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Abstract The release of extracellular vesicles (EVs) is a process conserved across
the three domains of life. Amongst prokaryotes, EVs produced by Gram-negative
bacteria, termed outer membrane vesicles (OMVs), were identified more than
50 years ago and a wealth of literature exists regarding their biogenesis, composition
and functions. OMVs have been implicated in benefiting numerous metabolic
functions of their parent bacterium. Additionally, OMVs produced by pathogenic
bacteria have been reported to contribute to pathology within the disease setting. By
contrast, the release of EVs from Gram-positive bacteria, known as membrane
vesicles (MVs), has only been widely accepted within the last decade. As such,
there is a significant disproportion in knowledge regarding MVs compared to
OMVs. Here we provide an overview of the literature regarding bacterial membrane
vesicles (BMVs) produced by pathogenic and commensal bacteria. We highlight the
mechanisms of BMV biogenesis and their roles in assisting bacterial survival, in
addition to discussing their functions in promoting disease pathologies and their
potential use as novel therapeutic strategies.
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Introduction

What are Bacterial Membrane Vesicles?

The release of extracellular vesicles (EVs) is a process conserved across the three
domains of life (reviewed in (Deatherage and Cookson 2012)). Microbiologists first
identified the ability of Gram-negative bacteria to release EVs from their cell
membrane more than 50 years ago (Knox et al. 1966), and since then their produc-
tion by both Gram-negative and Gram-positive bacteria has become widely
accepted. Due to bacterial EVs originating from the cell membrane of bacteria,
EVs produced by both Gram-negative and Gram-positive bacteria are collectively
referred to as bacterial membrane vesicles (BMVs). BMVs can be further classified
on the basis of the cellular architecture of the bacterium from which they are derived,
whereby Gram-negative and Gram-positive bacteria produce vesicles known as
outer membrane vesicles (OMVs) and membrane vesicles (MVs), respectively.
Specifically, the release of OMVs by Gram-negative bacteria occurs at the cells
outermost membrane, whilst MVs released by Gram-positive bacteria are derived
from the single cytoplasmic cell membrane, which is surrounded by a
peptidoglycan-rich cell wall (reviewed in (Kaparakis-Liaskos and Ferrero 2015;
Bitto and Kaparakis-Liaskos 2017)).

OMVs are nanoparticles released by Gram-negative bacteria ranging between
30-300 nm in size, therefore having a far narrower size distribution compared to
eukaryotic EVs (Fig. 6.1a) (reviewed in (Zavan et al. 2020; Raposo and Stoorvogel
2013)). OMVs are capable of packaging cargo such as proteins, nucleic acids and
toxins within a lipid membrane (Fig. 6.1b) (reviewed in (Kaparakis-Liaskos and
Ferrero 2015)). First discovered in 1966, the production of OMVs by the Gram-
negative bacterium Escherichia coli was initially considered an artefact of bacterial
growth, without substantive physiological relevance (Knox et al. 1966). In 1975,
interest in OMVs was sparked by the identification of OMVs within the cerebrospi-
nal fluid of patients with meningococcal disease (DeVoe and Gilchrist 1975).
Subsequent studies of patients infected with Gram-negative pathogens, including
Helicobacter pylori, Haemophilus influenzae and Neisseria meningitidis identified
the presence of OMVs within patient tissue or biological fluids (Fiocca et al. 1999;
Ren et al. 2012; Stephens et al. 1982; Namork and Brandtzaeg 2002). However, the
functions of OMVs from these pathogens in a disease setting remained unclear.

More recent studies have confirmed that OMVs significantly contribute to fun-
damental biological processes of their parent bacterium. For example, it has been
shown that OMVs can function to facilitate horizontal gene transfer (HGT), the
formation of bacterial biofilms and the sequestration of antibiotics (Renelli et al.
2004; Schooling and Beveridge 2006; Manning and Kuehn 2011; Kulkarni et al.
2015). Furthermore, OMVs may promote bacterial pathogenesis by acting as vehi-
cles for the delivery of toxins and immunomodulatory products (reviewed in (Ellis
and Kuehn 2010)), or by packaging conserved microbe-associated molecular pat-
terns (MAMPs) from their parent bacterium, that can be detected by host pathogen
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recognition receptors (PRRs) and mediate an innate immune response (reviewed in
(Kaparakis-Liaskos and Ferrero 2015; Johnston et al. 2020)). Non-pathogenic bac-
teria, such as those constituting the human microbiota, also produce OMVs
containing MAMPs and research in this field has increased significantly within the
last 5 years. It was first identified that OMVs from the commensal bacterium
Bacteroides fragilis could modulate host immunity (Shen et al. 2012) and numerous
studies have since investigated the effects of OMVs produced by the human
microbiota in shaping immunological processes within the gut and in other organs
(reviewed in (Stentz et al. 2018)). Due to their intrinsic immunogenic properties,
OMV-based vaccines have been developed and licenced for human use (Oster et al.
2005), with considerable interest in furthering their development to protect against
antibiotic-resistant bacterial infections.

MYVs are nanoparticles produced by Gram-positive bacteria that range between
30-300 nm in size (Fig. 6.1c¢) (reviewed in (Brown et al. 2015)). The release of MVs
from Gram-positive bacteria was first reported as early as 1990 (Dorward and Garon
1990). However, in an era where prokaryotic extracellular vesicles were viewed as
cellular artefacts, the suggestion of vesicle release from the thick and rigid cell wall
of Gram-positive bacteria was unaccepted by the scientific community. While
interest in OMVs gained momentum, MV research stalled, with limited studies
reporting the characterisation and functions of MVs (Klieve et al. 2005; Mayer
and Gottschalk 2003). It was not until 2009, nearly 20 years after their initial
identification, that this dogma was challenged by electron microscopy images
demonstrating the release of MVs by Staphylococcus aureus (Lee et al. 2009).
Following this finding, subsequent studies identified MV production by a range of
Gram-positive bacteria, including the pathogens Bacillus anthracis (Rivera et al.
2010), Streptococcus pyogenes (Resch et al. 2016), Listeria monocytogenes
(Vdovikova et al. 2017) and Clostridium perfringens (Jiang et al. 2014) and even
the commensal strains Lactobacillus reuteri (Grande et al. 2017) and Enterococcus
faecium (Wagner et al. 2018). Akin to OMVs, MVs have been implicated in a range
of biological functions including inter-bacterial communication and host-pathogen
interactions (Liao et al. 2014; Obana et al. 2017; Wang et al. 2020). Yet there still
remains a significant gap in knowledge surrounding the biogenesis, composition and
biological functions of MVs, with significant efforts focused on expanding knowl-
edge in this area.

Fig. 6.1 (continued) prokaryotic bacteria produce bacterial membrane vesicles (BMVs) via their
cell membrane (30-300 nm). For comparison, the size of bacteriophages and soluble proteins are
depicted at right (<30 nm). (b) Gram-negative bacteria produce OMVs which package cargo within
a lipid bilayer. OMVs package contents derived from their parent bacterium which include
membrane-bound proteins, cytoplasmic or periplasmic proteins, toxins, nucleic acids and peptido-
glycan. (¢) Gram-positive bacteria produce MVs which package cargo including nucleic acids,
toxins, cytoplasmic or membrane-bound proteins and lipoproteins. MVs may also contain cell wall
components such as peptidoglycan and lipoteichoic acids
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The Study of BMVs

Despite more than 50 years of BMV research, difficulties remain within the field in
terms of uniformity and standardisation of techniques. By comparison to the field of
eukaryotic EVs, the field of bacterial membrane vesicles has not seen the develop-
ment of guidelines regarding appropriate methods and minimal standards that need
be applied for their isolation and characterisation. This is compounded by the
isolation and examination of BMVs from a vast number of Gram-negative and
Gram-positive bacterial species of interest with varying growth and culturing con-
ditions. Therefore, the techniques used to isolate and characterise vesicles produced
by one bacterial species may not be inherently identical to those produced by
another. As a result, variables in bacterial strains, culture conditions and vesicle
purification methods prevent effective comparisons to be made between BMV
studies. With the rapid expansion of studies examining the characteristics and
functions of OMVs and MVs, it is becoming increasingly necessary to ensure
standardisation and uniformity across the field. Below we outline general techniques
used to isolate, purify and analyse OMVs and MVs.

Isolation and Purification

The majority of the first reported OMV preparations were achieved by ultracentri-
fugation of bacterial supernatants from broth cultures. Whilst succeeding in
harvesting OMVs from these species, these seminal studies were unaware of the
contaminating debris, including soluble proteins and bacterial structures such as
flagella and pili within their vesicle preparations (reviewed in (Kulp and Kuehn
2010)). Gradually, researchers have improved the purity and yield of their vesicle
preparations by adopting techniques including ultrafiltration and low-speed differ-
ential centrifugation prior to ultracentrifugation (reviewed in (Klimentova and Stulik
2015)). Density-gradient separation of crude BMV preparations, using iodixanol or
sucrose mediums, has allowed for greater purification of vesicles for proteomic and
immunological analyses (reviewed in (Klimentova and Stulik 2015)), in addition to
the separation of different sized OMVs (Kaparakis et al. 2010; Turner et al. 2018).
Other groups have also implemented size exclusion chromatography (SEC) tech-
niques to isolate vesicles (Post et al. 2005; Hong et al. 2019; Schulz et al. 2018). A
recent study comparing BMV purification methods reported that vesicle purification
by density-gradient separation or SEC were both equally suitable for the isolation of
highly purified BMV preparations (Dauros Singorenko et al. 2017). However,
irrespective of the technique used to isolate and purify BMVs, scientific rigor and
careful reporting of the techniques used to isolate and purify these vesicles are
necessary to publish meaningful and reproducible findings that can enable compar-
isons to be made between independent studies.
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Characterisation & Analysis

As researchers begin to investigate the functions of BMVs more broadly, it has
become increasingly important to thoroughly detail their methods of production and
characterisation before reporting BMV functions. For example, the protein content
of OMVs and M Vs can vary between bacterial species, strains and even by the same
strain cultured using different growth media and to varying growth stages (Yara et al.
2019; Taheri et al. 2019; Klimentova et al. 2019; Zavan et al. 2019; Jeon et al. 2016;
Jiang et al. 2014). Furthermore, genetic engineering of bacteria enables the gener-
ation of hypervesiculating bacterial mutants, which has greatly increased the yield of
OMYV preparations (Bernadac et al. 1998; Turner et al. 2015; Moon et al. 2012;
Ojima et al. 2020; Mitra et al. 2016). These differences in BMV production highlight
that it is imperative that researchers clearly define the conditions used to generate,
isolate and purify their BMVs, as this may impair the reproducibility of results and
limit comparisons between studies if they are not clearly reported.

