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Extracellular vesicles (EVs) constitute a heterogeneous group of vesicles released by
all types of cells that play a major role in intercellular communication. The field of EVs
started gaining attention since it was realized that these vesicles are not waste bags, but
they carry specific cargo and they communicate specific messages to recipient cells.
EVs can deliver different types of RNAs, proteins, and lipids from donor to recipient
cells and they can influence recipient cell functions, despite their limited capacity for
cargo. EVs have been compared to viruses because of their size, cell entry pathways,
and biogenesis and to viral vectors because they can be loaded with desired cargo,
modified, and re-targeted. These properties along with the fact that EVs are stable in
body fluids, they can be produced and purified in large quantities, they can cross the
blood—-brain barrier, and autologous EVs do not appear to cause major adverse effects,
have rendered them attractive for therapeutic use. Here, we discuss the potential for
therapeutic use of EVs derived from virus infected cells or EVs carrying viral factors. We
have focused on six major concepts: (i) the role of EVs in virus-based oncolytic therapy
or virus-based gene delivery approaches; (i) the potential use of EVs for developing viral
vaccines or optimizing already existing vaccines; (iii) the role of EVs in delivering RNAs
and proteins in the context of viral infections and modulating the microenvironment
of infection; (iv) how to take advantage of viral features to design effective means of
EV targeting, uptake, and cargo packaging; (v) the potential of EVs in antiviral drug
delivery; and (vi) identification of novel antiviral targets based on EV biogenesis factors
hijacked by viruses for assembly and egress. It has been less than a decade since
more attention was given to EV research and some interesting concepts have already
been developed. In the coming years, additional information on EV biogenesis, how
they are hijacked and utilized by pathogens, and their impact on the microenvironment
of infection is expected to indicate avenues to optimize existing therapeutic tools and
develop novel approaches.

Keywords: exosomes, viral vectors, therapy, innate immunity, virus egress, exosomes biogenesis, miRNAs, cargo
delivery
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INTRODUCTION

Extracellular vesicles (EVs) are released by all cell types,
including bacteria, archaea, fungi, and eukaryotes (Deatheragea
and Cooksona, 2012). The properties and functions of these
EVs have become a subject of recent investigation, as techniques
for their isolation and characterization have advanced (Théry
et al., 2006; Van Niel et al., 2018). EVs have diverse functions,
including delivering selected cargo (such as MHC molecules) to
stimulate T cells, transferring antigens to dendritic cells for cross-
presentation to T cells, and delivering genetic materials such as
transcripts and miRNAs that can cause epigenetic modifications
to the cells (Théry et al., 2002).

Generally, EVs are classified based on their size and origin
into three major groups, exosomes, microvesicles, and apoptotic
bodies (Stoorvogel et al., 2002; Raposo and Stoorvogel, 2013;
Kowal et al., 2014; Tricarico et al., 2017; Van Niel et al., 2018). All
three classes of vesicles have different lipid composition, contain
a wide variety of cellular components, such as DNA, coding and
non-coding RNAs, proteins, and their size can vary from a few
nm to pm. Thus EVs are considered to be highly heterogeneous
(Van Niel et al., 2018).

There are multiple pathways involved in the biogenesis of
EVs (Raposo and Stoorvogel, 2013; Tricarico et al., 2017; Van
Niel et al., 2018). The Endosomal Sorting Complex Required
for Transport (ESCRT) pathway has been implicated in the
biogenesis of exosomes but ESCRT-independent mechanisms for
exosomes formation also exist, as evidenced by the detection
of vesicles containing CD63, a tetraspanin that mediates
cargo sorting and intraluminal vesicles (ILVs) formation, but
not ESCRT components (van Niel et al., 2011). The factors
responsible for the production of plasma membrane-derived
vesicles (microvesicles) are less well defined, but changes in
membrane lipid composition at the budding sites and alterations
in calcium levels have been reported (Piccin et al., 2007; Pap et al.,
2009; Tricarico et al., 2017; Van Niel et al., 2018).

With the identification of biological roles for EVs, one
emerging area is how the production and content of EVs may be
modulated during infections and how these EVs could contribute
to viral-mediated pathogenesis (Madison and Okeoma, 2015;
Kalamvoki and Deschamps, 2016). It appears that there is an
overlap between EV biogenesis and virion assembly or egress
from the host cells (Gould et al., 2003; Wurdinger et al., 2012;
Schorey et al., 2015; van Dongen et al., 2016; Sadeghipour and
Mathias, 2017; Dogrammatzis et al., 2019). Moreover, changes
in the cargo of EVs during infections could cause a variety
of effects on uninfected recipient cells (Walker et al., 2009
Temme et al., 2010; Deschamps and Kalamvoki, 2018; Kakizaki
et al., 2018). These observations have led to increased interest
in characterizing EVs from infected cells and determining their
possible implications in viral-mediated pathogenesis.

An additional aspect is how EVs could be used for therapeutic
purposes, as they have some attractive qualities such as ease of
isolation and the potential to be loaded with different molecules.
Studies have also indicated the potential for EVs to serve as
vaccines or adjuvants (Schorey et al., 2015). Additionally, it has
been shown that during cancer progression there are changes

to the numbers and cargo of EVs, which could have some
diagnostic potential (Schorey et al.,, 2015; Jaiswal and Sedger,
2019). There have also been studies showing that antigen loading
onto exosomes can stimulate an anti-tumor response (Zeelenberg
et al, 2008; Tai et al, 2018). Also, delivery of EVs from
pathogen infected cells can stimulate pro-inflammatory cytokine
production in recipient cells (Bhatnagar and Schorey, 2007).

Despite the potential therapeutic applications for EVs, there
is not yet an approved therapy. One issue is targeting of EVs
to a particular tissue (Gyorgy et al, 2015). There are other
concerns, such as the actual uptake of EV's by specific cell types,
their activity, the ability to load EVs with a specific cargo, and
the amount of EVs needed to achieve a desired effect while
minimalizing off-target effects (Gyorgy et al.,, 2015).

Here, we discuss how viruses may help address some of the
concerns regarding the use of EVs for therapeutic purposes. We
discuss the potential use of EVs for drug delivery and their
use for vaccine development against different viruses, as well as
how some viruses or viral components could be delivered to
treat different cancers. Moreover, we discuss how viruses could
modulate the cargo of EVs, as well as the overlap in the biogenesis
of EVs and virion morphogenesis. Finally, we summarize how
understanding the interplay between viruses and EVs could be
applied to the development of novel therapeutics and indicate
novel potential targets.

EV BIOGENESIS PATHWAYS ARE
HIJACKED BY VIRUSES FOR THEIR
ASSEMBLY INDICATING NOVEL
ANTIVIRAL TARGETS

Extracellular vesicles constitute an effective means of cell-to-cell
communication but often viruses co-opt EV biogenesis pathways
for assembly and dissemination. For example, enveloped viruses
can usurp EV biogenesis machinery to facilitate their assembly
and envelopment at the plasma membrane or other membrane
compartments (Lorizate and Krdusslich, 2011). The topology of
virus budding from the cells requires constricting of the budding
membranes toward the cytoplasm, and therefore factors that can
catalyze membrane fission and can work from within the budding
neck. The ESCRT pathway is known to perform a variety of
membrane fission events, and such a capability may explain why
it is utilized by different viruses (Figure 1). The best example
to illustrate how the ESCRT pathway is utilized during virus
budding is the process of HIV-1 assembly (Lorizate et al., 2013).

