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Extracellular vesicle (EV) biology involves understanding the cellular and molecular
mechanisms of cell communication. Studies conducted so far with various bacterial
infection models demonstrate the release of various types of EVs that include exosomes
and microvesicles. Depending upon the infection and cell type, EV cargo composition
changes and ultimately might impact the host immune response and bacterial growth. The
mechanisms behind the EVs release, cargo composition, and impact on the immune sys-
tem have not been fully investigated. Future research needs to include in vivo models to
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understand the relevance of EVs in host immune function during bacterial infection, and to
determine aspects that are shared or species-specific in the host. This would aid in the
development of EVs as therapeutics or as markers of disease.

Immune response
Bacterial infection

Extracellular vesicles (EVs) were identified around 1980, but
then referred to as small membrane vesicles and originally
identified as particles that are released to eject unwanted
cellular components. EVs are released by most cell types and
this is a phenomenon that helps cells communicate with
each other. EVs are classified into exosomes and micro-
vesicles based on size and origin. EVs that are released by the
endocytic pathway and 30—100 nm in diameter are defined as
exosomes. The term exosome was coined by Trams et al.
[1-3]. EVs that bud off of the plasma membrane at
100—-1000 nm in diameter are referred to as ectosomes or
microvesicles [4,5]. Previous reports have demonstrated that
bacterial and viral infections can impact EVs release [6]
[Fig. 1]. Furthermore, immune cell-derived EVs play a role in

inflammation and impact the immune system. For example,
Blymphocyte produced EVs carry the MHCII antigen complex
that activates CD4"T cells [7]. The biogenesis of EVs, cargo
compositions, and the role of EVs on the immune system
during bacterial infections will be discussed in this review.

Biogenesis and release of extracellular vesicles
(exosomes and microvesicles)

EVsisolated in different studies vary in size and originate either
from the endosome or plasma membrane. Several Rabs (Ras-
related protein GTPase), ESCRT (endosomal sorting complexes
required for transport) 0, I, Il and III proteins, Sytenin I, TSG101
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Fig. 1 Extracellular vesicles biogenesis. Extracellular vesicle biogenesis in different cell types can release different EVs
(exosomes and ecotosomes or microvesicles). Exosomes processing includes invagination of the plasma membrane to form
endosomes. These endosomes will form intraluminal vesicles (ILVs) and lead to multi-vesicular bodies (MVBs) using biogenesis
proteins (i.e ESCRTs, ALIX and Syntaxin and Rabs) resulting in exosomes release. Ectosomes or microvesicles are as result of the

outward budding of the plasma membrane.

(tumor susceptibility 101), ALIX (apoptosis-linked gene 2-
interacting protein X), syndecan-1, phospholipids, tetraspa-
nins, ceramides, sphingomyelinases, and SNARE [soluble N-
ethylmaleimide-sensitive factor (NSF) attachment protein re-
ceptor] proteins play a role in the EV biogenesis and release
process [7—20]. Originally, the ESCRT complex's role in EV
biogenesis was studied in yeast [21]. ESCRT proteins them-
selves are involved in restricting NF-«B constitutive signaling in
a TNFR1 and LTBR receptor-dependent manner [22]. These re-
ceptors are concentrated in the absence of ESCRT components
Tsg101, Vps28, UBAP1, and CHMP4B [22]. The release of EVs can
be ESCRT-dependent or —independent [7]. The ESCRT complex
are involved in several cellular functions; thus, determining the
roles of individual ESCRT proteins independent of EVs biogen-
esis and release are difficult [23] [Fig. 1].

ESCRT-dependent EV biogenesis

The ESCRT dependent mechanisms produce both exosomes
and microvesicles. Microvesicle formation includes ectoso-
mal budding of the cargo with the plasma membrane from
cell surface [Fig. 1]. This process results in the release of
100—1000 nm ectosomes or microvesicles. The exosome
biogenesis process involves the invagination of the plasma
membrane to create endosomes called multivesicular
bodies (MVBs) that contain intraluminal vesicles (ILVs).
These MVBs can either fuse with lysozyme to degrade the
cargos or release exosomes through the plasma membrane.
ESCRT complex is involved in the biogenesis of the EVs.
ESCRT contains five protein complexes (ESCRT 0, I, II, III, and
Vps4). The ESCRT-0 is a heterodimer in 1:1 ratio with Vps27/