There are numerous techniques employed to characterise OMVs and MVs which
include electron microscopy (EM) to visually assesses vesicle morphology, and
nanoparticle tracking analysis (NTA) instruments such as NanoSight™ and
ZetaView™ that assess the yield and size of BMVs. Additionally, techniques to
characterise vesicular cargo include Western-immunoblot or mass-spectrometry
(proteins) (Kaparakis et al. 2010; Zavan et al. 2019; Lee et al. 2009; Choi et al.
2011), lipidomics (lipids) (Jasim et al. 2018; Roier et al. 2015; Jeon et al. 2018) and
next-generation DNA and RNA sequencing methods (Koeppen et al. 2016; Bitto
et al. 2017). Collectively, the tools and techniques used to isolate and characterise
BMYVs vary, and this highlights the need for detailed methodology and uniformity in
the purification, characterisation and functional analyses of BMVs to enable better
comparisons between studies.

BMY Biogenesis
Mechanisms of OMV Biogenesis

The production of OMVs is common to all Gram-negative bacteria, and although
many key determinants of OMV biogenesis have been suggested, the molecular
pathways underlying vesiculation are only recently being uncovered. Unlike eukary-
otic EVs, BM Vs do not originate from an intracellular organelle. Two mechanisms
of OMYV biogenesis have been identified to date. First, OMVs secreted by Gram-
negative bacteria may be released via the outer membrane (OM) of their parent
bacterium by OM bulging, eventuating in the formation and budding of a new
vesicle. OMV budding from the bacterial OM has been described for numerous
species and is thought to be a conserved mechanism of OMV biogenesis amongst
Gram-negative bacteria (reviewed in (Schwechheimer and Kuehn 2015)).
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Blebbing of the bacterial OM can be regulated via several different pathways and
OM molecules such as peptidoglycan (PG), proteins and lipids. The bacterial OM is
anchored to the periplasmic peptidoglycan layer via strong covalent bonding. Thus,
disruptions to the linkages between the OM and PG layer can affect OMV biogen-
esis, as demonstrated by investigations of Acinetobacter baumannii, E. coli and
Porphyromonas gingivalis, amongst other bacterial species (Moon et al. 2012;
Schwechheimer et al. 2014; Iwami et al. 2007; Suzuki et al. 1978). Furthermore,
degradation of the PG layer itself, or accumulation of PG fragments within the
periplasm, were shown to augment the production of E. coli and P. gingivalis OMVs
(Schwechheimer et al. 2014; Hayashi et al. 2002). OMV biogenesis may also be
upregulated in response to other envelope stresses, such as the accumulation of
misfolded proteins or OM curvature-inducing molecules (McBroom and Kuehn
2007; Mashburn-Warren et al. 2008; Mashburn and Whiteley 2005). Additionally,
the transmembrane Tol-Pal protein system, an important regulator of bacterial
membrane integrity, has been identified to play a role in the regulation of OMV
biogenesis of both non-pathogenic E. coli and pathogenic bacteria including
H. pylori and Shigella boydii (Bernadac et al. 1998; Turner et al. 2015; Mitra et al.
2016).

Another regulator of OMV production is the composition of LPS at the site of
vesicle budding, as demonstrated by lipid remodelling in the OM of the pathogen
Salmonella enterica serovar Typhimurium (S. Typhimurium) being necessary for
OMV release (Elhenawy et al. 2016). Interestingly, another recent study identified a
universal regulator of OMYV blebbing common to most Gram-negative bacteria via a
retrograde lipid transporter system (Roier et al. 2016). Deletion or repression of the
Vacl/Yrb ABC phospholipid transporter system in H. influenzae and Vibrio
cholerae increased OMV production due to phospholipid accumulation in the
bacterial OM of both species (Roier et al. 2016). The authors suggested that this
system may serve as a universal regulator of OMYV production by Gram-negative
bacteria.

Finally, OMV production can also be modulated by environmental stresses
including exposure to antibiotics or unfavourable bacterial growth conditions such
as aberrant temperature or pH (McBroom and Kuehn 2007; Kadurugamuwa and
Beveridge 1995; Klimentova et al. 2019). Overall, these studies highlight the role of
alterations to the cell membrane in regulating OMYV biogenesis via blebbing from
the OM.

An alternative mechanism of OMYV biogenesis was recently identified via stress-
induced explosive cell lysis of bacterial cells (Turnbull et al. 2016). The production
of Pseudomonas aeruginosa OMVs via explosive cell lysis is mediated by a
prophage-encoded endolysin whereby membrane fragments of exploded bacteria
re-fused to form vesicles, thus capturing cytoplasmic contents (Turnbull et al. 2016).
However, it remains to be determined if this mechanism of OMV biogenesis is
common to all Gram-negative bacteria or specific to P. aeruginosa.
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Mechanisms of MV Biogenesis

In contrast to the vast knowledge surrounding OMYV biogenesis, few studies defining
the mechanisms of MV biogenesis exist to date. The structural differences between
the Gram-positive and Gram-negative cell wall imply that there are mechanistic
differences between MV and OMV biogenesis (reviewed in (Brown et al. 2015)).
While OMVs can be released from the outer membrane of the cell surface, MVs are
derived from the cytoplasmic membrane and therefore must traverse the thick layer
of peptidoglycan to be released (Brown et al. 2015). However, recent evidence has
shown that accumulation of phenol-soluble modulin (PSMs) in the cytoplasmic
membrane leads to MV formation by increasing membrane fluidity (Wang et al.
2018; Schlatterer et al. 2018). The first electron microscopy images depicting the
release of MVs by S. aureus suggest that disruption of the peptidoglycan layer
allows for the protrusion of the cytoplasmic membrane through the cell wall, and
therefore MV release (Lee et al. 2009). This was followed by similar findings in
other species of Gram-positive bacteria and is thought to occur via protrusions
through the cell wall mediated by autolysins that hydrolyse peptidoglycan crosslinks
(Wang et al. 2018; Toyofuku et al. 2017; Resch et al. 2016; Lee et al. 2009).

An alternative model of MV biogenesis has been observed in Bacillus subtilis that
involves the disruption of the peptidoglycan cell wall via a prophage-encoded
endolysin (Toyofuku et al. 2017). Similar to the formation of OMVs via
prophage-mediated explosive cell lysis reported in P. aeruginosa (Turnbull et al.
2016), B. subtilis MV production by this mechanism is dependent on activation of a
defective prophage triggered by genotoxic stress. However, unlike the process in
P. aeruginosa, explosive cell lysis was not observed in B. subtilis, but rather cell
death eventuated from the loss of membrane integrity (Toyofuku et al. 2017). This
alternative mechanism of MV biogenesis is believed to occur in addition to other
mechanisms that do not result in cell death (Toyofuku et al. 2017; Andreoni et al.
2019). Furthermore, a putative phage-encoded endolysin is enriched in S. pyogenes
MVs (Resch et al. 2016), suggesting a similar mechanism may occur in this species.
More studies are required to determine whether the prophage-mediated liberation of
MVs via cell death is common to other Gram-positive species.

Bacterial extracellular vesicles are becoming increasingly recognised as a bacte-
rial secretion system for the long-distance delivery of effector molecules. While
there have been significant breakthroughs in our understanding of MV biogenesis
over the last 10 years, there is still much to uncover. Elucidating the mechanisms by
which MV biogenesis occurs can provide a better understanding of the role of MVs
in bacterial survival and pathogenesis.
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Cargo Packaging into BMVs

BMVs are often enriched in cargo that facilitate specific biological functions. Certain
molecules may act as chaperones to facilitate packaging of necessary structural
components, while others may directly enact functions such as toxins packaged by
pathogens.

Since their discovery, research in the field of BMVs has predominantly focused
on defining their contribution to pathogenesis. Consequently, numerous studies have
identified virulence effectors associated with OMVs and MVs from various patho-
gens. Indeed, proteomic profiling of BMVs produced by pathogenic bacteria includ-
ing E. coli, S. aureus, Streptococcus sp., Neisseria gonorrhoeae and even members
of the non-pathogenic Bacteroidetes genus has revealed selective enrichment of
proteins in BMVs compared to the outer membrane of their parent bacteria (Lee
et al. 2007, 2009; Thay et al. 2013; Olaya-Abril et al. 2014; Biagini et al. 2015;
Zielke et al. 2014; Elhenawy et al. 2014). However, the mechanisms underpinning
the packaging of these virulence effector proteins into OMVs and MVs remain
largely unclear.

One proposed mechanism for cargo selection into OMVs is via outer membrane
lipid chaperones which guide molecules to sites of OMYV biogenesis. For example,
Klebsiella pneumoniae is a nosocomial pathogen whose OMVs differentially pack-
age protein cargo in response to LPS modifications (Cahill et al. 2015). Specifically,
with the use of a K. pneumoniae mutant strain deficient in the O antigen of LPS
(AwbbO strain), it was shown that the LPS composition of the bacterial outer
membrane impacted the protein composition of OMVs produced (Cahill et al.
2015). Similar results have been reported for OMV and MV production by
P. gingivalis and Group A streptococcus, whereby the lipid composition of the
bacterial membrane was responsible for the selective enrichment of specific proteins
or RNA species (Haurat et al. 2011; Resch et al. 2016).

It has long been reported that BMVss can associate with bacterial genetic material
including DNA, and more recently RNA (Dorward and Garon 1990; Sjostrom et al.
2015; Liao et al. 2014; Choi et al. 2018; Dorward and Garon 1989; Kolling and
Matthews 1999). In particular, bacterial DNA can be packaged into OMVs, deliv-
ered to eukaryotic host cells and thereafter trafficked to the host cell nucleus (Bitto
et al. 2017). Similarly, the delivery of bacterial regulatory RNAs to eukaryotic host
cells via OMVs was recently demonstrated, resulting in the modulation of the host
immune response (Koeppen et al. 2016; Choi et al. 2017; Zhang et al. 2020).
Packaging of nucleic acids into MVs has also been reported to occur by a limited
number of Gram-positive species, including C. perfringens, Streptococcus mutans
and L. reuteri (Jiang et al. 2014; Liao et al. 2014; Grande et al. 2017). Although there
is limited understanding of its biological functions, evidence suggests that
MV-bound DNA may serve in biofilm formation (Liao et al. 2014). In addition,
RNA was recently detected in MVs from Streptococcus sp., however its role is yet to
be elucidated (Choi et al. 2018; Resch et al. 2016). Overall, it remains unclear how
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nucleic acids are packaged into BMVs, however their functions in bacterial com-
munications are becoming increasingly clear.

Collectively, it is clear that cargo packaging into BMVs serves to facilitate
bacterial pathogenesis and contribute to disease pathology. In the following sections,
we will further discuss the varied mechanisms by which the contents associated with
OMVs and MVs drive pathology in the human host.

Physiological Roles of BMVs

Physiological Roles of OMVs Produced by Gram-Negative
Bacteria

One of the earliest reviews about OMVs speculated that they possess bacteriolytic
activity, binding capability, proteolytic activity and a possible role in genetic
exchange (Mayrand and Grenier 1989). Thirty years later, researchers have
unravelled many of their multi-faceted roles that facilitate pathogenesis, including
inter-bacterial communication, biofilm formation, nutrient acquisition and horizontal
gene transfer.

