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One sentence summary: Mycobacterium tuberculosis releases membrane vesicles into the environment; these vesicles contain a broad range of
microbial factors important for virulence and molecules that alter host defense systems.
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ABSTRACT

Mycobacteria, like other bacteria, archaea and eukaryotic cells, naturally release extracellular vesicles (EVs) to interact with
their environment. EVs produced by pathogenic bacteria are involved in many activities including cell-cell communication,
immunomodulation, virulence and cell survival. Although EVs released by thick cell wall microorganisms like mycobacteria

were recognized only recently, studies of Mycobacterium tuberculosis EVs already point to their important roles in host
pathogen interactions, opening exciting new areas of investigation. This minireview will summarize the current
understanding of mycobacterial EV biology and roles in pathogenesis and will discuss their potential therapeutic

applications.
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INTRODUCTION

Extracellular vesicles (EVs) are membrane-bound nanoparticles
released naturally by prokaryotic and eukaryotic cells. They en-
able cells to secrete a broad range of biomolecules in a concen-
trated and protected manner. Because of their prevalence and
biological functions, EVs have been extensively studied in eu-
karyotes and Gram-negative bacteria. Mycobacterial extracellu-
lar vesicles (MEVs) were first observed a decade ago, embed-
ded in the extracellular matrix of Mycobacterium ulcerans biofilms
(Marsollier et al. 2007) and subsequently isolated from the cul-
ture supernatant of several pathogenic and non-pathogenic my-
cobacteria (Prados-Rosales et al. 2011). In recent studies, release
of MEVs has emerged as an important mechanism by which
M. tuberculosis modulates the host immune response (Athman
et al. 2015, 2017). This review describes the expanding knowl-
edge of MEVs and their role in microbe-host interactions and
pathogenicity. We also note the many aspects of MEVs that

remain obscure, including the molecular mechanisms of their
biogenesis and regulation. Advancement in this field holds the
promise of novel discoveries in M. tuberculosis pathogenesis and
in diagnostic, preventive or therapeutic applications for MEVs in
tuberculosis.

The identification of mycobacterial membrane vesicles

MEVs were first visualized by scanning electron microscopy
(SEM). They were found embedded in the extracellular matrix
of M. ulcerans biofilms and recovered from biopsies of Buruli
ulcer-like lesions in infected mice (Marsollier et al. 2007). These
vesicles contained the sole virulence factor responsible for
Bureli ulcer, the lipid toxin mycolactone (George et al. 1999) and,
accordingly, displayed potent cytotoxic activity. Subsequently,
MEVs were recovered by differential sedimentation in culture
supernatants of diverse Mycobacterium species indicating that
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secretion of EVs is ubiquitous in mycobacteria (Prados-Rosales
et al. 2011). MEVs recovered from culture supernatants were
visualized by transmission electron microscopy and observed
by SEM protruding from the surface of intact bacteria (Prados-
Rosales et al. 2011). EVs were also observed in M. tuberculosis and
M. bovis BCG-infected macrophages and mice (Prados-Rosales
et al. 2011). Recently, EVs of bacterial origin were isolated
from the tissue culture medium of M. tuberculosis-infected
macrophages, indicating that MEVs are released into the ex-
tracellular milieu during intracellular infection (Athman et al.
2015). However, the molecular mechanisms involved in MEVs
trafficking out of the phagosome and through the macrophage
plasma membrane are unknown.

Isolation and characterization of MEVs

MEVs are usually recovered from cell-free culture filtrates
by ultracentrifugation (Prados-Rosales et al. 2014a; Dauros
Singorenko et al. 2017). However, given the propensity of lipids
to organize into vesicles-like structures, it is important to
establish that recovered nanoparticles are not byproducts of
cell lysis. For instance, it has been shown that phage-infected
Bacillus subtilis and Pseudomonas aeruginosa release shattered
membrane fragments and vesicle-like structures as a result
of endolysin-induced peptidoglycan damage (Turnbull et al.
2016; Toyofuku et al. 2017). Thus, a minimal requirement to
characterize secreted membrane vesicles is ensuring that they
originate from intact cells. EVs can be isolated by density gra-
dient and ultracentrifugation. In this process, due to their high
lipid content, EVs fractionate into lighter density fractions than
soluble secreted proteins. However, microscopic visualization
is required to confirm the presence of intact vesicles in gra-
dient fractions. Commonly used methodologies to detect and
quantify membrane vesicles include lipid metabolic labeling,
incorporation of lipophilic dyes into protein-rich fractions from
density gradients and immunodetection of known vesicle-cargo
proteins (Prados-Rosales et al. 2011, 2014a,c; Rath et al. 2013;
Dauros Singorenko et al. 2017). The abundance of cellular surface
blebs observed in SEM can also reflect differences in the number
of vesicles formed in different environmental conditions or
by different bacterial strains (Rath et al. 2013; Prados-Rosales
et al. 2014c). These methods are laborious and require special
technology. There is a need for more practical, high-resolution
methods for identifying and quantifying MEVs that facilitate
high-throughput screens for genetic determinants of MEV bio-
genesis and function, and accelerate new discoveries in MEVs
biology.