HRs (HGF-regulated tyrosine kinase substrate) and Hsel/
STAM (signal transducing adaptor molecule)
[7,10,14,16,17,23—25]. ESCRT-0 binds to endosomal mem-
brane lipids and ubiquitinated proteins to execute the first
sorting step in ILV cargo. In the next step, ESCRT-0 recruits
ESCRT-1 that contains Vps23/TSG101, Vps28, Vps37, and
Mvb12 or ubiquitin-associated protein 1 (UBAP1) and this
process further enhances cargo selection. ESCRT-II (Vps36/
Eap45, Vps22/Eap22, and 2 Vps25/Eap20) forms a Y-shaped
structure where Vps28 of ESCRT-I binds to the GLUE domain
of the ESCRT-II protein Vps36/EAp45 which controls the
initial formation of the inward endosomal membrane buds
and also stabilizes the growing vesicle [10,24,26]. Thus, the
three ESCRT complexes interact with each other to sort
ubiquitinated proteins to the multivesicular body (MVB)
pathway and cargo molecules are likely transferred between
ESCRT complexes. ESCRT-III contains four core subunits
(Vps20/CHMPS6, Snf7/CHMP4, Vps24/CHMP3 and Vps/
CHMP?2) with three accessory proteins Did2/CHMP1, Vps60/
CHMPS and Istl. The two arms of ESCRT-II (Vps25/Eap20)
interact with ESCRT-III subunit Vps20/CHMP6 (charged
multi-vesicular body protein 6) that further recruits CHMP
proteins 2, 3, 4 to induce vesicle budding until they are
released by VPS4 ATPase [19,27,28]. Furthermore, Vps4
binding with ESCRT-III subunits Snf7 and Vps2 is essential
for neck constriction, disassembly and recycling of the
ESCRT-III subunits to the cytoplasm [19,27,28] Also, in some
cell types ILVs inward budding can occur in a GTPase Arf6
and phospholipase D2 (PLD2) dependent manner with Alix-
syntenin-syndecan complex in coordination with ESCRT I
and III [8].


https://doi.org/10.1016/j.bj.2020.05.006
https://doi.org/10.1016/j.bj.2020.05.006

BIOMEDICAL JOURNAL 44 (2021) I57—164

159

Donor cells Exosomes

and
Microvesicles

Epithelial cells

yr

% Fibroblasts

Bacterial
Infection

Immune cells

(&
<o ®0 —
(©)

Extracellular vesicle

Lipid rafts

Enzymes
ATPase, LDH,
GAPDH, MMPs,

Bacterial
Products

Integrins and
adhesion molecules

Fig. 2 Extracellular vesicle cargo composition during bacterial infection. Bacterial infection can lead to the release of different
types of EVs. EVs are made up of major histocompatibility complex (MHCs), lipid rafts, tetraspanins, ESCRT proteins (Alix/
TSG101), Rabs and integrin adhesion molecules. These surface molecules likely help with EV entry into the recipient cells. EVs
cargo contains several different types of molecules that include heat shock proteins (HSPs), enzymes (ATPase, lactose
dehydrogenase, GAPDH, MMPs, PGK1), small RNAs (miRNA, IncRNA), mRNA, DNA, metabolites, bacterial products).

ESCRT-independent EV biogenesis

The proof for ESCRT-independent exosome formation came
from cell culture studies utilizing knockdown methods to
prevent expression of ESCRT proteins [29]. ESCRT-
independent exosome biogenesis includes ceramide and
tetraspanins. Ceramide as a cone-shaped lipid might pro-
mote membrane budding or convert into sphingosine 1-
phosphate (S1P) to bind on MVBs and literature suggests
that maturation of exosomes occurs by S1P [18,30,31]. Tet-
raspanins (CD63, CD9, and CD81) are suggestive markers of
exosomes, interact with cell adhesion and signaling mole-
cules and might be involved in inward budding of the
vesicles [32,33]. For example, pre-melanosome protein and
B-catenin were shown to be loaded by CD63 and CD9
[34,35].

Microvesicle biogenesis

Microvesicle biogenesis involves cargo accumulation on the
cytosolic side of the plasma membrane in coordination with
membrane lipids, and the production involves outward cell
membrane budding with several mechanisms being impli-
cated in this process. For example, ESCRT proteins Tsg101 and
Vps4 have been suggested in microvesicle biogenesis [1,24].
Also, calcium as a co-factor activates cytoskeleton proteins to
enhance microvesicle outward budding. Furthermore, Ca*"
activates enzymes such as flippase, floppase and scramblase
that are involved in regulating plasma membrane phospho-
lipid translocation which is a key process for outward mem-
brane budding [36] [Fig. 1].

