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The Role of Bacterial Membrane
Vesicles in Human Health and
Disease

Daniel N. Villageliu and Derrick R. Samuelson*

Division of Pulmonary, Critical Care, and Sleep, Department of Internal Medicine, University of Nebraska Medical Center,
Omaha, NE, United States

Bacterial membrane vesicles (MVs) are nanoparticles derived from the membrane
components of bacteria that transport microbial derived substances. MVs are ubiquitous
across a variety of terrestrial and marine environments and vary widely in their composition
and function. Membrane vesicle functional diversity is staggering: MVs facilitate intercellular
communication by delivering quorum signals, genetic information, and small molecules
active against a variety of receptors. MVs can deliver destructive virulence factors, alter
the composition of the microbiota, take part in the formation of biofilms, assist in the
uptake of nutrients, and serve as a chemical waste removal system for bacteria. MVs also
facilitate host—microbe interactions including communication. Released in mass, MVs
overwhelm the host immune system and injure host tissues; however, there is also evidence
that vesicles may take part in processes which promote host health. This review will
examine the ascribed functions of MVs within the context of human health and disease.

Keywords: bacterial membrane vesicles, microbial endocrinology, OMV, bacterial nanoparticles, immunity,
signaling

INTRODUCTION

Bacterial membrane vesicles (MVs) vary in size from 20 to 500nm and are surrounded by a
membrane bilayer derived from bacterial lipids and proteins (Bos et al., 2021). Shielded by
this membrane, the lumen of a MV is a protected microenvironment which allows for the
transport of biological molecules that would otherwise be inactivated or diluted to inefficacy
by environmental exposure (Kadurugamuwa and Beveridge, 1995). MVs have been observed
for all Gram-negative bacterial species studied to date (Gao and van der Veen, 2020), as well
as Gram-positive bacteria, including Staphylococcus aureus, Enterococcus faecium, Clostridium
perfringens, Mycobacterium ulcerans, Bacillus spp., and Lactobacillius spp. among other accumulating
examples (Dorward and Garon, 1990; Marsollier et al., 2007; Kim et al., 2009; Lee et al.,
2009; Dean et al., 2019).

Gram-negative MV are frequently referred to as outer membrane vesicles (OMV; Lee et al,,
2007), while Gram-positive MVs are referred to as cytoplasmic membrane vesicles (CMV;
Vitse and Devreese, 2020). The names, though established, are somewhat misleading as we now
know that variations of vesicles can exist which include components from the inner membrane,
periplasm, or cytoplasm (Figure 1). For simplicity, this review will favor using the general
term “MV” whenever possible.
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FIGURE 1 | Gram-positive membrane vesicles (MVs; top) form from the cytoplasmic membrane and encapsulate cytoplasmic material. In contrast, Gram-negative
MVs (bottom) form primarily from the outer membrane and encapsulate material from the periplasmic compartment; however, contributions from the cytoplasm and
cytoplasmic membrane have been reported in Gram-negative species. Mechanisms of MV formation differ and mechanisms of Gram-positive MV formation must
overcome an outer layer of peptidoglycan. Gram-negative MVs and Gram-positive MVs carry similar cargos including genetic information, proteins (including toxins
and enzymes) as well as small molecule messengers. However, because of evolutionary divergence, specific types of molecules are not shared. For example, LPS
and many types of outer membrane proteins are found only in Gram-negative microbes.
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Gram-negative MVs typically consist of material found in
the Gram-negative outer membrane but can also package
material from the cytoplasm and periplasm as well. They contain
lipids, including lipopolysaccharides (LPS), glycolipids, and
phospholipids; nucleic acids including genomic and plasmid
dsDNA, small RNA; and proteins including membrane proteins,
enzymes, and toxins (Klieve et al.,, 2005; Lee and Hong, 2012;
Bitto et al., 2017).Gram-positive MVs carry many chemicals
like those found in the MVs of Gram-negatives microbes with
some important distinctions (Brown et al, 2015; Kim et al.,
2015). MVs from a Gram-positive microorganism derive from
the cytoplasmic membrane, not the Gram-negative outer
membrane. Obviously, there exists a plethora of differences
between these two types of membranes and those differences
are reflected in the composition of their respective MVs. For
example, Gram-positive MVs do not contain LPS as LPS is
specific to Gram-negative bacteria (Nahui et al, 2021). This
is a noteworthy distinction because LPS is profoundly
immunogenic.

One would expect that the composition of a MV would
dictate the effects it can exert upon a host. A corollary to
this would be that the effects of MVs derive from the factors
which influence the composition of MVs. The formation and
composition of MVs are affected by environmental conditions,
including temperature, nutrient availability, oxidation, and the
presence of triggers such as toxins or quorum sensing molecules
(McMahon et al., 2012; Macdonald and Kuehn, 2013; Abe
et al, 2021; Briaud et al, 2021). An important healthcare
related example is that MVs formed from bacteria exposed
to antibiotics have the potential to be more virulent than MVs
generated in the absence of antibiotics. We will discuss this
example in more depth in a later section.

Researchers exploring the composition of MV often compare
the lipid and peptide composition of a membrane vesicle to
the composition of the parental cell. Experiments of this
nature have given us evidence that the composition of MVs
can be generated semi-selectively and regulated. Bitto et al.
(2021) reported differences in western blot muropeptide
banding between MVs and the whole cell lysate of parent
S. aureus; in particular, they noted the presence of a 60kDa
protein present in MVs that was not present in cell lysates
and the presence of a 37kDa protein in cell lysates that was
not observed in the MVs. The author’s suggested that these
differences could have arisen from modification of
peptidoglycan moieties during MV formation, a finding which
hints at a mechanism by which MVs form in S. aureus
(Bitto et al., 2021). For some bacterial species, the mechanisms
of MV formation are better understood, and scientists can
even generate MVs carrying specific proteins by including
elements like the OmpA signal (Carvalho et al., 2019). This
has proved useful in the development of MV vaccines which
are engineered to express antigens capable of training the
immune system.

