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The human microbiome is known to play an essential role in influencing host health. Extracellular
vesicles (EVs) have also been reported to act on a variety of signaling pathways, distally transport
cellular components such as proteins, lipids, and nucleic acid, and have immunomodulatory effects.
Here we shall review the current understanding of the intersectionality of the human microbiome
and EVs in the emerging field of microbiota-derived EVs and their pharmacological potential. Microbes secrete several classes of EVs: outer membrane vesicles (OMVs), membrane vesicles (MVs),
and apoptotic bodies. EV biogenesis is unique to each cell and regulated by sophisticated signaling
pathways. EVs are primarily composed of lipids, proteins, nucleic acids, and recent evidence suggests they may also carry metabolites. These components interact with host cells and control various
cellular processes by transferring their constituents. The pharmacological potential of microbiomederived EVs as vaccine candidates, biomarkers, and a smart drug delivery system is a promising
area of future research. Therefore, it is necessary to elucidate in detail the mechanisms of microbiome-derived EV action in host health in a multi-disciplinary manner.

Introduction

Interest in extracellular vesicles (EVs) has dramatically increased over the course of three decades as their physiological
importance and promising biomedical applications have been
realized. Upon the initial discovery that eukaryotic cells release
bi-layered vesicles into the extracellular environment in 1983,
their function was not well understood and EVs were written
off as the cellular equivalent of a garbage disposal.[1] However,
extensive research conducted over the past several decades have
revealed that EVs are expressed in prokaryotes, eukaryotes,
and archaea at varying levels of environmental stress. This evidence suggests that EV secretion is an evolutionarily conserved,
necessary function in cells across all domains of life.[2] While
nomenclature confusion has previously been an issue in the
field, the term extracellular vesicle is the general term used for
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all lipid-bilayer encased spherical nanoparticles that transport
protein, lipid and nucleic acid cargo from the cell into the extracellular milieu. The role of EVs in intercellular communication,
long-distance transport of active biomolecules, receptor-mediated host cell entry, immune modulation, disease pathogenesis,
and a variety of biomedical applications including bioengineered vaccine adjuvants and diagnostic biomarkers have become a research topic of great interest in the past decade.[3,4]
The functional significance of the commensal bacteria living
in and on our bodies, or microbiota, has similarly undergone
a reversal of favor in the scientific community since the turn of
the century. While it has been well-established that communities of bacteria naturally co-exist within our bodies, their relationship with their human host was regarded as largely commensal or potentially pathogenic. Appreciation of the essential
symbiotic role microbiota plays in health has dramatically
increased since 2001 when Nobel Laureate Joshua Lederberg
famously coined the term microbiome as it is currently defined:
the collection of genomes contributed by all microorganisms
present in an ecosystem.[5] Since then, an explosion of research
has revealed that the human microbiome has a multitude of essential functions in host health including immune modulation,
nutrient metabolism, maintenance of the intestinal barrier, and
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protection from pathogen colonization.[6-8]
As advancements in both EV and microbiome research have
dramatically increased in the past decade, the intersectionality
of the microbiome and EVs is emerging as a promising research
avenue. Previously, only gram-negative bacteria were thought to
produce EVs. However, it was recently determined that grampositive bacteria also release ectosomes, a class of EVs that are
packaged and released at the cellular membrane as cells grow.[9]
Furthermore, mounting evidence suggests that single-cell bacteria as well as multicellular eukaryotic organisms undergo programmed cell death, or apoptosis.[10] This introduces another
layer of complexity to bacterial EV secretion as cells that undergo apoptosis release another class of EVs, apoptotic bodies,
which carry cellular cargo from cells undergoing programmed
cell death into the extracellular environment. Through further
exploration of the emerging field of microbe-derived extracellular vesicles, researchers can better understand the complex interplay of host-microbiota interactions and develop innovative
pharmacological health solutions using microbe-derived EVs as
a smart drug delivery system.

Why microbiome-derived EVs?