Role of Rab GTPases in extracellular vesicle biogenesis

Rab GTPases were originally identified in reticulocyte exo-
somes. There are 70 distinct Rab proteins that appear to be

involved in different functions that include cargo transport,
recycling, and endocytic pathways which are activated
when bound to GTP. About 28 of them have been identified
in exosomes released from various cell types. Most of these
Rabs were proposed to be involved in EV biogenesis and
release while so far only some of the Rabs functions have
been studied. The first mammalian Rabs identified were Rab
5 and Rab 7, while Rab 4 (a, b), Rab 5 (a, b,c), Rab 7 (a, b), Rab
11 (a,b), Rab 25 and Rab 11c were most studied for their
function [37—44]. Rab 5 and Rab 7 have been shown to
regulate endocytic cargo uptake and transport to endosomal
and lysosomal compartments [37—39,41]. The pervasive Rab
GTPases Rab 5, Rab 4, Rab 11 are involved in early endocytic
while Rab 7 and Rab 9 regulate late endocytic pathways.
Furthermore, Rab 11 and Rab35 recycle endosomal mem-
brane components to the plasma membrane while Rab 27 is
involved in transporting endosomal and lysosomal mole-
cules to plasma membrane [44]. In addition, Rab 27 along
with secretory GTPase Rab3 and Rabl1 regulate exocytosis.
In K562 cells, overexpression of Rab 11 moderately stimu-
lated exosome release while its inhibition decreased exo-
some release. Furthermore, in calcium dependent exosome
release, Rab11 plays a role in promoting the fusion of MVBs.
In neuronal cells, Rab 11 regulates exosome release. Rab 35
is localized at the plasma membrane which mainly regu-
lates different proteins recycling from endosomes. In vitro
studies with oligodendroglial cells indicated the role of Rab
35 in exosome release and is dependent on intracellular
calcium levels. A role for Rab 27 in exosome release was
demonstrated by knockdown experiments with HeLa cells
and breast cancer cell lines. The exosome content was not
altered with Rab27 depletion suggesting no role in protein
sorting to the ILVs. Moreover, exosomal secretion by Rab 11
and Rab 35 seems to be ESCRT-independent. The down-
stream mechanisms involved in exosomes release and the
role of Rabs in these events remains to be investigated.
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Fig. 3 Extracellular vesicles impact host immune response and bacterial survival. EVs enter into recipient cells by either
endocytosis or pinocytosis. The EV cargo impacts the host immune response and in certain cases help spread pathogen

infection.

Composition of extracellular vesicle cargoes

An example EV structure and cargos are shown in Fig. 2. The
components of EVs differ based on the origin of the cells and
the type of bacterial infection. Exosomes contain flotillin,
caveolin, annexins, GTPases, tetraspanins (CD9, CD63, CD81),
heat-shock proteins (HSP60, HSP70, and HSP90), phospholi-
pases and also EV membrane proteins (Alix, TSG101), micro-
tubule and cytoskeleton protein, antigen presentation
molecules (MHC-I, MHC-II), signaling molecules (CD55, CD59,
CD82, and Rabs) and mitochondrial DNA, single-strand DNA
and double-strand DNA [45—53]. EVs originated from the
plasma membrane (microvesicles) contain tetraspanins,
integrins, and proteoglycans, Tya, Cla, and CD35. Both EVs
contain DNA sequences, mRNA, microRNAs (miRNAs), long
intergenic non-coding RNAs (lincRNAs) and circular RNAs
(circRNAs) [45—53]. EVs appear to also transfer toxins, as well:
an example includes Bacillus anthracis-produced anthrax toxin
from human epithelial cells [54]. EVs RNA packaging appears
to be specific and previously Y-box protein 1 was implicated in
packaging some miRNA [55]. EVs can transfer these molecules
to a recipient cell by direct fusion with the plasma membrane
or by phagocytosis, micropinocytosis or endocytosis [56,57].
Transfer of DNA can activate stimulator of interferon genes
(STING) in recipient cells [58]. Interestingly, epidermal growth
factor receptor (EGFR) and topoisomerase-I inhibitor treat-
ments have been shown to package DNA into exosomes with
an unknown mechanism involved in the process [58,59]

(Fig. 2).