LESSONS FROM VIRUSES THAT UTILIZE
ESCRT

Some viruses that hijack the ESCRT pathway encode proteins
that contain one or more so-called “late domains.” These are
peptide sequences that interact with proteins of the ESCRT
pathway or ESCRT-associated components, and at least five
distinct classes have been described. Such interactions have been
best described for HIV-1 (Figure 2). HIV-1 Gag is the major
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FIGURE 1 | Viruses hijack EV biogenesis mechanisms to mediate their own
assembly. The topology of viral envelopment requires constricting budding
membranes toward the cytoplasm. (A) ESCRT recruits cargo on the
membranes of early endosomes and can catalyze the formation of
intra-luminal vesicles (ILVs) that contain ESCRT-recruited cargo. ESCRT-II
catalyzes the scission of necks of ILVs. (B) In a similar manner, viruses can
co-opt ESCRT to mediate their envelopment. ESCRT-IIl can catalyze scission
of the budding neck of enveloping virions, allowing their release.

viral structural protein. Gag is targeted to the inner leaflet of
the plasma membrane by a bipartite targeting signal, and can
capture the viral RNA genome and assemble into a spherical
virion (Bharat et al., 2012). Late domains on HIV-1 capsid
protein Gag [PPXY, P(S/T)AP and LYPXL] bind to ESCRT-I and
Alix and mimic the ESCRT-0-ESCRT-I interaction. In parallel,
Alix also binds CHMP4 and activates ESCRT-III assembly.
ESCRT-III filaments were found to surround Gag assemblies
at the plasma membrane in Vps4 depleted cells. Recent super-
resolution studies show ESCRT proteins at the base of or inside
budding virion necks, which suggests scission by ESCRT-III and
Vps4. Further support for the role of ESCRT-III and Vps4 in
scission of HIV-1 is provided by live imaging, which showed
that exogenous GFP-tagged ESCRT-III and Vps4 were transiently
recruited to budding HIV-1 particles just prior to their release.
Looking also into other viruses, it becomes clear that viruses can
enter the ESCRT pathway using late domains that can bind to
different ESCRT accessory factors (e.g., Tsg101, Alix, and Nedd4)
(Votteler and Sundquist, 2013).

Interestingly, non-enveloped viruses can also utilize ESCRT
for their release, blurring the line between non-enveloped and
enveloped viruses. Feng et al. (2013) demonstrated that hepatitis
A virus (HAV) exits the cell in two forms; as a non-enveloped
capsid that is readily detectable in a capsid antigen enzyme-linked
immunosorbent assay (ELISA) and as a virion that is cloaked
in host-derived membranes, thereby protecting the virion from
antibody-mediated neutralization. They show that enveloped
HAV (eHAV) constitutes 79% of virus released from infected
cells. Release of eHAV seems to be dependent on ESCRT-
associated proteins, but not on the entire ESCRT machinery
(Figure 2). Anti-Alix antibodies precipitated encapsidated viral

RNA, while silencing of Alix expression blocked release of the
enveloped virus. Additionally, depletion of VPS4B leads to a
significant reduction in eHAV release. A search for potential late
domains in the HAV polyprotein identified two tandem YPXL
motifs in the VP2 capsid protein, which mediates interactions
with Alix in other cases of enveloped viruses. Tyr-to-Ala
substitutions within either motif abrogated capsid assembly.
These data are consistent with a role for the ESCRT machinery,
the ESCRT accessory protein Alix, and the VP2 late domains
in viral assembly and release. These results also revealed a
previously unrecognized strategy by which a virus cloaks itself
in host membranes to evade neutralizing antibodies. However,
the picture was complicated by further work (Gonzalez-Lopez
et al., 2018). It was shown that the YPXL motifs of HAV VP2
are redundant for Alix recruitment, and they identified mutations
that inhibit virus release but not virus assembly. Also, the fact
that these VP2 mutants are solvent-inaccessible considering the
crystal structure of VP2, should restrict access of ESCRT factors,
raising questions about the structure of the HAV capsid prior to
and following envelopment.

Nagashima et al. (2017) worked with the Hepatitis E Virus
(HEV), another non-enveloped virus, and in parallel with
Emerson et al. (2010) they demonstrated that release of HEV
from cultured cells depends on the ORF3 protein and requires
an intact PXXP motif in the ORF3 protein. This motif mediates
the interaction with TSG101 and facilitates the budding of
membrane-associated HEV particles.

Tamai et al. (2012) showed that HCV secretion from host
cells requires the Hrs-dependent exosomal pathway Figure 2.
Hrs (Hepatocyte Growth Factor-regulated Tyrosine Kinase
Substrate) is a component of the ESCRT pathway that recognizes
ubiquitinated cargo and directs it to ILVs. Hrs depletion
attenuated both HCV release into the supernatant and the
number of infectious particles in the cytoplasm, but not the
amount of HCV-RNA in the cytoplasm, suggesting that Hrs is
involved in HCV assembly. The core protein (capsid) and the E2
(envelope) were found in MVBs in Huh7 cells, indicating that
HCV probably takes advantage of the MVBs for its assembly. It is
not clear how HCV utilizes ESCRT for its assembly though, as no
canonical late domains exist in HCV proteins. Nonetheless, the
HCV core has been reported to be ubiquitinated by EGAP/UBE3A
(an E3 ubiquitin ligase). It is possible that Hrs can recognize
the ubiquitinated HCV core protein and sort it to the viral
budding site in the MVBs. Further work on HCV in MVBs
has been done (Elgner et al., 2016) where a MVB formation
inhibitor (U18666A) was used to investigate the relevance of
MVBs/late endosomes to HCV virion morphogenesis and release.
U18666A works by inhibiting the function of the NPC1 protein,
a protein first described in Niemann-Pick disease patients.
NPC1 inhibition abrogates the trafficking of cholesterol and
results in its accumulation in large lysosomal structures, which
can prove fatal. Under treatment with U18666A, significant
inhibition of HCV release was observed, but the assembly of the
particles was not affected, as shown by the retention of infectious
particles inside the cells. Furthermore, in Ul8666A-treated
cells HCV core accumulates in exosomal and autophagosomal
structures, reflecting the involvement of the exosomal pathway
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FIGURE 2 | Viruses that utilize EV biogenesis mechanisms to mediate their release. (A) HSV-1 requires Alix and ESCRT-III for nuclear de-envelopment. Depletion of
Alix results in accumulation of capsids in the internuclear space. (B) Coxsackievirus B (CVB3) was detected in autophagosome-like vesicles that were carrying LC3.
It was suggested that CVB3 uses AWOL to increase its release from infected cells. HSV-1 was also suggested to use AWOL in oligodendroglial cells. (C) HHV-6,
Norovirus, and EV71 were detected in CD63 + MVBs. (D) HIV-1 Gag recruits Alix to the plasma membrane, which mediates assembly of ESCRT-IIl and promotes
scission of HIV virions. (E) Rotavirus was detected in large protrusions from the plasma membrane and in microvesicles that were larger than 500 nm. (F) HCV
replicates in lipid enriched domains of the ER membrane and egresses through the Golgi to the plasma membranes. Extracellular release of HCV requires Hrs, a
factor of the ESCRT-0 complex. AWOL, autophagosome-mediated exit without lysis; MVB, multi-vesicular body; EE, early endosome; ESCRT, endosomal complex
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in the release of HCV particles. Interestingly, HCV particles
that are released in exosomes can be infectious in vitro
(Ramakrishnaiah et al., 2013).

