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Membrane Vesicle Release in Bacteria, Eukaryotes, and Archaea: a
Conserved yet Underappreciated Aspect of Microbial Life

Brooke L. Deatherage®* and Brad T. Cookson®®
Department of Microbiology?® and Laboratory Medicine,” University of Washington, Seattle, Washington, USA

Interaction of microbes with their environment depends on features of the dynamic microbial surface throughout cell growth
and division. Surface modifications, whether used to acquire nutrients, defend against other microbes, or resist the pressures of
a host immune system, facilitate adaptation to unique surroundings. The release of bioactive membrane vesicles (MVs) from the
cell surface is conserved across microbial life, in bacteria, archaea, fungi, and parasites. MV production occurs not only in vitro
but also in vivo during infection, underscoring the influence of these surface organelles in microbial physiology and pathogene-
sis through delivery of enzymes, toxins, communication signals, and antigens recognized by the innate and adaptive immune
systems. Derived from a variety of organisms that span kingdoms of life and called by several names (membrane vesicles, outer
membrane vesicles [OMVs], exosomes, shedding microvesicles, etc.), the conserved functions and mechanistic strategies of MV
release are similar, including the use of ESCRT proteins and ESCRT protein homologues to facilitate these processes in archaea
and eukaryotic microbes. Although forms of MV release by different organisms share similar visual, mechanistic, and functional
features, there has been little comparison across microbial life. This underappreciated conservation of vesicle release, and the
resulting functional impact throughout the tree of life, explored in this review, stresses the importance of vesicle-mediated pro-

cesses throughout biology.

MICROBIAL MEMBRANE VESICLES

he production of spherical, membranous vesicles from micro-

bial cell surfaces is conserved among organisms from all three
branches of the tree of life, spanning both prokaryotes and eu-
karyotes: Gram-negative and Gram-positive bacteria (16, 47, 58,
73), archaea (17, 18), fungi (3, 65-67), and parasites (82, 83). For
consistency in this review, we will refer to bacterial and archaeal
structures as membrane vesicles (MVs) and fungal and parasitic
vesicles as either exosomes or shedding microvesicles (two distinct
populations referred to collectively as microvesicles [55]). The
microscopic observation of microbial MVs spans more than 50
years, and numerous functions have been attributed to these ex-
tracellular vesicles by many investigators. The release of vesicles
provides flexibility to respond to environmental cues, secrete
components destined for the cell surface, virulence factors, and
antigens, and interact with the host in the case of pathogens. Be-
cause MV release is conserved across many organisms, MV-medi-
ated functions are likely to be critical to microbial life.

Both bacterial MVs and archaeal MVs are derived from the cell
surface (Fig. 1A and 2A). Early observation of Gram-negative bac-
terial MVs revealed the release of an antigenic complex of lipo-
polysaccharide (LPS) and lipoprotein into the surrounding me-
dium following amino acid deprivation of an Escherichia coli
lysine auxotroph (40), which was initially proposed to be derived
from the LPS-containing outer membrane (OM) of the bacteria
(29). Since these early investigations, many groups have devel-
oped methodologies to isolate and analyze bacterial MVs. Al-
though reconciling these differences in experimental design often
makes it difficult to draw generalized conclusions, it is well ac-
cepted that Gram-negative bacterial MVs range from 10 to 300 nm
in diameter and contain OM and periplasmic constituents, in-
cluding proteins, lipoproteins, phospholipids, and LPS (43, 58).
The contents of the inner membrane (IM) and cytoplasm were
generally thought to be excluded from MVs, although recent anal-
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yses of the bacterial MV proteome suggest that some proteins
typically annotated as having cytoplasmic localization consis-
tently appear in MVs (15, 45, 92, 94). In addition to bacterial
membrane proteins, toxins and signaling molecules can be incor-
porated into the membrane or lumen of the MV; MV release then
serves as a secretion mechanism (42, 54, 95). Although Gram-
negative bacterial MVs have been most rigorously studied, recent
observation of Gram-positive MV release has demonstrated that
this is a function more widely conserved across all bacteria. MVs
derived from Gram-positive bacteria, such as Bacillus spp., are
similarly sized (50 to 150 nm in diameter [47, 73]) and are rich in
membrane lipids as well as toxins (including the anthrax toxin).