Biofilm Formation

Biofilm formation enables bacteria to thrive in a protected microenvironment and is
therefore strongly linked to bacterial pathogenesis, resistance and survival
(Whitchurch 2002). The role of OMVs in biofilm formation was first observed in
1987, whereby OMVs from the periodontal pathogen P. gingivalis were shown to
facilitate adherence between bacterial cells (Grenier and Mayrand 1987). Almost
10 years later, this observation was confirmed by transmission electron microscopy
imaging that revealed OMVs were common constituents of the extracellular matrix
of P. aeruginosa biofilms (Schooling and Beveridge 2006). A clear link between
biofilm formation and OMYV production has since been demonstrated in a number of
bacterial species (Yonezawa et al. 2017; Nakao et al. 2018; Esoda and Kuehn 2019).
Furthermore, the contribution of OMVs to biofilm formation in vivo was demon-
strated in a study that showed P. aeruginosa OMVs could fuse with mouse corneas
to prime the ocular surface for bacterial adhesion and biofilm formation (Metruccio
et al. 2016).

Recent studies have identified components of OMVs that influence biofilm
formation, such as the major biofilm matrix proteins identified in V. cholerae
OMVs (Altindis et al. 2014), leucine aminopeptidase PaAP in P. aeruginosa
OMVs and outer membrane proteins of H. pylori OMVs (Altindis et al. 2014;
Esoda and Kuehn 2019; Yonezawa et al. 2017). Furthermore, OMYV-associated
DNA forms part of the biofilm matrix and its negative charge confers adhesive
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properties to OMVs (Turnbull et al. 2016; Grande et al. 2015; Schooling et al. 2009).
Advances in super-resolution microscopy have led to insights into the release of
OMYV-bound DNA within biofilms by explosive cell lysis (Turnbull et al. 2016).
While these studies shed light on novel roles that OMVs serve in host colonization,
more research is needed to understand how OMVs may regulate biofilm
establishment.

Nutrient Acquisition

Bacteria are often faced with nutrient-limited conditions in their host, a hurdle which
must be overcome to effectively establish colonisation. It is therefore not surprising
that one of the earliest putative roles for OMVs was in nutrient acquisition (Forsberg
et al. 1981; Thompson et al. 1985). Upregulation of OMYV production is observed in
nutrient-limited conditions, whilst bacterial enzymes required for nutrient acquisi-
tion including proteases, glycosidases and ion-chelators are common components of
OMVs, suggesting that nutrient acquisition is a key function (Gerritzen et al. 2019;
Kadurugamuwa and Beveridge 1995; Mashburn et al. 2005; Schaar et al. 2011;
Elhenawy et al. 2014). However, there have been few studies investigating this
aspect of OMV function. Studies have identified OMVs that possess enzymatic
activity to liberate energy sources from the environment, such as lignin-degrading
ability to liberate carbon and redox-reactivity to sequester metal ions (Salvachuia
et al. 2020; Gorby et al. 2008; Subramanian et al. 2018). A recent study showed that
the human opportunistic pathogen P. aeruginosa uses OMVs to sequester iron and
supplement bacterial growth in iron-deficient media, suggesting that OMVs may
play a role in iron acquisition in the host environment (Lin et al. 2017). In this study,
the delivery of iron to bacteria occurred via receptor-mediated entry, a finding that
sheds light on the poorly understood process of OMV entry into bacterial cells and
suggests selectivity in nutrient delivery (Lin et al. 2017). Whilst nutrient acquisition
by OMVs is a poorly understood process, it presents a novel therapeutic target to
limit the growth of bacteria in host systems and therefore warrants further
investigation.

Competition and Predation

In their natural environment, bacteria must compete with other species for nutrients
and space. This is particularly important in the mixed microbial communities within
the host, where bacteria can use BMVs to establish a niche in the host. OMVs can be
trafficked out of biofilms (Schooling and Beveridge 2006) and therefore have the
potential to serve as long distance antimicrobials against competing species. In
addition to their role in inter-species competition, OMVs are also utilised by
predatory bacteria to lyse surrounding bacterial species (Berleman et al. 2014;
Evans et al. 2012; Vasilyeva et al. 2008; Schulz et al. 2018). The lytic function of
OMVs is conferred by peptidoglycan hydolases that are delivered to target cells by
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membrane fusion and are capable of destroying the cell wall of Gram-positive and
Gram-negative species (Li et al. 1998; Kadurugamuwa and Beveridge 1996;
Kadurugamuwa et al. 1998). However, rather than indiscriminately lysing all bac-
teria, peptidoglycan hydrolases contained within OMVs possess specificity in their
mode of action by targeting the peptidoglycan of particular bacterial species (Li et al.
1998). The antimicrobial specificity of OM Vs towards certain species is of relevance
for the development of novel, targeted OMV-based antibiotics; a potential applica-
tion of OMVs that remains largely unexplored (Schulz et al. 2018). Overall, there is
much to uncover about the antimicrobial properties of OMVs in maintaining
homeostasis within mixed microbial communities, particularly in the context of
the microbiome, and their possible application as novel antibiotics.

Bacterial Defence

Bacteria have developed sophisticated ways to use OMVs to evade recognition and
attack by the host immune system. OMV production increases in response to the host
environment (Martinez et al. 2019) and early studies revealed that they confer
protection against bacteriolytic factors in human serum (Grenier and Bélanger
1991; Pettit and Judd 1992b). Proteolytic enzymes, LPS and outer membrane pro-
teins carried by OMVs are involved in their ability to confer serum resistance
(Grenier and Bélanger 1991; Pettit and Judd 1992a; Lekmeechai et al. 2018).
OMV-mediated serum resistance has been implicated in facilitating co-infections
of Moraxella catarrhalis and H. influenzae (Tan et al. 2007), as well as facilitating
the spread of the etiological agent of infective endocarditis, Aggregatibacter
actinomycetemcomitans, through the bloodstream (Lindholm et al. 2020).

OMVs can also protect bacteria against antimicrobial treatment, by harbouring
enzymes that neutralise antibiotics or by serving as decoys to sequester antimicro-
bials away from bacteria (Roszkowiak et al. 2019; Stentz et al. 2015). There are
many reports identifying the presence of antibiotic-degrading p-lactamase enzymes
within OMVs, a feature which is also linked to bacterial virulence (Yun et al. 2018;
Stentz et al. 2015; Ciofu et al. 2000; Giwercman et al. 1992). Antibiotic treatment
has also been demonstrated to increase OMV production (Devos et al. 2017;
Manning and Kuehn 2011), while blocking OMV release can increase bacterial
susceptibility to antibiotics (Kosgodage et al. 2019), indicating that OMVs contrib-
ute to antibiotic resistance. P. aeruginosa OMVs harbouring enzymatically active
B-lactamase have been found to form a layer around P. aeruginosa biofilms in the
lungs of cystic fibrosis patients, thereby protecting the underlying bacteria from
antibiotics (Giwercman et al. 1992). OMVs have also been shown to confer inter-
species protection against antibiotics in microbial communities, such as in the
gastrointestinal tract (Stentz et al. 2015; Roszkowiak et al. 2019). These findings
highlight the clinical importance of characterising the antimicrobial neutralising
properties of OMVs and determining the bacterial strains that contain antimicrobial
enzymes in order to understand their role in antibiotic resistance.
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Additionally, OMVs can protect bacteria against infection by bacteriophages,
which are ubiquitous in all natural and host environments (Barr et al. 2013).
Specifically, OMVs can sequester phages to defend bacteria from infection, although
there are limited studies demonstrating this interaction. Proteomic profiling has
revealed OMVs contain phage-targeting receptors (Lee et al. 2007), and the rapid
and irreversible binding of phages to OMVs have been observed by electron
microscopy (Manning and Kuehn 2011; Biller et al. 2014). V. cholerae OMVs
contain phage receptors that bind and inactivate phages naturally found in human
stools, giving evidence of phage-OMV interaction in host environments (Reyes-
Robles et al. 2018). Collectively, these studies suggest that OMVs play a protective
role against bacteriophages, particularly in phage-rich environments such as the
gastrointestinal tract. However, the interplay between OMVs and phages in host
environments remains poorly understood and requires further research.

Horizontal Gene Transfer

OMVs are known to carry DNA that is protected from nuclease digestion and
trafficked out of biofilms, suggesting the prospect of their far-reaching dissemination
of virulence-related genes and their role in HGT (Schooling et al. 2009; Dorward and
Garon 1989). OMV-mediated transfer of virulence genes was demonstrated in
studies showing E. coli OMVs could transfer plasmid DNA to S. enterica serovar
Enteritidis, thereby conferring cytotoxic activity and antibiotic resistance to recipient
bacteria (Yaron et al. 2000). A similar study demonstrated OMV-mediated transfer
of plasmid DNA containing antibiotic resistance genes from Acinetobacter baylyi to
E. coli (Fulsundar et al. 2014). The potential for OMVs to facilitate wide-spread
HGT is highlighted in a study that demonstrated A. baumannii OMVs transferred
plasmids carrying virulence and antibiotic resistance genes to stably transform
recipient strains. These transformed recipient strains were subsequently able to act
as donors, producing OMVs laden with the acquired plasmid and transforming other
bacteria (Rumbo et al. 2011). The rate and efficiency of OMV-mediated transfor-
mation has been suggested to be similar to that of bacterial transduction, adding
further credence to its biological significance (Tran and Boedicker 2017). However,
there appears to be differences in the genetic transformation potential of OMVs from
different bacteria (Renelli et al. 2004; Klieve et al. 2005; Tran and Boedicker 2017),
which may be due to factors such as restriction modifications conferred by the donor
strain, OMV charge and natural competency of the recipient strain (Klieve et al.
2005; Tran and Boedicker 2017; Fulsundar et al. 2014; Tashiro et al. 2017).
Collectively, these studies highlight the potential biological relevance of OMVs in
HGT, however further studies are required to define these processes in vivo.
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Physiological Roles of MVs Produced by Gram-Positive
Bacteria

There is little known about the non-pathogenic functions of MVs produced by
Gram-positive bacteria. Limited reports suggest they serve similar roles to OMVs
in biofilm formation, nutrient acquisition, inter-bacterial communication and bacte-
ria defence. However, more studies are required to build an understanding of the
functions of MVs in microbial populations.

Membrane vesicles produced by S. aureus and S. mutans have been identified in
biofilms (He et al. 2017; Liao et al. 2014). S. aureus MVs have also been shown to
enhance bacterial adhesion and mediate cell aggregation to promote biofilm forma-
tion (He et al. 2017). Moreover, MV release by S. aureus increased upon treatment
with vancomycin, which corresponded with an increase in biofilm formation
(He et al. 2017). Biofilm formation by S. mutants can also be enhanced by the
release of extracellular DNA associated with MVs, which aids in facilitating adhe-
sion to surfaces (Liao et al. 2014). Similarly, E. faecium MVs contain biofilm-
promoting proteins and extracellular matrix-binding proteins that point toward
their role in supporting biofilm formation (Wagner et al. 2018).