Late domains are not the only sorting signal that viruses
can utilize to hijack ESCRT. Proteins that are ubiquitinated
can be recognized by the Hrs (ESCRT-0) component, the first
step in the ESCRT pathway. Binding of Hrs to ubiquitinated
cargo can recruit the ESCRT-I complex, which then recruits
the ESCRT-II and -III complexes. Ubiquitin depletion has

been shown to inhibit virus budding (Votteler and Sundquist,
2013), and ubiquitin itself can recruit ESCRT components
when conjugated to retroviral Gag proteins (Joshi et al,
2008). Additionally, multiple components of ESCRT contain
ubiquitin binding domains (Bissig and Gruenberg, 2014;
Olmos and Carlton, 2016) and decreased viral budding
can be observed when forms of ubiquitin, which lack
the ability to form K63-linked chains, are overexpressed
(Strack et al., 2002).
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STRATEGIES DEVELOPED BY VIRUSES
THAT DO NOT UTILIZE ESCRT
PATHWAYS

Viruses can also utilize ESCRT-independent EV biogenesis
pathways as a means of dissemination or assembly and
envelopment (Figure 2). Most often, ESCRT independence is
inferred from insensitivity to knockdown of the Vps4 ATPase
(the recycling factor of ESCRT). It is unclear what cues the viruses
use to hijack the host EV biogenesis machinery, and most work
focuses on demonstrating the shedding of virions inside vesicles
of plasma membrane (PM) or endosomal origin.

Enteroviruses seems to utilize both vesicles of PM and
endosomal origin to assemble and disseminate. Santiana et al.
(2018) show that rotaviruses and noroviruses are shed in non-
negligible quantities inside EVs and have a disproportionately
larger contribution to infectivity than free viruses. They detected
rotaviruses inside protrusions from the plasma membrane that
is consistent with rotavirus release in microvesicles (Figure 2).
Interestingly, rotaviruses in microvesicles were also detected in
stool samples. Microscopic analysis of vesicles isolated from stool
samples confirmed the presence of viruses inside large EVs, with
70% of them being >500 nm. On the other hand, noroviruses
were detected in vesicles of exosomal origin, as shown by EM
of the norovirus-containing vesicles, and further confirmed by
the presence of the tetraspanins CD63, CD81, and CD9, and by
inhibition of exosome biogenesis through GW4869 treatment, a
neutral sphingomyelinase inhibitor that inhibits production of
ceramide, which is a major structural component of exosomes.
Although both rotaviruses and noroviruses seem to exploit the
EV biogenesis pathways for their own dissemination, it remains
undetermined what viral cues are utilized to target the virions in
exosomes or microvesicles.

Coxsackievirus B3 (CVB3) is another enterovirus shedding
inside microvesicles. Robinson et al. (2014) studied the
dissemination of Coxsackievirus and visualized the route
of infection. They utilized a recombinant CVB3 expressing
“fluorescent timer” protein (Timer-CVB3), which “develops”
from green to red and is used to distinguish recently infected
from previously infected cells. Infection of partly differentiated
neural progenitor and stem cells (NPSCs) and C2C12 myoblast
cells induced the release of abundant extracellular microvesicles
(EMVs) containing red Timer-CVB3 and infectious virus.
Virions were also observed in EMVs by transmission electron
microcopy. Interestingly, the lipidated form of LC3 was detected
in released EMVs that harbored infectious virus, suggesting
that the autophagy pathway may play a role in EMV shedding
(Figure 2). This pathway may be similar to the means
of extracellular delivery of poliovirus (Taylor et al, 2009).
Infection with poliovirus induced autophagosome-like vesicles
that harbor poliovirus particles. Taylor et al. (2009) proposed
that this extracellular delivery of cytoplasmic contents be termed
autophagosome-mediated exit without lysis (AWOL), and this
might be utilized by CVB3 as shown by Robinson et al. (2014).

Mao et al. (2016) suggest that Enterovirus 71 (EV71) can
shed inside exosomes from EV71-infected cells, and those

virus-containing EVs can establish a productive infection in
human neuroblastoma cell lines (SK-N-SH). EV71 RNA and
the VPI capsid protein have previously been detected in
extracellular vesicles, which supports EV71 utilization of EVs.
Mao et al., defined the EVs they isolated as exosomes based on
CD63 (Figure 2).

Herpesviruses also utilize ESCRT-independent pathways
to mediate their assembly and egress. Mori et al. (2008)
suggested that human herpes virus-6 (HHV-6) is released
in vesicles produced from the exosomal pathway (Figure 2).
First, they analyzed the intracellular localization of the HHV-
6 structural components, such as the envelope protein gB,
by immunofluorescence microscopy during the late stages of
infection. They found that gB colocalized partially with CD63
in the juxtanuclear area, indicating that it was associated with
late endosomes. Looking into the maturation pathway of HHV-
6 by EM, they detected vesicular or tubular structures that
surrounded virions, and were distinct from the Golgi network.
Those structures were also partially positive for CD63, indicating
that the virus enveloping membrane may have characteristics
shared with TGN and endosomes. Furthermore, structures
resembling MVBs were found containing virions and small
vesicles, which were fused with the PM and released both virions
and vesicles in the extracellular space. These results suggest
that HHV-6 hijacks the EV biogenesis machinery to mediate its
envelopment and release.

Bello-Morales et al. (2018) worked on HSV-1 in
oligodendrocytes (OLs). OLs are the myelin-forming cells
of the central nervous system (CNS) and are highly susceptible
to HSV-1 infection. Bello-Morales et al. (2018) suggested that
HSV-1 can be packaged in EVs from OLs and transferred
from infected to uninfected cells. Using electron microscopy
approaches (TEM), they detected microvesicles (MVs) carrying
HSV-1 virions (Figure 2). In their case the term microvesicles
was used to describe vesicles of unknown origin, rather than
vesicles released from the plasma membrane. They also found
that Chinese hamster ovary (CHO) cells, which lack receptors
for HSV-1, were susceptible to HSV-1 infection after exposure to
virus-containing MVs that were isolated from the supernatant
of infected OL cells. Incubation of virus-containing MVs with
anti-HSV-1 antibodies did not neutralize infection of the CHO
cells. Therefore, they proposed that packaging of HSV-1 in MVs
from OLs may be a means of virus spread by avoiding immune
surveillance. The exact mechanistic process of targeting HSV-1
to MVs remains unclear though. The fact that MVs released
by OLs are LC3-II positive suggests that autophagic processes
contribute to viral shedding in a manner similar to AWOL,
proposed by Taylor et al. (2009) and Robinson et al. (2014)
However, this would require further work to confirm that the
MVs that carry virus are LC3-II positive, since Bello-Morales
etal. (2018) did not perform any single-EV analysis. Additionally,
other work (Pawliczek and Crump, 2009) suggests that HSV-1
utilizes the ESCRT-III pathway to mediate its envelopment, but
is independent of Alix and Tsgl01, whereas Arii et al. (2018)
suggest that HSV-1 utilized ESCRT and Alix for its nuclear
envelopment and de-envelopment. The mechanistic details of
HSV-1 utilizing ESCRT or MVs are not clear, as late domains
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interacting with ESCRT have not been described for HSV-1
proteins. However, ESCRT might facilitate HSV-1 assembly
through recognizing ubiquitinated capsid proteins. HSV-1
encodes an E3 ubiquitin ligase (ICP0) and a de-ubiqutinase
(UL36) to modify host ubiquitin functions and could hijack the
ESCRT pathway by regulating the ubiquitination of host and
viral factors. For example, it was demonstrated that in the case of
HSV-2, the viral tegument protein UL56 regulates Nedd4 ligase
localization in the cytoplasm and thereby could mediate viral
egress (Ushijima et al., 2008).