Archaeal MVs, such as those released by Sulfolobus species,
range from 90 to 230 nm in diameter and contain membrane
lipids and S-layer proteins also derived from the archaeal cell sur-
face (17, 69). A common functional theme begins to emerge: these
MVs can also transport toxic compounds into the surrounding
milieu (69), although toxin production is not required for vesicle
release, as non-toxin-producing strains and other archaea such as
Ignicoccus naturally release MVs as well (71).

Eukaryotic microbial vesicles, derived from fungi and para-
sites, include at least two vesicle populations (Fig. 3) (25, 66).
Exosomes (40 to 100 nm in diameter) are derived from multive-
sicular bodies (MVBs) within the cell and are typically homog-
enously shaped (Fig. 3B) (55). Shedding microvesicles (SMVs)
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FIG 1 MV production by Bacteria. (A) Gram-negative bacteria release surface-derived membrane vesicles (MVs) at division septa and along the length of the cell
body. (B) Upper panel: proteins harboring domains that link the outer membrane (OM) to the peptidoglycan layer (PG) minimize MV release along the cell
body; temporary disruption of these OM-PG interactions results in MV release. Membrane-active antibiotics (such as gentamicin) and signaling molecules (such
as pqs) interact with the membrane surface to induce MV release. Lower panel: transmission electron micrograph (TEM) of wild-type S. Typhimurium with inset
showing small MV release along the cell body. (Reprinted from reference 15 with permission of the publisher, John Wiley and Sons.) (C) Upper panel: at the
constricted division septum, temporary dissociation of OM-PG-IM protein complexes spanning the OM and inner membrane (IM) occurs, facilitating the
release of a large MV before completing cell division. Lower panel: TEM of wild-type S. Typhimurium releasing a septal MV. (Reprinted from reference 15 with

permission of the publisher, John Wiley and Sons.)

(100 to 1,000 nm in diameter) bud directly from the cell surface,
resulting in more heterogeneous vesicle morphology (Fig. 3C)
(13). Vesicles derived from eukaryotic microbes contain charac-
teristic lipids and proteins that reflect both surface constituents
and secreted cellular components. While these two processes are
visually similar when observed microscopically, it is likely that the
cellular machineries participating in formation and the down-
stream functions of these MV populations are distinct. The
presence of multiple active vesicle secretion mechanisms is
supported by work in Saccharomyces cerevisiae, in which extra-
cellular MVs were released even in the absence of known secre-
tory pathways (67).
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The release of vesicles has been demonstrated for both patho-
genic and nonpathogenic microbes under a range of growth con-
ditions, including in liquid broth and on agar plates in the labo-
ratory (15, 82, 90), in biofilms (6, 78), upon infection with
bacteriophage (50), and by pathogenic organisms growing within
an animal host (9, 20, 23, 52, 63, 88). In addition, modification of
medium conditions, such as the presence of serum (62), limitation
of essential amino acids (40), or treatment with subinhibitory
concentrations of membrane active antibiotics (33), stimulates
MYV production, suggesting that vesicle release is both dynamic
and manipulable, essential characteristics for microbes subjected
to ever-changing environments. Conservation of this process dur-
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FIG 2 MV production by Archaea. (A) Archaea release MV that are derived from the cell surface, similar to the process in Bacteria. (B) This process is facilitated
through the coordinated action of ESCRT-III homologue proteins (yellow), conserved in archaeal and eukaryotic life. ESCRT-III homologues, known for
membrane scission capabilities, are directed to surround the site of nascent MV formation and induce the outward protrusion of the membrane, including the
archaeal S-layer. (C) Vps4 homologue ATPases then catalyze the disassembly of ESCRT-III homologues, and MV release occurs.

ing both in vitro and in vivo growth and the difficulty (or inability
[57, 58, 67]) of genetic approaches to identify mutations that ab-
rogate vesicle release reinforce the idea that this process is integral
to microbial life.