Biogenesis of MEVs

Naturally produced MEVs are discrete, closed membrane par-
ticles produced by growing cells, not products of cell lysis or
cell death. By electron microscopy, MEVs appear spherical, en-
closed in a bilayer membrane, with electron-dense luminal con-
tent and an average diameter of 60 to 300 nm (Prados-Rosales
et al. 2011). MEVs contain lipids and lipoproteins characteris-
tic of the mycobacterial plasma membrane, indicating their cy-
toplasmic membrane origin (Prados-Rosales et al. 2011, 2014c).
Decades of studies of biogenesis of outer membrane-derived
vesicles (OMVs) produced by gram-negative bacteria uncovered
multiple mechanisms of OMV biogenesis. These have been re-
viewed in detail in recent publications (Kuehn and Kesty 2005;
Pathirana and Kaparakis-Liaskos 2016). Reduced crosslinking
between the peptidoglycan and the outer membrane seems

to enable formation and detachment of OMVs without com-
promising membrane stability. Disruptions in peptidoglycan
structure due to altered balance between peptidoglycan break-
down and synthesis and accumulation of periplasmic pepti-
doglycan fragments leads to increased OMV production. In-
crease of unfolded proteins in the periplasm and enrichment
of the membrane with lipopolysaccharide or other membrane
curvature inducing molecules also leads to enhanced OMV
production (Kuehn and Kesty 2005; Pathirana and Kaparakis-
Liaskos 2016). Thus far, the only known general mechanism of
OMV biogenesis is accumulation of phospholipids in the outer
leaflet of the outer membrane of Gram-negative bacteria (Roier
et al. 2016). Whether altered phospholipid content in the cyto-
plasmic membrane modulates MEVs formation remains to be
investigated.

While in Gram-negative bacteria OMVs can be released with-
out any obstruction, mycobacteria have a complex cell wall that
surrounds the plasma membrane. This cell wall is composed of
peptidoglycan covalently attached to arabinogalactan, which is
decorated with myecolic acids and intercalating free lipids form-
ing a lipid bilayer refer to as the mycobacterial exomembrane or
mycomembrane (Daffe 2015). A capsule composed of polysac-
charides, proteins and lipids surrounds the cell wall. For this
reason, a great challenge in the field is to define the mecha-
nisms allowing MEVs to traverse the cell wall. This question is
also relevant to other thick cell wall microorganisms that re-
lease EVs, such as gram-positive bacteria and fungi. Cell wall
altering enzymes are included in fungi and Staphylococcus au-
reus EVs (Brown et al. 2015; Lee et al. 2009) suggesting that re-
modeling of the cell wall may facilitate EV transit across the cell
envelope.

Mycobacterium tuberculosis cultured in conditions of iron lim-
itation abundantly produces EVs, indicating that MEV biogene-
sis is regulated by iron availability (Prados-Rosales et al. 2014c).
Subsequent to this discovery, iron-dependent vesiculogenesis
was also reported in Escherichia coli (Dauros Singorenko et al.
2017). Derepression of a phospholipid translocator repressed by
the Ferric uptake repressor (Fur) and the consequent accumu-
lation of phospholipids in the outer leaflet of the outer mem-
brane have also been linked to hypervesiculation in iron-limited
gram-negative bacteria, providing a molecular mechanism of
iron mediated regulation of OMV biogenesis (Roier et al. 2016).
It is likely that local membrane or cell wall remodeling under-
lies augmented MEV production in iron-limited mycobacteria.
For instance, iron-limited mycobacteria produce large amounts
of the lipidic siderophore, mycobactin, which accumulates on
the cell surface (Ratledge, Patel and Mundy 1982; Rao et al. 2008;
Rodriguez and Smith 2003). Interactions of mycobactin at the
cell membrane could directly or indirectly stimulate vesicle
biogenesis. Indeed, MEVs produced during iron limitation in-
clude mycobactin, lending some support to this theory (Prados-
Rosales et al. 2014c).