The proteomic profiles of MVs from a variety of Gram-positive species suggest
they function in nutrient acquisition. S. aureus MVs contain iron-binding factors that
indicate a role in iron sequestration (Lee et al. 2009) and Streptomyces coelicolor
MYVs are enriched in proteins involved in the acquisition of phosphates, iron and
carbon sources (Schrempf et al. 2011). Similarly, Mycobacterium tuberculosis MVs
package the iron-binding compound mycobactin and have been shown to directly
participate in the delivery of iron to recipient cells to support their growth in iron-
limited conditions (Prados-Rosales et al. 2014).

Although MVs have not been directly implicated in inter-species competition,
their contents points to a possible role in lysis of competing species. B. subtilis MVs
contain endolysins that are known to degrade the cell wall of bacteria (Toyofuku
et al. 2017), and E. faecium MVs contain glycopeptides that hydrolyse bacterial
peptidoglycan (Wagner et al. 2018). Similarly, proteomic analysis of S. aureus,
Streptococcus pneumoniae and Streptococcus suis MVs show they contain
autolysins that also degrade bacterial peptidoglycan (Haas and Grenier 2015; Lee
et al. 2009; Olaya-Abril et al. 2014; Wang et al. 2018). Clearly further studies are
needed to further explore the antimicrobial role of MVs.

MYVs can also contain enzymes that hydrolyse antibiotics and there is evidence
that MVs play a role in bacterial defence against antibiotic treatment and host
immune attack (Andreoni et al. 2019; Kosgodage et al. 2019; Lee et al. 2013;
Wagner et al. 2018). S. aureus MVs reduce bacterial lysis in whole-blood,
suggesting that they can protect bacteria against host innate immune molecules
(Andreoni et al. 2019). E. faecium MVs contain eleven antimicrobial resistance-
related proteins, including proteins that confer vancomycin resistance (Wagner et al.
2018), while p-lactamase carried by S. aureus MVs enables protection of bacteria,
such as E. coli, S. enterica serovar Enteritidis and other S. aureus strains against
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ampicillin (Lee et al. 2013). S. aureus MVs can also confer resistance against the
last-resort antibiotic daptomycin, highlighting the clinical relevance of MVs in
promoting antibiotic resistance (Andreoni et al. 2019). Inhibition of bacterial vesic-
ulation may be a potential target to increase the efficacy of antibiotics, as a recent
study demonstrated that inhibition of S. aureus MV production corresponded with
an increased susceptibility to a wide range of antibiotics (Kosgodage et al. 2019).

Gram-positive M Vs are reported to contain DNA, however little is known about
the forms of DNA they carry and their role in HGT (Klieve et al. 2005; Liao et al.
2014; Sisquella et al. 2017). A study examining MVs from the bovine
rumen-derived bacteria Ruminococcus albus was the first to demonstrate HGT by
MVs (Klieve et al. 2005). DNA associated with R. albus MVs was genomic in origin
and contained genes encoding for cellulose-digesting enzymes (Klieve et al. 2005).
MV-mediated HGT conferred cellulase activity to strains that previously lacked
cellulase activity, and this trait was stable and inheritable in subsequent bacterial
generations (Klieve et al. 2005). However, R. albus MVs were not able to transform
the rumen-derived Butyrivibrio fibrisolvens, suggesting a possible mechanism for
selective transformation of species (Klieve et al. 2005). This study is the first to
indicate a role for MV-mediated HGT in microbial communities (Klieve et al. 2005).
However, further studies are required to substantiate these findings in other Gram-
positive species.

We have merely touched the surface of understanding the multi-faceted functions
of MVs in interbacterial communication, biofilm formation and bacterial defence
that facilitate pathogenesis. Future research is needed to provide a greater under-
standing of the ways in which Gram-positive bacteria utilise MVs to their advantage,
and to shed light on their possible antimicrobial targets and therapeutic applications.

Pathogen-Derived BMVs Can Modulate the Host Immune
Response

Since the discovery of BMVs more than 50 years ago, research investigating their
functions has largely centred upon their role in promoting pathogenesis and their
detrimental effects on human health. Several clinically relevant Gram-negative and
Gram-positive pathogens have been shown to utilise OMVs and MVs as vehicles to
deliver virulence effectors to host cells (Lindmark et al. 2009; Wai et al. 2003; Elluri
et al. 2014; Thay et al. 2013; Jin et al. 2011; Fiocca et al. 1999; Vdovikova et al.
2017; Rivera et al. 2010). Packaging of bacterial toxins into OMVs and MVs allows
pathogenic bacteria to access distal sites within the body without directly
translocating away from their environmental niche.
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Pathogenic Functions of BMVs at the Mucosal Surface
Pathogenic BMVs Can Disrupt the Epithelial Barrier

The human body is protected from the external environment by skin and the mucosal
surfaces of the respiratory, gastrointestinal and urogenital tracts. These mucosal
surfaces are important interfaces supporting host-microbe interactions; however, in
many instances they are also the site of first contact with pathogens. Whilst some
pathogenic bacteria are invasive intracellular pathogens, many bacteria mediate their
virulence extracellularly whilst remaining within the mucosa (reviewed in (Acheson
and Luccioli 2004)). Such bacteria have developed means to elicit pathogenic
effects, via the secretion of soluble proteins or using complex secretion systems
that act as a molecular syringe to ‘inject’ virulence factors inside host epithelial cells,
or via the secretion of OMVs or MVs to deliver cargo to the host epithelium without
the need for direct cell to cell contact (reviewed in (Thanassi and Hultgren 2000;
Kulp and Kuehn 2010)).

Pathogen-derived OMVs and MVs may contain cargo including toxins and
immunostimulatory molecules that induce cellular reprogramming and disrupt the
integrity of epithelial barriers. For example, H. pylori is a Gram-negative pathogen
that infects approximately 50% of the world’s population, causing chronic inflam-
mation and peptic ulceration (reviewed in (Correa and Piazuelo 2008)). OMVs from
H. pylori have been studied extensively as they perform numerous functions in
facilitating the pathogenesis of their parent bacterium. H. pylori OMVs can damage
the gastric epithelium via the disruption of tight junction (TJ) proteins, such as
zonula occludens (ZO)-1, that act to maintain paracellular junctions (Turkina et al.
2015). Furthermore, H. pylori OMVs containing the oncogenic virulence factor
‘cytotoxin-associated gene A’ (cagA) induce the redistribution of ZO-1 from
paracellular junctions to the cytoplasm, resulting in increased epithelial permeability
in vitro (Turkina et al. 2015).

Campylobacter jejuni is another Gram-negative intestinal pathogen whose
OMVs were demonstrated to disrupt epithelial integrity. For example, treating the
intestinal epithelial cell lines T84 and Caco-2 with C. jejuni OMVs was sufficient to
induce cleavage of adherens protein E-cadherin and TJ protein occludin (Elmi et al.
2016). Notably, the disruption of intestinal epithelial cells by C. jejuni OMVs
allowed for increased invasiveness of their parent bacteria, indicating that the
production of OMVs was directly facilitating bacterial pathogenesis. Periodontal
pathogens Treponema denticola and P. gingivalis also produce OMVs that have
been shown to disrupt and dislodge epithelial cell layers, allowing their parent
bacteria to invade into the underlying tissue and cause further damage to host tissues
(Chi et al. 2003; Nakao et al. 2014).

Another mechanism used by pathogenic bacteria to disrupt the epithelial cell
barrier is to cause morphological changes to the cytoskeleton of host epithelial cells.
Many pathogens are known to elicit this effect via Type I-VI secretion systems or by
the secretion of soluble toxins, however little is known about the roles of OMVs in



6 Pathogenesis Mediated by Bacterial Membrane Vesicles 117

cytoskeletal rearrangements at the epithelial cell barrier. One prominent pathogen
whose OMVs have been investigated is Bordetella pertussis, the causative agent of
whooping cough. Interestingly, B. pertussis OMVs have been isolated post-mortem
from a patient with lethal B. pertussis infection (Donato et al. 2012). B. pertussis
OMVs were found to contain adenylate cyclase toxin-hemolysin (CyaA), which is
responsible for decreasing epithelial barrier integrity, disrupting TJ proteins and
upregulating host cell cyclic AMP (cAMP) signalling, resulting in rearrangement of
the actin cytoskeleton (Donato et al. 2012; Hasan et al. 2018). The effects mediated
by OMV-associated CyaA toxin facilitate bacterial translocation across the airway
epithelium, demonstrating a role for B. pertussis OMVs in contributing to the
pulmonary inflammation observed during whooping cough disease.

BMYVs Can Enter Host Epithelial Cells

As well as mediating pathogenic effects by disrupting epithelial layers, BMVs can
also enter epithelial cells, thereby releasing their cargo intracellularly and modulat-
ing host cell metabolism (reviewed in (O’Donoghue and Krachler 2016; Kaparakis-
Liaskos and Ferrero 2015)). Several routes of cell entry have been suggested for
BMYVs from different bacterial species. OMV entry into host cells can occur via
cholesterol-rich lipid rafts in the host cell membrane. This was first demonstrated
using P. aeruginosa OMVs, whereby OMVs entered lung epithelial cells in a
cholesterol-dependent manner (Bauman and Kuehn 2009). Lipid raft-independent
mechanisms of BMV endocytosis have also been described, including
macropinocytosis whereby the host cell cytoskeleton engulfs extracellular BMVs,
or by receptor-mediated formation of clathrin or caveolin pits (Bomberger et al.
2009; Furuta et al. 2009; Pollak et al. 2012; Bielaszewska et al. 2013; Kunsmann
et al. 2015; Vanaja et al. 2016; Kesty et al. 2004; Chatterjee and Chaudhuri 2011;
Schaar et al. 2011; Wang et al. 2020; Turner et al. 2018). Direct fusion of the OMV
membrane with the host cell membrane has also been observed for membrane
vesicles from multiple species (Bomberger et al. 2009; Rompikuntal et al. 2012;
Jager et al. 2015). The specific endocytic mechanisms utilised by BM Vs to enter host
cells have been discussed extensively elsewhere and therefore will not be explored in
great detail here (reviewed in (O’Donoghue and Krachler 2016)).