Role of biogenesis proteins in size, morphology,
and composition of the EVs

Previously, studies with cell culture models and knockdown
technology demonstrated the role of EV biogenesis proteins in

the size and release of EVs. For example, Colombo et al.
demonstrated that knockdown of ESCRT-0/I (HRS, STAM1 or
TSG101) genes in HeLa-CIITA cells that express major histo-
compatibility complex II (MHC II) resulted in 50% inhibition
while ESCRT-III (CHMP4C, VPS4B, VTA1, ALIX) knockdown
induced at least 50% increase in exosome secretion [24]. In
MCF?7 cells, inhibition of VPS4 did not impact CD63-specific EV
release [14]. Trajkovic et al. demonstrated a similar phenom-
enon with VPS4 knock-down in Oli-neu cells (a mouse oligo-
dendroglial cell) with no impact on CD63 or proteolipid
protein-specific EVs release [18]. Transfection of human CD4
T cells with double negative (dn) VPS4 (VPS4dn-GFP) disrupted
the function of endogenous VPS4 and resulted in a decrease in
EVs by T cells [60]. Most recently, Jackson et al. reported that
VPS4 inhibition in HEK293 cells decreases EV numbers as well
as the protein (CD63 and CD9) and miRNA cargo [12]. Several
molecules such as cytokine IL-2, granulocyte macrophage
colony stimulating factor, hepatocyte growth factor, platelet-
derived growth factor and epidermal growth factor induce
Hrs, STAM1 and STAM2 tyrosine phosphorylation [61—-63].
These molecules are known to be involved in vesicle trans-
port. Hrs knockdown (hrs™) in a fibroblastoid cell line
(derived from E9.5 hrsfo*P/foXP moyuse embryos) resulted in
very low levels of STAM 1 and STAM 2 expression [14].
Transfection of hrs plasmid to the hrs™ cells resulted in
ubiquitinated protein accumulation and full restoration of
STAMs [14]. In human liver stem-cells (HLSCs) Alix knock-
down did not impact EVs release; however, miRNA expression
and in turn the transfer to endothelium was decreased [11].
Furthermore, in HeLa and Hep-2 cells knockdown of Hrs,
Tsgl01, Vps22, and Vps24 together resulted in enlarged MVEs
with some empty and others with single membrane contain-
ing lysosomal contents [29]. The morphology of the quadruple
knockdown cells appeared similar to Tsgl01 single depleted
cells with a more dramatic impact on the endocytic structures
[29]. Tt is likely that smaller vesicles fused to become the
enlarged structures. Interestingly, quadruple knockdown cells
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still have the ILVs and MVEs, suggesting the existence of
ESCRT-independent mechanisms involved in MVEs. All these
data suggest that depending upon the cell type used, different
EV biogenesis proteins are involved in EV and cargo formation
with ESCRT-dependent or -independent mechanisms playing
a role in EV biogenesis and release.

EVs released during bacterial infection impact
biological function

EVs released during bacterial infection impact the immune
system and infection outcomes. The heterogeneity in EV size,
content and cell of origin can have an impact on recipient cells
resulting in cell survival or cell death or inflammation and
immune response, or help the pathogen entry and survival in
the recipient cells [Fig. 3]. For example, Mycobacterium tuber-
culosis (M. tb) or Mycobacterium avium is an intracellular bac-
terium that lives in the phagosome of a host macrophage.
During infection with mycobacteria species, exosomes were
released from monocytic leukemia (THP-1), monocyte/
macrophage cells (Raw264.7) and in the serum of infected
mice [45,64—67]. These exosomes have been shown to induce
TNF-o and IL-12 production, recruit macrophages and neu-
trophils in vivo suggesting that mycobacteria regulate host
cells during infection [64]. EVs released during mycobacterium
infection also contain bacterial product glycopeptidolipids
(GPLs) [65]. This is made up of tripeptide amino alcohol amide
linked fatty acid and methylated rhamnose and a 6-
deoxytalose. Studies have indicated that GPLs interact with
the host cells and mediate mycobacterial growth and survival
[65]. Importantly, EVs released from mycobacteria infected
cells have been shown to induce pro-inflammatory responses
relative to EVs released from control cells in a TLR2, TLR4 and
Myd88 dependent manner [45,65,68]. Russel et al. showed the
role of other mycobacterial products such as PIM2, mycoside
transfer to uninfected macrophages [69]. Also, exosomes
released during mycobacterial infection or M. tb culture
filtrate protein (CFP) treated macrophages also activate
antigen-specific CD4" and CD8" T cells in vivo. When mice
were treated with exosomes released from M. tb CFP macro-
phages, protection was observed to low-dose aerosolized M. tb
infection, similar to the BCG-vaccinated mice. Moreover,
mycobacterial RNA enhances phagosome maturation result-
ingin antibacterial immunity in recipient cells [70]. These data
suggested that EVs contain mycobacterial antigens to stimu-
late an immune response.

