peptidoglycan inter-
action has mostly been observed in mutant strains lacking important structural
proteins, recent studies showed that bacteria may actively regulate the abundance
of such integral molecules via small RNAs (Song et al. 2008; Choi et al. 2017;
Schwechheimer et al. 2013). In a similar manner, bacteria can modulate their surface
composition to alter vesiculation. For example, vesiculation models based on mod-
ulation of phospholipid abundance or LPS act on structures ubiquitously present in
Gram-negative bacteria (Gerritzen et al. 2019; Roier et al. 2016; Kawasaki et al.
2004a; Elhenawy et al. 2016). In contrast, the only curvature-inducing molecule
known to date (PQS) is exclusively produced by P. aeruginosa although it induces
vesicle formation in other strains including Gram-positive bacteria (Mashburn-
Warren et al. 2008; Tashiro et al. 2010). Vesiculation due to external stressors like
cell wall-directed agents, UV radiation or high temperature is not only a conse-
quence of bursting cells or increased turgor pressure, but can also be induced by
modulation of the σE pathway or the SOS response (McBroom and Kuehn 2007;
McBroom et al. 2006; Maredia et al. 2012). Indeed, the increased release of vesicles
upon exposure to hostile conditions can be beneficial for bacterial cells due to their
abilities to act as decoys or relief of turgor pressure.

The multitude of OMV biogenesis mechanisms as well as the lack of strains
showing no vesiculation emphasizes an important role of these surface facsimiles for
bacterial fitness. Interestingly, OMVs play an important role in host–pathogen
interactions including toxin delivery, immunomodulation, binding of antimicrobial
factors as well as the acquisition of nutrients. Thus, it could be speculated that
pathogenic or human-associated bacteria are generally prone to high vesiculation in
order to aid in pathogenesis.

Recent work has already revealed quite comprehensive and complementary
OMV biogenesis models. It is likely that in the same species, several OMV biogen-
esis mechanisms are simultaneously active or conditionally induced. Thus, one
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species might produce a variety of OMV types of different sizes or composition,
reflecting diverse OMV biogenesis routes. The fast progression of techniques to
study OMVs ranging from their isolation, composition analyses, and microscopic
visualization will drive future investigation of OMV biogenesis, morphology, and
content.
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Chapter 3
Biogenesis and Function of Extracellular
Vesicles in Gram-Positive Bacteria,
Mycobacteria, and Fungi

Ainhoa Palacios, Carolina Coelho, Maria Maryam, Jose L. Luque-García,
Arturo Casadevall, and Rafael Prados-Rosales

Abstract The production of membrane vesicles (MVs) has been documented in all
domains of life. Justification for the historical lack of interest in the study of vesicle
biogenesis in Gram-positive bacteria, mycobacteria, and fungi is based on the
difficulty in explaining how MV can traverse the thick cell wall. For this reason,
the scientific landscape has been dominated by studies examining vesicle biogenesis
in microorganisms that lack cell walls or Gram-negative bacteria, since they possess
an outer membrane layer. Evidence of MV production by cell-walled microorgan-
isms is now available from different experimental approaches including, isolation of
MVs from culture supernatant, compositional analysis, visualization of vesiculation
events, and genetic studies. Strikingly, more recent studies have shown that beside
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the fundamental differences in the architecture of the cell envelope of Gram-positive
and Gram-negative bacteria, a similar mechanism of cell wall remodeling may
govern the release of MVs. Here, we describe the current understanding of vesicle
biogenesis in cell-walled microorganisms, discussing novel mechanisms of vesicle
production, methods to study MVs, cargo, and functions of MVs as well as medical
applications of naturally produced MVs.

3.1 Introduction

The notion that Gram-negative bacteria produce outer membrane vesicles (OMVs)
has been an accepted phenomenon for some time. However, the realization that cell-
walled organisms such as fungi, mycobacteria, and Gram-positive bacteria also
make MVs has only taken root in the past decade. The major hurdle in considering
MV production by cell-walled microbes was the belief that the cell wall was a rigid
structure that prevented vesicular transit. In 2007, the fungus Cryptococcus
neoformans was shown to produce MVs and to use them for export of macromo-
lecular compounds including virulence factors (Rodrigues et al. 2007, 2008b).
Subsequently, several other fungal species including Candida albicans (Vargas
et al. 2015), Saccharomyces cerevisiae (Oliveira et al. 2010), Histoplasma
capsulatum (Albuquerque et al. 2008; Nimrichter et al. 2016), Sporothrix
brasiliensis (Ikeda et al. 2018), Paracoccidioides brasiliensis (Vallejo et al. 2011),
Alternaria infectoria (Silva et al. 2014), and Malassezia sympodialis (Johansson
et al. 2018) were shown to be producers of MVs (Table 3.1). The experience with
fungal MVs prompted a search for comparable structures in Gram-positive bacteria.
The report of the proteomic composition of isolated Staphylococcus aureus MVs
provided an early example in cell-walled bacteria (Lee et al. 2009). Subsequent
studies with the bacterium Bacillus anthracis showed that it packaged its toxins into
vesicles (Rivera et al. 2010). An initial hint that anthrax toxin components were
packaged into vesicles came from immunogold electron microscopy, indicating that
these were secreted at discrete sites in the cell wall (Rivera et al. 2010). The
production of MVs has now been identified to occur by numerous Gram-positive
bacteria (Liu et al. 2018) and mycobacteria (Prados-Rosales et al. 2011) (Table 3.1).
The demonstration that vesicle biogenesis is altered in some mutants of cell-walled
organisms (Brown et al. 2015) suggest that, as in Gram-negative bacteria, MV
production by Gram-positive organisms might be a genetically regulated process.
Recent reports have demonstrated a similar mechanism for MV release from Bacillus
subtilis (Toyofuku et al. 2017) and OMV release from Pseudomonas aeruginosa
(Turnbull et al. 2016), indicating that beside the fundamental differences in cell
envelope architecture, common mechanisms may govern this process in prokaryotes.
The clinical relevance of MVs produced by pathogenic species of cell-walled
organisms is apparent from several studies. Both beneficial and detrimental effects
have been associated with MVs. Moreover, several groups have provided evidence
that isolated MVs may represent a good platform for vaccine development in animal

48 A. Palacios et al.



Table 3.1 List of cell-walled microorganisms where MVs have been demonstrated

Species References

Gram-positive bacteria

Bacillus anthracis Rivera et al. (2010)

Bacillus subtilis Brown et al. (2014)

Bifidobacterium longum Kim et al. (2016a)

Clostridium perfringens Jiang et al. (2014)

Enterococcus faecalis Kim et al. (2016b)

Lactobacillus casei Dominguez Rubio et al. (2017)

Lactobacillus plantarum Li et al. (2017)

Lactobacillus reuteri Grande et al. (2017)

Lactobacillus rhamnosus Behzadi et al. (2017)

Listeria monocytogenes Lee et al. (2013b)

Propionibacterium acnes Jeon et al. (2017)

Streptococcus agalactiae (group B streptococcus) Surve et al. (2016)

Streptomyces coelicolor Schrempf et al. (2011)

Streptomyces lividans Lee et al. (2009)

Staphylococcus aureus Lee et al. (2009)

Streptococcus mutans Liao et al. (2014)

Streptococcus pneumoniae Olaya-Abril et al. (2014)

Streptococcus pyogenes (group A streptococcus) Resch et al. (2016)

Streptococcus suis Haas and Grenier (2015)

Mycobacteria

Mycobacterium avium Prados-Rosales et al. (2011)

Mycobacterium bovis BCG Prados-Rosales et al. (2011)

Mycobacterium kansasii Prados-Rosales et al. (2011)

Mycobacterium phlei Prados-Rosales et al. (2011)

Mycobacterium smegmatis Prados-Rosales et al. (2011)

Mycobacterium tuberculosis Prados-Rosales et al. (2011)

Mycobacterium ulcerans Marsollier et al. (2007)

Fungi

Candida albicans Albuquerque et al. (2008)

Cryptococcus gatii Bielska et al. (2018)

Candida parapsilosis Albuquerque et al. (2008)

Cryptococcus neoformans Rodrigues et al. (2007)

Histoplasma capsulatum Albuquerque et al. (2008)

Malassezia sympodialis Gehrmann et al. (2011)

Paracoccidioides brasiliensis Vallejo et al. (2011)

Saccharomyces cerevisiae Albuquerque et al. (2008)

Sporothrix schenckii Albuquerque et al. (2008)
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models (see Chap. 10). Given the relevance of MVs in clinical settings, the feasi-
bility of MVs as a diagnostic element is starting to be appreciated.

3.2 Evidence for MVs in Cell-Walled Organisms

Although the existence of MV transport systems in cell-walled microbes is now
generally accepted, acceptance of this notion took a while to acquire traction. The
problem with MVs gaining general acceptance was the result of criticisms that
ranged from physical concerns to intellectual arguments and these took almost a
decade to be resolved. The three major criticisms will be considered separately.

1. Cell walls are rigid structures that prevent the passage of such large structures as
MVs. The notion that cell walls precluded passage of MVs due to their rigidity
and the absence of large pores is known as the physical criticism. This criticism
persisted despite the fact that cell walls were known to be flexible structures that
could be easily rearranged during budding and, in the case of the fungi, hyphal
formation. This criticism was addressed by demonstrating vesicles in the cell wall
during what appeared to be a transfer process. For C. neoformans there was
electron microscopic evidence of vesicles transiting the cell wall (Rodrigues et al.
2007). For S. aureus, scanning electron microscopy showed vesicle-like struc-
tures with comparable dimensions to MVs protruding from the cell wall surface
(Lee et al. 2009). Subsequent work using freeze–fracture electron microscopy
revealed vesicles entering or creating pores in the fungal cell wall (Wolf et al.
2014). Recently, liposomes containing amphotericin b were shown to transit the
cell wall of C. neoformans and C. albicans from the outside to the inside, when
added exogenously (Walker et al. 2018), making a compelling case for the notion
that the living cell wall is a pliable and deformable structure and selectively
porous, that is, not a barrier to vesicular transit.

2. MVs form from self-assembly of lipids released from cells. The criticism that MVs
were artifacts from the self-assembly of lipid molecules released from live or dead
cells was difficult to counter because lipids are notoriously able to form micelles.
Furthermore, there was data that lysis of B. subtilis cells by phages could produce
voluminous amounts of membrane lipids that could self-assemble into vesicles.
For example, the expression of endolysins by phage in Bacillus subtilis led to
explosive lysis of the bacterial cells that was associated with vesicle formation
(Toyofuku et al. 2017, 2019). The lipid self-assembly criticism was answered by
a series of experiments that made a compelling case against this explanation.
Several bacteria MVs were shown to have lipid and protein composition different
than whole bacterial cells, which argued against their emergence as a conse-
quence of cellular lysis (Coelho et al. 2019; Olaya-Abril et al. 2014). In an
experiment designed to rule out the self-assembly explanation C. neoformans
polysaccharide was added to B. subtilis cultures and then localized by
immunogold labeling (Brown et al. 2014). If MVs were the result of lipid self-
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assembly one would have expected to see the fungal polysaccharide inside the
vesicles, but this was not the case providing strong evidence against the lipid self-
assembly origin explanation (Brown et al. 2014). In fungi, the finding that MVs
were used in two-way communication between fungal cells indicated a new
specific function for these structures that made a strong case against an artifactual
nature (Bielska et al. 2018; Rodrigues and Casadevall 2018). Finally, the visual-
ization of MVs emerging from Listeria monocytogenes inside epithelial cells
through live cell imaging provided compelling visual evidence for their physio-
logical existence (Coelho et al. 2019).

3. The absence of null mutants for MV production in vesicle-producing organisms.
This criticism followed from the viewpoint of genetic reductionism, which
posited that if MVs were real then there must be a complex machinery that
could allow the isolation of null mutants for MV production. Remarkably,
those who espoused such views never doubted the existence of cell membranes
despite the fact that no mutant could exist without a cell membrane. The absence
of null mutants for MV production could reflect the fact that vesicle formation is
an integral part of cell membrane remodeling, and as such, would be produced by
any microbe. Nevertheless, this criticism has now been muted by the discovery of
genes that regulate MV production in fungi (Oliveira et al. 2010), mycobacteria
(Rath et al. 2013), and Gram-positive bacteria (Resch et al. 2016).

Today, fungi are accepted to be producers of MVs and these have been described
in C. neoformans, C. albicans (Vargas et al. 2015), S. cerevisiae (Oliveira et al.
2010), H. capsulatum (Nimrichter et al. 2016), Sporothrix brasiliensis (Ikeda et al.
2018), P. brasiliensis (Vallejo et al. 2011), and A. infectoria (Silva et al. 2014), as
well as the skin commensal M. sympodialis (Johansson et al. 2018). For recent
reviews on this topic see also de Toledo Martins et al. (2019); Joffe et al. (2016);
Rodrigues et al. (2015).

The first observation that MVs could be produced by a Gram-positive bacterium
was reported in 1990 but this was not investigated further (Dorward and Garon
1990). It was not until 2009 when a proteomic study of S. aureus MVs set the stage
for modern research into the biogenesis of MVs by Gram-positive bacteria (Lee et al.
2009). That finding was followed by studies in B. anthracis, L. monocytogenes,
several species of Streptococcus (Haas and Grenier 2015; Olaya-Abril et al. 2014;
Surve et al. 2016), and Lactobacillus (Li et al. 2017), to name a few.

The first evidence that a bacterial strain from the Mycobacterium genus releases
MVs was reported in 2007 in M. ulcerans (Marsollier et al. 2007). MVs were
isolated from the extracellular matrix of M. ulcerans and were enriched in
mycolactone, the main virulence factor of this pathogen. Subsequent studies vali-
dated this study and supported the notion that MV biogenesis is a conserved
phenomenon in the Mycobacterium genus. Indeed, a 2011 report demonstrated
MV production in the two most medically important strains of this genus, Myco-
bacterium tuberculosis (Mtb) and Bacillus Calmette-Guérin (BCG) (Prados-Rosales
et al. 2011). Analysis of MV biogenesis was extended to other slow growers and fast
growers from the same genus and all of them showed the capacity to release MVs
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(Prados-Rosales et al. 2011). Evidence of MV production was not only demonstrated
by the possibility of MV isolation from culture supernatant but also by the visual-
ization of MV release events using electron microscopy techniques such as trans-
mission electron microscopy (TEM) and scanning electron microscopy (SEM)
during an ongoing infection (Prados-Rosales et al. 2011). Further characterization
of Mtb and BCG MVs showed a similar size distribution than that of Gram-negative
OMVs (Prados-Rosales et al. 2011).

3.3 Methods for the Study of MVs in Organisms
with a Thick Cell Wall

Most of the studies on MVs in Gram-positive bacteria, fungi, and mycobacteria
involve an initial purification from laboratory culture supernatants followed by the
concentration and characterization of these structures. Few studies have attempted
MV isolation from host-related compartments. Mass spectrometry has been used to
define the MV-associated protein and lipid cargo, and electron microscopy to
visualize isolated MVs or vesiculation events from living cells. The methodology
to study MVs should be designed carefully attending to the final use of isolated
material. If the study involves the interaction of isolated MVs with host cells, the
isolation and purification steps should go as far as eliminating most of the unwanted
contaminants. This would also apply for cargo identification by mass spectrometry.

3.3.1 Methods of Isolation

As previously mentioned, the isolation process is one of the most challenging
approaches during the study of MVs (Mateescu et al. 2017). Since there is not an
ideal technique to isolate MVs, most groups combine several approaches with the
aim of reducing contaminants, which are typically co-isolated with the MVs pool,
and to minimize sample loss. The protocol that has been mostly used to isolate MVs
derived from Gram-positive bacteria, mycobacteria, and fungi involve clarification
of the supernatant using low-speed centrifugation followed by filtration to remove
microorganisms and the collection of an MV-rich faction after subsequent ultracen-
trifugation (Brown et al. 2015; Prados-Rosales et al. 2014a). Although many studies
have performed MVs characterization from the pelleted MV preparation after
ultracentrifugation, additional separation steps are desired to increase the purity of
the MV pool and avoid the carryover of unwanted cellular material. For instance, an
additional step in the form of sucrose cushion density gradient was applied during
isolation of MVs from Streptococcus or Streptomyces (Gurung et al. 2011; Schrempf
et al. 2011). Similarly, density gradient ultracentrifugation was used to further purify
ultracentrifuge-isolated MVs from Mtb (Prados-Rosales et al. 2011), S. aureus (Lee
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et al. 2009), S. pneumoniae (Olaya-Abril et al. 2014), and C. perfringens (Jiang et al.
2014) cultures. More recently, size-exclusion chromatography was combined with
clarification and ultracentrifugation of culture supernatants to isolate MVs from
C. albicans biofilms (Zarnowski et al. 2018). The major disadvantage in applying
additional purification steps during MV isolation is the decrease in vesicle yield
(Chutkan et al. 2013).

MVs have also been isolated from samples different from axenic cultures. In a
study reporting a pulmonary allergic reaction to S. aureus MVs in mice, vesicles
from this organism were isolated from house dust by removing bacteria from dust
previously dissolved PBS and subsequent ultracentrifugation (Kim et al. 2012). MVs
from S. aureus have also been isolated from skin lavage fluids obtained from patients
with atopic dermatitis (Hong et al. 2011) and lung tissue from S. aureus-infected
mice (Gurung et al. 2011) using a similar approach.

One of the major limitations of methods used to isolate MVs, in general, is the
difficulty in separating MV subpopulations. The development of new approaches
with the sufficient resolution capacity to achieve the separation of such populations
will increase the understanding of the intrinsic heterogeneity of MVs.

3.3.2 Cargo Identification

The definition of MV composition is critical to understanding their role in different
biological processes. MVs contain a diverse variety of cargo including lipids, pro-
teins, nucleic acids, and metabolites. In the case of Gram-positive bacteria,
mycobacteria, and fungi derived-MVs, most studies have been focused on the
definition of the protein composition of isolated MVs by biological mass spectrom-
etry; or by biochemical assays such as antibody-based assays, which include ELISA
or Immunoblot (Lee et al. 2009; Prados-Rosales et al. 2011). Fewer studies report the
lipid profile of MVs from cell-walled microorganisms and to a lesser extent the
presence of nucleic acids or metabolites. Compared to Gram-negative bacterial
OMVs, quantitative data regarding the relative incorporation of cellular material,
including lipids and proteins into MVs are not available for cell-walled microorgan-
isms. This information is necessary to better understand the process of Gram-
positive MV biogenesis. Moreover, one aspect usually unattended to fully establish
the unique association of a specific cellular component to MVs is the lack of
additional experiments including the composition of the cell membrane. Elucidation
of MV composition will shed light into the enrichment phenomenon of specific MV
components.

3.3.2.1 Identification of MV-Associated Proteins

The protein content of MVs derived from cell-walled microorganisms can be
assessed by antibody-based assays or by high-throughput mass spectrometry
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approaches. Usually, the selection of the antibody to detect the MV-associated
protein is preceded by a mass spectrometry approach where the catalogue of MV
proteins has been defined. In the latter, a cleanup step in the form of acetone
precipitation is usually performed followed by in-solution trypsin digestion and
peptide purification by solid phase extraction (ZipTip) before analysis by mass
spectrometry (Prados-Rosales et al. 2014a). As mentioned above, to fully establish
the enrichment of a specific protein within the MV it is critical to compare the
abundance of the protein hit in the MV relative to the one in the cellular membrane.
Most of the approaches used to analyze MV protein composition from cell-walled
microorganisms are based on electrospray ionization (ESI)-based nano liquid chro-
matography coupled to mass spectrometry (nanoLC-MS/MS) (Kim et al. 2015). To
increase the number of identified proteins, some studies incorporate a
one-dimensional gel electrophoresis separation step before in-gel trypsin digestion
(Lee et al. 2009). However, one of the potential issues associated to this step is the
low recovery of large and/or highly hydrophobic peptides from the gel. This
shortcoming is especially relevant for the study of the protein content of MVs
given that these are likely to have a significant content of membrane proteins.

One of the hallmarks of the protein catalogue of MVs from pathogenic cell-
walled microorganisms is the fact that virulence-associated proteins are overrepre-
sented. This is true for Mtb (Lee et al. 2015; Prados-Rosales et al. 2011), S. aureus
(Gurung et al. 2011; Lee et al. 2009), L. monocytogenes (Lee et al. 2013b),
B. anthracis (Rivera et al. 2010), Streptomyces coelicolor (Schrempf et al. 2011),
S. pneumoniae (Olaya-Abril et al. 2014), C. neoformans (Rodrigues et al. 2008a),
H. capsulatum (Albuquerque et al. 2008), P. brasilensis (Vallejo et al. 2011), and
C. perfringens (Jiang et al. 2014). In the particular case of Mtb, an enrichment of
lipoproteins in isolated MVs was reported. These classical toll-like receptor
2 (TLR2) ligands that are involved in the interference of the antigen presentation
process during their interaction with host cells (Fulton et al. 2004), were not detected
in isolated MV from the environmental mycobacterial strain M. smegmatis (Prados-
Rosales et al. 2011).

3.3.2.2 Identification of MV-Associated Lipids

A few studies have attempted the lipid characterization of isolated MV from cell-
walled microorganisms. Lipidomic analysis of isolated MVs from the two Gram-
positive bacteria B. anthracis and S. pneumoniae shows an enrichment in short-chain
saturated fatty acids relative to the corresponding cell membranes (Olaya-Abril et al.
2014; Rivera et al. 2010), suggesting that membrane fluidity might be an important
factor for MV release. In a different study with Mtb, MV lipid analysis was
performed by thin-layer chromatography (TLC) and showed enrichment in polar
lipids including phosphatidylinositol mannosides (PIMs) and cardiolipins,
suggesting that the origin of mycobacterial MV might be the cellular membrane
(Prados-Rosales et al. 2011). Lipidomic analysis of isolated C. neoformans MVs
showed the presence of the glycosphingolipid (GlcCer) and sterol derivatives
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(Rodrigues et al. 2007). Considering that these lipids are enriched in membrane
microdomains (Muniz and Riezman 2000), their presence in isolated MVs would
suggest that MV release events occur at these discrete regions of the membrane.
Similar to C. neoformans, lipidomic analysis of isolated MVs from H. capsulatum
showed the increased abundance of two species of hydroxylated fatty acids,
containing 16 or 18 carbons (Albuquerque et al. 2008). As discussed by the authors,
the similarity between the lipid composition of mammalian exosomes and fungal
MVs in these particular lipids, would suggest a close mechanism of biogenesis.
Lipidomic studies of MVs from cell-walled microorganisms are critical to under-
standing vesicle biogenesis. Consequently, more studies incorporating state-of-the-
art methodology are needed to shed light to this conserved biological phenomenon.

3.3.2.3 Identification of MV-Associated Nucleic Acids

Several important recommendations have been proposed by the international society
for extracellular vesicles when attempting the analysis of nucleic acids, especially
RNA, in extracellular vesicles to exclude the possibility that they are contaminants
(Mateescu et al. 2017). Similarly, the study of the presence of DNA in isolated MVs
should include enzymatic digestion of isolated material to determine the degree of
DNA association with MVs. MVs from C. neoformans, C. albicans, P. brasiliensis,
M. sympodialis (Rayner et al. 2017), and S. cerevisiae contain different types of
RNA, including mature tRNAs, mRNAs, and noncoding RNAs (Peres da Silva et al.
2015). The potential role that RNA delivered by MVs might have in the target cells is
still a matter of investigation.

3.3.3 Quantification, Labeling, and Visualization of MVs

Determination of the number and size of MVs is critical to understand how these
structures are produced. This information would be essential to assess the feasibility
of MVs as novel vaccines. Quantitative measurements of MVs from Gram-positive
bacteria, mycobacteria, and fungi have been mostly performed by the determination
of either vesicle mass, protein content, or the relative amount of lipids. Alternatively,
determination of the amount of MVs has been performed by radiolabeling of
growing cells with lipid precursors and by measuring radioactive counts in cells,
vesicle pellet, and supernatant after ultracentrifugation (Brown et al. 2014). How-
ever, none of these methods provides absolute quantification of MVs. Labeling of
MVs has also been used as a method for quantification or visualization of MVs. The
first attempts at labeling MVs were performed with lipophilic dyes such as DiI, DiO,
and PKH26 (Morales-Kastresana and Jones 2017; Morales-Kastresana et al. 2017).
However, this approach has proven problematic given that these lipophilic dyes
caused unacceptable alterations in size and morphology, presumably due to aggre-
gation events (Morales-Kastresana et al. 2017). The authors of these works have

3 Biogenesis and Function of Extracellular Vesicles in Gram-Positive. . . 55



cautioned against the use of DiI or PKH26 and we join them in urging the discon-
tinuation of these protocols. We have used a fatty-acid-BODIPY conjugate that is
added to the culture medium and incorporated into bacterial cells (Coelho et al.
2019), which allowed us to isolate MVs that maintained the same size and density, as
observed by DLS characteristics and density gradient centrifugation. This technique
has the advantage that it can be tailored to each individual organism, i.e., it is easy to
change the lipid species that are tagged, particularly when combined with the
knowledge of lipid composition of the MVs under study. Another widely used
tool is to detect MVs by immunodetection to one of the surface-associated proteins
(Kowal et al. 2016). This technique is only limited by the quality of the antibody
used and has allowed affinity purification of MVs subpopulations in mammalian
cells (Kowal et al. 2016). Additional tools are needed to perform in vivo tracking and
highly sensitive tracking, to allow for more specific labeling and separation. A very
successful alternative was genetic coupling of fluorophores (or luciferase) to proteins
secreted in MVs (Lai et al. 2015, 2014).

The diversity of microbes entails that for each microbe, MV-specific markers
(or at least MV-enriched markers) need to be selected and validated. The task of
selecting an appropriate, robust MV marker is further complicated since MVs may
be significantly different depending on media or culture conditions used, and
therefore one would have to find the one marker that is conserved throughout a
wide variety of experimental conditions. However, the rewards to be reaped would
be immense: in addition to live-tracking of MVs these tools could allow quick and
selective purification, via columns or sorting, and could allow for detection of very
low amounts of these MVs.

Technologies have been developed to perform the automatic analysis and quan-
tification of individual MVs, including the tunable resistive pulse sensing (tRPS),
nanoparticle tracking analysis (NTA), high-resolution flow cytometry (hFC), or
dynamic light scattering (DLS) (Maas et al. 2015). While all of these methods
acquire information related to particle size, only hFC has the potential of providing
an absolute number of MVs. Advantages and limitations of these technologies have
been discussed previously (Szatanek et al. 2017). In the context of Gram-positive
bacteria, NTA has been successfully applied to the study of Sporothrix brasiliensis
MVs (Ikeda et al. 2018) and tRPS was used to determine vesicle size in Mtb
(Athman et al. 2015). Also very extended in the bacterial and fungal MVs field is
the use of either DLS or transmission electron microscopy (TEM) to assess the size
distribution of the vesicle population. Electron microscopy is another complemen-
tary approach to characterize MVs populations. TEMwas used to visualize MVs and
to study size and morphology of these structures in many Gram-positive,
mycobacteria, and fungal species (Brown et al. 2015). TEM provides valuable
information about the heterogeneity of the MV population. Limitations associated
with this technique are the required number of steps for sample processing that
usually introduces many morphological artifacts. Scanning electron microscopy
(SEM) has also been utilized to visualize vesicle release events in bacterial and
fungal cells (Prados-Rosales et al. 2011; Silva et al. 2014). Although this information
is valuable to ascertain the capacity of a specific strain to release MVs, the possibility
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that these structures are confounded with other cell surface-associated molecules
requires strict validation of the obtained results. Demonstration of MV production in
many species of Gram-positive bacteria usually combines several microscopy
approaches such as TEM, SEM, FC, or atomic force microscopy (AFM) (Liu et al.
2018). The recently developed technique of cryoelectron microscopy (cryo-EM)
reduces considerably the steps in sample processing and allows the determination of
sample morphology in a close-to-native state (Glaeser and Hall 2011). A recent
study combined NTA, tRPS, and cryo-EM to determine the size distribution of
isolated S. aureus MVs. Interestingly, each method provided a different size distri-
bution and showed the monodispersed nature of the MV population, and highlighted
the necessity of combining complementary approaches to characterize MVs in cell-
walled microorganisms (Tartaglia et al. 2018).

3.4 Mechanisms of MV Biogenesis in Cell-Walled
Microorganisms

The limited research into MVs from Gram-positive bacteria, mycobacteria, and
fungi was influenced by the belief of the potential interference from the thick cell
wall for MV transport to outside the cell. This, in turn, makes it more challenging to
provide an explanation for the mechanism(s) of vesicle biogenesis in cell-walled
microorganisms. It seems intuitive that a cell wall remodeling process that would
allow vesicular transit must govern MV biogenesis in these microorganisms
(Fig. 3.1). Hypotheses for MV production in cell-walled microorganisms are mostly
based on proteomics data from isolated vesicles, assuming that MV-associated
proteins are involved in such remodeling processes. The proposal that cell wall-
modifying enzymes can alter cell wall thickness and facilitate MV release provides
an example for this notion. Isolated MVs from S. aureus (Lee et al. 2009) or
M. tuberculosis (Prados-Rosales et al. 2011) were found to contain peptidoglycan
degrading enzymes. Similarly, glycosyl hydrolases with substrate specificity for cell
wall polymers have been identified in proteomic screens of EVs from several fungal
species (Albuquerque et al. 2008; Oliveira et al. 2010; Rodrigues et al. 2007)
(Fig. 3.1a, b). Alternatively, it was proposed that MVs can exert a change in turgor
pressure after budding from the cell membrane forcing their pass through the cell
wall (Rodrigues et al. 2008a; Vallejo et al. 2012a) (Fig. 3.1b). Derived from
ultrastructural studies is the hypothesis that MVs can transit through pores originated
within the cell wall (Rodrigues et al. 2008a; Vallejo et al. 2012a). Of note, as
previously demonstrated the pore size in S. cerevisiae varies from 50 to 300 nm,
depending on the growing conditions (de Souza Pereira and Geibel 1999). Modifi-
cation of cell wall permeability has also been observed during melanization by
C. neoformans. In this case, melanization reduces the cell wall pore size and induces
the accumulation of MVs in the cell wall (Jacobson and Ikeda 2005) (Fig. 3.1b).
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3.4.1 Fungi

The complexity involved in generating vesicles and loading them with such varied
cargo implies the existence of complex machinery. The current view is that MVs in
fungi are assembled in multivesicular bodies that then release these structures
outside of the cell membrane to transit through the cell wall into the extracellular
space (Casadevall et al. 2009). Consistent with this notion, numerous genes and
signaling pathways have been implicated in MV production. Analysis of MV
production in S. cerevisiae strains deficient in Sec4p and Snf7, which are involved
in Golgi-derived exocytosis and multivesicular body (MVB) formation, respec-
tively, showed that these produced vesicles with altered composition (Oliveira
et al. 2010). Golgi reassembly and stacking protein (GRASP) was implicated in
vesicle release and the packaging on RNA in C. neoformans vesicles (Kmetzsch
et al. 2011; Peres da Silva et al. 2018). In C. albicans, the Sap2 gene and TOR
pathway have been implicated in extracellular vesicle production (Gil-Bona et al.
2015).

Fig. 3.1 MV formation in cell-walled microorganisms. Hypothesis on how MVs get through thick
cell walls. (a) Scheme of the mycobacterial cell envelope. As documented in proteomics studies for
either M. tuberculosis or Gram-positive bacteria such as S. aureus, the presence of cell wall-
modifying enzymes (i) could loosen the wall skeleton facilitating the release of MVs (green
arrow). (b) Scheme of the fungal cell wall. Release of MVs (green arrow) by fungal cells may be
regulated by the porosity of the cell wall, which can be modified by turgor pressure (i), cell wall
modifying enzymes (ii) or melanization (iii)
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3.4.2 Gram-Positive Bacteria and Mycobacteria

As in Gram-negative bacteria, no gene mutation abolishing MV has been found for
either Gram-positive bacteria or mycobacteria. The absence of null mutants has led
to suggestions that vesicle biogenesis is either an essential process or that physical
changes may give rise to vesicles irrespective as an integral property of membranes.
Nevertheless, few reports have established the connection between defects in vesicle
biogenesis and genetics in cell-walled microorganisms relative to Gram-negative
bacteria, raising the possibility that null mutants may still be found in the future.
Deletions in L. monocytogenes sigB (RNA polymerase sigma factor σB) (Lee et al.
2013b) or M. tuberculosis vesicle biogenesis and immune response regulator (virR)
(Rath et al. 2013) and transmembrane component of the phosphate-specific transport
(Pst) pstA1 (White et al. 2018) were shown to alter MV production. In the particular
case of L. monocytogenes, quantification of MVs in the wild type and sigB mutant
strains was determined by protein concentration, raising the question whether such
differences could be attributable to the potential differential capacity of both strains
to load proteins on vesicles. Similarly, there is evidence that a two-component
system, CovRS (control of virulence regulator-sensor) regulates the production of
MVs in Streptococcus pyogenes (group A streptococcus (GAS)) (Resch et al. 2016).
It was observed that those GAS strains harboring a CovRS genetically disrupted
manifested increased MV production compared to those with an intact system.
Nevertheless, the exact mechanism by which MV biogenesis is controlled is still
unknown. Recently, two independent reports on the Gram-positive bacteria
B. subtilis and S. aureus, have shed some light into mechanisms for MV biogenesis.
Mytomicin C-induced genotoxic stress in B. subtilis stimulated the expression of
endolysins encoded by prophages, which altered cell wall permeability and facili-
tated MV production (Toyofuku et al. 2017). Of note, a similar mechanism was
demonstrated in the Gram-negative bacterium P. aeruginosa (Turnbull et al. 2016).
However, while in B. subtilis MV are released through pores originated in the
peptidoglycan, P. aeruginosa cells explode and MVs are formed from membrane
fragments (Turnbull et al. 2016). In S. aureus, the release of MV enriched in
lipoproteins was dependent on surfactant-like molecules such a phenol-soluble
modulins (PSMs). Apparently, PSMs facilitates MV release by increasing cell
membrane fluidity (Schlatterer et al. 2018). In the same bacteria, antibiotics induced
MV production by a phage-dependent or phage-independent fashion, depending on
the mode of action of the antibiotic. Thus, oxidative stress-inducing antibiotics can
induce S. aureus MV production through endolysin-triggered cell death (phage-
dependent) and β-lactams do it by increasing the permeability of the peptidoglycan
layer in phage-independent way (Andreoni et al. 2019). The finding that iron
limitation regulates MV release in M. tuberculosis (Prados-Rosales et al. 2014c)
supports the notion that MV biogenesis is important for the survival strategy of this
pathogenic bacterium. In that study, it was shown that in vitro growth of
M. tuberculosis under iron starvation triggered MV production and those vesicles
were enriched in Fe-loaded siderophores. Importantly, growth restoration was
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achieved when siderophore-deficient M. tuberculosis mutants were supplemented
with low iron MVs, indicating that they could serve as iron donors. These findings
entertain the notion that those MVs can potentially contribute to the bacterial
persistence by benefiting the local community.

3.5 MV Cargo

3.5.1 Fungi

Fungal MVs cargo includes proteins, lipids, nucleic acids, and carbohydrates.
Compositional analysis of MVs from different fungal species revealed proteins
from different functional categories such as metabolism of proteins or carbohydrates,
response to stress, transport, or signaling (de Toledo Martins et al. 2019). Common
to other pathogenic organisms is the fact that MVs from pathogenic fungal species
are loaded with proteins associated with virulence. For instance, laccase, urease, and
phosphatase activities have been demonstrated in isolated MVs from C. neoformans
(Rodrigues et al. 2008a). Similarly, phosphatase activity was detected in MVs from
P. brasiliensis (Vallejo et al. 2012a). Other proteins related to fungal virulence and
also found in MVs are those involved in controlling the REDOX balance of the
fungal cell, such as catalase B or superoxide dismutase (Albuquerque et al. 2008;
Vallejo et al. 2012b). Several hypotheses of MV function have been proposed based
on protein composition of fungal MVs. MVs may participate in the fungal cell wall
remodeling process due to the fact that cell wall glycosyl hydrolases such as
endochitinase and glucanase were identified in isolated MVs (Albuquerque et al.
2008); MVs may participate in cell wall biogenesis as they deliver glycoconjugates
to the outermost part of the cell wall (Rodrigues et al. 2007; Vallejo et al. 2011).

Although there are few studies of RNA analysis in fungal MVs, a comparative
study of RNA content of fungal MVs from S. cerevisiae, C. neformans, and
C. albicans revealed the intraluminal association of RNA with MVs as demonstrated
by enzymatic degradation studies, demonstrating the role of vesicles as RNA trans-
porters (Peres da Silva et al. 2015). For a recent review on this topic see also de
Toledo Martins et al. (2019).

3.5.2 Gram-Positive Bacteria

Gram-positive MVs harbor a variety of components including proteins, toxins,
nucleic acids, lipids and polysaccharides, small metabolites, and antibiotics. These
data offer a first insight into their possible functions, as well as mechanisms required
for MV biogenesis. While there is more available information in protein and nucleic
acid composition, due to the wider availability of technology, information on other
types of MV components is starting to emerge.
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The production of MV in Gram-positive bacteria was first studied in the case of
S. aureus that led to the identification of 90 MV-associated proteins using a
proteomic approach. The proteins found in MVs were comprised mostly of cyto-
plasmic proteins in addition to extracellular and membrane-associated proteins (Lee
et al. 2009). That study was followed by proteomic analysis of various other Gram-
positive bacteria MVs including B. subtilis (Brown et al. 2014), B. anthracis (Rivera
et al. 2010), L. monocytogenes (Coelho et al. 2019), S. coelicolor (Schrempf et al.
2011), C. perfringens (Jiang et al. 2014), and S. pneumoniae (Olaya-Abril et al.
2014).

Virulence factors, including toxins, constitute a significant portion of the protein
cargo. MVs isolated from B. anthracis consisted of biologically active toxins
including edema factor, lethal factor, protective antigen, and anthrolysin (Rivera
et al. 2010). MVs containing α-hemolysin and various pore-forming toxins have
been identified in several other Gram-positive bacteria including S. aureus,
S. pneumoniae, S. pyogenes, and S. agalactiae (Jeon et al. 2016; Olaya-Abril et al.
2014; Resch et al. 2016; Surve et al. 2016; Thay et al. 2013). The virulence factors
Internalin B (InlB) and Listeriolysin O (LLO) were reported in MVs isolated from
L. monocytogenes (Coelho et al. 2019; Lee et al. 2013b).

MVs can carry components important for bacterial survival, including a role in
nutrient scavenging. MVs of B. subtilis contain the virulence factor SunI that provide
immunity against the bacterial antibiotic sublancin (Dubois et al. 2009). Proteomic
analysis of MVs revealed the presence of proteins involved in regulating the levels of
drug resistance in Gram-positive bacteria. Specifically, MVs isolated from S. aureus
ATCC 14458 were loaded with beta-lactamase protein BlaZ, that can bind to beta-
lactam antibiotics and protect the neighboring bacteria against ampicillin drug (Lee
et al. 2013a). Another study showed the presence of MsrR, a membrane-associated
protein, in the MVs of S. aureus (Tartaglia et al. 2018). MsrR is known to be
involved in providing resistance against methicillin and teicoplanin and also affects
the synthesis of various virulence factors like alpha-toxin and protein A (Rossi et al.
2003). S. coelicolor and S. aureus produce MVs containing iron-binding proteins
that help in storage of iron and survival in iron restricted environment (Schrempf
et al. 2011; Surve et al. 2016), in agreement with what has been found in other
classes of bacteria, as discussed above.

Schrempf et al., studied blue-pigmented exudate droplets, approximately 1 mm in
size, obtained on the sporulated lawns of S. coelicolor M110. Inside these droplets,
they found antibiotics such as actinorhodin. Electron microscopic view showed that
these droplets were filled with vesicular structures. The proteomic analysis of the
exudates revealed the presence of several other proteins important in survival and
defense mechanisms (Schrempf et al. 2011).

MV cargo from commensal bacteria can also mediate beneficial effects on the
mammalian hosts. MVs isolated from Bifidobacterium longum, Lactobacillus
plantarum, Lactobacillus casei, and Lactobacillus rhamnosus contain proteins
responsible for the probiotic effects of the bacterium (Behzadi et al. 2017;
Dominguez Rubio et al. 2017; Kim et al. 2016a; Li et al. 2017).
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The presence of nucleic acids is also a constant for Gram-positive bacteria MVs.
PCR analysis demonstrated the genes for 16S ribosomal RNA, α-toxin, and
perfringolysin O in MVs from Clostridium perfringens (Jiang et al. 2014). Similarly,
Streptococcus mutans produced MVs containing extracellular DNA during biofilm
formation. The secretion of extracellular DNA during biofilm formation plays an
important role in bacterial adhesion and the stabilization and maturation of the
biofilm structure (Liao et al. 2014).

Another critical component of MVs is their lipids and some studies have started to
explore the lipid composition of Gram-positive MVs. The lipid membrane compo-
sition of Gram-positive MVs is not entirely dissimilar from that of the bacterial cell
membrane, but lipidomic analysis of B. anthracis (Rivera et al. 2010) and
S. pneumoniae (Olaya-Abril et al. 2014) MVs revealed some significant differences
as well. In comparison to the bacterial cell membrane, the isolated MVs were highly
enriched in short-chain saturated fatty acids (such as myristic, palmitic, lauric, and
pentadecanoic acids). In contrast, in L. monocytogenes (Coelho et al. 2019) MVs
were enriched in unsaturated fatty acids compared to bacterial cells. To date only one
study characterized metabolites in Gram-positive MVs. In L. monocytogenes some
small metabolites such as ornithine, pyruvic acid, and sugars such as xylitol and
D-mannose were found in MVs extract (Coelho et al. 2019).

3.5.3 Mycobacteria

Compositional proteomic analysis of M. tuberculosis MVs identified
42 MV-associated proteins, where the putative TLR2 ligands such as the lipopro-
teins 19 kDa, LppX, and LprG, a well-known group of TLR2 ligands that interfere
with the antigen presentation process in dendritic cells and macrophages, were the
most abundant proteins (Prados-Rosales et al. 2011). This enrichment phenomenon
was also observed in BCG MVs but not in M. smegmatis MVs. Results from this
report were validated by a second study, which implemented a label-free mass
spectrometry quantification of Mtb MVs, identifying 287 proteins. Among the
most prevalent proteins of MVs were SodB, EsxN, LppX, PstS1, LpqH, KatG,
GlnA1, Apa, FbpA, FadA3, Mtc28, AcpM, Fba, and Prs. Notably, only Lppx,
PstS1, and LpqH accounted for more than 6% of the total vesicular proteins (Lee
et al. 2015). In another study, it was revealed that Mtb enhances the release of MVs
upon iron starvation and that such low iron MVs are loaded with siderophores
(Prados-Rosales et al. 2014c).
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3.6 Cell-Walled Organisms-Derived MV Functions

3.6.1 Fungi

In the sections below we briefly summarize some functions and topics involving
fungal MVs. For recent reviews in this topic see also de Toledo Martins et al. (2019);
Joffe et al. (2016); and Rodrigues et al. (2015).

MVs function as vehicles for non-classical secretion of many different compo-
nents including proteins, small molecules, lipids, and nucleic acids. Packaging
multiple components into MVs has the obvious advantage that these are delivered
as a concentrated bolus and thus avoid the dilution that would occur had they been
released at the cell membrane and diffused away. Extracellular vesicles from
C. neoformans, S. cerevisiae, and P. brasiliensis have each been shown to package
small RNAs (Peres da Silva et al. 2015). The function of these RNAs is not known
but their presence in MVs raises the possibility that they are used in communication
and/or modulation of target cells. Proteomic analysis of MV protein content from
C. neoformans, H. capsulatum, and P. brasiliensis has shown great variability in
composition with the cargo including structural proteins and enzymes (Rodrigues
et al. 2014; Vallejo et al. 2012b). Many of the proteins found in MV lack signal
peptides associated with conventional secretion and vesicles represent a mechanism
for unconventional secretion (Rodrigues et al. 2014).

For C. neoformans MVs transport components associated with virulence such as
polysaccharides and laccase (Rodrigues et al. 2008a, 2007) that can modulate
macrophage functions (Oliveira et al. 2010). Lipid staining was used to document
punctate structures in the C. neoformans capsule that could represent MVs (Nicola
et al. 2009). MVs from the highly pathogenic Cryptococcus gattii responsible for the
Vancouver outbreak are taken up by macrophages where they impair cellular
functions and facilitate the growth of less pathogenic strains (Bielska et al. 2018).
C. albicans-derived vesicles activate NF-κB in murine macrophages and this effect
is highly dependent on MV lipid composition (Wolf et al. 2015). Host defenses
against MVs include Galectin-3, which is lytic to C. neoformans MVs (Almeida
et al. 2017). C. neoformansMVs have also been shown to be disrupted by other host
proteins such as albumin (Wolf et al. 2012). Antibodies to epitopes in the fungal cell
wall of H. capsulatum interfere with vesicle release (Matos Baltazar et al. 2016),
suggesting that adaptive immune responses during infection can modulate fungal
physiology to reduce the secretion of vesicle-associated virulence factors.

3.6.2 Gram-Positive Bacteria

Some of the Gram-positive bacterial MVs proteins are related to virulence and are
involved in drug resistance, host cell invasion, immune system evasion, cytotoxicity,
and pathogenicity. Proteomic analysis showed that S. aureus produces MVs
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containing superantigens that can result in nonspecific activation of host T-cells and
thus MV may help the bacterium to evade host immune system (Lee et al. 2009).
Other virulence factors involved in immune evasion included IgG-binding protein
SbI, lactamase, coagulase, lipase, and N-acetylmuramoyl-1-alanine amidase (Lee
et al. 2009). MVs isolated from Group B Streptococcus contained hyaluronate lyase
and possessed collagenase activity that can result in the breakdown of extracellular
structures (Surve et al. 2016). Some other virulence factors contributing to the spread
and cellular invasion of bacteria included cysteine protease (Staphopain A) and
serine protease (exfoliative toxins) identified in S. aureus MVs (Jeon et al. 2016;
Lee et al. 2009).

MV-associated toxins play an important role in pathogenesis by forming pores in
the host membrane and leading to cytotoxicity and apoptosis, consistent with the
virulence functions of Gram-positive MVs. Importantly, toxins carried in MVs may
explain secretion of toxins that lack any export or secretion signal sequences, an
example of which are pneumolysin-containing MVs produced by S. pneumoniae
(Hirst et al. 2008; Olaya-Abril et al. 2014). To further support an MV-associated
secretion, activity of these toxins is usually dependent upon its association with
vesicles. For instance, in the case of S. aureus the MV-associated α-hemolysin
proved to be more cytotoxic and induced necrosis in comparable amounts of soluble
α-hemolysin (Hong et al. 2014); or the mycolactone toxin present in theM. ulcerans
MVs showed a more potent toxic effect on non-phagocytic cells relative to pure
toxin (Marsollier et al. 2007).

MVs serve not only as attack weapons but also in defensive roles. MVs can bind
to antibiotics (Lee et al. 2013a; Rossi et al. 2003) or help in collecting micronutrients
from the extracellular environment, such as iron (Jeon et al. 2016; Schrempf et al.
2011).

While there have been several studies on the response triggered by bacterial MVs
in host cells, including the toxic and immunomodulatory effects of MVs, one area
that is still relatively unexplored is the role of MVs in intercellular communication
among bacterial communities. MVs have been shown to be critical for the formation
of biofilms, through export of DNA and proteins, but certainly other intercellular
communications take advantage of MVs. For example, B. subtilis produces MVs for
striking different compositions in different stages of growth (Kim et al. 2016b). Are
these serving as communication devices, for example, in quorum sensing, as is
proposed for the Gram-negative OMVs? If in mixed communities, MVs have been
shown as defenses from antibiotics produced by other bacterial species, it seems
logical that MVs serve as interspecies communication devices in symbiotic relation-
ships to help both species thrive.

3.6.3 Mycobacteria

Production of MVs byMtb was shown to occur during an ongoing infection (Prados-
Rosales et al. 2011), suggesting that released MVs and their corresponding cargo
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have the capacity of interfering with the surrounding environment. Considering that
these MVs are enriched in lipoproteins which, via TLR2, are able to reduce the
capacity of dendritic cells and macrophages to present antigen, it is reasonable to
hypothesize that Mtb might use these structures to modify the nearest environment to
its benefit. Supporting this notion was the observation of an increase in bacterial
burden in lungs and spleen, as well as lung inflammation, in Mtb-infected mice,
which were treated with intratracheal administration of Mtb MVs (Prados-Rosales
et al. 2011). Mtb MVs have gained interest in the context of antigen transfer during
the prime immune response to Mtb infection. In an attempt to provide an explanation
to the observed robust immune response to Mtb beside the impaired capacity of
infected DC for antigen presentation, the hypothesis of antigen export to bystander
uninfected DC was proposed. A major premise for antigen export from infected
phagocytes is that Mtb-related antigens associate with host membranes and are
incorporated into the host endocytic machinery resulting in eukaryotic vesicles
harboring bacterial antigens. Two recent reports indicate that the landscape of
antigen export by Mtb-infected phagocytes is more complex than expected
(Srivastava and Ernst 2014; Srivastava et al. 2016). Strikingly, they showed that
antigen transfer was not dependent on eukaryotic exosomes or apoptotic bodies
derived from macrophages. Another recent report exploring the origin of MVs in
Mtb-infected macrophages showed that exosomes and bacterial-derived extracellu-
lar vesicles might represent two independent populations of vesicles, suggesting a
scenario where antigen transfer could be mediated by bacterial derived MVs
(Athman et al. 2015).

3.7 MVs in Medicine

3.7.1 Clinical Implications of MVs

Examples of both detrimental and beneficial effects of MVs from cell-walled
microorganisms have been provided. The production of MVs by many pathogenic
species of Gram-positive bacteria, mycobacteria, and fungi suggests a connection
between microbial pathogenesis and vesicles. Studies where isolated MVs were
administered locally before challenge with the corresponding pathogenic species
translated into exacerbation of the disease. In C. neoformans, this approach resulted
in an enhanced efficiency in crossing the blood–brain barrier by the fungus (Huang
et al. 2012). InM. tuberculosis-infected mice a Koch’s phenomenon was observed in
mice previously infused with Mtb MVs (Prados-Rosales et al. 2011). In fact, some of
these findings could help to explain the occurrence of such detrimental effects at
distant locations from the infection site. Similarly, it was reported that there was an
association between preterm pregnancy termination and exposure of mice to
S. agalatiae (GBS) MVs. In this particular case, documentation of MVs traveling
through the uterine reproductive tract was reported (Surve et al. 2016). Conversely,
MVs produced by nonpathogenic variants of cell-walled microorganisms have been
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shown to provide a benefit or at least no negative effect for the host. The best
examples of this type of effect are MVs from probiotic microorganisms such as those
from the Bifiobacterium and Lactobacillus genus. Importantly, such probiotic effects
were observed with isolated MVs but not with whole cells, highlighting again the
potential of these structures in reaching distant sites of the host more efficiently than
a whole bacterial cell (Liu et al. 2018).

3.7.2 MVs as Vaccine

The observation that the administration of MVs prior to infection with pathogenic
cell-walled microorganisms promote disease, contrasts with scenarios where natu-
rally produced MVs have been shown to serve as potential vaccines. The potential
advantages of using MVs as vaccines are (i) they are easy to obtain; (ii) they have
intrinsic adjuvant properties; and (iii) they lack the ability to replicate like live
bacteria. Protective effects of isolated MVs have been shown for M. tuberculosis
(Prados-Rosales et al. 2014b), B. anthracis (Rivera et al. 2010), S. pneumoniae
(Olaya-Abril et al. 2014), C. perfringes (Jiang et al. 2014), S. aureus (Choi et al.
2015) and C. albicans (Vargas et al. 2015). Among beneficial effects derived from
vaccination with MV are the extended life of the infected host, reduced inflamma-
tion, or lower bacterial or fungal burden in organs. One of the major issues associ-
ated with the use of naturally produced MVs from bacteria is their potential toxicity.
Although this problem is greater with Gram-negative bacteria because of the pres-
ence of LPS in OMVs, toxicity issues may also appear in Gram-positive MVs. A
recent study generated genetically engineered S. aureus strains to produce MVs with
limited toxicity (Wang et al. 2018) and propose them as a vaccine platform.

3.7.3 MVs in Biofilm Production

It is believed that environmental microbial communities are primarily organized in
biofilms, which creates one of the most recalcitrant issues in clinical settings and
represent a leading source of antibiotic-resistant infections. The biofilm matrix
constituted by exopolysaccharides, proteins, and DNA, among other molecules,
protects the bacterial and or fungal communities from external insults. MVs have
been implicated in biofilm formation, presumably due to their role in transporting the
cargo used in biofilm formation. Association between MVs and the biofilm forma-
tion was studied in M. ulcerans (Marsollier et al. 2007), B. subtilis (Brown et al.
2014), S. mutants (Liao et al. 2014), and C. neoformans (Robertson et al. 2012).
MVs were visualized in association with the outermost layer of the extracellular
matrix of B. subtilis and M. ulcerans biofilms. For C. albicans, MVs produced in
biofilm conditions carry components used in matrix construction and differ from
those produced by planktonic cells (Zarnowski et al. 2018). Such biofilm-promoting
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vesicles reduce the antifungal susceptibility of C. albicans cells and thus represent an
example of community sharing of resources (Zarnowski et al. 2018). The addition of
subinhibitory concentrations of EDTA to C. neoformans interfered with both MV
release and biofilm formation (Robertson et al. 2012).

3.7.4 MVs in Diagnosis

The literature on the use of MVs from cell-walled microorganisms as a platform for
the diagnosis of infectious diseases is scarce. In a previous report, the human
serologic response to isolated M. tuberculosis MVs was evaluated. A signature for
TB was identified and consisted of three proteins that were specifically recognized
by both smear-positive and smear-negative TB patients but not in healthy controls
with or without latent tuberculosis infection (Ziegenbalg et al. 2013). These studies
supported the use of Mtb MVs as a source of biomarkers. More recently, the finding
that microbiota-derived MVs could be detected in urine or blood opens the door to
the use of these components as a surrogate of the health status of the bacterial
communities of our gut (Kang et al. 2013; Lee et al. 2017; Park et al. 2017).

3.8 Unsolved Problems and Concluding Remarks

The discovery of MVs in cell-walled microorganisms such as fungi, Gram-positive
bacteria, and mycobacteria has opened a whole new set of questions and avenues of
investigation that were not considered in microbiology until very recently. Some of
the new problems are common to both fungi and bacteria, while others are specific to
each class of microorganisms.

3.8.1 Cell Wall Transport

Perhaps the most intriguing question raised by the discovery of MVs in cell-walled
microorganisms is: how do these structures get through the cell wall? This question
is intriguing because it challenges long held impressions of cell walls and their
functions. In fact, the discovery of MVs in this class of microorganisms was
probably delayed by the fact that their existence did not fit within the paradigm
that cell walls were rigid and permeable only to small molecules. This view of cell
walls meant that there was no need to consider extracellular vesicles and when such
structures were occasionally noted in electron microscopy images these were
dismissed as artifacts from the association of lipids released from dead and dying
cells. In microbiology, fields are organized based on the species of the microbe such
that communities working on different microbes constitute different fields
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(Casadevall and Fang 2015). Hence, different fields have demonstrated different
levels of acceptance of MVs. At this present time, the fungal and mycobacterial
fields have wholeheartedly accepted the existence of MVs while the same notion has
found different acceptance in various Gram-positive bacterial fields. Nevertheless,
the increasing accumulation of papers from independent groups reporting MVs in
different Gram-positive bacteria means that it will hopefully be only a matter of time
before there is universal acceptance of this phenomenon.

3.8.2 Mechanism of Vesicle Production and Sorting Contents

The discovery of MV provides a transport system for great myriad of biomolecules
that is not dependent on classical secretion mechanisms. MVs have been shown to
carry proteins, polysaccharides, lipids, and even small molecules such as
siderophores. Vesicle production poses different questions in fungi, Gram-positive
bacteria, and mycobacteria. In fungi, the current view is that MVs are produced in
vesicular bodies that then release these structures into the space between the cell
membrane and cell wall for the crossing of the latter (Casadevall et al. 2009). For
Gram-positive and mycobacteria, these vesicles are presumably produced at cell
membranes for their transit across the cell wall. At this time there is little information
regarding how OMVs and MVs are made and loaded with their cargo. Given that
MVs have numerous roles in the extracellular space from biofilm formation, to
communication, and promoting microbial virulence, one can imagine that there
must exist a mechanism that sorts the cargo into vesicles depending on their
intended role.

3.8.3 Role of Vesicles in Pathogenesis and Vaccines

The finding that many microbial MVs packs a suite of virulence factors means that
vesicles have a role in microbial pathogenesis. For example, the finding that such
toxigenic Gram-positive bacteria as B. anthracis (Rivera et al. 2010),
L. monocytogens (Coelho et al. 2019), and C. perfringes (Jiang et al. 2014) pack
their toxins into MVs is now an important factor to consider when incorporating
vesicles into concepts of pathogenesis. MVs allow microbes to deliver a concen-
trated punch to a target such as predatory amoeba or a macrophage without concern
about dilution during diffusion from the microbial surface. MVs also affect and
induce immune responses (Kuipers et al. 2018). MVs from mycobacteria (Prados-
Rosales et al. 2011, 2014b), S. aureus (Choi et al. 2015; Wang et al. 2018), and
S. pneumoniae (Choi et al. 2017) elicit immune responses with vaccine potential.
Hence, MV secretion poses new questions on how microbes damage host cells as
well as providing a new set of components that can be used in vaccine design.
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3.9 Concluding Remarks

A decade plus since the first reports of MVs in cell-walled microorganisms, this topic
has emerged as an exciting area of study that poses new scientific problems that will
undoubtedly produce new insights into prokaryotic and eukaryotic cell biology
when solved. The production of MVs by cell-walled microorganisms places them
in a continuum that includes plant and animal cells and Gram-negative bacteria, each
of which uses vesicles to package cellular components for use in a wide array of
functions that range from communication to modification of their environment. In
fact, MV production may be a universal feature of cells irrespective of whether they
have cell walls. One can anticipate that as additional investigators spin the culture
supernatants of their favorite cell wall microorganisms, additional species will be
associated with MV production, which in turn will lead to new research projects.