THE VIRAL MODIFIED PROTEINACEOUS
CARGO OF EVS DICTATES NOVEL
THERAPEUTIC TARGETS

With the discovery that some viruses hijack EV biogenesis
pathways to be released from infected cells, more work has
focused on if exosomes released from infected cells can carry
viral proteins or if viral infections can modify the proteinaceous
cargo of EVs. An example of a virus infection where released EV's
contain viral proteins is the observation that fibroblasts infected
with human cytomegalovirus release EVs that contain certain
viral glycoproteins and this was independent of free virus (Zicari
et al., 2018). Similar data were obtained several years ago by
Temme et al. (2010) who demonstrated that HSV-1 modifies
the cargo of EVs through the functions of the glycoprotein B
(gB). This group found that in cells transfected with gB, the
EVs released contained gB and the human leukocyte antigen,
isotype DR (HLA-DR), however, HLA-DR is typically sorted into
compartments with MHC class II where it encounters processed
antigens that are then presented on the cell surface (Temme
etal,, 2010). These data suggest that HSV-1 is able to prevent this
antigen presentation through instead sorting HLA-DR into EVs
with gB (Temme et al,, 2010).

In another study, it was discovered that exosomes released
from hepatocytes transfected with full length HCV genome
containing Flag-tagged E2 could release exosomes containing
E2, which was independent of viral genome replication or the
core protein (Deng et al., 2019). Ebola virus (EBOV) is another
example of a virus where several viral proteins have been detected
in exosomes from infected or transfected cells, including VP40,
NP, and GP proteins (Figure 3A) (Pleet et al., 2016, 2019). The
most well-studied so far is VP40, the matrix protein, and it was
found that exosomal VP affects the RNAi machinery in recipient
cells and causes cell death in immune cells, such as T cells, B cells,
and monocytes (Pleet et al.,, 2016, 2018). Moreover, VP40 has
been found to modulate the cell cycle, in part through binding
to the promoter of cyclin D1 and increasing its levels (Pleet
et al,, 2018). It seems that this function of VP40 also regulates
when EVs are released, with the most EVs released in G1/S or
G2/M phases (Pleet et al., 2018). This group also found that
there was differential expression of various cytokines in EVs
from VP40-expressing cells, many of which have previously been
identified to exacerbate EBOV pathogenesis (Pleet et al., 2018,
2019). While the nucleoprotein, NP, of EBOV is known to bind
to viral RNA, it has been shown to not be specific for only viral

RNA and therefore its role in EVs should be further explored
(Noda et al., 2010; Pleet et al., 2019). It is not yet known what
potential roles there are for the GP protein of EBOV, but it is
known to be required for viral entry into the host cell and is
trafficked through the ER and Golgi vesicular transport system
(Pleet et al., 2019). Therefore, more work should be done to
characterize the roles for both NP and GP in exosomes from
EBOV-infected cells. Additionally, the presence of these proteins
in exosomes may represent a novel therapeutic target. These
results have not been explored for their effect on recipient cells,
nor their contribution to pathogenesis or therapeutic potential.
Overall, these are just a few pieces of evidence that viral
infections alter the protein cargo released in EVs. Additionally,
viral infection can trigger changes to host proteins released in
exosomes. For instance, HSV-1 infections triggers the release of
the innate immunity DNA sensor, STING, in exosomes which
can stimulate immune responses in uninfected recipient cells
and down-regulate a subsequent HSV-1 infection (Kalamvoki
et al, 2014; Deschamps and Kalamvoki, 2018). Therefore, it
seems that viral infections can have varying effects on the
protein cargo of EVs.

Using tick-borne Langat virus (LGTV), a model flavivirus
similar to tick-borne encephalitis virus (TBEV), one group has
found that this virus induces the release of exosomes from
tick cells and human brain endothelial cells that contain viral
proteins and intact viral genome, which can then be transported
and taken up by neuronal cells (Zhou et al., 2018). Infected
neuronal cells were also found to release exosomes containing
LGTV RNA and proteins (Zhou et al., 2018). These researchers
found similar results when culturing mouse cortical neurons and
infecting with LGTV, where blocking exosome release led to
decreased infection of cortical neurons (Zhou et al., 2018). These
findings could be used to develop a novel therapeutic strategy
for targeting TBEV. Moreover, these findings should be further
explored to understand how EVs cross the blood-brain barrier
and the impact they could have on other cell types in the brain
that may take up these EVs.

One study has found that the HBV mRNA for the protein
HBx can be exported in exosomes from cells expressing the
HBx protein, and through a mass spectrometry screening it
was found that the HBx protein is present in exosomes as
well (Figure 3B) (Kapoor et al.,, 2017). Furthermore, this group
saw that when exposing exosomes containing HBx to hepatic
stellate cells it led to expression of various transactivators and
proliferation proteins, which was not seen from control exosomes
(Kapoor et al., 2017). This study warrants further investigation
of the role of HBx protein in exosomes and its potential role in
disease progression and viral-mediated pathogenesis. From an
immunology perspective, another group found that EVs released
from cells containing pre-genomic RNA of HBV under an
inducible promoter (HepAD38 cells) had an immunosuppressive
function when exposed to monocytes from patients, as evidenced
by increased PD-L1 expression (Figure 3B) (Kakizaki et al,
2018). This group also found that this effect was partially reversed
when HepAD38 cells were stimulated to express HBV and
exposed to nucleotide reverse transcriptase inhibitors (NRTIs)
prior to isolating EVs (Kakizaki et al., 2018). Another group
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FIGURE 3 | Release of viral proteins in EVs and effects in recipient cells. (A) Infection with EBOV causes the release of vesicles that contain viral proteins, including
the NP, GP, and VP40. (B) Infection of hepatocytes with HBV induces the release of vesicles that contain the HBx protein, it's mRNA and HBV pre-genomic RNA.

Uptake of these vesicles by monocytes can cause increases in expression of PD-L1 and IL-6. (C) Infection of multiple different cell types with EBV has been shown
to induce the release of LMP1 in EVs. When these EVs are taken up by PHA-differentiated T cells it caused decreased proliferation, while uptake of LMP1 + EVs by
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has found that in an HBV-inducible cell line the protein cargo
of EVs from uninduced cells versus induced cells differed (Jia
et al., 2017). One major difference noted was down-regulation
of multiple subunits of the 26S proteasome complex from
induced cells when compared to uninduced cells (Jia et al,
2017). Furthermore, when EVs from uninduced cells or induced
cells were incubated with human peripheral monocytes, higher
IL-6 (a pro-inflammatory cytokine) production was observed
from cells incubated with EVs from the HBV-induced cell line
(Figure 3B) (Jia et al., 2017). Therefore, the immunological
impact of EVs released from HBV infected cell lines warrants
further investigation as it implies a role in disease progression.
These examples further bolster that viral-mediated pathogenesis
is a complex process that involves both intra- and inter-
cellular signaling.

Another viral protein that is secreted in exosomes is the HIV
Nef (Raymond et al., 2011; Lee et al., 2016). One group examined
the role of Nef-containing EVs on macrophage recipient cells
(Mukhamedova et al., 2019). These researchers produced Nef-
containing EVs and found that they were able to reorganize
lipid rafts in recipient macrophages, including altering the lipid
composition, increasing lipid rafts abundance, and reducing the
abundance of ABCA1 (the lipid transporter, ATP binding cassette
transporter type Al) in lipid rafts (Mukhamedova et al., 2019).