We will now take some time to discuss known mechanisms
of MV formation. Though the connection of this admittedly
arcane topic to human health may at first seem tenuous, the
reality is that the mechanisms of MV formation influence the

composition of MVs and their probable roles. When making
attempts to classify different MVs, researchers often include
pathway of genesis in addition to considerations of their origin,
contents, and apparent function (Nagakubo et al., 2020).

Toyofuku et al. (2019) broadly categorized the routes which
form MVs. The mechanisms of formation for Gram-negative
microbes include MVs that result from blebbing and MVs
that result from explosive cell lysis (Toyofuku et al, 2019;
Nagakubo et al., 2020). Briefly, blebbing can result from
mechanisms which disrupt the cross linkage between the inner
and outer membrane or from the accumulation of agents which
induce positive curvature in the outer membrane. Examples
of the latter include the accumulation of misfolded proteins,
phospholipids, or anionic B-band LPS. When positive curvature
and internal turgor pressure is sufficient, budding MVs will
be pinched off from the mother cell. The formation of Gram-
negative membrane vesicles via membrane blebbing also appears
to be modulated by specific proteins and pathways. For example,
a study in Salmonella enterica identified nine genes, which
influence the biogenesis of MVs (Nevermann et al, 2019).
These genes include envC (encoding a murein hydrolase activator
involved in remodeling of peptidoglycan), mrcB (encodes an
enzyme which influences cell wall formation through the
synthesis of peptidoglycan cross-linkages), rfaE, and waaC
(genes associated with LPS synthesis), ompA, nlpl, and tolR
(gene products are associated with envelope fluidity), degS
(stress sensor serine endopeptidase), and hns (global
transcriptional regulator). Genes related to stress responsive
elements are particularly interesting because they suggest
possibilities by which exogenous stressors, like antibiotics, might
upregulate MV production.

Explosive cell lysis can occur following damage to the
peptidoglycan portion of the cell wall as may occur following
antibiotic exposure, phage infection, or activation of bacterial
endolysin as part of an SOS response. Without the cell wall
to counteract hydrostatic pressure, mechanical stress fragments
the membrane explosively. Fragmented membrane may then
reform smaller spherical particles through hydrophobic
interaction. Presumably, membrane vesicles formed in this
manner would be unlikely to carry selective contents. However,
MVs formed in this manner are thought to be important to
the formation of some biofilms. Turnbull et al. (2016) documented
that explosive cell lysis in Pseudomonas aeruginosa liberated
cytosolic proteins, eDNA and MVs that contributed to the
formation of biofilms in P aeruginosa. They also determined
that explosive cell lysis in P. aeruginosa was dependent on an
endolysin-encoding gene (lys) located in a genetic region known
to be upregulated by exogeneous stresses through the RecA-
dependent SOS response (Turnbull et al.,, 2016).

In contrast to work on Gram-negative microbes, the study
of MV formation in Gram-positive microbes is relatively nascent.
As far back as 1973, there were researchers who claimed that
membrane vesicles could be isolated from Gram-positive Bacilli
including Bacillus subtilis; some of this was even substantiated
by transmission electron microscopic analysis of material purified
from B. subtilis in 1990 (Konings et al., 1973; Dorward and
Garon, 1990). However, until recently, the larger scientific
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community dismissed these reports of MV formation in Gram-
positive microbes. In part this may be due to erroneous
assumptions on the nature of the Gram-positive cell wall.
We now recognize that the Gram-positive cell wall exists in
a managed homeostatic equilibrium which constantly balances
synthesis and degradation (Atilano et al., 2010; Hanson and
Neely, 2012). In 2009, Lee et al. (2009) described MVs from
S. aureus; more recently, several distinct mechanisms have been
described which act on the cytoplasmic membrane and
peptidoglycan layers to facilitate MV production in S. aureus.
At the cytoplasmic membrane level, amphipathic molecules
called phenol-soluble modulins increase membrane fluidity; the
increased fluidity allows membrane budding via osmotic forces
(Hanzelmann et al., 2016; Schlatterer et al., 2018). At the cell
wall, porosity is modulated by the production of autolysins
and agents which alter peptidoglycan cross-linking (Wang et al.,
2018). As pores open in the thick peptidoglycan layer, underlying
buds can now be secreted by bubbling through the pores.

What is the fate of MVs after they are secreted? Secreted
membrane vesicles often remain associated with their host cell.
These vesicles form concentric rings around the producing
microbe or aggregate themselves into larger structures, which
bridge adjacent cells (Bos et al, 2021). MVs distributed in
this manner serve as a type of armor, offering up sacrificial
membrane that improves resistance against phage or
environmental insults like antibiotics which would otherwise
directly damage the envelope of the mother cell (Manning
and Kuehn, 2011; Sabnis et al, 2018). Enzymes, including
B-lactamases, which are contained in this “MV armor” can
attenuate the effects of antibiotics (Lee et al, 2013). Some
species, such as Gram-positive Streptococcus suis, have also
been reported to produce MVs with enzymes that actively
degrade host defense antibodies (Spoerry et al., 2016).

In contrast to membrane vesicles which remain associated
with their producing cell, some MVs migrate and diftuse throughout
extracellular space. Crucially, MVs which diffuse away from their
producing cell can precipitate distant changes. This “action at a
distance” is particularly relevant for MVs carrying cargos such
as toxins and later, we will discuss examples of microbe-host
interaction facilitated by MVs that have travelled systemically.

For this review, we will begin with a discussion of host-MV
interaction at a general level, examining the health impact
from environmental exposure to MV, as can occur with MV
found in airborne dust or in food. This will be followed with
sections detailing specific MV activities that hold relevance to
pathogenesis or other health considerations. Sections which
discuss the virulent potential of MVs are compulsory; however,
it is also worth examining the evidence for how MVs can
participate in host-microbe signaling or even promote health.

HEALTH IMPACT FROM EXPOSURE TO
ENVIRONMENTAL MEMBRANE
VESICLES

Durable MVs persist and accumulate within the environment;
this is evidenced by the fact that MVs are ubiquitous across

marine and terrestrial environments. In these environments,
MVs are thought to assist bacteria in overcoming environmental
challenges. For example, MVs exist which catalyze complex
biochemical reactions like the digestion of lignin derivatives
in the soil (Salvachua et al., 2020); in marine environments,
there are MVs which appear to mediate energy and nutrient
transfers (Biller et al., 2021). One common source of exposure
to environmental MVs is organic dust (Meganathan et al,
2020). However, what are the effects of these “environmental
MVs” on host-health? We now have some insight into the
effects of aerosolized MVs, such as might be encountered
in dust.