MECHANISMS OF VESICLE BIOGENESIS

Bacteria. As this process in Gram-positive bacteria is only begin-
ning to be explored (16,47, 56, 73), we will focus our discussion on
the understanding of the process in Gram-negative bacteria.
Gram-negative bacterial MV release, observed microscopically
over several decades (7, 40), has been proposed to occur by many
different mechanisms (5, 29, 42, 54, 58, 60, 96). Reconciliation of
these mechanisms, however, is complicated by the variability un-
der which these studies were completed (i.e., using mutant bacte-
rial strains with altered LPS and/or nutrient requirements or using
varied growth conditions, such as amino acid deprivation or the
presence of antibiotics). Most models of MV release, studied pri-
marily in Proteobacteria, propose an “either-or” involvement of
proteins or LPS in this process. However, it is likely that MV for-
mation results from the contribution of multiple dynamic surface
components (Fig. 1), and there are several proposed mechanisms
of MV release. As detailed reviews exist on this topic that are out-
side the scope of this review (43), we will limit our discussion here
and include recent developments in the field.

LPS is integral to the structure and physiology of Gram-nega-
tive bacteria. Disruption of this molecule, therefore, impacts the
stability and architecture of the microbial surface, including vesi-
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cle release. For example, in Pseudomonas aeruginosa, perturbation
of the bacterial surface with subinhibitory concentrations of the
antibiotic gentamicin stimulates increased MV release. Gentami-
cin is thought to interact uniquely with the two structurally dis-
tinguishable LPS species of P. aeruginosa, based on charge attrac-
tion (44, 74). Gentamicin treatment not only induces MV release
but also results in enrichment of certain LPS species in MVs (64).
A similar phenomenon is found in Porphyromonas gingivalis,
which also expresses two differentially charged O antigens. Signif-
icant decrease in the abundance of one LPS species in the OM
altered protein cargo incorporated into MVs (27). Furthermore,
treatment of the E. coli cell surface with Mg>" resulted in de-
creased MV production, supporting the idea that charge interac-
tions on the cell surface (via the LPS O-antigen polysaccharide)
influence MV release (89), and that substances acting on the cell
surface in different environments may induce release of MVs with
specific contents. Additionally, stimuli from within the bacterial
cell can also influence MV release. The interaction of the lipid A
portion of LPS with the P. aeruginosa-produced quorum-sensing
molecule pgs (54) alters membrane curvature (53), thereby in-
ducing MV production (Fig. 4B).

The role that bacterial surface proteins play in MV release must
also be considered, as they are integral to both the structure and
function of the cell, and there are several nonmutually exclusive
mechanisms discussed here in which proteins may be involved.
The first model considers MV release in the absence of environ-
mental stressors (like antibiotics) or mutations affecting nutrient
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FIG 3 MV production by eukaryotic microbes. (A) Eukaryotic microbes, including fungi (shown here) and parasites, release MVs at the cell surface, although
these MVs may be derived from multiple sources. (B) Upper panel: exosome release is a conserved process in eukaryotic microbes. An endosome is created in the
cytosol, which traffics through the microbial cell. In transit, the ESCRT-III homologues (also conserved in Archaea and higher eukaryotes) induce formation of
intraluminal vesicles (ILVs), creating multivesicular bodies (MVBs). MVBs fuse to the cell surface and release the vesicular content as exosomes. Lower panel:
electron micrograph demonstrating release of exosomes by the fungus Cryptococcus neoformans. (Reprinted from reference 75 with permission.) (C) An
additional pathway for MV release in eukaryotic microbes exists, appearing to produce surface-derived MVs reminiscent of those in Bacteria and Archaea. In this
process, for which mechanistic details are as yet unknown, shedding microvesicles bud directly from the cell surface. Lower panel: electron micrograph
demonstrating MV release by the parasite Leishmania donovani. (Reprinted from reference 82 with permission of the publisher, BioMed Central.)