References

Albuquerque PC et al (2008) Vesicular transport in Histoplasma capsulatum: an effective mecha-
nism for trans-cell wall transfer of proteins and lipids in Ascomycetes. Cell Microbiol
10:1695–1710

Almeida F et al (2017) Galectin-3 impacts Cryptococcus neoformans infection through direct
antifungal effects. Nat Commun 8:1968

Andreoni F et al (2019) Antibiotics stimulate vesicles formation in Staphylococcus aureus in a
phage-dependent and independent fashion and via different routes. Antimicrob Agents
Chemother 63(2):e01439-18

Athman JJ, Wang Y, McDonald DJ, Boom WH, Harding CV, Wearsch PA (2015) Bacterial
membrane vesicles mediate the release of Mycobacterium tuberculosis lipoglycans and lipo-
proteins from infected macrophages. J Immunol 195:1044–1053

Behzadi E, Mahmoodzadeh Hosseini H, Imani Fooladi AA (2017) The inhibitory impacts of
Lactobacillus rhamnosus GG-derived extracellular vesicles on the growth of hepatic cancer
cells. Microb Pathog 110:1–6

Bielska E, Sisquella MA, Aldeieg M, Birch C, O’Donoghue EJ, May RC (2018) Pathogen-derived
extracellular vesicles mediate virulence in the fatal human pathogen Cryptococcus gattii. Nat
Commun 9:1556

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

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

Casadevall A, Fang FC (2015) Field science—the nature and utility of scientific fields. MBio 6:
e01259–e01215

Casadevall A, Nosanchuk JD, Williamson P, Rodrigues ML (2009) Vesicular transport across the
fungal cell wall. Trends Microbiol 17:158–162

Choi SJ 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:e0136021. https://doi.org/10.1371/journal.pone.0136021

3 Biogenesis and Function of Extracellular Vesicles in Gram-Positive. . . 69

https://doi.org/10.1371/journal.pone.0136021


Choi CW, Park EC, Yun SH, Lee SY, Kim SI, Kim GH (2017) Potential usefulness of Strepto-
coccus pneumoniae extracellular membrane vesicles as antibacterial vaccines. J Immunol Res
2017:7931982

Chutkan H, Macdonald I, Manning A, Kuehn MJ (2013) Quantitative and qualitative preparations
of bacterial outer membrane vesicles. Methods Mol Biol 966:259–272

Coelho C et al (2019) Listeria monocytogenes virulence factors, including Listeriolysin O, are
secreted in biologically active extracellular vesicles. J Biol Chem 294(4):1202–1217. https://
doi.org/10.1074/jbc.RA118.006472

de Souza Pereira R, Geibel J (1999) Direct observation of oxidative stress on the cell wall of
Saccharomyces cerevisiae strains with atomic force microscopy. Mol Cell Biochem 201:17–24

de Toledo Martins S, Szwarc P, Goldenberg S, Alves LR (2019) Extracellular vesicles in fungi:
composition and functions. Curr Top Microbiol Immunol 422:45–59. https://doi.org/10.1007/
82_2018_141

Dominguez Rubio AP, Martinez JH, Martinez Casillas DC, Coluccio Leskow F, Piuri M, Perez OE
(2017) Lactobacillus casei BL23 produces microvesicles carrying proteins that have been
associated with its probiotic effect. Front Microbiol 8:1783

Dorward DW, Garon CF (1990) DNA is packaged within membrane-derived vesicles of Gram-
negative but not Gram-positive bacteria. Appl Environ Microbiol 56:1960–1962

Dubois JY et al (2009) Immunity to the bacteriocin sublancin 168 is determined by the SunI (YolF)
protein of Bacillus subtilis. Antimicrob Agents Chemother 53:651–661

Fulton SA, Reba SM, Pai RK, Pennini M, Torres M, Harding CV, Boom WH (2004) Inhibition of
major histocompatibility complex II expression and antigen processing in murine alveolar
macrophages by Mycobacterium bovis BCG and the 19-kilodalton mycobacterial lipoprotein.
Infect Immun 72:2101–2110

Gehrmann U et al (2011) Nanovesicles from Malassezia sympodialis and host exosomes induce
cytokine responses – novel mechanisms for host-microbe interactions in atopic eczema. PLoS
One 6(7):e21480. https://doi.org/10.1371/journal.pone.0021480

Gil-Bona A, Monteoliva L, Gil C (2015) Global proteomic profiling of the secretome of Candida
albicans ecm33 cell wall mutant reveals the involvement of Ecm33 in Sap2 secretion.
J Proteome Res 14:4270–4281

Glaeser RM, Hall RJ (2011) Reaching the information limit in cryo-EM of biological macromol-
ecules: experimental aspects. Biophys J 100:2331–2337

Grande R et al (2017) Detection and physicochemical characterization of membrane vesicles (MVs)
of Lactobacillus reuteri DSM 17938. Front Microbiol 8:1040. https://doi.org/10.3389/fmicb.
2017.01040

Gurung M et al (2011) Staphylococcus aureus produces membrane-derived vesicles that induce
host cell death. PLoS One 6:e27958. https://doi.org/10.1371/journal.pone.0027958

Haas B, Grenier D (2015) Isolation, characterization and biological properties of membrane vesicles
produced by the swine pathogen Streptococcus suis. PLoS One 10:e0130528. https://doi.org/10.
1371/journal.pone.0130528

Hirst RA, Gosai B, Rutman A, Guerin CJ, Nicotera P, Andrew PW, O’Callaghan C (2008)
Streptococcus pneumoniae deficient in pneumolysin or autolysin has reduced virulence in
meningitis. J Infect Dis 197:744–751

Hong SW et al (2011) Extracellular vesicles derived from Staphylococcus aureus induce atopic
dermatitis-like skin inflammation. Allergy 66:351–359

Hong SW et al (2014) An important role of alpha-hemolysin in extracellular vesicles on the
development of atopic dermatitis induced by Staphylococcus aureus. PLoS One 9:e100499.
https://doi.org/10.1371/journal.pone.0100499

Huang SH, Wu CH, Chang YC, Kwon-Chung KJ, Brown RJ, Jong A (2012) Cryptococcus
neoformans-derived microvesicles enhance the pathogenesis of fungal brain infection. PLoS
One 7:e48570. https://doi.org/10.1371/journal.pone.0048570

70 A. Palacios et al.

https://doi.org/10.1074/jbc.RA118.006472
https://doi.org/10.1074/jbc.RA118.006472
https://doi.org/10.1007/82_2018_141
https://doi.org/10.1007/82_2018_141
https://doi.org/10.1371/journal.pone.0021480
https://doi.org/10.3389/fmicb.2017.01040
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.0130528
https://doi.org/10.1371/journal.pone.0100499
https://doi.org/10.1371/journal.pone.0048570


Ikeda MAK et al (2018) Extracellular vesicles from Sporothrix brasiliensis are an important
virulence factor that induce an increase in fungal burden in experimental sporotrichosis. Front
Microbiol 9:2286

Jacobson ES, Ikeda R (2005) Effect of melanization upon porosity of the cryptococcal cell wall.
Med Mycol 43:327–333

Jeon H et al (2016) Variation among Staphylococcus aureus membrane vesicle proteomes affects
cytotoxicity of host cells. Microb Pathog 93:185–193

Jeon J et al (2017) Proteomic analysis of extracellular vesicles derived from Propionibacterium
acnes. Proteomics Clin Appl 11:1–2. https://doi.org/10.1002/prca.201600040

Jiang Y, Kong Q, Roland KL, Curtiss R 3rd (2014) Membrane vesicles of Clostridium perfringens
type a strains induce innate and adaptive immunity. Int J Med Microbiol 304:431–443

Joffe LS, Nimrichter L, Rodrigues ML, Del Poeta M (2016) Potential roles of fungal extracellular
vesicles during infection. mSphere 1:e00099-16. https://doi.org/10.1128/mSphere.00099-16

Johansson HJ et al (2018) Extracellular nanovesicles released from the commensal yeast
Malassezia sympodialis are enriched in allergens and interact with cells in human skin. Sci
Rep 8:9182. https://doi.org/10.1038/s41598-018-27451-9

Kang CS et al (2013) Extracellular vesicles derived from gut microbiota, especially Akkermansia
muciniphila, protect the progression of dextran sulfate sodium-induced colitis. PLoS One 8:
e76520. https://doi.org/10.1371/journal.pone.0076520

Kim MR et al (2012) Staphylococcus aureus-derived extracellular vesicles induce neutrophilic
pulmonary inflammation via both Th1 and Th17 cell responses. Allergy 67:1271–1281

Kim JH, Lee J, Park J, Gho YS (2015) Gram-negative and Gram-positive bacterial extracellular
vesicles. Semin Cell Dev Biol 40:97–104

Kim JH et al (2016a) Extracellular vesicle-derived protein from Bifidobacterium longum alleviates
food allergy through mast cell suppression. J Allergy Clin Immunol 137:507–516 e508

Kim Y, Edwards N, Fenselau C (2016b) Extracellular vesicle proteomes reflect developmental
phases of Bacillus subtilis. Clin Proteomics 13(6):6

Kmetzsch L et al (2011) Role for Golgi reassembly and stacking protein (GRASP) in polysaccha-
ride secretion and fungal virulence. Mol Microbiol 81:206–218

Kowal J et al (2016) Proteomic comparison defines novel markers to characterize heterogeneous
populations of extracellular vesicle subtypes. Proc Natl Acad Sci U S A 113:E968–E977

Kuipers ME, Hokke CH, Smits HH, Nolte-‘t Hoen ENM (2018) Pathogen-derived extracellular
vesicle-associated molecules that affect the host immune system: an overview. Front Microbiol
9:2182

Lai CP et al (2014) Dynamic biodistribution of extracellular vesicles in vivo using a multimodal
imaging reporter. ACS Nano 8:483–494

Lai CP, Kim EY, Badr CE, Weissleder R, Mempel TR, Tannous BA, Breakefield XO (2015)
Visualization and tracking of tumour extracellular vesicle delivery and RNA translation using
multiplexed reporters. Nat Commun 6:7029

Lee EY et al (2009) Gram-positive bacteria produce membrane vesicles: proteomics-based charac-
terization of Staphylococcus aureus-derived membrane vesicles. Proteomics 9:5425–5436

Lee J et al (2013a) Staphylococcus aureus extracellular vesicles carry biologically active beta-
lactamase. Antimicrob Agents Chemother 57:2589–2595

Lee JH, Choi CW, Lee T, Kim SI, Lee JC, Shin JH (2013b) Transcription factor sigmaB plays an
important role in the production of extracellular membrane-derived vesicles in Listeria
monocytogenes. PLoS One 8:e73196

Lee J et al (2015) Proteomic analysis of extracellular vesicles derived from Mycobacterium
tuberculosis. Proteomics 15:3331–3337

Lee Y 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

Li M, Lee K, Hsu M, Nau G, Mylonakis E, Ramratnam B (2017) Lactobacillus-derived extracel-
lular vesicles enhance host immune responses against vancomycin-resistant enterococci. BMC
Microbiol 17:66

3 Biogenesis and Function of Extracellular Vesicles in Gram-Positive. . . 71

https://doi.org/10.1002/prca.201600040
https://doi.org/10.1128/mSphere.00099-16
https://doi.org/10.1038/s41598-018-27451-9
https://doi.org/10.1371/journal.pone.0076520


Liao S 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

Liu Y, Defourny KAY, Smid EJ, Abee T (2018) Gram-positive bacterial extracellular vesicles and
their impact on health and disease. Front Microbiol 9:1502

Maas SL et al (2015) Possibilities and limitations of current technologies for quantification of
biological extracellular vesicles and synthetic mimics. J Control Release 200:87–96

Marsollier L et al (2007) Impact of Mycobacterium ulcerans biofilm on transmissibility to ecolog-
ical niches and Buruli ulcer pathogenesis. PLoS Pathog 3:e62. https://doi.org/10.1371/journal.
ppat.0030062

Mateescu B et al (2017) Obstacles and opportunities in the functional analysis of extracellular
vesicle RNA—an ISEV position paper. J Extracell Vesicles 6:1286095

Matos Baltazar L, Nakayasu ES, Sobreira TJ, Choi H, Casadevall A, Nimrichter L, Nosanchuk JD
(2016) Antibody binding alters the characteristics and contents of extracellular vesicles released
by Histoplasma capsulatum. mSphere 1:e00085-15. https://doi.org/10.1128/mSphere.00085-15

Morales-Kastresana A, Jones JC (2017) Flow cytometric analysis of extracellular vesicles. Methods
Mol Biol 1545:215–225

Morales-Kastresana A et al (2017) Labeling extracellular vesicles for nanoscale flow cytometry. Sci
Rep 7:1878. https://doi.org/10.1038/s41598-017-01731-2

Muniz M, Riezman H (2000) Intracellular transport of GPI-anchored proteins. EMBO J 19:10–15
Nicola AM, Frases S, Casadevall A (2009) Lipophilic dye staining of Cryptococcus neoformans

extracellular vesicles and capsule. Eukaryot Cell 8:1373–1380
Nimrichter L, de Souza MM, Del Poeta M, Nosanchuk JD, Joffe L, Tavares Pde M, Rodrigues ML

(2016) Extracellular vesicle-associated transitory cell wall components and their impact on the
interaction of fungi with host cells. Front Microbiol 7:1034

Olaya-Abril A et al (2014) Characterization of protective extracellular membrane-derived vesicles
produced by Streptococcus pneumoniae. J Proteome 106:46–60

Oliveira DL et al (2010) Characterization of yeast extracellular vesicles: evidence for the partici-
pation of different pathways of cellular traffic in vesicle biogenesis. PLoS One 5:e11113

Park JY et al (2017) Metagenome analysis of bodily microbiota in a mouse model of Alzheimer
disease using bacteria-derived membrane vesicles in blood. Exp Neurobiol 26:369–379

Peres da Silva R et al (2015) Extracellular vesicle-mediated export of fungal RNA. Sci Rep 5:7763
Peres da Silva R et al (2018) Golgi reassembly and stacking protein (GRASP) participates in

vesicle-mediated RNA export in Cryptococcus Neoformans. Genes (Basel) 9:E400
Prados-Rosales R 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
Prados-Rosales R, Brown L, Casadevall A, Montalvo-Quiros S, Luque-Garcia JL (2014a) Isolation

and identification of membrane vesicle-associated proteins in Gram-positive bacteria and
mycobacteria. MethodsX 1:124–129

Prados-Rosales R et al (2014b) Mycobacterial membrane vesicles administered systemically in
mice induce a protective immune response to surface compartments of Mycobacterium tuber-
culosis. MBio 5:e01921–e01914

Prados-Rosales R, Weinrick BC, Pique DG, Jacobs WR Jr, Casadevall A, Rodriguez GM (2014c)
Role for Mycobacterium tuberculosis membrane vesicles in iron acquisition. J Bacteriol
196:1250–1256

Rath P et al (2013) Genetic regulation of vesiculogenesis and immunomodulation in Mycobacte-
rium tuberculosis. Proc Natl Acad Sci U S A 110:E4790–E4797

Rayner S, Bruhn S, Vallhov H, Andersson A, Billmyre RB, Scheynius A (2017) Identification of
small RNAs in extracellular vesicles from the commensal yeast Malassezia sympodialis. Sci
Rep 7:39742

Resch U et al (2016) A two-component regulatory system impacts extracellular membrane-derived
vesicle production in group a streptococcus. MBio 7:e00207–e00216. https://doi.org/10.1128/
mBio.00207-16

72 A. Palacios et al.

https://doi.org/10.1371/journal.ppat.0030062
https://doi.org/10.1371/journal.ppat.0030062
https://doi.org/10.1128/mSphere.00085-15
https://doi.org/10.1038/s41598-017-01731-2
https://doi.org/10.1128/mBio.00207-16
https://doi.org/10.1128/mBio.00207-16


Rivera J, Cordero RJ, Nakouzi AS, Frases S, Nicola A, Casadevall A (2010) Bacillus anthracis
produces membrane-derived vesicles containing biologically active toxins. Proc Natl Acad Sci
U S A 107:19002–19007

Robertson EJ, Wolf JM, Casadevall A (2012) EDTA inhibits biofilm formation, extracellular
vesicular secretion, and shedding of the capsular polysaccharide glucuronoxylomannan by
Cryptococcus neoformans. Appl Environ Microbiol 78:7977–7984

Rodrigues ML, Casadevall A (2018) A two-way road: novel roles for fungal extracellular vesicles.
Mol Microbiol 110:11–15

Rodrigues ML et al (2007) Vesicular polysaccharide export in Cryptococcus neoformans is a
eukaryotic solution to the problem of fungal trans-cell wall transport. Eukaryot Cell 6:48–59

Rodrigues ML, Nakayasu ES, Oliveira DL, Nimrichter L, Nosanchuk JD, Almeida IC, Casadevall
A (2008a) Extracellular vesicles produced by Cryptococcus neoformans contain protein com-
ponents associated with virulence. Eukaryot Cell 7:58–67

Rodrigues ML, Nimrichter L, Oliveira DL, Nosanchuk JD, Casadevall A (2008b) Vesicular trans-
cell wall transport in fungi: a mechanism for the delivery of virulence-associated macromole-
cules? Lipid Insights 2:27–40

Rodrigues ML, Nakayasu ES, Almeida IC, Nimrichter L (2014) The impact of proteomics on the
understanding of functions and biogenesis of fungal extracellular vesicles. J Proteome
97:177–186

Rodrigues ML, Godinho RM, Zamith-Miranda D, Nimrichter L (2015) Traveling into outer space:
unanswered questions about fungal extracellular vesicles. PLoS Pathog 11:e1005240. https://
doi.org/10.1371/journal.ppat.1005240

Rossi J, Bischoff M, Wada A, Berger-Bachi B (2003) MsrR, a putative cell envelope-associated
element involved in Staphylococcus aureus sarA attenuation. Antimicrob Agents Chemother
47:2558–2564

Schlatterer K et al (2018) The mechanism behind bacterial lipoprotein release: phenol-soluble
modulins mediate toll-like receptor 2 activation via extracellular vesicle release from Staphylo-
coccus aureus. MBio 9:e01851-18. https://doi.org/10.1128/mBio.01851-18

Schrempf H, Koebsch I, Walter S, Engelhardt H, Meschke H (2011) Extracellular Streptomyces
vesicles: amphorae for survival and defence. Microb Biotechnol 4:286–299

Silva BM, Prados-Rosales R, Espadas-Moreno J, Wolf JM, Luque-Garcia JL, Goncalves T,
Casadevall A (2014) Characterization of Alternaria infectoria extracellular vesicles. Med
Mycol 52:202–210

Srivastava S, Ernst JD (2014) Cell-to-cell transfer ofM. tuberculosis antigens optimizes CD4 T cell
priming. Cell Host Microbe 15:741–752

Srivastava S, Grace PS, Ernst JD (2016) Antigen export reduces antigen presentation and limits T
cell control of M. tuberculosis. Cell Host Microbe 19:44–54

Surve MV et al (2016) Membrane vesicles of group B streptococcus disrupt Feto-maternal barrier
leading to preterm birth. PLoS Pathog 12:e1005816. https://doi.org/10.1371/journal.ppat.
1005816

Szatanek R, Baj-Krzyworzeka M, Zimoch J, Lekka M, Siedlar M, Baran J (2017) The methods of
choice for extracellular vesicles (EVs) characterization. Int J Mol Sci 18:E1153. https://doi.org/
10.3390/ijms18061153

Tartaglia NR et al (2018) Staphylococcus aureus extracellular vesicles elicit an immunostimulatory
response in vivo on the murine mammary gland. Front Cell Infect Microbiol 8:277. https://doi.
org/10.3389/fcimb.2018.00277

Thay B, Wai SN, Oscarsson J (2013) Staphylococcus aureus alpha-toxin-dependent induction of
host cell death by membrane-derived vesicles. PLoS One 8:e54661. https://doi.org/10.1371/
journal.pone.0054661

Toyofuku M et al (2017) Prophage-triggered membrane vesicle formation through peptidoglycan
damage in Bacillus subtilis. Nat Commun 8:481. https://doi.org/10.1038/s41467-017-00492-w

ToyofukuM, Nomura N, Eberl L (2019) Types and origins of bacterial membrane vesicles. Nat Rev
Microbiol 17:13–24

3 Biogenesis and Function of Extracellular Vesicles in Gram-Positive. . . 73

https://doi.org/10.1371/journal.ppat.1005240
https://doi.org/10.1371/journal.ppat.1005240
https://doi.org/10.1128/mBio.01851-18
https://doi.org/10.1371/journal.ppat.1005816
https://doi.org/10.1371/journal.ppat.1005816
https://doi.org/10.3390/ijms18061153
https://doi.org/10.3390/ijms18061153
https://doi.org/10.3389/fcimb.2018.00277
https://doi.org/10.3389/fcimb.2018.00277
https://doi.org/10.1371/journal.pone.0054661
https://doi.org/10.1371/journal.pone.0054661
https://doi.org/10.1038/s41467-017-00492-w


Turnbull L et al (2016) Explosive cell lysis as a mechanism for the biogenesis of bacterial
membrane vesicles and biofilms. Nat Commun 7:11220. https://doi.org/10.1038/ncomms11220

Vallejo MC et al (2011) The pathogenic fungus Paracoccidioides brasiliensis exports extracellular
vesicles containing highly immunogenic alpha-galactosyl epitopes. Eukaryot Cell 10:343–351

Vallejo MC et al (2012a) Lipidomic analysis of extracellular vesicles from the pathogenic phase of
Paracoccidioides brasiliensis. PLoS One 7:e39463. https://doi.org/10.1371/journal.pone.
0039463

Vallejo MC et al (2012b) Vesicle and vesicle-free extracellular proteome of Paracoccidioides
brasiliensis: comparative analysis with other pathogenic fungi. J Proteome Res 11:1676–1685

Vargas G et al (2015) Compositional and immunobiological analyses of extracellular vesicles
released by Candida albicans. Cell Microbiol 17:389–407

Walker L et al (2018) The viscoelastic properties of the fungal cell wall allow traffic of AmBisome
as intact liposome vesicles. MBio 9. https://doi.org/10.1128/mBio.02383-17

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

White DW, Elliott SR, Odean E, Bemis LT, Tischler AD (2018) Mycobacterium tuberculosis Pst/
SenX3-RegX3 regulates membrane vesicle production independently of ESX-5 activity. MBio
9:e00778–e00718. https://doi.org/10.1128/mBio.00778-18

Wolf JM, Rivera J, Casadevall A (2012) Serum albumin disrupts Cryptococcus neoformans and
Bacillus anthracis extracellular vesicles. Cell Microbiol 14:762–773

Wolf JM, Espadas-Moreno J, Luque-Garcia JL, Casadevall A (2014) Interaction of Cryptococcus
neoformans extracellular vesicles with the cell wall. Eukaryot Cell 13:1484–1493

Wolf JM, Espadas J, Luque-Garcia J, Reynolds T, Casadevall A (2015) Lipid biosynthetic genes
affect Candida albicans extracellular vesicle morphology, cargo, and immunostimulatory
properties. Eukaryot Cell 14:745–754

Zarnowski R et al (2018) Candida albicans biofilm-induced vesicles confer drug resistance through
matrix biogenesis. PLoS Biol 16:e2006872. https://doi.org/10.1371/journal.pbio.2006872

Ziegenbalg A, Prados-Rosales R, Jenny-Avital ER, Kim RS, Casadevall A, Achkar JM (2013)
Immunogenicity of mycobacterial vesicles in humans: identification of a new tuberculosis anti-
body biomarker. Tuberculosis (Edinb) 93:448–455. https://doi.org/10.1016/j.tube.2013.03.001

74 A. Palacios et al.

https://doi.org/10.1038/ncomms11220
https://doi.org/10.1371/journal.pone.0039463
https://doi.org/10.1371/journal.pone.0039463
https://doi.org/10.1128/mBio.02383-17
https://doi.org/10.1038/s41467-018-03847-z
https://doi.org/10.1128/mBio.00778-18
https://doi.org/10.1371/journal.pbio.2006872
https://doi.org/10.1016/j.tube.2013.03.001


Chapter 4
Extracellular Vesicles in the Environment

Steven J. Biller

Abstract Extracellular vesicles are small membrane-bound structures released by
cells from all domains of life. Diverse populations of vesicles are found in many
natural ecosystems, where they mediate complex networks of interactions between
microbes and their local environment. Vesicles can serve numerous functions,
including transporting and delivering compounds such as lipids, proteins, nucleic
acids, and small molecules, between organisms and across both spatial and temporal
dimensions. In this review I consider extracellular vesicles from an ecological
perspective, exploring their influence on both the biotic and abiotic environment. I
summarize our current understanding of vesicle contents and distributions in vari-
ous microbial habitats, their potential contributions to nutrient pools and food webs,
and the many ways in which vesicles can influence the physiology, ecology, and
evolution of microbial communities. While many questions concerning the ecolog-
ical impact of extracellular vesicles remain to be answered, it is becoming increas-
ingly evident that these particles play important roles in the global ecosystem.

4.1 Introduction

Bacteria are found in essentially every habitat on Earth. Due to their remarkable
abundance, small size, and fast metabolisms, microbes have the ability to profoundly
impact both their local environment and, ultimately, drive the major biogeochemical
cycles that sustain life on the planet. Bacteria evolve and function within complex
ecological communities, and the physiology and behavior of these globally impor-
tant microbial consortia can be affected by interactions with other cells and the
surrounding abiotic environment (Azam and Malfatti 2007; Hibbing et al. 2010). In
recent years, our understanding of the mechanisms underlying microbial interactions
has been expanded by the discovery of extracellular vesicles (EVs). EVs are small,
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membrane-bound structures released by cells from all domains of life, with numer-
ous studies documenting vesicle release by archaea, bacteria, and eukaryotes
(Deatherage and Cookson 2012). These structures are now known to be prevalent
in a variety of environments, raising questions about their roles within natural
ecosystems.

This chapter discusses extracellular vesicles from an ecological and environmen-
tal standpoint, examining vesicle contents, distributions, contributions to global
nutrient pools, and putative functions within microbial ecosystems. An ecological
perspective is important when considering the roles of EVs produced by any
organism and within any environment, whether in the ocean or within the human
body; however, this chapter will focus primarily on bacterial membrane vesicles
(MVs) within nonhost-associated communities and in nonpathogenic contexts. The
emerging body of research on extracellular vesicles indicates that these submicron
particles likely influence many aspects of microbial community function and evo-
lution, ultimately affecting the global ecosystem in ways that we are just now
beginning to identify.

4.2 Formation and Contents of Membrane Vesicles

Extracellular vesicles can be formed through a variety of processes in prokaryotic
and eukaryotic cells, but all vesicles share a common set of basic properties: they are
small, spherical structures, typically between 20 and 250 nm in diameter, which are
bounded by a lipid bilayer membrane (Schwechheimer and Kuehn 2015). In bacte-
ria, MVs are primarily thought to derive from local regions of the cell’s outermost
membrane that begin to protrude away, eventually expanding (i.e., “blebbing” out)
until they separate from the rest of the cell (Schertzer and Whiteley 2012). The
putative mechanisms of vesicle formation in bacteria have been reviewed exten-
sively (Brown et al. 2015; Schwechheimer and Kuehn 2015; Pathirana and
Kaparakis-Liaskos 2016; Toyofuku et al. 2019), including elsewhere in this book
(see also Chaps. 2 and 3), and will not be detailed here.

The biological impacts of vesicles are largely attributable to the fact that they
serve as a versatile secretion, transport, and delivery mechanism for cells (Kulp and
Kuehn 2010; Guerrero-Mandujano et al. 2017). As MVs are formed and released by
a bacterium, they can take a variety of compounds with them into the extracellular
milieu (Brown et al. 2015; Schwechheimer and Kuehn 2015). Besides the lipids that
comprise the vesicle membrane, MVs can contain an array of proteins originating
from all compartments of a bacterial cell, though the degree to which specific
proteins are preferentially “packaged” as cargo into vesicles remains an open
question (Bonnington and Kuehn 2014). MVs carry a variety of small molecules as
well, and vesicles may be a particularly useful vehicle for exporting hydrophobic
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compounds such as quorum-sensing quinolones into an aqueous extracellular envi-
ronment (Mashburn-Warren and Whiteley 2006).

A remarkable diversity of nucleic acids can be found in EVs, including chromo-
somal DNA fragments (ranging from hundreds to many thousands of bp long),
plasmids, viral genomes, and a variety of messenger, transfer, ribosomal, and small
RNAs (Soler et al. 2008; Biller et al. 2014; Gaudin et al. 2014; Sjöström et al. 2015;
Blenkiron et al. 2016). In bacterial and archaeal vesicles, these nucleic acids are
found either within MVs and/or associated with their outer surface (Renelli et al.
2004; Bitto et al. 2017). The mechanisms responsible for moving nucleic acids from
the cytosol into a MV remain unclear. In the Gram-positive bacterium Streptococcus
mutans, the protein secretion machinery may play a role in moving DNA into MVs
(Liao et al. 2014). In Gram-negative bacteria, the discovery that some outer mem-
brane vesicles can contain both outer and inner membranes provides an alternate
explanation for DNA export based on cellular topology (Perez-Cruz et al. 2013): if
both inner and outer membranes were to simultaneously “bleb” out of the cell and
form a vesicle, then a sub-compartment within the vesicle would originate
directly from the cytosol, avoiding the need for DNA to cross the inner membrane.
It is not yet clear, however, whether such “outer-inner membrane vesicles” are the
only ones to contain DNA, nor how the chromosomal DNA fragments found within
vesicles are generated in the first place.

The ability of bacteria, archaea, and eukaryotes to export portions of their genetic
information via extracellular vesicles has a number of functional implications
(discussed in more detail below), and also provides a means to identify which
cells in a given environment produce these structures. Based on the assumption
that the majority of DNA contained within a vesicle likely originated from the cell
that produced it, metagenomic sequencing of vesicle-enclosed DNA collected from
both coastal and open-ocean water samples has shown that organisms from all three
domains, including representatives of at least 33 different phyla, produce vesicles in
marine environments (Biller et al. 2014). These results further support the notion that
most, if not all, microbes release extracellular vesicles, and indicate that vesicle
production is a common occurrence in the natural environment—not just in labora-
tory cultures (Fig. 4.1a).

4.3 Variation Among Vesicles

Studies of MVs from Pseudomonas aeruginosa and Escherichia coli have long
noted that these model organisms produce heterogeneous vesicle populations vary-
ing in physical properties including particle size (Kadurugamuwa and Beveridge
1995) and buoyant density (Kesty and Kuehn 2004; Renelli et al. 2004) in culture.
Such heterogeneity has been observed in vesicles from the marine cyanobacteria
Prochlorococcus and Synechococcus as well (Biller et al. 2014). The concept of
vesicle heterogeneity further applies to their contents. For example, one investiga-
tion into the DNA distribution among vesicles isolated from various marine
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microbes showed that long (>5 kb) DNA fragments were found in fewer than 1% of
vesicles, with a larger (but unknown) fraction of vesicles presumably containing
shorter DNA fragments (Biller et al. 2017). Similarly, most DNA in P. aeruginosa
MVs is associated with only the smallest vesicles (Bitto et al. 2017). Following from
these data, it seems reasonable to speculate that the distribution of proteins, RNAs,
and other components will almost certainly vary among individual vesicles as well
(Kulp and Kuehn 2010). Thus, while vesicles can collectively contain a huge
diversity of compounds, it is important to consider vesicles as a population of
heterogeneous individual particles, each with potentially distinct functional capabil-
ities (Fig. 4.1b). Further complicating the picture is that the vesicles produced by a
single strain can also vary with changes in growth phase and environmental condi-
tions (Orench-Rivera and Kuehn 2016; Zavan et al. 2019) or due to different
mechanisms of vesicle formation (Turnbull et al. 2016).

4.4 Distribution of Vesicles in the Environment

Where are vesicles found, and how many are there? Diverse microbes isolated from
both aquatic and terrestrial environments release MVs in culture, implying that
vesicles are likely to be widespread throughout nature. Recent studies have started
to shed some light on the abundance and distribution of vesicles in the
field, highlighting the need to consider how the physical context of different habitats
may influence MV functions.
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Fig. 4.1 Extracellular vesicles in the marine environment. (a) Vesicles (small circles) originating
from different cells (larger circles, distinguished by colors) can freely diffuse and interact with cells,
viruses, or other components of the environment. Vesicles can impact the local ecosystem through
activities such as mediating extracellular enzymatic reactions, gathering nutrients like phosphorus
(P), or delivering materials among cells. Cells and vesicles are shown at a greater relative abundance
(and closer proximity) than would be expected at this scale for illustrative purposes. Vesicles are
colored to match the cell that produced them; cells and vesicles associated with particle surfaces are
not depicted. (b) Individual extracellular vesicles, whether produced by the same or different
microbes, can vary in size and the composition of contents such as DNA, RNA, proteins and
metabolites (depicted by different symbols on the surface or within the vesicles)
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4.4.1 Vesicles in Aquatic Systems

Extracellular vesicle abundances in the environment are best understood in the
oceans. Bacteria are a widespread and essential part of the marine ecosystem,
where they can be found at densities on the order of 105–106 cells mL�1 in surface
waters; archaea and eukaryotes are important components of ocean microbiomes as
well (Moran 2015). Membrane vesicle release has been observed in laboratory
cultures of numerous marine bacteria, ranging from globally abundant cyanobacteria
to heterotrophs isolated from both mid-latitude and polar regions (Frias et al. 2010;
Biller et al. 2014, 2017; Li et al. 2016). The presence of vesicles in seawater has also
been directly confirmed by electron microscopy in samples from both coastal and
open-ocean environments (Biller et al. 2014). Though measurements of vesicle
abundances have been traditionally based on measurements of lipid abundance or
vesicle protein content, newer technologies for nanoparticle characterization are
beginning to provide more quantitative estimates of vesicle numbers. Measurements
based on nanoparticle tracking analysis revealed that in surface waters, EVs are
found at concentrations comparable to that of bacterial cells, with ~106 vesicles
mL�1 identified in seawater samples taken from the coast of Massachusetts and ~105

vesicles mL�1 in samples collected in the Sargasso Sea (Biller et al. 2014). In the
Sargasso, vesicle abundance gradually decreased with depth, mirroring the overall
change in bacterial abundance. Since vesicles were almost certainly lost during many
of the sample collection and processing steps used to complete those measurements,
it is important to note that those concentrations should be considered lower
bounds—the actual vesicle concentration in these environments is likely greater.
While direct measurements of vesicle abundance have only been made in samples
from the mid-latitudes to date, vesicle release has also been noted in cultures of
Antarctic microbes, suggesting that vesicles are a cosmopolitan feature of marine
environments globally (Frias et al. 2010).

Vesicles are components of freshwater ecosystems as well. Electron microscopy
evidence indicates that microbes naturally produce MVs within a variety of tropi-
cal freshwater habitats (Silva et al. 2014), and vesicles are found in cultures of
diverse freshwater bacteria such as Cylindrospermopsis raciborskii (Zarantonello
et al. 2018), Shewanella spp. (Gorby et al. 2008), and Synechocystis PCC6803
(Pardo et al. 2015). The abundance and distribution of vesicles in fresh or brackish
water samples remains to be characterized. The presence of endotoxins in drinking
water has been suggested as additional indirect evidence for vesicles in freshwater
(Toyofuku et al. 2015), though whether this material is truly associated with vesicles
is unclear. Vesicles, or vesicle-like liposomes, have also been implicated as a
potential source of material clogging filtration membranes used in water treatment
processes (Barry et al. 2014).

Vesicles are generally assumed to diffuse throughout a well-mixed aqueous
system, allowing them to randomly encounter other components of the environment
(Fig. 4.1). There are, however, potential conditions under which EVs may not be
able to freely move away from the cells that produced them, resulting in microscale
“patchiness” of vesicle distributions. Shewanella oneidensis vesicles, for example,
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can be tethered to cells by thin nanowires (Gorby et al. 2008), which may provide
some restraint on the ability of a vesicle to move within low-shear settings. More
broadly, considerations of microscale physics show that bacteria live in a world of
low Reynold’s numbers and high viscosity, where flows around a cell can be laminar
instead of generally turbulent (Lauga 2016). This may impact the ability of diffusion
to separate vesicles from cell surfaces under some conditions, where vesicle move-
ment will be subject to constraints of the local diffusion boundary layer surrounding
a cell (Stocker and Seymour 2012). Over time, and in a relatively turbulent aqueous
environment, this boundary layer may not provide much of an impediment to vesicle
release away from a microbial cell; by contrast, in a low flow, poorly mixed
environment, vesicles may have greater difficulty moving away from the cell
surface. Such conditions may lead to vesicles remaining locally restricted near the
cell, potentially influencing their ecological function(s).

4.4.2 Vesicles in Surface-Associated Communities

Many microbes do not live free-floating in a liquid environment, but are instead
attached to surfaces. Such communities are frequently found in the form of biofilms:
collections of bacteria bound to each other and fastened to a surface by secreted
extracellular polymeric substances. Electron microscopy surveys have demonstrated
that vesicles are an abundant feature of natural biofilms isolated from such diverse
sources as domestic water drains, sewage and water treatment plants, pulp and paper
manufacturers, freshwater fish aquariums, water storage tanks, and riverbed sedi-
ments (Schooling and Beveridge 2006). Large organic particles (μm to cm scale),
such as “marine snow” and transparent exopolymer particles, are also plentiful in
marine (and freshwater) environments (Simon et al. 2002). These aggregates are
colonized by diverse microbial biofilm communities, and presumably should contain
vesicles as well. Marine and freshwater sediments also harbor complex communities
of bacteria (Nealson 1997), but the concentration and distribution of vesicles on
sediments are not yet known. Most vesicles released within a biofilm or other
aggregate will likely remain confined within the biofilm matrix and thus would not
be included in measurements of planktonic vesicles, which typically remove parti-
cles of this larger size class. These considerations suggest that vesicles in aquatic
environments may be even more abundant, and perhaps more spatially structured,
than is reflected in current data. Abundant bacteria are also associated with particles
in the atmosphere (Barberán et al. 2015), and work on indoor dust particles has
revealed data consistent with the idea that particle-associated vesicles are found in
the air (Kim et al. 2013).

Terrestrial bacteria, such as the model organism Bacillus subtilis, release MVs in
liquid cultures grown in the lab (Brown et al. 2014). While these organisms
presumably also produce vesicles in their natural environment, vesicle concentra-
tions in soils are unknown. The physical properties of soil particles impose a distinct
set of constraints on vesicle movements and interactions as compared to aqueous
environments. Soil composition can vary across numerous dimensions, including the
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composition of the soil particles (organics, sand, clay, etc.), the charge of these
particles, and their hydration levels. Water films surrounding soil particles can be
less than 10 nm thick (Or et al. 2007); since this is markedly thinner than a typical
MV, vesicles would not be expected to freely diffuse in the same way that they could
in a well-mixed, turbulent aquatic habitat (Shetty et al. 2011). Vesicle movement in
soils may be further restricted by charge interactions between vesicles and soil
particles.

Since dry or nearly desiccated particle surfaces are not necessarily conducive to
vesicle diffusion, biofilms represent a likely ecological context for many vesicle
activities in soils. Additionally, terrestrial microbes can utilize other mechanisms to
overcome the physical constraints associated with soil particles and enable vesicle-
based interactions. B. subtilis, for instance, can produce “nanotubes” that extend
between cells and mediate intercellular exchanges (Dubey and Ben-Yehuda 2011),
possibly via vesicles. Another related mechanism was identified in the soil microbe
Delftia, which forms tubular surface structures termed “nanopods” that can extend
more than 6 μm away from the cell surface (Shetty et al. 2011). These nanopods are
composed of surface layer proteins and membrane vesicles, providing a means for
vesicles to be exchanged directly over long distances. Vesicles have also been seen
to form long “chains” reaching away from the surface of Myxococcus xanthus
(Remis et al. 2014). The potential use of intercellular tubes to exchange vesicles
may not be limited to soil microbes, as the human pathogen Francisella tularensis
also produces tubular outer membrane vesicles from its surface when grown in liquid
culture and on agar plates (McCaig et al. 2013).

4.4.3 What Modulates Vesicle Distributions
in the Environment?

The abundance of vesicles at any given time and place represents the net balance
between the rate of vesicle production by the community and the rate of vesicle loss.
The relevant rates on both sides of this equation are currently poorly constrained.
Vesicle production in a given environment will fluctuate as a function of many
factors: first, MV release varies among bacterial strains as measured on a per-cell,
per-generation basis (Biller et al. 2014), so community composition and growth rates
of individual taxa will affect vesicle abundance. MV production can be further
influenced by environmental conditions such as nutrient availability (Prados-Rosales
et al. 2014a; Orench-Rivera and Kuehn 2016; Sampath et al. 2018; Gerritzen et al.
2019), temperature (Frias et al. 2010; MacDonald and Kuehn 2013), UV exposure
(Gamalier et al. 2017, Zarantonello et al. 2018), and oxidative stress (MacDonald
and Kuehn 2013). The rotation of sheathed flagella has also been linked to vesicle
release (Aschtgen et al. 2016a), suggesting that conditions increasing flagellar
activity may also lead to higher local MV concentrations. There is evidence that
vesicle production is under at least some degree of genetic control as well, since
mutations have been identified in multiple Gram-negative bacteria that either
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increase or decrease the rate of vesicle formation (McBroom et al. 2006; Rath et al.
2013; Kulp et al. 2015; Nakayama-Imaohji et al. 2016; Resch et al. 2016). It is not
yet clear how many of these genetic mechanisms specifically regulate vesicle
production as opposed to indirectly influencing vesicle release through impacts on
cellular envelope structure and/or other physiological factors, including oxidative
stress levels or lipid production (Gerritzen et al. 2019). Regardless, these data
indicate that the specific genetic composition of a microbial community will also
affect overall vesicle production rates.

Even less is known about the rates and mechanisms of vesicle loss. Studies of
cyanobacterial extracellular vesicles showed that average vesicle size and abundance
did not significantly change over the span of 2 weeks when kept in sterile seawater
(Biller et al. 2014). Though these data cannot rule out microscale changes occurring
among individual vesicles, they indicate that vesicles are inherently stable struc-
tures—at least in a high salinity environment where lipids will be most thermody-
namically stable in a spherical form. Dispersal rates, whether through random
diffusion or active mixing, will further influence vesicle concentrations within a
given region of an aqueous environment. Other processes surely contribute to vesicle
loss, including breakdown by microbes or extracellular enzymes, consumption of
vesicles, uptake/fusion of vesicles into the surfaces of other cells, abiotic degradation,
or adsorption and subsequent sequestering of vesicles onto surfaces. The relative
contributions of these different vesicle removal mechanisms are not yet known, but
together such factors will affect not only the number of vesicles in a given place and
time but also the average vesicle half-life and distance a vesicle might be able to
travel.

4.5 Vesicles as Discrete, Structured Packets of “Dissolved”
Nutrients

At a basic level, extracellular vesicles can be viewed as simply secreted packets of
organic molecules. Given that vesicles can contain lipids, proteins, small molecules,
and nucleic acids, these structures are therefore a potential source of biologically
important nutrients including organic carbon, nitrogen, oxygen, phosphorous, sulfur,
and trace metals. Vesicles thereby represent components of global nutrient pools and
microbial food webs.

4.5.1 Vesicles Are an Investment of Cellular Resources

The bulk of our current understanding of MVs comes from laboratory studies of
relatively large, fast-growing bacteria grown in nutrient-rich media, where the
release of proteins and other material into vesicles may represent a negligible loss
to the cell. By contrast, most bacteria in the environment grow slowly, with doubling
times on the order of days to weeks or even longer (Kirchman 2016). The oligotro-
phic oceans, for example, are extremely nutrient-poor and dilute environments,
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where essential nutrients are found at picomolar concentrations and bacterial cells
are at least 100–200 body lengths away from each other on average (Biller et al.
2015; Moran 2015). These conditions impose a distinct set of selective pressures on
marine microbes as compared to those experienced within other environments such
as the human gut, where organisms generally live at much higher local densities and
experience “feast and famine” type regimes. Oligotrophic microbes have a number
of adaptations that appear to help them survive in a world of limited nutrients. One
evolutionary approach is to reduce cell size: Prochlorococcus and Pelagibacter—
the most abundant autotrophic and heterotrophic bacteria, respectively, in the
oceans—are both tiny cells, with diameters less than 1 μm (Chisholm et al. 1988;
Rappé et al. 2002). This means that the production of a single 100 nm diameter
vesicle by these organisms represents a proportionally greater amount of cellular
resources than it would in a larger bacterium such as E. coli. Prochlorococcus has
evolved numerous ways to reduce its nutrient requirements, such as using sulfolipids
instead of phospholipids in its membrane to conserve phosphorous, which is a
limiting nutrient in some ocean regions (Van Mooy et al. 2009). Given all of this,
it is therefore perhaps surprising that Prochlorococcus cells would release poten-
tially critical limiting nutrients within a vesicle. For bacteria producing on the order
of 1–10 MVs per cell per generation (Biller et al. 2014), this might represent a
nontrivial amount of material to export—particularly when considering the nutrients
that are lost are in the form of energetically and chemically “expensive” materials
like lipids, proteins, and nucleic acids.

Why, then, might cells—especially those growing in nutrient-poor environ-
ments—release extracellular vesicles in the first place? Do EVs simply perform
sufficient beneficial functions to justify the investment of resources, meaning vesicle
production is maintained through natural selection? Or are other factors at play? One
hypothesis for the apparent ubiquity of EV production is that vesicle release reflects
a vestige of the earliest forms of life on Earth, wherein lipid vesicles could have
provided an environment for metabolic reactions to occur and facilitated exchange of
RNA and other compounds among ancient cells (Gill and Forterre 2016). Vesicles
could also be, at least to some degree, an unavoidable consequence of having a lipid
bilayer membrane, since bits of membrane protruding from the cell will be thermo-
dynamically favored to self-assemble into a spherical vesicle under various condi-
tions (Huang et al. 2017). Structuring the cell envelope in such a way as to prevent
membrane “blebs” from forming, such as by increasing membrane crosslinking, may
have too many other deleterious consequences for the cell, making vesicle produc-
tion essentially an accepted loss term. Consistent with this idea is the observation
that while some genetic mutations either increase or decrease vesicle production in
E. coli, none have yet been found that can completely abolish vesicle release
(McBroom et al. 2006; Kulp et al. 2015). Evidence from Salmonella enterica also
indicates that vesicle release may be tied, at least in part, to the processes required to
remodel bacterial outer membranes in response to environmental changes
(Elhenawy et al. 2016). Regardless of the original evolutionary and mechanistic
origins of vesicle release, the secretion of these particles and their associated con-
tents represents a means through which bacteria release potentially valuable nutri-
ents and energy.
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4.5.2 How Much “Dissolved”Material in the Environment Is
Enclosed Within Vesicles?

In aquatic sciences, measurements of “dissolved” versus “particulate” nutrients have
historically been based on operational criteria wherein materials are considered
“dissolved” if they pass through a 0.2 μm diameter filter, and “particulate” if they
are >0.2 μm (Azam and Malfatti 2007). Within this “dissolved” fraction are found
not only truly dissolved monomeric molecules, but also an entire size continuum of
particles—ranging from nm-scale inorganic colloids to larger, biologically-derived
organic structures like viruses and vesicles (Azam and Malfatti 2007). Of perhaps
particular relevance in the open ocean is the fact that vesicles represent a discrete,
colloidal structure that is relatively concentrated with nutrients within an otherwise
dilute environment. Though many common methods for determining the concentra-
tion of important nutrients like nitrite, nitrate, and organic carbon in seawater likely
already include vesicle materials, it is not yet known what fraction of these nutrients
are truly “dissolved” versus associated with vesicles.

The realization that seawater contains abundant extracellular vesicles may
partly explain a number of previous oceanographic observations. For instance,
early proteomic studies of seawater revealed that some of the most abundant
“dissolved” peptides were membrane proteins (Tanoue et al. 1995), and it is quite
likely that this includes membrane proteins associated with extracellular vesicles.
Similarly, lipids were found to comprise a notable component of total dissolved
organic carbon (DOC) in seawater (Aluwihare et al. 1997), and lipid membrane-
bound extracellular vesicles likely represent a fraction of this. Extracellular DNA
has been repeatedly observed in the oceans (DeFlaun et al. 1987; Brum 2005),
which is somewhat surprising given that microbes can rapidly utilize free DNA as a
nutrient source (Jørgensen and Jacobsen 1996; Lennon 2007). Given what we now
know, at least some of this dissolved DNA may not be truly “free” but instead
afforded a degree of protection inside vesicles. As a final example, ATP has been
identified in bacterial MVs (Pérez-Cruz et al. 2015); ATP is also found within the
<0.2 μm size fraction of seawater, where it is utilized by microbes as a source of
either phosphorous or purines for biosynthesis (Azam and Hodson 1977). Chemical
analyses of this “dissolved” ATP have shown that it likely comes from grazing
and/or cellular excretion (Nawrocki and Karl 1989; Björkman and Karl 2001),
consistent with the hypothesis that at least some fraction of seawater ATP is
associated with MVs.

4.5.3 Vesicles as a Component of Global Dissolved Organic
Carbon Pools

From a food web perspective, vesicles represent a “snack pack”—a discrete, locally
concentrated bundle of bioavailable nutrients that could be utilized by single-celled
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or multicellular organisms. It is therefore worth considering the place of vesicles
within global food webs, focusing here again on the ocean ecosystem. Marine
primary producers (phytoplankton) use sunlight to fix inorganic carbon into organic
molecules, which are later released and then utilized by the heterotrophic community
for either energy or biosynthesis. These organic molecules are typically thought to be
released by phytoplankton through direct excretion of the compounds, leakage
across membranes, or as a consequence of cell lysis (Azam and Malfatti 2007).
Recent findings indicate that vesicle secretion should be considered in this context as
well. Experiments with the common marine heterotroph Alteromonas demonstrated
that they can utilize purified extracellular vesicles from Prochlorococcus as their
sole organic carbon source (Biller et al. 2014). This result highlights the potential for
vesicles to contribute to marine food web interactions as part of “dissolved” organic
carbon pools. The identity of the vesicle-associated biomolecule(s) consumed by
Alteromonas or other microbes is not yet known, but could potentially include the
membrane lipids as well as vesicle-associated proteins and/or small molecules.
Extracellular DNA can serve as a nutrient source in planktonic environments and
marine sediments (Jørgensen and Jacobsen 1996; Dell’Anno and Danovaro 2005),
leading to the hypothesis that some cells might utilize vesicle-associated DNA
for food.

Dissolved organic carbon pools in the global oceans are massive, with the deep
ocean containing roughly as much carbon as there is CO2 in the atmosphere (Hansell
and Carlson 2015). DOC can generally be divided into two fractions: “labile”
carbon, which is quickly utilized by microbes within the ocean food web, and
“refractory” carbon which is less accessible. While any individual extracellular
vesicle likely contains only 50–100 � 10�18 g of carbon (Biller et al. 2014), their
apparent ubiquity in the marine environment and ability to be consumed by other
bacteria indicates that they may have a large combined impact on labile DOC pools.
A back-of-the-envelope calculation shows that if an average marine bacterium
releases 1 vesicle per day, with each vesicle containing 0.1–1% of a typical marine
bacterial cell’s mass (Fukuda et al. 1998; Biller et al. 2014; Bar-On et al. 2018), then
the ~1.3 � 1015 g of bacterial carbon biomass in the pelagic oceans (Bar-On et al.
2018) would produce on the order of ~4.7 � 1014–4.7 � 1015 g of “dissolved”
vesicle C biomass each year. Assuming that vesicles are composed of primarily
labile material, this suggests that bacterial vesicle biomass represents a potentially
notable fraction of the estimated 15–25 � 1015 g of total marine labile DOC
produced annually (Hansell 2013). There is, of course, considerable uncertainty in
these estimates, but the exercise emphasizes the potential for vesicle-associated
carbon to be an important part of organic carbon flux in the oceans. Future work
will hopefully permit better estimates of the contribution of vesicles to global DOC
pools and fluxes, and improve our understanding of the variation in both vesicle
production and consumption among different bacterial, archaeal, and eukaryotic
taxa. In addition to the role of vesicles in carbon flux, the protein and DNA within
vesicles implies that vesicles may also comprise part of the dissolved nitrogen,
sulfur, and phosphorous pools (Lynch and Alegado 2017).
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4.5.4 Vesicles as Reservoirs and Scavengers of Inorganic
Nutrients

Nutrient-binding proteins and transporters have been identified within vesicles,
raising the possibility that some vesicles might contain materials they have “scav-
enged” extracellularly, in addition to any nutrients carried out of the producing cell
(Schwechheimer and Kuehn 2015). For example, MVs released by the marine
cyanobacterium Prochlorococcus contain putative phosphate-binding proteins
(Biller et al. 2014), suggesting that these vesicles might be able to bind extracellular
phosphate as they diffuse through the ocean and shuttle those concentrated materials
to another cell (Fig. 4.1a). Binding and transport of trace metals represent another
potential function for vesicles; to date these mechanisms have been primarily studied
in pathogens and host-associated microbes, but the concepts are likely broadly
relevant. For instance, the proteome of Neisseria meningitidis vesicles contains
both iron- and zinc-binding proteins (Lappann et al. 2013). When Mycobacterium
tuberculosis is grown under low-iron conditions, it releases extracellular vesicles
containing mycobactin, a compound that can bind iron and help these organisms
obtain this nutrient (Prados-Rosales et al. 2014b). In P. aeruginosa, the Pseudomo-
nas quinolone signal (PQS) is both a quorum-sensing molecule trafficked within
MVs (Mashburn-Warren et al. 2008; Schertzer and Whiteley 2012) as well as an
iron-binding compound (Bredenbruch et al. 2006; Schertzer et al. 2009), providing
yet another avenue for vesicles to contribute to metal uptake. From an evolutionary
perspective, the ultimate benefit of releasing vesicles into the environment where
they can serve as a nutrient “snack pack” for others may depend on a complicated set
of tradeoffs that considers the amount of cellular resources invested into each
vesicle, the rates of vesicle–cell encounters, the identity of the limiting resource(s)
in that environment, any mutualistic interactions between organisms, and the degree
of specificity with which that vesicle will interact with closely or distantly related
cells.

4.6 Ecological Roles of Vesicles

The variety of biological compounds that can be transported by extracellular vesicles
underlies the remarkable diversity of their potential functional abilities. Studies have
revealed contributions of vesicles to an ever-increasing number of processes,
suggesting that vesicles may play many varied ecological roles within natural
communities. While the exact impacts of any individual vesicle interaction may be
small and heavily context dependent, collectively such vesicle-mediated processes
could have a marked impact on the structure, function, and evolution of microbial
communities globally.
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4.6.1 Manipulators of the Local Environment

Studies of MVs released by cultured bacteria have repeatedly shown that vesicles
can be associated with a variety of proteins, including functional enzymes
(Kadurugamuwa and Beveridge 1995). Extracellular vesicles thus provide a mech-
anism for cells to affect their local environment through enzymatic activity, facili-
tating microbial niche construction. Exporting proteins in or on a vesicle as opposed
to directly releasing an exoenzyme into the extracellular milieu could provide
benefits including affording the enzyme protection from environmental damage
and allowing for simultaneous co-secretion of multiple proteins involved in a
complex or pathway (Borch and Kirchman 1999; Lee et al. 2013). Vesicles could
also provide a local structure wherein substrates are kept in close proximity to
enzymes that act on them, avoiding issues with diffusion in aqueous extracellular
environments (Bonnington and Kuehn 2014).

Vesicle proteomes have revealed not only the diversity of vesicle-associated
proteins, but also the fascinating observation that these proteins can originate from
a variety of cellular compartments. For instance, MVs from Gram-negative bacteria
contain not just outer membrane and periplasmic proteins—as would be expected
based on the common models of vesicle formation—but also cytoplasmic proteins
(Pérez-Cruz et al. 2015; Yun et al. 2017; Zakharzhevskaya et al. 2017). These
repeated observations, across distantly related bacteria, suggest that the export of
cytoplasmic proteins is a common biological feature of vesicles and not simply a
technical artifact. Extracellular vesicles, therefore, provide a mechanism through
which enzyme-mediated activities can occur away from the cell, perhaps allowing
these proteins access to substrates that they might not otherwise encounter in their
typical subcellular location (Ebner and Götz 2019).