EVs are released from all three domains of life including our
own eukaryotic human cells, so why is special interest warranted to EVs originating from our commensal bacteria? Three
decades ago the foundation of human genetics was based on
the assumption that the vast, complex biological functions
of the human body were carried out primarily by the genetic
information contained in our own cells. Thus, launched the
groundbreaking Human Genome Project in 1990 which sought
to sequence and map the entire human genome in order to
elucidate our genetic makeup. Early estimates of the number
of genes contained in the human genome ranged from 50,000
upwards to 140,000. However, at the HGP’s completion in 2003
it was revealed that the human genome contained drastically
fewer genes than previously estimated. At present, the human
genome is estimated to encode approximately 20,500 genes,
barely surpassing the genetic content of Caenorhabditis elegans,
a 1 mm roundworm.[11,12]
While scientists were left scratching their heads over the unexpectedly low number of protein-encoding genes in the human
genome, interest in understanding the genetic contributions
of the commensal microorganisms co-existing in and on our
bodies, the microbiota, began to rise. The human microbiota
was generally believed to outnumber human cells by a factor
of 10, so logically the next step to uncover the missing piece of
the genetic puzzle making up our bodies was to launch the Human Microbiome Project (HMP) in 2007. The HMP conducted
metagenomic sequencing, a culture independent methodology
that selectively targets the conserved 16s ribosomal RNA region
of bacteria, to identify up to the species level all the bacteria
composing the microbial flora of healthy people at multiple
body sites.[13] Whole genome shotgun sequencing and gene
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mapping further elucidated the functional characteristics of
core bacterial strains in our microbiota.
The HMP and other investigations around the world have
laid the foundation for an ever-increasing understanding of
our microbiome. Though it was commonly believed bacterial
cells outnumber our own by a factor of 10, it now estimated to
be a more modest factor of 1.1. Rather than raw cell count, the
critical way microbiota outnumber their human counterparts
is by their genetic contributions. It is estimated that on average
1,000 different bacterial species inhabit a healthy human host
and that each species encodes roughly 2,000 genes.[14] Based
on these currently accepted approximations, our microbiome
yields approximately 2,000,000 genes, vastly outnumbering the
20,500 genes contributed by our own human genome. Thus, the
human body can be viewed as a supraorganism comprised of
trillions of both human and microbial cells shaped by 99% microbial and 1% human genomic content.
The HGP and HMP have shown that the human genome comprises less than 1% of the total genetic material present in our
body, highlighting the importance of understanding how the
composition and activity of the other 99% contributed by our
microbiota impacts human health and disease. Imbalances in
commensal microbial communities have been associated with a
wide variety of diseases including obesity, diabetes, cancer, depression, anxiety, asthma, atopic dermatitis, nonalcoholic fatty
liver disease (NAFLD), and Irritable Bowel Syndrome (IBS).[1517] As interest continues to shift from microbial composition
to functionality, EVs derived from these bacterial communities
have great potential as therapeutic and diagnostic tools to better
understand the complex interactions between commensal microbial communities and the host.

EV biogenesis

The biogenesis of EVs is a very tightly regulated process governed by multiple signaling molecules and begins with receptor
activation unique for each cell type.[18] Though eukaryotic EV
biogenesis is well characterized, the mechanisms of bacterial EV
biogenesis have only recently begun to be elucidated.[19] Here
we will describe the current understanding of the biogenesis of
ectosomes, also called shedding vesicles, in gram-negative and
gram-positive bacteria as well as bacterial release of apoptotic
bodies as summarized in Figure 1. Additionally, we will briefly
discuss the well-defined mechanisms underlying eukaryotic
exosome release that can offer insights into the process of EV
biogenesis.

Gram-negative bacteria: Outer Membrane Vesicles (OMV)

Gram-negative bacteria produce ectosomes, known as outer
membrane vesicles (OMVs), that contain periplasmic constituents including proteins, lipoproteins, phospholipids, and
lipopolysaccharide (LPS).[2] The first step in OMV formation is
outward bulging of the outer membrane (OM). Links between
the OM and the peptidoglycan are lost, either by movement
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Figure 1. Proposed bacterial extracellular vesicle secretion. Bacteria ubiquitously release extracellular vesicles (EVs) into the extracellular milieu
roughly 10-300 nm in diameter. EVs are composed of a lipid bilayer containing soluble and insoluble proteins, nucleic acids, and lipids. The lipid
bilayer encasing the vesicular contents confers protection from extracellular degradation by nucleases and proteases, allowing distal transfer of EV
cargo. (A) Gram negative and positive bacteria secrete ectosomes, or outer membrane vesicles (OMV) and membrane vesicles (MV), respectively.
OMV biogenesis through budding of the outer membrane is well characterized, however the mechanism of MV biogenesis through the thick peptidoglycan cell wall of gram positive bacteria is not yet fully understood. (B) Bacterial cells also undergo apoptosis, a conserved self-destruct mechanism instigated by environmental stimuli such as quorum sensing or UV damage. After the apoptotic pathway is initiated, nucleoid DNA is degraded
and subsequently fragmented, followed by cell membrane fragmentation. Finally, blebbing of the cell membrane occurs, resulting in release of bacterial apoptotic bodies containing bacterial cellular components.