requirements or LPS structure. A systematic and quantitative ap-
proach to analyze the MVs produced by Salmonella enterica sero-
var Typhimurium (S. Typhimurium) revealed that specific major
envelope proteins modulate MV release by wild-type (WT) bac-
teria (15). WT MV production occurred along the cell body and at
division septa (Fig. 1A). When specific envelope proteins were
deleted, cells exhibited an enrichment of MV release at either cell
body (Fig. 1B) or septa (Fig. 1C). This localization was due to the
absence of important envelope interconnections normally present
in envelope proteins of interest; when interacting domains as
small as one amino acid were removed, the resulting phenotype
mimicked a full deletion, underscoring the importance of these
interactions. Specifically, proteins such as OmpA and LppAB are
anchored in the OM but interact with the peptidoglycan (PG)
layer (Fig. 1B, purple OM-PG interconnections), while Pal, TolB,
and TolA form a protein complex that spans the OM-IM (Fig. 1C,
orange OM-PG-IM interconnections). In WT cells, these tethers
normally maintain MV production at minimal levels. OM-PG
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linked proteins dampen the release of small MVs from the cell
body of S. Typhimurium, whereas formation of the cell division
plane requires movement of OM-PG-IM protein complexes, fa-
cilitating septal MV release (15). Migration of these proteins along
the dynamic cell surface promotes enrichment of a subset of con-
stituents into septal or cell body-derived MVs, suggesting that
Gram-negative bacteria may be able to control the distribution
and abundance of envelope interconnections such that the site
and content of released M Vs are correspondingly regulated. This
idea was confirmed by proteomic analysis of MV purified from
septa and cell body, respectively. Based on these data, we proposed
the following model: MV production occurs at envelope regions
where the density of OM-PG and/or OM-PG-IM interconnec-
tions has been temporarily decreased (Fig. 1B and C) (15). While
some organisms may have evolved distinct means of modulating
LPS structure (61) resulting in modifications of MV formation,
the high degree of conservation among the protein domains facil-
itating OM-PG and OM-PG-IM envelope interconnections across
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FIG 4 Biological impact of MV release. MVs, originating from bacteria, fungi, archaea, or parasites, possess many functions in microbial physiology and
pathogenesis. MVs promote the secretion of capsular polysaccharide to the cell surface (A) and are utilized for cell-cell communication between Bacteria (release
of quorum-sensing molecules and transfer of DNA) and Archaea (secretion of antimicrobials) (B). (C) For pathogenic microbes, the role of MVs in vivo is likely
multifaceted, including the ability to directly deliver virulence factors, such as toxins, to target host cells. (D) Natural microbial structures present in MVs can act
to stimulate the innate immune system through activation of TLRs (via LPS and/or lipoprotein sensing) and NLRs (via peptidoglycan detection). (E) These
antigenic structures contained in MVs likely interact with antigen-presenting cells (APC) when released in vivo during infection, facilitating the presentation of
MYV antigens in cases where APC may be impaired by cytotoxic organisms. (F) Antigen presentation can lead to the stimulation of adaptive immune responses,
triggering T-cell and B-cell responses that are directed toward MV antigens. The ways in which MVs are utilized by microbes during growth (and during infection

in the case of pathogenic organisms) are complex and they underscore the importance of these structures for all microbial life.

diverse Gram-negative bacteria (15) supports the idea that these
connections have widespread importance in the process of bacte-
rial MV release.

Other proteins may also contribute to MV formation. Accu-
mulation of overexpressed periplasmic proteins promotes in-
creased MV release, possibly via induction of outward budding of
the membrane (59). However, these models assume that MVs are
released into an aqueous milieu where they are able to freely travel.
Although this may be true for pathogenic organisms that live in
association with host cells and tissues, it is not the case in partially
hydrated environments like microbe-rich soil. Recent studies have
suggested a novel mechanism by which organisms may release
MVs in water-restricted conditions. The construction of nano-
pods allows for MVs to travel from bacterial cells such as Delftia
species (81). Nanopods are seemingly protective tubular struc-
tures made of surface layer protein through which MV-like struc-
tures containing LPS and OM proteins are released from cells.
Interestingly, nanopod formation is conserved in other organ-
isms, may be facilitated by LPS-surface layer protein interactions
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(19), and may represent a conserved mechanism for MV release in
aqueously poor environments.