It has been well-documented that respiratory exposure
to ultrafine particles (<100nm) can increase the risk of
pulmonary disease. Submicron particles penetrate deeply
into pulmonary tissue and reach the thin non-ciliated surfaces
of the alveoli (Thomas, 2013). Further, total particle deposition
increases for particles smaller than 100 nm (Heyder, 2004).
MVs are unique among submicron particles as they not
only have the physical characteristics necessary for deep
respiratory penetration, but they also can contain adhesive
surface proteins, and immunogenic features like LPS. LPS
is particularly noteworthy because even relatively low levels
of inhaled LPS can trigger an immune cascade leading to
Th2 cell induction and subsequent IL-5 and IL-13 release.
The release of these interleukins is thought to be central
to the pathogenesis of asthma (Yang et al., 2020). Though
LPS is an important component of Gram-negative MVs,
other vesicular components should not be neglected. Isolated
gram-negative vesicles can elicit a stronger pro-inflammatory
immune response than purified LPS (Ellis et al, 2010).
Gram positive MVs, devoid of LPS, can also elicit potent
immune responses, both pro-and anti-inflammatory (Yang
et al., 2017). Results such as this highlight the importance
of understanding the composition of membrane vesicles and
how they can vary.

Though less studied, there is evidence that ingested MVs
might have the potential to influence host health. In a study
of the uptake, trafficking, and bio distribution of MVs generated
from Bacteroides thetaiotaomicron, Jones et al. (2020)
demonstrated that MVs administered orally can reach systemic
tissues. In a murine model, B. thetaiotaomicron MVs were
labelled with a far-red fluorescent dye (DiD). Labeled MVs
were orally administered 8h prior to organ excision and
subsequent fluorescent imaging. Tissue from MV treated animals
demonstrated an increase in far-red fluorescence. The highest
level of increase was demonstrated for tissue of the gastrointestinal
tract, particularly the small intestine. Strong signals were also
observed in the stomach, caecum, and colon. Systemic tissues
including the liver, lungs, and heart also demonstrated increases;
for these tissues, the effect was most pronounced for the liver.
This data demonstrate the capacity for MVs to diffuse from
the gastrointestinal tract to reach distal host tissues. The
observation that MV's can achieve systemic distribution following
gastric passage is also important. Consider that the bacterial
contents of the gastrointestinal tract are not exclusively limited
to products produced by the host microbiota.
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A wide variety of fermented products are widely consumed
throughout the world: Western dietary staples such as yogurt
and cheese and Eastern examples including fermented vegetables,
fish, and meat (Tamang et al., 2020). Probiotics are also growing
in popularity. While there exists a large body of popular media
which promotes the health value of fermented foods or various
probiotics, in most cases, a mechanistic understanding has yet
to be elucidated (Fijan, 2014). For probiotics in particular,
pharmacological questions concerning optimal dosing and means
of preparation have yet to be settled by scientific evidence.
In some cases, it is debatable whether a probiotic has the
capacity to colonize or produce salubrious effects within the
gut environment. The contribution that microbial vesicles might
make to the diet remains unclear. Consider however, that typical
probiotic preparations do not exclude membrane vesicles, instead
concentrating a variety of microbial products (Fenster et al,
2019). When administering probiotic “crumbles” or other blends
of probiotics, one is in effect also dosing a crude mixture of
secreted extracellular material including membrane vessels. As
such, it is impossible to rule out the possibility that many
probiotic benefits may derive from MVs. A similar argument
can also be made for fermented foods.

Whether gastrointestinal MVs arise from the gut microbiota
or ingested contents, MVs that enter the systemic circulation
via migration through the gastrointestinal tract have the potential
to exert influence on a variety of host tissues (Choi et al,
2015; Yu et al, 2018). Unfortunately, many MVs appear to
have deleterious effects on the host.

VESICLES DELIVERING VIRULENCE
FACTORS

Membrane vesicles have been widely studied for their ability
to contribute to bacterial pathogenicity through their delivery
of virulence factors. Vesicle carried virulence factors have now
been described for many pathogens, including P. aeruginosa,
S. aureus, C. perfringens, Escherichia coli, Moraxella catarrhalis,
Porphyromonas gingivalis, Helicobacter pylori, and Neisseria
gonorrhae. Bacterial toxins, adhesins, invasins, outer membrane
proteins, lipoglycans, LPS, flagellin, and proteases have all been
identified as constituents of bacterial MV's (Table 1). By delivering
lytic enzymes or toxins, MVs serve as a bacterial “long distance
weapons” which help the bacteria compromise host defenses
and excel within their niche (Rueter and Bielaszewska, 2020).

A well-studied example of MVs behaving in this manner
occurs in P aeruginosa. Pseudomonas aeruginosa produces a
variety of hydrolytic enzymes, including protease, alkaline
phosphatase, phospholipase C, and peptidoglycan hydrolase
(Kadurugamuwa and Beveridge, 1995). Additionally, P. aeruginosa
generates several variations of LPS, including an anionic variant
(B-band LPS). Together these traits allow P aeruginosa to
produce highly effective and virulent MVs (Kadurugamuwa
and Beveridge, 1997).

Membrane vesicles from P. aeruginosa consist predominantly
of anionic B-band LPS, a molecule consisting of trimeric units
of N-acetylfucosamine linked to manno-uronic acid. When

molecules such as B-band LPS accumulate in the outer membrane
of a bacterium, the localized accumulation of negative charge
exerts are pulsive force which facilitates membrane blebbing
and MV formation (Kadurugamuwa and Beveridge, 1995;
Mozaheb and Mingeot-Leclercq, 2020). Therefore, B-band LPS
can be viewed as an evolved trait which is uniquely suited to
prolific MV formation. The anionic character of these MVs
is also important because it allows these particles to interact
with many types of cells, including bacteria and animal cells
which express receptors that bind anionic sugars.