They found that this reorganization of lipid rafts functions to
re-locate the inflammatory receptor TLR4 and the inflammatory
response amplifier TREM-1 to lipid rafts, which indeed led
to increased inflammation in macrophages pre-treated with
exosomal Nef and then treated with LPS (Klesney-Tait et al.,
2006; Mukhamedova et al., 2019). Additionally, these researchers
administered exosomes containing Nef to mice intravenously
and saw recapitulation of their in vitro results, as evidenced by
increased lipid rafts in monocytes and increased plasma levels of
pro-inflammatory cytokines (Mukhamedova et al., 2019). Finally,
these results were also observed through use of HIV infected
human macrophages or plasma from HIV-positive patients,
where exposure of macrophages to Nef-containing vesicles and
treatment with LPS recapitulated the in vitro results and mouse
experiment results (Mukhamedova et al., 2019). These findings
demonstrate a novel understanding of the role of exosomal Nef
and its potential role in disease progression.

In another example, it was found that in both asthmatic
and non-asthmatic primary bronchial epithelial cells (PBECs),
infection with either of two serotypes of human rhinovirus
(RV) induced the extracellular release of tenascin-c (TN-C)
in a cell death-independent manner (Mills et al., 2019). TN-
C is an extracellular matrix glycoprotein and its expression is
positively correlated with asthma in humans as it sustains chronic
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inflammation (Mills et al., 2019). This group demonstrated that
when PBECs were treated with poly(I:C), a sequence of nucleic
acids that mimics the virus, TN-C was released in EVs and when
these EVs were exposed to epithelial cells or macrophages there
was increased expression of pro-inflammatory cytokines which
may explain how RV exacerbates asthma (Mills et al., 2019).
These findings could be expanded upon to further examine cargo
changes during RV infection, as well as understand how other
co-morbidities may affect the cargo of EVs.

In an additional example, cells infected with human
papillomavirus (HPV), specifically HeLa cells with detectable
expression of the HPV oncogenes E6/E7, release the anti-
apoptotic factor Survivin into the extracellular environment
in EVs, which leads to increased cell proliferation, decreased
pro-apoptotic factor expression, and may aid in cancer cell
migration following uptake (Khan et al., 2009; Khan et al., 2011;
Honegger et al.,, 2013). This group also found that a mutant
of Survivin, the Surv-T34A that can no longer block apoptosis,
also was released into the extracellular environment and caused
apoptosis in recipient cells (Khan et al., 2009). This pro-apoptotic
effect was exacerbated when chemotherapy drugs were combined
with exposure of cells to Surv-T34A (Khan et al., 2009). This
observation represents a potentially novel therapeutic strategy to
induce apoptosis in cancer cells.

Furthermore, it was found that in Epstein-Barr virus (EBV)-
positive lymphoblastoma cell lines, which express the viral
oncogene latent membrane protein (LMP1), LMP1 was released
in exosomes (Figure 3C) (Flanagan et al., 2003). This group
differentiated peripheral blood mononuclear cells (PBMCs)
with the mitogen phytohemagglutinin (PHA) to induce a
T-cell phenotype and then exposed the cells to LMP1-positive
exosomes, where they observed decreased T cell proliferation
(Figure 3C) (Flanagan et al., 2003). Another group utilized these
findings to expose nasopharyngeal carcinoma cells (NPCs) to
exosomes from NPCs containing LMP1, where they observed
induction of p38 MAP kinase signaling (Figure 3C) (Zhang
et al., 2019). This signaling led to increased cell proliferation and
increased resistance of NPCs to ionizing radiation, as evidenced
by decreased apoptosis upon exposure to radiation (Zhang et al.,
2019). Altogether, these data suggest a role of exosomal LMP1 in
viral-mediated pathogenesis.

The previous examples indicated novel research directions
relevant to disease pathogenesis. One group has attempted a
novel therapeutic approach based on delivering selected factors
in EVs with some promising results. This group engineered EV's
to deliver anti-HIV Env antibodies with either an apoptosis-
inducing miRNA (miR-143) or the chemotherapy compound
curcumin, which has been shown to have anti-HIV activity,
as well as anti-inflammatory and anti-tumor effects (Liang
et al., 2016; Mantzorou et al., 2018; Tan et al., 2019). This
group found that they could indeed target Env-expressing cells
with exosomes containing the anti-Env antibody and if the
exosomes also contained curcumin, the Env-positive cells died
(Zou et al., 2019). Worth noting is that exosomes containing
anti-Env and curcumin also caused some cell death in Env-
negative cells, though it was less than what was seen in
Env-positive cells. Similarly, when exosomes were loaded with

anti-Env and miR-143 they observed about 60% cell death
in Env-positive cells, while also observing about 35% cell
death in Env-negative cells (Zou et al., 2019). Furthermore,
treating HIV-infected cells with exosomes containing anti-Env
and either curcumin or miR-143 suppressed the viral infection
while also killing the infected cells (Zou et al., 2019). This
effect with exosomes containing anti-Env and either curcumin
or miR-143 was also observed in cell lines where the virus
was latent and then re-activated, or in PBMCs collected from
chronically infected patients undergoing antiretroviral therapy
(ART) (Zou et al., 2019). Finally, these researchers engineered
an Env-expressing tumor model to represent the bodily reservoir
of HIV during latency. When exosomes containing anti-Env
and curcumin were injected intravenously in mice, they saw
inhibition of tumor growth indicating a potential use for
engineered EVs in treating latent HIV (Zou et al, 2019).
Optimizing this approach for more efficient targeting of Env-
positive cells will open novel avenues to treat virally infected
cells, and this strategy could subsequently be modified to
target cancer cells.

The cumulative evidence presented here represents a
multitude of proteins, viral and host, that could serve as
therapeutic targets or could be utilized for therapeutic purposes,
but this will require further investigation.

THE THERAPEUTIC POTENTIAL OF
HOST miRNAs RELEASED FROM VIRUS
INFECTED CELLS

In 2007, it was first described that multiple RNA species can be
carried (or shuttled) into EVs that could be delivered to recipient
cells, and microRNAs (miRNAs) were among the species present
in EVs (Valadi et al, 2007). There have been numerous
studies regarding the role of extracellular miRNAs in cell-to-cell
communication, as well as the presence of extracellular miRNAs
in various cancers (Mitchell et al., 2008; Skog et al., 2008; Taylor
and Gercel-Taylor, 2008; Barger et al., 2016). It has even been
established that delivery of miRNAs in exosomes could be used
as a therapy for some cancers. In one such study, miR-124a
was delivered with a lentiviral vector to mesenchymal stem cells,
where miR-124a was then packaged into EVs (Lang et al., 2018).
Upon delivery of EVs containing miR-124a to glioma stem cell
lines, the survival of cancer cells was reduced and when glioma
stem cells were pre-treated with exosomal miR-124a and then
implanted into mice, it was found that mice survived longer
compared to mice implanted with untreated glioma stem cells
(Lang et al., 2018). In one form of prostate cancer it was found
that miR-146a was down-regulated and when it was exogenously
expressed in a prostate cancer cell line it reduced the expression of
its target gene, ROCKI, by almost 80% and consequently reduced
cell proliferation, invasion, and metastasis (Lin et al., 2008).
This work was then expanded upon using extracellular miR-146a
produced from fibroblasts. The supernatant from these cells was
exposed to a prostate cancer cell line, where down-regulation of
ROCK]1 was again observed and cell proliferation was reduced
(Kosaka et al., 2010). It should be noted that this group did not
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confirm that miR-146a was in exosomes specifically, but this work
is an example of how miRNAs can be secreted from cells and used
as a potential therapy for treatment of certain types of cancers.