Fungi, parasites, and archaea. Although taxonomically dis-
tant, many of the basic features of vesicle production by fungi,
parasites, and archaea appear to be conserved, including surface
release and the important protein homologues regulating the
mechanisms of release. Archaeal vesicle release shares similar fea-
tures with both prokaryotic and eukaryotic mechanisms of MV
production, perhaps representing the most evolutionarily basic
process upon which other microbes have adapted additional
mechanisms (Fig. 2). Archaeal MVs are surface derived and are
released by “pinching off” the cell surface, a phenomenon remi-
niscent of bacterial MVs and eukaryotic SMVs (Fig. 1B and 3C).
While microbial SMV release may be controlled via mechanisms
used in mammalian SMV release (via various enzymes, including
calpain, flippase, floppase, scramblase, and gelsolin [68]), this
process is currently uncharacterized. However, evidence supports
amechanism in which surface MV release by archaea is controlled
by a regulated mechanism involving the conserved membrane
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scission machinery endosomal sorting complex required for
transport (ESCRT-III) and vacuolar sorting protein (Vps4) ho-
mologues (Fig. 2B and C), as these proteins are found to be re-
leased in vesicles (17, 51). Interestingly, the absence of ESCRT-III-
like homologues in some vesicle-producing archaea (such as the
Thermococcales) suggests that multiple vesicle release mechanisms
may exist (BLAST [86]). We focus our discussion on the currently
proposed mechanism of archaeal MV release, thought to be mod-
ulated by ESCRT-III-like proteins.

To further underscore the utilization of similar mechanisms in
phylogenetically distinct organisms, the involvement of ESCRT-
III homologue proteins has been suggested for archaeal MV re-
lease, as well as the creation of vesicles destined to be released as
eukaryotic microbial exosomes. Exosome release is a well-charac-
terized process in multicellular eukaryotes. Released exosomes
perform functions such as cell-cell communication and secretion
and are characterized by specific protein markers, including
HSP70, Alix, and clatherin (55). As mentioned previously, when
an endocytic vesicle is created, the endosomal membrane is capa-
ble of protruding inward, resulting in the accumulation of intralu-
minal vesicles (ILVs). An MVB containing ILVs then travels to the
cell surface, fuses, and releases exosomes into the surrounding
environment (Fig. 3B) (37, 55).

Microbial ILV formation and surface MV formation in archaea
are likely facilitated by (or likely involve) proteins which are ho-
mologous to mammalian ESCRT-III proteins. ESCRT-III ma-
chinery is well conserved between mammals, fungi, and archaea
(48) (a full review of this machinery can be found elsewhere [26,
32, 98]). Simply stated, the function of these proteins is to cleave
membranous “necks” in processes such as archaeal surface MV
release, cell division, viral budding from mammalian cell surfaces,
and ILV formation in eukaryotic microbes. These proteins have
the ability to cleave membranes from the inside of a cell or vesicle
instead of constricting the membrane from the outside. As in bac-
terial MV release, localization of protein participants in the mem-
brane is a crucial factor in the successful directed release of vesi-
cles. The coordinated actions of the ESCRT-III and Vps4
homologues ensure this critical localization. In eukaryotic sys-
tems, monomeric subunits of the ESCRT-III complex are present
in the cytoplasm in an inactive form and, upon recruitment to the
membrane, become active via conformational changes. ESCRT-
III protein complex formation occurs at the membrane, allowing
for constriction of the associated membrane (Fig. 2B and 3B).
These proteins are only transiently membrane associated and are
therefore returned to the cytosol via dissociation of oligomerized
ESCRT machinery, a process catalyzed by VPS4 homolog ATPases
(Fig. 2C). Although ESCRT-III-dependent ILVs have been shown
to be targeted for degradation (not secretion) in a multicellular
mammalian system (91), the involvement of these proteins in tar-
geting eukaryotic microbial MVs has yet to be established. Not
only are the processes of vesicle release visually similar in eu-
karyotes and archaea, but the protein participants are conserved
and may share similar roles in the mechanistic regulation of re-
lease in both types of organisms, although the involvement of the
archaeal ESCRT-III homologue proteins remain to be fully eluci-
dated. Utilization of similar processes by such varied organisms
for similar functional outcomes, like other essential biological
processes, supports the importance of vesicle release for microbes.
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FUNCTIONAL SIGNIFICANCE OF MEMBRANE VESICLES