Vesicle-associated enzymes are responsible for many of the functional roles
currently described for these structures (Schwechheimer and Kuehn 2015).
Pioneering studies in P. aeruginosa noted that enzymes contributing to pathogenesis
were found in vesicles (Kadurugamuwa and Beveridge 1995). Vesicles were also
implicated as agents of microbial “warfare,” based on experimental demonstrations
that vesicle-associated hydrolases and endopeptidases could lyse other microbes
(Kadurugamuwa and Beveridge 1996; Li et al. 1998; Vasilyeva et al. 2008). Vesicles
are also capable of catalyzing reactions that enable cells to broadly manipulate their
local chemical environment. For example, S. oneidensis vesicles contain active
reductases that facilitate electron transfer in these cells, allowing them to reduce
terminal electron accepters located away from the cell surface (Gorby et al. 2008).
Staphylococcus aureus vesicles contain functional β-lactamases that can degrade the
antibiotic ampicillin (Lee et al. 2013). Other findings indicate that MV-associated
enzymes can contribute to nutrient acquisition. Vesicles released by human gut
Bacteroides contain active hydrolases that can break down extracellular substrates,
releasing soluble nutrients that can then be utilized by the cells (Rakoff-Nahoum
et al. 2014; Li et al. 2016). Relatedly, the rumen-associated microbe Fibrobacter
succinogenes produces vesicles containing carbohydrate-degrading enzymes that

4 Extracellular Vesicles in the Environment 87



can depolymerize various plant polysaccharides, likely facilitating further degrada-
tion and utilization of these nutrients (Arntzen et al. 2017). MVs from coral-
associated Vibrio strains also contain active proteases, glucosidases, lipases, and
chitinases, which could contribute to pathogenesis or nutrient acquisition as well
(Li et al. 2016).

These enzymatic data raise additional questions concerning how much of total
bacterial exoenzyme activity is associated with individually secreted, truly
“dissolved” proteins as compared to enzymes associated with vesicles. For instance,
alkaline phosphatase is an exoenzyme long known to play important roles in the
marine phosphorous cycle (Hoppe 2003). The majority of marine alkaline phospha-
tase activity is typically found in the “dissolved” seawater fraction, but at least some
of this activity may come from vesicle-associated enzymes, as suggested by the
finding that MVs from a marine Vibrio contain active alkaline phosphatase activity
(Li et al. 2016). Bacteria from other environments, such as P. aeruginosa and the soil
bacterium Myxococcus xanthus, also secrete active alkaline phosphatase in vesicles
(Kadurugamuwa and Beveridge 1995; Evans et al. 2012). While these data lead to a
number of compelling hypotheses concerning potential vesicle functions, to date
they are only proof of concept. We still lack quantitative information about the
degree to which vesicle-associated enzymes contribute to processes within natural
microbial ecosystems, either extracellularly or within cells that interact with vesicles.

4.6.2 Vectors of Intercellular Exchange and Signaling

Extracellular vesicles can carry a diverse suite of compounds released by one cell
across spatial and temporal distances to another cell. Such intercellular exchanges
may lead to a variety of potential outcomes, the exact nature of which will depend on
the organisms involved as well as the contents of those vesicles. Some examples of
vesicle-mediated intercellular exchange include previously discussed roles in nutri-
ent exchange and protein delivery. In addition, vesicles can serve as vehicles for
transferring signaling molecules. For instance, MVs from P. aeruginosa have been
shown to traffic the hydrophobic bacterial quorum-sensing signal PQS; interestingly,
PQS can also directly contribute to vesicle formation and signal packaging in this
bacterium (Mashburn and Whiteley 2005; Schertzer and Whiteley 2012). By
enclosing a relatively high local concentration of such molecules, vesicles likely
prevent secreted signaling molecules from diluting to the point where the signal
concentration would be insufficient to elicit a response. This can, however, change
the nature of these signaling interactions. Individual vesicles from Paracoccus
denitrificans carry sufficient quorum signal to elicit a response in recipient cells,
suggesting that vesicle-mediated signaling may lead to a binary response that differs
from the more canonical density-dependent quorum sensing (Toyofuku et al. 2017).
MV-mediated signaling contributes to cross-domain interactions as well. In one
example, the marine Bacteroidetes Algoriphagus machipongonensis was found to
induce multicellular colony development of a choanoflagellate, Salpingoeca rosetta,
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via sulfonolipids trafficked via MVs (Alegado et al. 2012; Lynch and Alegado
2017). MVs also participate in the mutualistic symbiosis between Vibrio fischeri
and the Hawaiian bobtail squid, Euprymna scolopes. Here, Vibrio MVs convey
developmental signals to the squid, helping to drive host developmental changes
required for successful colonization (Aschtgen et al. 2016b).

Vesicle-based intercellular delivery could occur through various mechanisms.
Some models of vesicle delivery implicate the fusion of vesicles with the outer
membrane of a cell, releasing all of the vesicle’s contents into the recipient
(Kadurugamuwa and Beveridge 1996, 1999). Alternatively, vesicles either attached
to or held in stable proximity to the surface of a cell through charge interactions
(Kadurugamuwa and Beveridge 1996) could deliver material via “flipping” of
molecules from the vesicle membrane into the cell (Remis et al. 2014). Cells could
perhaps also use enzymes to degrade a vesicle extracellularly and subsequently
acquire specifically desired components through standard import pathways. The
uptake of vesicle material into eukaryotic cells can occur via any one of multiple
endocytic processes, which have been reviewed elsewhere (Mulcahy et al. 2014).

The factors that determine whether a given vesicle will associate with and deliver
material to another cell remain unclear. Vesicles can clearly mediate transfer between
different microbes (Yaron et al. 2000), but experimental data is emerging indicating
that species/strain boundaries can exist between vesicles and cells in some cases
(MacDonald and Beveridge 2002; Toyofuku et al. 2017; Tashiro et al. 2017). The
factors mediating such strain specificity could include surface protein interactions,
zeta potential (Tashiro et al. 2017), hydrophobicity (MacDonald and Beveridge
2002), envelope and boundary layer structure of the cells, or other properties yet to
be identified.

4.6.3 Reservoirs of Genetic Information and Vectors
of Horizontal Gene Transfer

Transformation, transduction, and conjugation have historically been viewed as the
primary mechanisms of bacterial horizontal gene transfer (HGT), but extracellular
vesicles can mediate HGT as well. Bacterial and archaeal vesicles can enclose DNA
ranging in size from entire plasmids to both short (<100 bp) and long (anywhere
from hundreds of bp to >20 kb) fragments of chromosomal DNA (Hagemann et al.
2013; Biller et al. 2014, 2017; Gaudin et al. 2014; Erdmann et al. 2017). Multiple
studies have shown that bacterial MVs can successfully deliver this DNA cargo into
other bacterial or eukaryotic cells, supporting the likely contribution of vesicle-
mediated delivery to HGT in natural systems (Dorward et al. 1989; Kolling and
Matthews 1999; Yaron et al. 2000; Chatterjee et al. 2017; Bitto et al. 2017; Grüll
et al. 2018).

The extensive diversity of DNA associated with vesicles in the marine environ-
ment (Biller et al. 2014) highlights not only the vast potential for vesicles to mediate
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cross-species HGT, but also points to vesicles as an environmental genetic “reser-
voir” from which any cell could sample. Vesicles provide a degree of protection to
DNA in the environment that a free-floating DNA molecule, which could be
consumed or degraded, would not receive. In one study, vesicle DNA could still
be transformed into cells following nearly 2 years of storage at 4 �C—even with
nuclease enzymes present in the same solution (Blesa and Berenguer 2015). Thus,
the “dissolved information” contained within vesicles represents an expansive and
possibly long-lived pool, with the vesicle-associated DNA potentially outlasting the
strain that released it. The transfer of RNA, including small RNAs, among cells also
suggests potential roles for vesicle-mediated exchange impacting genetic regulation
within microbial communities (Dauros-Singorenko et al. 2018; Tsatsaronis et al.
2018; Cai et al. 2018).

Some DNA may be able to facilitate its own transfer via vesicles in a quasi-viral
manner. The plasmid pR1SE, identified in the Antarctic haloarchaeon Halorubrum
lacusprofundi R1S1, encodes proteins that facilitate the formation of plasmid-
containing extracellular vesicles. These vesicles can then “infect” cells lacking
pR1SE, causing those hosts to produce plasmid-containing vesicles themselves
(Erdmann et al. 2017). This finding mirrors previous observations of “viral-like
particles” (likely membrane vesicles) in E. coli that can move DNA between cells
and induce the recipients to produce more of these DNA-bearing structures; whether
a similar mechanism mediates this phenomenon remains unclear (Chiura et al. 2011;
Velimirov and Ranftler 2018).

The relative contribution of vesicle-mediated transfer, conjugation, transforma-
tion, and transduction to overall rates of HGT in different environments, or among
different strains, is not known, though each mechanism has unique tradeoffs that
likely influences the rate of successful HGT under different conditions (Nazarian
et al. 2018). In laboratory cultures, rates of vesicle-mediated plasmid transfer
between different Gram-negative strains have been shown to vary as a function of
the specific donor strain, recipient strain, plasmid characteristics, and the genes being
transferred; these rates were not correlated with the genetic relatedness of the donor
and recipient (Tran and Boedicker 2017, 2019). Vesicle-mediated HGT is also
subject to the previously discussed factors possibly influencing vesicle–cell interac-
tion rates, combined with a consideration of the heterogeneity of DNA contained
within any one individual vesicle (Biller et al. 2017). While the extent of vesicle
HGT still needs to be elucidated, it is exciting to consider that vesicles could provide
cells with a means to acquire DNA from a broader diversity of sources than
transduction or conjugation. Many viruses, particularly the tailed viruses, exhibit
quite specific and narrow host ranges (Kauffman et al. 2018), whereas the breadth of
vesicle transfers between disparate cell types demonstrated to date hint that there
may be fewer potential barriers for EVs. Ultimately, the amount of HGTmediated by
vesicles as compared to viruses will depend not only on the relative abundance of
these structures in a given environment, but also the fraction of each particle that
contains host DNA, and the differences between their encounter dynamics, host
specificity, and delivery efficiency (Nazarian et al. 2018).
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4.6.4 Impacts on Cell–Surface Interactions

Production of extracellular vesicles affects the physical interaction of cells with
surfaces, thus influencing cellular distributions and motility. In some instances,
membrane vesicles promote attachment of bacteria by contributing to the formation
of biofilms (Schooling and Beveridge 2006; Yonezawa et al. 2009; Grande et al.
2015), possibly through a structural role for MVs and their associated DNA.
Vesicles can influence the physical attachment of microbes to other cells, as has
been noted in studies of the oral cavity where vesicles can promote bacterial
attachment to both host epithelial cells (Meyer and Fives-Taylor 1994; Inagaki
et al. 2006) as well as to other microbes (Kamaguchi et al. 2003). In different
contexts, vesicles inhibit cell–surface interactions. For example, vesicle production
by Xylella fastidiosa facilitates the ability of this plant pathogen to move throughout
the plant by preventing bacteria from sticking to surfaces (Ionescu et al. 2014).

4.6.5 Defensive Roles and Vesicle–Virus Interactions

Vesicles can play a variety of defensive and protective roles for cells. Some bacterial
MVs bind toxic compounds such as antimicrobial peptides or hemin, thereby
reducing the local concentration of that molecule and promoting cell survival
(Manning and Kuehn 2011; Roden et al. 2012). MVs have also been proposed to
provide a means for cells to remove damaged molecules (Schwechheimer and Kuehn
2015). Vesicles are further able to contribute to bacterial defenses against viral
infections. Viruses and vesicles have a complex and fascinating set of interrelation-
ships, and EVs are known to impact viral infection dynamics in multiple systems.
Phage recognizes potential target cells through specific interactions with molecules
on cell surfaces; since bacterial MVs contain material from the outermost membrane,
any vesicle with the appropriate phage receptor molecule could be bound by that
virus (Manning and Kuehn 2011). In this way, vesicles can serve as a “decoy” of
sorts for the cell, which would lead to nonproductive infections and a reduction of
the infectious viral population. Phage can bind vesicles released by marine
cyanobacteria (Biller et al. 2014), and the presence of vesicles has been shown to
reduce phage infection of both E. coli and Vibrio cholerae (Manning and Kuehn
2011; Reyes-Robles et al. 2018).

Vesicles do not, however, only act to inhibit viral infection. In the marine alga
Emiliania huxleyi, viruses instead appear to use EVs to promote their own infection
cycle (Schatz et al. 2017). Infected E. huxleyi cells release many EVs containing both
small RNAs as well as a putative small signaling molecule; when these vesicles are
taken up by uninfected E. huxleyi cells, the vesicle contents induce some currently
unknown changes in the recipient cells that speed up subsequent viral infection
cycles. In this system, the presence of EVs also led to a marked increase in viral half-
life through an unknown mechanism (Schatz et al. 2017).
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The fact that vesicles can transport surface molecules between cells provides a
means for MVs to expand the host range of a phage. In B. subtilis, pre-treatment of a
strain resistant to a particular phage withMVs released by a phage-sensitive strain led
to the infection of the previously resistant strain, mediated by vesicle delivery of the
phage receptor onto resistant bacterial cells (Tzipilevich et al. 2017). Changes in the
phage host range could also occur via vesicles which contain viral genomes (either
from cellular sources or perhaps an extracellular phage infection) and then deliver that
DNA into cells (Yaron et al. 2000; Gaudin et al. 2014). In this way, vesicles
containing viral DNA might facilitate viral “infection” in a manner that is not subject
to the same barriers experienced by the virus itself. Since viruses and vesicles
co-occur in marine (Biller et al. 2017) and other environments, future work will be
required to untangle the many ways in which EVs impact phage dynamics—and vice
versa.

4.7 The Future of Vesicle Research: Challenges
and Opportunities

Despite the many advances we have made in understanding extracellular vesicles
from bacteria, archaea, and eukaryotes, the extracellular vesicle field is, in many
ways, still in its infancy. While there are countless questions to address, much of EV
research is currently hindered by the simple fact that these structures are extremely
difficult to work with. Nanoparticle analysis and imaging technologies are rapidly
improving, but isolating and quantifying vesicles, particularly from the environment,
remains a particular challenge. EVs from many types of natural samples can be
found at concentrations close to or below some instrument detection limits, neces-
sitating extensive sample concentration and processing; in addition, different isola-
tion protocols can greatly influence study results (Singorenko et al. 2017).
Separating extracellular vesicles from other types of small particles like viruses
and inorganic colloids is still an inexact science, dependent on differences in charge,
density, and other properties that do not always sufficiently discriminate among
particle types. Whereas studies of eukaryotic extracellular vesicles (exosomes)
frequently utilize antibodies to isolate or identify specific exosome populations of
interest, there does not currently appear to be anything close to a universal epitope
shared among all bacterial MVs produced by diverse communities. These technical
considerations are further complicated by one of the fascinating properties of
vesicles, namely their heterogeneity. This diversity is likely an important contributor
to the functional capabilities of vesicles, and raises questions concerning when and
where it is appropriate to study EVs at the level of individual structures as compared
to populations. Regardless, the field has made rapid progress over the last few years,
and continued technical advances will undoubtedly help us to overcome some of
these challenges.
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It is now clear that vesicle production is widespread in the natural environment,
and that they likely mediate a diverse network of microbial interactions. This is an
exciting time in which we are beginning to unveil an entirely new dimension of
complexity within natural ecosystems. Despite the technical and conceptual chal-
lenges that remain, I believe that the field is well poised to take on these challenges
and develop a basic understanding of vesicle ecology—to study the processes that
determine the abundance and distribution of vesicles, determine how vesicles inter-
act with the biotic and abiotic components of the environment, and quantify the
influence of vesicle-mediated processes within natural systems. To this end, we need
to advance our knowledge of the basic “natural history” of vesicles in disparate
habitats: How many are there? When are they produced? By which cells? How long
do they last, and where do they go? On top of this, many questions remain to be
answered concerning vesicle functions. For example, what is the relative rate of
vesicle-mediated HGT in the environment as compared to other mechanisms such as
phage transduction? When and where do vesicle-associated enzymes function, and
how can we quantify their impact? How much of a role do vesicles play in organic
carbon cycling? In other nutrient cycles?

Given the abundance of vesicles in the environment and the diversity of their
cargo, it seems that exchange among bacteria, archaea, and eukaryotes could be
much more frequent than is commonly appreciated; this, in turn, raises important
questions as to how cells handle potentially frequent encounters with vesicles from
either related or dissimilar organisms in the wild. What are the encounter dynamics
between vesicles and cells in different environments, and how does this compare to
cell–cell encounter rates? What factors influence the ability of a vesicle to interact
with a cell? To what degree does an average bacterium contain some number of
biomolecules produced by a different organism and delivered by vesicles? What are
the consequences of this? The ability of cells to discriminate among vesicles, or not,
will also influence the structure of microbial interaction networks and the degree to
which extracellular vesicles should be considered a true ‘public good’ (Hasegawa
et al. 2015). While many functions of extracellular vesicles have been described to
date, it seems likely that we have only begun to uncover the ways in which EVs
affect the global ecosystem.
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Chapter 5
Functions of MVs in Inter-Bacterial
Communication

Masanori Toyofuku, Yosuke Tashiro, Nobuhiko Nomura, and Leo Eberl

Abstract Bacterial communication depends on small molecules that are released
into the environment and are perceived by other cells. Many of the bacterial
communication molecules are hydrophobic and thus have a poor solubility in
water. While it is well established that such molecules serve as bona fide signal
molecules, very little is known on how these molecules travel in aqueous environ-
ments. In this chapter we will summarize the evidence that hydrophobic signals can
be released by bacterial membrane vesicles (MVs), which also serve as vehicles for
signal dispersal. Given that the signals are concentrated in MVs, which can target
specific cell types, a new binary signaling mechanism has been proposed that is
different from the classic diffusion-based signaling model. This has important
implications on how bacteria communicate in natural aqueous habitats.

5.1 Introduction

Bacteria, including Gram-positive and Gram-negative bacteria such as Bacillus
subtilis and Pseudomonas aeruginosa, can communicate by the aid of signal mol-
ecules with each other to synchronize gene expression within the population, a
phenomenon which forms the basis of coordinated group behaviors and is com-
monly referred to as quorum sensing (QS) (Miller and Bassler 2001; Whiteley et al.
2017). Many of the signals employed by bacteria are very hydrophobic and their
solubility in water is very limited, raising the question of how these molecules can
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travel between cells (Decho et al. 2011). In a seminal paper, Marvin Whiteley’s
group (Mashburn and Whiteley 2005; Mashburn-Warren et al. 2009) showed that
the Pseudomonas aeruginosa quinolone signal (PQS) is not only associated with
membrane vesicles (MVs) but also stimulates MV formation through PQS interca-
lation into the outer membrane. Subsequent studies have provided compelling
evidence that many different hydrophobic signal molecules, including long-chain
N-acyl homoserine lactone (AHL) signals, are associated with and transported via
MVs (Brameyer et al. 2018; Li et al. 2016; Toyofuku et al. 2017b). Given that the
signal molecules are highly concentrated in MVs, the fusion of a single MV with a
bacterial cell is often sufficient to trigger its quorum sensing (QS) response
(Toyofuku et al. 2017b). Such a binary signaling mechanism is fundamentally
different from the classic diffusion-based QS model both in terms of its kinetics
and their socioecological consequences.

In this chapter we will give an overview of different bacterial signals such as
PQS, N-hexadecanoyl homoserine lactone (C16-HSL), (z)-3-aminoundec-2-en-4-
one (Ea-C8-CAI-1), which have been reported to be associated with MVs, together
with diffusible signal factor (DSF; cis-11-methyl-2-dodecenoic acid) and
2-cis-tetradecenoic acid (Xylella fastidiosa DSF; XfDSF) that regulate MV produc-
tion (Fig. 5.1).
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Fig. 5.1 Bacterial signal molecules associated with MVs. PQS can induce MV formation and is
transported by MVs. Likewise, C16HSL and Ea-C8-CAI-1 are released and transported by MVs.
DSF and XfDSF regulate MV formation by an unknown mechanism
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5.2 Pseudomonas Quinolone Signal

A wide variety of quinolone compounds are synthesized by animals, plants, and
microorganisms, and those compounds are of medical interest because of their
antiallergenic, anticancer, and antimicrobial activities (Heeb et al. 2011).
P. aeruginosa produces at least fifty-five 2-alkyl-4(1H)-quinolones (AQs) and some
of those compounds exhibit antimicrobial activities (Déziel et al. 2004). 2-heptyl-3-
hydroxy-4-quinolone (known as PQS) is used as a signal in the quinolone-based QS
system in P. aeruginosa (Pesci et al. 1999), in addition to the two main N-acyl
homoserine lactone (AHL) signals N-3-oxododecanoyl homoserine lactone (3-oxo-
C12-HSL) and N-butanoyl homoserine lactone (C4-HSL). PQS and the two AHLs
signals control expression of overlapping sets of hundreds of genes, many of which
encode for virulence factors (Jimenez et al. 2012). PQS is synthesized from anthranilic
acid by the products of the pqsABCDE operon and pqsH (Fig. 5.2) (Lin et al. 2018).
The pqsABCDE operon is adjacent to the anthranilate synthase genes phnAB and the
gene pqsR, which encodes the PQS receptor (Gallagher et al. 2002). The first step of
PQS biosynthesis from anthranilate is conducted by PqsA, an anthranilate coenzyme
A ligase (Coleman et al. 2008). Then, PqsD, which belongs to the FabH (β-ketoacyl-
(acyl carrier protein) synthase III) protein family, synthesizes 2-aminobenzoylacetyl-
CoA (2-ABA-CoA) from anthraniloyl-coenzyme A and malonyl-coenzyme A
(Dulcey et al. 2013; Zhang et al. 2008). PqsE functions as a pathway-specific
thioesterase, hydrolyzing 2-ABA-CoA to 2-aminobenzoylacetate (2-ABA) (Drees
and Fetzner 2015). This reaction can be processed by the broad-specificity thioesterase
TesB, explaining why the depletion of PqsE does not block the synthesis of 2-heptyl-
4-hydroxyquinoline (HHQ) and PQS (Drees and Fetzner 2015). PqsBC are involved
in adding an octanoyl moiety to 2-ABA to produce HHQ (Dulcey et al. 2013). Finally,
the FAD-dependent mono-oxygenase PqsH converts HHQ into PQS (Déziel et al.
2004; Gallagher et al. 2002). Therefore, the deletion of pqsH abolishes PQS synthesis
but the production of other AQs is continued.

Fig. 5.2 The synthesis of Pseudomonas quinolone signal (PQS) in P. aeruginosa. (a) Genetic
organization of the PQS gene clusters. (b) Proposed pathway for PQS biosynthesis from anthranilate.
Biosynthesis of PQS requires PqsABCDE proteins and PqsH. 2-ABA-CoA, 2-aminobenzoylacetyl-
CoA; 2-ABA, 2-aminobenzoylacetate; HHQ, 2-heptyl-4-hydroxyquinoline; PQS, 2-heptyl-3-
hydroxy-4-quinolone
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5.2.1 Multifunctional PQS

PQS is the main signal among the AQs in P. aeruginosa. PQS binds to the LysR-
type transcriptional regulator PqsR (also called MvfR) and its affinity to PqsR is
higher than that of its precursor HHQ (Wade et al. 2005; Xiao et al. 2006). The PQS–
PqsR complex regulates the expression of many genes, many of which encode
functions related to motility, virulence, and biofilm formation (Déziel et al. 2005;
Schuster et al. 2003). Interestingly, PQS-mediated transcriptional regulation can
occur in a PqsR-dependent and PqsR-independent manner (Rampioni et al. 2010).
In addition to PqsR, PQS directly interacts with other proteins, including MexG and
RhlR as well as proteins involved in respiration (Baker et al. 2017; Dandela et al.
2018; Hodgkinson et al. 2016; Toyofuku et al. 2008).

It has been demonstrated that PQS can chelate ferric iron (Fe3+) whereas HHQ,
which is lacking the 3-hydroxy group of PQS, cannot (Bredenbruch et al. 2006;
Diggle et al. 2007). PQS has a high affinity for iron and induces the expression of
genes involved in the synthesis of the siderophores pyoverdine and pyochelin
(Bredenbruch et al. 2006; Diggle et al. 2007). Iron-chelating activity of PQS also
represses denitrification in P. aeruginosa as well as growth of some bacteria
(Toyofuku et al. 2010; Toyofuku et al. 2008). In addition, PQS has been shown to
exert immune modulatory and cytotoxic activities (Lin et al. 2018).

5.2.2 PQS Delivery Through MVs

AQs have generally a limited aqueous solubility. For example, the solubility of PQS
is only 1 mg/L water (Lépine et al. 2003) and the octanol–water partition coefficient
(logP) is 3.60 (Mashburn and Whiteley 2005). Despite its hydrophobic nature, PQS
functions as a cell-to-cell communication signal in the aqueous solution. An elegant
solution to this problem was offered by Mashburn and Whitley, who showed that
about 80% of the total PQS is associated with MVs, in contrast to the homoserine
lactone signals where only 1% of the signal was found to be within MVs (Mashburn
and Whiteley 2005). The PQS carried by MVs was shown to be biologically active
and can increase pqs gene expression, virulence factor production, and antimicrobial
activities (Mashburn and Whiteley 2005; Tashiro et al. 2010b).

5.2.3 Vesiculation Is Stimulated by PQS

PQS is not only a constituent of MVs, but also stimulates MV formation in
P. aeruginosa (Mashburn and Whiteley 2005). Consequently, MV production is
decreased in mutants with inactivated pqsA, pqsH, or pqsR genes but can be restored
by the exogenous addition of PQS (Mashburn and Whiteley 2005). The increase of
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MV production in the pqsRmutant indicates that PQS-mediated MV formation is not
due to PQS-dependent gene regulation. The structure of PQS is important for MV
formation as HHQ is less effective (Mashburn-Warren et al. 2009). Interestingly,
PQS can induce MV production also in many other bacterial strains (Horspool and
Schertzer 2018; Mashburn-Warren et al. 2008; Tashiro et al. 2010a). More detailed
biophysical experiments revealed that PQS stimulates outer membrane blebbing
through intercalation into the outer membrane. When PQS is present at the extra-
cellular milieu, it specifically interacts with the 40-phosphate and acyl chains of lipid
A of the lipopolysaccharide (LPS) (Mashburn-Warren et al. 2008). Salt bridges
containing divalent cations (Mg2+ and Ca2+) normally stabilize the negatively
charged phosphates between adjacent LPS molecules (Kadurugamuwa and Bever-
idge 1996). PQS sequesters these cations and thereby increases the anionic repulsion
between LPS molecules and creates membrane curvature (Mashburn-Warren and
Whiteley 2006; Tashiro et al. 2012). Adding exogenous Mg2+ abolishes the effect of
PQS on Escherichia coli MV formation, suggesting that excess cations can neutral-
ize the repulsion of negatively charged LPS molecules (Tashiro et al. 2010a).
Subsequent work resulted in a refined model, the so-called bilayer-couple model
(Schertzer and Whiteley 2012), in which the specific interaction of PQS with LPS
contributes to a low rate of flip-flops between the leaflets of the outer membrane.
This leads to an expansion of the outer leaflet relative to the inner leaflet, which
eventually gives rise to membrane curvature and MV formation. PQS has to be
initially secreted from the cells via an unknown export mechanism to interact with
the outer leaflet of the outer membrane (Lin et al. 2018) (Fig. 5.3). When strains
PAO1 and PA14 were compared, PQS export and MV formation were significantly
higher in the latter strain, even though equivalent amounts of total PQS were
synthesized in both strains (Florez et al. 2017). While PQS accumulates in the
outer membrane of PA14, in PAO1 most of the PQS accumulates in the inner
membrane, presumably due to early saturation of the PQS export pathway (Florez
et al. 2017). The differences in PQS localization among strains and its dependence
on culture conditions may explain reports that could not confirm a role of PQS in
MV formation (Macdonald and Kuehn 2013; Turnbull et al. 2016). Furthermore,
PQS is not synthesized under anaerobic conditions as PqsH requires oxygen for PQS
synthesis (Schertzer et al. 2010; Toyofuku et al. 2008). Molecules such as indole and
its derivatives also repress MV formation in P. aeruginosa by inhibiting PQS
biosynthesis (Tashiro et al. 2010c).

While PQS synthesis does not start before early stationary phase, MVs are
already released during the exponential phase, suggesting that other routes for MV
biogenesis exist (Tashiro et al. 2010b). The alternative sigma factor AlgU and the
periplasmic protease MucD are related to the envelope stress pathway, and MV
formation was shown to be increased when either of the genes were deleted (Tashiro
et al. 2009). A mutation of mucD stimulates MV formation in PQS-deficient
mutants, indicating that periplasmic stress-mediated MV formation is independent
from PQS pathway. Similarly, MV formation is also induced in a pqsA mutant by
other stresses, such as exposure to D-cycloserine, polymyxin B, or H2O2 (Macdonald
and Kuehn 2013). Moreover, the peptidoglycan-associated outer membrane proteins
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OprF and OprI affect MV formation (Wessel et al. 2013). Increased MV production
by the oprF mutant was shown to be caused by upregulation of PQS production,
while the effect of OprI on vesiculation is independent of PQS. Endolysin-mediated
explosive cell lysis appears to be the main route for vesicle biogenesis in biofilms as
well as under anoxic conditions in P. aeruginosa (Toyofuku et al. 2014; Turnbull
et al. 2016).

5.3 N-Acyl Homoserine Lactone (AHL) Signals

The most common signaling molecules produced by Gram-negative bacteria are the
AHLs, which are produced by hundreds of species mainly of the Proteobacteria.
AHLs, which are typically synthesized by the LuxI-family enzymes, consist of a
homoserine lactone ring and a fatty chain that contains 4–20 carbons that can have
additional modifications (Arashida et al. 2018). These variations confer specificity to
the signals, which are generally recognized by LuxR-type receptors. In general, the
longer the fatty acid chain the more hydrophobic the signal is. The classic QS model
assumes that the signals diffuse freely between cells to synchronize their gene
expression when a particular population density has been attained. While the

OM IMOMIM

MV recipient

TseF

FptA/OprF

PQS

PQS-Fe3+

MV

H3-T6SS

Unknown PQS 
efflux pump

MV donor

Fig. 5.3 Membrane vesicle-mediated PQS transfer and iron uptake. Pseudomonas quinolone
signal (PQS) is synthesized in P. aeruginosa cytoplasm and moved out of the cell via a yet-to-
be-defined export mechanism. PQS integrates the outer membrane of donor P. aeruginosa, resulting
in membrane curvature and MV secretion. PQS chelates ferric iron and an extracellular protein
TseF, which is secreted by the Type VI Secretion System H3 (H3-T6SS) interacts with PQS-Fe3+.
The complex of TseF and PQS-Fe3+ localized in MVs recognizes the pyochelin receptor FptA and
the porin OprF on the recipient bacterial cell membrane, to facilitate the uptake of iron. OM, outer
membrane; IM, inner membrane. The figure is modified from (Tashiro et al. 2019)
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short-chain AHLs such as C4-HSL were shown to freely diffuse in and out of
bacterial cells, AHLs containing longer fatty acid chains often accumulate in the
cell envelope and require transporters to be released (Buroni et al. 2009; Chan et al.
2007; Pearson et al. 1999). Given the low solubility of long-chain AHLs in water it is
unclear how they are released and can travel to other cells.

5.3.1 Binary Signaling Involving MVs

In a recent study it has been demonstrated that Paracoccus denitrificans release
C16-HSL through MVs (Toyofuku et al. 2017b). In this bacterium, cell aggregation
and biofilm formation were inhibited in the presence of the signal. Of the extracel-
lular C16-HSL, half of the molecules were found to be tightly associated with MVs,
which were able to trigger the QS response in a P. denitrificans mutant deficient in
signal production. Stimulation of MV formation increased C16-HSL release without
affecting C16-HSL production. Importantly, the amount of C16-HSL associated
with one MV was shown to be higher than the threshold concentration required to
trigger the QS response of a single cell (Toyofuku et al. 2017b). This mechanism for
cell–cell communication is fundamentally different from the classical QS model,
which assumes the homogenous distribution of the signal in the medium (Miller and
Bassler 2001). MVs deliver the signal molecules in high concentrations to target
cells such that their QS response will inevitably be induced. For this reason, this
MV-dependent signal dissemination mechanism was referred to as binary signaling
(Toyofuku et al. 2017b) (Fig. 5.4).

This study provided evidence that hydrophobic AHL signals may be mainly
released by MVs, which will also solubilize the signals in water (Toyofuku et al.
2017b). Likewise, the coral-associated bacterium Vibrio shilonii was shown to
produce MVs that contain AHLs, although the structure of this signal remains to
be identified (Li et al. 2016). The MV-dependent binary QS mechanism could be
particularly relevant for trafficking hydrophobic signal molecules in open aqueous
environments where free signals would be infinitely diluted.

5.3.2 Specific Signal Delivery Through MVs

One of the advantages of packaging signals into MVs is the possibility of a specific
delivery to certain target cells, particularly relevant in polymicrobial communities. In
such a situation, MVs would traffic the signals with high precision to the target cells
and at the same time ensure that the signal is concentrated high enough that the
quorum threshold of the receiver cell is attained.

Specific delivery was reported for P. denitrificans, for which it has been shown that
MVs derived from this species fuse with a higher frequency with cells of their own
species than those of other species (Toyofuku et al. 2017b). Furthermore, by using
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AHL-reporter strains it was demonstrated that P. denitrificans responds equally well to
free C16-HSL than to MV-associated C16-HSL, while P. aeruginosa does not
respond well to MV-associated C16-HSL compared to free C16-HSL. It is currently
not clear how MVs can be specifically delivered to target cells. Similar results of self-
recognition by MVs have been observed in Buttiauxella agrestis for which gene
transfer through MVs was only observed between cells of the same species (Tashiro
et al. 2017). In this bacterium, the physiochemical properties of surfaces were critical
for self-recognition by MVs. B. agrestis has a lower zeta-potential compared to other
bacteria leading to a low energy barrier for fusion between MVs and B. agrestis. In the
case of PQS of P. aeruginosa, TseF, a protein secreted by the type VI secretion system
H3 (H3-T6SS), is involved in MV delivery (Fig. 5.3) (Lin et al. 2017). TseF is
incorporated into MVs due to its direct interaction with iron-bound PQS (Lin et al.
2017). As TseF is captured by the Fe(III)-pyochelin receptor FptA and the porin OprF
that is localized on the cell surface, PQS-Fe3+ loadedMVs are specifically delivered to
P. aeruginosa cells. However, the mechanism of how PQS-Fe3+ is unloaded from
MVs and is taken up by the cells is unknown. The presence of a protein like TseF on
MVs that is recognized by surface receptors allows the specific delivery of the MV
cargo to bacteria expressing the cognate receptor protein (Tashiro et al. 2019). These
studies imply that the MV composition will influence the specificity of cargo delivery.

BinaryAnalog

Canonical QS model

Continuous diffusion
of signal molecules

MV

Signal molecules
associated with MVs

MV-driven QS model

Fig. 5.4 Bacterial binary signaling involving MVs. Left panel: The canonical QS model assumes
free diffusion of the signal molecule that will synchronize the gene expression within the bacterial
population when its concentration has reached a certain threshold (analog signaling). Right panel:
The MV-driven QS model involves MV-mediated delivery of the signal molecules in sufficiently
high concentrations to target cells that their QS response will inevitably be induced (binary
signaling)
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5.3.3 Signal Piracy by MVs

Besides releasing signals from the cell, MVs can also collect signal molecules from
the environment and deliver them to a target bacterium (Morinaga et al. 2018). For
example, P. denitrificans can sequester long-chain AHLs and exploit them to trigger
its QS response. Although this bacterium primarily produces C16-HSL, it can
respond to other long-chain AHLs such as C12-, C14- and C18-HSLs. When each
signal was incubated with MVs derived from a pdnI mutant of P. denitrificans,
which does not produce C16-HSL, the signals were adsorbed by the MVs. These
AHL-loaded MVs were able to induce the QS response of the P. denitrificans pdnI
mutant (Morinaga et al. 2018). It has been hypothesized that this signal piracy allows
P. denitrificans to trigger its QS response in the presence of cooperating bacteria.

5.4 cis-2-Unsaturated Fatty Acids Signaling

Another group of quorum sensing signals are cis-2-unsaturated fatty acids. The first
molecule belonging to this class of signals is the DSF, which was first reported to be
produced by the plant pathogen Xanthomonas campestris pv. campestris (Xcc)
(Barber et al. 1997). The biosynthesis and perception of the DSF signal molecule
involves protein encoded by the rpf (regulation of pathogenicity factors) gene cluster
(Dow 2017; Tang et al. 1991). DSF biosynthesis is dependent on the putative enoyl
CoA hydratase Rpf. RpfB, a long-chain fatty acyl CoA ligase, appears to be involved
in DSF turnover (Zhou et al. 2015). Cells perceive the DSF signal through RpfR or a
two-component system, comprising the sensor histidine kinase RpfC and the
HD-GYP domain response regulator RpfG (Deng et al. 2012; Suppiger et al.
2016). The HD-GYP domain of RpfG is a phosphodiesterase that hydrolyses the
second messenger cyclic di-GMP. Upon binding of DSF to its receptor, the intra-
cellular level of c-di-GMP is reduced by RpfC, which in turn regulates a broad range
of biological functions, many of which are associated with virulence, biofilm
formation, and stress tolerance. Subsequent work showed that DSF-family signals
are produced by bacteria, which can use their signals even for interspecies commu-
nication (Boon et al. 2008; Deng et al. 2010). In addition, cis-2-dodecenoic acid,
referred to as BDSF (Burkholderia diffusible signal factor), was shown to inhibit the
yeast-hyphal transition of Candida albicans, suggesting that this class of signals also
have a role in interkingdom interactions (Boon et al. 2008).

5.4.1 The Role of DSF Family Signals in MV Formation

DSF family molecules are hydrophobic and little is known on how these signals are
released from the cells and travel in aqueous environments. X. fastidiosa is a
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bacterium that causes disease in a wide range of important crop plants. They can
colonize specific areas of the foreguts of insect vectors that transmit the pathogen to
their host plants, where they migrate and proliferate within xylem vessels.
X. fastidiosa uses the signal XfDSF to suppress motility while stimulating the
production of cell-surface adhesins, and thus is required for cell aggregation, surface
attachment, and biofilm formation (Chatterjee et al. 2008). An rpfF mutant of
X. fastidiosa that no longer produces XfDSF is hyper virulent to grapevine but the
rpfF mutant is impaired in insect colonization and transmission. MV production in
X. fastidiosa is suppressed by XfDSF (Ionescu et al. 2013). Interestingly, MV
production was shown to influence bacteria–surface interactions (Ionescu et al.
2014). At a low population density, X. fastidiosa produces large numbers of MVs
that inhibit attachment of the cells to the walls of xylem vessels and as a consequence
the bacterium spreads in the plant host. On the other hand, when X. fastidiosa
population is high, XfDSF accumulates and MV formation is suppressed and
X. fastidiosa form a biofilm on the plant surface. Another study showed that the
DSF also influences MV production in Stenotrophomonas maltophilia, an emerging
multidrug resistant pathogen that is associated with bacteremia, pneumonia, and
soft-tissue infections (Devos et al. 2015). In contrast to X. fastidiosa, however, DSF
signal stimulates MV production in S. maltophilia. Vesiculation in this organism
was also stimulated by BDSF but not by cis-2-decenoic acid (PDSF), a signal
produced by P. aeruginosa.

MVs derived from one species can benefit other species and can play important
roles in polymicrobial communities. For example, it was shown that MV formation
in S. maltophilia can be induced by the β-lactam antibiotic imipenem, presumably
through perturbation of the cell wall (Devos et al. 2015). The imipenem-induced
MVs contain a β-lactamase, which degrades the antibiotic. These vesicles can
protect other co-residing bacteria, including P. aeruginosa and Burkholderia
cenocepacia that frequently coexist with S. maltophilia in the lungs of chronically
infected cystic fibrosis (CF) patients (Devos et al. 2016). Naturally, signal-induced
MVs do not contain β-lactamase, whereas imipenem-induced MVs do.

It has been postulated that membrane proteins that are regulated by DSF may
influence MV biogenesis (Ionescu et al. 2014). However, the exact molecular
mechanism of DSF-controlled MV formation remains to be elucidated.

5.5 CAI-1 Signaling

Another signal released through MVs is CAI-1 [(s)-3-hydroxytridecan-4-one] that is
produced by many Vibrio species and is the predominant QS molecule of the human
pathogen Vibrio cholerae (Brameyer et al. 2018). Other Vibrio species produce
signal molecules with different acyl chain length and modifications (Ng et al. 2011).
Vibrio harveyi produces Ea-C8-CAI-1 and two additional signals, HAI-1 [N-3-
(hydroxybutyryl)-homoserine lactone], and AI-2, a furanosyl borate diester that is
widely spread among bacteria and is known as an inter-species signaling molecule
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(Defoirdt et al. 2008). Each signal is perceived by specific membrane-bound hybrid
sensor kinase. CAI-1 is sensed by CqsS, HAI-1 is sensed by LuxN, and AI-2 is
sensed by LuxPQ.

5.5.1 CAI-1 Delivery Through MVs

While HAI-1 and AI-2 are both hydrophilic with LogP values of �0.94 and �1.25,
respectively, CAI-1 is hydrophobic with a LogP of 3.05 (Brameyer et al. 2018). Due
to its hydrophobicity, CAI-1 was thought to be partitioned into the lipid bilayer of
the outer membrane. Indeed, CAI-1 was detected in MVs collected from stationary
cultures of V. harveyi and was shown to activate the QS cascade in a CAI-1 mutant
(Brameyer et al. 2018). In this study, MVs were fractionated by size and CAI-1 were
detected using a CAI-1 reporter strain. Interestingly, only larger MVs (about 10% of
all MVs) induced the QS response in the reporter strain. It is still unclear whether
only the large MVs are able to fuse with neighboring cells or whether these MVs are
formed through different routes and therefore have different contents and functions.
Vibrio species are known to possess sheathed flagella at the pole of the cell. In
Aliivibrio fischeri, rotation of the sheathed flagella generates MVs with smaller size
than the ones produced by a mutant with a paralyzed flagellum (Aschtgen et al.
2016a). Such MVs may not contain signals and the different types of MVs generated
from different routes may have different functions in Vibrio species.

5.6 Types of MVs and Their Role in Cell-to-Cell
Communication

The main routes of MV formation in Gram-negative bacteria are blebbing of the
outer membrane and cell lysis, and our knowledge regarding the production of
Gram-positive MVs is still limited (Toyofuku et al. 2019). MVs were originally
considered to be formed through controlled blebbing of the outer membrane without
affecting the cell viability (Schwechheimer and Kuehn 2015). DNA damage was
recently shown to induce MV formation through explosive cell lysis in
P. aeruginosa and bubbling cell death in a Gram-positive bacterium, B. subtilis
(Toyofuku et al. 2017a; Turnbull et al. 2016). Both processes are dependent on the
enzymatic action of endolysins. These peptidoglycan (PG)-degrading enzymes are
typically encoded in prophage regions and are required to lyse the host for phage
release. In explosive cell lysis, the enzyme degrades the PG layer and consequently
the cells round up and explode (Turnbull et al. 2016). The resulting shattered
membrane fragments circularize and form MVs. It has been proposed that the
composition and cargo of these MVs would differ from the ones that arise from
blebbing and were therefore named EOMV (explosive outer membrane vesicles).
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Outer-inner membrane vesicles (OIMV), which have recently been discovered in
various bacteria, could also be generated through this route (Toyofuku et al. 2019). It
is likely that the different genesis mechanisms lead to distinct MV types that serve
particular functions. For example, evidence is accumulating that hydrophobic signal
molecules have a high affinity to intercalate into the outer membrane, which may
stimulate MV formation through blebbing (Horspool and Schertzer 2018). MVs
generated via explosive cell lysis will randomly capture cellular materials such as
DNA/RNA and cytoplasmic proteins as well as signal molecules. Small RNAs
(sRNAs) are considered to be a universal “signal” across kingdoms (Cai et al.
2018), and MV types arising from explosive cell lysis and bubbling cell death appear
to be the main carrier of this signal.

5.7 Interkingdom Signals Carried by MVs

Extracellular vesicles are released from cells of all domains of life and evidence is
emerging that they play an important role in intra- and interkingdom interactions
(Cai et al. 2018). An interesting example is the interaction between choanoflagellates
and bacteria. Choanoflagellates are a group of eukaryotic microbes that are the
closest living relatives of animals. Salpongoeca rosetta develops into multicellular
rosettes from a single founding cell that undergoes serial rounds of oriented cell
division. The initiation of rosette formation was found to be induced by bioactive
lipids, including sulfonolidis and lysophosphatidylethanolamines, which are pro-
duced by the bacterium Algoriphagus machipongonensis (Alegado et al. 2012;
Woznica et al. 2016). MVs isolated from A. machipongonensis cultures induce
rosette formation, indicating that the inducing lipids are packed into MVs (Woznica
et al. 2016). The involvement of bacterial MVs in host development is also well
studied in the Hawaiian bobtail squid-Vibrio fischeri interaction. The LPS associated
with MVs released by V. fischeri trigger morphogenesis of the light organ of the
bobtail squid (Aschtgen et al. 2016a; Aschtgen et al. 2016b). In addition, recent work
unraveled a role of MV-associated small bacterial RNAs in intercellular communi-
cation with eukaryotic cells (Tsatsaronis et al. 2018).

5.8 Concluding Remarks

In this chapter, we have reviewed recent studies that have demonstrated that hydro-
phobic signal molecules can be transported by MVs. The transport of signaling
molecules by MVs has several advantages over simple diffusion, which in the case
of highly hydrophobic molecules is not even possible. In MVs the signals are
concentrated and this ensures that the QS response in recipient cells is induced
(Toyofuku et al. 2017b). As fusion of vesicles with bacterial cells is a stochastic
process, this may generate heterogeneous populations, with cells being either
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induced or not. By contrast, the classic diffusion-based QS model assumes that upon
reaching a threshold concentration the signals synchronize gene expression within
all cells of the population to allow coordinated group behaviors (Miller and Bassler
2001). Another important difference is that free signals are accessible to the entire
bacterial community, while evidence has emerged that MVs can deliver their signal
contents to certain bacterial species and thus allow targeted communication (Tashiro
et al. 2017; Toyofuku et al. 2017b). It will be a highly interesting line of research to
investigate how MVs specifically fuse with certain bacteria and how these
MV-associated signals are then delivered into the cytoplasm of the recipient cell.
In addition, how MVs can deliver their cargo through the thick cell wall of Gram-
positive bacteria has become a challenging question, and whether membrane vesi-
cles produced by Gram-positive bacteria have a role in bacterial cell-to-cell com-
munication remains to be investigated. It has also been shown that MVs can also
sequester signals from the environment and this signal piracy may allow
eavesdropping for cooperation partners in polymicrobial communities (Morinaga
et al. 2018). MVs may even serve as “time capsules,” as they protect the signals and
thus allow bacteria to disperse their messages beyond their life span. The fact that
some MV formation mechanisms are in fact based on bacterial cell death adds
another interesting aspect to this idea (Toyofuku et al. 2019).
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Chapter 6
Membrane Vesicles from Plant Pathogenic
Bacteria and Their Roles During
Plant–Pathogen Interactions

Ofir Bahar

Abstract Membrane vesicle (MV) release occurs in all forms of life, including
Gram-negative and Gram-positive bacteria. Bacterial MVs have been studied mostly
in relation to the bacterial lifestyle and regarding their role during mammalian host
interactions. Surprisingly, while plants are known to be colonized by pathogenic,
mutualistic, and commensal bacteria, the functions of MVs produced by these plant
colonizers have only begun to be studied in the past decade. In fact, only a handful of
studies have been published on this topic. Nevertheless, it is apparent that this field is
gaining increasing attention, as does the role of plant and fungal extracellular
vesicles (EVs) during plant–pathogen interactions. In this chapter I will review the
current literature on plant-associated bacterial MVs and their interactions with
plants. I will focus on MV cargo with emphasis on virulence-related proteins and
on MVs’ function during host colonization including interactions with the plant
immune system. I will further provide a view of the possible, yet unexplored, roles of
MVs in plant–bacteria interactions, and highlight important questions and limita-
tions in the study of MVs.

6.1 Background

Extracellular bacterial membrane vesicles (MVs) are spherical nanostructures orig-
inating from the cell envelope and released into the extracellular environment. The
initial bulging of MVs can be observed using transmission electron microscopy, as
small blebs projecting from the outer membrane (OM) along the cell periphery
(Fig. 6.1). One of the first descriptions of bacterial MVs was over 50 years ago by
Knox et al. (1966), yet, the following three decades saw only a handful of publica-
tions that further developed this topic. The slight interest in MVs in the first decades
can be partly explained by the common conception of MVs being an artifact of cell
growth or a result of cell breakage and death (Haurat et al. 2014). However, in recent
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years, there is a significant increase in the number of publications on extracellular
vesicles (EVs) in general and on bacterial MVs specifically, indicative of the
growing interest the scientific community has in this field.

Similar to the progress in the general field of MVs, the first studies on MVs
released by plant pathogenic bacteria were late to arrive and were published more
than 40 years after the work of Knox et al. (1966). Here too, the scientific community
was slow to take up this topic and very few research papers have since been
published on MVs of plant-associated bacteria. Nevertheless, the recent 5 years
saw a significant increase in published papers studying and reviewing the role, or
involvement, of MVs of important plant pathogenic bacteria such as Xanthomonas
campestris pv. campestris (Xcc), X. euvesicatoria, Pseudomonas syringae
pv. tomato (Pst), and Xylella fastidiosa, in plant–microbe interactions (Bahar et al.
2016; Baldrich et al. 2019; Ionescu et al. 2014; Katsir and Bahar 2017; Mendes et al.
2016; Nascimento et al. 2016; Regente et al. 2017; Rutter and Innes 2017, 2018;
Rybak and Robatzek 2019; Solé et al. 2015).

Bacterial MVs have been implicated in multiple functions such as virulence, host
immune modulation, surface adherence and biofilm formation, cell–cell communi-
cation, genetic material transfer and more (Schwechheimer and Kuehn 2015) (see

Fig. 6.1 Membrane vesicle formation in the plant pathogen Xanthomonas campestris
pv. campestris (Xcc). A Xcc (strain 33913) culture grown on nutrient agar plate for 48 h was
washed off the plate, diluted and negatively stained using 4% uranyl acetate on Cu-400FC grids.
Specimens were analyzed using a JEM-1400Plus Transmission Electron Microscope at 40 K
magnification. In the micrograph, few Xcc cells are shown with small membrane blebs forming
along the margins of the cell (solid-line arrow). A few larger membrane vesicles, that appear to have
already formed and dissociate from the cells are also seen (dashed-line arrows). Size bar indicates
1 μm
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also Chaps. 1, 2 and 5). Owing to this wide range of activities, the cargo of MV is
rich and diverse, containing membrane lipids, lipopolysaccharides, membrane pro-
teins, soluble proteins, nucleic acids, and peptidoglycan. Most of our knowledge on
the cargo and functions of bacterial MVs comes from studies involving mammalian
pathogens. In this chapter, I will try to summarize the main studies and findings
related to MV cargo and function in plant pathogenic bacteria. More specifically, this
chapter will focus on proteomic studies of plant pathogenic bacterial MVs, the
presence of virulence factors in MVs and their possible functions, and the role of
bacterial MVs during host colonization including MV interactions with the plant
immune system.

6.2 Characterization of the Molecular Cargo of Bacterial
Plant Pathogens MVS

Bacterial MVs are not de novo synthesized and are rather formed from preexisting
cell structures such as the outer membrane (OM). While, it has become widely
accepted that the formation of MVs is not a random process, the mechanisms that
govern MV cargo sorting have remained largely elusive (Haurat et al. 2014).
Considering that cargo sorting into MVs is a regulated and deliberate process, it is
still reasonable to assume that at least some of the molecular cargo associated with
MVs is a result of their presence in the preformed structures from which the MV
originates, i.e., the OM and the periplasmic space. With this assumption in mind, one
of the challenges en route to understanding the role MVs play during plant coloni-
zation is to be able to distinguish MV molecules that have specific roles in planta
from molecules that are merely associated with MVs.

One way to address this challenge would be to purify bacterial MVs that are
formed during plant colonization and compare their molecular cargo with MVs of
the same organism, that were produced in a rich artificial medium. Such an approach
has been used to identify genes and/or proteins that are specifically expressed in
planta using transcriptomic and proteomic approaches (Andrade et al. 2008; Jacobs
et al. 2012). However, since the study of plant pathogenic bacterial MVs is only in its
infancy, methods to purify MVs from infected plants have not yet been optimized
and published. To overcome this limitation, attempts were made to purify and
characterize MV proteins following growth in culture media that mimics the plant
environment.

Xcc is a Gram-negative bacterium that belongs to the family Xanthomonadaceae
and is the causal agent of “black rot” disease of crucifers. Similar to some mamma-
lian bacterial pathogens, Xcc depends on a functional type 3 secretion system (T3SS)
for pathogenicity (Ryan et al. 2011). To identify MV proteins that are more likely to
have a role during plant colonization, Sidhu et al. (Sidhu et al. 2008) purified MVs
from Xcc cultures grown in two different minimal media: M9 and XVM2 and
characterized their protein cargo using liquid chromatography mass spectrometry
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(LC-MS/MS). XVM2 media was shown in the past to induce the expression of
T3S-genes, which are thought to be induced strictly during plant colonization, and
hence could serve as a proxy for the plant environment (Wengelnik and Bonas
1996). This first proteomic characterization of a plant pathogenic bacterium MVs
revealed several interesting insights. First, the fact that certain proteins are enriched
in the MV fraction compared with the OM fraction. This result suggests the
existence of a protein sorting mechanism that directs proteins specifically to MVs
and is also supported by previous studies with mammalian bacterial pathogens
(Haurat et al. 2011). Second, that culture media affects the composition of MV
proteins; and third, the association of virulence-related proteins with MVs. The
association of virulence factors with MVs of plant pathogenic bacteria was also
demonstrated for the tomato pathogen—Pst T1 strain (Chowdhury and
Jagannadham 2013).

In the study by Sidhu et al. (2008), structural T3S-proteins, T3S-regulators, and
T3S-effectors were found in association with secreted MVs. However, these struc-
tural proteins were not specifically expressed in the plant-mimicking media as they
were also expressed in the control media, highlighting the limitation of this approach
in finding plant-induced MV proteins. Additional virulence-related proteins that
were found in the MV proteome included plant cell wall degrading enzyme such
as cellulase and xylosidase (Sidhu et al. 2008). T3S-effectors such as HopI1 (sup-
pressors of T3E-triggered death in Nicotiana benthamiana) and avrA1 were also
identified in the MV fraction of in vitro-grown Pst (Chowdhury and Jagannadham
2013). Additional virulence-related proteins found in Pst MVs included hydrolytic
enzymes such as chitinase and phytase. Here too, these virulence-related proteins
were detected in MVs although bacteria were grown in a rich medium, which does
not simulate the plant environment.

When attempting to identify MV proteins with specific role in planta, it is
important to consider that the MV secretion pathway also serves as a disposal
machinery for the cell. Hence, MVs could be associated with a variety of disposed
proteins that do not serve a specific function in MVs (McBroom and Kuehn 2007;
Schwechheimer and Kuehn 2013). This, obviously, further complicates the task of
identifying proteins with strict function in MVs. With this in mind, even a successful
proteomic analysis of in planta produced bacterial MVs would still be difficult to
interpret and would not necessarily allow us to distinguish MV-functional and
nonfunctional proteins.

These two studies (Sidhu et al. 2008; Chowdhury and Jagannadham 2013) were
the first proteomic analyses of plant pathogenic bacterial MVs. Interestingly, in both
cases, a relatively low number of proteins was identified (30–40 proteins in Sidhu
et al. 2008, 139 proteins in Chowdhury and Jagannadham 2013), compared with MV
proteomic studies of other bacteria, such as P. aeruginosa, where several hundreds
of proteins were identified by LC-MS/MS (Choi et al. 2011). The isolation of MVs is
a step of the utmost importance in the study of MV function and cargo and should
therefore be given careful attention. In a position statement by the International
Society for Extracellular Vesicles, Lötvall et al. (2014) discusses important caveats
and recommendations in eukaryotic extracellular vesicle (EV) isolation. These
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recommendations should also be adopted in MVs research in the plant–microbe
interactions community, to standardize, where possible, the methodology and qual-
ity of MVs isolation.

Additional studies that describe the association of plant pathogens virulence
factors with MVs include the study of Solé et al. (2015). Aiming to identify
T2S-virulence factors from X. euvesicatoria, the authors found a predicted protease,
a lipase, and two xylanases in X. euvesicatoria supernatants. Interestingly, while
these enzymes were thought to be secreted by the T2SS; they were found in the
extracellular milieu of X. euvesicatoria even in the absence of a functions T2SS
(Solé et al. 2015). Immuno-gold labeling coupled with transmission electron micros-
copy observations revealed that these enzymes are present in MVs released by
X. euvesicatoria. These results suggested that MVs could serve as an additional or
alternative secretion pathway for T2S-enzymes by plant pathogens.

Interestingly, the secretion of cellulytic and hemicellulolytic enzymes via MVs
was described nearly 40 years ago with the bacterium Fibrobacter succinogenes
(Forsberg et al. 1981 (formerly Bacteroides succinogenes); Montgomery et al.
1988). The authors showed that this bacterium, which colonizes the rumen of cattle,
when given cellulose as a carbohydrate source, releases much of its synthesized
cellulytic enzymes to the medium. They further showed that over 50% of the
cellulytic activity in the medium was associated with sedimentable subcellular
MVs. The secreted MVs were observed adhering to cellulose and also free in the
culture and exhibited endoglucanase, xylanase, and cellulase activities. Considering
that plant pathogenic bacterial MVs are associated with cellulytic enzymes, these
results may suggest that MV released during plant colonization may facilitate plant
cell wall decomposition. Further examples for secretion of virulence factors in
association with MVs from plant pathogens include the secretion of the lipase/
esterase LesA by Xylella fastidiosa. This lipase esterase is a homolog of the
X. euvesicatoria lipase (69% identities over 99% coverage) and was also shown to
be associated with XylellaMVs and to contribute to Pierce’s Disease symptoms and
to X. fastidiosa virulence (Nascimento et al. 2016). In summary, virulence-related
proteins are associated with bacterial plant pathogen MVs, as they are with mam-
malian bacteria pathogens MVs. Nevertheless, studying the function of these
MVs-enclosed, or associated virulence factors during plant colonization will be a
feat much more challenging to achieve and will most definitely be occupying this
field in the near future.