Interestingly, OMVs or MVs produced by the same species can enter host cells
using various endocytic pathways. A study examining the mechanisms used by
H. pylori OMVs to enter host cells revealed that small (20-100 nm) and large
(90-450 nm) OMVs enter gastric epithelial cells via distinct pathways (Turner
et al. 2018). Furthermore, it has been reported that the composition of OMVs can
also alter their mechanism of uptake by host cells. Notably, H. pylori OMVs
harbouring the vacuolating cytotoxin (VacA) virulence factor entered gastric epi-
thelial cells via a different mechanism of endocytosis compared to OMVs that did
not package VacA toxin (Parker et al. 2010). Furthermore, the lipid composition of
OMVs produced by different E. coli serotypes has been reported to affect the
mechanism and kinetics of OMV-mediated entry into HeLa cells (O’Donoghue



W. J. Gilmore et al.

118

Sunynsar ‘gy-JN 10j0ey uonduosuer; ay) Jo uonedo[suen} reaponu pue uone[Lloydsoyd oy 03 pea] sassaoord asayy, “s103dosar (qON orwse[doiLo Jo uoneanoe ayy
ur Sunnsar 0SIes J1oy) 9SEI[AI OS[e UED S A A Je[N[[0ENU] "USWIN| [EUWIOSOPUS oY) UI $Y LI, UM JORIAIUI PUE S[[99 ISOY JOJUD IO S[[29 [er[oyido JSoy Jo dueIquiou
[eorde oy) 18 SYTL UM JOBIUI UBD SAJAE ‘SWISTUBYIdW Auew elA sisouddorped [eLId)oeq dje)[oe] (SAJANE) SI[IISIA duBIqUIdW [BLId)ORY T7'9 *SIf

s||92 g pue | 1139 aunwuwy sjeuu]

— <
om:oawo“_ S[|@2 sunwiwi o ._
W omnont uonEARORAUSUWIINIOSY & (0-dNL '8 ‘9 B0)
3 : _ s *wm:_v_otﬂo Aiojewiwejpul

A ¥ ¥ x x JO UonalIdeg

™~ T oo e
esoonwiqng ® 34 \ /

s||92
lelayydy

(1-0z '6°9)

suiajoud rL
sujajoud L1

Jo uondnusiqg

uawn

cHeiced [
- gy N




6 Pathogenesis Mediated by Bacterial Membrane Vesicles 119

et al. 2017). In contrast to knowledge identifying that OMV entry into host cells can
be regulated by their cargo or size, very few studies have investigated whether size
and cargo composition of MVs produced by Gram positive bacteria can also
determine their mechanisms of cellular entry. However, it is known that MVs
produced by the Gram-positive pathogens B. anthracis and S. aureus are
endocytosed by host cells via different pathways, entering via receptor-mediated
and dynamin-dependent pathways, respectively (Rivera et al. 2010; Wang et al.
2020). These studies suggest that M Vs also have the potential to enter host cells via a
range of endocytic mechanisms.

BMVs Mediate Innate Immune Signalling in Epithelial Cells

OMVs and MVs produced by pathogens are loaded with immunostimulatory cargo
from their parent bacteria, known as MAMPs, including molecules such as LPS, PG
and nucleic acids. BMV-associated MAMPs are recognised by host innate immune
pathogen recognition receptors (PRRs), which detect foreign molecules and elicit a
cytokine-mediated immune response, recruiting immune cells to the site of infection.
Some of the PRRs at the epithelial barrier include the transmembrane Toll-like
receptors (TLRs) and cytoplasmic nucleotide-binding oligomerisation domain
(NOD) receptors. Innate immune receptors of both the TLR and NOD-like receptor
(NLR) families have been identified as key responders to BMVs and subsequently
have important roles in OMV and MV-mediated pathologies which we discuss
below.

TLRs at the Apical and Endosomal Membranes Detect BMVs

Epithelial cells expressing Toll-like receptors are the innate immune system’s first
responders to pathogenic microbes. The TLR family constitutes 10 transmembrane
receptors, which can be located on the apical membrane of epithelial cells, detecting
MAMPs such as LPS, flagella and lipoproteins associated with bacterial cells or
BMVs (reviewed in (Janeway Jr and Medzhitov 2002)). Ligand-mediated TLR
activation leads to the recruitment of adaptor proteins such as Myeloid Differentia-
tion primary response protein (MyD)-88, inducing a signal cascade that eventuates
in the phosphorylation and nuclear translocation of pro-inflammatory transcription
factors including nuclear factor kappa B (NF-xB) (reviewed in (Akira et al. 2006)).

<
«

Fig. 6.2 (continued) in the production and release of pro-inflammatory cytokines including IL-6,
IL-8 and TNF-a. Additionally, BMVs can disrupt TJ proteins, resulting in a loss of epithelial barrier
integrity and ultimately allowing BMVs and bacteria to cross the epithelial barrier. In this way,
BMVs can indirectly and directly modulate innate and adaptive immune cell functions. However,
BMVs may also deliver bacterial SRNA to host epithelial cells, which upon binding to host mRNA,
may dampen host inflammatory responses
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These transcription factors subsequently mediate the secretion of inflammatory
cytokines from epithelial cells, which is critical for the recruitment of immune
cells to the site of infection.

As BMVs produced by pathogenic bacteria are loaded with MAMPs from their
parent bacteria, they are capable of stimulating a pro-inflammatory immune response
in the host (Fig. 6.2). This was first reported by Ismail et al. who identified a
fundamental role for H. pylori OMVs in stimulating an interleukin (IL)-8-mediated
inflammatory response by gastric epithelial cells in vitro (Ismail et al. 2003). Many
other pathogen derived BMVs have since been discovered to elicit inflammatory
immune responses by epithelial cells. One clinically relevant example is the oppor-
tunistic pathogen P. aeruginosa, whose OMVs have a well characterised role in
promoting inflammatory responses in the host. OMVs produced by P. aeruginosa
isolates obtained from patients with cystic fibrosis induced IL-8 secretion by primary
human bronchial epithelial cells (Bauman and Kuehn 2006). P. aeruginosa OMVs
were also shown to engage human epithelial cells in a TLR4-dependent manner,
resulting in the increased expression of TLR4 in a positive-feedback mechanism to
drive further inflammation, while also increasing host expression of MyD88, NF-kB
and IL-1p (Zhao et al. 2013). Thus, it is proposed that the aberrant inflammation
driven by OMVs during P. aeruginosa infection may contribute to the pathology
mediated by this opportunistic pathogen.

TLRs are also located at the endosomal membrane and are capable of detecting
microbial products that have entered intracellularly. Once endocytosed by epithelial
or immune cells, microbial products are trafficked to endosomes where they are
processed for degradation (Nakamura et al. 2014). Similarly, upon entry into host
epithelial cells, OMVs produced by Gram-negative bacteria can be degraded via the
host cellular degradation pathway of autophagy (Fig. 6.2) (Irving et al. 2014).
OMV-mediated autophagy was found to be essential for the initiation of an inflam-
matory immune response to OMVs (Irving et al. 2014). In addition, OMVs may also
be detected by intracellular TLRs -7, —8 and — 9, which respond to microbial
nucleic acids (Fig. 6.2) (Cecil et al. 2016; Akira et al. 2006). Recent studies
investigating the PRRs activated by OMVs produced by the three prominent peri-
odontal pathogens P. gingivalis, T. denticola and Tannerella forsythia revealed that
they could all induce inflammatory immune responses by host immune cells,
characterised by the release of IL-1f, as well as tumour necrosis factor (TNF)-a
and IL-8 (Cecil et al. 2017). Moreover, the activation of TLR7, TLR8 and TLR9 by
P. gingivalis and T. forsythia OMVs were found to play a direct role in pathogen
detection and the subsequent generation of an inflammatory immune response by the
host (Cecil et al. 2016).

Bacterial SRNA Delivery by OMVs and MVs

The delivery of bacterial RNA to host cells via the release of membrane vesicles is an
emerging and exciting field. RNA was first identified within OMVs only 5 years ago,
though the importance of RNA delivery by BMVs has quickly become apparent
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(Sjostrom et al. 2015). Bacterial small RNA (sRNA), which is similar in size to
eukaryotic micro (mi)RNA, can regulate gene expression by binding to host cell
messenger RNA (mRNA) (reviewed in (Repoila and Darfeuille 2009)). Further-
more, recent evidence suggests bacterial pathogens differentially package sRNAs
into OMVs and M Vs to modulate the host immune response. Notably, P. aeruginosa
OMVs differentially package regulatory sSRNAs that can be stably transferred into
human airway epithelial cells (Koeppen et al. 2016). It was reported that
P. aeruginosa OMVs containing SRNA52320 were able to downregulate both
LPS-mediated and OMV-mediated inflammatory cytokine production by airway
epithelial cells. Furthermore, OMVs carrying sRNAS52320 attenuated
OMV-induced cytokine secretion and neutrophil infiltration in vivo (Koeppen
et al. 2016). The immunomodulatory roles of OMV-associated SRNAs may also
extend to adaptive immune responses, whereby sRNAs associated with OMVs
produced by several periodontal pathogens were isolated, characterised and their
immunological effects on T cells were investigated (Choi et al. 2017). Isolation of
these SRNAs and their transfection into Jurkat T cells resulted in reduced basal
expression of IL-5, IL-13 and IL-15 compared to cells that were transfected with a
non-coding sSRNA as a control (Choi et al. 2017). The authors proposed that
OMYV-mediated delivery of SRNAs facilitate the pathogenic functions of their parent
bacterium (Choi et al. 2017).

More recently, a role for small non-coding RNAs (sncRNA) in H. pylori patho-
genesis and evasion of the host immune system has been identified (Zhang et al.
2020). The authors demonstrated that two sncRNA species, sR-2509025 and
sR-989262 were enriched in H. pylori OMVs compared to their parent bacterium
(Zhang et al. 2020). With the use of deletion mutant strains, it was shown that OMVs
produced by H. pylori strains lacking these sncRNA species induced a heightened
immune response when introduced to gastric epithelial cells, compared to OMVs
produced by the wild-type strain that were enriched with these immunomodulatory
sncRNA species (Zhang et al. 2020). Therefore, it was suggested that differential
packaging of particular sncRNA into OMVs is a strategy employed by H. pylori to
dampen host immunity and promote long-term persistence in the host.

Finally, the delivery of sRNA to host cells by BMVs is not unique to Gram-
negative bacteria. The Gram-positive species group A streptococcus differentially
regulates RNA packaging into MVs (Resch et al. 2016). However, very few studies
have investigated the biological significance of RNA packaging into MVs produced
by Gram-positive bacteria and this remains an interesting avenue for further
research.

Intracellular Activation of NLRs

The cytoplasmic innate immune receptors NOD1 and NOD?2 are responsible for the
detection of bacterial PG, a complex molecule constituting the cell walls of both
Gram-negative and Gram-positive bacteria (Girardin et al. 2003a, b). Examination of
OMVs produced by the mucosal pathogens H. pylori, P. aeruginosa and
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N. gonorrhoeae revealed that OMVs could package PG that could be detected by the
host innate immune receptor NOD1 (Kaparakis et al. 2010). Specifically, it was
identified that once OMVs entered human epithelial cells, PG contained within
OMVs was detected by NODI, resulting in the induction of a NOD1-dependent
pro-inflammatory immune response (Fig. 6.2) (Kaparakis et al. 2010). Furthermore,
NOD1 was also found to be essential for the generation of OMV-specific adaptive
immune responses in vivo, as oral administration of H. pylori OMVs to mice lacking
the NOD1 receptor did not result in the induction of innate and OMV-specific
adaptive immune responses (Kaparakis et al. 2010). Collectively, these findings
revealed that OMVs are a conserved mechanism used by Gram-negative pathogens
to mediate NODI1-driven inflammation and pathology in vivo (Kaparakis et al.
2010). Subsequently, studies also identified the ability of NOD1 and NOD2 to
mediate immune responses to both OMVs produced by
A. actinomycetemcomitans, V. cholerae and MVs from Gram-positive S. aureus,
amongst other bacteria (Thay et al. 2014; Bielig et al. 2011; Jun et al. 2017).