An elevated number of vesicles on the surface of a M. tu-
berculosis rv0431 mutant was linked to the Toll-like receptor 2
(TLR-2) dependent hyperinflammatory phenotype of this mu-
tant in macrophages and mice (Rath et al. 2013). Given the pre-
viously recognized enrichment of TLR-2 agonists in MEVs, the
rv0431 gene product is known as the vesiculogenesis and im-
mune response regulator, VirR. VirR is a cytoplasmic protein
that interacts with the plasma membrane and at least one
lipoprotein that is included in MEVs (Rath et al. 2013). It has
been proposed that VirR is part of a high-order protein complex
that controls vesicle formation and cargo selection (Rath et al.
2013). However, the precise mechanism by which VirR influences



vesiculogenesis remains to be elucidated. The relationship be-
tween VirR and iron-dependent regulation of MEV production
also remains to be defined. Expression of virR is downregulated
in response to iron deficiency (Kurthkoti et al. 2017). It is there-
fore possible that reduced VirR contributes to enhanced M. tu-
berculosis vesiculation under iron limitation.

Hypervesiculation was also observed in a sub-population of
short cells resulting from asymmetric cell division in logarith-
mic cultures of M. smegmatis and M. tuberculosis, indicating a re-
lationship between MEVs production and active cell growth and
division processes (Vijay et al. 2017).

Molecular composition of MEV's

Bacterial EVs contain a chemically diverse range of cargo that
determines vesicle function. Induction of membrane curvature,
quantity, stability and sub-cellular localization of a protein has
been hypothesized to influence its availability for inclusion in
EVs. However, clear knowledge regarding the determinants of EV
cargo inclusion or exclusion is still lacking. Global protein com-
position analysis of EVs produced by M. tuberculosis, M. bovis BCG
and M. smegmatis cultured in minimal medium has identified
48, 66, and 64 vesicular proteins, respectively (Prados-Rosales
et al. 2011). A subsequent study that employed more sensitive
mass spectrometry found over 200 additional proteins in MEV
(Lee et al. 2015). BCG and M. tuberculosis EVs were similarly en-
riched in lipoproteins and proteins belonging to the functional
categories of cell wall, membrane function and intermediate
metabolism and respiration. Many of the abundant MEV pro-
teins play a role in pathogen-host interactions (Lee et al. 2015).
BCG EVs contained more proteins classified in the category of
lipid metabolism than M. tuberculosis and M. smegmatis EVs. The
poor representation of lipoproteins in M. smegmatis EVs, de-
spite their similar abundance in the cell, suggests that different
species regulate incorporation of EV cargo differently. The lipid
content of EVs released by M. tuberculosis cultured under condi-
tions of iron sufficiency or deficiency was determined by mass
spectrometry and showed predominately polar lipids, phos-
phatidylinositol, acylated phosphatidylinositol dimmannosides,
cardiolipin (CL), and phosphatidylethanolamine (PE) in both
conditions (Prados-Rosales et al. 2011). This was consistent with
the plasma membrane origin of the vesicles (Prados-Rosales
et al. 2011, 2014c). However, EVs from iron-deficient M. tuberculo-
sis were also enriched in acylated glycerides and PE, while acyl
trehalose, an important mycobacterial cell wall component, was
more abundant in iron-sufficient M. tuberculosis vesicles. The li-
pidic siderophore mycobactin was exclusively present in EVs re-
leased by iron-limited mycobacteria (Prados-Rosales et al. 2014c)
showing that the content of EVs in pathogenic mycobacteria
is influenced by environmental factors. In addition, lipoarabi-
nomannan (LAM), an important immunologically active glycol-
ipid released by bacilli replicating within macrophages, was also
found associated with EVs produced by pathogenic mycobac-
teria (Prados-Rosales et al. 2011), indicating that based on their
content MEVs have the potential to influence host immune re-
sponses.

Vesicle cargo delivery

It is well recognized that bacterial EVs are capable of long-
distance and direct delivery of their cargo into specific host cells.
However, despite extensive studies of interactions of OMVs and
host cells, the mechanisms of EVs uptake are still not well under-
stood (O’Donoghue and Krachler 2016). Studies of OMVs indicate
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more than one route of entry that could vary depending on the
type of host cell and purity or size distribution of OMVs. Many
studies indicate a role for clathrin- and caveolin-mediated endo-
cytosis and lipid rafts in enabling OMVs entry (O’'Donoghue and
Krachler 2016). In many cases, endocytosis of OMVs is facilitated
by interactions between bacterial ligands and host cell receptors
(Kesty et al. 2004; Chatterjee and Chaudhuri 2011), and despite
the different architecture of the membrane bilayers present in
OMVs and host cells, membrane fusion has also been described
as a mechanism for OMVs to deliver their cargo (Bomberger et al.
2009; Jager et al. 2015).