6.3 Functions of MVS During Plant Colonization

Very few studies have been conducted thus far to examine the role bacterial MVs
play during plant colonization. Interesting insights were gained from the work of
Ionescu et al. (2014) that investigated the role of Xylella fastidiosa MVs during
xylem vessel colonization. X. fastidiosa is a most serious crop-threatening pathogen
(Mansfield et al. 2012) known to infect more than 300 different plant species (EFSA
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Panel on Plant Health 2015). It is well-known for causing Pierce’s Disease in
grapevines, citrus variegated chlorosis, and more recently, olive quick decline
syndrome in southern Italy (Almeida and Nunney 2015). X. fastidiosa is a Gram-
negative bacterium transmitted to plants by insect vectors. In the plant, X. fastidiosa
resides exclusively in the water conducting elements of plants, the xylem, hence the
name Xylella.

Beautiful scanning electron microscopy images show that X. fastidiosa is a potent
producer of MVs in vitro (Ionescu et al. 2014). The authors further showed that a
cell–cell signaling system, mediated by a diffusible signal factor (DSF), significantly
influences the levels of MV release. Interestingly, knocking out the gene responsible
for DSF synthesis (regulation of pathogenicity factors, rpfF) and abolishing its cell–
cell signaling function, resulted in enhanced release of MVs compared with the wild-
type strain. To monitor MV production in grapevines, Ionescu et al. (Ionescu et al.
2014) first collected xylem fluids from X. fastidiosa-infected and healthy grapevine
plants. They then used the XadA as an MV protein marker and nanoparticle tracking
analysis to monitor the presence of X. fastidiosa MVs. With both approaches the
authors were able to show that MVs are released by X. fastidiosa during xylem
colonization. Moreover, similarly to in vitro conditions, the mutation in the rpfF
gene led to higher levels of MVs in the xylem sap. As for the function of MVs,
Ionescu et al. (2014) found that X. fastidiosa MVs act as an anti-adhesive extracel-
lular factors, limiting the adherence of X. fastidiosa cells to a glass slide. The
adherence of X. fastidiosa was also impaired in the presence of MVs when tested
in a microfluidic device and in grapevine stems. These results led the authors to
suggest a model whereby MVs regulate the transition of X. fastidiosa from an
aggregated and sticky form to a free-swimming form, which supports bacterial
spread through the plant and virulence (Ionescu et al. 2014). One mechanism
suggested to explain these results was that binding of MVs to xylem cell walls
could restrict the binding of X. fastidiosa cells, thereby limiting the number of
attachment sites and driving the bacteria more into the free-swimming form over
the surface adherent and aggregated form.

How exactly MVs bind to surfaces and block X. fastidiosa binding is not clear.
Cell surface appendages, like type I pili in X. fastidiosa, and other surface molecules
like lipopolysaccharides (LPS) were shown to facilitate bacterial cell adherence and
biofilm formation (Abu-Lail and Camesano 2003; De La Fuente et al. 2007). Since
MVs are basically a microcosm of the bacterial cell wall and carry many of these
surface molecules, it is possible that their presence on the MV surface can facilitate
MV binding despite being disconnected from the bacterial cell.

Another interesting aspect in relation to X. fastidiosa MVs is the theoretical
ability to use MVs as a vehicle to transport the hydrophobic cell–cell signaling
molecule DSF. Previous studies have shown that P. aeruginosa exploits MVs to
carry and deliver cell–cell communication molecules of a hydrophobic nature, such
as the Pseudomonas quinolone signal (PQS) (Mashburn andWhiteley 2005). Hence,
it is tempting to speculate that X. fastidiosa, and other Xanthomonas in general, may
utilize MVs to mediate DSF cell-to-cell signaling. This speculation was recently
supported by the work of Feitosa-Junior et al. (2019), which showed that DSF
molecules are associated with purified MVs from X. fastidiosa cultures.
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6.4 Bacterial MVS and the Plant Immune System

Bacterial MVs are known immune modulators in mammalian systems. The presence
of endotoxin and other bacterial surface molecules in MVs render them carriers of
immunogenic material, which interacts with the host immune system (Kaparakis-
Liaskos and Ferrero 2015). In mammals, both LPS and the protein cargo of MVs
have been shown to induce immune responses (Ellis et al. 2010).

Plants possesses a similar innate immune system to that of mammals, composed
of surface receptors that interact with conserved microbial determinants and mediate
the elicitation of an immune response (Ronald and Beutler 2010). These receptors
are termed pattern recognition receptors (PRRs) and their respective microbial
elicitors are customarily termed microbe- or pathogen-associated molecular patterns
(MAMPs/PAMPs).

Therefore, it was not surprising that MVs purified from plant pathogenic bacteria
interacted with the plant immune system (Bahar et al. 2016). Challenging Arabidopsis
seedlings with plant pathogenic bacterial MVs resulted in the production of a reactive
oxygen species (ROS) burst and elevation in the expression of immune marker genes,
both represent typical outputs of innate immune system activation (Bahar et al. 2016).
These responses were shown to be partially mediated by membrane-bound
co-receptors, such as brassinosteroid-insensitive 1-associated kinase (BAK1). BAK1
is a leucine-rich repeat (LRR)-receptor-like kinase (RLK), which forms a complex with
multiple primary immune receptors immediately after ligand binding. These interac-
tions stabilizes this immune complex and lead to auto- and transphosphorylation of the
intracellular kinase domains of the primary and co-receptors, initiating downstream
signaling (Schwessinger et al. 2011; Schwessinger and Rathjen 2015). The absence of a
functional BAK1 co-receptor would therefore lead to the impairment of multiple
primary immune receptors. Together with proteomic and biochemical studies of
MVs, these results suggested that MVs carry multiple immune elicitors, which may
interact simultaneously with multiple plant immune receptors. This hypothesis may
also explain why single primary immune receptor knockouts in Arabidopsis plants do
not show any reduction in the response to MVs, while knocking out co-receptors,
which are important for the functionality of multiple PRRs, leads to a reduced immune
response to MVs (Bahar et al. 2016).

Boiling and protease treatments applied to MVs did not appear to alter their
immunogenic properties suggesting that similar to the mammalian immune system,
both the protein and the nonprotein cargo of MVs elicit the plant immune
response. Interestingly, one of the well-known bacterial MAMPs in plants, elon-
gation factor—thermo unstable (EF-Tu) (Kunze et al. 2004) was found in associ-
ation with MVs, hinting of its possible involvement in immune induction via MVs
delivery (Bahar et al. 2016). While EF-Tu itself is heat unstable, its immunogenic
properties in plants appeared not to be affected by boiling (Kunze et al. 2004).
Since the immunogenic activity of EF-Tu does not depend on a functional protein,
but rather on the conserved 18 amino acid epitope, elf18, it is not surprising that
EF-Tu remained immunogenic despite the heat treatment. Immune marker
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activation assays, conducted with the Arabidopsis EF-Tu receptor (EFR) (Zipfel
et al. 2006) knockout line, further supported the abovementioned notion that MVs
induce plant immunity via multiple receptors, as the EFR knockout line and its
wild parent responded similarly to MVs (Bahar et al. 2016).

Differently from mammalian hosts, plant cells possess a cell wall composed
primarily of oligosaccharides such as cellulose, hemicellulose, and pectin. An
intriguing question is how exactly do bacterial MAMPs come into contact with
membrane-bound receptors? PRRs most often possess a LRR domain projecting
from the plasma membrane into the cell wall. This protein domain is far shorter than
the depth of the cell wall (0.2–1.0 μm) in which it is embedded. Hence, the LRR
domain is not exposed to the extracellular space but rather engulfed by the cell wall
matrix. The pore size of the sugar-based mesh of the cell wall was evaluated to be
~50 angstroms (Carpita et al. 1979). This is 1000-fold smaller than the diameter of a
small bacterial MV, and ~10,000-fold smaller than the size of a bacterial cell. This
indicates that intact bacterial cells or MVs most probably do not come into direct
contact with the plant cell plasma membrane or the membrane-bound receptors as
long as the plant cell wall is intact. One possible explanation of how bacterial
immune elicitors come into contact with immune receptors is the lysis or breakdown
of intact pathogen cells or of MVs into smaller pieces, which can diffuse through the
cell wall pores. Another possibility is that plant cell wall degrading enzymes, such as
those seen in association with MVs and discussed earlier in this chapter (i.e.,
cellulases and pectinases) facilitate the breaking down of the cell wall envelope,
thereby exposing the plant cell plasma membrane and its embedded immune recep-
tors to direct contact with bacterial cells or MVs. Further research will be needed in
order to better understand the mechanisms by which bacterial MVs interact and
activate the plant immune system.

6.5 Future Prospects and Major Questions

One of the most intriguing questions regarding the functions of MVs during plant
colonization is whether MVs deliver specific cargo into host cells to facilitate
infection. MV-mediated delivery of signal molecules, toxins, etc. is known to
occur between bacterial cells (Li et al. 1998; Mashburn and Whiteley 2005) and
mammalian host cells. These include the delivery of DNA, sensed by the mamma-
lian toll-like receptor 9 (Laura et al. 2010), or the delivery of toxins to mammalian
host cells to facilitate infection (Kesty et al. 2004). A critical question in this regard is
whether and how MVs overcome the plant cell wall to interact with the plasma
membrane. If indeed they do so, perhaps by the use of cell wall degrading enzymes
as discussed above, is the interaction with the plant cell mediated by membrane
receptors? Are the MVs endocytosed by plant cells, or are the MVs integrated into
the plant cell plasma membrane?

Bacterial secretion systems have always drawn a lot of attention from the
scientific community. Yet, the MVs secretion pathway in plant-associated microbes
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has barely been studied and most certainty holds many interesting discoveries yet to
be made. Bacterial MVs have already been suggested to function as a complemen-
tary secretion system for T2S virulence factors. It would be very interesting to see
whether MVs can also complement the functions of the T3SS, whose contribution to
pathogenicity is paramount. First evidences for T3S-effectors in MV have already
been given; however, the question of whether they serve a functional role in this
form remains to be answered.

Other possible functions of MVs during plant colonization include the facilitation
of long-distance cell–cell communication, quenching of antimicrobial molecules
produced by the plant defense system, promotion of cell surface adherence and/or
biofilm formation (or limiting it as seen with X. fastidiosa), acquisition of nutrients,
competition with other plant-associated microbes and more. Future research on this
unique and scarcely explored secretion system will most likely help to shed more
light on its functions during plant–microbe interactions.
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Chapter 7
Delivery of Virulence Factors by Bacterial
Membrane Vesicles to Mammalian Host
Cells

Aftab Nadeem, Jan Oscarsson, and Sun Nyunt Wai

Abstract Bacterial membrane vesicles represent a universal secretion mechanism
enabling both Gram-negative and Gram-positive organisms to transfer cargo to
eukaryotic cells, as well as to other bacterial cells. Bacterial vesicles can deliver to
target cells an extremely wide range of virulence factors, including exotoxins, lipids,
nucleic acids, and small molecules. Although there has been extensive research to
decipher the mechanisms regulating cellular uptake of Gram-negative bacterial outer
membrane vesicles (OMVs), much less is known about the cellular uptake of Gram-
positive bacterial membrane vesicles (MVs). This chapter focuses on a selection of
major bacterial pathogens and summarizes the present knowledge of OMV and
MV-mediated virulence factor delivery, as well as mechanisms of bacterial vesicle–
host cell interaction and uptake by mammalian cells.

7.1 Bacterial Membrane Vesicle-Mediated Protein Delivery

Bacterial pathogenicity is enhanced by secretion systems that export virulence
factors, either by secretion or injection, into the environment or adjacent host cells.
Once delivered, these virulence factors then interfere with or stimulate host cellular
processes. Eight bacterial secretion systems designated types I–VIII have been
characterized to date (Green and Mecsas 2016). Both Gram-negative and Gram-
positive bacteria of several different bacterial species release membrane vesicles to
augment their pathogenic potential. Release of bacterial membrane vesicles, a very
basic and relevant mode of protein transport, presumably also occurs during infec-
tion. Compared to other secretion mechanisms, membrane vesicle release has special
implications since vesicles can deliver cargo, e.g., virulence factors, over much
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longer distances than secretory systems dependent upon direct bacterial contact.
Effectively, these bacterial membrane vesicles become vehicles of multifunctional
cargo, delivering a multitude of virulence factors, including metabolites, several
protein toxins, nucleic acids, and immune modulators such as peptidoglycan
(Berleman and Auer 2013).

7.1.1 Escherichia coli

Bacterial membrane vesicles were initially discovered as a product of Gram-negative
bacterial outer membrane blebbing, and are therefore often referred to as outer
membrane vesicles (OMVs). However, in 1976, Hoekstra et al. reported that mem-
brane fragments, consisting of essentially unmodified outer membranes, were present
in the culture supernatant of E. coli during normal growth (Hoekstra et al. 1976).
Since then, a number of studies have described E. coliOMV biogenesis as well as the
physiological cargo of these OMVs. When newly synthesized OMVs are released
from E. coli, they contain active heat-labile enterotoxin (ELT) (Gankema et al. 1980;
Wai et al. 2003). Because ELT is associated with lipopolysaccharide (LPS) on the
OMV surface, host cell uptake of enterotoxigenic E. coli (ETEC) OMVs is allowed
by binding to LT-receptor (GM1) (Horstman and Kuehn 2000, 2002; Kesty et al.
2004). The LeoA protein, a homolog of eukaryotic GTPase, secretes ELT from the
periplasm of ETEC bacteria and it has been suggested that LeoA contributes to OMV
formation and protein content (Brown and Hardwidge 2007).

Earlier studies demonstrating that a cytotoxic protein, cytolysin A (ClyA), in E. coli
was exported through OMVs pointed to the potential physiological relevance of E. coli
OMVs (Wai et al. 2003). In a process that involves redox-dependent oligomerization,
ClyA is incorporated into OMVs, thus appearing to possess an intrinsic ability to
translocate to the bacterial periplasm. ClyA incorporated into OMVs has considerably
higher cytotoxicity toward mammalian cells compared to ClyA purified from the
bacterial periplasm. Thus, protein localization in OMVs may play a direct role in
activating and delivering virulence effector proteins (Wai et al. 2003).

Additional studies in E. coli examining vesicle-mediated export of bacterial viru-
lence factors revealed the capacity of OMVs to deliver toxigenic cargo. For example,
during infection, E. coli OMVs may represent an alternative pathway to deliver type
I-secreted alpha-hemolysin from bacteria to host cells (Balsalobre et al. 2006). Another
study reported that OMVs are a vehicle for bacteria to transfer cytotoxic necrotizing
factor-1 (CNF1) to the environment and to infected tissue (Kouokam et al. 2006).
Similarly, Enterohemorrhagic E. coli (EHEC) use OMVs to release hemolysin toxin
(EHEC-Hly), a typical repeats-in-toxin protein (RTX) that lyses host cells through a
mechanism of pore formation (Aldick et al. 2009). The toxin can exist as free EHEC-
Hly and as EHEC-Hly associated with OMVs, and both forms are released during
EHEC growth. Free EHEC-Hly is lytic toward human endothelial cells, whereas
OMV-associated EHEC-Hly is not lytic toward microvascular endothelial cells
(HBMEC) and the colon epithelial cell line Caco-2, although it can trigger apoptosis
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(Bielaszewska et al. 2013). Research into whether an MV-associated genotoxin from
intestinal E. coli can promote cancer development revealed that E. coli-derived OMVs
are readily internalized into target cells. Within these target cells, OMVs have the
potential to induce oxidative stress, which would lead to DNA damage, replication,
and aneuploidy in susceptible cells (Tyrer et al. 2014).

During hyper-biofilm formation, the kil gene, located in a three-gene cluster on
the E. coli ColE1 plasmid, induces release of proteinous materials and aberrant
OMVs into the extracellular environment (Nakao et al. 2018). A variety of pathogen-
associated molecular pattern molecules are enriched in OMVs isolated from E. coli.
These include LPS, lipoproteins, CpG DNA, flagellin, and peptidoglycan, most of
which are Toll-like receptor (TLR) and nucleotide-binding and oligomerization
domain (NOD) ligands (Ellis et al. 2010). Therefore, bacterial OMVs are capable
of activating epithelial cells, endothelial cells, macrophages, and dendritic cells to
release TNF-α, IL-1β, IL-6, and IL-8 (Bauman and Kuehn 2006; Bielaszewska et al.
2018; Canas et al. 2018; Lee et al. 2018). OMVs from pathogenic E. coli have also
been known to cause sepsis-induced cardiac dysfunction, demonstrated both in vitro
and in vivo (Svennerholm et al. 2017).

OMVs secreted by clinical isolates of EHEC O157 cause cell death by delivering
into host cells a cocktail of virulence factors, such as Shiga toxin 2a (Stx2a), cytolethal
distending toxin V (CdtV), EHEC hemolysin, and flagellin (Bielaszewska et al. 2017).
Interestingly, OMVs from the nonpathogenic E. coli strain Nissle 1917 (EcN) can
cause anti-inflammatory responses by reinforcing epithelial barrier integrity, thus
affecting intestinal homeostasis (Alvarez et al. 2016; Behrouzi et al. 2018; Fabrega
et al. 2017). In contrast, OMVs from the Nissle 1917 strain can also cause eukaryotic
DNA double-stranded breaks (Canas et al. 2016). This strain harbors a cluster of genes
that encode for proteins involved in the biosynthesis of hybrid non-ribosomal peptide-
polyketide(s). It has been suggested that polyketides may be involved in inducing
these eukaryotic DNA double-stranded breaks (Olier et al. 2012). In addition to host
inflammatory responses, in colon cancer cells, OMVs from nonpathogenic commensal
E. coli can induce epigenetic modifications (Vdovikova et al. 2018). Furthermore,
OMVs from nonpathogenic E. coli can suppress the growth of established tumors as
well as prevent tumor metastasis. These activities occur via an interferon-γ-mediated
antitumor response, whereby OMVs deliver trypsin-sensitive surface proteins to the
target cancer cells (Kim et al. 2017). Taken together, these studies demonstrate the
enormous potential of bacterial OMVs from nonpathogenic E. coli as novel therapeu-
tic agents against various cancers.

7.1.2 Vibrio cholerae

The formation of OMVs by Vibrio cholerae and Vibrio parahaemolyticus was first
observed by researchers analyzing the cell structure of V. cholerae and
V. parahaemolyticus using electron microscopy with freeze-substitution (Kondo
et al. 1993). V. cholerae, the causal agent of the diarrheal disease cholera, possesses
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cholera toxin (CT) as its major virulence factor. In addition to CT, many other
secreted protein toxins and enzymes that are important to V. cholerae pathogenesis
have been reported to be associated with OMVs. These include Vibrio cytolysin
(VCC) (Olivier et al. 2007), metalloprotease of Vibrio (PrtV) (Vaitkevicius et al.
2006), Zn-dependent hemagglutinin protease (HAP) (Ghosh et al. 2006; Hase and
Finkelstein 1991), accessory cholera enterotoxin (Ace) (Kaper et al. 1995), and
trypsin-like serine protease (VesC) (Syngkon et al. 2010).

OMVs from the V. cholerae strain O395 secrete biologically active CT (Chatterjee
and Chaudhuri 2011). Using a GM1-independent mechanism, CT-containing OMVs
are trafficked to host cells. This GMI-independent mechanism represents a secondary
mechanism for CT secretion, in addition to the well-studied type II secretion system
(Chatterjee and Chaudhuri 2011). Future studies to elucidate the functional details of
this secondary mechanism of CT delivery are important to fully understand
V. cholerae pathogenesis (Rasti et al. 2018).

Non-O1 and non-O139 V. cholerae (NOVC) serogroups are the causal agents of
gastroenteritis and extraintestinal infections in humans; however, the virulence of
NOVC strains is not well understood. OMVs from NOVC strains elicit NOD1- and
NOD2-mediated immune responses in mammalian hosts. Quorum-sensing machin-
ery attenuates OMVs’ inflammatory potential and thereby influences the immune
responses (Bielig et al. 2011a, b).

Biologically active VCC, a pore-forming toxin, is released from the V. cholerae
NOVC strain V:5/04 together with OMVs. OMV-associated VCC induces target cell
autophagy, demonstrating that autophagy may play a role in cellular defense against
an OMV-associated virulence factor (Elluri et al. 2014). The metalloprotease PrtV, a
type II secretion system substrate protein, is also secreted from the V. cholerae strain
C6706 together with OMVs (Rompikuntal et al. 2015). The biological activity of
OMV-associated PrtV has been demonstrated in human colon carcinoma cells.
Furthermore, the OMV-associated PrtV protease facilitates bacterial resistance
toward the antimicrobial peptide LL-37 (Rompikuntal et al. 2015). HAP and VesC
proteases are also released along with V. cholerae OMVs and the biologically active
form of these proteases are delivered into human intestinal epithelial cells, causing
cytotoxic and inflammatory responses (Mondal et al. 2016). Taken together, these
studies demonstrate that the ability of V. cholerae to deliver virulence factors into
host cells via OMV-mediated secretion is, therefore, a seemingly widespread feature
among different Vibrio strains.

7.1.3 Pseudomonas aeruginosa

During normal growth, the Gram-negative bacterium Pseudomonas aeruginosa also
releases OMVs. Pseudomonas OMVs carry and release several toxins and enzymes,
including hemolysin, phospholipase C, alkaline phosphatase, protease, and elastase,
which contribute to the organism’s pathogenicity (Kadurugamuwa and Beveridge
1995). Peptidoglycan hydrolases associated with OMVs that are naturally released
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by several Gram-negative bacterial strains, including Enterobacter, Citrobacter,
Salmonella, Shigella, Escherichia, Klebsiella, Morganella, Pseudomonas, and Pro-
teus, enable the lysis of both Gram-negative and Gram-positive bacteria
(Kadurugamuwa and Beveridge 1998; Li et al. 1998). This predatory interaction
indicates that within biofilms, where bacteria compete for growth with other bacteria
in the surrounding microflora, OMVs might play a fitness role, providing an
increased survival benefit (Kadurugamuwa and Beveridge 1997). This hypothesis
is supported by the finding that P. aeruginosa OMVs play an important role in the
formation of biofilms (Beveridge et al. 1997; Murphy et al. 2014). Cif, the cystic
fibrosis (CF) transmembrane conductance regulator (CFTR) inhibitory factor, is
associated with P. aeruginosa PA14 OMVs (MacEachran et al. 2007). The zinc-
dependent leucine aminopeptidase PaAP, an enzyme involved in bacterial associa-
tion with host cells, is also found in OMVs from two P. aeruginosa clinical strains,
PAO1 and CF2 (Bauman and Kuehn 2006). The major outer membrane proteins
(OMPs) that are associated with OMVs have been identified by mass spectrometry to
be OprE, OprF, OprG, OprH, OprI, PcoB, and PagL (Bauman and Kuehn 2006;
Choi et al. 2017a; Tashiro et al. 2010). Previously, it was thought that OMVs contain
only outer membrane and periplasmic proteins; however, proteomic analysis of
P. aeruginosa revealed the possible presence of cytoplasmic proteins in naturally
released OMVs (Choi et al. 2017a). P. aeruginosa primarily occupies the mucus
layer of the lung epithelium in cystic fibrosis patients. Released OMVs can deliver
virulence factors into the cytoplasm of host cells, resulting in modified innate
immune responses. A recent study investigated whether the antibiotic tobramycin,
which is commonly used to treat CF patient lung infections caused by P. aeruginosa,
affects the abundance of virulence factors in OMVs. The study demonstrated that in
CF patients, tobramycin may improve lung function by decreasing the abundance of
several key virulence factors in OMVs, which restores chloride ion secretion neces-
sary for bacterial clearance from the lungs (Koeppen et al. 2019). It is thus likely that
OMVs carrying virulence factors are important contributors to the in vivo survival
and adaptability of P. aeruginosa in CF lung infection.

7.1.4 Acinetobacter baumannii

Acinetobacter baumannii is an opportunistic pathogen responsible for a wide range of
nosocomial infections. A. baumannii secretes OMVs that contain phospholipases and
exhibit both hemolytic and leukocytic activities against target host cells (Jha et al.
2017). In a lung infection mouse model, surface proteins of A. baumannii OMVs can
induce pro-inflammatory immune responses (Jun et al. 2013). Release of the elonga-
tion factor Tu (EF-Tu) from bacterial cells associated with OMVs from A. baumannii
may contribute to fibronectin-mediated binding on the host cell (Dallo et al. 2012).
Vaccinating a sepsis mouse model with OMVs purified from A. baumannii triggers
high levels of IgM, IgG1, and IgG2c immunoglobulins, while levels of the
pro-inflammatory cytokines IL-1β and IL-6 remain low (McConnell et al. 2011).
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OMV vaccination protects mice against challenge with the A. baumannii ATCC
19606 strain (McConnell et al. 2011). Variation in OMV production is associated
with a unique feature of A. baumanii, the reversible switching between formation of
opaque and translucent colonies. In experiments assessing immune response in mac-
rophages, OMVs from the A. baumannii opaque colony form appear to be more
immunogenic than those from the translucent colony form (Ahmad et al. 2019). The
rise in extensive antibiotic resistance to A. baumannii highlights the potential need for
a vaccine against this organism (Li et al. 2006; Lei et al. 2019). Therefore, OMVs from
A. baumannii represent a promising vaccine candidate due to its immunogenic
properties.

7.1.5 Porphyromonas gingivalis

Porphyromonas gingivalis is a major pathogenic cause of adult periodontitis. The
Gram-negative anaerobic bacterium P. gingivalis releases OMVs that contribute to
pathogenesis due to their high proteolytic and hemagglutinating activities, as well as
their ability to promote inter- and intra-bacterial species adherence (Olsen and
Amano 2015). Multiple studies have shown that OMV-associated toxins and pro-
teolytic enzymes have a major contribution to periodontal diseases (Bourgeau and
Mayrand 1990; Duchesne et al. 1995; Ellen and Grove 1989; Kamaguchi et al. 2003;
Patrick et al. 1996; Singh et al. 1989; Smalley et al. 1991). The specific
OMV-associated virulence factor(s) involved in OMV-mediated pathogenesis of
P. gingivalis are not well known despite the clinical importance of P. gingivalis. It
is known that P. gingivalis produces gingipain proteinases that are preferentially
packed into OMVs (Haurat et al. 2011; Veith et al. 2014). OMV-associated FimA,
hemagglutinin A, and heat-stress protein (HtrA) are involved in the attachment of
P. gingivalis to host cells and subsequent invasion (Belanger et al. 2012; Zhang et al.
2011). Also, major P. gingivalis outer membrane proteins are associated with
OMVs, which are used to efficiently invade host cells (Ho et al. 2015; Mantri
et al. 2015; Veith et al. 2014). Thus, it has been suggested that OMVs may be
involved in the development of atherosclerosis and represent a “Trojan horse”
strategy to cause an effect without employing intact bacterial cells (Xie 2015).

7.2 OMV-Mediated Virulence Factor Delivery by Other
Gram-Negative Bacteria

OMVs from several different Gram-negative bacterial species effectively transport
multifunctional cargo over long distances. For example, OMVs from Aggregatibacter
actinomycetemcomitans carry proteins that function in antibiotic targeting, nutrient
acquisition, and immune evasion, representing both offensive and defensive activities
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(Kieselbach et al. 2015). This phenomenon was described for the first time in
Bordetella pertussis, whose OMVs carry a virulence complex that includes an adhesin
(Imagawa et al. 1979). A causal organism of acute respiratory tract infection,
B. pertussis harbors a wide range of virulence factors, including pertussis toxin,
filamentous hemagglutinin, adenylate cyclase hemolysin, and tracheal cytotoxin,
which are secreted in association with OMVs (Hozbor et al. 1999). OMVs carrying
adenylate cyclase toxin can induce murine macrophage and CHO-K1 cell death
independent of the toxin’s receptors (Donato et al. 2012). Immunization with
B. pertussis OMVs may represent an effective next-generation pertussis vaccine
strategy as evidenced by its ability to protect against bacterial colonization by eliciting
antibody and Th1/Th17 type immune responses (Raeven et al. 2016).

One of the major virulence factors of Campylobacter jejuni and
A. actinomycetemcommitans, cytolethal distending toxin (CDT), is secreted primar-
ily from bacterial cells in association with OMVs, suggesting evolutionary conser-
vation of this mode of CDT delivery (Berlanda Scorza et al. 2008; Lindmark et al.
2009; Rompikuntal et al. 2012). OMVs from C. jejuni carry three proteases, HtrA,
Cj0511, and Cj1365c, and these OMV-associated proteases can cleave occludin and
E-cadherin of T84 colon carcinoma cells (Elmi et al. 2016). In humans, C. jejuni can
cause gastroenteritis, while in avian hosts, colonization is asymptomatic. The body
temperature difference between human (37 �C) and avian (42 �C) hosts suggests that
growth of C. jejuni at 37 �C potentially cues expression of bacterial virulence factors.
Proteome analyses comparing OMVs from C. jejuni grown at 37 �C and at 42 �C
revealed more virulence-related proteins associated with OMVs isolated from the
bacteria grown at 37 �C (Taheri et al. 2018). The presence of bile in the growth
medium also influences the selective packing of virulence factors in C. jejuni OMVs
(Taheri et al. 2018), suggesting that the protein cargo of OMVs may also be
regulated by the host environment.

The release and intracellular uptake of Bacteroides fragilis OMVs can activate
caspase-11-dependent cell death and IL-1 responses to LPS (Vanaja et al. 2016).
OMVs from B. fragilis carry polysaccharide A capsular antigen (PSA). PSA induces
TLR2-mediated signaling in dendritic cells, which results in regulatory T cell
maturation by production of the immunoregulatory cytokine IL-10 (Shen et al.
2012), thus implicating OMVs as an important mediator in establishing mutualism.

Bacteria employ various secretion systems to deliver virulence factors to target
cells. The field of bacterial OMVs has become an exciting research area that is
poised to improve our understanding of bacterial pathogenesis and provide alterna-
tive strategies to control infectious disease. Further investigation into the mecha-
nisms and roles of OMV secretion systems may uncover novel targets and strategies
for developing new antimicrobial therapies.
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7.3 Delivery of Bacterial Nucleic Acids by OMVs

7.3.1 DNA

In 1989, Neisseria gonorrhoeae was shown to release RNA and DNA in association
with OMVs (Dorward and Garon 1989). It was suggested that the RNA and linear
DNA are associated with the exterior of the vesicles because nuclease treatment
eliminated them from OMV preparations. However, circular DNA inside the OMVs,
and thus resistant to nuclease treatment, was capable of transforming recipient cells.
Hence, it was suggested that OMVs can act as a mechanism by which cells can
exchange genetic information (Dorward et al. 1989). Since the first description in
1989, an increasing number of reports have described the OMV-associated release of
plasmid DNA and/or chromosomal DNA (Biller et al. 2014; Lee et al. 2007; Perez-
Cruz et al. 2015; Renelli et al. 2004; Yaron et al. 2000). DNA purified from E. coli
O157:H7 OMVs contain the virulence genes stx1, stx2, eae, and uidA (Kolling and
Matthews 1999). Among bacteria, OMVs can contribute to antibiotic resistance
spread by two different mechanisms (Ciofu et al. 2000; Mashburn-Warren and
Whiteley 2006). Spread of antibiotic resistance may occur by direct transfer of a
resistance protein (e.g., β-lactamase) to neighboring cells or by lateral transfer of
resistance genes following fusion of the OMV with the recipient cell membrane
(Fulsundar et al. 2014; Renelli et al. 2004; Rumbo et al. 2011; Yaron et al. 2000). In
the case of P. aeruginosa, it has been suggested that OMVs can also be formed after
cell lysis, when membrane fragments and cytosolic contents including DNA are
released from spontaneously lysed bacteria (Turnbull et al. 2016). DNA associated
with OMVs contributes to establishing bacterial biofilms to facilitate bacterial host
colonization (Liao et al. 2014). OMVs can deliver DNA into eukaryotic cells,
suggesting a role for bacteria–host cell interactions and demonstrating potential for
OMV-based DNA vaccines (Bitto et al. 2017). Interestingly, integration of bacterial
DNA has been detected in the host genome, suggesting transfer of bacterial genetic
material into human somatic cells (Riley et al. 2013). It remains to be determined,
however, if OMV-associated DNA integrates into the host genome. Further studies
are needed to investigate whether OMVs are capable of delivering DNA into the host
nucleus as well as whether OMV-delivered DNA can integrate into the host genome
or modulate the innate immune response via DNA sensors (Hornung 2014). Earlier
studies indicated that among similar bacterial species, i.e., N. gonorrheae, it may be
possible for genetic material to be transferred by OMVs (Dorward and Garon 1989).
Moreover, OMVs can transfer carbapenem-resistance genes to surrounding
A. baumannii bacterial isolates (Rumbo et al. 2011). Research on Gram-positive
bacterial membrane vesicles (MVs) has shown that Clostridium perfringens releases
MV-containing DNA and protein components that can be internalized by macro-
phages and induce dramatic pro-inflammatory cytokines both in vitro and in vivo
(Jiang et al. 2014). In addition to providing a potential mechanism for exchange of
genetic material between prokaryotes and eukaryotes, these studies reveal a new
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perspective on the immunogenic properties of bacterial OMV and MV-based DNA
vaccines.

7.3.2 RNA

Bacterial membrane vesicles share similarities with exomes, cell vesicles secreted by
most mammalian cell types. Bacterial membrane vesicles and exosomes both carry
payloads of proteins, lipids, and genetic material enclosed in membrane-bound
spherical structures of similar size ranges. Both bacterial membrane vesicles and
exosomes can deliver functional molecules to distant extracellular compartments and
tissues. Exosomes are involved in the horizontal transfer of genetic material, such as
mRNAs and miRNAs, from the donor cells to recipient cells (Valadi et al. 2007;
Zhong et al. 2011; Zomer et al. 2010). Investigation of whether bacterial RNA
associates with OMVs by us and other researchers revealed that RNA is indeed
encapsulated inside the OMVs in the form of RNase-resistant secondary structures
and/or is associated with proteins in RNase-stable complexes (Blenkiron et al. 2016;
Choi et al. 2017a, b; Resch et al. 2016; Sjostrom et al. 2015). Emerging evidence
indicates that OMVs contain short RNAs (sRNAs) that are differentially packaged
and have the potential to target the function and/or stability of host mRNA. Inter-
estingly, via a regulatory OMV-associated sRNA, a new mechanism of pathogen–
host interaction attenuates the innate immune response in human airway epithelial
cells as well as in mouse lung. A specific bacterial sRNA (sRNA52320) is trans-
ferred from P. aeruginosa OMVs to host cells, where in human airway epithelial
cells it attenuates OMV-stimulated IL-8 secretion, and in the lungs of a mouse model
it attenuates keratinocyte-derived cytokine secretion and neutrophil recruitment
(Koeppen et al. 2016).

Different classes of RNA are present in OMV-associated fractions of Salmonella
enterica serovar Typhimurium and are exported. These include rRNAs, mRNAs,
tRNAs, and other ncRNAs (Malabirade et al. 2018). However, RNA associated with
OMVs is clearly different when the bacteria are grown under host-mimic cultural
conditions in comparison with ordinary laboratory culture media. At least a fraction
of the extracellular RNA associated with OMVs is present as full-length transcripts,
indicating that OMVs can protect RNA and that this RNA might be functionally
active (Malabirade et al. 2018). Export of full-length transcripts via OMVs opens the
possibility of numerous functional implications for bacteria–bacteria and bacteria–
host communication.

7.3.2.1 How Does RNA Associate with OMVs?

Several possibilities for RNA association with OMVs have been suggested
(Blenkiron et al. 2016). First, extracellular RNA released by general bacterial cell
lysis may be tightly reassociated to the OMV surface after secretion from bacterial
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cells. Second, RNA incorporation into OMVs could occur through an active and
selective mechanism. Third, RNA association with OMVs may merely represent
nonspecific envelopment of RNA in the cytoplasm within vesicle blebs. Finally, the
phenomenon may be due to RNA riding as passengers on OMV-bound proteins, as
bacterial mRNAs are frequently found at the sites of their future protein products
(Nevo-Dinur et al. 2012). There are indeed many mRNAs that encode many
membrane proteins present in OMVs. These include mRNAs for ompA, lpp, and
tonB in OMVs from uropathogenic E. coli and mRNAs for ompU, ompA, and tolC in
OMVs from V. cholerae (Blenkiron et al. 2016; Sjostrom et al. 2015). The ability of
OMVs to deliver their associated RNA cargo into host cells poses the interesting
question of whether these RNAs can function as novel signaling molecules in
bacteria–host interactions.

7.4 Bacterial Lipid Release in Association with OMVs

OMVs contain bacterial phospholipids such as phosphatidylglycerol, phosphatidyl-
ethanolamine, and cardiolipin. Moreover, the phospholipid composition of OMVs
generally resembles that of the outer membrane (OM) from which they are derived
(Horstman and Kuehn 2000). Phospholipid and fatty acid compositions between
OMVs and the cellular OM of E. coli do not differ significantly (Hoekstra et al.
1976). However, the phospholipid head groups and acyl chains compositions
between the bacterial OM and OMVs from P. aeruginosa are quite different.
Therefore, the OMV membrane is considered rigid compared to the cellular OM
of P. aeruginosa. Thus, it has been suggested that the OMV blebbing mechanism
may not be conserved among Gram-negative bacteria (Tashiro et al. 2011). OMVs
contain, in addition to phospholipids, abundant LPS, which normally comprise the
majority of the OM outer leaflet. P. aeruginosa can express both a common antigen
(A-band) and serotype-specific antigen (B-band) in the O-antigen portion of LPS.
Thus, these OMVs are highly enriched in B-band LPS, in contrast to the lipid
composition of the OM (Kadurugamuwa and Beveridge 1995). Based on these
differences, B-band LPS has been proposed to sort into OMVs, similar to the sorting
of LPS and proteins seen in Porphorymonas gingivalis (Haurat et al. 2011).

7.5 Small Molecule Delivery Via OMVs

In addition to lipids, proteins, and nucleic acids, small molecules associate with
OMVs as well. Pseudomonas putida strains that are resistant to toluene produce
more OMVs upon exposure to toluene and release toluene-enriched OMVs as a
detoxification system (Kobayashi et al. 2000). In P. aeruginosa, PQS (Pseudomonas
quinolone signal), a quorum-sensing molecule, associates with OMVs (Mashburn
and Whiteley 2005). Because PQS is more hydrophobic than the quorum-sensing
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signal acylhomoserine-lactone of P. aeruginosa, it is concentrated in the OMV
membrane where it can interact specifically with LPS. It appears that such interac-
tions contribute to physically stimulate the formation of vesicles into which the PQS
is subsequently packaged (Mashburn and Whiteley 2005).

Gram-negative bacteria can employ OMVs to deliver peptidoglycan to cytosolic
nucleotide-binding oligomerization domain-containing protein 1 (NOD1) in host cells.
OMVs (containing peptidoglycan) purified from P. aeruginosa, H. pylori, and
Neisseria gonorrheae can upregulate NF-κB and NOD1-dependent responses
in vitro (Irving et al. 2014; Kaparakis et al. 2010). Moreover, when administered to
mice intragastrically, H. pylori OMVs trigger NOD1-dependent but TLR-independent
innate and adaptive immune responses (Kaparakis et al. 2010). In mammalian cells,
V. cholerae OMVs induce NOD1- and NOD2-mediated immune responses. Quorum-
sensing machinery attenuates the inflammatory potential of OMVs, playing an impor-
tant role in regulating this process during infection (Bielig et al. 2011a, b). In human
embryonic kidney cells, A. actinomycetemcomitans OMVs strongly induce NOD1-
and NOD2-dependent NF-κB activation. Moreover, in myeloid THP1 cells, NOD1,
the primary sensor of peptidoglycan delivered by MVs, contributes to the overall
inflammatory responses induced by the vesicles (Thay et al. 2014).

OMVs from P. aeruginosa, Shigella flexneri, and Myxococcus xanthus contain
molecules with bacteriolytic properties (Evans et al. 2012; Kadurugamuwa and
Beveridge 1995, 1997, 1999). Thus, OMVs are critical to intra- and inter-species
communication, although in bacterial cell–cell interactions occurring via OMVs, the
selectivity of the interaction between MVs and bacterial cells is not fully understood.
Recently, employing OMVs isolated from the Enterobacterium Buttiauxella
agrestis, OMVs selectively interacted with target bacterial cells (Tashiro et al.
2017). These results offer a new avenue by which particular bacterial species can
be controlled using bacterial OMVs in microbial communities.

7.6 Gram-Positive Bacteria Membrane Vesicles (MVs)

MVs are also released by Gram-positive bacteria such as Staphylococcus aureus
(Lee et al. 2009), Enterococcus faecium (Wagner et al. 2018), Streptococcus
pneumoniae (Codemo et al. 2018), Streptococcus pyogenes (Resch et al. 2016),
Mycobacterium ulcerans (Marsollier et al. 2007), Bacillus anthracis (Rivera et al.
2010), Listeria monocytogenes (Vdovikova et al. 2017), and Lactobacillus (Dean
et al. 2019) (see Chap. 3). These MVs are released both in vivo and in vitro as
spherical, bilayered structures with a diameter of approximately 20–150 nm (Gurung
et al. 2011; Rivera et al. 2010; Vdovikova et al. 2017).
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7.6.1 Staphylococcal Species

7.6.1.1 Staphylococcus aureus

S. aureus is responsible for a wide spectrum of human infections that range from
superficial cutaneous infections to life-threatening bacteremia (Lowy 1998). MVs
from S. aureus have been isolated and analyzed by mass spectrometry. Proteins
identified include the IgG-binding protein, ferritin, ferrichrome-binding lipoprotein
precursor, ABC transporter extracellular binding protein, β-lactamase, and mem-
brane protein OxaA (Gurung et al. 2011). S. aureus MVs deliver protein A to host
cells by interacting with host cell plasma membranes through a cholesterol-rich
microdomain in the membrane (Gurung et al. 2011; Rivera et al. 2010). S. aureus
α-toxin (α-hemolysin), a 33-kDa pore-forming protein, is also associated with MVs.
S. aureus α-toxin can lyse a wide range of human cells and induce apoptosis in T
cells (Berube and Bubeck Wardenburg 2013). S. aureusMVs containing α-toxin are
cytotoxic to HeLa cells and induce erythrocyte lysis (Thay et al. 2013). S. aureus
MVs have also been reported to contain δ-hemolysin (Hld), γ-hemolysin,
leukocidin D, exfoliative toxin C, and exfoliative toxin A, identified by proteomic
analysis (Jeon et al. 2016). Comparative proteomics identified a total of 131 and
617 proteins in MVs from S. aureus grown in Luria-Bertani and brain-heart infusion
broths, respectively, suggesting that culture media components can influence MV
protein composition (Askarian et al. 2018). A study of the roles of MVs in bacteria–
host interactions led to the suggestion that during systemic infection, S. aureusMVs
can influence bacteria–host interactions and that they provide protective immunity in
murine infection models (Askarian et al. 2018).

7.6.1.2 Staphylococcus haemolyticus

S. haemolyticus is a skin commensal microorganism. S. haemolyticus nosocomial
isolates are the most antibiotic-resistant members of the coagulase-negative Staph-
ylococci. However, little is known about S. haemolyticus virulence factors. Potential
virulence proteins associated with MVs have been compared to the S. haemolyticus
total secretome. This comparison revealed that the cargo carried by MVs is enriched
in proteins involved in adhesion, acquisition of iron, and antimicrobial resistance
(Cavanagh et al. 2018).

7.6.2 Streptococcal Species

7.6.2.1 Streptococcus pyogenes

Comprehensive studies have been performed on MVs produced by the Gram-
positive human pathogen S. pyogenes, the etiological agent of necrotizing fasciitis
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and streptococcal toxic shock syndrome. These studies have provided an explanation
for the MV-associated secretion of S. pyogenes macromolecules, including RNAs,
lipids, and proteins, as well as described a two-component system that modulates
S. pyogenes MV production (Resch et al. 2016; Biagini et al. 2015).

7.6.2.2 Streptococcus pneumoniae

S. pneumoniae, a major Gram-positive respiratory pathogen, produces MVs that
may serve as a vehicle for many bacterial proteins. Pneumolysin, a cytosolic pore-
forming toxin, is significantly enriched in MVs (Codemo et al. 2018). Pneumococcal
MVs are internalized into A549 lung epithelial cells and human monocyte-derived
dendritic cells, where they trigger pro-inflammatory cytokine responses independent
of pneumolysin content. It has been suggested that S. pneumoniae MVs act in an
immunomodulatory manner by enabling transfer of vesicle-associated proteins and
other macromolecules into host cells. In addition, MVs bind tightly to serum
complement system components, sequestering complement factor C3 in human
serum and decreasing pneumococcal opsonophagocytosis (Codemo et al. 2018).

7.6.3 Mycobacterial Species

The etiologic agent of Buruli ulcers, the mycobacterium Mycobacterium ulcerans is
slow-growing and infects the skin and subcutaneous tissues (George et al. 1999).
Mycolactone, a poliketide-derived macrolide, is the only virulence factor known to
be responsible for Buruli ulcers (George et al. 1999). MVs from M. ulcerans are
cytotoxic to mouse macrophages because the vesicles contain mycolactone
(Marsollier et al. 2007). MVs from M. bovis BCG and M. tuberculosis H37Rv are
enriched in proteins associated with bacterial virulence, revealed by proteomic
analysis. These proteins include a remarkable abundance of putative Toll-like
receptor 2 (TLR2) ligands, such as 19 kDa Mycobacterium lipoproteins LpqH,
LprA, and LprG. Interaction of MVs from either M. bovis BCG or M. tuberculosis
H37Rv with murine macrophages induces TLR2-dependent cytokine and chemo-
kine release. This evidence demonstrated that mycobacterial vesicles serve as a
delivery mechanism for immunologically active molecules that contribute to the
virulence of mycobacteria (Prados-Rosales et al. 2011). It was recently reported that
the protein VirR (encoded by the gene rv0431) inM. tuberculosis (Mtb) regulates the
amount of Mtb-derived MVs containing TLR2 ligands such as the lipoproteins
LpqH and SodC, suggesting that VirR plays a role in immunomodulating properties
of Mtb via MVs (Lee et al. 2013; Rath et al. 2013).
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7.6.4 Enterococcus faecium

E. faecium is a commensal organism that is inherently resistant to several antimi-
crobial agents and can become a bacteremia-causing pathogen. Like other Gram-
positive bacteria, E. faecium strains produce MVs (Gao et al. 2018). E. faecium
MV-associated proteins include virulence factors, such as biofilm-promoting pro-
teins, extracellular matrix-binding proteins, and antimicrobial resistance-related pro-
teins, suggesting that E. faecium may utilize MVs to release proteins promoting
virulence, pathogenicity, and antimicrobial resistance (Wagner et al. 2018).

7.6.5 Bacillus anthracis

B. anthracis, a spore-producing bacillus, causes anthrax in a range of vertebrates.
B. anthracis releases vesicles that contain components of the anthrax toxins, the
protective antigen (PA), lethal factor (LF), and edema toxin (ET), as well as
anthrolysin (Rivera et al. 2010). Immunizing mice with B. anthracis MVs protects
them against subsequent challenge with B. anthracis (Marsollier et al. 2007).

7.6.6 Listeria monocytogenes

L. monocytogenes, a Gram-positive pathogen, causes listeriosis, an illness transmit-
ted through the consumption of contaminated food. Similar to other Gram-positive
bacteria, MVs are released by L. monocytogenes in a process that is regulated by the
general stress transcription factor σB (Lee et al. 2013). Internalin B (InIB), which is
responsible for L. monocytogenes entry into target cells, and listeriolysin O (LLO), a
pore-forming toxin, were identified in MVs from L. monocytogenes (Lee et al.
2013). In a detailed study, Vdovikova et al. demonstrated that L. monocytogenes
produces MVs both in vitro and in vivo (Vdovikova et al. 2017). The pore-forming
hemolysin LLO is a major virulence factor that is tightly associated with MVs in an
oxidized, inactive form. Autophagy induced by pure LLO, by other bacterial pore-
forming toxins or by Torin1-stimulated macroautophagy is effectively abrogated by
MVs. Thus, it has been suggested that L. monocytogenes may survive inside host
cells by controlling LLO activity and avoiding destruction from the autophagy
system via intracellular release of MVs (Vdovikova et al. 2017).

144 A. Nadeem et al.



7.6.7 Lactobacillus

MVs from three different Lactobacillus species have been characterized for their
physiochemical properties and protein compositions. A recent study identified more
than 80 protein components from Lactobacillus-derived MVs, including bacteriocin,
which is enriched in MVs, suggesting that the vesicles serve as vehicles for delivery
of the antimicrobial molecule (Dean et al. 2019). Collectively, these studies highlight
the role of MVs in the pathogenesis of Gram-positive bacterial infections.

7.7 Entry and Trafficking of OMVs and MVs into Host
Cells

Bacterial OMVs and MVs can enter host cells using various pathways, including
clathrin- or caveolin-mediated pathways, or through fusion with plasma membranes
(Bielaszewska et al. 2017; Mulcahy et al. 2014; Olofsson et al. 2014). Despite
extensive research to understand the mechanisms that regulate cellular uptake of
OMVs, little is known about the cellular uptake of MVs. Interestingly, Gram-negative
(V. cholerae) and Gram-positive (L. monocytogenes) bacterial vesicles were efficiently
internalized into the intracellular compartments of epithelial cells, which accumulated
primarily in the lysosomal compartment of host epithelial cells (Fig. 7.1a and b).
Importantly, a recent study showed that E. coli O157 (EHEC) OMVs are quickly
internalized into intracellular compartments, where they deliver a cocktail of bacterial
factors to different host cell compartments (Bielaszewska et al. 2017).

Endocytosis allows small molecules to traverse a cells membrane bilayer
(Doherty and McMahon 2009). Host cells internalize OMVs and MVs from several
bacteria mainly via various endocytic pathways. As described in recent reviews,
endocytosis involves cell membrane invagination, and occurs through several dif-
ferent pathways that depend on the composition and cargo of the OMVs to be
internalized (Bitto and Kaparakis-Liaskos 2017; Kaparakis-Liaskos and Ferrero
2015; Pathirana and Kaparakis-Liaskos 2016). Three primary cellular mechanisms
regulating the cellular uptake of OMVs and MVs are: (i) clathrin-mediated endocy-
tosis, (ii) cholesterol-enriched microdomains, also known as caveolae or lipid rafts,
and (iii) F-actin-coated vacuoles, also known as macropinocytosis and phagocytosis
(Table 7.1). These pathways produce endosomal compartments that allow cargo
transfer to various subcellular sites in the host cell cytoplasm (Doherty and
McMahon 2009). Furthermore, the size of OMVs has been recently shown to play
an important role in the preferred mode of entry into host cells (Turner et al. 2018).

OMVs from several microorganisms, H. pylori, A. actinomycetemcomitans,
enterohemorrhagic E. coli (EHEC), enteroaggregative E. coli (EAEC), and Brucella
abortus, use clathrin-mediated endocytosis as their major mode of entry into host
cells (Bielaszewska et al. 2013; Canas et al. 2016; O’Donoghue and Krachler 2016;
Olofsson et al. 2014; Pollak et al. 2012; Thay et al. 2014). In addition to clathrin-
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mediated endocytosis, it has been proposed that dynamin also plays an important
role in host cell-mediated uptake of OMVs (Bielaszewska et al. 2017; Kunsmann
et al. 2015).

Membrane microdomains, called lipid rafts, are dynamic and abundant in several
types of lipids, including cholesterol and sphingolipids, and proteins such as
caveolin. The importance of membrane cholesterol for delivery of OMV cargo to
the intracellular compartment of host cells has been reported by several investiga-
tors. OMVs from V. cholerae (Mondal et al. 2016), V. vulnificus (Kim et al. 2010),
A. actinomycetemcomitans (Rompikuntal et al. 2012), ETEC (Johnson et al. 2009),
H. influenzae (Sharpe et al. 2011), P. gingivalis (Furuta et al. 2009), Moraxella
catharralis (Schaar et al. 2011), H. pylori (Kaparakis et al. 2010; Olofsson et al.
2014), and C. jejuni (Elmi et al. 2012) rely on lipid rafts to mediate internalization by
host cells via endocytosis. Bacteria shed OMVs and MVs of different sizes, with the
larger OMVs being engulfed by the host cell through ruffled cell membrane

Fig. 7.1 Lysosomal accumulation of bacterial OMVs and MVs. (a) Cellular uptake of PKH2-
labeled OMVs (Red) isolated from V. cholerae or MVs from L. monocytogenes. Arrow head
indicates their vesicular uptake into HCT8 cells. Nucleus is counter-stained with Hoechst 33342.
Scale bars ¼ 10 μm. (b) Co-localization of OMVs or MVs (red) with lysosomal marker,
Lysotracker (green). Arrow head indicates co-localized spots, seen as yellow in the cytoplasm of
HCT8 cells. Scale bars ¼ 10 μm
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protrusions driven by actin polymerization (Kaparakis-Liaskos and Ferrero 2015).
Inhibiting actin polymerization using cytochalasin D or wiskostatin decreases entry
of P. aeruginosa OMVs into the epithelial cells lining the airway tract (Bomberger
et al. 2009).

The different pathways involved in entry of vesicles into host cells have been
elucidated through experiments employing a large repertoire of inhibitors/binders
specific for different components of each pathway, e.g., dynasore for dynamin,
chlorpromazine for clathrin, filipin III, wortmannin, nystatin for lipid rafts, and
cytochalasin D for pinocytosis (Amano et al. 2010; Canas et al. 2016; O'Donoghue
and Krachler 2016; Rompikuntal et al. 2012). Vesicles make ideal delivery vehicles
due to their ability to enter eukaryotic host cells and transfer their cargo to

Table 7.1 Cellular mechanisms regulating host cell association and uptake of bacterial vesicles

Mechanisms involved in
vesicle uptake Bacterial strain References

Clathrin

H. pylori Olofsson et al. (2014), Turner et al.
(2018)

A. actinomycetemcomitans Thay et al. (2014)

EHEC Bielaszewska et al. (2013)

EAEC Canas et al. (2016)

B. abortus Pollak et al. (2012)

Lipid raft

V. cholerae Mondal et al. (2016)

V. vulnificus Kim et al. (2010)

A. actinomycetemcomitans Rompikuntal et al. (2012)

P. aeruginosa Bauman and Kuehn (2009)

H. influenzae Sharpe et al. (2011)

M. catarrhalls Vidakovics et al. (2010), Schaar
et al. (2011)

ETEC Johnson et al. (2009)

C. jejuni Elmi et al. (2012)

H. pylori Olofsson et al. (2014), Kaparakis
et al. (2010)

P. gingivals Furuta et al. (2009)

S. aureus Gurung et al. (2011)

Membrane fusion

P. aeruginosa Bomberger et al. (2009)

A. actinomycetemcomitans Rompikuntal et al. (2012)

S. aureus Thay et al. (2013)

L. pneumophila Jager et al. (2015), Galka et al.
(2008)

Macropinocytosis

H. pylori Turner et al. (2018)

P. aeruginosa Bomberger et al. (2009)
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intracellular compartments. In addition, both Gram-positive and Gram-negative
bacteria benefit from using vesicles for pathogenesis, intracellular communication
and regulating host immunity (Bitto and Kaparakis-Liaskos 2017). Thus, discover-
ing strategies to block vesicle entry into host cells may inhibit membrane vesicle-
mediated pathogenesis of bacterial infections.

Membrane fusion is a mechanism by which Gram-negative and Gram-positive
bacterial vesicles are internalized into host cells. Membrane fusion enables vesicles
to deliver multiple virulence factors directly and simultaneously into the host cell
cytoplasm in a coordinated fashion. This phenomenon was first reported by
Bomberger et al. (2009) who demonstrated delivery of β-lactamase, alkaline phos-
phatase, hemolytic phospholipase C, and Cif by P. aeruginosa OMVs into human
airway epithelial cells. Membrane fusion between P. aeruginosa vesicles and epi-
thelial cells appear to occur preferentially at lipid raft domains on target host cells.
Concomitantly, using filipin III, which sequesters cholesterol and disrupts lipid rafts,
the membrane fusion events can be eliminated (Bomberger et al. 2009).
A. actinomycetemcomitans OMVs deliver cytolethal distending toxin (CDT) in its
biologically active form, and other proteins, including OmpA, into HeLa cells and
human gingival fibroblasts, respectively. The OMV-mediated delivery of these pro-
teins occurs in a cholesterol-dependent manner (Rompikuntal et al. 2012). Mem-
brane fusion as a mechanism to deliver virulence factors into host cells has also been
observed with MVs from Gram-positive bacteria, i.e., delivery of α-toxin (Hla) by
S. aureus MVs into HeLa cells that occurs in a cholesterol-dependent manner and
triggers death of the host cell (Thay et al. 2013). Despite the utility of filipin III in
studying the dependence on lipid rafts for fusion of bacterial membrane vesicles with
host cell vesicles, there is a limitation in its use. Filipin III affects a major component
of eukaryotic cell plasma membranes, thus its inhibition of membrane fusion
may also extend to processes beyond lipid rafts. In a study of the interaction of
L. pneumophila OMVs with model membranes, the membrane material of the MV
became incorporated into liposomes composed of different eukaryotic phospho-
lipids, revealing that MVs have an inherent tendency to fuse with eukaryotic
membranes (Jager et al. 2015).