Following binding, MV entry into a target host cell can
occur through a variety of entry routes, including membrane
fusion, macropinocytosis, clathrin mediated endocytosis, caveolin
mediated endocytosis, and non-caveolin/non clathrin mediated
endocytosis (Ellis and Kuehn, 2010; Kulp and Kuehn, 2010;
O'Donoghue and Krachler, 2016). In the case of P aeruginosa,
this facilitates the delivery of hydrolytic enzymes which degrade
intercellular proteins (Kadurugamuwa and Beveridge, 1996).
If taken into a cell such as a macrophage, these MVs can
trigger apoptosis and the release of IL-1f (Deo et al., 2020).

In addition to the usage of hydrolytic enzymes, some bacterial
species also produce vesicles which contain pore forming toxins.
Neisseria gonorrhoeae secretes MVs enriched with the outer
membrane protein PorB. Within bacteria, PorB is a voltage
gated §3-barrel pore that facilitates ion exchange and the uptake
of small nutrients essential for bacterial viability (Chen and
Seifert, 2014). However, previous electrophysiological work has
shown that PorB dissipates the membrane potential (A¥m)
of eukaryotic mitochondrial membranes and sensitizes host
cells to apoptosis (Kozjak et al., 2009). In a study conducted
by Chow et al., Bone marrow-derived macrophages were treated
with PorB laden MVs. Macrophage health was followed by
time lapse imaging using a combination of confocal and direct
stochastic optical reconstruction microscopy. One finding was
that PorB embedded into the mitochondrial membrane (stained
with Tom20) by 12h post treatment. Taken together with other
findings presented in the publication, Chow et al. demonstrated
that mammalian macrophages uptake MVs laden with PorB.
PorB internalized in this manner is recognized by the translocase
of the outer mitochondrial membrane and trafficked into the
mitochondria. Here it dissipates the mitochondrial proton
gradient required for host ATP (adenosine triphosphate)
production and helps to trigger an apoptotic cascade (Deo
et al,, 2018).

Gram-positive organisms also utilize membrane vesicles to
carry and deliver virulent cargos. Two instructive examples
include S. aureus and C. perfringens. Staphylococcus aureus
MVs contain numerous virulence factors and other proteins
relevant to pathogenesis (Lee et al, 2009; Lee, 2012). Some
notable examples include: Staphylococcal protein A (SpA; An
IgG-binding protein which binds IgG Fc fragments, interferes
with IgG hexamer formation and blocks complement activation);
penicillin-binding protein 2 and f-lactamase (can contribute
to antibiotic resistance by sequestering and inactivating
penicillin); ferritin and lipoprotein for high-affinity iron ion
transport (promote acquisition of iron, even in the iron-restricted
environment of host tissues); tissue destructive enzymes including
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TABLE 1 | Reported examples of cargo transported by bacterial membrane vesicle.

Gram-negative species

Cargo

Purported function

References

Acinetobacter baumannii

Bartonella henselae
Borrelia burgdorferi

Escherichia coli

Outer membrane protein A (AbOmpA),
subunits of Csu pili, and
immunomodulatory surface proteins

Hemin Binding Protein C

Surface proteins (OspA, B, D), enolase

Heat labile enterotoxin (LT), Shiga toxin
(ST), Cytolysin A (ClyA), and B-lactamase

Induces cell death through mitochondrial and
nuclear targetting (AbOmpA), adhesion to

host

Kwon et al., 2009; Mendez et al.,
2012; Jun et al., 2013
cells and biofim (Csu pili), and

immunomodulation

Protects bacteria against toxic levels of hemin
Adherence to host cells (OspA, B,D),
proteolysis through plasminogen activation

Roden et al., 2012
Lahteenmaki., 2001; Toledo et al.,
2012

(enolase)

Cytotoxins (LT, ST, and ClyA), antibiotic
resistance (B-lactamase)

Kolling and Matthews, 1999;
Horstman and Kuehn, 2000;
Yokoyama et al., 2000; Kuehn and
Kesty, 2005; Chattopadhyay and
Jaganandham, 2015

Helicobacter pylori Biofilm associated peptide (BAP) Enhanced biofilm formation (BAP) Yonezawa et al., 2011

Legionella pneumophilia Defect in organelle trafficking protein H Disruption of host cell physiological processes Vincent et al., 2006; Jung et al., 2016
(DotH)/Intracellular multiplication factor (DotH/IcmK)
(lemK), ProA1

Neisseria gonorrhoeae PorB Anti-macrophage pore toxin which dissipates  Deo et al., 2018

Pseudomonas aeruginosa

Gram-positive species

Bacillus anthracis
Bacillus
subtilis

Bifidobacterium longum
Lactobaccilus rhamnosus

Lactobacillus plantarum

Mycobacterium tuberculosis

Alkaline phosphatase, Phospholipase C,
proteases, and hydrolases

Cargo

lethal factor, edema toxin, and anthrolysin
Unique lipid/proteomic profile still being
investigated

Mucin binding proteins
Indole

Proteins, nucleic acids, small molecular
cargo
Mycobactin, lipoproteins including

mitochondrial membrane potential and
promotes apotosis

Degradative enzymes (Protease, hemolysin,

Kadurugamuwa and Beveridge, 1995

and hydrolases), quorum sensing molecules
(PQS)

Purported function

Potent cytotoxins
Protective against environmental stressors

References

Rivera et al., 2010
Konings et al., 1973; Abe et al., 2021

including surfactants, O2 depletion, starvation
and thermal shock.