BMYVs can also interact with another member of the NLR family known as
NLR-pyrin domain containing 3 (NLRP3) (Wang et al. 2020; Cecil et al. 2017,
Fleetwood et al. 2017; Bitto et al. 2018). Activation of NLRP3 by OMVs or MVs
leads to the formation of an intracellular complex termed the inflammasome, a
protein complex responsible for the maturation of caspase-1 and the subsequent
secretion of mature IL-1 family cytokines including IL-1p and IL-18 (reviewed in
(Schroder et al. 2010)). For example, S. aureus MVs were internalised by human
macrophages which resulted in activation of the NLRP3 inflammasome via K* efflux
(Wang et al. 2020). Additionally, P. gingivalis OMVs were found to induce
inflammasome activation both in vitro and in vivo, leading to recruitment of
inflammasome adaptor proteins and the secretion of mature IL-1f from murine
peritoneal macrophages (Cecil et al. 2017). Collectively, these studies highlight
that there are a broad range of PRRs and multiple mechanisms by which BMVs
mediate the induction of pro-inflammatory responses in the host.

BMVs can cross the epithelial cell barrier

At the mucosal interface, BMVs produced by pathogenic bacteria may face various
fates. As described above, OMVs and MVs can interact with epithelial cell surface
receptors, or they may be internalised by host cells and release their cargo into the
cell cytoplasm. However, BMVs can also directly cross the epithelial layer and
access immune cells within the submucosa (Fig. 6.2) (Kaparakis-Liaskos and Fer-
rero 2015). It has been hypothesised that BMVs can cross epithelial barriers by
different methods including transcytosis or by diffusion through paracellular junc-
tions (reviewed in (Stentz et al. 2018)). Once the epithelial barrier has been crossed,
bacterial OMVs and MVs can modulate innate immune cells, which can subse-
quently affect T and B cell functions and ultimately manipulate host immunity.
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BMYVs and Macrophages

Macrophages are innate immune cells which survey host tissues and rapidly detect
and respond to invading pathogens and their secreted products. Macrophages can
phagocytose extracellular bacterial products including BMVs, resulting in the pro-
duction of inflammatory cytokines to ultimately facilitate the induction of a
pathogen-specific adaptive immune response (reviewed in (Arango Duque and
Descoteaux 2014)). However, some pathogens can specifically target macrophages
to facilitate the onset of pathogenesis in the host. One such bacterium that mediates
pathogenesis by macrophages is P. gingivalis which produces OMVs that can
interact with macrophages in the subgingival cavity (Imayoshi et al. 2011). It was
found that P. gingivalis OMVs induced the production of inflammatory mediators
such as nitric oxide (NO) and inducible nitric oxide synthase (iNOS) by murine
macrophages in vitro (Imayoshi et al. 2011). Furthermore, S. Typhimurium OMVs
were also found to interact with murine macrophages via their ability to induce the
production of TNF and NO production, whilst OMVs from a range of periodontal
pathogens induced the secretion of TNF-a, IL-8 and IL-1 from THP-1 monocytes
(Alaniz et al. 2007; Cecil et al. 2017). Additionally, BMVs may deliver their
cytotoxic cargo to macrophages, as is the case with OMVs produced by the pathogen
A. baumannii (Jin et al. 2011). Specifically, OMVs produced by wild-type
A. baumannii were found to package the virulence effector protein AbOmpA,
resulting in a significant increase in cytotoxic cell death of U937 macrophage-like
cells compared to OMVs isolated from AOmpA mutant A. baumannii strains lacking
AbOmpA (Jin et al. 2011).

Whilst BMVs facilitate pathogenesis by driving inflammation in the host to
promote tissue damage, they can also downregulate the immune response generated
by macrophages to prolong bacterial survival within the host. For example, OMVs
produced by H. pylori induce anti-inflammatory IL-10 secretion by human periph-
eral blood mononuclear cells, whilst P. gingivalis OMVs can degrade the CD14
receptor, rendering macrophages incapable of responding to bacterial LPS and thus
avoiding hyperinflammatory immune responses (Winter et al. 2014; Duncan et al.
2004).

In contrast to BMVs produced by gastrointestinal or periodontal pathogens,
BMYVs produced by respiratory pathogens can interact with alveolar macrophages.
For example, Legionella pneumophila, a causative agent of severe pneumonia,
produces OMVs that induce TLR2- and NF-kB-dependent increases in inflamma-
tory cytokine production by alveolar macrophages (Jung et al. 2016). However, by
contrast, prolonged exposure to L. pneumophila OMVs may facilitate bacterial
replication within alveolar macrophages by downregulating host immune responses
(Jung et al. 2016). Similarly, M. tuberculosis is a chronic intracellular pathogen that
infects alveolar macrophages (reviewed in (Pieters 2008)). EVs secreted by
M. tuberculosis-infected macrophages are immunostimulatory to the human host,
however it was unclear until recently whether this immunogenicity was attributed to
host-derived exosomes containing bacterial cargo or directly attributed to BMVs
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emanating from the intracellular bacterium (Athman et al. 2015). Using density-
gradient separation to resolve prokaryotic BMVs from eukaryotic EVs, it was
elucidated that M. tuberculosis BMVs are responsible for this immunogenicity
(Athman et al. 2015). Collectively, these studies highlight the roles of BMVs in
promoting bacterial pathogenesis via their interactions with macrophages (Fig. 6.2).

BMYVs and Neutrophils

The interactions between BM Vs and neutrophils can be categorised into two groups:
immunomodulatory effects and Neutrophil Extracellular Trap (NET)-related. Fore-
most, neutrophils are involved in inflammatory immune responses as they migrate to
the site of infection in response to chemoattractant cytokines and chemokines release
by epithelial cells. However, BM Vs can also directly mediate inflammatory cytokine
production by neutrophils, as demonstrated using N. meningitidis OMVs and
S. aureus MVs (Lapinet et al. 2000; Askarian et al. 2018). Second, NETs are
released by neutrophils upon cell death, whereby fibrillar networks composed of
bacterial DNA and antimicrobial peptides (AMPs) extend from the cell membrane to
trap and kill surrounding pathogens, preventing their spread throughout the body
(reviewed in (Papayannopoulos 2018)). The pathogens S. pneumoniae and
P. aeruginosa are captured by NETs to prevent their dissemination through the
host, however they have evolved mechanisms to evade NET entrapment via the
secretion of BMVs (Jhelum et al. 2018; Shan et al. 2014). Specifically,
S. pneumoniae packages the extracellular DNase TatD into its MVs to degrade the
structure of neutrophil NETs, whereas OMVs produced by highly cytotoxic strains
of P. aeruginosa bind NETSs to reduce the available amount of NET that can bind to
the parent bacteria (Jhelum et al. 2018; Shan et al. 2014). Overall, BM Vs can interact
with neutrophils to potentiate disease pathologies by eliciting inflammatory immune
signalling, or they may subvert normal immune responses by disrupting NET
formation and thereby modulating the host’s response to infection.

BMYVs and DCs

Dendritic cells (DCs) are professional antigen presenting cells and are considered to
bridge the innate and adaptive immune systems. One of the earliest reports of DC
activation by BMVs was demonstrated using the pathogen S. Typhimurium (Alaniz
et al. 2007). The authors showed that S. Typhimurium OMVs induced the maturation
of murine bone marrow-derived DCs (BMDCs) and stimulated pro-inflammatory
cytokine signalling (Alaniz et al. 2007). Interestingly, it has also been reported that
the commensal bacterium B. fragilis produces OMVs that can interact with DCs,
inducing anti-inflammatory immune signalling which may represent an important
regulator of host immunity by the microbiota (Shen et al. 2012; Chu et al. 2016).
These studies suggest that the outcome of the interactions between OMVs and DCs
may be dependent on the pathogen from which the OMVs are derived. By contrast,
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there is still very limited knowledge regarding the interactions between DCs and
MVs released by Gram-positive bacteria and how these may modulate immunity in
the host.

BMYVs and Adaptive Immune Cells

The innate immune system functions as an early response to mitigate infection,
whereas adaptive immunity functions to provide the host with long term protection
from pathogens. The following section will briefly describe the ability of BMVs to
modulate T cell and B cells responses of the humoral immune system.

While direct interactions between humoral B cells and BMVs are not yet well
elucidated, BMVs from multiple pathogens have been implicated in modulating B
cell responses. OMVs from pathogens including N. meningitidis and M. catarrhalis
have been shown to promote B cell activation via OMV-associated DNA delivery to
intracellular TLRY9, and to induce the production of long-term memory B cells,
respectively (Vidakovics et al. 2010; Romeu et al. 2014). More recent studies
examining the efficacy of BMV-based vaccines have demonstrated significant
antibody production by B cells in response to OMV or MV administration (Wang
et al. 2017; Stevenson et al. 2018).

By contrast, the roles of T cells in BMV-mediated immune responses are better
understood. T cells are critical in the response to pathogenic infection and several
studies have indicated that BMVs from various pathogens can induce T cell activa-
tion (Alaniz et al. 2007; Kim et al. 2013; Schetters et al. 2019). However, in contrast,
chronic pathogens including H. pylori and M. tuberculosis release BMVs which can
inhibit T cell proliferation and function. For example, H. pylori OMVs can induce
apoptosis of Jurkat T cells or supress T cell function in an IL-10 and cyclo-
oxygenase-2 (COX-2)-dependent manner (Winter et al. 2014; Hock et al. 2017).
Similarly, M. tuberculosis vesicles inhibit CD4" T cell responses to facilitate
bacterial survival in vivo (Athman et al. 2017). Collectively, these studies and others
have demonstrated that BMVs modulate cellular immune responses. The therapeutic
potential of BMVs for use in stimulating protective immunity against bacterial
infections will be covered in greater detail later in this chapter.

Microbiota-Derived BMVs Modulate Immune Responses

The human microbiota is a community of organisms that inhabit various sites
throughout the body. This complex community is comprised of bacteria, viruses,
fungi and bacteriophages whose metabolic functions are closely linked to the
environment they inhabit. In particular, both Gram-negative and Gram-positive
bacteria occupy niches within the gastrointestinal tract, lungs, skin, urinary tract
and other such mucosal surfaces. The mutualistic relationships between host and
microbiota are broad, whereby the microbiota facilitates the human host in the
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acquisition of nutrients and the maintenance of immunological homeostasis. Inter-
estingly, recent evidence suggests that microbial secreted factors, including OMVs
and MVs, are key determinants in many of the health benefits conferred by the
microbiota.