Release of membrane vesicles during infection: in vitro and in
vivo studies. The outcome of any infection is determined by the
complex interplay that balances pathogen replication and persis-
tence with host defenses. Integral to this balance is microbial flex-
ibility to adapt to different environments. The release of vesicles is
a conserved surface feature that is poised to contribute to the
adaptive capabilities of microbial cells. This is supported by the
observation that MV production occurs in many pathogens both
in vivo and during interaction with host cells in vitro. For example,
Salmonella Typhimurium releases MVs during intracellular
growth in epithelial cells and macrophages (24), and Helicobacter
pylori, a causative agent of gastric ulcers, exhibits release of viru-
lence factor-containing MVs upon interaction with gastric tissue
(23, 63, 72, 87). Similarly, increased levels of PagC and OmpX,
which are upregulated by S. Typhimurium under conditions that
mimic the host intracellular environment, stimulate MV release
(39). During infections caused by Neisseria meningitidis, in which
the disease pathology is characterized by life-threatening sepsis,
the production of endotoxic (LPS-containing) MVs in the blood-
stream has been observed, and it likely contributes to pathogenesis
of sepsis through Toll-like receptor (TLR)- and nucleotide-bind-
ing oligomerization domain-containing protein (NOD)-like re-
ceptor (NLR)-mediated inflammatory cytokine production (62,
88). Complementary to direct microscopic observation of MV
release, complexes containing OM proteins and LPS have been
isolated from blood during experimental sepsis (28), suggesting
that this material may be vesicular in nature and could persist in
vivo separately from parent bacteria. In addition, systemic effects
of heart disease may be promoted by MVs from the oral pathogen
Porphyromonas gingivalis, as MVs have been shown to aggregate
platelets in vitro (80). Similarly, eukaryotic microbes have also
been shown to release vesicular structures during interaction with
host cells and tissues, such as the release of vesicles by Leishimania
donovani during macrophage infection in vitro (83). Vesicle re-
lease is also likely the route by which Cryptococcus neoformans
accumulates capsular polysaccharide on its surface during murine
infection (Fig. 4A) (20). If microbes possessed the ability to mod-
ulate MV formation, potentially in response to environmental
cues sensed within the host, it could provide a mechanism to
shape the host-pathogen interaction. The presence of serum (9,
62) or antimicrobial peptides (10), temperature and pH variations
(83), and as-yet-identified signals within host cells (20-22, 24,
100) and tissues (23, 52) stimulate microbial MV release. The
ability to release MVs upon host cell interaction is, therefore, a
seemingly widespread feature among microbial pathogens.
Membrane vesicle-mediated secretion of bioactive mole-
cules. Microbes use MV production to communicate with each
other as well as with a host. Intermicrobial communication may
promote either positive or negative interactions (Fig. 4B). P.
aeruginosa releases the quorum-sensing signaling molecule pgs
via MVs (54). The archaeon Sulfolobus solfataricus uses MV release
to discourage nearby growth of other (competing) Sulfolobus spe-
cies by secreting sulfolobicin toxins (69). Haemophilus influenzae
releases DNA in MVs (termed transformasomes), and archaea
within the order Thermococcales release DNA-associated MV,
likely to facilitate genetic exchange (34). Thus, intermicrobe cross
talk, important for coordination of pathogenic mechanisms and
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destruction of competing species, is promoted by the conserved
feature of MV release.

The use of MV-mediated secretion mechanisms to release vir-
ulence factors has also been increasingly demonstrated for many
organisms (Fig. 4C) (31, 41, 49). These factors often do not have
identifiable signal sequences (82, 95) or are secreted by strains
lacking known secretion systems (67) and therefore are thought to
be released from the microbe via MV production. For example,
the cytotoxin ClyA of E. coli and Salmonella enterica serovar Typhi
associates with the Gram-negative bacterial OM, promoting re-
lease in MVs; this affinity for lipid membranes shapes its interac-
tion with the host cell membrane as well (95). The lytic activity of
MV-derived ClyA against eukaryotic host cells was 8-fold more
potent and occurred more quickly than that derived in soluble
form from the periplasm, potentially due to direct toxin delivery
via fusion of bacterial MVs with the host membrane. A targeted
toxin delivery system is also observed for the toxin-containing
Bacillus anthracis MVs (73) and the heat-labile enterotoxin-con-
taining MV's of enterotoxigenic E. coli (ETEC). The association of
ETEC toxin with both the MV exterior and lumen (30) facilitates
the uptake of the MVs by susceptible target host cells via direct
receptor binding and entry (38).