Enhanced colonization of gut-lining
Improved gut-barrier function, anti-

Nishiyama et al., 2020
Gu et al., 2021

inflammatory

Unclear, proven uptake by intestinal epithelial

cells

Iron acquisition (Mycobactin), downregulation

lipoarabinomannan (LAM)
Iron-binding factors, a-hemolysin,
leukocidins, phenol-soluble modulins,
superantigens, and enzymes
pneumolysin

Staphylococcus aureus

Streptococcus pneumonia

Lytic pore toxin

Bajic et al., 2020

Prados-Rosales et al., 2014

of CD4+ T cells (LAM)
Membrane disruptive pore toxin (a-hemolysin),
Anti-phagocyte toxin (leukocidin)

Wang et al., 2021

Olaya et al., 2014

proteolysin (allows the digestion of host proteins such as
structural collagen which allows the microbe to penetrate host
tissues while acquiring nutrients); and coagulase (activates host
clotting pathways through the non-proteolytic activation of
prothrombin; clotting appears crucial to the formation of
abscesses; Cheng et al., 2010). MVs from S. aureus also carry
a variety of immunogenic PAMPs which can bind host pattern
recognition receptors and elicit potent immune responses which
contribute to inflammation and disease. For example, Hong
et al. (2011) demonstrated that Staphylococcal MVs contribute
to the development of atopic dermatitis. Briefly, the cutaneous
barrier of 6-week-old mice was disrupted by repeated stripping
of surgical tape. To this stripped area, gauze soaked in MV
containing phosphate buffered saline was secured using a
bio-occlusive tape. MVs were reapplied on a triweekly basis
before inflammation and immune dysfunction were evaluated.
The authors determined that the application of MVs caused
epidermal thickening with dermal infiltration by mast cells
and eosinophiles. These changes were also accompanied by
increased levels of IL-4, IL-5, IFN-y, and IL-17. Hong et al.

(2011) also performed in vitro experiments dermal fibroblasts
and found that application of MVs purified from S. aureus
ATCC 14458 increased the production of inflammatory cytokines
IL-6 and macrophage inflammatory protein (MIP-1a) as well
as eotaxin and thymic stromal lymphopoietin.

The Gram-positive genus Clostridium includes notable toxin
producers including C. botulinum, which is famous for food
poisoning; C. tetani, famous for the potent neurotoxin
tetanospasmin; and C. perfringens whose alpha-toxin is well-
known for its necrotizing effects in gaseous gangrene.
Unsurprisingly, MVs from these potent human pathogens also
can exert virulent effects. For example, the Gram-positive microbe
C. perfringens produces membrane vesicles which dramatically
upregulate the production of tumor necrosis factor alpha (TNF-o;
Jiang et al., 2014). The effects of TNF-a on host tissues, including
the vascular system and the role of TNF-a in septic shock are
well studied. In localized peripheral tissues, TNF-oa impair
endothelium-dependent vasodilation which increases tissue
resistance and decreases tissue perfusion (Chia et al, 2003).
TNF-a has other systemic effects as well which favor a decreased
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cardiac output and overall drop in blood pressure (Mitaka et al.,
1994). These changes can be either adaptive or dysfunctional,
depending on the degree of response. In the context of septic
shock, where these responses can be taken to an extreme,
hemodynamic instability increases patient mortality (Cohen and
Abraham, 1999; Lendak et al,, 2018). As TNF-a levels rise during
a Clostridium infection, TNF-o related inflammation and
hemodynamic instability would also be expected to increase.
Hypotension, high tissue resistance and low systemic resistance
reduce overall tissue perfusion. A reduction in tissue perfusion
in turn lowers overall tissue oxygen content and impairs immune
function. From the perspective of the anaerobe C. perfrigens,
this is quite advantageous.

In addition to delivering cellular toxins which destroy a
target cell, some MVs contain virulence factors which more
subtly modulate their targets. Recently, it was discovered that
MVs from Borrelia burgdorferi counteract host superoxide
production in a manner which primes the host tissue for
subsequent infiltration (Wawrzeniak et al, 2020). In work
conducted by Wawrzeniak et al. (2020), the neuroblastoma
cell line BE2C was exposed to MVs isolated from cultures of
B. burgdorferi. Following exposure, cellular superoxide levels
were reduced in as little as 30 min. This finding is important
because superoxide is part of several mechanisms of host-
defense, including the oxidative burst, which rely on releasing
reactive oxygen species to counteract bacterial invasion. The
exact reason for superoxide reduction was not conclusively
shown, however, the authors conceived of the possibility that
MVs delivered enzymes which degraded host superoxide.
Another possibility, unproven in B. burgdorferi, is that the
MVs carry bacterially derived small RNAs which modulate
host gene expression on a translational level. We will examine
modulation of the immune system further in our section on
inter-kingdom signaling.

MEMBRANE VESICLES AS AN
ADAPTATION TO ENVIRONMENTAL
INSULTS, IMPLICATIONS FOR
ANTIBIOTIC USAGE

At a time when antibiotic resistance is of growing concern,
an appreciation of the contribution that MVs play in antibiotic
tolerance is useful. Exposure to antibiotics can increase the
production of MVs. For example, Kadurugamuwa and Beveridge
(1996) reported that gentamycin use increases the production
of MV in P aeruginosa. This appears to be true for other
species like S. aureus as well reference as well (Andreoni et al.,
2019). Why do bacteria invest in making MVs during a time
of antibiotic stress? There are several pathways by which MVs
can dampen the effects of antibiotics (Figure 2).

Earlier we mentioned that MVs can carry enzymes such
B-lactamases which are capable of actively degrading antibiotics.
When actively secreted, these MVs provide temporary antibiotic
resistance for not just the producing cell, but also other cells
in a surrounding region (Stentz et al., 2015). If this region

contains a complex polymicrobial community, then the presence
of an organism with p-lactamases MVs will also protect
surrounding species including pathogens.

Even if MVs do not carry an antibiotic degrading enzyme,
MYV formation may protect bacteria from antibiotics. McBroom
and Kuehn tested the effects of alcohol and polymyxin B and
on hyper or hypo vesiculating E. coli mutants (McBroom and
Kuehn, 2007). Hypervesiculating mutations appeared protective;
in one case increasing 2h survival from <1% to approximately
70%. Hypovesiculating mutations faired poorly. The authors
went on to argue that MVs serve as an export system to
selectively eliminate unwanted material like misfolded proteins
or regions of membrane compromised by interaction with
polymyxin B. Other researchers have observed that MV release
following exposure to antibiotics can contribute to the formation
of biofilms. For example, He et al. (2019) reported that the
treatment of methicillin-resistant S. aureus with p-lactam
antibiotics induces biofilm formation. The ability of biofilms
to limit the diffusion and efficacy of antibiotics is well established
(Stewart, 2002).