of linking protein or by breaking the connection directly in
various areas. This process can result in the incorporation of
peptidoglycan fragments and parts of OM-peptidoglycan bridging proteins in the OMV.[20] However, simply removing OMpeptidoglycan links cannot sufficiently explain the mechanism
of OMV formation. Overexpressed and misfolded periplasmic
proteins can cause budding and specific proteins are enriched/
excluded in OMVs, suggesting a more sophisticated biogenesis
pathway. Gathering of periplasmic proteins as well as accumulation of curvature-inducing OM proteins could induce addi-
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tional budding events.[20,21]
It is often proposed that OMVs are released from the bacterial cell when the bud grows to the point at which membrane
curvature forces separation. Many membrane fission processes
are energy-dependent, but the gram-negative bacterial envelope
does not have a direct energy source such as ATP or NADPH,
so it is not clear what would drive this fission. One possibility is that energy is provided from the cytoplasm via an inner
membrane conduit. Alternatively, the required energy could be
stored by the folding of membrane-associated proteins and re-
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leased by their conformational changes, as occurs for the membrane fusion step of many viruses.[20,22]

Gram-positive bacteria: Membrane Vesicles (MV)

Unlike gram-negative bacteria, gram-positive bacteria lack
an outer membrane and have a much thicker peptidoglycan
cell wall outside of the cell membrane, which led to the initial
assumption that gram-positive bacteria could not release EVs.
However, increasing evidence has shown that many species of
gram positive bacteria release EVs, or membrane vesicles.[9,23]
Currently, the specific mechanisms behind the release of EVs in
gram-positive bacteria are not fully understood, but support for
three exclusive hypotheses exists in scientific literature.
EVs may be forced through the cell wall by turgor pressure
after release from the plasma membrane.[24] Alternatively,
cell wall-modifying enzymes released with EVs may facilitate a
loosening of the wall to enable EV release. Such a mechanism
may be widespread, as EVs from the Gram-positive bacterium
Staphylococcus aureus carry peptidoglycan-degrading enzymes,
such as Sle1, that can manipulate the thick Gram-positive peptidoglycan cell wall.[9] Finally, EVs may be actively transited
through channels. In other words, proteins channels or structural cables may guide EVs to the extracellular environment.[24]

Microbial apoptotic bodies

Another development in the field of microbial membrane dynamics is the recent attention given to prokaryotic programmed
cell death (PCD), or apoptosis. It was originally presumed that
possession of a genetically coded cellular self-destruct mechanism would confer no evolutionary advantage to single-celled
organisms. However, recent evidence suggests that bacteria
undergo apoptosis in an altruistic manner for the benefit of the

entire colony rather than the individual cell in order to respond
to environmental stress, biofilm formation, and genetic transformation.[25] Once PCD signal pathways are activated, DNA
damage and fragmentation are induced, leading to blebbing at
the cell membrane, which results in cell fragmentation and the
release of apoptotic bodies. These apoptotic bodies contain fragments of cellular DNA, RNA, proteins, and other cellular components.[22] While in-depth research of eukaryotic apoptosis
has enabled a detailed understanding of the mechanisms of
eukaryotic autolysis and subsequent release of apoptotic bodies,
further research and studies must be conducted to understand
the role of apoptotic body release from our microbiota in immune system modulation and intercellular signaling.