The vacuolating cytotoxin, VacA, of H. pylori, is a virulence
factor expressed by 50 to 60% of clinical H. pylori isolates and can
be released from the bacterium in soluble or MV-associated form
(87). VacA-containing M Vs associate with host cell surfaces and
then enter and traverse host cells in vitro and in vivo (23, 87).
Although the function and biological impact of soluble versus
MV-associated VacA have not been fully elucidated, it is known
that 25% of VacA is secreted in MV-associated form. In contrast to
the ClyA toxin, MV-associated VacA exerts a less potent vacuolat-
ing activity on host cells (72), potentially modulating toxin po-
tency or overall virulence during infection. Interestingly, MV-as-
sociated and soluble forms of the heat-labile ETEC toxin elicit
similar cytokine responses from eukaryotic cells yet appear to
achieve this via distinct cell signaling pathways (12). These data
support the hypothesis that microbes may actively regulate the
content of MVs (72) to manipulate the host-pathogen interplay.

The biological importance of vesicle release by eukaryotic mi-
crobes is highlighted by studies of the mechanism by which cap-
sule molecules reach and accumulate at the Cryptococcus neofor-
mans cell surface (Fig. 4A). Investigation of C. neoformans cells
using advanced microscopy techniques revealed intracellular,
spherical vesicles migrating through the cell, traversing the cell
membrane layer, and being released from the cryptococcal surface
in an intact, membrane-bound state (77). Release of these vesicles
coincided with extracellular capsule accumulation, and immuno-
electron microscopy revealed that capsular polysaccharide was
MYV associated (75, 76). MVs were also associated with the cell wall
in acapsular cells, indicating that a vesicle transport mechanism is
likely not restricted to capsule secretion but may be used for a
broad range of large molecules and by other organisms that do not
express capsular polysaccharide (76). In support of this hypothe-
sis, acapsular fungi and Leishmania, Histoplasma, Candida, Sporo-
thrix, and Saccharomyces produce microvesicles ranging from 10
to 350 nm in diameter. These vesicles have been observed intra-
cellularly, in association with the cell wall and/or in the extracel-
lular space, and contain microbial lipids, proteins, and carbohy-
drates thought to contribute to virulence (3, 75, 76, 82), including
fungal lipids (such as glucosylceramide and ergosterol), superox-
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ide dismutase, catalase, laccase, urease, and acid phosphatase (3,
75, 76). It is possible that MVs could be released during the close
interaction between host cell and pathogen, facilitating direct de-
livery of virulence factors to the target host cell rather than the
external milieu where diffusion could lessen the functional impact
of the molecule.

In support of the importance of vesicle release for parasitic
microbes, proteomic analysis of the secretome of the parasite
Leishmania donovani revealed that 98% of secreted proteins lack
signal sequences for well-established secretion pathways. This
suggests that these proteins require nonclassical mechanisms of
secretion, such as MV release, from the cell (82). Extracellular
MVs were visualized being released from the cell body and flagel-
lar pocket of the microbe and were found to also contain putative
virulence factors that may contribute to pathogenesis through tar-
geted delivery into or proximal to host cells. It is likely that this
MYV population includes both exosomes and SMVs, as only 10%
of the proteins secreted by L. donovani were identified as typical
exosome protein constituents (based on mammalian exosome
studies) (82). There remain a high fraction of secreted proteins
that have not been associated with exosome content, consistent
with coincident release of SMVs.