With these promising initial results, research has been done
looking at how viruses modify the miRNA cargo of EVs
and identifying novel therapeutic targets. EBV down-regulates
some cellular miRNAs. Particularly, it was found that in EBV-
associated gastric carcinoma the cellular miRNAs, miR-200a
and miR-200b, were downregulated in patient tissue samples
(Shinozaki et al., 2010). Down-regulation of miR-200a and miR-
200b leads to the down-regulation of E-cadherin expression,
which is a critical step in the development of EBV-associated
gastric carcinomas (Shinozaki et al., 2010). Therefore, restoring
expression of miR-200a and miR-200b would be inhibitory on
gastric carcinogenesis, and indeed with overexpression of other
members of this miRNAs family one group observed inhibition
of cancer cell proliferation (Du et al., 2009). These findings could
be used to develop a therapeutic approach based on restoring the
levels of miR-200a or miR-200b through EV delivery.

Not only is EBV known to modify the miRNA cargo of EVs,
but other viruses are known to affect the RNA cargo of EVs
as well. Recently, it was found that during respiratory syncytial
virus (RSV) infection of lung carcinoma cells there are changes to
the composition of RNA species in exosomes, including miRNAs
and piwi-interacting RNAs (piRNAs), compared to uninfected
cells (Chahar et al., 2018). When exosomes were isolated from
RSV infected cells and then exposed to either human monocytes
or uninfected lung carcinoma cells pro-inflammatory cytokines
were upregulated (Chahar et al., 2018). These data suggest that
exosomes from RSV infected cells contain cargo that can induce
an immune response, and this is perhaps due to the altered RNA
species that are carried by these exosomes. These exosomes from
RSV infected cells could then have therapeutic potential.

Another group found that hepatitis B virus (HBV) infection of
hepatocytes increased the abundance of the immunomodulatory
miRNAs, miR-21 and miR-29a, in EVs, which led to a decrease
in the mRNA targets of these miRNAs in THP-1 macrophages
exposed to these EVs (IL-12p35 and IL-12p40, respectively)
(Figure 4) (Kouwaki et al., 2016). This evidence can be used to
better understand how HBV suppresses the immune response
during chronic infection and could be exploited for therapeutic
uses (Kouwaki et al., 2016). It was found by another group
that patients with chronic HBV infection (CHB) [whose levels
of alanine aminotransferase (ALT) were normal, while they did
have liver tissue inflammation] had changes in the secretion
of miRNAs in exosomes depending on the severity of liver
tissue inflammation, as evidenced by high throughput sequencing
(Ronghua et al., 2018). This represents a novel method to monitor
CHB that does not rely on detection of ALT, which is classically
used as a method to detect liver disease, and could also be used to
determine severity of liver inflammation (Ronghua et al., 2018).

Hepatitis C virus (HCV) has also been shown to alter the
miRNA cargo of EVs. It was previously demonstrated that there
is an association of the viral RNA with Ago2, miR-122, and heat
shock protein 90 (HSP90) and that this has a positive effect on
viral replication (Henke et al., 2008; Wilson et al., 2011; Bukong
et al., 2013). MicroRNA-122 is expressed primarily in liver cells
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FIGURE 4 | Differential effects of miRNAs released in EVs from infected cells.
Infection with HSV-1 or EBV induces the release of vesicles containing viral
miRNAs that cause degradation of viral mMRNAs, while also inducing the
expression of ISGs and pro-inflammatory molecules. EBV also expresses a
miRNA that functions to block innate immune responses. HBV infection
induces the release of immunomodulatory miRNAs that also suppress the
innate immune response.

and is important for stability, translation, and replication of HCV
genome (Henke et al, 2008). These findings were then used
to examine the cargo of exosomes from either patient samples
of primary hepatocytes or from a liver cell line, where it was
found that in both cases exosomes contain a complex of HCV
RNA with Ago2, HSP90, and miR-122 (Bukong et al., 2013). It
was also demonstrated that after EV uptake a productive HCV
infection occurs independent of free virus (Bukong et al., 2014).
Therefore, miR-122 may represent a novel therapeutic target for
blocking HCV infection.

Regarding HPV, it was found that there is differential
expression of about 10 intracellular miRNAs in E6/E7 positive
compared to E6/E7 negative cells (Honegger et al, 2015).
This group also found that there were seven distinct miRNAs
abundant in exosomes released by HeLa cells that appear to have
roles in cellular proliferation and apoptosis, and thus positively
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impact HPV-positive cancer cell growth (Honegger et al., 2015).
Aside from the aberrant expression profiles of miRNAs in
HPV-positive cells and their exosomes, there is still much
to be explored about these miRNAs and their potential as
therapeutic targets.

THERAPEUTIC POTENTIAL OF
HERPESVIRUS miRNAs RELEASED INTO
EXOSOMES

Members of the Herpesviridae family are well known for
expressing miRNAs (Skalsky and Cullen, 2010). It has been
shown that several EBV miRNAs, specifically miR-BART2-
5p, miR-BART7-3p, miR-BART13-3p, and miR-BART1-5p, are
found in the circulation of patients who have EBV-associated
nasal natural killer/T-cell ymphoma (NNKTL), which is a disease
with poor prognosis (Komabayashi et al., 2017). The levels of
these miRNAs decreased after patients underwent treatment,
which suggests that detection of these EBV miRNAs could be
used as biomarkers for NNKTL (Komabayashi et al., 2017).

It was also found that the BART1 miRNA of EBV is exported
in EVs, and it is known to target immunomodulatory peptides
such as CXCL11 in uninfected cells (Figure 4) (Pegtel et al., 2010).
This group also showed that other EBV miRNAs such as miR-
BART2 and miR-BART5 which target the EBV DNA polymerase
transcript and the viral LMP1 transcript, respectively, are found
in exosomes (Figure 4) (Pegtel et al., 2010). HSV-1 miRNAs
are expressed mainly during latency and some of the targets
include the transcripts for the immediate early genes, ICPO and
ICP4, and the transcript for ICP34.5, all of which are important
for a successful productive infection (Skalsky and Cullen, 2010).
There has been a lot of interest in understanding how HSV-1
miRNAs can affect the infection. Interestingly, some of the HSV-
1 miRNAs have been found in exosomes released by infected
cells (Kalamvoki et al., 2014; Han et al., 2016; Wang et al., 2018;
Huang et al., 2019). In one such study, researchers developed
artificial miRNAs targeting the transcript of the ICP4 gene of
HSV-1, an immediate-early gene that encodes for the essential
regulatory protein ICP4 (Wang et al., 2018). These researchers
found that an exosomal miRNA targeting ICP4 could block a
subsequent HSV-1 infection, and were able to optimize packaging
of this miRNA by adding an exosome targeting sequence to it
(Wang et al., 2018). Additionally, it was found that two HSV-1
miRNAs, miR-H28 and miR-H29, are released into EVs during
the late stage of the productive infection and if they are exposed
to cells during early times post-infection they can lead to a
reduction in viral yields (Figure 4) (Han et al., 2016). Building
on this, the same group found that exposing cells to miR-
H28 caused an increase in IFN-y production, which restricts
the virus (Huang et al, 2019). Kalamvoki et al. (2014) have
also found that LAT, miR-H3, miR-H5, and miR-H6 are all
exported in EVs from HSV-1 infected cells, and the role for
these miRNAs in recipient cells remains to be characterized
(Figure 4). The seminal implication of these findings is that a
potential therapeutic approach could be developed in which EV's

are engineered to contain viral miRNAs that could control HSV-1
infection and dissemination.