In the Gram-positive model microorganism B. subtilis, the
lipopeptide surfactin secreted by wild strains disrupts EVs and
leads to the release of their cargo into the milieu (Brown et al.
2014). EVs produced by M. tuberculosis and Salmonella enterica in-
fecting macrophages escape not just the phagosome but the
infected host cells, demonstrating the ability of bacterial EVs
to migrate from the cell of origin. Mycobacterium tuberculosis-
derived EVs released from infected macrophages can subse-
quently modulate the host cell immune response (Athman et al.
2015) and Salmonella OMVs can deliver the genotoxin cytolethal
distending toxin to neighboring cells (Guidi et al. 2013). It has
also been demonstrated that M. tuberculosis EVs can transfer im-
munologically active glycolipids such as lipomannan and LAM
to T cells (Athman et al. 2017), protein antigens to dendritic cells
(Jurkoshek et al. 2016) and mycobactin-iron to neighboring bac-
teria (Prados-Rosales et al. 2014c), but the mechanisms involved
in MEV interactions with host or bacterial cells are unclear.

MEV functions

In addition to proteins, a large variety of other molecules, in-
cluding phospholipids, nucleic acids, lipopolysaccharides, and
periplasmic components, can be found encapsulated in bacte-
rial membrane vesicles (Kuehn and Kesty 2005). Vesicles pro-
duced by the pathogenic bacteria have been most extensively
studied and shown to generally function as a mechanism to
transport biomolecules from the parent bacterium to distal sites
in the host, enabling bacterial communication, transfer of vir-
ulence effectors and the maintenance of bacterial communi-
ties (Kuehn and Kesty 2005; Brown et al. 2015; Domingues and
Nielsen 2017). OMVs are also known to function in resistance to
endogenous and exogenous surface damage agents such as mis-
folded proteins and membrane-adhered phage particles. They
also can carry enzymes and receptors that may aid in nutri-
ent acquisition and bacterial survival (Kuehn and Kesty 2005).
OMVs have been associated with inter-bacterial transfer of ma-
terial that contributes to survival and genetic diversity, includ-
ing antibiotic-resistance enzymes and chromosomal, plasmid
and phage DNA (Kolling and Matthews 1999; Ciofu et al. 2000).
Analogous to Gram-negative bacteria, Gram-positive pathogens
like S. aureus use EVs to deliver cytotoxic material to host cells
(Gurung et al. 2011) and M. ulcerans EVs contain the cytotoxin
mycolactone (Marsollier et al. 2007). Importantly, mycolactone
enclosed in EVs is more potent than isolated toxin, supporting a
role of M. ulcerans EVs in virulence (Marsollier et al. 2007).
Recent studies have clearly established a role of MEVs in
immunomodulation (Fig. 1). Protein and lipid analysis of MEVs
revealed enrichment of immunologically active lipoproteins,
lipoglycans and glycolipids known to be TLR-2 ligands (Harding
and Boom 2010). Isolated MEVs activate TLR-2 and induce
cytokine production by uninfected macrophages (Prados-
Rosales et al. 2011). It was also found that MEVs containing
immunodominant antigenic proteins could transfer antigens to
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Figure 1. Roles of MEVs in TB pathogenesis: MEVs function in iron acquisition, immunomodulation and virulence. Secretion of mycobactin in MEVs may protect this
siderophore from siderocalin and allow M. tuberculosis access to Fe available in hydrophobic, distal places. MEVs modulate immune responses in dendritic cells (DC),
macrophages (Mac) and T-cells via transfer of microbial antigens, TLR2 agonist and immune active molecules such as LAM. MEVs produced by M. ulcerans contain
mycolactone and are highly cytotoxic demonstrating a direct role of MEVs in virulence.