Biological impact of MV release during infection. As carriers
of antigens and virulence factors, as well as facilitators of microbial
surface modifications, the biological impact of M Vs is likely to be
considerable. We will focus here on MV-mediated effects on com-
plex host-pathogen interactions during infection. Directed release
of MVs may influence the innate immune response to infection,
including Toll-like receptor (TLR) and nucleotide-binding oli-
gomerization domain-containing protein (NOD) signaling (Fig.
4D). TLR ligands in bacterial MVs (including LPS and lipopro-
teins) stimulate maturation of and cytokine release by macro-
phages and dendritic cells (reference 2 and unpublished observa-
tions) and likely contribute to the pathogenesis of inflammatory
infections such as neisserial sepsis (8, 9). Likewise, MVs carrying
peptidoglycan, the ligand for the cytosolic innate immune recep-
tor NODI, are able to initiate NOD1 signaling and downstream
NE-kB-dependent inflammatory responses (35, 36). Further-
more, infected antigen-presenting cells may no longer be capable
of properly processing and presenting antigens, potentially inhib-
iting initiation of adaptive immune responses. MVs released by
pathogenic organisms are nonviable and contain antigens recog-
nized by the adaptive immune system (2, 4). These surface organ-
elles may therefore represent an important source of antigen in
vivo (Fig. 4E).

MVs and SMVs, owing to their derivation from the microbial
surface, naturally contain antigens important for the generation of
an immune response to bacterial and fungal infection, such as
immunogenic surface proteins, LPS, and capsular polysaccharide
(1,4,11,70,79, 85,99). This is supported by proteomic analysis of
MYV content, which has identified the presence of known B and/or
T cell antigens (Fig. 4F) (references 4, 11, 14, 45, 70, 84, 92,94 and
unpublished observations). In addition, recent evidence suggests
that MVs may act as antigen “decoys” in vivo to redirect the anti-
body response, resulting in the production of antibodies ineffec-
tive for clearance of intact organisms (93). The observations that
MVs are produced in vivo during infection and that sera from
patients following bacterial and fungal infections display reactiv-
ity to antigens contained in MVs (1, 11, 75) suggest that proteins
and carbohydrates present in MVs may act as additional and po-
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tentially significant sources of antigen during infection beyond
that provided by the intact organism itself.

Host responses to MVs can benefit either the pathogen or the
host. Signaling the presence of a foreign invader initiates a host
defense (advantage for host) which might provide the microbe
with an environmental advantage or opportunity to misdirect the
immune system (advantage for microbe). Thus, host responses
may be modulated by microbial organisms to accommodate their
lifestyles while inside the host. For example, S. Typhimurium
thrives in an inflamed intestine because inflammation provides a
metabolic advantage over commensal organisms (97). In addi-
tion, the host-pathogen balance may be influenced by active mi-
crobial modulation of MV formation and/or contents in response
to differing environmental conditions, including growth in host
tissues. This phenomenon is evidenced by the ability of S. Typhi-
murium to dynamically direct specific cell components to cer-
tain parts of the cell, resulting in the enrichment of these contents
in vesicle populations released at different cellular locations (15).
In addition, other studies have shown preferential exclusion or
inclusion of cell components in MVs compared to the cell surface
(46,47, 58). The ability to manipulate this conserved process likely
has broad implications for altering host-pathogen interactions
and the resulting immune response.

CONCLUSIONS

The release of membrane vesicles, a phenomenon shared by or-
ganisms across all three branches of life (Fig. 1, 2, and 3), plays an
integral role in cell physiology and pathogenesis of infection. MV
release is essential for promoting interactions between microbial
cells and between eukaryotic host cells and microbes, including
communication, release of antigens, and secretion of virulence
factors (Fig. 4). For pathogenic microbes, MVs may facilitate
modifications of the microbial surface to avoid immune detec-
tion, provide additional protective measures against host defense
molecules, interact with antigen-presenting cells, shuttle capsule
to the cell surface to avoid uptake by host cells, or provide the host
immune system with microbial antigen targets. The ability of mi-
crobes to select the contents of MVs is currently underappreciated
and understudied. The widespread functional conservation of MV
release, in addition to homologous mechanistic components in-
volved in this phenomenon, such as the ESCRT-III homologue
proteins in archaea and eukaryotic microbes, underscores the im-
portance of the process. Further investigation of MV contents and
release in various environmental conditions (including that of the
host) will surely reveal further examples of how these surface or-
ganelles, long thought to be mere artifacts, are essential to micro-
bial life.
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