Cumulative data described here suggest multiple roles for
both host and viral miRNAs in EVs that may be beneficial
from a therapeutic perspective. Overall, the role viruses play in
modifying the secretion of host miRNAs is of interest to better
understand interactions between the virus and the host.

THERAPEUTIC POTENTIAL OF
ANTIVIRAL FACTORS DELIVERED BY
EXTRACELLULAR VESICLES

Autologous EVs have negligible immunogenicity when
administered in vivo (Alvarez-Erviti et al, 2011), and can
enhance the stability and biodistribution of their cargo (Sun
et al., 2010; Shtam et al., 2018). EVs can be loaded with desired
molecules either ex vivo or during their biogenesis. EVs in the
literature have been loaded with miRNAs, shRNAs, mRNAs,
proteins, and small molecules (Zhang et al., 2016; Hurwitz et al.,
2017; Anticoli et al., 2018; McNamara et al., 2018). There are
many publications regarding the use of EVs as a vehicle for
drug delivery against tumors, bacteria, and fungal infections
(Sambasivarao, 2013; Ha et al., 2016; Balachandran and Yuana,
2019). However, there is little work published on antiviral
factors that can be delivered in EVs, and most approaches
involve delivery of RNA-targeting agents such as miRNAs or
siRNAs. Zhang et al. (2017) report a modified method of calcium
chloride-mediated transfection to introduce miRNAs in EVs,
which can then be delivered efficiently in vitro and in vivo. Their
method is simple, easy, and convenient. However, further work
is required particularly because Zhang et al. (2017) worked on
macrophages, and their efficiency of EV uptake might be high
since it occurs through phagocytosis.

Zhu et al. (2014) developed a novel strategy against PRRSV
infection. The available inactive and live-attenuated vaccines
fail to provide sustainable protection against heterogeneous
PRRSV strains. PRRSV enters porcine alveolar macrophages
(PAMs) by receptor-mediated endocytosis, using heparan sulfate
as the general attachment factor, sialoadhesin (Sn or CD16)
for the viral binding and internalization, and CD163 for the
viral genome release. Zhu et al. (2014) used artificial miRNAs
(amiRNAs) targeting the viral receptors Sn and CD163 to prevent
PRRSV infection. These miRNAs were packaged in EV's following
transduction of pig cells with recombinant adenoviruses carrying
these miRNAs. Treatment of PAMs with the two amiRNA-
containing EV groups significantly inhibited PRRSV infection of
PAMs. These results suggest that EVs can be used as a small RNA
vehicle that can target viral receptors to decrease viral infection.

Delivery of small RNAs in EVs could also occur after infection
(Bitko et al., 2005), since siRNA treatment of mice infected with
RSV, even 2-3 days post infection, ameliorated pathogenesis.
Therefore, EVs can be engineered as antiviral siRNA carriers, and
their potency makes them attractive tools of delivery. EVs can
also be used for delivery of siRNAs to a mouse brain, achieving
up to 60% knockdown of the BACE1 gene (Alvarez-Erviti et al.,
2011). The ability of EV's to cross the blood-brain barrier suggests
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that they could be used for delivery of antiviral agents in the brain,
possibly targeting of viruses that either spread to the brain such
as HIV-1 or establish their latent reservoir in neuronal cells in
the brain such as HSV (Thompson et al., 2011; Yao et al.,, 2014).
Delivery of therapeutic agents to the brain is a major challenge
but Alvarez-Erviti et al. (2011) demonstrated the potential of EVs
due to specificity and safety.

Besides targeting specific factors (e.g., viral receptors), Jeon
et al. (2019) demonstrated that EVs from KSHV-infected
cells (KSHV EVs) can stimulate the expression of interferon
stimulated genes (ISGs) in cells exposed to KSHV EVs. Double-
stranded DNA on the surface of EVs can be an inducer of
inflammation, and Jeon et al., demonstrated that mtDNA is
enriched in KSHV EV isolations. Knock-down of cGAS in KSHV
EV-recipient cells inhibited ISGs expression, therefore it seems
that mtDNA carried in KSHV EVs is sensed by cGAS in recipient
cells, leading to ISGs expression. In addition, pretreatment of
uninfected human umbilical vein endothelial cells (HUVECs)
with KSHV EVs inhibited a subsequent infection with KSHV
or HSV-1. The enhanced ISG expression observed when pre-
exposing cells to mtDNA-carrying KSHV EVs is an interesting
avenue for treating infections in which innate immunity is
abrogated, e.g., Ebola infection (Hartman et al., 2008).

Delorme-Axford et al. (2013) focused on the resistance of the
human placental trophoblasts to infection by viruses. Cultured
primary human trophoblasts (PHT) are resistant to infection
by a panel of viruses, and PHT conditioned media can confer
that resistance to other non-PHT cell lines. The group further
investigated the human cluster of CI9MC miRNAs, which are
almost exclusively expressed in placenta and they are the most
abundant species in EVs from PHT cells. Exogenous expression
of CI9MC in U20S cells conferred resistance to infections,
similarly to exposure of cells to PHT EVs. Mechanistically, the
miRNAs in EVs triggered autophagy, and that induction of
autophagy appears to be required for resistance to viral infections.
This work defines a role for EVs in autophagy-mediated antiviral
responses and shows potential for a therapeutic approach when
dealing with infections during pregnancy for example.

ANTIVIRAL EFFECTS ASSOCIATED WITH
ASSORTED FACTORS

Antiviral effects can be triggered by factors in EVs other than
nucleic acids. Khatua et al. (2009) investigate the antiviral effect
of APOBEC3G (A3G) that is secreted in EVs from infected
cells. They used A3G expressing CD4™ T cells or 293T cells and
demonstrated that A3G is released in EVs and is catalytically
active. Pretreatment of peripheral blood mononuclear cells
(PBMCs) with EVs carrying A3G followed by HIV-1 infection
caused an inhibition of HIV-1 replication. Surprisingly, this
happens even though the Vif protein of HIV-1, a known A3G
inhibitor is expressed. It is possible that A3G in EV's has an effect
before accumulation of Vif following HIV-1 infection.

Li et al. (2013) presented evidence that IFN-a induces the
transfer of antiviral molecules from non-permissive liver non-
parenchymal cells (LNPCs) to hepatocytes through the release

of EVs. This intercellular transfer of antiviral molecules in EVs
bypassed mechanisms by which the viruses counteract anti-viral
responses and resulted in restoration of the antiviral state in
virus-infected cells. Based on these findings, this group proposed
a physiological role for EVs in vivo based on three points.
First, inhibition of EV production by nSMase-2 or Rab27a-
knockdown weakened IFN-a induced antiviral activity in vivo.
Second, after depletion of macrophages in mice liver, a weaker
antiviral response to HBV was achieved when mice liver were
repopulated with BMDM:s in which nSMase-2 or Rab27a were
knocked down than with wild type BMDMs. Third, EVs mediated
transfer of APOBEC3G from BMDM:s to hepatocytes in the
mouse liver after stimulation with IFNa. The delivery of strong
antiviral factors in EVs may be an attractive therapeutic strategy
that could lead to the development of novel treatments for
chronic HBV infection and other diseases.