dendritic cells for presentation to T-cells (Jurkoshek et al. 2016),
suggesting that MEVs participate in immune stimulation. It has
been demonstrated that EVs released by M. tuberculosis-infected
macrophages constitute a mixture of macrophage-derived
exosomes and MEVs (Athman et al. 2015). MEVs isolated from
this mix possess the immunostimulatory activity previously
assigned to bacterial biomolecules thought to be included into
macrophage-released exosomes (Athman et al. 2015). These ob-
servations suggest that MEVs are the primary means employed
by intracellular M. tuberculosis to export immunologically active
lipoglycans and lipoproteins. Indeed, administration of isolated
MEVs to mice induced a TLR-2-dependent proinflammatory
response (Prados-Rosales et al. 2011). Although activation of
TLRs typically promotes immunity, sustained TLR2 signaling
by M. tuberculosis inhibits MHC-II antigen presentation to CD4+
T cells (Harding and Boom 2010) and is associated with other
immune suppressive mechanisms (Richardson et al. 2015).
Inclusion of lipoglycans such as LAM and LA into M. tuberculosis
EVs secreted within infected macrophages and their subse-
quent release into the extracellular milieu has also provided a
mechanism for lipoglycans to reach and inhibit T cells, possibly
promoting immune evasion (Athman et al. 2017). Naive and
BCG-vaccinated mice challenged with M. tuberculosis aerosols
showed acute inflammation and a higher lung bacillary load
when they were also injected with BCG EVs, indicating an
overall impairment in control of infection (Prados-Rosales et al.
2014b). These studies demonstrate that MEVs deliver factors to
impair macrophage effector functions, inhibit T cell activation
and modify the response of host cells to infection.

Another function of MEVs appears to be iron acquisition
(Fig. 1). Iron availability is a critical factor that affects all bacteria
living within a host. Because basic cellular metabolic activities
require iron, this metal is essential for growth. However, due
to its poor solubility and potential toxicity under aerobic

conditions, free iron is not available in the host. Successful
pathogens must therefore be able to obtain iron and to adapt
their metabolic activity according to iron availability. To obtain
iron, M. tuberculosis synthesizes and secretes siderophores:
carboxymycobactin, an amphiphilic, secreted molecule and
mycobactin, a cell surface associated lipophilic molecule (Snow
and White 1969; Snow 1970; Gobin et al. 1995; Ratledge and Dover
2000). Mycobactin is included in MEVs released by M. tubercu-
losis, and these MEVs can deliver iron and support proliferation
of iron-deficient bacteria in a mycobactin-dependent manner
(Prados-Rosales et al. 2014c). These studies indicate that MEVs
may allow M. tuberculosis to secrete insoluble mycobactin and
obtain iron from distal places. This is analogous to OMVs pro-
duced by P. aeruginosa, which carry the Pseudomonas quinolone
signal (PQS), a highly hydrophobic molecule that binds iron.
Using the secreted bridge protein TseF, which interacts with PQS
in OMVs and with a siderophore surface receptor, iron-deficient
P. aeruginosa recruits OMVs for iron acquisition (Lin et al. 2017).
MEV-mediated iron capture may be critical for M. tuberculo-
sis survival during infection, especially in the context of intense
iron deprivation in the granuloma (Basaraba et al. 2008; Kurthkoti
et al. 2017). Immune cells in the granuloma release siderocalin
(Kurthkoti et al. 2017), which binds carboxymycobactin (Holmes
et al. 2005), possibly compromising its role in iron acquisition.
However, mycobactin in MEVs may be protected from sidero-
calin. If that is the case, by ‘disguising’ mycobactin in the EVs, M.
tuberculosis may be able to overcome the interference of sidero-
calin with its iron acquisition. Iron homeostasis and antimicro-
bial response are tightly interconnected in macrophages (Cairo
et al. 2011). It is possible that MEV-associated mycobactin in-
fluences macrophage iron homeostasis to alter immune de-
fence response. The inclusion of mycobactin in MEVs may also
be an example of collaborative M. tuberculosis interactions, as
mycobactin contained in MEVs can benefit both the bacterium



producing the MEVs and neighbouring bacteria (Prados-Rosales
et al. 2014c).