Eukaryotic cell-derived exosomes

Briefly, we will discuss the formation and release of exosomes,
a class of EV released in all eukaryotic cells. Exosomes, while
not present in microbiota, are a well-characterized EV class that
offer insight into cellular mechanisms involved in EV biogenesis
that may be conserved in other EV classes, such as ectosomes.
Exosomes biogenesis begins with the characteristic formation
of intraluminal vesicles (ILVs) transported in multivesicular
bodies (MVBs).[26] The best-described mechanism for formation of MVBs and ILVs is carried out by the endosomal sorting
complex required for transport (ESCRT). ESCRT machinery is
formed at vesicle budding sites at the cell membrane through
recruitment of four cytosolic protein complexes. The ESCRT-0
complex recognizes and sequesters ubiquitin-modified transmembrane proteins in the endosomal membrane. The ESCRT-I
and -II complexes are believed to be responsible for membrane
budding containing the sorted cargo and ESCRT-III components drive vesicle scission.[27,28] ESCRT vesicular bodies are

Figure 2. Proposed bacterial extracellular vesicle composition and related function. Bacterial EVs are enclosed in a phospholipid bilayer originating
from the bacterial membrane that along with lipo- and cytosolic proteins can be used as a nutrient source by targeted cells. Cytoplasmic proteins
contained within the EV also have roles in immunomodulation and potential pharmacological applications. Lipoproteins and LPS embedded in the
phospholipid bilayer moderate site-specific targeting of the EV for intra- and intercellular communication and EV constituent delivery. Nucleic acids
including sRNA, mRNA, tRNA, rRNA, and DNA are transported in bacterial EVs, further contributing to immunomodulation as well as horizontal
gene transfer. Recent evidence that bacterial EVs are metabolically active suggest that bacterial EV may also contain metabolites, increasing the
pharmacological potential of bacterial EVs.
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released from the cytosolic space by a fission event involving a
ring of proteins at the bud-membrane interface. This protein
ring complex constricts the neck of the bud by forming increasingly smaller rings and finally pinches the budding vesicle
from the membrane to be released into the extracellular milieu.
[20,29] However, some evidence suggests that MVBs and ILVs
can form in the absence of ESCRT.[30,31] Therefore, MVBs and
their ILVs can be formed by both ESCRT-dependent and -independent mechanisms related to the cargo that is sorted within a
given cell.[20]

Microbial EV components and functions

Despite their nanosized dimensions, microbial EVs contain
a variety of functional components including microbe-derived
lipids, luminal and membrane proteins, nucleic acid (DNA,
siRNA, mRNA, tRNA, and sRNA), and possibly metabolites.
[3,20,24] After these components are released extracellularly
within a spherical phospholipid bilayer, they have a variety of
functional roles in host health as outlined in Figure 2. Here we
will discuss these functions including drug delivery, targeting,
immunomodulation, and gene transfer as they relate to the
pharmacological potential of microbial EVs.

Role of lipids in microbial EVs
Drug delivery vehicle

The bilayered lipids of OMVs include mainly lipopolysaccharide (LPS) and outer membrane lipids.[32] A number of lipid
vesicles called liposomes are incorporated in mammalian cells
cultured in vitro with no observable cytotoxic effect.[33] Due to
the variety of glycolipids and glycoproteins inserted into liposomal vesicles, uptake of vesicles of defined composition by cells
offers a potential to modify cellular composition and to introduce biological activity of molecules into cells.[33]
EVs can be used to deliver a variety of cargo including cyclic
nucleotides, enzymes, sugars, and anti-tumor drugs.[34-36]
Recently, nano or micro particles, such as virus-like particles
and liposomal vesicles, are under investigation for their use as a
vaccine delivery system.[37,38] Considering this evidence, EVs
have notable advantages as pharmacological vehicles. Native
OMVs have the immunogenic capacity to carry a wide spectrum of endogenous antigens, and the natural self-adjuvanticity
exerted by toll-like receptor (TLR) agonists, such as LPS.[39]
However, to use OMVs as vehicles, safety concerns about the
inclusion of endotoxic LPS must be resolved due to the potential for excessive secretion of proinflammatory cytokines
instigated by LPS.[40] Many studies have explored the potential
use of vesicles as a drug delivery vehicle such as Kim et. al. who
successfully modified OMVs to be utilized as multifunctional
vaccine delivery vehicles.[39]