7.8 Conclusions

Taken together, the present literature provides ample evidence that OMVs and MVs
are capable of employing multiple routes to enter mammalian host cells. Due to their
small size, adhesive properties, immunomodulating activity, and ability to carry and
deliver specific effectors into mammalian cells, membrane vesicles of bacterial
pathogens are well-suited to contribute significantly in the host interaction. Bacterial
membrane vesicles allow the extracellular dispersal of particular proteins, as part of
complexes of proteins, as well as lipids that can function synergistically to activate
different pathways, either toxic or protective, in the host. Further investigations to
dissect mechanisms of vesicle adhesion and entry, vesicle trafficking, and vesicle-
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associated contents will provide a critical foundation for future exploitation of
OMVs and MVs for medical use. To date, innovative approaches based on
engineered bacterial membrane vesicles have shown great clinical potential, and
progress is being made to gain further insight and “know how” in using bacterial
membrane vesicle-based technologies to enhance global human health.
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Chapter 8
Immunodetection and Pathogenesis
Mediated by Bacterial Membrane Vesicles

Ella L. Johnston, Thomas A. Kufer, and Maria Kaparakis-Liaskos

Abstract Animals have evolved sophisticated means to detect and defend them-
selves against colonization by microorganisms. Mammals differentiate self from
nonself by the use of germline encoded pattern recognition receptors (PRRs) of the
innate immune system in addition to pathogen-specific recognition by the adaptive
immune system. Conserved microbial structures, termed microbe-associated mole-
cular patterns (MAMPs) are recognized by the innate immune system. Pathogens
succeed in subverting these immune mechanisms by the production of effector
proteins and modification of MAMPs. While many PRRs and their cognate ligands
have been extensively examined, most studies addressed the immune response
toward the whole microorganism, isolated MAMPs, or effector proteins. Both
Gram-negative and Gram-positive bacteria produce membrane vesicles that contain
several MAMPs and bacterial effector proteins, and the study of the interplay of
these with immune PRRs is a recently emerging field. Here we summarize key
components of the innate and adaptive immune systems and discuss current knowl-
edge regarding the immune recognition and immunomodulatory functions of bac-
terial membrane vesicles in mammalian hosts.
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8.1 Bacterial Membrane Vesicles

Both Gram-negative and Gram-positive bacteria produce vesicles known as outer
membrane vesicles (OMVs) or membrane vesicles (MVs), respectively. They con-
tain components derived from the parent bacterium, including proteins, lipids, and
nucleic acids (reviewed in Schwechheimer and Kuehn 2015). Originally thought to
be an artifact of bacterial growth, recent studies have demonstrated that OMVs and
MVs may contribute to disease pathogenesis and progression due to their
immunostimulatory cargo. OMVs are naturally released by bacteria as part of their
normal growth. There are a number of mechanisms by which OMVs are produced
and bacteria can actively increase their production (Kulp and Kuehn 2010). In
contrast to OMVs, the mechanisms of MV biogenesis are not well characterized.
This is because Gram-negative OMVs were discovered long before Gram-positive
MVs, and consequently we have a greater understanding of OMV production,
composition, and their effects on the host. Although research has been focused on
examining the immunostimulatory effects of OMVs derived from pathogens, recent
studies have begun investigating the role of OMVs from commensal bacteria in
modulating the hosts immune response. In contrast, due to their more recent discov-
ery, limited studies have examined the immunostimulatory effects of Gram-positive
MVs on the host.

A number of studies have suggested that OMV production may be increased
during the course of infection; however, the mechanisms behind OMV biogenesis
during infection have not been completely elucidated. It has been identified that the
disruption of genes encoding for outer membrane proteins and peptidoglycan syn-
thesis can lead to changes in OMV production (McBroom et al. 2006). OMV
production is also thought to be a response to stress stimuli such as antibiotic
treatment, envelope stress, and increase in temperature (Baumgarten et al. 2012;
Kadurugamuwa and Beveridge 1995; Macdonald and Kuehn 2013; McBroom and
Kuehn 2007; Yun et al. 2018). Moreover, the immunogenicity of OMV cargo can be
altered by certain bacteria, such as Vibrio cholerae, in response to changes in the
expression of virulence factors upon quorum sensing (Bielig et al. 2011). Therefore,
it is thought that during infection, factors such as environmental stress, bacterial
regulators, and host immune molecules contribute to increased production of bacte-
rial OMVs. Collectively, this increased production of OMVs and their composition
of immunogenic cargo is thought to contribute to pathogenesis.

8.1.1 Bacterial Membrane Vesicles Contain Immunogenic
Cargo

Numerous studies have demonstrated the pro-inflammatory nature of Gram-negative
OMVs, their ability to stimulate the immune system, and their use as vaccines for
humans (Holst et al. 2009; Kaparakis-Liaskos and Ferrero 2015; Manning and
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Kuehn 2011; Ellis and Kuehn 2010; Pathirana and Kaparakis-Liaskos 2016). OMVs
have been observed in a number of samples from human patients and tissue biopsies.
For example, OMVs from Neisseria meningitidis were observed using electron
microscopy in the cerebrospinal fluid of an infected infant, and in samples from a
patient with fatal meningococcal disease (Stephens et al. 1982; Namork and
Brandtzaeg 2002). Additionally, OMVs from Helicobacter pylori have been found
in gastric biopsies from infected individuals and in cultures from several clinical
patient samples (Fiocca et al. 1999; Keenan et al. 2000). OMVs have also been
observed in samples from the sinus of a child infected with Moraxella catarrhalis
(Vidakovics et al. 2010), and in the lungs of patients with nontypeable Haemophilus
influenza infections (Ren et al. 2012). In addition to their presence during infection, a
number of studies have revealed that OMVs contain specific microbe-associated
molecular patterns (MAMPs), known to stimulate the immune system, such as
lipopolysaccharide (LPS), peptidoglycan (PG), nucleic acids, as well as other bac-
terial cell wall components (Vanaja et al. 2016; Chatterjee and Das 1967;
Renelli et al. 2004; Choi et al. 2011).

In addition to their ability to carry immunostimulatory cargo, OMVs have been
shown to be important in the structure and function of biofilms, in the environment
as well as during the course of infection (Schooling and Beveridge 2006; Yonezawa
et al. 2009). Additionally, they are able to act as bacteriophage and antibiotic decoys
and can “trap” complement proteins produced by the host immune system (reviewed
in Manning and Kuehn 2011; Tan et al. 2007). Because of this, it is thought that
OMVs may be harnessed by bacteria to further establish colonization and pathogen-
esis within the host.

Conversely, the biogenesis, contents and immunostimulatory ability of Gram-
positive MVs is not well characterized. Some studies have reported that Gram-
positive MVs contain immunogenic cargo (Lee et al. 2009; Gurung et al. 2011;
Peschel et al. 2001; Rivera et al. 2010); however, further studies are required to
elucidate their immunogenic profiles and interactions with the host immune system.
Chapter 3 contains a more detailed review of the biogenesis and functions of Gram-
positive MVs.

The contribution of bacterial OMVs and MVs to pathogenesis and immunity is
quickly becoming apparent as more studies uncover their roles as a novel transport
system for bacterial derived molecules. Here we discuss the various mechanisms by
which OMVs are able to interact with the host’s innate and adaptive immune system,
their contributions to pathogenesis, as well as the recent discovery of immunogenic
Gram-positive MVs.

8.2 Bacterial Membrane Vesicles Interact
with and Modulate the Hosts Innate Immune System

In order to survive within a human host, microorganisms must circumvent host
immune defenses. All multicellular organisms have developed innate defense mech-
anisms which have the capacity to be activated by foreign microorganisms and that
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function to defend the host by destroying pathogens and neutralizing their virulence
factors (Medzhitov and Janeway 1997). One of the major mechanisms by which
bacteria are able to interact with host cells is by the secretion of immunostimulatory
products (Young et al. 1999; Bruno et al. 2009). Bacterial membrane vesicles are
released from both Gram-negative and Gram-positive bacteria and act as secretory
transporters for proteins, lipids, and other bacterial products to host cells (reviewed
in Ellis and Kuehn 2010). The innate immune system is the first line of defense
against invading and resident bacteria, and it is able to rapidly detect and initiate an
immune response to bacteria membrane vesicles. In humans, the immune system is
comprised of innate and adaptive immunity. The innate immune system is the
frontline defense against bacteria, whereas adaptive immunity functions to develop
pathogenic-specific immune responses while generating long-lived immunity.

8.2.1 OMVs Protect Bacteria Against Host Innate Immune
Molecules

The hosts innate immune system is multifaceted in its ability to respond to pathogens
and is composed of a range of defense mechanisms which include innate immune
receptors, innate immune cells, and the production of antimicrobials and inflamma-
tory molecules. For example, pathogens can trigger the activation of the complement
system, a group of small proteins made by hepatocytes which circulate in the
bloodstream. The complement system enhances the ability of antibodies and phago-
cytic cells to clear microbes, in addition to damaging bacteria by attacking their cell
membrane (Rus et al. 2005). Although part of the innate immune system, comple-
ment can also regulate aspects of the adaptive immune system by recruiting and
activating immune cells using anaphylatoxins, small peptide mediators (Barrington
et al. 2001).

Pathogens are often able to inhibit activation of the complement system; however,
the mechanisms by which this can occur have not been entirely elucidated (Joiner
1988). It has been shown that Porphyromonas gingivalis OMVs can degrade
complement components such as the complement 5a (C5a) cluster of differentiation
88 receptor (CD88) (Jagels et al. 1996) and CD14 from the surface of human
macrophage cells. CD88 and CD14 are both involved in the recognition of bacteria
(Duncan et al. 2004) and their targeting leads to reduced efficacy of immune
responses and allows bacteria to evade the immune system. Similarly, Haemophilus
influenzae can survive complement-mediated attacks when supplemented with
M. catarrhalis OMVs, further potentiating a mutually beneficial role for invading
pathogens and their OMVs (Tan et al. 2007).

Moreover, the innate immune system also employs antimicrobial peptides
(AMPs), such as defensins, as another defense mechanism against invading patho-
gens. AMPs can directly attack invading microbes to limit pathogenesis; however,
resistance to AMPs has been observed for a number of pathogens, including
Staphylococcus aureus (Peschel et al. 2001), Salmonella enterica serovar
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Typhimurium (S. Typhimurium) (Gunn et al. 2000), Listeria monocytogenes
(Abachin et al. 2002), and Pseudomonas aeruginosa (Moskowitz et al. 2004).
OMVs have been demonstrated to contribute to AMP resistance, as V. cholerae
OMVs were shown to protect other bacteria from membrane attack by AMPs
(Duperthuy et al. 2013). This was proposed to be a more general mechanism of
immune evasion, where OMVs can function to sequester host immune molecules
(Band and Weiss 2015). Moreover, the host limits the availability of transition
metals by siderophores, such as calprotectin, to restrict pathogen growth, referred
to as “nutritional immunity” (Hood and Skaar 2012).

8.2.2 Recognition of Bacterial Membrane Vesicles by Host
Pattern Recognition Receptors Results
in a Pro-Inflammatory Response

An integral feature of the innate immune system involves a number of specific
pattern recognition receptors (PRRs), which recognize MAMPs and subsequently
results in the generation of a pro-inflammatory innate immune response (Janeway
and Medzhitov 2002). MAMPs are conserved microbial structures such as bacterial
nucleic acids and bacterial cell wall components including LPS and PG, which are
distinguishable from host molecules (Boller and Felix 2009). PRRs are protein
receptors expressed by a number of innate immune cells such as neutrophils,
macrophages, and dendritic cells (DCs) (Thomas and Schroder 2013; Takeuchi
and Akira 2010) as well as non-immune cells, such as epithelial cells (Kawai and
Akira 2010). Once PRRs are activated by detection of their respective MAMP
ligand, a signaling cascade initiates the release of inflammatory mediators such as
cytokines and chemokines which are responsible for the recruitment and the acti-
vation of immune cells and for mediating an inflammatory response (Kawai and
Akira 2010). PRRs are vital for the recognition of, and downstream effects initiated
by invading bacteria.

PRRs include Toll-like receptors (TLRs) which are membrane bound (Fig. 8.1),
intracellular nucleotide-binding oligomerization domain (NOD)-like receptors
(NLRs) (Fig. 8.1), retinoic acid inducible gene-I (RIG-I)-like receptors (RLRs) and
C-type lectins, which can be either soluble or function as membrane associated
receptors (Kawai and Akira 2008; Kanneganti et al. 2007). TLRs and NLRs are
activated upon recognition of MAMPs, such as components of the bacterial cell wall
or microbial DNA (Fig. 8.1). RIG-I-like receptors are responsible for the recognition
of virally derived dsRNAwithin the cytoplasm (Wells et al. 2011), and C-type lectins
contribute to innate immune responses to many pathogens (reviewed in Robinson
et al. 2006). Activation of PRRs leads to a number of outcomes, namely the induction
of signaling pathways resulting in the transcription of pro-inflammatory cytokines
that drive inflammation, in an effort to combat the invading pathogen (Fig. 8.1).
Bacterial membrane vesicles can activate these signaling pathways in a number of
ways, which will be discussed below.
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8.2.2.1 Recognition of Bacteria by Toll-like Receptors

Toll-like receptors (TLRs) are a family of transmembrane proteins expressed by both
leukocytes and non-immune cells, such as epithelial and endothelial cells. They
contain an extracellular leucine-rich repeat (LRR) domain that is necessary for the
detection of MAMPs, a transmembrane domain and a cytoplasmic tail (Toll/inter-
leukin-1 receptor (TIR) domain). TLRs can be found on the cell surface or on
intracellular endosomal membranes. To date, 10 members of the TLR family have
been identified in humans (Akira and Takeda 2004). TLRs are capable of detecting a
range of molecules derived from bacteria, viruses, and fungi. Importantly, TLRs
detect molecules such as LPS, PG, and nucleic acids from both Gram-positive and
Gram-negative bacteria (Fig. 8.1).

Upon detection of MAMPs, most TLRs form either homodimers or heterodimers
(Fig. 8.1). Once activated, adaptor molecules are recruited to TLRs to initiate
downstream signaling. TLR2, TLR4, TLR5, and TLR1/6 signal via the adaptor
proteins Myeloid Differentiation Primary Response Gene 88 (MyD88) and TIR-
Domain-Containing Adaptor Protein (TIRAP). This leads to the activation of IL-1
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Fig. 8.1 Bacterial products are detected by TLRs and NLRs by the host cell. On the surface of the
host cell, TLR5 detects flagellin, TLR2 and TLR1/6 detect bacterial cell wall components and TLR4
detects LPS. Within the cytoplasm, caspase-11 detects LPS, and NOD1 and NOD2 detect peptido-
glycan subunits iE-DAP and MDP, respectively. Endosome-bound TLR9 detects bacterial DNA.
Detection of bacterial MAMPs leads to the recruitment of adaptor proteins, downstream activation
of transcription factors and subsequent production of pro-inflammatory chemokines and cytokines
or pyroptotic cell death in the case of caspase-11 activation. Type I IFN production can also occur in
response to the detection of bacteria or bacterial products, via the JAK/STAT pathway
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Receptor-Associated Kinases (IRAKs) and the adaptor molecules TNF Receptor-
Associated Factor 6 (TRAF6) and eventually the nuclear translocation of transcrip-
tion factors Nuclear Factor Kappa B (NF-ĸB) and Activator Protein 1 (AP-1). TLR9
also uses this pathway; however, it is located on the endosomal membrane (Fig. 8.1).
Both NF-ĸB and AP-1 have functions in the expression of pro-inflammatory cyto-
kines (Fig. 8.1). As a result of NF-ĸB and AP-1 activation, cytokines and chemokines
are produced, for example interleukin-6 (IL-6), IL-8 (CXCL8) and Tumor Necrosis
Factor Alpha (TNF/TNFα).

Additionally, TLR4 can signal independently of MyD88, via TIR-Domain-
Containing Adaptor Inducing Interferon-β (TRIF) and TRIF-related adaptor mole-
cule (TRAM) (Fig. 8.1). This leads to the activation of adaptor molecules, such as
Receptor-Interacting Protein 1 (RIP1), and the translocation of NF-ĸB and AP-1 or
Interferon Regulatory Factor-3 (IRF3) to the nucleus. IRF3 is a transcription factor
which induces the production of type 1 interferons (Fig. 8.1, Kumar et al. 2009).
Type I IFNs can signal in a paracrine or autocrine manner by interacting with
Interferon Alpha/Beta Receptor (IFNAR) on the cell surface, and signal using the
Janus Kinases and Signal Transducer and Activation of Transcription Proteins
(JAK/STAT) pathway (Fig. 8.1, Akira and Takeda 2004). Type 1 interferons have
been demonstrated to limit bacterial infections by upregulating the production of
host defense molecules (reviewed in Boxx and Cheng 2016). Therefore, membrane-
bound TLRs are collectively important receptors of bacteria and bacterial products.
In addition, intracellular receptors from other protein families are also vital in the
host response to internalized MAMPs, as discussed below.

8.2.2.2 Recognition of Bacteria by Cytoplasmic Innate Immune
Receptors

In the cytoplasm of the host cell, a large family of PRRs known as NOD-like
receptors (NLRs) are expressed. They are characterized by the presence of a central
conserved NTPase (NACHT) domain, required for nucleotide binding and self-
oligomerization (Inohara et al. 2000). These proteins generally contain a variable
N-terminal effector-binding domain, which is responsible for protein–protein inter-
actions, as well as C-terminal LRRs to detect MAMPs (Inohara and Nunez 2001).
NOD1 and NOD2 are cytoplasmic receptors that recognize bacterial peptidoglycan
(PG). NOD1 recognizes γ-D-Glu-mDAP (iE-DAP), a dipeptide present in the PG of
almost all Gram-negative and some Gram-positive bacteria. NOD2 recognizes
muramyl dipeptide (MDP) which is common to PG of all bacteria (Girardin et al.
2003a, b).

Activation of either NOD1 or NOD2 leads to the recruitment of Receptor-
Interacting Serine/Threonine-Protein Kinase 2 (RIP2, RIPK2) by their CARD
domain, the activation of NF-ĸB (Inohara et al. 2000) and the production of
pro-inflammatory cytokines and chemokines (Fig. 8.1). Other NLRs, such as those
from the NLR-pyrin domain containing (NLRP) subfamily are namely responsible
for the formation of “platforms,” known as inflammasomes, in response to host
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signals, which contribute to inflammation (Elliott and Sutterwala 2015). NLRP3, for
example, can be triggered by caspase-11 activation by cytoplasmic LPS (Shi et al.
2014), cell membrane damage, and extracellular ATP released by damaged cells
(Fig. 8.1, Martinon et al. 2002). Activation of these inflammasome forming NLRs
leads to the recruitment of the adaptor Apoptosis-Associated Speck-Like Protein
Containing a CARD (ASC) that links NLRP3 to caspase-1 (Fig. 8.1). This complex,
termed inflammasome, triggers caspase-1 activation, resulting in the production and
release of the key inflammatory mediators IL-1β and IL-18, and leads to pyroptotic
cell death (Schroder et al. 2010).

The activation of PRRs is a pivotal prerequisite to prime the adaptive immune
system and to induce antigen-specific responses to bacterial pathogens (Fritz et al.
2007). As a result, TLRs and NLRs are key regulators of the innate immune response
(Milward et al. 2007; Faure et al. 2000). Collectively, there are a range of mecha-
nisms by which bacteria can interact with host PRRs to trigger TLR and NLR
signaling to mediate a pro-inflammatory response.

8.2.2.3 Bacterial Membrane Vesicles Are Detected by Host Pattern
Recognition Receptors Resulting in the Induction of an Innate
Immune Response

The mucosal epithelial cell surface is the first line of defense in the host, and often
the location where bacterial vesicles first come into contact with the host. The gut
epithelium and the underlying lamina propria contains a diverse subset of innate and
adaptive immune cells within the gut-associated lymphoid tissue (GALT). Long
seen as a classical barrier, we now know that the intestinal epithelium is actively
involved in immune regulation (Rhee et al. 2004). Epithelial cells express PRRs and
can detect pathogens and respond to cytokines, such as IL-22, to produce antimi-
crobial peptides to control the microbiota composition and to secrete cytokines that
recruit immune cells (Peterson and Artis 2014). The mucosal epithelial cell surface
has evolved to cope with the constant presence of microbial products and foreign
antigens without inducing inflammation. Indeed, the presence of microbiota and
their derived MAMPs are needed for the development of the GALT and to maintain
tissue homeostasis (Stappenbeck et al. 2002). A wealth of current work aims to
delineate how the host can mediate tolerance of commensals at the mucosal surface,
while still being able to detect and respond toward bacterial pathogens. We still
know little about the microbial substances and molecular details that mediate these
responses, and the role of OMVs and MVs in these processes remains largely
elusive. It has been demonstrated that the interaction of OMVs with host epithelial
cells results in the production of cytokines and chemokines. Therefore, OMVs and
MVs are thought to be a mechanism whereby bacteria can transport their products to
non-phagocytic cells at the mucosal surface in order to modulate innate and adaptive
immune responses which will be discussed below.
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8.2.2.4 Gram-Negative OMVs Are Detected by PRRs Expressed by
Epithelial Cells

A number of in vitro studies using human epithelial cells have reported the production
of chemokines and cytokines in response to stimulation by bacterial OMVs. H. pylori
is a gastric pathogen, which produces OMVs demonstrated to modulate the prolifer-
ation of, and IL-8 production by gastric adenocarcinoma cells (Ismail et al. 2003). This
was the first study to indicate that OMVs could induce pro-inflammatory cytokine
production by human epithelial cells. Further investigation revealed that the produc-
tion of IL-8, stimulated by H. pylori OMVs was dependent on detection of their
peptidoglycan cargo by the intracellular NOD1 receptor (Fig. 8.2, Kaparakis et al.
2010). Similarly, OMVs from the pathogen V. cholerae were found to induce the
production of IL-8 and granulocyte-macrophage colony-stimulating factor (GM-CSF)
in a NOD1-dependent manner (Fig. 8.2, Chatterjee and Chaudhuri 2013; Bielig et al.
2011). NOD2 is able to detect PG from both Gram-positive and Gram-negative
membrane vesicles, and has been shown to induce a pro-inflammatory immune
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Fig. 8.2. Bacterial membrane vesicles interact with PRRs on the surface and cytoplasm of host
cells to initiate an innate immune response. OMVs produced by E. coli, V. cholerae, and H. pylori,
for example, can interact with TLR4, TLR2, and TLR1/6 on the surface of the cell. OMVs produced
by H. pylori and A. actinomycetemcomitans can interact with NOD1 and NOD2, respectively. The
activation of these PRRs results in the induction of an intracellular signaling cascade that ultimately
results in the production of pro-inflammatory cytokines and chemokines
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response upon the detection of OMVs, such is the case for the pathogen
Aggregatibacter actinomycetemcomitans (Fig. 8.2, Thay et al. 2014). In addition,
OMVs from the Gram-negative pathogen Legionella pneumophila were found to
induce the production of a number of chemokines and cytokines by human alveolar
epithelial cells (Galka et al. 2008). OMVs from periodontal pathogens have also been
implicated in the progression of disease by interaction with epithelial cells, similarly to
the studies discussed above (Cecil et al. 2019).

Opportunistic pathogens can utilize OMVs as a virulence factor when
establishing disease. P. aeruginosa produces OMVs which can stimulate IL-8
production by primary human bronchial epithelial cells (Bauman and Kuehn
2006). OMVs from the opportunistic pathogen, A. baumannii were also found to
upregulate the production of a number of cytokines and chemokines by human epi-
thelial cells (Jun et al. 2013).

Lastly, OMVs derived from the commensal Gram-negative bacterium
Bacteroides fragilis have been shown to modify the expression of TLR2 and
TLR4 in epithelial cells, in addition to increasing the expression of anti-
inflammatory cytokines (Ahmadi Badi et al. 2019). OMVs from commensal and
probiotic E. coli can interact with epithelial cells and activate NOD1, leading to the
release of the pro-inflammatory cytokines IL-6 and IL-8 (Fig. 8.2, Canas et al. 2016).
Collectively, these studies demonstrate the complex role Gram-negative OMVs play
at the epithelium in immune tolerance, and conversely, in the initiation of an innate
immune response by pathogens.

8.2.2.5 Gram-Positive MVs Interact with Host Epithelial Cells

Conversely, a limited number of studies have demonstrated the immunogenic ability
of Gram-positive MVs. A proteomic study examining MVs produced by S. aureus
found that they are enriched in penicillin-binding proteins which contribute to
antibiotic resistance as well as proteins which have pathological functions during
infection (Lee et al. 2009). Later, it was demonstrated that S. aureusMVs can induce
inflammation in dermal fibroblasts, but not human epithelial cells, suggesting a
potential role for MVs in mediating inflammation during atopic dermatitis (Jun
et al. 2017). Another study found that MVs from S. aureus were able to enter and
induce host cell death in the human epithelial cell line (HEp-2) (Gurung et al. 2011).

In addition to epithelial cells, MVs are thought to interact with various other cell
types throughout the host, both immune and non-immune. Overall, bacterial mem-
brane vesicles are known to interact with epithelial cells and are thought to dissem-
inate throughout the host to interact with cells, such as macrophages, neutrophils,
and DCs, distal to the site of infection.
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8.3 Bacterial Membrane Vesicles Adhere to, Fuse and Enter
Host Cells to Mediate a Pro-Inflammatory Response

OMVs have been identified in a diverse range of host tissues, signifying their ability
to travel and exist in a range of environments in the host. In addition to interacting
with host surface PRRs, OMVs have been shown to adhere, fuse with, and enter host
cells in order to contribute to inflammation, pro-inflammatory immune response, and
mediate pathogenesis (Fig. 8.3, Bomberger et al. 2009; Furuta et al. 2009; Kaparakis
et al. 2010). Early studies demonstrated the ability of OMVs to fuse with host cells
and subsequently release their contents into the cytoplasm (Kadurugamuwa and
Beveridge 1998). More recent studies confirmed these findings, and additional
examples of OMV uptake into host cells were identified.
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Fig. 8.3 Bacterial membrane vesicles interact with epithelial cells via a range of different mech-
anisms to mediate pathogenesis in the host. OMVs and MVs enter host cells via lipid rafts. OMVs
can enter cells in a lipid-raft independent manner, via caveolin- or clathrin-mediated endocytosis,
macropinocytosis, or by TLR-mediated endocytosis. Adherence and entry into host cells results in
the production of pro-inflammatory cytokines and the recruitment of inflammatory innate immune
cells. Within epithelial cells, OMVs can be degraded by autophagy. These processes, as well as the
delivery of cytotoxic molecules by OMVs to the host cell can initiate the disruption of the epithelial
cell layer, allowing OMVs to enter the submucosa
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8.3.1 Lipid Raft-Dependent Entry of OMVs and MVs
into Epithelial Cells

The most commonly observed mechanism of entry for bacterial OMVs into
non-phagocytic host cells involves cholesterol-rich lipid rafts (Fig. 8.3). This has
been demonstrated for entry of OMVs produced by Gram-negative pathogens such
as enterotoxigenic E. coli, Campylobacter jejuni, H. pylori, H. influenzae,
P. aeruginosa, and P. gingivalis (Bauman and Kuehn 2009; Sharpe et al. 2011;
Kaparakis et al. 2010; Kesty et al. 2004; Elmi et al. 2012; Furuta et al. 2009;
Bomberger et al. 2009). Although not well-characterized, MVs are also thought to
enter host cells via cholesterol-rich lipid rafts (Gurung et al. 2011; Thay et al. 2013).

8.3.2 Lipid Raft-Independent Mechanisms of OMV Entry
into Epithelial Cells

OMVs have also been shown to enter host cells by mechanisms which are indepen-
dent of lipid rafts (Parker et al. 2010). Clathrin-mediated endocytosis of bacterial
OMVs into host cells can be triggered by receptor-mediated binding of ligands at the
cell surface and subsequent internalization (Fig. 8.3) (reviewed in O’Donoghue and
Krachler 2016). The internalization of clathrin-coated pits leads to degradation of the
material contained within these endocytic vacuoles (Rewatkar et al. 2015). Several
studies have identified OMV entry into host epithelial cells via clathrin-mediated
endocytosis, including OMVs produced by H. pylori (Olofsson et al. 2014). How-
ever, other studies have demonstrated that inhibition of clathrin-mediated endo-
cytosis did not abolish, but only reduced the entry of H. pylori OMVs into host
epithelial cells implying there are several mechanisms of entry into host cells (Parker
et al. 2010). Caveolin-mediated endocytosis has also been implicated in the uptake
of bacterial OMVs into host cells (Fig. 8.3, reviewed in O’Donoghue and Krachler
2016). Another suggested mechanism of OMV entry into host cells is by
macropinocytosis; however, this is not thought to be a deliberate process (Fig. 8.3,
Lim and Gleeson 2011). OMVs produced by P. aeruginosa have been shown to
enter airway epithelial cells by macropinocytosis (Bomberger et al. 2009). Further-
more, it has recently been shown that OMV size can regulate their mechanism of
entry into host cells, as H. pylori OMVs utilized distinct mechanisms of endocytosis
or micropinocytosis to enter host cells based on their size (Turner et al. 2018).
Collectively, these studies show that OMVs can utilize a range of mechanisms to
enter host cells, and their mechanism of entry may be regulated based on receptor-
mediated entry, OMV size or their content.
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8.3.3 Detection and Degradation of Intracellular OMVs
by Epithelial Cells

Until recently, the intracellular fate of OMVs following their entry into host cells
remained unknown. It was identified that upon entry into host epithelial cells,
H. pylori and P. aeruginosa OMVs were detected by the innate immune receptor
NOD1, resulting in the induction of an inflammatory response (Kaparakis et al.
2010). This finding was further supported by subsequent studies showing the ability
of V. cholerae OMVs to be detected by NOD1 and NOD2 which resulted in NF-ĸB
activation and the production of pro-inflammatory cytokines (Chatterjee and
Chaudhuri 2013; Bielig et al. 2011). It was later shown that NOD1 was essential
for the degradation of intracellular OMVs in host epithelial cells, as internalized
OMVs were degraded via the host cellular degradation pathway of autophagy in a
NOD1-dependent manner (Fig. 8.3, Irving et al. 2014). Specifically, the detection of
PG contained within H. pylori and P. aeruginosa OMVs by the immune receptor
NOD1, resulted in their degradation via autophagy (Fig. 8.3, Irving et al. 2014).
Therefore, despite OMVs having a range of mechanisms to enter host cells, they can
rapidly be degraded once intracellular via the host degradation pathway of
autophagy.

Alternatively, bacterial OMVs are not only restricted to interacting with the
mucosal cell surface or being internalized by host epithelial cells, as they are capable
of disrupting and passing the epithelial cell layer entirely (Fig. 8.3). This has been
demonstrated in studies using OMVs from Treponema denticola which can disrupt
intact epithelium as a means to further mediate pathogenesis in the host (Chi et al.
2003), discussed further below.

8.4 Bacterial Membrane Vesicles Are Cytotoxic
and Disrupt the Epithelial Cell Barrier

A significant aspect of pathogenesis is the invasion of bacteria or their products into
the host tissue. Bacterial membrane vesicles have a range of mechanisms whereby
they can function to destroy the epithelial cell barrier integrity and promote cell death
to ultimately create damage and promote disease in the host. These mechanisms
involve disruption of the epithelial cell barrier and having cytotoxic activities.

8.4.1 OMVs Are Cytotoxic to Host Cells

OMVs have been shown to disrupt the epithelial cell layer, enabling further penetra-
tion of bacteria and their products (Fig. 8.3). This has been observed for OMVs
including those derived from enterobacteria such as E. coli (Wai et al. 2003; Kouokam
et al. 2006), and the dental pathogens T. denticola and P. gingivalis (Chi et al. 2003;
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Nakao et al. 2014). Once OMVs disrupt the integrity of the epithelial cell layer and
gain access to the submucosa, they can interact directly with immune cells and
stimulate an inflammatory response (Fig. 8.3, Nakao et al. 2014).

In addition to the disruption of the epithelium, OMVs can interrupt division of
epithelial cells and induce death of innate immune cells, such as macrophages,
neutrophils, and DCs. For example, Acinetobacter baumannii was shown to deliver
cytotoxic OMVs to macrophages (Jin et al. 2011), and OMVs derived from
Actinobacillus actinomycetemcomitans contained leukotoxins which could kill
neutrophil-like cells in vitro (Kato et al. 2002). Moreover, C. jejuni OMVs contained
cytolethal distending toxin, which disrupted the epithelial cell layer by interrupting
cell division (Fig. 8.3, Lindmark et al. 2009).

Antibiotic treatment and stress of bacterial cells has widely been demonstrated to
affect the production of OMVs; however, only a few studies have addressed the
potential downstream immunostimulatory functions of these OMVs. One study
demonstrated that A. baumannii produced twofold more OMVs when treated with
antibiotics, and these OMVs had an altered proteome compared to control OMVs.
When stimulated with OMVs obtained from cells treated with antibiotic, human lung
carcinoma cells underwent severe apoptotic cell death, which is suggested to be
attributable to the differential expression of OMV proteins in the presence of
antibiotic stress (Yun et al. 2018). Collectively, these studies highlight the cytotoxic
potential of OMVs on host cells, and the ability of bacteria to modify the cytotoxic
abilities of OMVs during conditions of antibiotic stress, to ultimately mediate
pathogenesis in the host.

8.4.2 MVs Are Cytotoxic to Host Cells

Gram-positive MVs have been shown to also have cytotoxic effects on host cells.
MVs produced by S. aureus have been shown to deliver the α-haemolysin toxin to
host cells, inducing cell death (Thay et al. 2013). However, not all MVs of the same
genus are cytotoxic or pathogenic, highlighting that these MVs may have different
functions in vivo. For example, analysis of MVs from the Gram-positive resident
skin bacterium, Staphylococcus haemolyticus, revealed an enrichment of proteins
involved in the acquisition of iron by MVs from both commensal and pathogenic
S. haemolyticus (Cavanagh et al. 2018). However, MVs from a clinical isolate of a
coagulase-negative staphylococci strain were enriched in proteins involved in anti-
microbial resistance, such as β-lactamase and other virulence factors when compared
to MVs isolated from a commensal S. haemolyticus strain (Cavanagh et al. 2018).
This suggests that bacteria from the same genus can produce MVs which differ in
functions within the host. Therefore, it should be noted that MVs produced by a
number of commensal and probiotic strains are not cytotoxic to host epithelial cells
(Canas et al. 2016; Shen et al. 2012). This further demonstrates the dichotomy
between MVs produced by commensal and pathogenic microbes and their role in
host immunity and pathogenesis, and suggests that bacterial vesicles have a range of
functions in the host.
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8.5 Bacterial Membrane Vesicles Interact with Host Innate
Immune Cells

In addition to their interactions with epithelial cells and cytotoxic abilities, bacterial
OMVs have been shown to induce inflammatory responses in innate immune cells
such as macrophages, DCs, and neutrophils, which are phagocytic cells responsible
for detecting and responding to pathogens. These cells express PRRs, including
TLRs and NLRs at high levels (Kawai and Akira 2010). Due to their
immunostimulatory abilities, OMVs are thought to interact directly with immune
cells within the host and the mechanisms by which they interact with host immune
cells are discussed below.

8.5.1 OMVs Interact with Macrophages

A number of studies have examined the effects of OMVs on innate immune cells
such as macrophages. Analysis of macrophages from the lung tissue of patients
infected with L. pneumophila revealed OMVs within the cytoplasm, suggesting that
OMVs directly interact with macrophages in vivo (Jager et al. 2014). Another
intracellular pathogen, S. Typhimurium, is able to penetrate and divide within innate
immune cells. One study investigated the release of OMVs from S. Typhimurium
within macrophages, and showed that OMVs containing virulence proteins were
transported to the macrophage cytoplasm from within the Salmonella-containing
vacuole (Yoon et al. 2011). Additionally, OMVs from S. Typhimurium could
activate DCs and macrophages and stimulate their expression of a number of
inflammatory molecules, including TNFα and IL-12 (Alaniz et al. 2007).

OMVs produced by the oral pathogen P. gingivalis are thought to contribute to
atherosclerosis by inducing lipid droplet accumulation in macrophages (Qi et al.
2003). P. gingivalis OMVs have also been shown to induce the production of nitric
oxide and the expression of inducible nitric oxide synthase by mouse macrophages
to exacerbate disease (Imayoshi et al. 2011). Additionally, following treatment with
P. gingivalis OMVs, macrophages were shown to have reduced CD14 on their
surface (Duncan et al. 2004). CD14 is a co-receptor involved in TLR4-mediated
recognition of LPS, and therefore loss of CD14 results in a reduced immune
response to secondary E. coli LPS stimulation. These OMVs also suppressed
TNFα production, further illustrating the effects of OMVs on immune cells (Duncan
et al. 2004). Although detected by membrane-bound TLR4, cytoplasmic LPS can
also activate the intracellular sensor caspase-11 in mice and caspase-4/5 in human,
resulting in the release of IL-1β and pyroptotic cell death. A recent study reported the
ability of E. coli OMV-associated LPS to enter the cytosol of host macrophages
resulting in caspase-11 activation (Fig. 8.2, Gu et al. 2019). The transport of
OMV-associated LPS into the cytosol of macrophages required TLR4 activation
and occurred in a TIR domain-containing adaptor-inducing interferon-β (TRIF)-
dependent manner (Fig. 8.2, Gu et al. 2019).
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Similarly, P. aeruginosa OMVs have been shown to upregulate the production of
inflammatory cytokines such as macrophage inflammatory protein-2 (MIP-2), TNFα
and IL-6 in mouse macrophages (Ellis et al. 2010). H. pylori OMVs have also been
shown to promote IL-6 production by human peripheral blood mononuclear cells
(Winter et al. 2014) and Salmonella spp. OMVs induced production of TNF and
nitric oxide by mouse macrophages (Alaniz et al. 2007).

N. meningitidis OMVs have also been shown to induce cytokines and
chemokines such as CC-chemokine ligand 2 (CCL2), CCL3, CCL5, CXCL8
(IL-8), IL-1β, IL-6, IL-10, IL-12p40, IL-12p70, and TNF production in monocytes
and macrophages (Tavano et al. 2009). These OMVs also induced the production of
monocyte-derived thrombotic factors such as tissue factor and plasminogen activator
inhibitor 2. These molecules facilitate intravascular coagulation, microthrombosis,
and organ dysfunction which is observed during septicemia caused by this bacterium
(Tavano et al. 2009). Additionally, this study revealed that N. meningitidis OMVs
can activate macrophages to induce adaptive immune responses by the upregulation
of co-stimulatory molecules HLA-DR, CD80, and CD86, and intracellular adhesion
molecule 1 (ICAM1) (Tavano et al. 2009).

8.5.1.1 Anti-Inflammatory Effects of OMVs on Host Macrophages

Despite a number of pro-inflammatory properties, OMVs can also have anti-
inflammatory effects on macrophage precursor cells, known as monocytes. Neisseria
gonorrhoeae, the causative agent of gonorrhea in humans, has been shown to release
OMVs within the mucosa that contain PorB. PorB is a protein which targets the
macrophage mitochondrial membrane resulting in host cell death, thus down-
regulating the innate immune response to the pathogen (Deo et al. 2018). Moreover,
H. pylori OMVs induce the production of anti-inflammatory IL-10 by human
peripheral blood mononuclear cells to limit inflammation and bacterial clearance,
facilitating persistence of the pathogen (Winter et al. 2014). Similarly, Brucella
abortusOMVs inhibit TLR2, TLR4, and TLR5 responses, limit IFNγ-induced major
histocompatibility complex (MHC) class II expression, and promote the internal-
ization of B. abortus bacteria by monocytes in an effort to enhance pathogenesis
(Pollak et al. 2012). Overall, OMVs have been shown to interact with different cell
types, such as macrophages and monocytes to result in pro- or anti-inflammatory
responses; however, this has not been demonstrated as widely for Gram-
positive MVs.

8.5.2 OMVs and MVs Interact with Neutrophils

Similar to macrophages, neutrophil responses can be modulated by bacterial OMVs
in different ways. When stimulated with OMVs derived from N. meningitidis,
human neutrophils produced TNFα and IL-1β and exhibited upregulation of IL-8,
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CCL3, and CCL4 expression (Lapinet et al. 2000). Likewise, OMVs from
uropathogenic E. coli which contained a toxin, cytotoxic necrotizing factor type
1, impaired the phagocytic and chemotactic abilities of neutrophils (Davis et al.
2006). Additionally, E. coli OMVs were recently demonstrated to effectively recruit
neutrophils into the lung by stimulating the release of IL-8 in TLR4-dependent and
NF-ĸB manners (Fig. 8.3, Lee et al. 2018).

During cell death, neutrophils produce neutrophil extracellular traps (NETs)
which contain antimicrobial peptides, DNA, and histones. NETs are fibrous in
structure to assist in trapping and killing pathogens (Brinkmann et al. 2004).
OMVs produced by N. meningitidis and Histophilus somni induced neutrophil cell
death and NET formation resulting in the killing of these pathogens. Although
N. meningitidis OMVs induced NET formation, they also facilitated pathogen
colonization and may be a contributing factor to the substantial amount of OMVs
in patients with meningococcal disease (Lappann et al. 2013).

More recently, Gram-positive S. aureus MVs were also shown to activate neu-
trophils and induce an immune response. These MVs induced NET formation and
neutrophil cell death. Moreover, mice immunized with MVs had increased produc-
tion of antibodies such as immunoglobulin M (IgM) and total IgG, and were
protected against subsequent S. aureus challenge (Askarian et al. 2018). Collec-
tively, these studies reveal the multiple mechanisms whereby bacterial membrane
vesicles interact with neutrophils to ultimately facilitate the onset of pathogenesis in
the host.

8.5.3 OMVs Induce DC Maturation

In addition to their interactions with other immune cells, OMVs from pathogens
induce the maturation of DCs, which is important for antigen presentation and
adaptive immunity. DC maturation is characterized by their upregulation of MHC
class II and production of pro-inflammatory cytokines and chemokines (Inaba et al.
1990). N. meningitidis OMVs facilitate their own delivery and internalization into
DCs (Schultz et al. 2007), and are known to induce DC maturation, as characterized
by the upregulation of MHC class II and co-stimulatory molecules, and their
production of pro-inflammatory cytokines and chemokines (Durand et al. 2009).
Similarly, Salmonella spp. OMVs induced the expression of CD86 and MHC class II
on DCs, and their production of TNF and IL-12, as well as promoting protective T
and B cell responses (Alaniz et al. 2007). These studies demonstrate the abilities of
OMVs to induce DC maturation, leading to antigen presentation to further facilitate
an adaptive immune response.
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8.5.4 The Effects of Commensal OMVs on Innate Immune
Cells

The effects of commensal OMVs on various innate immune cells is of interest due to
their ability to traverse the epithelial cell layer (Chi et al. 2003). Commensal bacteria
have been long thought to shape the immune system, and maintain homeostasis
between tolerance and immunity (Macpherson and Harris 2004). The contributions
of bacterial OMVs and MVs to the host-commensal homeostatic balance is of
interest due to the versatility of bacterial vesicles. The Gram-negative commensal
B. fragilis was found to produce OMVs containing LPS, a well-characterized
MAMP. These OMVs were shown to have a protective effect against experimental
colitis in mice, by stimulating DCs through TLR2 to adopt an anti-inflammatory
profile (Shen et al. 2012). Additionally, OMVs from the commensal Bacteroides
thetaiotaomicron have been demonstrated to package and deliver BtMinpp (the
bacterial homolog of eukaryotic multiple inositol polyphosphate phosphatase 1)
into host cells. This is thought to have beneficial effects for both the host and the
bacterial community by providing the anticarcinogenic properties of BtMinpp and
nutrients, respectively (Stentz et al. 2014).

Conversely, B. thetaiotaomicron OMVs were demonstrated to enter and activate
mouse macrophages inducing an innate immune response, which may contribute to
pathogenesis involved in inflammatory bowel disease (Hickey et al. 2015). Further-
more, OMVs from Bacteroides vulgatus were found to induce semi-maturation of
bone marrow-derived cells (BMDCs). OMV-treated BMDCs had increased expres-
sion of MHC class II, CD40, CD80, and CD86 on their surface. After stimulation
with colitogenic E. coli, BMDCs treated with OMVs from B. vulgatus had
unchanged expression of MHC class II and secretion of TNF in the supernatant,
indicating the induction of tolerance to bacterial challenge (Maerz et al. 2018). This
study highlighted the role of commensal OMVs in immune cell priming. Collec-
tively, these studies highlight the broad and opposing roles of commensal OMVs in
host immunity, and their abilities to interact with innate immune cells to ultimately
shape the host immune response.

8.6 Interactions of OMVs with Endothelial Cells

In addition to interacting with epithelial cells and innate immune cells, OMVs have
been shown to interact with endothelial cells in a number of ways to initiate an
immune response. OMVs produced by E. coli induce the production of IL-6 (Soult
et al. 2013), tissue factor, thrombomodulin and adhesion molecules P- and E-selectin
(Soult et al. 2014) by human endothelial cells. This leads to the recruitment of
pro-inflammatory immune cells, platelet aggregation, and coagulation (Soult et al.
2013). E. coli-derived OMVs also upregulate the expression of ICAM1 and vascular
cell adhesion molecule 1 on the surface of human microvascular endothelial cells
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(Kim et al. 2013a). Mice injected intraperitoneally with these OMVs showed
neutrophil aggregation in the lung endothelium in an ICAM1- and TLR4-dependent
manner (Kim et al. 2013a).

As well as pro-inflammatory responses in the endothelium, OMVs from
P. gingivalis were demonstrated to downregulate inflammation in IFNγ-stimulated
endothelial cells. OMVs did this by inhibiting the upregulation of MHC class II
molecules on the host cell surface, thus limiting antigen presentation (Srisatjaluk
et al. 2002). Recently, another study revealed that P. gingivalis OMVs suppress
endothelial nitric oxide synthase (eNOS) expression in human umbilical vein endo-
thelial cells in vitro, which may contribute to cardiovascular disease (Jia et al. 2015).

The interaction of bacterial vesicles with host cells, including innate immune
cells, can lead to activation of the adaptive immune system. Bacterial vesicles have
also been described to interact with the adaptive immune system directly, which is
discussed below.

8.7 Adaptive Immune Responses to Bacterial Membrane
Vesicles

The adaptive immune system is responsible for generating a pathogen-specific
immune response that is capable of clearing the pathogen, in addition to generating
immune memory that can be reactivated when the host reencounters the pathogen.
Specifically, the adaptive immune system is responsible for the production of
antigen-specific T and B cells that can target the pathogen directly, or produce
pathogen-specific antibodies (Iwasaki and Medzhitov 2015). The hallmarks of this
system are the random generation of receptor specificities (T cell receptor and
immunoglobulins) by somatic recombination. This results in the possibility of
generating a nearly unlimited spectrum of antigen specificity. Populations of cells
with cognate receptors for the pathogen are selected and enriched by clonal selec-
tion, which means that specific activation of the cell bearing the receptor with the
highest affinity leads to its proliferation.

Phagocytic cells such as macrophages, DCs and B cells act as antigen-presenting
cells (APCs) in this process. These cells can present peptide antigens via surface
receptors (MHC class I and II), which can be recognized by naïve T lymphocytes,
leading to their activation, proliferation, and differentiation to effector cell subsets
(reviewed in Unanue 1984; Guermonprez et al. 2002; Rodriguez-Pinto 2005).
Helper T lymphocytes (CD4 positive cells) are also essential for the activation of
B cells and their differentiation into antigen producing plasma cells. Collectively, the
activation of the adaptive immune response results in the generation of memory T
and B cells which can confer long lived immunity, and is the basis for the idea of
bacterial membrane vesicles functioning as vaccines.
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8.7.1 Bacterial Membrane Vesicles Shape Adaptive Immunity

Due to their immune stimulating properties and vast evidence of their interactions
with the innate immune system, OMVs and MVs are thought to influence the hosts
adaptive immune response. OMVs from H. pylori were able to adsorb antibodies in
sera from infected patients, thus providing protection for the bacteria (Hynes et al.
2005). Following this, a number of in vivo studies have further revealed the
complexity of OMVs as vehicles for antigens and their initiation of adaptive immune
responses, which will be discussed here briefly.

8.7.2 Generation of OMV-Specific Protective Immune
Responses

Many in vivo studies have demonstrated the generation of specific antibody
responses to bacterial OMVs. For example, OMVs produced by N. meningitidis
induce the upregulation of MHC class II receptors as well as costimulatory mole-
cules such as CD80 (B7-1) and CD86 (B7-2) on macrophages (Tavano et al. 2009).
Furthermore, S. Typhimurium and V. cholerae OMVs were also described as an
abundant source of antigens, which could activate CD4+ T cells in order to generate
antibody-specific B cell responses (Alaniz et al. 2007; Chatterjee and Chaudhuri
2013). Specifically, in a mouse model of infection and sepsis, Burkholderia
pseudomallei OMVs administered subcutaneously were shown to induce serum
IgG and T helper 1 (Th1) cell responses (Nieves et al. 2011). A similar finding
was observed in mice immunized intraperitoneally with E. coli OMVs. Exposure to
OMVs from E. coli resulted in stimulation of T cell immunity primarily driven by
Th1 and Th17 cells (Kim et al. 2013b).

Mice vaccinated intramuscularly with OMVs produced by A. baumannii pro-
duced high levels of OMV-specific IgG antibodies, and subsequent challenge with
A. baumannii intranasally resulted in mucosal IgA and IgG responses in a pneumo-
nia model (Huang et al. 2014). These mice were also challenged with A. baumannii
intraperitoneally as a model for bacterial sepsis, and were found to have increased
survival when compared to the control group. In this study, mice passively immu-
nized intravenously with antiserum from vaccinated mice also had protection from
A. baumannii intranasal challenge. The antisera from immunized mice was also
shown to have opsonophagocytic properties and resulted in killing of numerous
clinical isolates of A. baumannii by macrophages in vitro (Huang et al. 2014).

Furthermore, OMVs produced by streptomycin resistant clinical strains of
nontypeable H. influenzae used to immunize mice both intranasally and intraperito-
neally resulted in robust IgG1 antibody production, and IgA production following
intranasal immunization. However, when intraperitoneally immunized mice were
challenged with H. influenzae strains, they were found to have a higher rate of
bacterial colonization when compared to intranasally immunized mice (Roier et al.
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2012). These reports demonstrate the shared capacity of OMVs from different
bacteria to induce OMV-specific immune responses in vivo.

8.7.3 OMVs Can Modulate B Cell Responses

OMVs have also been demonstrated to modulate B cell responses directly. OMVs
produced by M. catarrhalis were shown to contain an outer membrane protein
known as Moraxella immunoglobulin D binding protein (MID). MID is an antigen
which potently activates human tonsillar B cells via clustering of B cell receptors
which mediates endocytosis. TLR9 was also involved in detection of DNA asso-
ciated with these OMVs, which induced full B cell activation (Vidakovics et al.
2010). H. influenzae also uses a similar approach to modulate B cell responses, by
producing OMVs which sensitize B cells resulting in an increase in IgG and
IgM production; however, these antibodies do not recognize H. influenzae
(Deknuydt et al. 2014). In a manner independent of T cells, Neisseria lactamica
OMVs induce B cell proliferation (Vaughan et al. 2010) and polyclonal antibody
production (Vaughan et al. 2009) highlighting the versatile interactions of
OMVs with adaptive immune cells.

8.7.4 Gram-Positive MVs Mediate Adaptive Immune
Responses

Only a handful of studies have analyzed the effects of Gram-positive MVs on
mediating adaptive immunity. MVs produced by the pathogen Clostridium
perfringens have been shown to induce the production of high titer IgG1 in mice
(Jiang et al. 2014). Additionally, B. anthracis MVs have been demonstrated to
induce a robust IgM response in mice (Rivera et al. 2010). Mice immunized
intramuscularly with Streptococcus pneumoniae MVs were protected from intrana-
sal S. pneumoniae challenge. These mice had increased IgG levels, and increased
survival (Olaya-Abril et al. 2014).

S. aureus MVs administered intramuscularly or intravenously have been demon-
strated to induce protective immune responses in mice using various models of
infection including oropharyngeal or intravenous challenge, respectively, the latter
inducing a Th1-mediated response (Choi et al. 2015; Wang et al. 2018). It is because
of the antigenic properties of OMVs and MVs that bacterial membrane vesicles are
currently being considered as future vesicle vaccines.
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8.7.5 Development of OMVs and MVs for Use as Vaccines

Due to their ability to mediate innate and adaptive immune responses in vivo, OMVs
have been examined for their ability to confer protection against bacterial challenge
and refine their use as vaccine candidates. There are numerous studies that have
demonstrated the effect of OMVs on the adaptive immune system, with studies
demonstrating the ability of OMVs and MVs to mediate protection from infection,
sepsis, and death (Fantappie et al. 2014; Huang et al. 2014; Camacho et al. 2013;
Kim et al. 2013b). OMVs have also been proven to be effective at generating a
robust immune response and have been found to be more protective against live
challenge than vaccination using bacterial membrane fractions (Tavano et al. 2009).
In addition, vaccination with OMVs is more effective at generating a bactericidal
serum response in mice when compared to serum responses generated as a result of
infection alone (Zhu et al. 2005). There are many examples of the effective use of
OMVs and MVs as vaccine candidates, in addition to their future therapeutic
applications, and these are discussed in further detail in Chap. 10.

8.8 Conclusions and Perspectives

The innate and adaptive immune systems are complex, as are their interactions with
invading and commensal organisms. Bacterial membrane vesicles and their
immunostimulatory functions have not been fully characterized; however, studies
have examined their effects on host epithelial, innate and adaptive immune cells
(reviewed in Kaparakis-Liaskos and Ferrero 2015; Manning and Kuehn 2011).
OMVs from various bacterial species have been shown to induce a constant interplay
between pro-inflammatory and anti-inflammatory signals, and the overall response
can vary depending on the amount of OMVs, as well as their content (reviewed in
Kaparakis-Liaskos and Ferrero 2015). Bacterial OMVs are able to stimulate TLRs
and NLRs of host cells. Furthermore, OMVs and MVs have a wide variety of
inherent properties which can be beneficial to the pathogenic capabilities of their
parent bacteria, including their contributions to biofilm formation, and antibiotic and
host immune molecule defense (Tan et al. 2007; Jagels et al. 1996; Baumgarten et al.
2012; Schooling and Beveridge 2006; Yonezawa et al. 2009). Overall, the vast
mechanisms by which OMVs and MVs can interact with and contribute to immunity
and pathogenesis are only emerging at present, and further studies should aim to
understand the complex nature of membrane vesicle–immune interactions. This
knowledge may contribute to forthcoming nanoparticle technologies, whereby
OMVs and MVs can be utilized for therapeutics in addition to novel targets to
limit bacterial vesicle-mediated pathology.