BMVs in Host-Microbiota Interactions at Mucosal Surfaces

Membrane vesicles produced by the microbiota are able to gain direct access to the
adjacent epithelium, whereas their parent bacteria may be physically inhibited by
mucus barriers. Akin to pathogen-derived OMVs, epithelial cells can endocytose
commensal OMVs resulting in the release of their content into the host cell cyto-
plasm (Canias et al. 2016; Canas et al. 2018; Jones et al. 2020). The cargo associated
with commensal OMVs and MVs is constituted of molecules derived from their
parent bacterium, including membrane components such as LPS and PG which can
be immunogenic in the host. However, despite ongoing production of BMVs by
commensal bacteria, they are not regarded to elicit uncontrolled hyper-inflammatory
immune responses within the host during normal conditions. Rather, commensal-
derived BMVs can induce both pro- and anti-inflammatory immune responses by the
host, contributing to immunological homeostasis.

OMVs produced by commensal E. coli strain ‘C25” were identified to elicit
moderate IL-8 secretion from multiple intestinal epithelial cell lines in vitro (Patten
et al. 2017). However, pre-treatment of the intestinal cell line Caco-2 with E. coli
C25 OMVs inhibited subsequent internalisation of live bacteria by Caco-2 cells,
indicating that OMV-mediated priming of the intestinal epithelium may confer
protection against challenge by invasive bacteria (Patten et al. 2017). The authors
suggested that the mild inflammatory response induced by these commensal OMV's
mimicked the homeostatic conditions of the healthy intestine, implicating a role for
OMVs in immunological maintenance in the gut.

Membrane vesicles from other commensal and probiotic E. coli strains have also
been studied extensively to elucidate their functions in promoting intestinal homeo-
stasis. For example, OMVs produced by the probiotic E. coli strain Nissle 1917 and
commensal E. coli strain ECOR12 are internalised by intestinal epithelial cells via
clathrin-mediated endocytosis (Cafias et al. 2016). Subsequent studies by the same
group identified that OMVs from both E. coli Nissle 1917 and ECOR12 modulated
innate immune responses in multiple epithelial cell models toward an anti-
inflammatory profile by regulating the expression of cytokines such as IL-10 and
antimicrobial peptides including human beta-defensin-2 (Fabrega et al. 2016).
Furthermore, OMVs produced by the probiotic E. coli Nissle 1917 improved
intestinal barrier integrity by upregulating the expression of TJ proteins ZO-1 and
claudin-14 and downregulating the expression of pro-inflammatory transcription
factors iNOS and COX-2, as well as various pro-inflammatory cytokines (Alvarez
et al. 2016; Fabrega et al. 2017). Moreover, probiotic E. coli Nissle 1917 OMVs
conferred protection against chemically induced colitis in mice (Fabrega et al. 2017).
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Similar to pathogen-derived OMVs, it was reported that OMVs produced by both
E. coli strains Nissle 1917 and ECOR12 induced NOD1-dependent innate immune
responses characterised by the activation of NF-kB and the secretion of IL-6 and
IL-8 (Cadias et al. 2018). These findings indicate that the interkingdom communi-
cations mediated by BMVs are complex, whereby both pro-inflammatory and anti-
inflammatory signalling pathways may be induced by the commensal microbiota to
maintain immunological homeostasis. Further studies are required to better elucidate
the signalling pathways induced by BMVs produced by the microbiota to broaden
our understanding of their fundamental roles in maintaining homeostasis in the
dynamic environment of the gut.

Members of the Gram-positive commensal Lactobacillus genus have long been
considered to be probiotic due to the health benefits they confer to the host. Recently,
MYVs produced by several Lactobacillus species have been shown to elicit similar
probiotic effects. Lactobacillus plantarum MVs were first reported to upregulate
antimicrobial defence genes in Caco-2 cells in vitro (Li et al. 2017). Interestingly, in
a Caenorhabditis elegans model of infection, L. plantarum MV upregulated anti-
microbial defence genes, conferring moderate protection against vancomycin-
resistant E. faecium infection (Li et al. 2017). This study demonstrates the potential
for the incorporation of L. plantarum MVs into novel therapeutics against Entero-
coccal infection. Amongst other Lactobacillus species, Lactobacillus sakei-derived
MVs promote the production of IgA antibodies from Peyer’s Patch cells of the
murine intestine, which function to neutralise extracellular toxins and protect epi-
thelial cells from bacterial invasion (Yamasaki-Yashiki et al. 2019). Furthermore, in
an ex vivo model of HIV-1 infection of human cervico-vaginal and tonsillar tissues,
incubation with Lactobacillus crispatus or Lactobacillus gasseri MVs for 1 hour
was sufficient to protect against viral replication (Nahui Palomino et al. 2019). These
studies indicate the protective properties of MVs produced by the Lactobacillus
genus and provide insights into the mechanisms by which these probiotic bacteria
confer health benefits to the host.

The Gram-negative anaerobe B. fragilis is a member of the intestinal microbiota.
B. fragilis bacteria are encapsulated by a polysaccharide A (PSA) capsule which
mediates anti-inflammatory effects via a TLR2-dependent interaction with dendritic
cells, leading to the activation of regulatory T cells and subsequent secretion of the
immunosuppressive cytokine IL-10 (Mazmanian et al. 2008; Ochoa-Repéraz et al.
2010; Round and Mazmanian 2010). However, B. fragilis is a non-motile bacterium
and early studies could not identify the method of PSA delivery to the host immune
system (Shen et al. 2012; Cerdefio-Tarraga et al. 2005). Ultimately, OMVs produced
by B. fragilis were found to associate with PSA and elicit immunosuppressive effects
via PSA-TLR2 dependent interactions (Shen et al. 2012). Oral administration of
B. fragilis OMVs to mice conferred protection against colitis via the activation of
regulatory T cells and the production of IL-10 (Shen et al. 2012). This study was the
first to identify a specific bacterial species and mechanism by which microbiota-
derived OMVs conferred health benefits to the host (Shen et al. 2012).

With the advent of more powerful DNA sequencing technologies, alleles for
Crohn’s disease susceptibility have been implicated in the immunomodulatory
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pathway subverted by B. fragilis and their OMVs (Chu et al. 2016). Specifically, the
genes Argl6ll and Nod2 involved in the non-canonical autophagy pathway are
essential to suppress mucosal inflammation via dendritic cell-dependent induction
of regulatory T cells (Chu et al. 2016). Immune cells from human subjects with a
major Crohn’s disease risk variant in the Arg/6/1 allele were defective in regulatory
T cell responses to B. fragilis OMVs in an ex vivo model, highlighting that gene-
microbiota interactions mediated by BMVs are critical for the induction of mucosal
tolerance and may be relevant to the aetiology of inflammatory bowel diseases (Chu
et al. 2016).

Finally, B. fragilis has been implicated in mediating protection from multiple
sclerosis, a demyelinating disease of the central nervous system (CNS). Using a
murine model of multiple sclerosis, administration of B. fragilis bacteria was
sufficient to confer protection against neuronal demyelination, however this protec-
tion was abrogated in IL-10 deficient mice or upon the administration of
PSA-deficient B. fragilis strains (Ochoa-Reparaz et al. 2010). The author’s
suggested that the protection conferred by B. fragilis was dependent upon PSA.
Notably, the authors did not investigate the potential for OMV-associated PSA in
protection against neuronal demyelination. The potential for B. fragilis OMV-based
therapies against demyelinating conditions such as multiple sclerosis remains an
avenue for further research.

Commensal BMVs Mediate Long-Distance Anti-Inflammatory
Effects

There is mounting interest in the potential for extracellular factors secreted by the gut
microbiota to travel to distal sites within the body to mediate their effects (reviewed
in (Ahmadi Badi et al. 2017)). BMVs may represent one mechanism responsible for
long-distance transport of such factors, protecting them from degradation by the
host. However, whilst many studies have speculated on the effects of microbiota-
derived BMVs outside of the intestinal lumen, very few studies have investigated
these interactions experimentally. Nonetheless, microbiota-derived BMVs have
been collected from both urine and blood samples, highlighting that they can cross
the epithelial boundary and enter the bloodstream to be distributed throughout the
body (Yoo et al. 2016; Lee et al. 2017; Park et al. 2017). Using DNA extraction and
sequencing methods, these studies provide insights into the composition of the
microbiota during states of both health and disease. A more recent study provided
a protocol to isolate BMVs from biological materials and eukaryotic EVs found
within bodily fluids (Tulkens et al. 2020). The authors reported that orthogonal
implementation of ultrafiltration, size-exclusion chromatography and density-
gradient ultracentrifugation resulted in the isolation of BMVs from bodily fluids
within 72 hours, commenting that this method may prove valuable in the
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characterisation of BMVs within bodily fluids and drive the development of novel
clinical diagnostic kits (Tulkens et al. 2020).

Depressive and neurological disorders have been linked to dysregulated meta-
bolic functions of the microbiota, termed ‘dysbiosis’, the symptoms of which may
improve with restoration of a more normal microbiota community. Thus, many
commensal bacteria and their secreted BMVs are under investigation as novel
strategies for the treatment of extra-intestinal diseases. For example, administration
of L. plantarum MVs to mice was found to reduce stress-induced depressive
behaviours and restored the normal expression of brain-derived neurotrophic factor
(BDNF), a molecule depleted during depression (Choi et al. 2019). Additionally,
Akkermansia muciniphila is a Gram-negative commensal bacterium with anti-
inflammatory properties that are becoming increasingly well recognised. As well
as eliciting immunomodulatory effects directly in the gut (Kang et al. 2013),
A. muciniphila OMVs administered to C57BL/6 mice were shown to alleviate
symptoms of cardiovascular disease such as weight gain, adipose tissue inflamma-
tion and increased blood glucose and cholesterol (Ashrafian et al. 2019). Interest-
ingly, the beneficial effects mediated by A. muciniphila OMVs were stronger than
those mediated by their parent bacteria, however it should be noted that it remains
difficult to normalise between administration of OMVs and live bacteria.

Recent technological advances have revealed that areas of the body that were
previously perceived to be sterile, such as the brain, have been found to harbour
microbial products (Branton et al. 2013; Emery et al. 2017). Notably, studies
investigating Alzheimer’s disease have discovered that brains of both healthy and
diseased patients showed evidence of microbial products including E. coli LPS and
K99 pili protein (Zhan et al. 2016). However, it remains contentious whether the
brain may harbour its own resident microbiota or if the microbial molecules discov-
ered in the brain were secreted from bacteria at distal sites, potentially via BMVs.

Evidently, the potential health benefits conferred by microbiota derived OMVs
and MVs are broad and our understanding of their implications is still in its infancy.
With the advent of more powerful resolving technologies being employed within the
EV research field, we may soon be able to precisely identify the specific origins of
BMVs within the bloodstream and characterise their functions after crossing the
epithelial boundary. Limited studies have thus far demonstrated tissue tropism for
microbiota derived BMVs in the bloodstream and this remains an avenue of impor-
tant future research. Furthermore, few studies have investigated whether OMVs or
MVs within the blood can cross the endothelial blood-brain barrier (BBB). Answer-
ing these emerging questions raises exciting new research avenues aiming to better
understand the contribution of BMVs to systemic and neurological disorders.
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Applications of BMVs

BMVs as Vaccine Candidates

A global rise in the incidence of antibiotic resistance necessitates that new therapies
be developed to combat drug-resistant microbes. Such therapies may involve the use
of BMVs either as novel vaccine candidates or as therapeutics to facilitate drug
delivery.