Specific targeting

Regardless of the exact lipid composition of EVs, the lipid

Vol. 26, No.3, Sep 15, 2018

bilayer appears to be adapted to the EV’s target environment.
pH may differ among target tissues, and the vesicle needs to
be rigid enough to maintain in these environments to function optimally.[41] In addition, carbohydrate cell membrane
determinants play a significant role in intercellular recognition
processes. The carbohydrate recognition systems include the
receptors for glycoprotein.[42] The existence of these receptors
suggests that it should be possible to control the tissue distribution and cellular uptake of phospholipid vesicles by attaching
appropriate carbohydrate determinants to the vesicle surface.
[43,44] The modification of the vesicle surface with specific
synthetic glycolipids has been shown that the tissue distribution
and stability of these vesicles are significantly affected in mice.
[45,46] The surface properties of vesicles can be changed by
size, surface charge, permeability, and the surface ligand groups.
[47] The physical state of lipids is important in determining the
pathways by which lipid vesicles are incorporated into cultured
cells. Thus, the method manipulating the lipid composition of
vesicles have a potential to achieve some degree of targeting of
vesicles and their contents to specific regions of the cell.[33]

Role of proteins in microbial EVs

Although lipids are accepted to play important roles in EVs
functions, proteins are indispensable. Such proteins can play
significant roles in regulatory processes, cellular responses, hostmicrobe interactions and targeting.[41] According to a variety
of proteomic studies, a number of proteins are detected in microbial Evs.[10,48] EV proteins are mainly located in either the
membrane or luminal space and are understood to potentially
function in immunity, targeting, and pathogenicity.

Membrane proteins

Outer membrane proteins mainly operate in flagellum assembly, pore formation, transport of specific substrates, and outer
membrane stabilization. Additionally, various membrane proteins have been shown to be important for antibiotic resistance,
proteolysis, and host-bacteria interaction.[32] For example,
OprM is required for antibiotic efflux,[49] PonA is involved in
β-lactam resistance,[50] and LasA is a protease virulence factor
related to chronic lung infections such as cystic fibrosis.[51] In
addition, EVs released by bacteria, such as Pseudomonas aeruginosa and Staphylococcus aureus, contain a variety of virulence
factors that can stimulate the host immune system.[10,48]
Membrane proteins also play a critical role in targeting of
the EV. The carbohydrate cell membrane recognition systems
include the receptors for galactose-terminated glycoproteins
in hepatocytes, 6-phosphomannosyl containing glycoproteins
in fibroblasts, and mannose terminated glycoproteins in macrophages.[52-54] These membrane glycoprotein receptors are
crucial for specific cell-targeting of bacterial EVs.

Luminal proteins

Proteins are not only localized in EV membranes, but also
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inside the EV lumen. For example, α-hemolysin was shown
to be localized in the lumen of EVs released by Staphylococcus
aureus.[55] α-hemolysin is a clinically relevant toxin which kills
many types of cells including keratinocytes[56] and has been
reported to be associated with atopic dermatitis severity.[57,58]
In general, secreted soluble toxins are neutralized and lose their
activity by engaging the host immune system.[21] EVs may offer additional protection to bacterial toxins by enveloping them
in a cell membrane compared to soluble toxins. Furthermore,
EV-associated α-hemolysin induces keratinocyte death more
readily than soluble α-hemolysin. In addition, EV-associated
α-hemolysin induces necrotic cell death by facilitating toxin
entry into the cytoplasm of keratinocytes, while soluble
α-hemolysin induces keratinocyte death via apoptosis. Thus,
α-hemolysin delivered in the EV lumen enhances keratinocyte
death and evasion of host immune defenses, illustrating the
clinical significance of EVs in luminal protein delivery.[55]

Role of nucleic acid in microbial EVs

A diverse composition of genetic material is found in microbial Evs.[26] Most research has focused on the nucleic acid contents (DNA, RNA) of EVs in human and eukaryotic cell EVs. In
contrast, much less is known regarding the properties and functions of the nucleic acid components of bacterial Evs.[59,60]
It has been well established that microbial EVs carry rRNA,
tRNA, mRNA, and small RNA (sRNAs).[59,61] The majority of
RNAs in EVs are shorter than 250 nucleotides in length and are
therefore classified as sRNAs. It is interesting to note that many
RNAs in EVs are noncoding, with prokaryotic RNAs in EVs frequently deriving from intergenic or nonprotein-coding regions.
[59,62] In addition, a large proportion of sRNAs in EVs are
from uncharacterized intergenic regions and may also modulate
gene expression in target cells.[59,63] Recent evidence suggests
that bacterial OMVs also carry bacterial DNA mainly at the
OMV surface, though their functional role and composition are
not yet fully understood.[60] The presence of bacterial DNA in
secreted EVs makes it possible to target bacteria-derived EVs
systemically as potential biomarkers of disease through metagenomic analysis of the conserved 16S rDNA region of bacteria.
[64]