Possible applications of MEV

Although many aspects of MEV biogenesis and functions are
yet to be fully understood, the accumulated knowledge about
EVs in Gram-negative bacteria suggests their potential for ther-
apeutic applications. For instance, EVs produced by Neisseria
sp., Salmonella typhimurium, Haemophilus influenzae, Clostridium
perfringens and Vibrio cholera elicit humoral and cellular immune
responses when administered to mice (Acevedo et al. 2014). A
membrane vesicle-based vaccine has been recently approved
for the prevention of serogroup B meningococal infection
(Gorringe and Pajon 2012; Vernikos and Medini 2014). EVs pro-
duced by the Gram-positive pathogen Streptococcus pneumoniae
have also shown to protect immunized mice against infection
with a virulent strain (Olaya-Abril et al. 2014). The vaccine
potential of subcutaneously injected isolated MEVs produced by
BCG and M. tuberculosis in culture was tested in a mouse model
of tuberculosis (Prados-Rosales et al. 2014b). In these studies,
only mice immunized with M. tuberculosis-derived MEVs showed
the capacity to control bacterial replication in the lung similarly
to BCG-vaccinated animals. This is in contrast with the impaired
control of infection induced by MEVs when injected into mice
simultaneously infected with M. tuberculosis. This may be ex-
plained by heterogeneous content among distinct preparations
of purified MEVs in the two studies. Alternatively, MEVs may
exhibit distinct immunomodulatory functions when presented
to the immune system in isolation or in the context of infection
with live bacteria. Mycobacterium tuberculosis-derived MEVs were
immunogenic, eliciting a mixed antibody and cellular responses
directed at lipoproteins and bacterial cell surface components.
This study suggested that mycobacterial MEVs may represent
a promising vaccine platform. However, heterogeneity in the
composition of MEVs produced in culture may lead to variable
protective activity. Although the immune response to M. tu-
berculosis MEVs is directed against lipoproteins and bacterial
cell surface components, the MEV-associated components
responsible for their protection need to be identified so that
artificial MEVs incorporating proteins and lipids that induce
protective immunity could be generated as a viable platform for
vaccine development.

The diagnostic value of MEVs has also been explored. The
human antibody response to naturally produced BCG and M.
tuberculosis EVs was evaluated to identify novel tuberculosis
biomarkers in a small cohort of patients, including smear-
positive and smear-negative non-HIV infected, tuberculosis pa-
tients and BCG-vaccinated individuals with and without la-
tent infection (Ziegenbalg et al. 2013). A combination of three
MEV-associated antigens was clearly recognized by sera from tu-
berculosis patients, but not from the control group, encouraging
further study of MEV as diagnostic tools.

OUTLOOK

Production of EVs in mycobacteria in vitro and in vivo has
now been clearly demonstrated. These vesicles originate from
the plasma membrane and contain virulence factors and im-
munomodulators, indicating that they play a role in pathogene-
sis. MEVs from virulent mycobacteria elicit an immune response
that can be protective. These findings suggest that the immuno-
genic potential of mycobacterial vesicles can be harnessed for
vaccine development. Although the study of MEVs has inten-

Gupta and Rodriguez | 5

sified, the mechanisms of vesicle production and release and
how these processes are regulated remain poorly understood.
It is also important to understand the factors that contribute to
cargo selection or exclusion and how environmental signals im-
pact vesicle production and content. Future molecular and im-
munological studies will likely reveal novel roles of vesicles in
mycobacterial physiology and pathogenesis and will stimulate
the development of ways to exploit MEVs for antitubercular ap-
plications.

ACKNOWLEDGEMENT

The authors thank Erika Shor for help in manuscript prepara-
tion.

FUNDING

SGis supported by and award of the National Institutes of Health
[grant number AI130628].

Conflict of interest. None declare.

REFERENCES

Acevedo R, Fernandez S, Zayas C et al. Bacterial outer membrane
vesicles and vaccine applications. Front Immunol 2014;5:121.

Athman JJ, Sande O], Groft SG et al. Mycobacterium tubercu-
losis membrane vesicles inhibit T cell activation. ] Immunol
2017;198:2028-37.

Athman JJ, Wang Y, McDonald D] et al. Bacterial membrane vesi-
cles mediate the release of Mycobacterium tuberculosis lipogly-
cans and lipoproteins from infected macrophages. ] Immunol
2015;195:1044-53.

Basaraba RJ, Bielefeldt-Ohmann H, Eschelbach EK et al. Increased
expression of host iron-binding proteins precedes iron accu-
mulation and calcification of primary lung lesions in exper-
imental tuberculosis in the guinea pig. Tuberculosis 2008;88
1:69-79.

Bomberger JM, Maceachran DP, Coutermarsh BA et al. Long-
distance delivery of bacterial virulence factors by Pseu-
domonas aeruginosa outer membrane vesicles. PLoS Pathog
2009;5:e1000382.

Brown L, Kessler A, Cabezas-Sanchez P et al. Extracellular vesi-
cles produced by the Gram-positive bacterium Bacillus sub-
tilis are disrupted by the lipopeptide surfactin. Mol Microbiol
2014;93:183-98.

Brown L, Wolf JM, Prados-Rosales R et al. Through the wall: ex-
tracellular vesicles in Gram-positive bacteria, mycobacteria
and fungi. Nat Rev Micro 2015;13:620-30.