180 E. L. Johnston et al.



References

Abachin E, Poyart C, Pellegrini E, Milohanic E, Fiedler F, Berche P, Trieu-Cuot P (2002)
Formation of D-alanyl-lipoteichoic acid is required for adhesion and virulence of Listeria
monocytogenes. Mol Microbiol 43(1):1–14

Ahmadi Badi S, Khatami SH, Irani SH, Siadat SD (2019) Induction effects of Bacteroides fragilis
derived outer membrane vesicles on toll like receptor 2, toll like receptor 4 genes expression and
cytokines concentration in human intestinal epithelial cells. Cell J 21(1):57–61

Akira S, Takeda K (2004) Toll-like receptor signaling. Nat Rev Immunol 4(7):499–511
Alaniz RC, Deatherage BL, Lara JC, Cookson BT (2007) Membrane vesicles are immunogenic

facsimiles of Salmonella Typhimurium that potently activate dendritic cells, prime B and T cell
responses, and stimulate protective immunity in vivo. J Immunol 179(11):7692–7701

Askarian F, Lapek JD Jr, Dongre M, Tsai CM, Kumaraswamy M, Kousha A, Valderrama JA,
Ludviksen JA, Cavanagh JP, Uchiyama S, Mollnes TE, Gonzalez DJ, Wai SN, Nizet V,
Johannessen M (2018) Staphylococcus aureus membrane-derived vesicles promote bacterial
virulence and confer protective immunity in murine infection models. Front Microbiol 9:262

Band VI, Weiss DS (2015) Mechanisms of antimicrobial peptide resistance in Gram-negative
bacteria. Antibiotics (Basel) 4(1):18–41

Barrington R, Zhang M, Fischer M, Carroll MC (2001) The role of complement in inflammation
and adaptive immunity. Immunol Rev 180:5–15

Bauman SJ, Kuehn MJ (2006) Purification of outer membrane vesicles from Pseudomonas
aeruginosa and their activation of an IL-8 response. Microbes Infect 8(9-10):2400–2408

Bauman SJ, Kuehn MJ (2009) Pseudomonas aeruginosa vesicles associate with and are internal-
ized by human lung epithelial cells. BMC Microbiol 9:26

Baumgarten T, Sperling S, Seifert J, von Bergen M, Steiniger F, Wick LY, Heipieper HJ (2012)
Membrane vesicle formation as a multiple-stress response mechanism enhances Pseudomonas
putida DOT-T1E cell surface hydrophobicity and biofilm formation. Appl Environ Microbiol
78(17):6217–6224

Bielig H, Rompikuntal PK, Dongre M, Zurek B, Lindmark B, Ramstedt M, Wai SN, Kufer TA
(2011) NOD-like receptor activation by outer membrane vesicles from Vibrio cholerae non-O1
non-O139 strains is modulated by the quorum-sensing regulator HapR. Infect Immun 79(4):
1418–1427

Boller T, Felix G (2009) A renaissance of elicitors: perception of microbe-associated molecular
patterns and danger signals by pattern-recognition receptors. Annu Rev Plant Biol 60:379–406

Bomberger JM, Maceachran DP, Coutermarsh BA, Ye S, O’Toole GA, Stanton BA (2009) Long-
distance delivery of bacterial virulence factors by Pseudomonas aeruginosa outer membrane
vesicles. PLoS Pathog 5(4):e1000382

Boxx GM, Cheng G (2016) The roles of type I interferon in bacterial infection. Cell Host Microbe
19(6):760–769

Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, Weinrauch Y,
Zychlinsky A (2004) Neutrophil extracellular traps kill bacteria. Science 303(5663):1532–1535

Bruno VM, Hannemann S, Lara-Tejero M, Flavell RA, Kleinstein SH, Galan JE (2009) Salmonella
Typhimurium type III secretion effectors stimulate innate immune responses in cultured epi-
thelial cells. PLoS Pathog 5(8):e1000538

Camacho AI, Irache JM, de Souza J, Sanchez-Gomez S, Gamazo C (2013) Nanoparticle-based
vaccine for mucosal protection against Shigella flexneri in mice. Vaccine 31(32):3288–3294

Canas MA, Gimenez R, Fabrega MJ, Toloza L, Baldoma L, Badia J (2016) Outer membrane
vesicles from the probiotic Escherichia coli Nissle 1917 and the commensal ECOR12 enter
intestinal epithelial cells via clathrin-dependent endocytosis and elicit differential effects on
DNA damage. PLoS One 11(8):e0160374

Cavanagh JP, Pain M, Askarian F, Bruun JA, Urbarova I, Wai SN, Schmidt F, Johannessen M
(2018) Comparative exoproteome profiling of an invasive and a commensal Staphylococcus
haemolyticus isolate. J Proteomics 197:106–114

8 Immunodetection and Pathogenesis Mediated by Bacterial Membrane Vesicles 181



Cecil JD, Sirisaengtaksin N, O’Brien-Simpson NM, Krachler AM (2019) Outer membrane vesicle-
host cell interactions. Microbiol Spectr 7(1)

Chatterjee D, Chaudhuri K (2013) Vibrio cholerae O395 outer membrane vesicles modulate
intestinal epithelial cells in a NOD1 protein-dependent manner and induce dendritic cell-
mediated Th2/Th17 cell responses. J Biol Chem 288(6):4299–4309

Chatterjee SN, Das J (1967) Electron microscopic observations on the excretion of cell-wall
material by Vibrio cholerae. J Gen Microbiol 49(1):1–11

Chi B, Qi M, Kuramitsu HK (2003) Role of dentilisin in Treponema denticola epithelial cell layer
penetration. Res Microbiol 154(9):637–643

Choi DS, Kim DK, Choi SJ, Lee J, Choi JP, Rho S, Park SH, Kim YK, Hwang D, Gho YS (2011)
Proteomic analysis of outer membrane vesicles derived from Pseudomonas aeruginosa. Prote-
omics 11(16):3424–3429

Choi SJ, Kim MH, Jeon J, Kim OY, Choi Y, Seo J, Hong SW, Lee WH, Jeon SG, Gho YS, Jee YK,
Kim YK (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(9):e0136021

Davis JM, Carvalho HM, Rasmussen SB, O’Brien AD (2006) Cytotoxic necrotizing factor type
1 delivered by outer membrane vesicles of uropathogenic Escherichia coli attenuates poly-
morphonuclear leukocyte antimicrobial activity and chemotaxis. Infect Immun 74(8):
4401–4408

Deknuydt F, Nordstrom T, Riesbeck K (2014) Diversion of the host humoral response: a novel
virulence mechanism ofHaemophilus influenzaemediated via outer membrane vesicles. J Leukoc
Biol 95(6):983–991

Deo P, Chow SH, Hay ID, Kleifeld O, Costin A, Elgass KD, Jiang JH, Ramm G, Gabriel K,
Dougan G, Lithgow T, Heinz E, Naderer T (2018) Outer membrane vesicles from Neisseria
gonorrhoeae target PorB to mitochondria and induce apoptosis. PLoS Pathog 14(3):e1006945

Duncan L, Yoshioka M, Chandad F, Grenier D (2004) Loss of lipopolysaccharide receptor CD14 from
the surface of human macrophage-like cells mediated by Porphyromonas gingivalis outer mem-
brane vesicles. Microb Pathog 36(6):319–325

Duperthuy M, Sjostrom AE, Sabharwal D, Damghani F, Uhlin BE, Wai SN (2013) Role of the
Vibrio cholerae matrix protein Bap1 in cross-resistance to antimicrobial peptides. PLoS Pathog
9(10):e1003620

Durand V, Mackenzie J, de Leon J, Mesa C, Quesniaux V, Montoya M, Le Bon A, Wong SY
(2009) Role of lipopolysaccharide in the induction of type I interferon-dependent cross-priming
and IL-10 production in mice by meningococcal outer membrane vesicles. Vaccine 27
(13):1912–1922

Elliott EI, Sutterwala FS (2015) Initiation and perpetuation of NLRP3 inflammasome activation and
assembly. Immunol Rev 265(1):35–52

Ellis TN, Kuehn MJ (2010) Virulence and immunomodulatory roles of bacterial outer membrane
vesicles. Microbiol Mol Biol Rev 74(1):81–94

Ellis TN, Leiman SA, Kuehn MJ (2010) Naturally produced outer membrane vesicles from
Pseudomonas aeruginosa elicit a potent innate immune response via combined sensing of
both lipopolysaccharide and protein components. Infect Immun 78(9):3822–3831

Elmi A,Watson E, Sandu P, Gundogdu O, Mills DC, Inglis NF, Manson E, Imrie L, Bajaj-Elliott M,
Wren BW, Smith DG, Dorrell N (2012) Campylobacter jejuni outer membrane vesicles play an
important role in bacterial interactions with human intestinal epithelial cells. Infect Immun
80(12):4089–4098

Fantappie L, de Santis M, Chiarot E, Carboni F, Bensi G, Jousson O, Margarit I, Grandi G (2014)
Antibody-mediated immunity induced by engineered Escherichia coli OMVs carrying hetero-
logous antigens in their lumen. J Extracell Vesicles 3

Faure E, Equils O, Sieling PA, Thomas L, Zhang FX, Kirschning CJ, Polentarutti N, Muzio M,
Arditi M (2000) Bacterial lipopolysaccharide activates NF-kappaB through toll-like receptor
4 (TLR-4) in cultured human dermal endothelial cells. Differential expression of TLR-4 and
TLR-2 in endothelial cells. J Biol Chem 275(15):11058–11063

182 E. L. Johnston et al.



Fiocca R, Necchi V, Sommi P, Ricci V, Telford J, Cover TL, Solcia E (1999) Release ofHelicobacter
pylori vacuolating cytotoxin by both a specific secretion pathway and budding of outer membrane
vesicles. Uptake of released toxin and vesicles by gastric epithelium. J Pathol 188(2):220–226

Fritz JH, Le Bourhis L, Sellge G, Magalhaes JG, Fsihi H, Kufer TA, Collins C, Viala J, Ferrero RL,
Girardin SE, Philpott DJ (2007) Nod1-mediated innate immune recognition of peptidoglycan
contributes to the onset of adaptive immunity. Immunity 26(4):445–459

Furuta N, Takeuchi H, Amano A (2009) Entry of Porphyromonas gingivalis outer membrane
vesicles into epithelial cells causes cellular functional impairment. Infect Immun 77(11):
4761–4770

Galka F, Wai SN, Kusch H, Engelmann S, Hecker M, Schmeck B, Hippenstiel S, Uhlin BE, Steinert
M (2008) Proteomic characterization of the whole secretome of Legionella pneumophila and
functional analysis of outer membrane vesicles. Infect Immun 76(5):1825–1836

Girardin SE, Boneca IG, Carneiro LA, Antignac A, Jehanno M, Viala J, Tedin K, Taha MK,
Labigne A, Zahringer U, Coyle AJ, DiStefano PS, Bertin J, Sansonetti PJ, Philpott DJ (2003a)
Nod1 detects a unique muropeptide from gram-negative bacterial peptidoglycan. Science
300(5625):1584–1587

Girardin SE, Boneca IG, Viala J, Chamaillard M, Labigne A, Thomas G, Philpott DJ, Sansonetti PJ
(2003b) Nod2 is a general sensor of peptidoglycan through muramyl dipeptide (MDP) detec-
tion. J Biol Chem 278(11):8869–8872

Gu L, Meng R, Tang Y, Zhao K, Liang F, Zhang R, Xue Q, Chen F, Xiao X, Wang H, Wang H,
Billiar TR, Lu B (2019) Toll-like receptor 4 signaling licenses the cytosolic transport of
lipopolysaccharide from bacterial outer membrane vesicles. Shock 51(2):256–265

Guermonprez P, Valladeau J, Zitvogel L, Thery C, Amigorena S (2002) Antigen presentation and T
cell stimulation by dendritic cells. Annu Rev Immunol 20:621–667

Gunn JS, Ryan SS, Van Velkinburgh JC, Ernst RK, Miller SI (2000) Genetic and functional
analysis of a PmrA-PmrB-regulated locus necessary for lipopolysaccharide modification, anti-
microbial peptide resistance, and oral virulence of Salmonella enterica serovar Typhimurium.
Infect Immun 68(11):6139–6146

Gurung M, Moon DC, Choi CW, Lee JH, Bae YC, Kim J, Lee YC, Seol SY, Cho DT, Kim SI, Lee
JC (2011) Staphylococcus aureus produces membrane-derived vesicles that induce host cell
death. PLoS One 6(11):e27958

Hickey CA, Kuhn KA, Donermeyer DL, Porter NT, Jin C, Cameron EA, Jung H, Kaiko GE,
Wegorzewska M, Malvin NP, Glowacki RW, Hansson GC, Allen PM, Martens EC,
Stappenbeck TS (2015) Colitogenic Bacteroides thetaiotaomicron antigens access host immune
cells in a sulfatase-dependent manner via outer membrane vesicles. Cell Host Microbe 17(5):
672–680

Holst J, Martin D, Arnold R, Huergo CC, Oster P, O’Hallahan J, Rosenqvist E (2009) Properties
and clinical performance of vaccines containing outer membrane vesicles from Neisseria
meningitidis. Vaccine 27(Suppl 2):B3–B12

Hood MI, Skaar EP (2012) Nutritional immunity: transition metals at the pathogen-host interface.
Nat Rev Microbiol 10(8):525–537

Huang W, Yao Y, Long Q, Yang X, Sun W, Liu C, Jin X, Li Y, Chu X, Chen B, Ma Y (2014)
Immunization against multidrug-resistant Acinetobacter baumannii effectively protects mice in
both pneumonia and sepsis models. PLoS One 9(6):e100727

Hynes SO, Keenan JI, Ferris JA, Annuk H, Moran AP (2005) Lewis epitopes on outer membrane
vesicles of relevance to Helicobacter pylori pathogenesis. Helicobacter 10(2):146–156

Imayoshi R, Cho T, Kaminishi H (2011) NO production in RAW264 cells stimulated with
Porphyromonas gingivalis extracellular vesicles. Oral Dis 17(1):83–89

Inaba K, Metlay JP, Crowley MT, Steinman RM (1990) Dendritic cells pulsed with protein antigens
in vitro can prime antigen-specific, MHC-restricted T cells in situ. J Exp Med 172(2):631–640

Inohara N, Nunez G (2001) The NOD: a signaling module that regulates apoptosis and host defense
against pathogens. Oncogene 20(44):6473–6481

8 Immunodetection and Pathogenesis Mediated by Bacterial Membrane Vesicles 183



Inohara N, Koseki T, Lin J, del Peso L, Lucas PC, Chen FF, Ogura Y, Nunez G (2000) An induced
proximity model for NF-kappa B activation in the Nod1/RICK and RIP signaling pathways. J Biol
Chem 275(36):27823–27831

Irving AT, Mimuro H, Kufer TA, Lo C,Wheeler R, Turner LJ, Thomas BJ, Malosse C, Gantier MP,
Casillas LN, Votta BJ, Bertin J, Boneca IG, Sasakawa C, Philpott DJ, Ferrero RL, Kaparakis-
Liaskos M (2014) The immune receptor NOD1 and kinase RIP2 interact with bacterial peptido-
glycan on early endosomes to promote autophagy and inflammatory signaling. Cell Host
Microbe 15(5):623–635

Ismail S, Hampton MB, Keenan JI (2003) Helicobacter pylori outer membrane vesicles modulate
proliferation and interleukin-8 production by gastric epithelial cells. Infect Immun 71(10):
5670–5675

Iwasaki A, Medzhitov R (2015) Control of adaptive immunity by the innate immune system.
Nat Immunol 16(4):343–353

Jagels MA, Travis J, Potempa J, Pike R, Hugli TE (1996) Proteolytic inactivation of the leukocyte
C5a receptor by proteinases derived from Porphyromonas gingivalis. Infect Immun 64(6):
1984–1991

Jager J, Marwitz S, Tiefenau J, Rasch J, Shevchuk O, Kugler C, Goldmann T, Steinert M (2014)
Human lung tissue explants reveal novel interactions during Legionella pneumophila infections.
Infect Immun 82(1):275–285

Janeway CA Jr, Medzhitov R (2002) Innate immune recognition. Annu Rev Immunol 20:197–216
Jia Y, Guo B, Yang W, Zhao Q, Jia W, Wu Y (2015) Rho kinase mediates Porphyromonas

gingivalis outer membrane vesicle-induced suppression of endothelial nitric oxide synthase
through ERK1/2 and p38 MAPK. Arch Oral Biol 60(3):488–495

Jiang Y, Kong Q, Roland KL, Curtiss R 3rd (2014) Membrane vesicles of Clostridium perfringens
type A strains induce innate and adaptive immunity. Int J Med Microbiol 304(3-4):431–443

Jin JS, Kwon SO, Moon DC, Gurung M, Lee JH, Kim SI, Lee JC (2011) Acinetobacter baumannii
secretes cytotoxic outer membrane protein A via outer membrane vesicles. PLoS One 6(2):
e17027

Joiner KA (1988) Complement evasion by bacteria and parasites. Annu Rev Microbiol 42:201–230
Jun SH, Lee JH, Kim BR, Kim SI, Park TI, Lee JC, Lee YC (2013) Acinetobacter baumannii outer

membrane vesicles elicit a potent innate immune response via membrane proteins. PLoS One
8(8):e71751

Jun SH, Lee JH, Kim SI, Choi CW, Park TI, Jung HR, Cho JW, Kim SH, Lee JC (2017)
Staphylococcus aureus-derived membrane vesicles exacerbate skin inflammation in atopic
dermatitis. Clin Exp Allergy 47(1):85–96

Kadurugamuwa JL, Beveridge TJ (1995) Virulence factors are released from Pseudomonas
aeruginosa in association with membrane vesicles during normal growth and exposure to
gentamicin: a novel mechanism of enzyme secretion. J Bacteriol 177(14):3998–4008

Kadurugamuwa JL, Beveridge TJ (1998) Delivery of the non-membrane-permeative antibiotic
gentamicin into mammalian cells by using Shigella flexneri membrane vesicles. Antimicrob
Agents Chemother 42(6):1476–1483

Kanneganti TD, LamkanfiM, Nunez G (2007) Intracellular NOD-like receptors in host defense and
disease. Immunity 27(4):549–559

Kaparakis M, Turnbull L, Carneiro L, Firth S, Coleman HA, Parkington HC, Le Bourhis L,
Karrar A, Viala J, Mak J, Hutton ML, Davies JK, Crack PJ, Hertzog PJ, Philpott DJ, Girardin
SE, Whitchurch CB, Ferrero RL (2010) Bacterial membrane vesicles deliver peptidoglycan to
NOD1 in epithelial cells. Cell Microbiol 12(3):372–385

Kaparakis-Liaskos M, Ferrero RL (2015) Immune modulation by bacterial outer membrane vesi-
cles. Nat Rev Immunol 15(6):375–387

Kato S, Kowashi Y, Demuth DR (2002) Outer membrane-like vesicles secreted by Actinobacillus
actinomycetemcomitans are enriched in leukotoxin. Microb Pathog 32(1):1–13

Kawai T, Akira S (2008) Toll-like receptor and RIG-I-like receptor signaling. Ann N Y Acad Sci
1143:1–20

Kawai T, Akira S (2010) The role of pattern-recognition receptors in innate immunity: update on
Toll-like receptors. Nat Immunol 11(5):373–384

184 E. L. Johnston et al.



Keenan J, Day T, Neal S, Cook B, Perez-Perez G, Allardyce R, Bagshaw P (2000) A role for the
bacterial outer membrane in the pathogenesis of Helicobacter pylori infection. FEMSMicrobiol
Lett 182(2):259–264

Kesty NC, Mason KM, Reedy M, Miller SE, Kuehn MJ (2004) Enterotoxigenic Escherichia coli
vesicles target toxin delivery into mammalian cells. EMBO J 23(23):4538–4549

Kim JH, Yoon YJ, Lee J, Choi EJ, Yi N, Park KS, Park J, Lotvall J, Kim YK, Gho YS (2013a)
Outer membrane vesicles derived from Escherichia coli up-regulate expression of endothelial
cell adhesion molecules in vitro and in vivo. PLoS One 8(3):e59276

Kim OY, Hong BS, Park KS, Yoon YJ, Choi SJ, Lee WH, Roh TY, Lotvall J, Kim YK, Gho YS
(2013b) Immunization with Escherichia coli outer membrane vesicles protects bacteria-induced
lethality via Th1 and Th17 cell responses. J Immunol 190(8):4092–4102

Kouokam JC, Wai SN, Fallman M, Dobrindt U, Hacker J, Uhlin BE (2006) Active cytotoxic
necrotizing factor 1 associated with outer membrane vesicles from uropathogenic Escherichia
coli. Infect Immun 74(4):2022–2030

Kulp A, Kuehn MJ (2010) Biological functions and biogenesis of secreted bacterial outer mem-
brane vesicles. Annu Rev Microbiol 64:163–184

Kumar H, Kawai T, Akira S (2009) Toll-like receptors and innate immunity. Biochem Biophys Res
Commun 388(4):621–625

Lapinet JA, Scapini P, Calzetti F, Perez O, Cassatella MA (2000) Gene expression and production
of tumor necrosis factor alpha, interleukin-1beta (IL-1beta), IL-8, macrophage inflammatory
protein 1alpha (MIP-1alpha), MIP-1beta, and gamma interferon-inducible protein 10 by
human neutrophils stimulated with group B meningococcal outer membrane vesicles.
Infect Immun 68(12):6917–6923

Lappann M, Danhof S, Guenther F, Olivares-Florez S, Mordhorst IL, Vogel U (2013) In vitro
resistance mechanisms of Neisseria meningitidis against neutrophil extracellular traps.
Mol Microbiol 89(3):433–449

Lee EY, Choi DY, Kim DK, Kim JW, Park JO, Kim S, Kim SH, Desiderio DM, Kim YK, Kim KP,
Gho YS (2009) Gram-positive bacteria produce membrane vesicles: proteomics-based charac-
terization of Staphylococcus aureus-derived membrane vesicles. Proteomics 9(24):5425–5436

Lee J, Yoon YJ, Kim JH, Dinh NTH, Go G, Tae S, Park KS, Park HT, Lee C, Roh TY, Di Vizio D,
Gho YS (2018) Outer membrane vesicles derived from Escherichia coli regulate neutrophil
migration by induction of endothelial IL-8. Front Microbiol 9:2268

Lim JP, Gleeson PA (2011) Macropinocytosis: an endocytic pathway for internalising large gulps.
Immunol Cell Biol 89(8):836–843

Lindmark B, Rompikuntal PK, Vaitkevicius K, Song T, Mizunoe Y, Uhlin BE, Guerry P, Wai SN
(2009) Outer membrane vesicle-mediated release of cytolethal distending toxin (CDT) from
Campylobacter jejuni. BMC Microbiol 9:220

Macdonald IA, Kuehn MJ (2013) Stress-induced outer membrane vesicle production by Pseudo-
monas aeruginosa. J Bacteriol 195(13):2971–2981

Macpherson AJ, Harris NL (2004) Interactions between commensal intestinal bacteria and the
immune system. Nat Rev Immunol 4(6):478–485

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

Manning AJ, Kuehn MJ (2011) Contribution of bacterial outer membrane vesicles to innate
bacterial defense. BMC Microbiol 11:258

Martinon F, Burns K, Tschopp J (2002) The inflammasome: a molecular platform triggering
activation of inflammatory caspases and processing of proIL-beta. Mol Cell 10(2):417–426

McBroom AJ, Kuehn MJ (2007) Release of outer membrane vesicles by Gram-negative bacteria is
a novel envelope stress response. Mol Microbiol 63(2):545–558

McBroom AJ, Johnson AP, Vemulapalli S, Kuehn MJ (2006) Outer membrane vesicle production
by Escherichia coli is independent of membrane instability. J Bacteriol 188(15):5385–5392

Medzhitov R, Janeway CA Jr (1997) Innate immunity: the virtues of a nonclonal system of
recognition. Cell 91(3):295–298

8 Immunodetection and Pathogenesis Mediated by Bacterial Membrane Vesicles 185



Milward MR, Chapple IL, Wright HJ, Millard JL, Matthews JB, Cooper PR (2007) Differential
activation of NF-kappaB and gene expression in oral epithelial cells by periodontal pathogens.
Clin Exp Immunol 148(2):307–324

Moskowitz SM, Ernst RK, Miller SI (2004) PmrAB, a two-component regulatory system of
Pseudomonas aeruginosa that modulates resistance to cationic antimicrobial peptides and
addition of aminoarabinose to lipid A. J Bacteriol 186(2):575–579

Nakao R, Takashiba S, Kosono S, Yoshida M, Watanabe H, Ohnishi M, Senpuku H (2014) Effect
of Porphyromonas gingivalis outer membrane vesicles on gingipain-mediated detachment of
cultured oral epithelial cells and immune responses. Microbes Infect 16(1):6–16

Namork E, Brandtzaeg P (2002) Fatal meningococcal septicaemia with “blebbing”meningococcus.
Lancet 360(9347):1741

Nieves W, Asakrah S, Qazi O, Brown KA, Kurtz J, Aucoin DP, McLachlan JB, Roy CJ, Morici LA
(2011) A naturally derived outer-membrane vesicle vaccine protects against lethal pulmonary
Burkholderia pseudomallei infection. Vaccine 29(46):8381–8389

O’Donoghue EJ, Krachler AM (2016) Mechanisms of outer membrane vesicle entry into host cells.
Cell Microbiol 18(11):1508–1517

Olaya-Abril A, Prados-Rosales R, McConnell MJ, Martin-Pena R, Gonzalez-Reyes JA, Jimenez-
Munguia I, Gomez-Gascon L, Fernandez J, Luque-Garcia JL, Garcia-Lidon C, Estevez H,
Pachon J, Obando I, Casadevall A, Pirofski LA, Rodriguez-Ortega MJ (2014) Characterization
of protective extracellular membrane-derived vesicles produced by Streptococcus pneumoniae.
J Proteome 106:46–60

Olofsson A, Nygard Skalman L, Obi I, Lundmark R, Arnqvist A (2014) Uptake of Helicobacter
pylori vesicles is facilitated by clathrin-dependent and clathrin-independent endocytic path-
ways. MBio 5(3):e00979–e00914

Parker H, Chitcholtan K, Hampton MB, Keenan JI (2010) Uptake of Helicobacter pylori outer
membrane vesicles by gastric epithelial cells. Infect Immun 78(12):5054–5061

Pathirana RD, Kaparakis-Liaskos M (2016) Bacterial membrane vesicles: biogenesis, immune
regulation and pathogenesis. Cell Microbiol 18(11):1518–1524

Peschel A, Jack RW, Otto M, Collins LV, Staubitz P, Nicholson G, Kalbacher H, Nieuwenhuizen
WF, Jung G, Tarkowski A, van Kessel KP, van Strijp JA (2001) Staphylococcus aureus
resistance to human defensins and evasion of neutrophil killing via the novel virulence factor
MprF is based on modification of membrane lipids with l-lysine. J Exp Med 193(9):1067–1076

Peterson LW, Artis D (2014) Intestinal epithelial cells: regulators of barrier function and immune
homeostasis. Nat Rev Immunol 14(3):141–153

Pollak CN, Delpino MV, Fossati CA, Baldi PC (2012) Outer membrane vesicles from Brucella
abortus promote bacterial internalization by human monocytes and modulate their innate
immune response. PLoS One 7(11):e50214

Qi M, Miyakawa H, Kuramitsu HK (2003) Porphyromonas gingivalis induces murine macrophage
foam cell formation. Microb Pathog 35(6):259–267

Ren D, Walker AN, Daines DA (2012) Toxin-antitoxin loci vapBC-1 and vapXD contribute to
survival and virulence in nontypeable Haemophilus influenzae. BMC Microbiol 12:263

Renelli M, Matias V, Lo RY, Beveridge TJ (2004) DNA-containing membrane vesicles of Pseudo-
monas aeruginosa PAO1 and their genetic transformation potential. Microbiology 150(Pt 7):
2161–2169

Rewatkar PV, Parton RG, Parekh HS, Parat MO (2015) Are caveolae a cellular entry route for
non-viral therapeutic delivery systems? Adv Drug Deliv Rev 91:92–108

Rhee KJ, Sethupathi P, Driks A, Lanning DK, Knight KL (2004) Role of commensal bacteria in
development of gut-associated lymphoid tissues and preimmune antibody repertoire. J Immunol
172(2):1118–1124

Rivera J, Cordero RJ, Nakouzi AS, Frases S, Nicola A, Casadevall A (2010) Bacillus anthracis
produces membrane-derived vesicles containing biologically active toxins. Proc Natl Acad Sci
U S A 107(44):19002–19007

Robinson MJ, Sancho D, Slack EC, LeibundGut-Landmann S, Reis e Sousa C (2006) Myeloid
C-type lectins in innate immunity. Nat Immunol 7(12):1258–1265

Rodriguez-Pinto D (2005) B cells as antigen presenting cells. Cell Immunol 238(2):67–75

186 E. L. Johnston et al.



Roier S, Leitner DR, Iwashkiw J, Schild-Prufert K, Feldman MF, Krohne G, Reidl J, Schild S
(2012) Intranasal immunization with nontypeable Haemophilus influenzae outer membrane
vesicles induces cross-protective immunity in mice. PLoS One 7(8):e42664

Rus H, Cudrici C, Niculescu F (2005) The role of the complement system in innate immunity.
Immunol Res 33(2):103–112

Schooling SR, Beveridge TJ (2006) Membrane vesicles: an overlooked component of the matrices
of biofilms. J Bacteriol 188(16):5945–5957

Schroder K, Zhou R, Tschopp J (2010) The NLRP3 inflammasome: a sensor for metabolic danger?
Science 327(5963):296–300

Schultz H, Hume J, Zhang DS, Gioannini TL, Weiss JP (2007) A novel role for the bactericidal/
permeability increasing protein in interactions of gram-negative bacterial outer membrane blebs
with dendritic cells. J Immunol 179(4):2477–2484

Schwechheimer C, Kuehn MJ (2015) Outer-membrane vesicles from Gram-negative bacteria:
biogenesis and functions. Nat Rev Microbiol 13(10):605–619

Sharpe SW, Kuehn MJ, Mason KM (2011) Elicitation of epithelial cell-derived immune effectors
by outer membrane vesicles of nontypeable Haemophilus influenzae. Infect Immun 79(11):
4361–4369

Shen Y, Giardino Torchia ML, Lawson GW, Karp CL, Ashwell JD, Mazmanian SK (2012) Outer
membrane vesicles of a human commensal mediate immune regulation and disease protection.
Cell Host Microbe 12(4):509–520

Shi J, Zhao Y,Wang Y, GaoW, Ding J, Li P, Hu L, Shao F (2014) Inflammatory caspases are innate
immune receptors for intracellular LPS. Nature 514(7521):187–192

Soult MC, Lonergan NE, Shah B, KimWK, Britt LD, Sullivan CJ (2013) Outer membrane vesicles
from pathogenic bacteria initiate an inflammatory response in human endothelial cells. J Surg
Res 184(1):458–466

Soult MC, Dobrydneva Y, Wahab KH, Britt LD, Sullivan CJ (2014) Outer membrane vesicles alter
inflammation and coagulation mediators. J Surg Res 192(1):134–142

Srisatjaluk R, Kotwal GJ, Hunt LA, Justus DE (2002) Modulation of gamma interferon-induced
major histocompatibility complex class II gene expression by Porphyromonas gingivalis mem-
brane vesicles. Infect Immun 70(3):1185–1192

Stappenbeck TS, Hooper LV, Gordon JI (2002) Developmental regulation of intestinal angio-
genesis by indigenous microbes via Paneth cells. Proc Natl Acad Sci U S A 99(24):
15451–15455

Stentz R, Osborne S, Horn N, Li AW, Hautefort I, Bongaerts R, Rouyer M, Bailey P, Shears SB,
Hemmings AM, Brearley CA, Carding SR (2014) A bacterial homolog of a eukaryotic inositol
phosphate signaling enzyme mediates cross-kingdom dialog in the mammalian gut. Cell Rep
6(4):646–656

Stephens DS, Edwards KM, Morris F, McGee ZA (1982) Pili and outer membrane appendages on
Neisseria meningitidis in the cerebrospinal fluid of an infant. J Infect Dis 146(4):568

Takeuchi O, Akira S (2010) Pattern recognition receptors and inflammation. Cell 140(6):805–820
Tan TT, Morgelin M, Forsgren A, Riesbeck K (2007) Haemophilus influenzae survival during

complement-mediated attacks is promoted by Moraxella catarrhalis outer membrane vesicles.
J Infect Dis 195(11):1661–1670

Tavano R, Franzoso S, Cecchini P, Cartocci E, Oriente F, Arico B, Papini E (2009) The membrane
expression of Neisseria meningitidis adhesin A (NadA) increases the proimmune effects of
MenB OMVs on human macrophages, compared with NadA-OMVs, without further stimulat-
ing their proinflammatory activity on circulating monocytes. J Leukoc Biol 86(1):143–153

Thay B, Wai SN, Oscarsson J (2013) Staphylococcus aureus alpha-toxin-dependent induction of
host cell death by membrane-derived vesicles. PLoS One 8(1):e54661

Thay B, Damm A, Kufer TA, Wai SN, Oscarsson J (2014) Aggregatibacter actinomycetemcomitans
outer membrane vesicles are internalized in human host cells and trigger NOD1- and NOD2-
dependent NF-kappaB activation. Infect Immun 82(10):4034–4046

Thomas CJ, Schroder K (2013) Pattern recognition receptor function in neutrophils. Trends
Immunol 34(7):317–328

8 Immunodetection and Pathogenesis Mediated by Bacterial Membrane Vesicles 187



Turner L, Bitto NJ, Steer DL, Lo C, D’Costa K, Ramm G, Shambrook M, Hill AF, Ferrero RL,
Kaparakis-Liaskos M (2018) Helicobacter pylori outer membrane vesicle size determines their
mechanisms of host cell entry and protein content. Front Immunol 9:1466

Unanue ER (1984) Antigen-presenting function of the macrophage. Annu Rev Immunol 2:395–428
Vanaja SK, Russo AJ, Behl B, Banerjee I, Yankova M, Deshmukh SD, Rathinam VAK (2016)

Bacterial outer membrane vesicles mediate cytosolic localization of LPS and caspase-11
activation. Cell 165(5):1106–1119

Vaughan AT, Gorringe A, Davenport V, Williams NA, Heyderman RS (2009) Absence of mucosal
immunity in the human upper respiratory tract to the commensal bacteria Neisseria lactamica but
not pathogenic Neisseria meningitidis during the peak age of nasopharyngeal carriage. J Immunol
182(4):2231–2240

Vaughan AT, Brackenbury LS, Massari P, Davenport V, Gorringe A, Heyderman RS, Williams NA
(2010) Neisseria lactamica selectively induces mitogenic proliferation of the naive B cell pool
via cell surface Ig. J Immunol 185(6):3652–3660

Vidakovics ML, Jendholm J, Morgelin M, Mansson A, Larsson C, Cardell LO, Riesbeck K (2010)
B cell activation by outer membrane vesicles—a novel virulence mechanism. PLoS Pathog 6(1):
e1000724

Wai SN, Lindmark B, Soderblom T, Takade A, Westermark M, Oscarsson J, Jass J, Richter-
Dahlfors A, Mizunoe Y, Uhlin BE (2003) Vesicle-mediated export and assembly of pore-forming
oligomers of the enterobacterial ClyA cytotoxin. Cell 115(1):25–35

Wang X, Thompson CD, Weidenmaier C, Lee JC (2018) Release of Staphylococcus aureus
extracellular vesicles and their application as a vaccine platform. Nat Commun 9(1):1379

Wells JM, Rossi O, Meijerink M, van Baarlen P (2011) Epithelial crosstalk at the microbiota-
mucosal interface. Proc Natl Acad Sci U S A 108(Suppl 1):4607–4614

Winter J, Letley D, Rhead J, Atherton J, Robinson K (2014)Helicobacter pylorimembrane vesicles
stimulate innate pro- and anti-inflammatory responses and induce apoptosis in Jurkat T cells.
Infect Immun 82(4):1372–1381

Yonezawa H, Osaki T, Kurata S, Fukuda M, Kawakami H, Ochiai K, Hanawa T, Kamiya S (2009)
Outer membrane vesicles of Helicobacter pylori TK1402 are involved in biofilm formation.
BMC Microbiol 9:197

Yoon H, Ansong C, Adkins JN, Heffron F (2011) Discovery of Salmonella virulence factors trans-
located via outer membrane vesicles to murine macrophages. Infect Immun 79(6): 2182–2192

Young GM, Schmiel DH, Miller VL (1999) A new pathway for the secretion of virulence factors by
bacteria: the flagellar export apparatus functions as a protein-secretion system. Proc Natl Acad
Sci U S A 96(11):6456–6461

Yun SH, Park EC, Lee SY, Lee H, Choi CW, Yi YS, Ro HJ, Lee JC, Jun S, Kim HY, Kim GH, Kim
SI (2018) Antibiotic treatment modulates protein components of cytotoxic outer membrane
vesicles of multidrug-resistant clinical strain, Acinetobacter baumannii DU202. Clin Proteo-
mics 15:28

Zhu W, Thomas CE, Chen CJ, Van Dam CN, Johnston RE, Davis NL, Sparling PF (2005)
Comparison of immune responses to gonococcal PorB delivered as outer membrane vesicles,
recombinant protein, or Venezuelan equine encephalitis virus replicon particles. Infect Immun
73(11):7558–7568

188 E. L. Johnston et al.



Chapter 9
Membrane Vesicles from the Gut
Microbiota and Their Interactions
with the Host

Josefa Badia and Laura Baldomà

Abstract Gut microbiota plays an essential role in maintaining intestinal homeo-
stasis and human health. Microbiota establishes a complex network of dynamic and
reciprocal interactions with the intestinal epithelium and immune system. The mucin
layer that covers the epithelium prevents luminal bacteria from accessing host cells.
Thus, microbiota–host communication mainly relies on secreted factors and mem-
brane vesicles (MVs), which can cross the inner mucus layer and reach the epithe-
lium. This chapter focuses on the role of microbiota-secreted MVs as key players in
signaling processes in the intestinal mucosa. This is an emerging research topic, with
the first reports dating from 2012. Microbiota-derived MVs are involved in inter-
species communication in the gut, between bacteria and between microbiota and
host. Here we present current knowledge on the mechanisms used by microbiota
MVs to assist and control the gut microbial community and to modulate host
immune and defense responses. Constant stimulation of immune receptors by
microbiota MVs results in tightly controlled inflammation that contributes to
tolerogenic responses essential to maintaining intestinal homeostasis. Moreover,
gut microbiota MVs are emerging as physical vehicles for distribution and delivery
of bacterial effectors to distal tissues in human health and disease.
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GI gastrointestinal
HFD high-fat diet
IBD inflammatory bowel disease
IECs intestinal epithelial cells
iNOS inducible nitric oxide synthase
LPS lipopolysaccharide
MAMPs microbial-associated molecular patterns
miRNAs microRNAs
MMP matrix metalloprotease
MUC mucin
MVs membrane vesicles
ncRNAs non coding RNAs
NOD nucleotide-binding oligomerization domain protein
PGN peptidoglycan
PRRs pattern-recognition receptors
PSA polysaccharide A
RIP2 receptor-interacting protein 2
TFF-3 trefoil factor 3
Th T helper
TLRs tol-like receptors
TNBS 2,4,6-trinitrobenzene sulfonic acid
Treg regulatory T cells
ZO zonula occludens

9.1 Gut Microbiota

Gut microbiota refers to the entire set of microbial communities that colonize the
human gastrointestinal (GI) tract. This community is mainly composed of bacteria,
but other groups such as archaea, fungi, protozoa, and viruses are also represented.
Recent advances in omics technologies such as metagenomics, transcriptomics, and
proteomics are currently being applied to study intestinal microbial ecology at a
molecular level. From these studies, we have learned that the gut microbiome
comprises more than three million genes, which greatly exceed and complement
the genetic information encoded by the human genome (Qin et al. 2010). Microbiota-
encoded products provide trophic, metabolic, and protective signals that are benefi-
cial to the host. In fact, the gut microbiota is considered as a “hidden organ” as it plays
fundamental roles in intestinal homeostasis and human health (Jandhyala et al. 2015).
There is strong scientific evidence that the gut microbiota exerts pivotal functions by
regulating food digestion, maintaining the intestinal epithelial barrier, and contribut-
ing to immune system functions and development (Thursby and Juge 2017; Cani
2018). Moreover, commensal bacteria help to protect the host against pathogens
through mechanisms that include secretion of antimicrobial factors, competition for
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binding sites, reduction of intraluminal pH and enhancing host immune responses
(Llewellyn and Foey 2017). Alterations in normal gut microbiota biodiversity
(dysbiosis) have been associated with a wide range of illnesses including inflamma-
tory bowel disease (IBD), allergic and immune disorders, metabolic diseases (insulin
resistance and obesity), and cancer (Vindigni et al. 2016; Baothman et al. 2016;
Gopalakrishnan et al. 2018). The high plasticity of the human microbiome provides
new opportunities for therapeutic strategies aimed at modulating the composition of
the gut microbiota that is altered in certain pathologies (Shanahan 2011; Maguire and
Maguire 2019). One such approach to modulate the host microbiota is the adminis-
tration of probiotics.

The intestinal ecosystem is characterized by dynamic and reciprocal interactions
between the microbiota, the epithelium, and the host immune system. The capacity
of cells of the intestinal mucosa to discriminate between pathogens and commensal
bacteria is a key issue. The host response to pathogens is characterized by rapid
recognition of the pathogen combined with innate (inflammatory) and adaptive
immune responses. This leads to pathogen eradication, at the cost of significant
tissue damage. The response to symbiotic microbiota is known as tolerance: a
process that encompasses a complex combination of microbe recognition and highly
regulated innate and adaptive immune responses. This dichotomy in the host
response is fundamental on the surface of the intestinal mucosa that is massively
colonized by a diverse population of bacteria (Bron et al. 2011).

The gastrointestinal epithelial layer is the surface where the host interacts with
microbiota. This epithelium creates a physical and biochemical barrier between gut
microbiota and host. Several mechanisms are involved in the epithelial barrier
function such as: (1) secretion of the mucin layer that covers the epithelial surface
and avoids direct contact with gut microbes, (2) secretion of antimicrobial peptides,
and (3) formation of tight junctions between intestinal epithelial cells that separate
the host tissue from the luminal ecosystem.

Intestinal epithelial cells (IECs) play an important role in sensing microbial
signals. Upon activation, these cells release signaling molecules that communicate
the information to the intestinal immune cells, which trigger appropriate immune
responses (reviewed by Turner 2009; Wells et al. 2011; Peterson and Artis 2014).
Detection of gut microbes by IECs depends on specific immune receptors, known as
pattern recognition receptors (PRRs) that specifically recognize conserved
microbial-associated molecular patterns (MAMPs). Toll-like receptors (TLRs) are
transmembrane proteins. TLRs located at the plasma membrane (TLR1, TLR2,
TLR4, and TLR5) recognize extracellular components of bacteria, viruses, or
fungi, whereas intracellular TLRs (TLR3, TLR7, TLR8, and TLR9), mainly found
in endosomes and lysosomes, recognize internalized microbial DNA or RNA
(Kawai and Akira 2010). There are also cytosolic receptors such as nucleotide-
binding oligomerization domain protein 1 (NOD1) and NOD2 that are activated by
peptidoglycan (PGN) fragments of Gram-negative and/or Gram-positive bacteria
(Philpott et al. 2014). Other cytosolic receptors are part of the protein complex
known as inflammasome, whose main function is the activation of caspase-1, which
in turn activates the inflammatory cytokines IL-1β and IL-8 (reviewed in Thaiss et al.
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2014). Interaction of PRRs with their specific ligand activates signaling cascades that
lead not only to the release of chemokines and cytokines that communicate the
information to the intestinal immune cells, but also to the secretion of antimicrobial
peptides that help to control the gut microbial population. This feedback control is
essential in limiting immune activation and maintaining mutualistic associations
between bacteria and the host.

In addition to the intestinal epithelium, other cells of the innate immune system
such as dendritic cells (DCs) of the lamina propria contribute to the sampling of gut
microbes. DCs are antigen-presenting cells that can contact the luminal environment
through the inner mucosal lining. These phagocytic cells sense intestinal microbes
through their PRRs and act as messengers for the rest of the immune system through
antigen presentation and release of immune mediators. DCs ensure intestinal homeo-
stasis by tuning host immune responses in the gut and they are involved in immu-
nological tolerance to gut microbiota (reviews of the topic in Belkaid and Hand
2014; Caballero and Pamer 2015). In response to beneficial gut microbes, DCs
induce proliferation of anti-inflammatory regulatory FoxP3 T cells (Treg), which
contribute to maintaining immune intestinal homeostasis (Geuking et al. 2011; Jia
et al. 2018). Alterations in microbiota may have an impact on immune mucosal
tolerance by negatively affecting the Treg response, which in turn leads to the
development of intestinal inflammatory pathologies.

Given the complexity of the gut microbiota and its interaction with host intestinal
cells, elaborated regulatory mechanisms are required to ensure symbiosis and avoid
aberrant responses that lead to pathological states. Many studies have focused on the
signaling pathways, regulatory proteins, and transcription factors activated by
microbiota to modulate intestinal homeostasis (Caballero and Pamer 2015). An
emerging topic is the role of host microRNAs (miRNAs) as key players in the
host–microbiota interplay and in cell-to-cell communication. The miRNAs are small
noncoding RNAs (20–25 nucleotides) that, after maturation, associate with the
RNA-induced silencing complex and regulate the expression of target mRNAs
through binding to sequences at the 30-UTR region. This interaction triggers
mRNA degradation or blocks translation. Therefore, miRNA are posttranscriptional
regulators that allow signaling pathways to be tightly controlled. The miRNAs are
involved in the control of multiple cellular processes, including the immune
response. In this context, many studies indicate that microbiota and miRNAs
regulate each other. Gut bacteria (either commensal or pathogens) have a great
impact on miRNAs expression, and host miRNAs shape and regulate gut microbiota
(Masotti 2012; Runtsch et al. 2014; Celluzzi and Masotti 2016; Feng et al. 2018;
Aguilar et al. 2018).
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9.2 Role of Microbiota-Secreted Membrane Vesicles
in Interspecies Communication in the Gut

The gut microbiota is not in direct contact with the epithelium. Both cell types are
physically separated by the mucus layer, which is structured in two sections. The
inner dense mucus layer is closely linked to IECs and acts as a highly efficient barrier
that prevents bacteria from reaching the intestinal epithelium (Johansson et al. 2011;
Vaishnava et al. 2011). In addition to this protective role, the inner mucus layer also
contributes to maintaining the outer mucus layer, which is highly dynamic and in
close contact with the microbiota. The external mucus layer can be degraded by
specific bacteria of the gut microbiota and thus needs to be constantly renewed.
Goblet cells are the main source of secreted mucin (MUC2), whose production is
upregulated by TLR signaling in response to its degradation by commensals or other
mechanical sources (Faderl et al. 2015). In addition to the MUC2 structure, spatial
separation between the microbiota and the intestinal epithelium is maintained by
soluble factors with antimicrobial activity that are secreted by the epithelium, such as
β-defensin which is active against Gram-negative bacteria, RegIIIγ lectin that is
active against Gram-positive bacteria, and IgA that is secreted by immune cells.
Since access of the microbiota to the intestinal epithelium is limited by the inner
mucin layer, communication with the host mainly depends on microbiota-secreted
factors (metabolites, proteins, and vesicles) that can go through the mucin layer and
reach host cells at the intestinal mucosal surface.

All bacteria release extracellular membrane vesicles (MVs) as a mechanism of
communication between species. MVs are nanoscale bilayer structures derived from
the bacterial membranes (see Chaps. 2 and 3). They are part of a secretion mecha-
nism that allows long-distance delivery of bacterial active compounds in a protected
environment, avoiding direct intercellular contact. MVs comprise components of the
bacterial membrane, cytosolic proteins, metabolites, DNA, and RNA. MVs from
Gram-negative bacteria also include outer membrane and periplasmic biomolecules
(Guerrero-Mandujano et al. 2017). The functions of MVs are versatile, including
bacterial response to stress, quorum sensing, biofilm formation, and interspecies
communication (bacteria–bacteria and bacteria–host dialog) (Schwechheimer and
Kuehn 2015). In the last 20 years, numerous studies have focused on MVs from
Gram-negative pathogens, showing that these structures act as vehicles for the
delivery of cytotoxic/virulence factors and mediators that alter the host immune
response (reviewed in Kaparakis-Liaskos and Ferrero 2015).

In this chapter, we will focus on gut microbiota-derived vesicles. This is an
emerging topic, with the first reports of microbial-derived MVs dating from 2012
(Shen et al. 2012; López et al. 2012). Most studies deal with Gram-negative com-
mensals of the genus Bacteroides (B. fragilis and B. thetaiotaomicron), Akkermansia
muciniphila, and intestinal Escherichia coli isolates including the probiotic strain
E. coli Nissle 1917 (EcN). Studies on MVs from Gram-positive beneficial gut
microbes are limited and mostly centered on probiotics of the genus Lactobacillus
and Bifidobacterium (reviewed in Liu et al. 2018). Due to the membrane structure of
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Gram-positive bacteria, their MVs lack lipopolysaccharide (LPS) and periplasmic
components, although they carry similar types of cargo molecules as Gram-negative
MVs including PGN, lipids, proteins, and nucleic acids (Brown et al. 2015). The
effects exerted by microbiota-derived MVs depend on their bacterial origin and
cargo. Therefore, some of their effects are strain-specific. Proteomic studies have
revealed that vesicles released by probiotic and commensal strains contain proteins
that contribute to intestinal barrier and immune modulation and proteins that help to
compete for colonization and bacterial survival in the harmful environment of the GI
tract (Lee et al. 2007; Aguilera et al. 2014; Elhenawy et al. 2014; Domínguez Rubio
et al. 2017; Li et al. 2017; Zakharzhevskaya et al. 2017). The first proteomic analysis
of MVs released by beneficial gut bacteria was performed with the probiotic EcN
(Aguilera et al. 2014). Some of the identified proteins are encoded by strain-specific
genes, and most of them are fitness factors that contribute to adhesion to host tissues
and to bacterial survival in the GI tract. In this context, EcN vesicles harbor the porin
NanC, whose expression is induced by N-acetylneuraminic acid, one of the most
abundant sialic acids of eukaryote cell membranes. Sialic acids can be used by enteric
bacterial pathogens as carbon and nitrogen sources (Vimr et al. 2004; Severi et al.
2007). By this mechanism EcN MVs could compete with enteric pathogens for
colonization of the intestinal tract. Furthermore, there is a set of identified proteins
that are common to MVs secreted by Gram-negative pathogens and probiotic bacte-
ria. The main group of these common probiotic/pathogen vesicular proteins is
cytoplasmic proteins, and a high number of them are metabolic enzymes classified
as moonlighting proteins that have different functions depending on the cell location
(Aguilera et al. 2014). Examples of these moonlighting proteins are enolase, glycer-
aldehyde-3-phosphate dehydrogenase, fructose-bisphosphate aldolase, or succinyl-
CoA synthase.

Regarding the presence of metabolic enzymes in bacterial MVs, a comparative
study based on proteomics and metabolomics approaches has found great differ-
ences between vesicles isolated from genetically related pathogenic and commensal
B. fragilis strains (Zakharzhevskaya et al. 2017). MVs from the nonpathogenic strain
are enriched in enzymes required for polysaccharide utilization. In contrast, MVs
from the pathogenic strain contain, in addition to virulence factors, a larger number
of enzymes involved in energy-producing metabolic pathways such as glycolysis
and the tricarboxylic acid cycle. The activity of the vesicular enzymes and trans-
porters was validated by fluxomic experiments with isotope-labeled glucose
(13C-glucose), thus confirming that these pathways are fully operative in pathogen-
derived MVs. The associated metabolic activity provides vesicles released by
pathogens with energy for long persistence in the human GI tract (Zakharzhevskaya
et al. 2017). The proteomic analysis of MVs isolated from the Gram-positive
probiotic Lactobacillus casei BL23 corroborates the presence of numerous proteins
that fit the profile of Gram-negative derived vesicles, including envelope associated
proteins, metabolic enzymes, transporters, and ribosomal components. The presence
of adhesins and proteins known to mediate the effects of this probiotic reinforces the
role of MVs in the bacteria–gut interaction (Dominguez Rubio et al. 2017).
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9.2.1 Contribution of Gut Microbiota-Derived MVs
to the Intestinal Ecosystem

Several studies highlight the role of enzymes released through microbiota MVs in
the colonization of the human gut (Donaldson et al. 2016). Once released into the
intestinal lumen, MVs can affect the surroundings distantly from their parent cells.
These MV triggered changes can be used by the parental bacterium to their own
benefit or even to help other members of the microbiota community. As an example,
MVs secreted by commensals of the Bacteroides genus deliver to the intestinal
environment enzymes of the hydrolase class (glycosylases and proteases) that
catalyze the breakdown of complex polysaccharides (Fig. 9.1a). This metabolic
activity generates products that can be used as a source of nutrients by other
members of the gut microbiota, which in turn produce short chain fatty acids that
are beneficial to the host (Elhenawy et al. 2014). MVs from certain Bacteroides
strains can also distribute sulfatases that help in the degradation of mucin glycans by
other bacterial hydrolases (Hickey et al. 2015). As Bacteroides MVs are equipped
with a wide range of hydrolytic enzymes, they can assist the gut microbial commu-
nity in the acquisition of nutrients and favor symbiosis between the gut microbiota
and the host (Rakoff-Nahoum et al. 2014; Elhenawy et al. 2014). Other vesicle
associated-enzymes can be detrimental to the host. For instance, packaging of
β-lactamases into Bacteroides MVs provides a mechanism for spreading antibiotic
resistance to other microbiota members and to enteric pathogens (Stentz et al. 2015).

Studies performed in B. thetaiotaomicron showed that released MVs carry
enzymes involved in the assimilation of dietary inositol polyphosphates (InsP6)
present in vegetables (Stentz et al. 2014). In the luminal GI tract, InsP6 chelate
divalent cations and inhibit polysaccharide digestion. The human gut lacks enzymes
(phytases) that can dephosphorylate this kind of molecules. Therefore, assimilation
of luminal InsP6 depends on enzymes provided by the gut microbiota (Fig. 9.1a).
These bacterial enzymes are homologs of the mammalian InsP6 phosphatase and are
widely distributed among resident gut bacteria (Stentz et al. 2014). In addition to this
metabolic role in dietary InsP6, the bacterial enzyme also participates in inter-
kingdom signaling (see Sect. 9.2.2).

Besides metabolic roles, microbiota-derived MVs can promote competitive inter-
ference among related bacterial species. It is known that gut microbiota releases a
wide range of antimicrobial peptides as a mechanism to persist and compete with
other members of the microbial community. A study performed with B. fragilis
strains showed that secretion of the antimicrobial peptide known as BSAP-1
(Bacteroidales secreted antimicrobial protein 1), which displays inhibitory activity
against other Bacteroidales of the human gut, is mediated by MVs (Chatzidaki-
Livanis et al. 2014). This peptide contains the membrane attack complex/perforin
(MACPF) domain present in host immune mediators that can kill pathogens and
virus-infected cells. Proteins with the MACF domain generate pores in the mem-
brane of sensitive target cells, causing increased membrane permeability (Fig. 9.1a).
Furthermore, MVs secreted by pathogens also serve as a vehicle to secrete
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hydrophobic quorum sensing molecules (Brameyer et al. 2018). However, no studies
have been reported to date concerning this role for microbiota-derived MVs.

9.2.2 Contribution of Gut Microbiota-Derived MVs
to Inter-Kingdom Signaling

Microbiota MVs enclose biological components that exist in their parent bacteria. In
particular, these vesicles contain a high number of MAMPs that are recognized by
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PRRs expressed by epithelial and immune cells. As stated above, these receptors are
key components of innate immunity as they sense gut microbes and trigger appro-
priate immune responses (Turner 2009). In the intestinal lumen, microbiota-released
vesicles diffuse through the mucus layer and reach the intestinal epithelium. Surface-
associated MAMPs (LPS, lipoproteins, and extracellular polysaccharides) can inter-
act with extracellular PRRs to trigger the activation of signaling cascades that
ultimately regulate defense and immune responses (Kawai and Akira 2010;
Kaparakis-Liaskos and Ferrero 2015). In addition, bacterial MVs are internalized
by IECs through endocytic pathways (O’Donoghue and Krachler 2016). By this
mechanismMVs allow the intracellular delivery of MAMPs (DNA, RNA, and PGN)
that bind intracellular receptors activating signaling pathways that control host
responses (Kaparakis-Liaskos and Ferrero 2015). Microbiota MVs can also interact
with cells of the innate immune system, especially DCs, which in turn coordinate
appropriate immune responses transmitting the information to cells of the adaptive
immune system (Belkaid and Hand 2014; Caballero and Pamer 2015) (Fig. 9.1b). A
detailed explanation of the mechanisms whereby bacterial membrane vesicles inter-
act with the innate immune system can be found in Chap. 8.

Modulation of the innate immune system by gut microbiota plays an essential role
in maintaining gut homeostasis by favoring quick responses against pathogens in
addition to preserving tolerance to commensal bacteria. MVs released by resident
gut microbiota share a number of MAMPs with vesicles secreted by enteric patho-
gens, and hence can activate the same downstream signaling pathways. Therefore,
inflammatory responses should be tightly controlled to avoid aberrant responses
against commensal microbiota. Some specific microbiota vesicular components such
as B. fragilis polysaccharide A (PSA) trigger TLR-mediated signaling events that
restrain host immune responses and allow commensal gut colonization (Round et al.
2011). Concerning cytosolic immune receptors, NOD receptors were first discovered
as a defense mechanism against bacterial pathogens and the subsequent host inflam-
matory responses. However, it is suggested that NODs may also play a role in
maintaining intestinal homeostasis as mutations that impair NOD2 activity or
expression have been associated with chronic inflammatory and autoimmune dis-
eases (Philpott et al. 2014; Feerick and McKernan 2016; Chu 2017).

The integrity of the epithelial barrier is also critical in maintaining homeostasis in
the body. Several diseases are associated with the increased intestinal permeability
that follows the disruption of gut epithelial tight junctions (Suzuki 2013). This
mechanism is also used by certain enteric pathogens, either bacteria or viruses, to
help their dissemination into host tissues (Lu et al. 2013). It is well known that the
gut microbiota plays a relevant role in maintaining the intestinal barrier, by either
modulating epithelial tight junctions or by enhancing host defense mechanisms
(Jandhyala et al. 2015). The ability of microbiota MVs to reinforce epithelial tight
junctions has been reported for certain commensal E. coli and A. muciniphila strains
(Fig. 9.1b) (Alvarez et al. 2016; Chelakkot et al. 2018). Moreover, MVs released by
commensal E. coli and L. plantarum strains trigger upregulation of host defense
genes that encode secreted peptides with antimicrobial activity, such as β-defensin
(Fábrega et al. 2016) or C-type lectins (Li et al. 2017). In the intestinal tract,
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microbiota-derived MVs allow the sensing and delivery of microbial products that
steadily prime the host innate immune system (Shen et al. 2012; Fábrega et al. 2016;
Cañas et al. 2018). In this context, constant stimulation of immune receptors by MVs
released by beneficial gut microbes may result in controlled basal inflammation that
contributes to appropriate defense and immune responses against pathogens and,
ultimately, to intestinal homeostasis (Cañas et al. 2018; Molina-Tijeras et al. 2019).

Components of microbiota MVs other than MAMPs can also modulate signal
transduction pathways. As stated above, MVs from the commensal
B. thetaiotaomicron carry InsP6 phosphatase. In addition to a role in dietary InsP6
metabolism, the bacterial enzyme can also modulate cellular functions and gastro-
intestinal physiology (Fig. 9.1b). Upon internalization in IECs, MVs intracellularly
deliver InsP6 phosphatase that interacts with the inositol signaling pathway of the
host cell, leading to an increase in inositol-3-phosphate levels and the subsequent
release of Ca2+ from intracellular stores. Thus, OMVs contribute to inter-kingdom
cell-to-cell cross talk triggering intracellular Ca2+-signaling pathways in intestinal
epithelial cells (Stentz et al. 2014).