In addition to short term resistance, we now have reason
to believe that MVs promote the development of long-term
adaptive resistance to antibiotics via the horizontal transfer of
resistance genes. Recently, it was reported that glycine induced
peptidoglycan defects in E. coli caused the bacteria to secrete
MVs which carried plasmid DNA (Aktar et al., 2021). Though
the peptidoglycan defects described in this paper arose from
glycine, these findings beg the question: do antibiotics or other
environmental influences which impact the peptidoglycan layer
also favor the production of plasmid carrying MVs? Studies
which document how changes which decrease peptidoglycan
cross-linking increase the formation of membrane vesicles
suggest this is a strong possibility (Wang et al., 2018). Consider
this proposition in the context of a bacterial community which
consists of various quasispecies in which some cells are carrying
a resistance trait. When stressed by antibiotics, resistant bacteria
upregulate the production of MVs which carry resistance
plasmids. Subsequent MV uptake by other bacteria, even differing
species, can then rapidly disseminate resistance traits across
the community. Certainly, this story has been told for other
mechanisms of horizontal gene transfer like transformation,
transduction, and conjugation; however, the novelty of the MV
packaging system is that it gives these antibiotic resistance
elements a durable means to diffuse throughout a host and
potentially persist into the greater environment.

The release of MVs in response to antibiotics may have
more direct effects on host health as well. Recently, Kim et al.
(2019) ran a series of in vitro experiments in which MVs
were isolated from E. faecium grown under antibiotic stress.
These MVs were then applied to Caco-2 cells. MVs produced
by E. faecium exposed to linezolid were more cytotoxic toward
Caco-2 cells than MVs from E. faecium grown in a non-antibiotic
media. Similarly, MVs produced by E. faecium exposed to
vancomycin stimulated more pro-inflammatory cytokine gene
expression in Caco-2 cells (Kim et al., 2019). There is reason
to believe that antibiotic generated MV effects might rise to
the level of clinical significance.
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FIGURE 2 | Membrane vesicle mediated microbial responses to antibiotic usage. Following exposure to antibiotics, such as the B-lactam examples used for this
figure, many microbes will be induced to activate resistant traits including antibiotic degrading enzymes. MVs made by these bacteria can interfere with the
effectiveness of antibiotics through several mechamisms: B-lactamase containing MVs can directly degrade antibiotics in the surrounding environment, which will
protect the host cell and susceptible neighboring cells; (1) B-lactamase MVs uptaken by related microbial species will confer temporary protection for cells that now
carrying the B-lactamase enzyme without the B-lactamase gene (2); MVs can carry plasmids encoding for B-lactamase. Plasmids horizontally transferred to other
cells will impart long term genetic immunity in recipient cells as they now produce their own B-lactamase enzymes. (3) Protective benefits do not always depend on
the presence of a protective enzyme. In some cases, antibiotic exposure triggers SOS responses, which result in MV formation through routes like bubbling cell
death. This appears to assist bacteria in removing disruptive waste like cellular material damaged by antibiotics. The accumulation of MVs can also contribute to the
formation of a biofilm, which can non-specifically shield persister cells and limit the diffusion of antibiotics (4). There are reports of antibiotics triggering the release of
virulent MVs (5). In Klebsiella, MV's generated following exposure to imipenem appear to trigger phagocyte pyroptosis and the release of inflammatory mediators (5).

Clinicians working in the field of infectious disease are
familiar with the Jarisch-Herxheimer reaction in which the
blood concentration of LPS endotoxins surges following the
administration of antibiotics to patients infected with the phylum
Spirochaetes. Interestingly, there is a delay between the lethal
activity of the antibiotics and the release of endotoxin (Hurley,
1992). In view of our growing understanding of bacterial MVs,
it is plausible that MVs may contribute to these or similar
reactions. Less speculatively, recent work has demonstrated that
imipenem increases infection related mortality to multi-drug
resistant Klebsiella pneumoniae in a murine infection model
(Ye et al,, 2021). In this study, mice were infected with Klebsiella
strains that were either susceptible or not susceptible to
carbapenem antibiotics. Imipenem cured the infection of the

antibiotic sensitive strain but increased the lethality of the
carbapenem resistant strain. Further, imipenem also increased
the levels of inflammatory cytokines IL-1f, IL-18, and TNF-a.
The authors hypothesized that this observed increase in lethality
resulted from mechanisms dependent on bacterial membrane
vesicles. Previously, it has been shown that MVs from Klebsiella
are phagocytized and that once internalized, these MV interact
with caspase-11, a pathogen associated molecular pattern (PAMP)
receptor associated with phagocytotic cells (Vanaja et al., 2016).
Caspase-11 activationin turn triggers the release of cytokine
IL-1p and initiatespyroptosis (inflammatory cell death). In probing
this hypothesis, they demonstrated that Imipenem enhances
the release of MVs from Klebsiella. The enhanced lethality from
imipenem could also be prevented through the administration
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of chemicals which inhibited the release of MVs; chemicals
such as Cl-amidine hydrochloride, AMF30a, and GSK199.

VESICLE PARTICIPATION IN
INTER-KINGDOM SIGNALING

Much research to date has focused on peptides and the important
roles these molecules facilitate in signaling. However, the time
of the paradigm where peptides are viewed as the default
signaling molecules has passed (Dauros et al., 2018). Recent
discoveries have demonstrated host-microbe cross talk through
small molecules including neurochemicals (Lyte, 2016), and
signaling with molecules such as DNA and RNA (Knip et al.,
2014; Koeppen et al., 2016; Lefebvre and Lécuyer, 2017). Given
the ability for MVs to transport these sorts of signals (Figure 1),
one wonders whether bacterial “signaling vesicles” exist and
to what extent microbial MVs facilitate cross-communication
with their host. We highlight some select examples of gut
related MV cross-signaling in Figure 3.