Cairo G, Recalcati S, Mantovani A et al. Iron trafficking and
metabolism in macrophages: contribution to the polarized
phenotype. Trends Immunol 2011;32:241-7.

Chatterjee D, Chaudhuri K. Association of cholera toxin with
Vibrio cholerae outer membrane vesicles which are internal-
ized by human intestinal epithelial cells. FEBS Lett 2011;585:
1357-62.

Ciofu O, Beveridge TJ, Kadurugamuwa ] et al. Chromosomal
beta-lactamase is packaged into membrane vesicles and se-
creted from Pseudomonas aeruginosa. J Antimicrob Chemother
2000;45:9-13.

Daffe M. The cell envelope of tubercle bacilli. Tuberculosis
2015;95(Suppl 1):5155-8.

Dauros Singorenko P, Chang V, Whitcombe A et al. Isolation of
membrane vesicles from prokaryotes: a technical and bio-



6 | Pathogens and Disease, 2018, Vol. 76, No. 4

logical comparison reveals heterogeneity. ] Extracell Vesicles
2017;6:1324731.

Domingues S, Nielsen KM. Membrane vesicles and horizontal
gene transfer in prokaryotes. Curr Opin Microbiol 2017;38:
16-21.

George KM, Chatterjee D, Gunawardana G et al. Mycolactone: a
polyketide toxin from Mycobacterium ulcerans required for vir-
ulence. Science 1999;283:854-7.

Gobin J, Moore CH, Reeve JR et al. Iron acquisition by Mycobac-
terium tuberculosis: isolation and characterization of a fam-
ily of iron-binding exochelins. P Natl Acad Sci USA 1995;92:
5189-93.

Gorringe AR, Pajon R. Bexsero: a multicomponent vaccine for
prevention of meningococcal disease. Hum Vacc Immunother
2012;8:174-83.

Guidi R, Levi L, Rouf SF et al. Salmonella enterica delivers its geno-
toxin through outer membrane vesicles secreted from in-
fected cells. Cell Microbiol 2013;15:2034-50.

Gurung M, Moon DC, Choi CW et al. Staphylococcus aureus
produces membrane-derived vesicles that induce host cell
death. PLoS One 2011;6:e27958.

Harding CV, Boom WH. Regulation of antigen presentation by
Mycobacterium tuberculosis: a role for Toll-like receptors. Nat
Rev Micro 2010;8:296-307.

Holmes MA, Paulsene W, Jide X et al. Siderocalin (Lcn 2) also
binds carboxymycobactins, potentially defending against
mycobacterial infections through iron sequestration. Struc-
ture 2005;13:29-41.

Jager ], Keese S, Roessle M et al. Fusion of Legionella pneumophila
outer membrane vesicles with eukaryotic membrane sys-
tems is a mechanism to deliver pathogen factors to host cell
membranes. Cell Microbiol 2015;17:607-20.

Jurkoshek KS, Wang Y, Athman JJ et al. Interspecies communi-
cation between pathogens and immune cells via bacterial
membrane vesicles. Front Cell Dev Biol 2016;4:125.

Kesty NC, Mason KM, Reedy M et al. Enterotoxigenic Escherichia
coli vesicles target toxin delivery into mammalian cells.
EMBO ] 2004;23:4538-49.

Kolling GL, Matthews KR. Export of virulence genes and Shiga
toxin by membrane vesicles of Escherichia coli 0157:H7. Appl
Environ Microb 1999;65:1843-8.

Kuehn MJ, Kesty NC. Bacterial outer membrane vesicles and the
host-pathogen interaction. Genes Dev 2005;19:2645-55.

Kurthkoti K, Amin H, Marakalala MJ et al. The capacity of
Mycobacterium tuberculosis to survive iron starvation might
enable it to persist in iron-deprived microenvironments of
human granulomas. mBio 2017;8:e01092-17.

Lee EY, Choi DY, Kim DK et al. Gram-positive bacteria produce
membrane vesicles: proteomics-based characterization of
Staphylococcus aureus-derived membrane vesicles. Proteomics
2009;9:5425-36.

Lee J, Kim SH, Choi DS et al. Proteomic analysis of extracellular
vesicles derived from Mycobacterium tuberculosis. Proteomics
2015;15:3331-7.

Lin J, Zhang W, Cheng J et al. A Pseudomonas T6SS effector re-
cruits PQS-containing outer membrane vesicles for iron ac-
quisition. Nat Commun 2017;8:14888.