The connection between gut commensal MVs and the host enteric nervous
system has been reported for L. rhamnosus JB-1. In addition to immunomodulatory
effects, released L. rhamnosusMVs mediate the functional effects of this commensal
on peristalsis through nerve-dependent regulation of colon migrating motor com-
plexes (Fig. 9.1b). The modulation of this neuronal response by L. rhamnosus JB-1
MVs was observed in ex vivo experiments performed with colonic explants but not
by direct neuronal stimulation. This finding highlights the role of IECs in inter-
kingdom signaling between bacterial MVs and the enteric neuronal system
(Al-Nedawi et al. 2015). The study reveals the ability of certain gut commensal
MVs to communicate with local neurons indirectly through signals released by the
intestinal epithelium. The nature of both the vesicular bacterial effector and the
epithelium-derived signal remains unknown.

Other studies also point to the connection of microbiota MVs with the host
metabolism. As stated above, metabolomic approaches have revealed that bacterial
MVs contain a set of metabolites (Zakharzhevskaya et al. 2017). The metabolite
content of B. thetaiotaomicron MVs was analyzed, and the putative role of the
packaged metabolites was predicted by in silico approaches. This study revealed that
B. thetaiotaomicronMVs are enriched with metabolites known to facilitate intestinal
colonization, and interestingly with metabolites that can be incorporated into mouse
metabolic pathways (Bryant et al. 2017). This is the first study showing that vesicles
from a prominent gut commensal selectively contain metabolites that are useful for
the mammalian host, although the specific effects on the host metabolism have yet to
be confirmed (Fig. 9.1b).

The RNA content of microbiota-derived MVs has been linked with regulatory
functions affecting host epigenome and gene expression (Celluzzi and Masotti
2016). The first data on RNA sequences found in E. coli MVs revealed that the
associated RNA is enriched in noncoding small RNA molecules (ncRNAs), which
differ from bacterial intracellular RNAs (Ghosal et al. 2015). Interestingly, many
extracellular ncRNA sequences align to the human genome, mostly in regions
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related to epigenetic mechanisms such as histone modification and chromatin
remodeling or with cell-specific transcriptional control (Celluzzi and Masotti
2016). Changes in the epigenetic profile induced by the environment (diet, physical
activity, drugs, etc.) have a great impact on gene expression and disease develop-
ment. In this context, delivery of bacterial ncRNA through MVs might be used as a
mechanism to exert multiple effects on host gene expression, contributing to host
health in the case of gut beneficial microbes, or the onset of diseases in the case of
pathogens or imbalanced microbiota (Fig. 9.1b). The role of bacterial small RNAs
secreted through MVs in the dysregulation of host immune responses has been
reported in pathogenic bacteria (Koeppen et al. 2016; Choi et al. 2017), suggesting
that this may also be possible for microbiota-derived MVs.

9.3 MVs in Microbiota–Host Interaction at the Intestinal
Mucosa

9.3.1 Interaction with Intestinal Epithelial Cells

Internalization Pathways Direct and indirect evidence proves that bacterial MVs
are taken up by host epithelial cells. Most studies on this topic have been performed
with MVs from Gram-negative pathogens. The uptake of pathogen-derived MVs
into epithelial cells is mainly driven by endocytosis. This process involves invagi-
nation of the cell membrane and occurs through different pathways depending on the
surface and cargo of the vesicles. Endocytic pathways can be classified into two
main groups: clathrin-mediated endocytosis (CME) and clathrin-independent path-
ways that include lipid raft-mediated processes (O’Donoghue and Krachler 2016).
These pathways involve endosomal compartments with different surfaces that allow
sorting of internalized vesicle cargo to various subcellular locations. CME depends
on a complex protein network including clathrin and dynamin as key components
(Vercauteren et al. 2010). Lipid rafts are dynamic membrane microdomains rich in
cholesterol, sphingolipids, and proteins such as caveolin or flotillin and are associ-
ated with distinct internalization pathways that are cholesterol sensitive
(O’Donoghue and Krachler 2016). The endocytic pathway of MVs depends on the
presence of vesicular components (proteins, toxins, or surface structures) that target
the MVs to specific receptors in the host cell membrane (Kesty et al. 2004;
O’Donoghue et al. 2017). More than one pathway mediates the internalization of
some MVs, like those from Helicobacter pylori (Olofsson et al. 2014; Turner et al.
2018). Membrane fusion and micropinocytosis have also been implicated in the
uptake of certain bacterial MVs by host cells (O’Donoghue and Krachler 2016).
Micropinocytosis is an actin-driven process shown to be involved in the uptake of
large MVs from H. pylori (Turner et al. 2018). Despite the structural differences
between the membrane of bacterial vesicles and that of host eukaryotic cells,
membrane fusion has been shown to direct entry of Listeria monocytogenes MVs
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into host cells (Jager et al. 2014). This mechanism has also been described for
Pseudomonas aeruginosa MVs (Bomberger et al. 2009). An assay based on fluo-
rescence resonance energy transfer has been used to study bacterial and host factors
that determine the vesicle internalization pathway, kinetics, and efficiency
(O’Donoghue et al. 2017). One factor that has a great impact on the selection and
kinetics of the entry route is the lipopolysaccharide O antigen present in the MV
surface. Gram-negative MVs lacking the O antigen need surface protein receptors in
the host cell membrane for their entry, whereas the presence of the O antigen allows
MVs entry through receptor-independent uptake pathways (O’Donoghue et al.
2017).

In the first decade of the twenty-first century, there have been numerous studies
on the internalization pathway of pathogen-derived MVs in epithelial cells. The
study of microbiota-derived MVs uptake started later and was principally focused on
Escherichia coli, which is found as part of normal human gut microbiota. The first
study on this topic was performed with MVs from the probiotic EcN and the
commensal ECOR12 strains (Cañas et al. 2016). EcN is a good colonizer of the
human gut with beneficial effects on intestinal homeostasis and microbiota balance.
This probiotic strain belongs to the phylogenetic group B2, associated with virulent
strains that cause extraintestinal infections. In fact, EcN shares a common ancestor
with E. coli uropathogenic strains. During evolution, EcN lost virulence factors but
preserved fitness factors that confer competence to survive in the human gut
(Vejborg et al. 2010; Toloza et al. 2015). ECOR12 is an intestinal isolate that
belongs to phylogenetic group A, which is mostly associated with nonpathogenic
E. coli strains (Ochman and Selander 1984). Uptake analysis of fluorescent-labeled
MVs in human intestinal epithelial cell lines in the presence of endocytosis inhibitors
showed that EcN and ECOR12 MVs enter epithelial cells via CME (Fig. 9.2).
Disruption of lipid rafts and caveolae domains by cholesterol-sequestering agents
have no effect on the vesicle uptake by HT-29 or Caco-2 cells, whereas vesicle
internalization is severely impaired by CME inhibitors (Cañas et al. 2016). Follow-
ing the intracellular trafficking through CME pathway, internalized MVs reach
lysosomal compartments. Consistently intracellular MVs colocalize with clathrin
and specific markers of early endosomes and lysosomes (Cañas et al. 2016). A study
performed with an EcN tolR mutant that displays a hypervesiculating phenotype
evidenced that typical MVs are internalized by epithelial cells, whereas aberrant
membranous structures are not. Cryo-transmission electron microscopy analysis of
isolated MVs from wild-type EcN and the tolR isogenic mutant showed substantial
structural heterogeneity in EcN tolR samples. In addition to common MVs (outer
membrane vesicles and outer-inner membrane vesicles), aberrant vesicular structures
were observed. Analysis of MV uptake in Caco-2 cells evidenced that mutant-
derived MVs exhibit lower internalization levels than wild-type MVs due to the
reduced capacity of EcN tolR-derived MVs to bind host cell membrane (Pérez-Cruz
et al. 2016). These findings prove that EcN MVs interact with their target(s) in the
host cell membrane, a key step before being taken up by epithelial cells through
CME. In contrast, circularized broken membranes or artifacts generated during
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Fig. 9.2 Schematic representation of immunomodulatory effects elicited by microbiota-derived
MVs in the gut. The drawing shows the structure of the intestinal barrier in which the mucin layer
maintains segregation between luminal microbes and the intestinal epithelium. Gut microbiota
(represented by ellipses) reside in the outer mucus layer. MVs (small black circles) can diffuse
through the inner mucus layer (dotted lines) and reach the epithelium. Immune cells (lymphocytes,
macrophages, and dendritic cells) in the lamina propria are shown below the epithelial monolayer.
Microbiota MVs exert immune modulation through two main mechanisms. Indirect activation of
immune cells through the intestinal epithelium. MVs from EcN and ECOR12 are taken up by
intestinal epithelial cells (IECs) and trigger secretion of epithelial mediators (asterisks), which in
turn activate underlying immune cells that secrete a wide range of cytokines. Activation of the
NOD1 signaling pathway by internalized EcN and ECOR12 MVs is presented in more detail. MVs
enter IECs by clathrin-mediated endocytosis and recruit NOD1 (dark blue cylinders) to early
endosomes. Activated NOD1 interacts with the specific kinase RIP2 (red hexagons), leading to
NF-κB activation and its translocation into the nucleus. This transcription factor upregulates host
genes involved in the inflammatory response (IL-6, IL-8). Direct activation of dendritic cells (DCs)
by MVs from B. bifidum and B. fragilis promotes a Treg response that contributes to immune
tolerance. Activation of IECs and immune cells by microbiota MVs provides a controlled physi-
ological mechanism for priming of the innate immune system
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bacterial cell lysis are not properly targeted to these sites, and therefore cannot
mediate the functional effects attributed to conventional MVs.

Effects on Cell Viability In contrast to MVs from pathogenic E. coli strains MVs
derived from EcN and ECOR12 do not affect cell viability nor promote oxidative
stress, but they do reduce cell proliferation of intestinal epithelial cells. Flow
cytometry analysis of epithelial cells showed that microbiota E. coli MVs promote
S/G2 cell cycle arrest in HT-29 cells, an effect that is consistent with their inhibitory
effect on cell growth. Although these MVs have not been observed in the nuclei,
EcN MVs specifically promote double-stranded breaks in host cell DNA. MVs from
the commensal strain ECOR12 do not induce such lesions (Cañas et al. 2016). In the
probiotic EcN, both genotoxic and immunomodulatory effects have been attributed
to the non-ribosomal peptide colibactin (Olier et al. 2012). It is not known how this
bacterial mediator is exported and targeted to the host cell. The fact that EcN MVs
induce the same type of DNA lesions as colibactin suggests that colibactin could be
delivered to mammalian cells by MVs. This emphasizes the role of MVs derived
from beneficial gut microbes in communication with the host. Secretion of colibactin
through MVs is an open question that requires further study.

Activation of Cytosolic NOD Receptors NOD1 and NOD2 cytosolic receptors
sense PGN, a component of the bacterial cell wall. NOD1 detects D-glutamyl-meso-
diaminopimelic acid, which principally exists in PGN of Gram-negative bacteria
while NOD2 detects muramyl dipeptide, which is common to Gram-negative and
Gram-positive bacteria (Girardin et al. 2003a; Girardin et al. 2003b; Chamaillard
et al. 2003). PGN interaction with NOD triggers receptor oligomerization, the initial
step in the downstream signaling cascade that leads to recruitment of the specific
kinase RIP2 (receptor-interacting protein 2) and the subsequent activation of NF-κB
and mitogen-activated protein kinase (MAPK) pathways that induce the expression
of inflammatory genes (Inohara et al. 2000; Hasegawa et al. 2008; Allison et al.
2009). As indicated above, NOD receptors are essential in maintaining intestinal
homeostasis. They are involved in defense responses against bacterial infection and
in regulation of the intestinal inflammatory response to microbiota (reviewed
Kaparakis-Liaskos 2015). Since gut microbiota is composed of noninvasive bacteria,
a key matter is to decipher the mechanisms for PGN delivery into host cells. One
mechanism involves PGN fragments released into the gut lumen during bacterial cell
division, which can be internalized in epithelial cells by endocytosis or through
oligopeptide transporters (Swaan et al. 2008; Philpott et al. 2014). Another pathway
for intracellular PGN delivery is through MVs. This is a well-studied mechanism in
Gram-negative pathogens. Studies performed with H. pylori revealed that OMVs
internalized through CME reach endosomal compartments, and that interaction of
vesicle-associated PGN with NOD1 occurs at early endosomes. (Irving et al. 2014).
Studies performed with EcN and ECOR12 MVs showed that this pathway is also
effective for microbiota-derived MVs, which activate NOD1 signaling pathways in
IECs (Cañas et al. 2018). In Caco-2 cells, both RIP2 inhibition and NOD1-specific
siRNA knockdown (but not that of NOD2) decrease vesicle-mediated activation of
NF-κB and subsequent expression of the pro-inflammatory cytokines IL-6 and IL-8
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(Fig. 9.2). Results concerning IL-8 secretion revealed that in addition to PGN, other
MAMPs included in MVs can activate signaling pathways that lead to the expression
of this cytokine (Cañas et al. 2018). EcN and ECOR12 internalized MVs colocalize
with NOD1, activate NOD1 aggregation, and promote association of NOD1 with
early endosomes. Although MVs from both strains activate the NOD1 pathway,
kinetics of NOD1 aggregation and NF-κB activation reveal significant differences
between them. The cell response to internalized MVs is faster for the probiotic EcN
than for the commensal ECOR12 strain (Cañas et al. 2018). This study revealed that
MVs released by beneficial gut bacteria modulate NOD-mediated host immune
responses and contribute to priming of the immune system.

Immune Modulation Through the Intestinal Epithelial Barrier Studies
performed with EcN and ECOR12 MVs also corroborate the role of MVs as an
active mechanism used by beneficial gut bacteria to activate signaling pathways
through the intestinal epithelial barrier, which result in modulation of immune
responses at the intestinal mucosa (Fábrega et al. 2016). In this study several models
were used to assess the cross talk between bacterial MVs, intestinal epithelial cells,
and immune cells. This involved: (1) stimulation of human peripheral blood mono-
nuclear cells (PBMCs) as a model of intestinal barrier disruption, where microbiota
MVs interact directly with immune cells, (2) apical stimulation of polarized Caco-2/
PMBCs cocultures as a model of healthy, undamaged intestinal mucosa, and (3) nor-
mal human colon tissue as an ex vivo model that is more similar to in vivo gut
conditions. To prove that MVs exert specific effects, stimulations with bacterial
lysates were also performed in all these models. Analysis of cell responses revealed
that bacterial MVs and lysates trigger the expression of immune mediators in
PBMCs. In contrast, only MVs induce expression and secretion of cytokines to the
basolateral compartment in Caco-2/PBMCs cocultures. In this model, the epithelial
barrier made by differentiated Caco-2 cells prevents direct access of bacterial
effectors to PBMCs. Under these conditions, MVs taken up by epithelial cells
interact with immune receptors and activated epithelial cells in turn release soluble
mediators that elicit a response in immune cells (Fig. 9.2). This intercellular cross
talk was corroborated in human colonic explants. In this ex vivo model MVs trigger
upregulation of MIP1α, IL-10, IL-8, IL-6, and TNF-α and downregulation of the
pro-inflammatory cytokine IL-12 (Fábrega et al. 2016). Remarkably, values of the
IL-10/TNF-α and IL-10/IL-12 expression ratio indicate that MVs from the probiotic
EcN elicit better anti-inflammatory balance than ECOR12 MVs.

Additional analysis in human colonic explants revealed that EcN and ECOR12
MVs also promote upregulation of IL-22 and the antimicrobial peptide β-defensin-2
(Fábrega et al. 2016). These two mediators are interconnected. Epithelial cells are
targets of IL-22, a cytokine mainly expressed by immune cells. In the gut, the local
innate lymphoid cells in the lamina propria integrate microbiota-derived signals and
regulate adaptive immune responses. In particular, IL-22 released by intestinal
lymphoid cells helps to maintain the integrity of the epithelial barrier through several
mechanisms, one of which is the induction of β-defensins (Nikoopour et al. 2015). In
addition, these bacterial MVs elicit downregulation of genes encoding TGF-β and
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the membrane-anchored mucin 1 (MUC-1), both linked to IL-17 responses. TGF-β
is a pleiotropic cytokine, whose inflammatory and regulatory activities depend on
other cellular factors. It is known that TGF-β triggers differentiation of Treg cells
(anti-inflammatory), but in the presence of IL-6, this factor can promote differenti-
ation of T helper 17 (Th17) cells (pro-inflammatory) (Sanjabi et al. 2009). Cooper-
ation between Th17 and Treg cells is essential to preserve intestinal homeostasis.
Imbalances in these cell populations toward high production of Th17 cells result in
IBD. Since the pro-inflammatory effects of TGF-β are linked to Th17 cell differen-
tiation, downregulation of TGF-β promoted by the probiotic EcN is consistent with
its effectiveness in the remission of ulcerative colitis by restoring the Th17/Treg
balance (Fábrega et al. 2016). MUC-1 and TGF-β are overexpressed in several
cancer types (Apostolopoulos et al. 2015). In this context, the ability of EcN and
ECOR12 MVs to downregulate these markers links the beneficial effects of certain
gut bacteria to cancer progression or treatment effectiveness, especially in
immunotherapy-based strategies in which the individual response depends on gut
microbiota (Vétizou et al. 2015; Gopalakrishnan et al. 2018).

Modulation of Tight Junction Proteins The integrity of the intestinal epithelial
barrier is critical in maintaining homeostasis. Adjacent IECs are connected by a set
of proteins that establish tight junctions. The tight junction complexes include
integral membrane proteins (occludin, several claudins, tricellulin, and junctional
adhesion molecules) and peripheral membrane proteins of the zonula occludens
(ZO), which bind to claudins and act as scaffolds anchoring the transmembrane
proteins to the actin cytoskeleton (Turner 2009). Claudins are a large family of tight
junction proteins that regulate barrier integrity and paracellular permeability.
Besides claudins that have a sealing function (like claudin-1 or claudin-14), others
act as selective channels for ions or water (like claudin-2). Certain beneficial gut
microbes positively influence barrier integrity by strengthening tight junctions and
reducing gut permeability. In some cases, these effects are mediated, at least
partially, by secreted bacterial metabolites (Ewaschuk et al. 2008), proteins (Hering
et al. 2014) or MVs (Alvarez et al. 2016; Chelakkot et al. 2018).

The probiotic EcN reinforces the intestinal epithelial barrier through upregulation
and redistribution of the tight junction proteins ZO-1, ZO-2, and claudin-14 (Ukena
et al. 2007; Zyrek et al. 2007; Hering et al. 2014). Induction of claudin-14 is
mediated by the secreted protein TcpC, an immunomodulatory protein that inhibits
the TLR4 signaling cascade (Hering et al. 2014). The contribution of EcN MVs to
the regulation of tight junction proteins was studied in the intestinal epithelial cell
lines T-84 and Caco-2 (Alvarez et al. 2016). This study included other E. coli strains
of human intestinal origin such as ECOR12 (tcpC negative) and ECOR63 (tcpC
positive). Secreted MVs and soluble factors were separated from culture superna-
tants of the wild-type strains and the isogenic EcN and ECOR63 tcpC mutants, and
their effect on the epithelial barrier was assessed by measuring transepithelial
resistance, and gene and protein expression analyses of several tight junction pro-
teins in polarized cell monolayers. This analysis revealed that MVs from the
commensal ECOR12 do not have any positive effect on these parameters. In
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contrast, both extracellular fractions (MVs and soluble factors) from EcN and
ECOR63 promote upregulation of ZO-1 and claudin-14 without affecting the
expression of ZO-2 (Fig. 9.3). The strengthening barrier effects mediated by EcN
and ECOR63 MVs are independent of TcpC, which is secreted as a soluble protein.
In addition to tight junction proteins known to be regulated by EcN, this study also
examined the leaky protein claudin-2. It is known that regulation of claudin-2 results
in increased intestinal permeability (Luettig et al. 2015). Pathogens like Salmonella
or microbial toxins increase claudin-2 expression to disrupt the intestinal epithelial

Fig. 9.3 Modulation of the gut epithelial barrier by microbiota MVs. The drawing shows the
structure of the intestinal barrier in which the mucin layer maintains segregation between luminal
microbes and the intestinal epithelium. Gut microbiota (represented by ellipses) reside in the outer
mucus layer.MVs (small black circles) can diffuse through the inner mucus layer (dotted lines) and
reach the epithelium. Interaction of MVs from EcN, ECOR63, and A. muciniphila with intestinal
epithelial cells (IECs) elicits transcriptional regulation of genes encoding tight junction (TJ) pro-
teins. Upregulation is indicated by (+) and downregulation by (�). MVs from EcN also induce
expression of the antimicrobial peptide β-defensin. The regulatory effects mediated by microbiota
MVs on TJ proteins lead to the reinforcement of the gut epithelial barrier and, consequently, to a
reduction in paracellular permeability
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barrier and facilitate bacterial invasion (Zhang et al. 2013; Liu et al. 2013), whereas
some probiotic strains enhance the intestinal barrier by downregulating claudin-2
(Ewaschuk et al. 2008). The probiotic EcN and the intestinal isolate ECOR63 also
exploit this mechanism to improve barrier function (Fig. 9.3). In these strains,
downregulation of claudin-2 is mediated by released MVs and soluble factors that
have not been identified yet. The negative regulation of claudin-2 together with the
positive regulation of the sealing proteins ZO-1 and claudin-14 exerted by
EcN-secreted MVs contribute to the efficacy of this probiotic in the treatment of
inflammatory diseases and intestinal infections.

The beneficial gut bacterium Akkermansia muciniphila also improves intestinal
barrier function. A. muciniphila MVs have been shown to prevent barrier disruption
and neutralize the increased gut permeability induced by LPS in Caco-2 cell mono-
layers (Chelakkot et al. 2018). Immunoblotting analysis revealed that these vesicles
increase the expression of the tight junction protein occludin (Fig. 9.3). The mech-
anism involved in these vesicle-mediated effects is the phosphorylation of AMPK, a
kinase involved in the regulation of tight junction assembly (Chelakkot et al. 2018).
The ability of A. muciniphilaMVs to improve gut permeability in vivo has also been
evaluated in mouse models (see Sect. 9.3.3).

9.3.2 Interaction with Immune Cells

Direct interaction of bacterial MVs with cells of the host immune system has been
widely studied for pathogen-derived vesicles. These vesicles activate immune cells
via PRRs and, depending on the producing strain, act as pro- or anti-inflammatory
mediators and, in some cases, subvert the immune system to promote pathogen
survival in the host. Although there is extensive information on the interactions and
effects of beneficial gut microbes in immune cells, few studies are focused on their
MVs. Strains of the genus Bifidobacterium elicit strain-specific effects on the
maturation of DCs and their ability to polarize naïve CD4+ T cells to an effector
response (López et al. 2010). Specifically, the probiotic Bifidobacterium bifidum
LMG13195 can elicit a T regulatory (Treg) response. Analysis of several probiotic
subcellular fractions on human DCs showed that isolated MVs activate DCs to
promote differentiation of Treg functional cells (FoxP3+) with a suppressor balance,
supported by the highest IL-10/pro-inflammatory cytokines ratio (López et al. 2012).

The gut symbiont Bacteroides fragilis can also induce Treg cells and mucosal
tolerance. In this case the immunomodulatory molecule is PSA, which is secreted
through MVs. Extracellular vesicles from this commensal are taken up by DCs in an
actin-dependent manner and induce anti-inflammatory immune responses in cell
cocultures of mouse bone marrow-derived DCs (BMDCs) and naïve CD4+ T cells
(Shen et al. 2012). PSA delivered through MVs is sensed by DCs via TLR2.
Activation of this receptor triggers signal transduction events that induce tolerogenic
DCs, which promote the development of IL-10 secreting Treg cells (Fig. 9.2). MVs
isolated from a defective PSA mutant failed to mediate these effects. A microarray-
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based transcriptomic analysis in BMDCs challenged with MVs from the wild-type or
the ΔPSA mutant strain revealed that transcripts specifically regulated by PSA
essentially correspond to genes known to be regulated in a TLR2 dependent manner.
In addition, B. fragilisMVs elicit gene expression changes that are PSA independent
(Shen et al. 2012).

9.3.3 Immunomodulatory and Barrier Protective Effects
in Animal Models of Human Diseases

Several in vivo studies in mouse models of IBD and food allergy have confirmed the
immunomodulatory and barrier protective effects of gut microbiota-derived MVs
(Shen et al. 2012; Kang et al. 2013; Kim et al. 2015; Fábrega et al. 2017). The term
IBD encompasses chronic inflammatory disorders of the intestinal tract such as
ulcerative colitis or Crohn’s disease. These are multifactorial diseases that involve
an imbalanced immune response to commensal gut microbes in genetically suscep-
tible individuals, leading to inflammation and reduced intestinal epithelial integrity
(Zhang and Li 2014). Dysbiosis is a common feature in IBD. For this reason,
therapeutic approaches targeting modulation of the gut microbiota have been
explored, and the therapeutic potential of certain beneficial gut bacteria has been
confirmed in clinical trials or animal models of experimental colitis. Experimental
colitis in mice can be chemically induced by rectal administration of trinitrobenzene
sulphonic acid (TNBS) or oral treatment with dextran sulfate sodium (DSS).

Concerning B. fragilis, the immunomodulatory potential of PSA has been proved
in the TNBS-induced colitis model. Oral feeding of purified PSA (Mazmanian et al.
2008) or B. fragilis MVs (Shen et al. 2012) ameliorates colitis progression by
reducing animal weight loss, histological damage, and inflammation. Consistently,
mice treated with PSA-containing MVs display reduced leukocytic infiltration at the
intestinal mucosa, downregulation of pro-inflammatory cytokines, and increased
IL-10 expression. In contrast, MVs isolated from a PSA-defective mutant fail to
protect mice against TNBS-induced colitis (Shen et al. 2012). Since the effect of
PSA on DCs is mediated through TLR2, the function of Gadd45α (Growth arrest and
DNA-damage-inducible protein), a downstream factor of the TLR2 signaling path-
way that stimulates T cell responses, was analyzed in Gadd45α�/� knockout mice.
In contrast to wild-type mice, B. fragilis MVs do not protect Gadd45α�/� knockout
mice from TNBS-induced colitis. Therefore, this study showed that MVs from this
resident gut microbe prevent colitis development by essentially activating
tolerogenic DCs (Shen et al. 2012).

The therapeutic efficacy of EcN on the remission of ulcerative colitis has been
supported in several clinical assays (Losurdo et al. 2015) and experimental colitis
models. Like viable probiotic suspensions, daily oral administration of EcN MVs
significantly reduces DSS-induced weight loss and ameliorates clinical symptoms,
mucosal injury, and inflammation in the gut (Fábrega et al. 2017). Treatment with
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EcN MVs counteracts altered expression of cytokines and markers of intestinal
barrier function. Several mechanisms are exploited by EcN vesicles to ameliorate
disease progression. Regarding inflammatory markers of colitis, EcN MVs decrease
the expression of several pro-inflammatory cytokines (IL-6, IL-8, IL-1β, TNF-α,
IL-12 and IL-17) and counteract the lower expression of IL-10 associated with DSS
treatment. In addition, EcN MVs elicit compensatory effects on expression of the
inflammatory enzymes cyclooxygenase-2 and inducible nitric oxide synthase
(iNOS) (Fábrega et al. 2017). Increased iNOS expression in infiltrating macrophages
in the intestinal mucosa is a common feature in clinical IBD. The consequent
excessive nitric oxide production results in tissue injury in IBD patients and colitic
mice (Palatka et al. 2005). Consequently, reduction of iNOS expression by EcN
MVs helps to attenuate colitis in MVs-treated mice (Fábrega et al. 2017).
Concerning markers of intestinal barrier function, EcN MVs cannot counteract
DSS-induced downregulation of ZO-1. These findings do not match the effects
observed in in vitro models of epithelial barrier integrity (Alvarez et al. 2016),
indicating that different regulatory mechanisms could be activated by EcN MVs in
the presence of highly expressed inflammatory mediators. Reinforcement of the
epithelial barrier can also be triggered by posttranslational modification mechanisms
that direct ZO-1 to the cell boundaries and allow its association with tight junction
structures. The intestinal trefoil factor 3 (TFF-3), a bioactive peptide involved in
epithelial protection and repair, is one of the mediators that promote ZO-1 redistri-
bution from the cytosol to intercellular tight junctions in intestinal epithelial mono-
layers without changes in ZO-1 protein levels. Expression of TFF-3 is
downregulated in DSS-inflamed colonic tissue. Oral administration of EcN MVs
restores the mRNA levels of TFF-3 to values similar to those of healthy mice, thus
preserving the colonic mucosa against DSS-induced damage (Fábrega et al. 2017).
In the context of tissue remodeling, the matrix metalloproteinases (MMPs) MMP-9
and MMP-2 are also relevant. Upregulation of MMP-9 in DSS-treated mice pro-
motes tissue injury by disrupting intestinal tight junctions, which in turn results in
increased intestinal permeability and subsequent inflammation (Nighot et al. 2015).
In contrast, MMP-2 plays a protective role in maintenance of gut barrier function.
Treatment with EcN MVs downregulates MMP-9 and tends to preserve MMP-2
expression, thus pointing to another mechanism used by EcN vesicles to protect
intestinal barrier function in DSS-experimental colitis (Fábrega et al. 2017).

MVs released by the beneficial gut bacterium A. muciniphila also protect
DSS-induced experimental colitis in mice. The beneficial effects of these vesicles
have been evidenced by the preservation of body weight and colon length, and
reduced infiltration of immune cells in the colonic tissue (Kang et al. 2013). The role
of A. muciniphilaMVs in the modulation of gut permeability has been examined in a
mouse model of diabetes induced by a high-fat diet (HFD) (Chelakkot et al. 2018).
There is mounting evidence of a close association between intestinal permeability
and metabolic diseases. Metagenomics studies have found diminished abundance of
A. muciniphyla in patients with obesity and type 2 diabetes, and their fecal samples
also contain less A. muciniphila-derived MVs than healthy controls (Chelakkot et al.
2018). The impact of orally administered MVs isolated from this gut symbiont in
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HFD-fed mice was compared with control mice fed a normal diet. Treatment with
A. muciniphila MVs improved all the alterations caused by the HFD. Specifically,
MVs reduced body weight gain and HFD-increased intestinal permeability, restored
the intestinal barrier from HFD-induced damage, reduced the subsequent recruit-
ment of immune cells, and increased the expression of the tight junction proteins
downregulated by HFD (Chelakkot et al. 2018). Consistently, improvement of the
intestinal barrier function by A. muciniphila MVs resulted in less endotoxemia and
improved glucose tolerance in HFD-fed mice.

Food allergy, a disease with increasing incidence over the last decade, results
from abnormal immune responses to food components. Apart from avoiding aller-
genic foods, administration of probiotics has been proposed as an alternative treat-
ment for patients with food allergy. In this context, the therapeutic potential of
Bifidobacterium longum has been evaluated in a mouse model of allergen-induced
food allergy that causes acute diarrhea. Allergy was induced by intraperitoneal
injection of ovalbumin in aluminum potassium sulfate adjuvant followed by oral
administration of the allergen for several days (Kim et al. 2015). During the
induction of food allergy, animals were orally treated with two resident gut bacteria,
either B. longum or Enterococcus faecalis. Only B. longum alleviated diarrhea
without counteracting the allergen-induced Th2 response. The specific mechanism
used by this probiotic to limit inflammation is the reduction of mast cell number in
the small intestine. B. longum-derived MVs selectively induce apoptosis of bone
marrow-derived mast cells. The effector molecule that triggers cell-death is the main
vesicular protein ESBP (family 5 extracellular solute-binding protein) (Kim et al.
2015).

9.4 Spreading of Microbiota MVs through the Body

As stated above, gut dysbiosis has been associated with a wide range of diseases that
affect distal body tissues (Maguire and Maguire 2019). Pathohistological effects
have traditionally been attributed to the increased gut permeability that follows an
imbalance in the microbiota. This condition, known as leaky gut, impairs epithelial
barrier function, leading to the translocation of microbiota-derived products or
luminal bacteria to the bloodstream. Once in the general circulation, these bacterial
effectors can be distributed throughout the body and reach any tissue. First studies in
this field connected LPS in human blood with endotoxemia, a condition that has
been associated with obesity and insulin resistance (Cani et al. 2007). However,
recent reports prove that gut microbiota-derived compounds are also found in blood,
urine, and distal tissues in healthy subjects (Clarke et al. 2010; Païssé et al. 2016; Lee
et al. 2017). One example is bacterial PGN derived from gut microbiota, which
crosses the blood-brain barrier and regulates brain development and behavior
through specific sensing molecules and activation of NOD signaling pathways in
normal mice (Arentsen et al. 2017). Moreover, perturbation of gut microbiota leads
to dysregulation of proteins involved in PGN detection in the developing brain
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(Arentsen et al. 2017). Bacterial genomic DNA has also been found in blood samples
of healthy donors (Nikkari et al. 2001; Païssé et al. 2016). The mechanism by which
this bacterial DNA reaches the bloodstream has been recently revealed in mice (Park
et al. 2017). This study showed that blood-associated bacterial DNA is transported
by MVs, predominantly from gut microbiota. To reach the bloodstream, gut
microbiota MVs have to cross intestinal epithelium and the vascular endothelium.
This passage has been proposed to be mediated by paracellular or transcellular
pathways (Stentz et al. 2018).

The blood-brain barrier efficiently regulates cellular and molecular trafficking
between the blood and the neural tissue. The permeability of this barrier to circulat-
ing compounds increases under inflammatory conditions. In this context, studies
based on sequencing approaches provide evidence on the presence of ribosomal
DNA from commensal bacteria in the brain (Zhan et al. 2016; Emery et al. 2017).
How this bacterial DNA comes from translocated bacteria or circulating MVs is an
open question (Stentz et al. 2018).

The role of gut microbiota-derived MVs as vehicles for the distribution and
delivery of many bacterial effectors to distal tissues is an emerging topic. Due to
the existence of the gut–brain axis and the great impact of gut microbiota on
neurological diseases (Marin et al. 2017; Van Den Elsen et al. 2017) such as
depression, stress, anxiety, autism, or Alzheimer’s, studies on circulating
microbiota-derived vesicles are principally focused on human patients or animal
models of such diseases (Park et al. 2017; Lee et al. 2017). In this context,
metagenomic analysis of MVs isolated from human urine samples has been proved
an efficient method to assess changes in gut microbiota composition in autism.
Sequencing of 16S rRNA gene variable regions in DNA samples extracted from
bacterial MVs isolated from urine have revealed markedly altered microbiota pro-
files in people with autism disorder relative to healthy control individuals, even at the
genus level (Lee et al. 2017). These differences correlate with the changes in gut
microbiome previously described in autism, thus reinforcing the utility of urine MVs
for diagnostic purposes. Likewise, in a mouse model of Alzheimer’s disease, great
differences in the genomic profile of bacterial MVs isolated from blood have also
been found compared to wild-type mice (Park et al. 2017).

There is growing evidence of the gut microbiome’s influence on cancer onset,
development, and treatment (reviewed in Gopalakrishnan et al. 2018). However,
very few studies have focused on the impact of microbiota-derived MVs. As stated
above, MVs released in the GI tract by resident gut bacteria can be disseminated
throughout the body, reach any tissue, and induce either beneficial or harmful effects
depending on the producer bacterial strain (Liu et al. 2018). The beneficial effects of
MVs secreted by Lactobacillus rhamnosus on hepatic cancer cells have been
assessed in HepG2 cell cultures. Specifically, MVs from the probiotic
L. rhamnosus induce apoptosis in this cancer cell line (Behzadi et al. 2017).
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9.5 Conclusions

We are currently living in the microbiome age. Clinical studies have provided insight
into the influence of the microbiome on immunity and a wide range of diseases.
However, there is still much to learn about the intrinsic mechanisms of this action.
Further research is also required to develop optimal strategies to modulate gut
microbiota for therapeutic purposes. Microbiota-secreted MVs can deliver func-
tional molecules to distant cells and, nowadays, are being revealed as key players
in microbiota–host communication. Due to their nano-size structure and the great
variety of cargo molecules, microbiota-derived vesicles can diffuse through the
intestinal mucus layer and modulate host metabolism, immune and defense
responses. Consequently, microbiota-derived MVs may have great influence on
health and disease. Gut microbiome profiling is also seen as a potentially useful
tool for diagnosis or improvement of the immunotherapy response. However, the
method selected for sampling (stools or gut luminal content) and sequencing
(metagenomics or 16SRNA sequencing) greatly affect the final output and repro-
ducibility of the results. The recent discovery of gut-derived MVs in blood and urine
samples from either patients or healthy individuals with a profile that strongly
correlates with the real gut microbiome opens novel strategies for diagnostic
purposes.

References

Aguilar C, Mano M, Eulalio A (2018) MicroRNAs at the host-bacteria interface: host defense or
bacterial offense. Trends Microbiol 27:206–218

Aguilera L, Toloza L, Giménez R et al (2014) Proteomic analysis of outer membrane vesicles from
the probiotic strain Escherichia coli Nissle 1917. Proteomics 14(2–3):222–229

Allison CC, Kufer TA, Kremmer et al (2009) Helicobacter pylori induces MAPK phosphorylation
and AP-1 activation via a NOD1-dependent mechanism. J Immunol 183(12):8099–8109

Al-Nedawi K, Main MF, Hossain N et al (2015) Gut commensal microvesicles reproduce parent
bacterial signals to host immune and enteric nervous systems. FASEB J 29(2):684–695

Alvarez CS, Badia J, Bosch M et al (2016) Outer membrane vesicles and soluble factors released by
probiotic Escherichia coli Nissle 1917 and commensal EcoR63 enhance barrier function by
regulating expression of tight junction proteins in intestinal epithelial cells. Front Microbiol
7:1981

Apostolopoulos V, Stojanovska L, Gargosky SE (2015) MUC1 (CD227): a multi-tasked molecule.
Cell Mol Life Sci 72:4475–4500

Arentsen T, Qian Y, Gkotzis S et al (2017) The bacterial peptidoglycan-sensing molecule Pglyrp2
modulates brain development and behavior. Mol Psychiatry 22:257–266

Baothman OA, Zamzami MA, Taher I et al (2016) The role of gut microbiota in the development of
obesity and diabetes. Lipids Health Dis 15:108

Belkaid Y, Hand TW (2014) Role of the microbiota in immunity and inflammation. Cell 157
(1):121–141

Behzadi E, Mahmoodzadeh Hosseini H, Imani Fooladi AA (2017) The inhibitory impacts of
Lactobacillus rhamnosus GG-derived extracellular vesicles on the growth of hepatic cancer
cells. Microb Pathog 110:1–6

9 Membrane Vesicles from the Gut Microbiota and Their Interactions with the Host 211



Bomberger JM, Maceachran DP, Coutermarsh BA et al (2009) Long-distance delivery of bacterial
virulence factors by Pseudomonas aeruginosa outer membrane vesicles. PLoS Pathog 5:
e1000382. https://doi.org/10.1371/journal.ppat.1000382

Brameyer S, Plener L, Muller A et al (2018) Outer membrane vesicles facilitate trafficking of the
hydrophobic signaling molecules CAI-1 between Vibrio harveyi cells. J Bacteriol 200:e00740–
e00717

Bron PA, van Baarlen P, Kleerebezem M (2011) Emerging molecular insights into the interaction
between probiotics and the host intestinal mucosa. Nat Rev Microbiol 10(1):66–78

Brown L, Wolf JM, Prados-Rosales R et al (2015) Through the wall: extracellular vesicles in Gram-
positive bacteria, mycobacteria and fungi. Nat Rev Microbiol 13(10):620–630. https://doi.org/
10.1038/nrmicro3480

Bryant WA, Stentz R, Le Gall G et al (2017) In silico analysis of the small molecule content of outer
membrane vesicles produced by Bacteroides thetaiotaomicron indicates an extensive metabolic
link between microbe and host. Front Microbiol 8:2440. https://doi.org/10.3389/fmicb.2017.
02440

Caballero S, Pamer EG (2015) Microbiota-mediated inflammation and antimicrobial defense in the
intestine. Annu Rev Immunol 33:227–256

Cani PD, Amar J, Iglesias MA et al (2007) Metabolic endotoxemia initiates obesity and insulin
resistance. Diabetes 56:1761–1772

Cani PD (2018) Human gut microbiome: hopes, threats and promises. Gut 67(9):1716–1725
Cañas MA, Giménez R, Fábrega MJ et al (2016) Outer membrane vesicles from the probiotic

Escherichia coli Nissle 1917 and the commensal ECOR12 enter intestinal epithelial cells via
clathrin-dependent endocytosis and elicit differential effects on DNA damage. PLoS One 11(8):
e0160374

Cañas MA, Fábrega MJ, Giménez R et al (2018) Outer membrane vesicles from probiotic and
commensal Escherichia coli activate Nod1-mediated immune responses in intestinal epithelial
cells. Front Microbiol 9:98

Celluzzi A, Masotti A (2016) How our other genome controls our epi-genome. Trends Microbiol 24
(10):777–787

Chamaillard M, Hashimoto M, Horie Y et al (2003) An essential role for NOD1 in host recognition
of bacterial peptidoglycan containing diaminopimelic acid. Nat Immunol 4:702–707

Chatzidaki-Livanis M, Coyne MJ, Comstock LE (2014) An antimicrobial protein of the gut
symbiont Bacteroides fragilis with a MACPF domain of host immune proteins. Mol Microbiol
94(6):1361–1374

Chelakkot C, Choi Y, Kim DK et al (2018) Akkermansia muciniphila-derived extracellular vesicles
influence gut permeability through the regulation of tight junctions. Exp Mol Med 50(2):e450

Choi JW, Kim SC, Hong SH et al (2017) Secretable small RNAs via outer membrane vesicles in
periodontal pathogens. J Dent Res 96(4):458–466

Chu H (2017) Host gene–microbiome interactions: molecular mechanisms in inflammatory bowel
disease. Genome Med 9:69

Clarke TB, Davis KM, Lysenko ES et al (2010) Recognition of peptidoglycan from the microbiota
by Nod1 enhances systemic innate immunity. Nat Med 16(2):228–231

Domínguez Rubio AP, Martínez JH, Martinez Casillas DC et al (2017) Lactobacillus casei BL23
produces microvesicles carrying proteins that have been associated with its probiotic effect.
Front Microbiol 8:1783

Donaldson GP, Lee SM, Mazmanian SK (2016) Gut biogeography of the bacterial microbiota. Nat
Rev Microbiol 14(1):20–32

Emery DC, Shoemark DK, Batstone TE et al (2017) 16S rRNA next generation sequencing analysis
shows bacteria in Alzheimer’s post-mortem brain. Front Aging Neurosci 9:195

Elhenawy W, Debelyy MO, Feldman MF (2014) Preferential packing of acidic glycosidases and
proteases into Bacteroides outer membrane vesicles. MBio 5(2):e00909–e00914

212 J. Badia and L. Baldomà

https://doi.org/10.1371/journal.ppat.1000382
https://doi.org/10.1038/nrmicro3480
https://doi.org/10.1038/nrmicro3480
https://doi.org/10.3389/fmicb.2017.02440
https://doi.org/10.3389/fmicb.2017.02440


Ewaschuk JB, Diaz H, Meddings L et al (2008) Secreted bioactive factors from Bifidobacterium
infantis enhance epithelial cell barrier function. Am J Physiol Gastrointest Liver Physiol 295:
G1025–G1034

Fábrega MJ, Aguilera L, Giménez R et al (2016) Activation of immune and defense responses in the
intestinal mucosa by outer membrane vesicles of commensal and probiotic Escherichia coli
strains. Front Microbiol 7:705

Fábrega MJ, Rodríguez-Nogales A, Garrido-Mesa J et al (2017) Intestinal anti-inflammatory effects
of outer membrane vesicles from Escherichia coli Nissle 1917 in DSS-experimental colitis in
mice. Front Microbiol 8:1274

Faderl M, Noti M, Corazza N et al (2015) Keeping bugs in check: the mucus layer as a critical
component in maintaining intestinal homeostasis. IUBMB Life 67(4):275–285

Feerick CL, McKernan DP (2016) Understanding the regulation of pattern recognition receptors in
inflammatory diseases - a ‘Nod’ in the right direction. Immunology 150(3):237–247

Feng Q, Chen WD, Wang YD (2018) Gut microbiota: an integral moderator in health and disease.
Front Microbiol 9:151

Geuking MB, Cahenzli J, Lawson MA et al (2011) Intestinal bacterial colonization induces
mutualistic regulatory T cell responses. Immunity 34(5):794–806

Girardin SE, Boneca IG, Carneiro LA et al (2003a) Nod1 detects a unique muropeptide from gram-
negative bacterial peptidoglycan. Science 300:1584–1587

Girardin SE, Boneca IG, Viala J et al (2003b) Nod2 is a general sensor of peptidoglycan through
muramyl dipeptide (MDP) detection. J Biol Chem 278:8869–8872

Gopalakrishnan V, Helmink BA, Spencer CN et al (2018) The influence of the gut microbiome on
cancer, immunity and cancer immunotherapy. Cancer Cell 33:570–580

Ghosal A, Upadhyaya BB, Fritz JV et al (2015) The extracellular RNA complement of Escherichia
coli. Microbiology 4(2):252–266

Guerrero-Mandujano A, Hernández-Cortez C, Ibarra JA (2017) The outer membrane vesicles:
secretion system type zero. Traffic 18:425–432

Hasegawa M, Fujimoto Y, Lucas PC et al (2008) A critical role of RICK/RIP2 polyubiquitination in
nod-induced NF-kappa B activation. EMBO J 27:373–383

Hering NA, Richter JF, Fromm A et al (2014) TcpC protein from E. coli Nissle improves epithelial
barrier function involving PKCƺ and ERK1/2 signaling in HT-29/B6 cells. Mucosal Immunol
7:369–378

Hickey CA, Kuhn KA, Donermeyer DL et al (2015) Colitogenic Bacteroides thetaiotaomicron
antigens access host immune cells in a sulfatase-dependent manner via outer membrane
vesicles. Cell Host Microbe 17(5):672–680

Inohara N, Koseki T, Lin J et al (2000) An induced proximity model for NF-kappa B activation in
the Nod1/RICK and RIP signaling pathways. J Biol Chem 275(36):27823–27831

Irving AT, Mimuro H, Kufer TA et al (2014) The immune receptor NOD1 and kinase RIP2 interact
with bacterial peptidoglycan on early endosomes to promote autophagy and inflammatory
signalling. Cell Host Microbe 15(5):623–635

Jager J, Keese S, Roessle M et al (2014) Fusion of Legionella pneumophila outer membrane
vesicles with eukaryotic membrane systems is a mechanism to deliver pathogen factors to host
cell membranes. Cell Microbiol 17:607–620. https://doi.org/10.1111/cmi.12392

Jandhyala SM, Talukdar R, Subramanyam C et al (2015) Role of the normal gut microbiota. World
J Gastroenterol 21(29):8787–8803

Jia L, Lu J, Zhou Y et al (2018) Tolerogenic dendritic cells induced the enrichment of CD4+Foxp3+
regulatory T cells via TGF-β in mesenteric lymph nodes of murine LPS-induced tolerance
model. Clin Immunol 197:118–129

Johansson MEV, Holmén Larsson JM, Hansson GC (2011) The two mucus layers of colon are
organized by the MUC2 mucin, whereas the outer layer is a legislator of host-microbial
interactions. Proc Natl Acad Sci U S A 108(3Suppl 1):4659–4665

9 Membrane Vesicles from the Gut Microbiota and Their Interactions with the Host 213

https://doi.org/10.1111/cmi.12392


Kang CS, Ban M, Choi EJ et al (2013) Extracellular vesicles derived from gut microbiota,
especially Akkermansia muciniphila, protect the progression of dextran sulfate sodium-induced
colitis. PLoS One 8(10):e76520. https://doi.org/10.1371/journal.pone.0076520

Kaparakis-Liaskos M (2015) The intracellular location, mechanisms and outcomes of NOD1
signalling. Cytokine 74:207–212

Kaparakis-Liaskos M, Ferrero RL (2015) Immune modulation by bacterial outer membrane vesi-
cles. Nat Rev Immunol 15(6):375–387

Kawai T, Akira S (2010) The role of pattern-recognition receptors in innate immunity: update on
toll-like receptors. Nat Immunol 11(5):373–384

Kesty NC, Mason KM, Reedy M et al (2004) Enterotoxigenic Escherichia coli vesicles target toxin
delivery into mammalian cells. EMBO J 23:4538–4549

Kim JH, Jeun EJ, Hong CP et al (2015) Extracellular vesicle-derived protein from Bifidobacterium
longum alleviates food allergy through mast cell suppression. J Allergy Clin Immunol 137
(2):507–516.e8

Koeppen K, Hampton TH, Jarek M et al (2016) Novel mechanism of host-pathogen interaction
through sRNA in bacterial outer membrane vesicles. PLoS Pathog 12(6):e1005672

Lee E-Y, Bang JY, Park GW et al (2007) Global proteomic profiling of native outer membrane
vesicles derived from Escherichia coli. Proteomics 7:3143–3153

Lee Y, Park JY, Lee EH et al (2017) Rapid assessment of microbiota changes in individuals with
autism spectrum disorder using bacteria-derived membrane vesicles in urine. Exp Neurobiol 26
(5):3017–3317

Li M, Lee K, Hsu M et al (2017) Lactobacillus-derived extracellular vesicles enhance host immune
responses against vancomycin-resistant enterococci. BMC Microbiol 17(1):66. https://doi.org/
10.1186/s12866-017-0977-7

Liu X, Yang G, Geng XR et al (2013) Microbial products induce claudin-2 to compromise gut
epithelial barrier function. PloS ONE 8:e68547. https://doi.org/10.1371/journal.pone.0068547

Liu Y, Defourny KAY, Smid EJ et al (2018) Gram-positive bacterial extracellular vesicles and their
impact on health and disease. Front Microbiol 9:1502. https://doi.org/10.3389/fmicb.2018.
01502

Llewellyn A, Foey A (2017) Probiotic modulation of innate cell pathogen sensing and signaling
events. Nutrients 9(10):E1156

López P, Gueimonde M, Margolles A et al (2010) Distinct Bifidobacterium strains drive different
immune responses in vitro. Int J Food Microbiol 138(1–2):157–165

López P, González-Rodríguez I, Sánchez B et al (2012) Treg-inducing membrane vesicles from
Bifidobacterium bifidum LMG13195 as potential adjuvants in immunotherapy. Vaccine 30
(5):825–829

Losurdo G, Iannone A, Contaldo A et al (2015) Escherichia coli Nissle 1917 in ulcerative colitis
treatment: systematic review and meta-analysis. J Gastrointestin Liver Dis 24(4):499–505

Lu Z, Ding L, Lu Q et al (2013) Claudins in intestines: distribution and functional significance in
health and diseases. Tissue Barriers 1(3):e24978

Luettig J, Rosenthal R, Barmeyer DC et al (2015) Claudin-2 as a mediator of leaky gut barrier
during intestinal inflammation. Tissue Barriers 3(1–2):e977176

Maguire M, Maguire G (2019) Gut dysbiosis, leaky gut, and intestinal epithelial proliferation in
neurological disorders: towards the development of a new therapeutic using amino acids,
prebiotics, probiotics, and postbiotics. Rev Neurosci 30(2):179–201

Marin IA, Goertz JE, Ren T et al (2017) Microbiota alteration is associated with the development of
stress-induced despair behavior. Sci Rep 7:43859

Masotti A (2012) Interplays between gut microbiota and gene expression regulation by miRNAs.
Front Cell Infect Microbiol 2:137

Mazmanian SK, Round JL, Kasper DL (2008) A microbial symbiosis factor prevents intestinal
inflammatory disease. Nature 453(7195):620–625

214 J. Badia and L. Baldomà

https://doi.org/10.1371/journal.pone.0076520
https://doi.org/10.1186/s12866-017-0977-7
https://doi.org/10.1186/s12866-017-0977-7
https://doi.org/10.1371/journal.pone.0068547
https://doi.org/10.3389/fmicb.2018.01502
https://doi.org/10.3389/fmicb.2018.01502


Molina-Tijeras JA, Gálvez J, Rodríguez-Cabezas ME (2019) The immunomodulatory properties of
extracellular vesicles derived from probiotics: a novel approach for the management of gastro-
intestinal diseases. Nutrients 11(5):E1038

Nighot PK, Al-Sadi R, Rawat M et al (2015) Matrix metalloproteinase 9-induced increase in
intestinal epithelial tight junction permeability contributes to the severity of experimental DSS
colitis. Am J Physiol Gastrointest Liver Physiol 309(12):G988–G997

Nikkari S, McLaughlin IJ, Bi W et al (2001) Does blood of healthy subjects contain bacterial
ribosomal DNA? J Clin Microbiol 39:1956–1959

Nikoopour E, Bellemore SM, Singh B (2015) IL-22, cell regeneration and autoimmunity. Cytokine
74:35–42

Ochman H, Selander RK (1984) Standard reference strains of Escherichia coli from natural
populations. J Bacteriol 157:690–693

O’Donoghue EJ, Krachler AM (2016) Mechanisms of outer membrane vesicle entry into host cells.
Cell Microbiol 18(11):1508–1517

O’Donoghue EJ, Sirisaengtaksin N, Browning DF et al (2017) Lipopolysaccharide structure
impacts the entry kinetics of bacterial outer membrane vesicles into host cells. PLoS Pathog
13(11):e1006760. https://doi.org/10.1371/journal.ppat.1006760

Olier M, Marcq I, Salvador-Cartier C et al (2012) Genotoxicity of Escherichia coli Nissle 1917
strain cannot be dissociated from its probiòtic activity. Gut Microbes 3:501–509

Olofsson A, Nygard Skalman L, Obi I et al (2014) Uptake of Helicobacter pylori vesicles is
facilitated by clathrin-dependent and clatrin-independent endocytic pathways. mBio 5(3):
e00979-14. https://doi.org/10.1128/mBio.00979-14

Païssé S, Valle C, Servant F et al (2016) Comprehensive description of blood microbiome from
healthy donors assessed by 16S targeted metagenomic sequencing. Transfusion 56:1138–1147

Palatka K, Serfozo Z, Veréb Z et al (2005) Changes in the expression and distribution of the
inducible and endothelial nitric oxide synthase in mucosal biopsy specimens of inflammatory
bowel disease. Scand J Gastroenterol 40(6):670–680

Park JY, Choi J, Lee Y et al (2017) Metagenome analysis of bodily microbiota in a mouse model of
Alzheimer disease using bacteria-derived membrane vesicles in blood. Exp Neurobiol
26:369–379

Pérez-Cruz C, Cañas MA, Giménez R et al (2016) Membrane vesicles released by a
hypervesiculating Escherichia coli Nissle 1917 tolR mutant are highly heterogeneous and
show reduced capacity for epithelial cell interaction and Entry. PLoS One 11(12):e0169186.
https://doi.org/10.1371/journal.pone.0169186

Peterson LW, Artis D (2014) Intestinal epithelial cells: regulators of barrier function and immune
homeostasis. Nat Rev Immunol 14(3):141–153

Philpott DJ, Sorbara MT, Robertson SJ et al (2014) NOD proteins: regulators of inflammation in
health and disease. Nat Rev Immunol 14(1):9–23

Qin J, Li R, Raes J et al (2010) A human gut microbial gene catalogue established by metagenomic
sequencing. Nature 464(7285):59–65

Rakoff-Nahoum S, Coyne MJ, Comstock LE (2014) An ecological network of polysaccharide
utilization among human intestinal symbionts. Curr Biol 24(1):40–49

Round JL, Lee SM, Li J et al (2011) The toll-like receptor 2 pathway establishes colonization by a
commensal of the human microbiota. Science 332(6032):974–977

Runtsch MC, Round JL, O’Connell RM (2014) MicroRNAs and the regulation of intestinal
homeostasis. Front Genet 5:347

Sanjabi S, Zenewicz LA, Kamanaka M et al (2009) Anti-inflammatory and pro-inflammatory roles
of TGF-beta, IL-10 and IL-22 in immunity and autoimmunity. Curr Opin Pharmacol 9:447–453

Schwechheimer C, Kuehn MJ (2015) Outer-membrane vesicles from Gram-negative bacteria:
biogenesis and functions. Nat Rev Microbiol 13(10):605–619

Severi E, Hood DW, Thomas GH (2007) Sialic acid utilization by bacterial pathogens. Microbiol-
ogy 153:2817–2822

9 Membrane Vesicles from the Gut Microbiota and Their Interactions with the Host 215

https://doi.org/10.1371/journal.ppat.1006760
https://doi.org/10.1128/mBio.00979-14
https://doi.org/10.1371/journal.pone.0169186


Shanahan F (2011) The gut microbiota in 2011: translating the microbiota to medicine. Nat Rev
Gastroenterol Hepatol 9(2):72–74

Shen Y, Giordano Torchia ML, Lawson GW et al (2012) Outer membrane vesicles of a human
commensal mediate immune regulation and disease protection. Cell Host Microbe 12
(4):509–520. https://doi.org/10.1016/j.chom.2012.08.004

Stentz R, Osborne S, Horn N et al (2014) A bacterial homolog of a eukaryotic inositol phosphate
signaling enzyme mediates cross-kingdom dialog in the mammalian gut. Cell Rep 6
(4):646–656. https://doi.org/10.1016/j.celrep.2014.01.021

Stentz R, Horn N, Cross K et al (2015) Cephalosporinases associated with outer membrane vesicles
released by Bacteroides spp. protect gut pathogens and commensals against β-lactam antibiotics.
J Antimicrob Chemother 70(3):701–709. https://doi.org/10.1093/jac/dku466

Stentz R, Carvalho AL, Jones EJ et al (2018) Fantastic voyage: the journey of intestinal microbiota-
derived microvesicles through the body. Biochem Soc Trans 46(5):1021–1027. https://doi.org/
10.1042/BST20180114

Swaan PW, Bensman T, Bahadduri PM et al (2008) Bacterial peptide recognition and immune
activation facilitated by human peptide transporter PEPT2. Am J Respir Cell Mol Biol 39
(5):536–542

Suzuki T (2013) Regulation of intestinal epithelial permeability by tight junctions. Cell Mol Life Sci
70(4):631–659

Thaiss CA, Levy M, Suez J et al (2014) The interplay between the innate immune system and the
microbiota. Curr Opin Immunol 26:41–48

Thursby E, Juge N (2017) Introduction to the human gut microbiota. Biochem J 474
(11):1823–1836

Toloza L, Gimenez R, Fabrega MJ et al (2015) The secreted autotransporter toxin (Sat) does not act
as a virulence factor in the probiotic Escherichia coli strain Nissle 1917. BMCMicrobiol 15:250

Turner JR (2009) Intestinal mucosal barrier function in health and disease. Nat Rev Immunol 9
(11):799–809

Turner L, Bitto NJ, Steer DL et al (2018) Helicobacter pylori outer membrane vesicle size
determines their mechanisms of host cell entry and protein content. Front Immunol 9:1466.
https://doi.org/10.3389/fimmu.2018.01466

Ukena SN, Singh A, Dringenberg U et al (2007) Probiotic Escherichia coli Nissle 1917 inhibits
leaky gut by enhancing mucosal integrity. PLoS One 2:e1308. https://doi.org/10.1371/journal.
pone.0001308

Vaishnava S, Yamamoto M, Severson KM et al (2011) The antibacterial lectin RegIII-gamma
promotes the spatial segregation of microbiota and host in the intestine. Science 334
(6053):255–258

Van Den Elsen LW, Poyntz HC, Weyrich LS et al (2017) Embrancing the gut microbiota: the new
frontier for inflammatory and infectious diseases. Clin Transl Immunol 10:18–26

Vejborg RM, Friis C, Hancock V et al (2010) A virulent parent with probiotic progeny: comparative
genomics of Escherichia coli strains CFT073, Nissle 1917 and ABU 83972. Mol Gen Genomics
283(5):469–484

Vercauteren D, Vandenbroucke RE, Jones AT et al (2010) The use of inhibitors to study endocytic
pathways of gene carriers: optimization and pitfalls. Mol Ther 18:561–569

Vétizou M, Pitt JM, Daillère R et al (2015) Anticancer immunotherapy by CTLA-4 blockade relies
on the gut microbiota. Science 350:1079–1084

Vimr ER, Kalivoda KA, Deszo EL et al (2004) Diversity of microbial sialic acid metabolism.
Microbiol Mol Biol Rev 68(1):132–153

Vindigni SM, Zisman TL, Suskind DL et al (2016) The intestinal microbiome, barrier function, and
immune system in inflammatory bowel disease: a tripartite pathophysiological circuit with
implications for new therapeutic directions. Ther Adv Gastroenterol 9(4):606–625

Wells JM, Rossi O, Meijerink M et al (2011) Epithelial crosstalk at the microbiota-mucosal
interface. Proc Natl Acad Sci U S A 108(Suppl 1):4607–4614

216 J. Badia and L. Baldomà

https://doi.org/10.1016/j.chom.2012.08.004
https://doi.org/10.1016/j.celrep.2014.01.021
https://doi.org/10.1093/jac/dku466
https://doi.org/10.1042/BST20180114
https://doi.org/10.1042/BST20180114
https://doi.org/10.3389/fimmu.2018.01466
https://doi.org/10.1371/journal.pone.0001308
https://doi.org/10.1371/journal.pone.0001308


Zakharzhevskaya NB, Vanyushkina AA, Altukhov IA et al (2017) Outer membrane vesicles
secreted by pathogenic and nonpathogenic Bacteroides fragilis represent different metabolic
activities. Sci Rep 7(1):5008

Zhan X, Stamova B, Jin LW et al (2016) Gram-negative bacterial molecules associate with
Alzheimer disease pathology. Neurology 87:2324–2332

Zhang YG,Wu S, Xia Y et al (2013) Salmonella infection upregulates the leaky protein claudin-2 in
intestinal epithelial cells. PLoS One 8:e58606. https://doi.org/10.1371/journal.pone.0058606

Zhang YZ, Li YY (2014) Inflammatory bowel disease: pathogenesis. World J Gastroenterol
20:91–99. https://doi.org/10.3748/wjg.v20.i1.91

Zyrek AA, Cichon C, Helms S et al (2007) Molecular mechanisms underlying the probiotic effects
of Escherichia coli Nissle 1917 involve ZO-2 and PKCzeta redistribution resulting in tight
junction and epithelial barrier repair. Cell Microbiol 9:804–816

9 Membrane Vesicles from the Gut Microbiota and Their Interactions with the Host 217

https://doi.org/10.1371/journal.pone.0058606
https://doi.org/10.3748/wjg.v20.i1.91


Chapter 10
Bacterial Membrane Vesicles and Their
Applications as Vaccines
and in Biotechnology

Julie C. Caruana and Scott A. Walper

Abstract Human society has coevolved with our invisible, microbial neighbors.
From their use in the processing of food and drink to the manufacture of commercial
products and therapeutics, bacteria, yeast, and fungi are invaluable tools to many
aspects of our existence. Despite our long history together, researchers are only
recently beginning to understand the complexities of these relationships and how the
microbial world can fully be exploited. In the last 50 years alone, researchers have
shown that bacteria can be used to manufacture drugs to aid in the treatment of
medical disorders such as diabetes, that environmental microbes can be used to clean
up chemical spills and disasters, and that the microbial communities that reside
within our bodies are capable of influencing our mental and physical health. With
this greater understanding comes new avenues of research to utilize these microbes
to advance human society. Here we discuss efforts to utilize both native and
engineered membrane vesicles shed by bacteria and their potential applications to
several areas of biotechnology. We highlight the use of bacterial membrane vesicles
in vaccine research and as emerging therapeutics as well as exploring their potential
commercial applications and benefits.