OMVs and MVs have become interesting vaccine candidates in the last 20 years
due to many of their innate immunostimulatory properties discussed throughout this
chapter. First, they are relatively simple and cost-effective to produce, and more
recent studies have demonstrated that upscaling their production is within the means
of modern technologies (Baart et al. 2007; van de Waterbeemd et al. 2013). Second,
BMVs package antigenic contents from their parent bacterium in a non-replicative
form and are able to protect their cargo from degradative enzymes and potentially
deliver them to specific sites within the body. Accordingly, BMV-associated pro-
teins can be delivered to host cells in their native form which avoids the need for
attenuation or inactivation of live bacterial cells. Finally, OMVs in vaccine formu-
lations have proven to be stable for long periods of time and more importantly, safe
for administration to humans (Alves et al. 2016; Arigita et al. 2004; Oster et al.
2005).

As discussed previously in this chapter, OMVs and MVs induce innate and
adaptive immune responses in the host as they contain MAMPs which can interact
with host innate immune PRRs to mediate an immune response. Indeed, vaccination
of mice with E. coli OMVs was shown to not only mediate the production of
cytokines that are indicative of Thl and Th17 responses, but could also protect
mice from lethal challenge via the generation of T cell-dependent immunity (Kim
et al. 2013). Similar observations have also been observed using murine models
whereby OMVs and MVs produced by S. Typhimurium, V. cholerae and S. aureus
have been used to protect against subsequent bacterial infection (Alaniz et al. 2007,
Schild et al. 2008; Sinha et al. 2015; Pritsch et al. 2016; Choi et al. 2015). A more
recent study identified a role for A. baumannii OMVs as a potential therapeutic to
combat multi-drug resistant bacterial infection (Huang et al. 2019). Mice were
immunised with A. baumannii OMVs, resulting in the production of high titre IgG
antibodies which, when purified from vaccinated animals and re-introduced in
combination with quinolone antibiotics, significantly improved bacterial suscepti-
bility to antibiotics in multiple murine models of infection (Huang et al. 2019). The
authors noted that anti-A. baumannii OMV antibodies were likely exhibiting their
function by blockade of outer membrane porins, thus preventing antibiotic efflux and
improving antibiotic susceptibility (Huang et al. 2019). This study provides an
interesting example of the use of BMVs as a novel therapeutic agent to combat
antibiotic resistant pathogens (Huang et al. 2019).

The ability of OMVs and M Vs to deliver antigenic cargo to host cells makes them
dually useful in vaccine development as both an antigen and an adjuvant. To date,
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the only OMV-based vaccine licensed for human use confers protection against
meningococcal serotype B disease, caused by infection with the Gram-negative
pathogen N. meningitidis. The MeNZB OMV-based vaccine was first implemented
in New Zealand whereby reports indicated that the vaccine was protective against
infection in both adults and children (Oster et al. 2005; Oster et al. 2007).
OMV-based vaccines against meningococcal serogroup B disease are now available
globally (reviewed in (Holst et al. 2013)). Interestingly, a retrospective study
investigating the efficacy of MeNZB in New Zealand identified that protection
conferred by vaccine administration was also 31% effective against the closely
related N. gonorrhoeae (Petousis-Harris et al. 2017). This was the first report of a
vaccine showing effectiveness against gonorrhoea, albeit limited.

BMVs as Novel Therapeutics

Another advantage of OMV and MV-based vaccines is the ease with which bacteria
can be genetically manipulated to express certain antigenic epitopes. These antigenic
epitopes can be anchored to native OM proteins, including the ClyA protein of
E. coli or fHbp protein of N. meningitidis, resulting in their association with OMVs
at a high concentration (Kim et al. 2008; Chen et al. 2010; Huang et al. 2016;
Rappazzo et al. 2016; Salverda et al. 2016). Using this method, it is hoped that a
more successful influenza vaccine may be developed using E. coli OMVs as a
platform (Rappazzo et al. 2016). The current influenza vaccine is designed against
a strain specific glycoprotein haemagglutinin, however these molecules are highly
variable and thus the vaccine must be re-designed annually (reviewed in (Treanor
2015)). The conserved ectodomain matrix 2 (M2e) ion channel motif is a highly
conserved membrane protein of the influenza A strain (Mezhenskaya et al. 2019).
Engineering of the commensal E. coli Nissle 1917 to express a multimeric construct
of the M2e receptor via fusion with ClyA, a transmembrane protein enriched in
E. coli OMVs, conferred 100% protection against lethal challenge of a mouse-
adapted HIN1 influenza strain PR8 (Rappazzo et al. 2016). Additionally, an
E. coli OM autotransporter (Hbp) was also engineered to perform as a platform to
display multiple antigenic epitopes. The Hbp protein associated with E. coli OMV
surfaces at a high density, indicating that this model may benefit researchers wanting
to display heterologous antigens in OMV-based vaccines in the future (Daleke-
Schermerhorn et al. 2014).

An alternative model of engineering BMVs for their use as vaccines is via the
generation of hypervesiculating mutants by disruption of bacterial outer membrane
integrity (Turner et al. 2015; Watkins et al. 2017). However, as many outer mem-
brane proteins and lipids are essential for cargo trafficking into vesicles, conflicting
reports raise doubts as to whether the contents, structure and composition of BMVs
produced by hypervesiculation, via the disruption of the bacterial outer membrane,
remain identical to their counterpart wild-type BMVs (Schager et al. 2018; Pérez-
Cruz et al. 2016). Collectively, these studies highlight the potential for the genetic
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engineering of antigenic epitopes into BMVs to provide benefit in future vaccine
research. Moreover, consideration must to be given to how these vesicles are
produced as this may ultimately define their composition and functions.

Drug Delivery

Whilst the biodistribution of BMVs in the human body has not been fully elucidated,
multiple recent studies have identified tissue-specific tropisms (Jang et al. 2015;
Jones et al. 2020). As such, the potential for OMVs and MVs to serve as drug
delivery vehicles has attracted significant attention. Compared to more well-
established methods of drug delivery using nanoparticles including liposomes or
metal-based nanoparticles, OMVs and MVs have the advantage that they can target
specific tissue types, and even cell types, before entering host cells and releasing
their cargo (reviewed in (Yoo et al. 2011)). This concept was first described using
E. coli engineered to express the enzyme phosphotriesterase (PTE), demonstrating
that the activity of PTE was better preserved when associated with OM Vs, compared
to its soluble form (Alves et al. 2016). These results show that OMVs could be
utilised in drug delivery to protect enzymatic function with applications spanning to
environmental remediation and potential industrial applications.

Of particular interest to the field is the potential use of engineered OMV- and
MV-based therapies as novel cancer treatments. The ability to selectively hone
OMVs or MVs to specific tumour cells via the targeting of cancer cell receptors
may allow heightened specificity compared to the indiscriminate chemotherapeutics
currently in use. Recent studies have materialised this potential in the targeting of
HER2 receptors expressed at high density on tumour cell surfaces, and EGF
receptors overexpressed on epithelial tumours, by E. coli OMVs loaded with anti-
tumour siRNA and anti-tumour drugs, respectively (Gujrati et al. 2014; Kim et al.
2017). In both cases, tumour-specific effects and a significant reduction in tumour
size were observed, with no apparent side effects. Furthermore, MVs produced by
commensal bacteria Lactobacillus rhamnosus GG were shown to display cytotoxic
effects on hepatic cancer cell line HepG2 in vitro and may prove beneficial as drug
delivery vehicles (Behzadi et al. 2017).

Novel Technologies Utilising BMVs

Researchers are beginning to realise the potential applications of BMVs using novel
technologies. For example, a recent study highlighted a role for BMVs in
optoacoustic imaging, whereby E. coli OMVs were bioengineered to encapsulate
high levels of melanin suitable for imaging applications in vivo (Gujrati et al. 2019).
The authors identified that BMVs containing melanin were sufficient to facilitate
imaging of tumours in vivo (Gujrati et al. 2019). Another study identified that



6 Pathogenesis Mediated by Bacterial Membrane Vesicles 133

bioengineering of both the internal lumen and external surface of E. coli OMVs
allowed for biosensing applications by functional capturing of antigen and simulta-
neous reporting via luminescence (Chen et al. 2017). Finally, a recent study revealed
the potential use of BMVs in antibiotic delivery, as antibiotic-treated bacteria efflux
antibiotics via OMVs, resulting in their potential use as bactericidal therapies
(Huang et al. 2020). Indeed, oral administration of antibiotic-loaded vesicles pro-
vided protection against intestinal bacterial infections in vivo, demonstrating their
efficiency in delivering antibiotics to distal sites (Huang et al. 2020).

These studies highlight the current and potential future applications of BMVs in
designing novel therapeutics to presently untreatable infectious and
non-communicable diseases. Whilst these seminal studies have provided the premise
for future work, further research is needed to realise the broad therapeutic applica-
tions of BMVs.

Conclusions and Perspectives

In recent years, BMVs have emerged as key mediators of bacterial communication.
OMVs and MVs have been demonstrated to contribute to several biological func-
tions ranging from supporting nutrient acquisition from the external environment to
the delivery of virulence effectors to host cells. In particular, a wealth of literature
now supports the notion of pathogen-derived OMVs in driving disease pathologies
either by the delivery of toxins or by the packaging of MAMPs to promote inflam-
mation within the host. Furthermore, due to their native immunostimulatory prop-
erties, OMVs have been successfully utilised in vaccine development and remain
promising candidates for drug delivery in cancer settings. In the last 15 years, MVs
released by Gram-positive bacteria have become recognised as bona fide secretion
systems. Since their discovery, studies have demonstrated roles for MVs in promot-
ing antibiotic resistance, the formation of bacterial biofilms and the packaging of
toxins to promote pathogenesis. However, whilst these functions of MVs are
increasingly being appreciated, a significant knowledge gap still remains regarding
their physiological roles in disease, as well as their mechanisms of biogenesis.
Furthermore, OMVs and MVs produced by commensal bacteria have recently
emerged as important messengers that function to promote host-microbiota commu-
nications, thereby preventing the onset and severity of pro-inflammatory diseases of
bacterial or autoimmune aetiology. However, we have only begun to uncover the
broad scope of host-microbiota interactions, including the roles for microbiota-
derived BMVs in inter-kingdom communications. Whilst the field looks ahead to
utilise BMVs in novel technologies such as vaccine development, drug delivery and
rapid screening techniques for infectious and non-communicable diseases, it is
important to continue to improve our fundamental understanding of the biogenesis
and functions of both OMVs and MVs to ultimately limit the pathologies they
mediate and to harness their therapeutic potential.
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