Marsollier L, Brodin P, Jackson M et al. Impact of Mycobacterium
ulcerans biofilm on transmissibility to ecological niches and
Buruli ulcer pathogenesis. PLoS Pathog 2007;3:e62.

O’Donoghue EJ, Krachler AM. Mechanisms of outer membrane
vesicle entry into host cells. Cell Microbiol 2016;18:1508-17.

Olaya-Abril A, Prados-Rosales R, McConnell MJ et al. Char-
acterization of protective extracellular membrane-derived

vesicles produced by Streptococcus pneumoniae. J Proteomics
2014;106:46-60.

Pathirana RD, Kaparakis-Liaskos M. Bacterial membrane vesi-
cles: biogenesis, immune regulation and pathogenesis. Cell
Microbiol 2016;18:1518-24.

Prados-Rosales R, Baena A, Martinez LR et al. Mycobacteria re-
lease active membrane vesicles that modulate immune re-
sponses in a TLR2-dependent manner in mice. J Clin Invest
2011;121:1471-83.

Prados-Rosales R, Brown L, Casadevall A et al. Isolation and iden-
tification of membrane vesicle-associated proteins in Gram-
positive bacteria and mycobacteria. MethodsX 2014a;1:124-9.

Prados-Rosales R, Carreno L], Batista-Gonzalez A et al. Mycobac-
terial membrane vesicles administered systemically in mice
induce a protective immune response to surface compart-
ments of Mycobacterium tuberculosis. mBio 2014b;5:e01921-14.

Prados-Rosales R, Weinrick B, Piqué DG et al. Role for Mycobac-
terium tuberculosis membrane vesicles in iron acquisition. J
Bacteriol 2014¢;196:1250-6.

Rao PK, Rodriguez GM, Smith I et al. Protein dynamics in
iron-starved Mycobacterium tuberculosis revealed by turnover
and abundance measurement using hybrid-linear ion
trap-Fourier transform mass spectrometry. Anal Chem
2008;80:6860-9.

Rath P, Huang C, Wang T et al. Genetic regulation of vesiculoge-
nesis and immunomodulation in Mycobacterium tuberculosis.
P Natl Acad Sci USA 2013;110:E4790-7.

Ratledge C, Dover LG. Iron metabolism in pathogenic bacteria.
Annu Rev Microbiol 2000;54:881-941.

Ratledge C, Patel PV, Mundy J. Iron transport in Mycobac-
terium smegmatis: the location of mycobactin by electron mi-
croscopy. ] Gen Microbiol 1982;128:1559-65.

Richardson ET, Shukla S, Sweet DR et al. Toll-like receptor
2-dependent extracellular signal-regulated kinase signaling
in Mycobacterium tuberculosis-infected macrophages drives
anti-inflammatory responses and inhibits Th1 polarization
of responding T cells. Infect Immun 2015;83:2242-54.

Rodriguez GM, Smith I. Mechanisms of iron regulation in my-
cobacteria: role in physiology and virulence. Mol Microbiol
2003;47:1485-94.

Roier S, Zingl FG, Cakar F et al. A novel mechanism for the bio-
genesis of outer membrane vesicles in Gram-negative bacte-
ria. Nat Commun 2016;7:10515.

Snow GA. Mycobactins: iron chelating growth factors from my-
cobacteria. Bacteriol Rev 1970;34:99-125.

Snow GA, White AJ. Chemical and biological properties of
mycobactins isolated from various mycobacteria. Biochem J
1969;115:1031-45.

Toyofuku M, Carcamo-Oyarce G, Yamamoto T et al. Prophage-
triggered membrane vesicle formation through peptidogly-
can damage in Bacillus subtilis. Nat Commun 2017;8:481.

Turnbull L, Toyofuku M, Hynen AL et al. Explosive cell lysis as a
mechanism for the biogenesis of bacterial membrane vesi-
cles and biofilms. Nat Commun 2016;7:11220.

Vernikos G, Medini D. Bexsero® chronicle. Pathog Glob Health
2014;108:305-16.

Vijay S, Nair RR, Sharan D et al. Mycobacterial cultures contain
cell size and density specific sub-populations of cells with
significant differential susceptibility to antibiotics, oxidative
and nitrite stress. Front Microbiol 2017;8:463.

Ziegenbalg A, Prados-Rosales R, Jenny-Avital ER et al. Immuno-
genicity of mycobacterial vesicles in humans: identifica-
tion of a new tuberculosis antibody biomarker. Tuberculosis
2013;93:448-55.