There is evidence that MVs exert influence on the endocrine
system and affect metabolism; findings that could prove highly
relevant for diseases like type II diabetes. In a study conducted
by Choi et al. (2015), MVs were isolated from the feces of
high fat diet (HFD) and regular diet mice. These MVs were
used to evaluate the potential for microbial MVs to influence
the pathogenesis of type II diabetes. The authors found that
MVs derived from HFD rodents were noticeably different from
those of regular diet mice; HFD MV was smaller and demonstrated
a distinct protein profile. More interestingly, MVs derived from
HFD rodents interfered with insulin signaling and glucose uptake
in skeletal muscle. Subsequent work identified these MV as
products of the bacterium Pseudomonas panacis. When tested
in isolation, MVs from P. panacis blocked the insulin signaling
pathway in both skeletal muscle and adipose tissue. Moreover,
when given orally, P panacis MV's could induce diabetic phenotypes
including glucose intolerance after glucose administration.

There is strong evidence to assert that bacterial MV stimulate
and influence the immune system. Later, we will discuss how
this has served as the basis for novel MV based vaccines.
However, aside from training the immune system, MVs laden
with microbial products can more subtly modulate the immune
system as well. In an experiment conducted by Li et al. (2004),
MVs purified from the gram-positive bacteria Lactobacillus
rhamnosus were tested in a series of in vitro assays and
administered in a murine model of alcohol-associated liver
disease (Gu et al., 2021). MVs from L. rhamnosus increased
tight junction protein expression in epithelial cells and attenuated
the LPS induced inflammatory response in macrophages.
Additionally, these MVs also protected the liver against steatosis
and injury. These protective effects were abolished in the
presence of aryl-hydrocarbon receptor (AHR) inhibitors. The
involvement of AHRs is highly relevant. AHRs recognize a
variety of small molecules including the aromatic amine indole
(Hubbard et al., 2015) and dopamine (Park et al., 2020). AHR
receptors have garnered recent attention for their ability to
modulate pathways influencing tissue homeostasis as well as

pathological conditions ranging from inflammatory to neoplastic
disorders (Rothhammer and Quintana, 2019). Indole derives
primarily from the gut (Jaglin et al, 2018) and so does much
peripheral dopamine (Eisenhofer et al.,, 1997).

Bacterial MVs have been found that contain DNA and RNA
(Bitto et al., 2021). Bitto et al. (2021) purified MV from a
multiple strains of S. aureus including methicillin resistant and
sensitive clinical isolates. Following purification, MVs underwent
DNA staining with SYTO-61 before visualization with confocal
microscopy. DNA was detected, particularly at the surface of
membrane vesicles. RNA content was also assessed, and samples
contained RNA, predominantly sSRNA of less than 100 nucleotides
in length. Having detected the presence of both DNA and RNA,
the researchers investigated whether these nucleic acid laden
MVs could activate immune responses via pattern recognition
receptors. They applied MVs to HEK-Blue reporter cells that
expressed toll-like receptors including TLR2,4,7,8, and 9. Bacterial
RNA is detected by TLR7 whereas bacterial DNA is detected
by TLR 8 and 9. TLR7,8, and 9 were all activated in response
to stimulation with increasing doses of MVs. The publication
went on to show that MV stimulation induced pro-inflammatory
cytokine responses including IL-6 (increases neutrophil production
in bone marrow) and IL-8 (chemotaxis attractant for neutrophils).
Interestingly, however, there were differences generated by different
strains, which suggest differing proteomic profiles.

There are scattered other reports of MVs carrying sRNAs
as well. The periodontal pathogens Aggregatibacter actinomyce
temcomitans, P. gingivalis, and Treponema denticola have all
been reported to produce miRNA-sized sRNAs (msRNAs) that
are packed in MVs and have the capacity to induce the
production of cytokines (Choi et al., 2017). It has also been
shown that P aeruginosa-derived methionine tRNA can
be conveyed by MVs into human epithelial airway cells where
it decreases the secretion of IL-8 (Koeppen et al., 2016). It is
likely that with time we will see much more research in this area.

A POTENTIAL ROLE FOR VESICLES IN
HEALTH MAINTENANCE

The effects of bacterial vesicles are not always detrimental.
Earlier, we mentioned the work of Kwon et al. (2009) in which
MVs derived from P. panacis induced diabetic effects. However,
other members of the microbiota appear to make MVs with
metabolically beneficial effects. In a study conducted by Ashrafian
et al. (2019), MVs derived from Akkermansia muciniphila were
given orally in a murine obesity model (Ashrafian et al., 2019).
These MVs were able to effect changes in metabolism, causing
a loss of body fat as well as an improvement in the lipid
profile and glucose level of animals. There were also reported
beneficial changes in intestinal barrier integrity and inflammation.

Because of their stability and ability to deliver select
bacterial components in tandem with other immunogenic
molecules, MVs are now being investigated as viable route
to developing are providing vaccination. In a promising
animal trial, orally administered MVs derived from Vibrio
cholera were used to induce immunity against V. cholera O1
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FIGURE 3 | Examples of cross-kingdom signaling involving MVs produced by the gut microbiota. MVs produced by the gut microbiota can act locally, for example,
increasing tight junction protein expression in the gut epithelial lining (1). Other MVs can transverse the gut lining where they enter the portal circulation. Most of the
MVs that leave the gastrointestinal tract will accumulate in the liver (2). MVs accumulating in these tissues will interact with local dendritic cells, including the Kupffer
cells of the liver. Depending on the composition of the MV, this can have a variety of effects. For example, MVs containing indole appear to be anti-inflammatory and
appear to protect the liver against steatosis and injury. However, other types of MVs carry MAMPs which can trigger inflammatory responses from the immune
system, such as the release of cytokines (3). Some MVs escape hepatic circulation and distribute throughout the rest of the body. Again, depending on the origin
and composition of these MVs, differing effects may be observed. MVs from Pseudomonas panacis appear two interfere with the effects of insulin action on adipose
tissue (4). In contrast, MVs from Akkermansia muciniphilia appeared to cause positive effects including a loss of body fat. This diagram is only a tiny portion of the full

picture.