10.1 Introduction

Society has a long and storied history with the microbial world. While most often
thought of in the context of historical events of plague, disease, and infection,
microbes such as bacteria, yeast, and fungi have benefited and advanced human
society in countless ways. Microbes have become integral components in food and
beverage production, in the manufacture of therapeutics, and as platforms for
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synthesis of commercial enzymes and other products. In recent years, the ability to
engineer biology has made exponential leaps forward allowing researchers to
explore alternatives to using natural, “wild-type” bacteria. Advances in DNA
sequencing, the accessibility of molecular engineering technologies, improvements
in omics’ instrumentation and analysis tools, and many other factors have opened
new avenues of biological engineering and synthetic biology.

Since they were first observed under scanning electron microscopy, the vesicles
shed by microbes have gone by many names: membrane vesicles, exosomes, outer
membrane vesicles, microvesicles, and others (Knox et al. 1967). Often the nomen-
clature follows the characteristics of the parental organisms such as membrane
vesicle (MV) for those particles originating from Gram-positive bacteria and outer
membrane vesicle (OMV) for the vesicles produced by Gram-negative bacteria,
though this is not always the case. Regardless of the nomenclature and the parental
organism, these vesicles are shed from the outermost membrane of their parental
microorganism (Fig. 10.1). The biomolecules’ composition is highly variable, as are
many of their morphological properties. Most Gram-negative OMVs typically range
in size from 50 to 300 nm, though particles of 85–125 nm are by far the most
prevalent (Deatherage et al. 2009; Schwechheimer et al. 2013). In comparison, the
MVs of Gram-positive bacteria often exhibit a bimodal distribution of particle sizes
with a significant number of vesicles in the 10–30 nm range (Dean et al. 2019;
Grande et al. 2017). The exosomes of eukaryotic cells show a distribution similar to
the OMVs, while microvesicles of mammalian cells have been reported from 100 nm
to 1 μm in range (Raposo and Stoorvogel 2013; Tricarico et al. 2017; Zomer et al.
2010). Typically, vesicles are released from the parental bacteria into the surround-
ing environment, however, researchers have observed some elongated tubules
extending from bacterial surfaces that appear as chains of vesicles as seen with
some Myxococcus species (Berleman et al. 2014).

Fig. 10.1 Nascent MVs of
Lactobacillus reuteri.
Atomic force microscopy
was used to image the
formation of MVs at the
surface of L. reuteri. Cells
were fixed at mid-log stage
and immobilized to mica
surfaces for imaging. Scale
bar represents 500 nm
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Beyond simple morphological differences, the composition of biological vesicles
is highly variable, as would be expected. Proteomic analysis of several bacterial
species of both Gram-positive and Gram-negative classification has shown that
membrane proteins are often the most prevalent components of the structures
(Kroniger et al. 2018; Lee et al. 2007). However, in these studies, researchers have
also shown that in many instances the protein composition of the vesicles does not
always mimic that of the parental microbe. Early studies of Escherichia coli OMVs
by Lee et al. highlighted this phenomenon, reporting that highly abundant membrane
and periplasmic proteins were often not found at detectable levels in OMV prepa-
rations (Lee et al. 2007, 2008). Similar observations have been made with regard to
toxins, small molecules, and peptides that appear to be enriched in vesicles by some
microbes, suggesting a cellular mechanism or signal that facilitates loading (Dean
et al. 2019; Jan 2017). Cell membranes are very heterogeneous by nature with
specific proteins and lipids distributed across the exterior of the cell (Barak and
Muchova 2013). For most microbes, the outermost membrane is a dynamic surface
that not only changes through the various stages of the cells’ life cycle but also
responds to environmental cues and conditions and changes in response to these
stimuli. While there are many mechanisms proposed for vesicle biogenesis, evidence
is mounting that formation and release may be a well-controlled cellular event in
some bacteria (Elhenawy et al. 2016; Roier et al. 2016). The bacterial membrane
vesicles therefore take on a variety of functions, serving as a defense mechanism
from phages and antimicrobial peptides, facilitating toxin delivery in pathogenesis,
and shuttling DNA and RNA between species allowing for horizontal gene transfer,
among others.

In the subsequent sections, we will explore the potential biotechnology applica-
tions of both natural and engineered bacterial membrane vesicles. At present,
membrane vesicles have seen their greatest acceptance in the area of vaccine
development employing the OMVs of Gram-negative bacteria. Unlike many tradi-
tional strategies that require inactivation of the virus or toxin, OMV-based vaccines
allow antigens to be maintained in their native state and delivered simultaneously
with immunostimulatory epitopes that serve as the adjuvant. OMV-based vaccines
offer an all-in-one vehicle that is relatively low cost and easy to manufacture.
Beyond vaccines, the complexity of protein and other biomolecule composition
opens numerous avenues of engineering bacterial membrane vesicles for specific
applications that may have commercial value. Researchers have demonstrated that
through careful design of molecular systems, specific proteins can be targeted to both
the interior and exterior of these biological nanoparticles. These efforts have allowed
for the development of OMV-based assays for antigen detection, enzyme-based
systems for bioremediation, and tools for imaging cell–cell interactions. These
early success in both health-related and commercial applications are foundational
to ongoing efforts that may lead to new therapeutics, engineered probiotics, or tools
for regulating complex microbial communities.
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10.2 OMV Use in Vaccines

The design of vaccines is based on the concept that protective immunity against a
given pathogen results from inducing the natural immune response against that
pathogen without actually causing the associated disease. Therefore, the vaccine
must resemble the pathogen enough to trigger the correct immune response, yet must
not itself be infectious. Traditionally, this has been achieved through several strat-
egies, including the use of attenuated pathogens (rendered nonpathogenic by various
methods) or killed pathogens (inactivated by heat or chemical denaturation) (Zepp
2010). While numerous vaccines in use today are still produced by these strategies,
there are drawbacks to both. Attenuated pathogens may potentially revert back to
virulent forms or may pose a higher threat to individuals with compromised immune
systems. On the other hand, killed pathogens may not stimulate the immune system
enough to provide long-lasting protection, necessitating the use of adjuvants such as
aluminum compounds that further stimulate the innate immune response (Coffman
et al. 2010; Zepp 2010). Thus, modern vaccines are based on the use of carefully
chosen antigens in combination with adjuvants to enhance the body’s response to the
antigen (Fig. 10.2).

OMVs possess a number of characteristics that make them ideal candidates as a
vaccine platform. First, they are naturally produced by bacteria and have intrinsic
immunostimulatory properties, as they contain species-specific antigens as well as
pathogen-associated molecular patterns (PAMPs). Thus, OMVs induce both adap-
tive and innate immune responses, allowing them to function as antigen and adjuvant
in one package (Ellis and Kuehn 2010; Kaparakis-Liaskos and Ferrero 2015).
Second, OMVs are non-replicative and so do not need to be treated with inactivating
agents, which preserves antigens and PAMPs in their native states. Third, while a
number of nanoparticle-based vaccine delivery vehicles are in development today
including OMVs, virus-like particles (VLPs), immunostimulatory complexes
(ISCOMs), and inorganic nanoparticles (reviewed in Xiang et al. 2006), OMVs
are uniquely suited to this purpose as their natural size range (20–250 nm) enables
them to both drain freely into the lymph nodes to target immune cells residing there,
as well as to be taken up by antigen-presenting cells such as dendritic cells
(Fig. 10.3) (Gerritzen et al. 2017; Kulp and Kuehn 2010; Manolova et al. 2008).
Finally, genetic engineering can be used in a number of ways to improve the
production, immunostimulatory properties, and safety of OMV-based vaccines
(discussed in detail below). As a result of their potential as a vaccine platform, a
significant amount of research has been dedicated in recent decades to the engineer-
ing of OMV-based vaccines, including an FDA-approved vaccine against meningitis
serogroup B.

There are various factors to consider in the design and production of OMV-based
vaccines. OMVs may be isolated directly from the target pathogen, though this often
requires them to be extracted using detergents that remove certain toxic components
from the OMV surface such as lipopolysaccharide (LPS) found on Gram-negative
bacteria (Gnopo et al. 2017; van de Waterbeemd et al. 2010). Alternatively, mutant
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pathogen strains producing modified, less-toxic LPS can be used as the OMV
source, or antigens can be heterologously expressed in engineered host species
with modified LPS. In either case, this can be done in strains carrying mutations
that increase vesicle formation to increase the OMV yield. Genetic engineering can
also be used to introduce multiple antigens into a single OMV platform, thus
increasing the strength or broadening the scope of the immune response to protect
against additional strains of the pathogen. These considerations will be discussed in
detail below in the context of the meningitis B vaccine as a primary case study,
followed by several other examples of OMV-based vaccines against various dis-
eases. This topic has also been extensively reviewed by other researchers and their
work may be referred to for additional information (Gerritzen et al. 2017; Gnopo
et al. 2017; Tan et al. 2018; van der Pol et al. 2015).

Fig. 10.3 Comparison of current vaccine platforms. Vaccine platforms vary in their size, methods
of purification, and their mode of interaction with host immune cells. For each system, these
properties have to be weighed to determine their feasibility in administration and commercializa-
tion. For example, the possibility of sterile filtrations simplifies the production design while the
analysis of nanoparticle size distribution can increase the difficulty of standardizing the final
product. Within this figure, the green box highlights the overall preferred size window for vaccine
production. Used with permission from Gerritzen et al. Bioengineering bacterial outer membrane
vesicles as vaccine platform. Biotechnology Advances, 2017. 35(5): p. 565–574
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10.2.1 OMV Vaccines for Meningitis

To date, the development of OMV vaccines has seen the most attention for Menin-
gitis type B (MenB), which remains the only disease for which they have been
approved for human use. Neisseria meningitidis strains are classified into serogroups
based on their capsular type, and effective vaccines containing a capsular polysac-
charide coupled to a carrier protein have been developed against several serogroups.
However, the serogroup B capsule bears structural similarity to a neural cell adhe-
sion molecule in the human brain, which means that it is poorly immunogenic and
also that its use in a vaccine has the potential to induce an autoimmune response
(Finne et al. 1983; Rosenstein et al. 2001). Consequently, vaccine development for
MenB has focused on other antigens, particularly the immunodominant outer mem-
brane protein porin A (PorA) (Holst et al. 2009, 2013). As PorA is abundant in the
outer membrane, it is naturally also present at high levels in OMVs isolated from
N. meningitidis strains, making them an ideal candidate for vaccine development.

OMVs isolated from local serogroup B meningococcal strains proved effective as
vaccines in Cuba, Norway, Chile, Brazil, and New Zealand, with the significant
limitation that the immune response was strain-specific due to the high sequence
variability of PorA (reviewed in Holst et al. 2009). To combat this limitation, an
OMV vaccine was developed at the Netherlands Vaccine Institute that is produced
from two genetically modified N. meningitidis strains that each express three PorA
subtypes (Claassen et al. 1996; van der Ley et al. 1995). This hexavalent vaccine
“HexaMen” was safe and effective in clinical trials and has been further improved to
include a third trivalent OMV to provide coverage against the nine most frequently
occurring subtypes of MenB in industrialized countries (de Kleijn et al. 2001; van
den Dobbelsteen et al. 2007).

While OMV vaccines are safe and effective, their primary dependence on the
PorA antigen necessitates that even the multivalent vaccines would still require
periodic reformulation as the dominant subtypes of MenB change over time. Thus,
work continued toward the identification of new, conserved antigens that would
allow for the development of a “universal” vaccine for serogroup B meningococcal
strains. The availability of whole genome sequencing technology gave rise to a new
strategy of vaccine development termed “reverse vaccinology,” in which candidate
antigens identified in silico are individually expressed in E. coli and tested for
immunogenicity (Rappuoli 2000). This approach allowed researchers to identify a
number of novel antigens that are conserved across multiple N. meningitidis strains
(Pizza et al. 2000). A new vaccine was then developed that includes five of these
novel antigens in the form of three recombinant proteins: a fragment of NadA, plus
two fusion proteins consisting of NHBA–GNA1030 and GNA2091-fHbp (Giuliani
et al. 2006). NadA is an adhesin, NHBA is a heparin binding protein, and fHbp is a
lipoprotein that binds to human complement factor H; the functions of GNA1030
and GNA2091 remain unknown (Comanducci et al. 2002; Madico et al. 2006;
Serruto et al. 2010). The final formulation of this vaccine, registered as Bexsero
by Novartis Vaccines, includes the five recombinant antigens plus OMVs prepared
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from the New Zealand epidemic strain of N. meningitidis, which contribute both the
PorA antigen to increase strain coverage and additional adjuvant activity (Gorringe
and Pajón 2012).

In addition to the choice of antigenic component(s), other important factors to be
considered in the development of OMV-based vaccines include the source organism
and method of isolation for the OMVs. In the case of MenB vaccines, OMVs have
traditionally been isolated from wild-type or recombinant strains of N. meningitidis,
which requires them to be prepared by detergent extraction due to the highly toxic
nature of lipopolysaccharide (LPS) found on the OMV surface (Holst et al. 2009).
LPS (also known as endotoxin) is a potent adjuvant that stimulates the innate
immune system through Toll-like receptor 4 (TLR4) found on macrophages, how-
ever, high levels of LPS can lead to fever, inflammation, and septic shock (Copeland
et al. 2005; Raetz and Whitfield 2002). While detergent extraction of OMVs
removes most of the LPS and can also increase OMV yield, there are also drawbacks
to this process. Detergent use can result in aggregation of OMVs due to removal of
negatively charged LPS and phospholipid molecules, which can increase size
variability and decrease vaccine stability and shelf life (Holst et al. 2009; van de
Waterbeemd et al. 2010). It also alters the proteomic profile of OMVs, through both
contamination of OMVs with cytoplasmic proteins as a result of bacterial cell lysis
and removal of components that contribute to immunogenicity and adjuvanticity
(van de Waterbeemd et al. 2013, 2010; Zariri et al. 2016a). For example, detergent
treatment removes the fHbp antigen, a surface-exposed lipoprotein that is highly
immunogenic against various N. meningitidis strains and is naturally present on
native OMVs (Masignani et al. 2003). The absence of antigens and PAMPs such as
lipoproteins and phospholipids can reduce the immunogenic response to OMVs,
requiring the use of additional adjuvants (Gnopo et al. 2017; Zariri et al. 2016a).

Recent efforts toward a second-generation OMV vaccine for MenB have focused
on genetic engineering of N. meningitidis strains to reduce LPS toxicity and elim-
inate the need for detergent extraction of OMVs. The lpxL1 and lpxL2 deletion
mutants produce modified lipid A, which is the major component of LPS responsible
for its toxicity (Fig. 10.4) (van der Ley et al. 2001; Zariri et al. 2016b). The resulting
lipid A is penta-acylated rather than hexa-acylated and is no longer toxic as it shows
little to no stimulation of human TLR4 (Steeghs et al. 2008; van der Ley et al. 2001).
Thus, OMVs isolated from lpxL1 and lpxL2 mutant strains do not require detergent
treatment and are still immunogenic, though they may require additional adjuvants
in order to be effective vaccines in humans due to their lack of stimulation of innate
immunity through TLR4 (Fisseha et al. 2005; Koeberling et al. 2008; van de
Waterbeemd et al. 2010). Further bioengineering of LPS biosynthesis or modifica-
tion through the use of the lptA or lgtB mutations and heterologous expression of the
pagL gene encoding lipid A 3-O-deacylase from Bordetella bronchiseptica has
shown that the potential exists to produce OMVs that display a broad range of
TLR4 activation, which show promise to be used as effective stand-alone vaccines
(Geurtsen et al. 2006; Pupo et al. 2014; Zariri et al. 2016b).

Finally, there are additional genetic mutations available that can increase overall
OMV yield. A mutation in the RmpM protein, which links the outer membrane of
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the cell to the peptidoglycan layer, leads to a more loosely attached outer membrane
and increased OMV release, but does not affect bacterial growth or OMV immuno-
genicity (Arigita et al. 2004; Klugman et al. 1989; van de Waterbeemd et al. 2010).

Research to date on MenB vaccines highlights both the advantages and chal-
lenges of using OMVs as a vaccine platform. Recent developments in bioengineer-
ing have done much to expand the potential in this area, and it is likely that the next
generation MenB vaccine will make use of the various options in antigen choice and
display, LPS detoxification, and OMV yield to result in improved effectiveness,
safety, and ease of production.

10.2.2 OMV Vaccines for Gonorrhea

Gonorrhea is one of the most frequently reported communicable diseases in the
USA, with a worldwide incidence estimated at 78 million new cases per year (Bolan
et al. 2012; Newman et al. 2015). Despite more than a century of research, efforts to
develop a vaccine against gonorrhea have been unsuccessful, while the need for such
a vaccine has only increased as a number of antibiotic-resistant strains of gonorrhea
have emerged (Bolan et al. 2012; Edwards et al. 2016). Interestingly, ecological data
suggest a decline in gonorrhea during the time period immediately after the use of
the OMV-based MenB vaccines in Cuba and Norway, indicating that the OMV
vaccine may afford some protection against gonorrhea (Pérez et al. 2009; Whelan
et al. 2016). Furthermore, a retrospective case-control study done in New Zealand
estimated that the OMV vaccine used in that country, MeNZB, was 31% effective in
preventing gonorrhea (Petousis-Harris et al. 2017). This landmark finding represents
the first example of any vaccine being associated with protection against gonorrhea
in humans.

Despite causing significantly different diseases, the causal pathogens of gonor-
rhea and meningitis, Neisseria gonorrhoeae and N.meningitidis, are closely related.
The two are estimated to share 80–90% homology in DNA sequence, and several of
the antigens found in the Bexsero MenB vaccine are also present in various
N. gonorrhoeae strains at approximately 60–90% amino acid sequence identity to
the N. meningitidis reference strain (Hadad et al. 2012; Semchenko et al. 2018;
Tinsley and Nassif 1996). It was recently shown that both the OMV and recombinant
protein antigen components of the Bexsero vaccine (which contains the same OMV
component as the MeNZB vaccine) could elicit antibodies against N. gonorrhoeae in
rabbits and humans (Semchenko et al. 2018). This provides some explanation of the
cross-protection afforded by the MenB vaccines and suggests that development of a
similar OMV-based strategy might be the key to an effective vaccine against
gonorrhea.

The promising findings of Petousis-Harris et al. and Semchenko et al. with regard
to vaccine cross-protection are very recent, and as such there have not yet been
reports on OMV-based vaccines designed specifically against gonorrhea. However,
some candidate antigens have been identified. For example, N. gonorrhoeaeMetQ, a
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subunit of the methionine binding ABC transporter, was recently shown to be highly
conserved, localize to the bacterial and OMV surface, and to play a role in adherence
to cervical epithelial cells. Most importantly, antibodies against MetQ are bacteri-
cidal and can block adherence, indicating its potential as a candidate vaccine antigen
(Semchenko et al. 2017). Additionally, it was recently demonstrated that a vaccine
consisting of formalin-inactivated whole bacterial cells encapsulated in microparti-
cles was effective in a mouse model (Gala et al. 2018), further supporting the
hypothesis that a vaccine presenting surface-exposed antigens in their native state
may be the most effective avenue for a successful gonorrhea vaccine.

10.2.3 OMV Vaccines for Influenza

While the above examples demonstrate the use of pathogen-derived OMVs as
vaccines, other species of bacteria can be engineered to heterologously express
and display antigens on their outer membrane to produce antibacterial or antiviral
OMV vaccines. Despite the availability of seasonal vaccines, influenza infection
remains an ongoing threat, particularly with the ability of influenza A viruses to form
pandemic strains. Current influenza vaccines generally produce an immune response
against the immunodominant glycoproteins hemagglutinin and neuraminidase, how-
ever, these proteins are extremely variable and thus strain-specific vaccines must be
redeveloped annually (Sato et al. 2001; Treanor 2015). Variations in these surface
epitopes and others also contribute to a low efficacy for influenza vaccinations
(Osterholm et al. 2012). Therefore, there is significant interest in the development
of a universal influenza vaccine that could reduce the need for annual redesign and
revaccination and would provide protection should a new pandemic strain arise.

One of the most promising target antigens for a universal vaccine is M2e, an
integral membrane protein of influenza A virus. Unlike hemagglutinin and neur-
aminidase, the M2e sequence is highly conserved across strains, however, it is not as
immunogenic as the aforementioned antigens and requires adjuvants to be effective
(Lamb et al. 1985). To produce a self-adjuvant, OMV-based vaccine, the probiotic
E. coli strain Nissle 1917 was engineered to express a fusion protein consisting of
M2e4xHet, a multimeric construct containing four M2e variants, as a C-terminal
fusion to ClyA, an E. coli transmembrane protein that is known to be enriched in
OMVs (Rappazzo et al. 2016). Mice vaccinated with the resulting recombinant
OMVs showed a 100% survival rate after challenge with a lethal dose of a mouse-
adapted H1N1 strain (Rappazzo et al. 2016). The OMV-based vaccine was further
improved by production in ClearColi, an E. coli strain engineered to contain only the
LPS precursor lipid IVa instead of full LPS, and these OMVs provided equal
protection against influenza in mice and ferrets without LPS-based endotoxicity,
which would otherwise hamper translation of this therapy to use in humans (Watkins
et al. 2017).
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10.2.4 OMV Vaccines for Cholera

Cholera, a secretory diarrheal disease caused by the Gram-negative bacterium Vibrio
cholerae, is a major cause of mortality in developing countries, particularly for
infants and young children. While cholera vaccines are currently available, they
still suffer from drawbacks of high cost, short shelf life, and the need for cold
storage, all of which limit their implementation in developing countries and high-
light the need for new candidate vaccines (Bishop and Camilli 2011). V. cholerae
OMVs could induce a specific, high-titer, and long-lasting immune response in mice,
and immunization of female mice also resulted in protection of their neonatal
offspring via the transfer of IgG and IgA antibodies in the mother’s milk (Schild
et al. 2009, 2008). As was the case for the N. meningitidis and E. coli OMVs, genetic
modification of lipid A resulted in reduced endotoxicity without diminishing the
immunogenic potential of the vaccine (Leitner et al. 2013).

It has already been shown that there is a protective effect of breastfeeding against
cholera due to the presence of IgA antibodies directed against V. cholerae surface
structures and cholera toxin (Clemens et al. 1990; Glass et al. 1983; Hanson et al.
1985; Qureshi et al. 2006). The major protective antigen of the OMV vaccine is the
O-antigen, which is present in high amounts on the OMV surface, and cholera toxin
is known to be packaged into OMVs (Chatterjee and Chaudhuri 2011; Leitner et al.
2013). Thus, an OMV vaccine may be the ideal candidate to deliver effective
antigens that can induce immunity via high IgA titers, and immunization of adult
women would hopefully lead to significant protection of newborns and young
children, often the population most affected during cholera epidemics (Leitner
et al. 2013).

In addition to its effectiveness, the OMV vaccine is also a promising candidate to
overcome the cost, stability, and transport limitations of the other available vaccines.
Large-scale production of OMVs at reasonable cost has already been demonstrated
for the meningitis vaccines. OMVs purified from V. cholerae were stable after
1 month at 37 �C, and could be easily administered for immunizations without
accessory buffer solutions, indicating that cold storage and trained medical pro-
fessionals may not be required for vaccine distribution (Leitner et al. 2013; Schild
et al. 2009).

10.2.5 OMV and EV Vaccines for Other Diseases

In addition to the above examples, OMVs from various other pathogenic species
have been tested as a vaccine platform against their associated diseases. These
include Acinetobacter baumannii, Bordetella pertussis and B. parapertussis, Bru-
cella melitensis, Burkholderia mallei and B. pseudomallei, Francisella novicida,
Heliobacter pylori and H. felis, Klebsiella pneumoniae, Porphyromonas gingivalis,
Salmonella enterica ssp. enterica ser. Typhimurium, and Shigella spp. (Alaniz et al.
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2007; Asensio et al. 2011; Avila-Calderón et al. 2012; Bottero et al. 2013; Keenan
et al. 1998; Kesavalu et al. 1992; Lee et al. 2012; McConnell et al. 2011; Mitra et al.
2013; Nieves et al. 2014; Pierson et al. 2011; Roberts et al. 2008).

While the above examples all pertain to the use of OMVs from Gram-negative
organisms, the relatively recent discovery that Gram-positive bacteria also produce
membrane vesicles has led several groups to test whether Gram-positive MVs might
also be effectively used as vaccines (Brown et al. 2015; Lee et al. 2009; Liu et al.
2018b) (See Chap. 2). Promising results from vaccinations with MVs have been
demonstrated for Bacillus anthracis, Clostridium perfringens, Mycobacterium
tuberculosis, Staphylococcus aureus, and Streptococcus pneumoniae (Choi et al.
2015; Jiang et al. 2014; Olaya-Abril et al. 2014; Prados-Rosales et al. 2014; Rivera
et al. 2010). One potential advantage of using MVs from Gram-positive bacteria is
that they do not contain LPS and thus are unlikely to require detoxification; for
example, Choi et al. reported that unmodified MVs from S. aureus were self-
adjuvanting and could stimulate effective immunity against S. aureus with no
observable toxic effects (Choi et al. 2015).

In each of the abovementioned cases, the administered OMVs or MVs induced an
immune response in cell lines or animal models, and usually promoted survival or
prolonged the time to death after challenge with the associated pathogen. As
antibiotic-resistant strains are a serious problem for some of these pathogens, the
potential for the development of OMV/MV vaccines that protect against these
diseases is highly attractive.

10.2.6 OMV Vaccines Based on Recombinant Antigens

There are numerous reports of OMV vaccines based on heterologous expression of
antigens. E. coli is often used as the host species for OMV production, as is the case
for vaccine concepts against A. baumannii, Francisella tularensis, S. pneumoniae,
Campylobacter jejuni, Plasmodium sp., Chlamydia sp., and Leishmania sp.
(Bartolini et al. 2013; Chen et al. 2016; Fantappiè et al. 2014; Huang et al. 2016;
Pritsch et al. 2016; Schroeder and Aebischer 2009).

Other host species have also been used for recombinant OMV production,
particularly those whose OMVs have already been studied as vaccine candidates
including N. meningitidis expressing antigens against Lyme disease or genital
herpes, V. cholerae expressing enterotoxigenic E. coli antigens and S. enterica ssp.
enterica ser. Typhimurium expressing protective antigens to prevent pneumococcal
disease, tuberculosis, and chlamydia infections (Daleke-Schermerhorn et al. 2014;
Del Campo et al. 2010; Kuipers et al. 2015; Leitner et al. 2015; Muralinath et al.
2011; Salverda et al. 2016).

As in the influenza vaccine described above, the target protein-based antigens are
generally expressed as fusions with native membrane-localized proteins such as
ClyA or OmpA in E. coli or fHbp in N. meningitidis. The E. coli autotransporter
Hemoglobin protease (Hbp) was also recently engineered as a platform that can be
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used for simultaneous display of multiple heterologous antigens on a single, stable
scaffold that localizes to the OMV surface at high densities (Daleke-Schermerhorn
et al. 2014; Kuipers et al. 2015). Similarly, a system has been designed in which
multiple proteins can be produced separately from OMVs, then assembled onto a
scaffold located on the OMV surface (see the below section on biomass conversion
for more detail) (Park et al. 2014). These developments open up the exciting
possibility of creating multivalent OMV vaccines that present several antigens
from the same pathogen or even antigens from several different pathogens.

10.2.7 OMV Vaccines Based on Bacterial Glycans

In some cases, the target vaccine antigens are not proteins but rather glycans. Many
successful current vaccines, such as those for non-serogroup B meningitis, are based
on the use of glycoconjugates that consist of glycans coupled to T cell-dependent
protein antigens, as glycans alone usually elicit T cell-independent responses which
are weaker and short-lived. However, a major drawback to this glycan-based vaccine
strategy is that current production techniques are technically demanding, costly, and
unreliable (Price et al. 2016). As an alternative strategy, E. coli can be engineered to
produce and display pathogen-specific polysaccharides on OMVs. For example,
Chen et al. introduced the gene cluster required for synthesis of F. tularensis
O-Polysaccharide (O-PS), a subunit of LPS, into a hypervesiculating laboratory
E. coli strain which is O-PS-deficient but still produces the lipid A core to which
O-PS attaches (Chen et al. 2016). In this model, pathogen-specific O-PS is synthe-
sized on the cytoplasmic face of the inner membrane by plasmid-encoded enzymes,
to which endogenous E. coli proteins complete the translocation of O-PS to the outer
membrane and attach it to the lipid A core. The result of this process is that
F. tularensis—specific O-PS is displayed on the E. coli outer membrane and
consequently the OMVs as well (Fig. 10.5). In parallel, the E. coli host strain was
also engineered to produce the less inflammatory, penta-acylated lipid A to circum-
vent LPS-based toxicity. Vaccination of mice using the subsequent glycoengineered
OMVs significantly delayed time to death after lethal F. tularensis challenge. This is
a promising result for the development of a vaccine against F. tularensis, which is a
class A bioterrorism agent for which no licensed vaccine currently exists (Oyston
et al. 2004). A similar strategy was employed by Price et al., who engineered E. coli
to produce OMVs displaying the S. pneumoniae serotype 14 capsular polysaccha-
ride, which elicited an immune response comparable to a commercial pneumococcal
vaccine in mice (Price et al. 2016). They also designed glycoengineered OMVs that
display the C. jejuni N-glycan, which resulted in an unprecedented level of protec-
tion against C. jejuni in chickens (Price et al. 2016). Collectively, these studies
highlight the potential of glycoengineering in vaccine development for pathogens
that have to date proven incompatible with other methods.
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10.2.8 OMV Vaccines for Host Glycans

Glycoengineering of OMVs also carries the exciting possibility for use in generating
immune responses against clinically important host glycans such as those associated
with certain types of cancer. For example, Valentine et al. engineered E. coli OMVs
to display two clinically important human glycan structures, namely the tumor-
specific carbohydrate antigens polysialic acid (PSA) and Thomsen-Friedenreich

Fig. 10.5 Schematic of the assembly of pathogen-specific antigens on the surface of OMVs.
Cellular machinery is responsible for synthesis and transport to the outer membrane where flippase
(Wzx) is responsible for membrane translocation and surface expression. Membrane-bound antigen
is released in budding vesicles. Reproduced with permission from Chen et al. Outer membrane
vesicles displaying engineered glycotopes elicit protection antibodies. PNAS, 2016. 113(26):
p. E3609-E3618
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antigen (T-antigen) (Valentine et al. 2016). Both of these glycans are highly
expressed in several different cancers but not in normal cells and antibodies recog-
nizing these antigens could have clinical benefits, however, on their own, they have
low intrinsic immunogenicity (Heimburg-Molinaro et al. 2011). OMVs displaying
these antigens could elicit strong IgG antibody titers in mice, indicating that this may
be an effective strategy for generating functional antibodies against clinically rele-
vant carbohydrates. These results highlight the advantages of using OMVs to display
glycan antigens: their production is less complicated and expensive than traditional
glycoconjugate vaccines, the strategy can be easily tailored to various glycan
antigens (provided the biosynthetic pathway for the target is known), and they
provide the necessary adjuvanticity to activate long-lasting, T cell-dependent
immunity.

10.3 OMV-Based Therapeutics

Biologically derived nanoparticles isolated from bacteria or mammalian cells have
received substantial attention in recent years for their potential as biodegradable
carriers that can specifically deliver cargo to targeted sites (Yoo et al. 2011). While
many drugs face limitations in application due to toxicity, poor stability, and
inability to cross cell membranes, engineered OMVs/MVs can circumvent many
of these drawbacks as they can protect their cargo from degradation, target it to
specific cells, and deliver it into those cells efficiently.

The capacity for engineered OMVs to target a specific cell population and deliver
cargo was effectively demonstrated by Gujrati et al., who developed E. coli OMVs
for use in cancer therapy (Gujrati et al. 2014). They engineered E. coli to express an
affibody specific to HER2, a transmembrane receptor overexpressed in many can-
cers, as a fusion protein with the C-terminus of the native ClyA protein, which
targets the resulting protein to the OMV surface (Fig. 10.6). Isolated OMVs were
loaded via electroporation with a therapeutic siRNA that targets the kinesin spindle
protein (KSP), which is overexpressed in rapidly proliferating cells such as those
found in tumor tissue. Silencing of KSP blocks the formation of mitotic spindles,
leading to cell-cycle arrest and apoptosis. When injected into mice, the resulting
OMVs targeted HER2-overexpressing cells with high affinity and were rapidly
internalized, leading to significant inhibition of tumor growth and reduction of
tumor size that could be attributed to knockdown of KSP expression. As these
OMVs were isolated from an E. coli strain with modified LPS, they have low
endotoxicity and did not cause significant side effects, which is a major limiting
factor of many drug therapies. This work highlights the potential of vesicle-based
nanoparticles as cell-specific delivery vehicles that can overcome many of the
drawbacks and limitations that hamper the development and release of new cancer
therapies.

Various other health benefits have been observed for membrane vesicles, partic-
ularly those produced by probiotic bacteria. These include bacterial species that
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colonize the gastrointestinal tract and confer benefits to the host through either direct
communication with host cells or through interaction with other probiotic or path-
ogenic bacteria (Bron et al. 2011). Often, the beneficial effects result from the
interaction of probiotic bacteria (and their associated membrane vesicles) with the
host immune system. For example, recent studies have suggested that probiotic
bacteria can suppress inflammatory and allergic responses through modulation of
immune responses. MVs from Bifidobacterium longum could alleviate a food allergy
response in a mouse model by penetrating through intestinal epithelial cells and
selectively targeting and inducing apoptosis of mast cells (Kim et al. 2016). The
commensal species Bacteroides fragilis delivers the immunomodulatory molecule
Polysaccharide A to dendritic cells via OMVs, thereby suppressing immune
responses that drive inflammation (Shen et al. 2012). A similar result was also

Fig. 10.6 OMV as therapeutic agents for cancer. (a) E. coli OMVs were labeled with anti-HER2
affibodies then loaded with cytotoxic siRNA labeled with a fluorophore for visualization. (b) For
cell binding and uptake studies, HER2-overexpressing SKOV3 cells and HER2-negative
MDA-MB-231 cells were co-incubated with AffiHER2 OMV and stained with an anti-affibody
antibody (green). Receptor-specific cell binding and uptake were seen only with HER2-
overexpressing SKOV3 cells. Reproduced with permission Gujrati et al. (2014) Bioengineered
Bacterial Outer Membrane Vesicles as Cell-Specific Drug-Delivery Vehicles for Cancer Therapy.
ACS Nano 8(2): pp. 1525–1537
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shown for Lactobacillus rhamnosus, for which MVs could recapitulate the previ-
ously demonstrated immunoregulatory and neuronal effects of whole bacteria
(Al-Nedawi et al. 2015). Finally, MVs of Kefir-derived Lactobacillus strains
reduced inflammatory cytokine production and alleviated symptoms in a mouse
model of inflammatory bowel disease (Seo et al. 2018).

The potential modulation of the host immune system by probiotic bacteria can
also have a protective role against various pathogens. While it has not been definitely
shown that these benefits are conveyed solely by membrane vesicles, researchers
have performed studies using culture media and other preparations devoid of cells
and seen similar results as discussed above. As specific examples of MV-mediated
protection, Li et al. showed that MVs derived from L. plantarum provided protection
to C. elegans against vancomycin-resistant Enterococcus faecium through
upregulation of multiple host defense genes (Li et al. 2017). The authors also
performed these experiments with the common human intestinal epithelial cell line
Caco-2 and observed similar changes in gene expression. Further exploration into
the mechanisms of this and other protective effects induced by probiotic MVs might
allow for the development of new treatments for antibiotic-resistant pathogens.

Probiotic bacteria have also been suggested to have cancer prevention properties,
particularly against colon cancer (Commane et al. 2005; dos Reis et al. 2017; Paolillo
et al. 2009). While the exact mechanisms of this are unknown, it has been reported
that many probiotic species exert this effect through the secretion of factors that
induce apoptosis, and it is likely that these factors are delivered to host cells via
bacterial membrane vesicles (Oelschlaeger 2010). Indeed, it was recently shown that
purified MVs from L. rhamnosus have significant cytotoxic effects on hepatic cancer
cells (Behzadi et al. 2017). As membrane vesicles derived from the microbiota in the
gastrointestinal tract can travel to the liver and other nearby organs through the
bloodstream, this provides further evidence for the potent anticancer properties of
probiotic bacteria and their membrane vesicles (Salminen et al. 2004). Furthermore,
as probiotic bacteria generally do not have deleterious effects on the host, exploita-
tion of these properties may make possible the development of new cancer treat-
ments that do not also cause the damaging side effects of traditional
chemotherapeutic agents (Behzadi et al. 2017).

10.3.1 Emerging Therapeutic Applications

In addition to the potential anticancer and other uses discussed above, there are a
number of other therapeutics that could benefit from delivery via OMVs/MVs.
Compounds such as antimicrobial peptides which would be susceptible to degrada-
tion in their free form, or antibiotics that would otherwise not be able to cross the cell
membrane, could be packaged into bacterial membrane vesicles for protection and
delivery into target cells (Liu et al. 2018b). This may be particularly important for
treatment of pathogens that can ordinarily resist antibiotics through mechanisms
such as outer membranes with low permeability, or biofilms that delay penetration of
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the antibiotic or directly inactivate it via secreted enzymes such as β-lactamases
(Messiaen et al. 2013). Unlike free molecules, vesicles may be transported through
the biofilm and taken up into cells, bypassing these defense mechanisms. For
example, packaging of the antibiotic tobramycin into artificial liposomes greatly
increased its effectiveness against multiple pathogens including Burkholderia
cepacia, Pseudomonas aeruginosa, and S. aureus (Beaulac et al. 1998). Several
liposome-based drugs are currently in clinical trials; however OMV/MV-based
vesicles may offer additional benefits related to ease of production or the ability to
incorporate specific cell targeting motifs through genetic engineering.

Phage therapy has also received significant attention in recent years as an
alternative treatment for antibiotic-resistant bacteria (Lin et al. 2017). One challenge
to the implementation of phage therapies is that many phages have narrow host
ranges, limiting their applicability. As membrane vesicles naturally play a role in
broadening phage host ranges through the transfer of phage receptors between
bacterial hosts, this capability could be harnessed for clinical use (Tzipilevich
et al. 2017). For example, vesicles derived from phage-sensitive bacteria could be
given to a patient prior to administration of the phage itself. If those vesicles are
taken up by bacteria already infecting the patient, the phage receptor could be
transferred and could potentially enhance targeting of the phage to the infectious
bacteria (Liu et al. 2018b).

It has also been proposed that vesicles could be used for delivery of genome
editing tools, such as the Cas9-guide RNA ribonucleoprotein complex required for
CRISPR-based genome editing, to correct genetic disorders or to combat pathogens
(Knott and Doudna 2018; Liu et al. 2019).

Membrane vesicles could also be used as vehicles for delivery of nutritional
compounds to the host gastrointestinal tract. For example, vitamin K2
(menaquinone) is a cofactor required for the production of blood coagulation factors
and osteocalcin (a bone-forming protein) and may also prevent osteoporosis, coro-
nary heart disease, and liver cancer, but recent data indicate that subclinical vitamin
K deficiency is not uncommon (DiNicolantonio et al. 2015). Vitamin K cannot be
synthesized by humans, but rather is mainly produced by bacteria in the intestine
such as B. subtilis and certain strains of lactic acid bacteria (Liu et al. 2018a). In
particular, a strain of B. subtilis isolated from the traditional Japanese fermented
soybean product natto could be engineered to produce very high amounts of vitamin
K2 (Sato et al. 2001). As menaquinones are hydrophobic compounds that accumu-
late in the bacterial cell membrane, the potential exists for vitamin K-containing
MVs isolated from B. subtilis or lactic acid bacteria to be administered as dietary
supplements (Liu et al. 2018a). A similar strategy could be used for other important
nutritional or medically relevant compounds that are not naturally produced in high
amounts by these bacteria, if they could be genetically engineered to produce and
package such compounds in vesicles.
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10.3.2 Commercial Application of EVs

The protein composition of bacterial membrane vesicles is highly variable dependent
upon growth conditions, culture age, and many other factors. Despite the variability,
abundant membrane proteins such as porins, membrane channels, and others con-
sistently appear in proteomic analysis of bacterial membrane vesicles and offer
potential anchors for their functionalization (Dean et al. 2019; Kroniger et al.
2018; Kwon et al. 2009; Lee et al. 2007; Schwechheimer et al. 2013; Yun et al.
2017). With the targeted loading of bacterial membrane vesicles, researchers can
begin to exploit the inherent natural advantages afforded by these vesicles, such as
protection from environmental conditions, as well as others of specific design such
as enzyme localization and assembly. This engineering of OMVs has the potential
for designer probiotics, biological catalysts, and even development for new thera-
peutic platforms. In the subsequent section, we highlight some of the areas where
engineered OMVs and MVs are already making inroads as new tools for a range of
commercial, environmental, and health-related applications.

10.3.3 OMVs for Biomass Conversion

The successful engineering of E. coli and other bacteria to express target proteins and
display them on the OMV surface makes possible their use not just in biomedical
applications, but for other purposes in which nanoparticles are needed. Many
biological processes, such as the Krebs TCA cycle in mitochondria or cellulose
hydrolysis by cellulosomes on the surface of anaerobic bacteria, are carried out
through complex multienzyme cascades that achieve specificity and efficiency
through compartmentalization and precise spatial organization of individual pro-
teins. In an effort to mimic this organization for biotechnological applications,
several studies have demonstrated synthetic assembly of multiple enzymes onto
liposomes or polymersomes; however, the process is complex, costly, and the
resulting liposomes are often fragile, making this approach impractical for large-
scale applications (Fischer et al. 2002; van Dongen et al. 2009; Vriezema et al.
2007). Conversely, OMVs could provide the ideal backbone for synthetic
nanoreactors if some or all of the enzyme production and assembly could be driven
by genetic engineering of the E. coli host strain.

This approach was successfully demonstrated by Park et al., who engineered
E. coli OMVs to display a functional multienzyme complex similar to a cellulosome
(Park et al. 2014). Natural cellulosomes are composed of a structural scaffold
containing repeating cohesin domains that are bound individually to cellulases via
corresponding dockerin domains (Fontes and Gilbert 2010). To mimic this structure
on the surface of OMVs, Park and colleagues engineered E. coli to express a scaffold
consisting of three different cohesin domains and a cellulose binding domain,
attached to the outer membrane by the ice nucleation protein anchor (Fig. 10.7).
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Three different cellulases, each possessing a dockerin domain corresponding to one
of the cohesins, were produced separately in E. coli and subsequently incubated with
the OMVs to allow cohesin–dockerin interactions to assemble the full multienzyme
complex. The resulting OMVs showed 23-fold enhancement of cellulose hydrolysis
as compared to free enzymes. This result is very promising for the potential of
OMVs as nanobioreactors in biotechnology, with the added benefit that the same
strategy could be used for various other enzymatic cascades by replacing the
dockerin-bound cellulases with other enzymes engineered to contain the dockerin
domain.

10.3.4 OMVS for Bioremediation

Fortunately for mankind, microbial populations are able to exploit ancestral,
bi-functional, or newly evolved cellular processes to degrade and consume many
of the chemical contaminants we have produced or inadvertently released into the
environment. Take for example, the rapid degradation of the oil plume released
following the Deep Sea Horizon disaster (Atlas and Hazen 2011; Scoma et al. 2016)
or the more recent identification of marine bacteria capable of degrading some of the
plastics released into the ocean (Dash et al. 2013; Urbanek et al. 2018). Observations
such as these and others stimulate the continued efforts of researchers and govern-
ment agencies to develop biological tools for environmental remediation. Natural
bioremediation, where an indigenous organism degrades the environmental contam-
inant is, of course, the ideal scenario. Unfortunately, this is often not achievable as
spills and targeted release of toxic compounds can occur in locations where such

Fig. 10.7 Multienzyme assembly on engineered OMVs. Left panel: A trivalent scaffold was
developed that contained three orthogonal cohesion domains that enabled the assembly of cellulose
enzymes tagged with complementary dockerin domains. Right panel: Assembly of the enzyme
system on OMV surfaces significantly improved enzyme activity (orange bars) compared to the free
enzyme controls (blue bars). Reproduced with permission from Park et al. (2014) Positional
Assembly of Enzymes on Bacterial Outer Membrane Vesicles for Cascade Reactions. PLoS ONE
9(5): e97103
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microbes are not native. As an alternative, the enzymatic systems from these
organisms can be isolated, produced recombinantly, and deployed at the point of
concern to facilitate decontamination. Enzymes, however, have their own limitations
such as stability and cost of manufacture.

Similar to their function in the natural world, engineered bacterial membrane
vesicles afford protection to encapsulated biomolecules from harsh environmental
conditions. The controlled loading of enzymes into bacterial OMVs/MVs provides
for a method of producing reagents that can easily be isolated from bacterial cultures,
lyophilized for storage and distribution, then rehydrated to facilitate environmental
cleanup. In a series of publications, Alves et al. showed that a protein–protein
ligation system could be used to direct the packaging of a phosphotriesterase
(PTE) enzyme capable of degrading an organophosphate compound into E. coli
OMVs (Alves et al. 2015a, 2016). The authors employed a recombinant version of a
native porin protein (ompA) presenting a small peptide (SpyTag) and a PTE fusion
with its counterpart (SpyCatcher) (Fig. 10.8). As described by Zakeri and colleagues,
the SpyCatcher/SpyTag system allows for the spontaneous formation of an
isopeptide bond between the two components which in this system, facilitated the
anchoring of PTE to the outer membrane and subsequent packaging of the enzyme
into the OMVs (Zakeri et al. 2012). The authors demonstrated that not only did the
enzyme maintain activity but also survived a number of storage and environmental
conditions better than the free enzyme. In subsequent studies, Alves et al. also
showed that these materials had relevance outside the laboratory by testing their
materials in environmental water samples spiked with substrate and on a number of
materials chosen to mimic military vehicle paint and surfaces (Alves et al. 2018). In
these studies, the authors also examined enzyme activity under nonideal conditions
such as variable pH, high salinity, and in environmental water samples with varying
microbial populations and debris composition. Given the aversion of many societies
to employ genetically modified organisms or release nonindigenous species into the

Fig. 10.8 Directed packaging of the OMV lumen. A protein–protein ligation system (SpyCatcher/
SpyTag) was used to anchor a recombinant phosphotriesterase (PTE) enzyme to the bacterial outer
membrane enabling the directed loading of nascent OMVs. Reproduced with permission from
Alves, N.J., et al., Bacterial Nanobioreactors—Directing Enzyme Packaging int Bacterial Outer
Membrane Vesicles. ACS Appl Mater Interfaces, 2015. 7(44): p. 24963–72
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wild, OMV-based reagents offer an alternative approach to the development of
Green reagents for environmental remediation.

10.3.5 OMVs for Imaging and Biosensing

Today, synthetically manufactured liposomes are routinely used for the delivery of
therapeutics and in many diagnostic assays (Akbarzadeh et al. 2013; Alavi et al.
2017; Xing et al. 2016). Despite their many successes, liposomes can be difficult to
manufacture, load, and store for prolonged periods of time (Alves et al. 2015b). In
contrast, engineered OMVs offer a potential path to a simple manufacture platform
that allows for controlled packaging and a final product that exhibits biophysical
properties making them ideal reagents for drug delivery and the building of biolog-
ical sensors. As an example, Chen et al. demonstrated how the ability to modify both
the exterior proteins and interior cargo could be used in combination to develop
reagents that have both assay and imaging capabilities (Fig. 10.9) (Chen et al. 2017).
Here the authors expanded upon a previous construct for OMV modification that
presents a cohesion–dockerin scaffold on the OMV exterior, adding a terminal
domain (Z-domain) that allows for attachment of an antibody (Chen et al. 2010;
Park et al. 2014). Interior packaging is accomplished using a modified bacterial
lipoprotein (SlyB) fusion which is known to localize to the outer membrane of
E. coli (Tokuda and Matsuyama 2004). This system allows for versatility in assay
and imaging development as any number of antibodies could be added to the exterior
and used in combination with a wide array of reporter proteins, from fluorescent
proteins to luminescent proteins.

10.3.6 Future Commercial Applications of Bacterial
Membrane Vesicles

While therapeutic applications of OMVs/MVs are at the forefront of research efforts,
the encapsulation of biomolecules within bacterial membrane vesicles has great
potential for commercial applications. The ease of production and the protection
afforded to encapsulated proteins make this a highly versatile system that could
easily be adapted to benefit many applications that are not currently explored.

Recombinant production of proteins, enzymes, and other biomolecules is a
critical component of both the commercial and medical industries (Adrio and
Demain 2010; Demain and Vaishnav 2009; Ferrer-Miralles and Villaverde 2013;
Sanchez-Garcia et al. 2016). While successes such as the E. coli-produced insulin
serve as banners for this technology, there are numerous other biomolecules that are
never able to come to market due to complications associated with
biomanufacturing. Often, large-scale production of biomolecules is hindered by
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low yields that can be associated with toxicity, insolubility, or any number of other
issues. Membrane vesicles could potentially serve as a method of “off-loading”
recombinant products before they could accumulate in the engineered organism
leading to toxicity. Enclosed within OMVs, these biomolecules could be isolated
directly from batch cultures through engineered epitopes on the OMV surface as
shown by Alves et al. (2017).

Researchers have shown that OMVs function in many microbial community
interactions including interspecies communication and regulation of microbial
populations. Additionally, antimicrobial peptides and other cytotoxic compounds
are readily packaged within vesicles and purified OMVs alone can display bacteri-
cidal activity (Dean et al. 2019; Park 2018; Schulz et al. 2018). While this has
obvious therapeutic benefits, these properties of OMVs and MVs could also be
harnessed for nonmedical purposes. Microbial communities and the biofilms they

Fig. 10.9 OMV-based reagents for imaging and biosensing. OMVs from Gram-negative bacteria
offer numerous opportunities for modification by targeting both the exterior and interior domains.
(a) Researchers have shown that exterior domains of OMVs can be modified to add targeting
moieties while the interior cavity can be loaded with a range of reporter molecules using membrane
anchors, fusions, and various other methods. (b) Multifunctional OMVs produced in this manner
can be used as a one-pot material for bioassays such as the traditional ELISA or used in cell
targeting and imaging
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form also plague many industrial, military, and environmental systems. In addition
to obvious examples such as food production facilities (Glass et al. 1983; Marchand
et al. 2012), damaging biofilms can also be found in fuel storage containers (Bücker
et al. 2014), oil and gas pipelines (Tingyue Gu 2015), on the hulls of ships (Schultz
et al. 2011), and countless other locations. The use of biological reagents that are
easily resorbed into the environment to eliminate or reduce biofilms could prove
beneficial in developing technologies that can readily be implemented without
concern for additional harmful environmental effects.

10.4 Conclusion

Scientists continue to gain a greater understanding of the microbial world and the
valuable tools it provides to society. We have long exploited them for food
processing, as a pipeline for drug discovery, and as miniature factories for the
production of target biomolecules; however, as shown here, bacteria can begin to
aid the development of new vaccines or even as reagents for environmental cleanup.
With the rapid emergence of antimicrobial resistance, OMV/MV derived vaccines
may serve as mankind’s next line of defense in the battle against pathogenic
microbes, particularly those pathogens that can be weaponized such as
B. anthracis or intracellular pathogens such as F. tularensis that are difficult to
treat with conventional methods. Beyond vaccines, the observations and theories
that support the presence of OMVs in the bloodstream and passing through the
blood-brain barrier suggest that with advances in synthetic biology and a greater
understanding of the human microbiome, scientists may be able to harness microbial
communities to effect changes and treat disorders. Well beyond traditional
probiotics, advances in these areas of research will dramatically alter the way we
think about the foods we eat as well as how medical therapies are administered.
Finally, by mimicking the bacteria themselves and loading enzyme systems into
OMVs, we may be able to develop cell-free catalytic reagents that can be used to
remediate environmental disasters, treat waste water, or even synthesize novel
materials. Both natural and engineered OMVs and MVs have great potential in
many areas of human society and will be an area of scientific investigation for years
to come.
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