Furthermore, exosomes released from Salmonella infected
macrophages reported being pro-inflammatory with TNF-o
production in human monocytes [71]. Interestingly, these
exosomes appear to contain LPS, a cell wall component of
gram-negative bacteria [71]. Exosomes released during my-
coplasma infection seem to induce IFN-y and IL-10 by B cells
and this appears to inhibit T cell activation [72].

A previous study by Ettelaie et al. mentioned the release of
microparticles during Chlamydia pneumoniae infection; inter-
estingly, the method used here to obtain microparticles would
enrich EVs [73]. The authors suggested the releases of C.
pneumoniade into the microparticles could impact dissemina-
tion through blood, with a potential consequence to

inflammation and cardiovascular conditions, in particular
atherosclerosis [73]. In a separate line of investigation, Froh-
lich et al. indicated that EVs may contain Chlamydia proteins
that might help bacteria to transfer virulence factors [74]. Most
recently an in vitro study suggested a role for EVs in dendritic
cell maturation during Chlamydia muridarum infection [75].
Furthermore, Chlamydia psittaci infected dendritic cells
showed increased exosome release that induced IFN-y pro-
duction by natural killer cells (NK). Also, IFN- y in co-
ordination with TNF- o induces apoptosis in infected and
non-infected cells to reduce chlamydial growth and spread to
the neighboring cells [76]. Vromman et al. demonstrated that
Chlamydia trachomatis DUF582 protein interacts with host Hrs
and TSG101 proteins involved in EV biogenesis, however, in-
hibition of these proteins expression did not impact chla-
mydial growth in cell culture model (HeLa and HEK-293 cells)
[77]. All the studies conducted with chlamydiae include cell
culture models, it is yet to be determined if EVs play a role in
bacterial infection and immune response in the in vivo
models.

Additionally, even though limited studies have been pub-
lished, other bacterial infections have been shown to induce
EV release that can impact the host. For example, during
uropathogenic E. coli infection urothelial cells released exo-
somes were capable of recruiting mast cells and inducing
bladder urothelium barrier dysfunction in a pyroptosis
dependent manner [78]. Exosomes derived from serum of
patients with chronic gastritis and positive for Helicobacter
pylori stimulated soluble IL-6 receptor (R) in human gastric
epithelial cells (GES-1), further resulted in the release of pro-
inflammatory cytokine IL1-a. Treatment with neutralizing
antibodies to soluble IL-6R in the presence of serum exosomes
decreased IL-1a release indicating the IL-6R role in IL-la
release and barrier dysfunction [79]. EVs containing DNA of
Listeria, legionella pneumophila, franciscella tularensis could
stimulate cGAS-STING innate inflammatory signaling
pathway in recipient cells. Interestingly, with Listeria infec-
tion this process leads to the suppression of T cells and
reduction in antibacterial defense [80] [Fig. 3]. All these reports
suggest that bacterial infection induces the release of EVs and
the cargos may have impact on inflammation, innate and
adaptive immune systems.

Conclusions

The literature demonstrates that release of EVs during extra-
cellular and intracellular bacterial infections is part of the
normal immune response. These EVs have been shown to
contain DNA, RNA, miRNA, protein, and microbial compo-
nents. The majority of the EV studies were reported using cell
culture models, so to determine the relevance for the in vitro
observations animal models with cell-specific knockout of
exosome release are needed. Determining the relevance of
EVs in host—pathogen interactions is at an early stage of
investigation, and more work is needed to understand the
biological relevance of EVs during infection. The bigger ques-
tions that have not been answered in the field of bacterial
infections include: (1) Do the EVs impact immune cell function
and inflammatory response? (2) Does the release of EVs help
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in bacterial invasion? (3) What are the roles of EVs in disease
severity and outcomes? (4) Do specific bacteria impact the EV
biogenesis process, and does the composition of EVs vary with
the type of pathogen? (5) What are the mechanisms involved
in the transfer of microbial components to EVs, and is it the
same for intracellular and extracellular bacteria? (6) Do EVs
play a major role in antigen presentation and subsequent
immune response? (7) Do uninfected cells also release EVs
during bacterial infection, and how does that impact the host
in terms of inflammation and immune response outcomes?
The results from the proposed studies will determine the role
of EVs in host defense and disease outcomes.
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