El Tor. The authors reported robust IgA and IgG responses
which exceeded the response produced by a commercially
available vaccine (Sedaghat et al, 2019). Reports of
immunostimulatory MVs with therapeutic potential have also
been reported for other species including Streptococcus
pneumoniae (Olaya et al., 2014).

The ability to engineer MVs to transport specific cargo is
of interest and MVs are being investigated as a platform to
encapsulate and deliver small molecule drugs (Li and Liu,
2020). There are several advantages to this approach. MVs
are thermodynamically stable and will not decompose in
suspension. This is advantageous when trying to design drug
preparations that need to have a longer shelf-life or demonstrate
time-release kinetics. Further, a variety of molecules can
be loaded into MVs. Small lipophilic molecules can often
be loaded into MVs through simple passive diffusion whereas
hydrophilic molecules can also be loaded into MVs using
electroporation.

Bacterially expressed proteins can be selectively loaded into
the MV of some species by inclusion of the OmpA signal
peptide. Carvalho et al. (2019) reported modifying the Gram-
negative organism B. thetaiotaomicron to secrete MVs that
contained the human therapeutic protein, keratinocyte growth
factor-2 (KGF-2). Purified MVs were tested in a murine,
DSS-induced, acute colitis model. KGF-2 laden MVs
demonstrated significant therapeutic potential by controlling
colitis by both clinical and pathological measures. Among
other notable effects, weight loss was reduced in animals
receiving KGF-2 MVs, disease activity scores were lower for
KGF-2 MVs treated groups, and histopathology showed that
KGF-2 MV treatment reduced epithelial damage and
inflammatory infiltration (Carvalho et al, 2019). Work is
ongoing to create membrane vesicle vaccines for other bacteria
including S. aureus. Konig et al. (2021) have described the
development of an MV vaccine containing four S. aureus
virulent factors, including ClfAy;s4, LukE, SpAgxas, and Hlayss,
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co-expressed in the same MV. The vaccine promoted
opsonization and phagocytosis while limiting alpha-toxin
mediated hemolysis, LukED-mediated leukocyte killing, and
CIfA mediated binding of S. aureus to fibrinogen. In a murine
model of infection, mice were robustly protected from .
aureus challenges. This promise of a MV based vaccine for
humans recently became a reality: an MV based vaccine for
N. meningitidis serogroup B received licensure and market
authorization in Europe and the United States under the
name Bexsero (Micoli and MacLennan, 2020). In the future,
it is conceivable that engineering other types of proteins into
bacterial MVs may allow for the development of vaccines
targeted against non-bacterial pathogens such as viruses.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

The importance of MVs in the pathogenesis of disease has
been well-established by evidence from many laboratories.
Exposure to environmental MVs can elicit potent immune
reactions such as those responsible for allergic hypersensitivities.
Interactions with the respiratory and integumentary systems
are particularly relevant, but there is also evidence that ingested
MVs can survive gastric passage and enter systemic circulation.
Unfortunately, in our review of the literature, we did not
find technical data detailing the effects of gastrointestinal
conditions on MVs or much on consumed MVs in general.
Further studies in this area could prove invaluable as the
consumption of fermented products and probiotics
is widespread.

We reviewed a variety of examples of microbes with MV
cargos that are deleterious including the hydrolytic enzymes
of Pseudomonas sp. or the porins of N. gonorrhoeae. In the
case of microbes like K. pneumoniae, environmental insults
such as antibiotics can trigger the release of MVs which
exacerbate disease and propagate antibiotic resistance. These
observations further the need for the responsible selection and
application of antibiotics. While many studies have documented
the relationship between antibiotic resistance and antibiotic
misuse, very few studies have examined how changes in bacterial
metabolism following exposure to antibiotics or other drugs
can directly impact the host immune system or influence host-
disease progression.

Membrane vesicle research conducted to date is largely
concerned with the pathogenic potential of MVs. However,
as work with lactic acid bacteria and select Gram-negatives
like Akkermansia muciniphilia has shown, there is reason to
believe that some exposure to MV might be beneficial. Further
research is needed to assess the extent to which MVs might
be involved in processes such as training the nascent immune
system, downregulating inflammation, or in cross-kingdom
signaling. The wider scientific community has only recently
acknowledged the potential for Gram-positive microbes to
generate MVs. Though it appears that MVs from Gram-positive
microbes can carry cargos comparable to Gram-negative MV
cargos, there also seem to be some unique differences between

the two. Gram-positive microbes make a variety of unique
metabolites that are worth investigating. The report in L.
rhamnosus of MVs that appear to carry indole is of high
interest for future work.

Other Gram-positive microbes have also been reported
to produce indole and related immune-modulating molecules
as well. Therefore, it is reasonable to assert that immune
modulating MVs probably exist for many species. Consider
the Gram-positive microbe E. faecium, which recently garnered
attention for its ability to produce dopamine (Villagelit and
Lyte, 2018; Rekdal et al., 2019). This finding holds implications
for the management of Parkinson’s disease and is also being
explored in a therapeutic context. Though dopamine is typically
viewed from its role as a neurochemical, dopaminergic
receptors exist throughout the immune system and dopamine
serves as a bridging molecule between the immune and
nervous systems (Sarkar et al., 2010). There is also evidence
the microbe related dopamine is an important moderator
of the host immune system and Zhang et al. convincingly
demonstrated that microbe related peripheral (gut) dopamine
suppresses iNKT cell-mediated hepatitis (Xue et al., 2018).
Could findings like those reported by Zhang et al. be facilitated
by the presence of a dopamine carrying MV? Recently, it
has been learned that E. faecium produces MVs (Wagner
et al, 2018; Kim et al, 2019) and now are we getting a
glimpse into the composition of membrane vesicles in E.
faecium and related species (Afonina et al., 2021). A dopamine
bearing MV has not yet been described in the literature,
but we offer this example to show how moving forward, it
would be worth investigating the extent to which small
molecular cargos like dopamine contribute to the composition
of gram-positive MVs. Perhaps, a study of Gram-positive
MVs will led to new examples of MVs which encapsulate
beneficial microbial molecules. Moving into the future, the
ability of MVs to encapsulate a variety of molecules also
allows for the possibility for new drug and vaccine
delivery systems.
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