Horizontal gene transfer (HGT)

The presence of RNA in EVs raises considerable interest in
the use of microbial EVs as novel mediators of horizontal gene
transfer (HGT). RNAs in EVs may attenuate or enhance the expression of specific genes in the target cell.[59,65]
To affect gene expression in target cells directly, RNAs in EVs
enter the cytoplasm by fusion of the EV with the target cell
membrane. Once in the cytoplasm, microbial RNAs might
interact with or be modified by target cell factors, such as the
eukaryotic RNA-induced silencing complex (RISC) or RNases.
Complementarity between noncoding microbial sRNA in EVs
and target cell RNAs might lead to the attenuation or enhance-
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ment of gene expression by influencing transcription, translation, or mRNA processing or stability. The mechanisms involved are likely to vary greatly depending on the specific RNA
in EV and the presence of specific target cell factors. mRNA in
EV might be translated to produce microbial proteins in target
cells.[59]

Immunomodulatory effects

Host immune cells and other somatic cells express a variety
of pattern-recognition receptors (PRRs) and other conserved
pathogen-associated molecular patterns (PAMPs).[59] Pattern
recognition receptors (PRRs) include Toll-like receptors (TLRs),
nucleotide-binding oligomerization domain-like receptors
(NLRs), retinoid acid inducible gene I (RIG-I)-like receptors
(RLRs), and C-type lectin-binding domain receptors. It is recognized that microbial nucleic acids, DNA and RNA, are sensed
by either endosomal or cytoplasmic receptors in host cells.[66]
EVs from several bacterial species trigger PRR signaling to
promote protective immunity, a property that has been harnessed for vaccine development.[59] For instance, Staphylococcus aureus EV has shown potential as a vaccine candidate by
inducing innate immunity dependent on TLR2 signaling in
host cells.[67] Most research regarding bacterial EVs and immune modulation as described above has focused on immune
regulation by LPS and proteins, which are constituents of bacterial EVs. However, currently there is no available literature that
has verified the influence of nucleic acids contained in bacterial
EVs on immunomodulation. Thus, further studies are needed
to determine the role of nucleic acids associated with bacterial
EVs in host immune modulation.

Metabolites in microbial EVs?

Recently, it has been demonstrated that EVs are metabolically active and they present L-asparaginase activity in neural
stem cells (NSCs). Although emerging evidence suggests that
EVs can act as metabolic regulators, characterization of EVs in
metabolic activity is a controversial issue.[68,69] In addition,
little is known about the existence and function of metabolites
in microbial EVs. Gut microbiota are known to produce a variety of metabolites such as N-acyl amides that can influence
and regulate host physiology.[70] Thus, it is necessary to further
investigate and characterize the presence and activity of metabolites in microbiota-derived EVs in order to harness their
potential metabolic functions.

Conclusion and perspectives

In this review, we have elaborated on recent advancements
in microbial EV research including a brief background on
the intersectionality of EVs and the human microbiome, the
biogenesis of bacterial EVs, the structure and function of their
cargo, as well as future biomedical applications of microbiotaderived EVs. Further studies must be undertaken to thoroughly
understand the mechanisms underlying the biogenesis of bacte-
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rial EVs, particularly MVs in gram-positive bacteria and bacterial apoptotic bodies. EV applications in medicine, especially
as biomarkers and pharmabiotics, is an emerging field. Future
biomedical applications of microbiota-derived EVs include biomarkers for disease diagnosis and prevention, drug delivery systems for beneficial proteins and miRNAs, as well as adjuvants
for vaccine development. As the underlying mechanisms of bacterial EV biogenesis and subsequent physiological consequences
to the human host become elucidated, their pharmacological
potential can be fully realized.
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