Kesimer et al. (2009) detected “EV-like” vesicles in human
tracheobronchial epithelial (HTBE) cell culture secretions that
have antiviral properties. These vesicles carried the epithelial
mucins MUC1, MUC4, and MUCI6, and a-2,6-linked sialic acid
that was associated with these mucin molecules. The human
influenza virus is known to bind sialic acid, and functional
analysis of those vesicles showed that they have a neutralizing
effect on influenza virus infection. Mixing EV's from HTBE cells
with different doses of influenza virus resulted in dramatic loss
of infectivity of the influenza virions. In addition, Kesimer et al.
(2009) treated those EVs with neuraminidase, which cleaved sialic
acid off the surface of EVs. Mixing the neuraminidase-treated
EVs with influenza virus caused no loss of viral infectivity. These
data suggest that the loss of infectivity is dependent on the
interaction between the sialic acid and the virions. This work
further underscores the antiviral potential of EVs, but additional
work on individual pathogens is necessary to identify relevant
exosomal targets.

Extracellular vesicles could also be used for the delivery
of antiviral drugs. Curcumin is a phenolic compound from
the spice turmeric that has a wide range of activities that
include incompletely characterized antiviral activities. It can
block transcription and replication of HIV-1 (Kumari et al,
2015), it promotes HIV-1 Tat degradation (Ali and Banerjea,
2016), it can abrogate HSV-2 infection if cells are pretreated
with curcumin (Kutluay et al., 2008), and can lead to diminished
HTLV-1 or HPV cellular transformation by inhibiting AP-1
transcription activation (Karbalaei and Keikha, 2019). It can
also act as an antiherpetic compound by inhibiting p300/CBP
transcription activation which is hijacked by HSV (Kutluay
et al., 2008). Sun et al. (2010) demonstrate that curcumin can
be incorporated in EVs, and EV-bound curcumin becomes
more soluble and stable in the blood circulation of mice.
Furthermore, binding of curcumin to EVs enhances its uptake
by activated monocytes in vivo, and mice can be protected
from LPS-induced septic shock. This work is a proof of
principle regarding the use of EVs as a drug delivery system
to combat diseases and alleviate pathogenesis. Incorporating
curcumin in EVs for example, could enhance its potency in vivo,
and could provide access to organs such as the brain that
might otherwise be inaccessible due to the blood-brain barrier.
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Alvarez-Erviti et al. (2011) has shown that EVs can deliver
cargo in the brain, and recently Morad et al. (2019) also
demonstrated mechanistically how this happens. Particularly,
Morad et al. (2019) demonstrated that breast cancer-derived
EVs could cross the blood-brain barrier through transcytosis.
The uptaken EVs are sorted in Rabl11™ recycling endosomes
and are released in the basolateral membrane. Endothelial Rab7
is downregulated, thereby preventing sorting of the uptaken
EVs to lysosomes. The identification of the mechanism that
EVs use to breach the blood-brain barrier can guide the
development of brain-targeting therapeutics. Particularly in
the case of HSV-1, the clinical use of curcumin has been
investigated as a treatment for HSV-1-associated Alzheimer’s
disease but curcumin’s low penetration efficiency across the
blood-brain barrier is a problem (Piacentini et al, 2014).
However, based on Sun et al. (2010), EVs may enable delivery
of curcumin to the brain as Alvarez-Erviti et al. (2011) and
Morad et al. (2019) showed.

VESICLE-CLOAKED VIRUSES OR VIRAL
FACTORS WITH ANTI-TUMOR EFFECTS

With the recent success of different oncolytic viruses, such
as recombinant measles virus, recombinant vaccinia virus, a
specific serotype of reovirus, and an attenuated mutant of HSV-
1 in clinical trials, there is a growing interest in modifying
viruses to treat human diseases, particularly cancer. Cancer is
the second leading cause of death in the United States and it
is projected that the cost for cancer treatment in 2020 will be
$173 billion (Mariotto et al., 2011). Therefore, there is a need
for cancer treatment options. Some hurdles obstructing the use
of oncolytic viruses include the targeting of these viruses to
tumors, the efficiency of uptake, and the activity in the cancer
cells. While in some cases oncolytic viruses may be injected
directly into a tumor, this is not always the case and injecting
oncolytic viruses into the bloodstream has demonstrated issues
in targeting and uptake of these viruses by the tumor (Willmon
et al., 2009). Therefore, one major focus for oncolytic virus
research has been in improving uptake of these viruses. An
approach that is currently explored is the use of EVs to deliver
viruses. In one such attempt, Garofalo et al., 2018a found that
when using EV-encapsulated oncolytic adenovirus there was
enhanced inhibition of tumor growth in vivo than when using
the oncolytic adenovirus alone. This inhibition was enhanced
further when using EV-encapsulated paclitaxel (a drug that
inhibits mitosis through stabilization of microtubules) with the
oncolytic adenovirus, however, it is not fully understood how
this increased anti-tumor effect was accomplished (Figure 5) (de
Brabander et al., 1981; Garofalo et al., 2018a). One possibility is
improved delivery. In support of this, the same group further
showed that there was enhanced delivery of EV-encapsulated
oncolytic adenovirus to the tumor site depending on the route
of injection, and they also confirmed increased cancer cell death
in vitro with EV-encapsulated oncolytic adenovirus compared
to oncolytic adenovirus alone (Garofalo et al., 2018b). The fact
that EV-encapsulated viruses display higher infectivity than free

viruses was recently described for rotaviruses and noroviruses,
both in cell culture models and in vivo (Santiana et al., 2018).

The use of adeno-associated virus (AAV) for gene therapy
purposes and for the treatment of cancer is promising. However,
there have been issues in using AAV for gene delivery due to
pre-existing neutralizing antibodies against the virus, low levels
of gene expression in target tissues, and high accumulation in
the liver where AAV particles are degraded or can have toxic
side effects (Murphy et al., 2019). Recently it was found that
AAV can be contained in microvesicles, and these are referred
to as vexosomes (Maguire et al., 2012). The vexosomes showed
a greater transduction efficiency in both cultured cells and in
mice than AAV alone, and they were also resistant to human
neutralizing anti-AAV antibodies (Maguire et al., 2012; Gyorgy
et al., 2015). One successful approach utilizing AAV vexosomes
(exo-AAV) is through intravascular delivery targeting tumor
stromal cells in glioblastomas (Volak et al., 2018). Recently,
a group used exo-AAV carrying the interferon-beta (IFN-f)
gene and injected the vexosomes intravascularly, where they saw
increased survival of mice that had glioblastomas compared to
those treated with exo-AAV that did not contain IFN-f (Figure 5)
(Volak et al., 2018). Overexpression of the tetraspanin CD9 in
cells transduced with AAV increased the production of exo-
AAV, and yielded a higher transduction of AAV in recipient cells
than regular exo-AAV (Schiller et al., 2018). However, additional
optimization is required.

Extracellular vesicles can also be used to deliver viral
components. For example, EVs from HIV-1 infected cells contain
the viral protein Nef (Lenassi et al., 2010). Peretti et al. (2005) had
previously mutated Nef such that is was incorporated with high
efficiency into virus-like particles (VLPs), while it's C-terminus
could be fused to other proteins. Both of these findings have
since been built upon to include the form of Nef with high VLP
incorporation efficiency fused to peptides of interest, which were
found to incorporate into exosomes as efficiently as they were
incorporated into VLPs (Lattanzi and Federico, 2012). Also, this
group began fusing the E7 peptide from human papilloma virus
(HPV) to mutated Nef and incorporating them into exosomes
(Figure 5) (Di Bonito et al., 2017). HPV is an oncogenic virus, and
E7 is a viral protein implicated in oncogenesis, thus developing a
robust immune response against E7 could possibly prevent the
development of HPV-associated cancer (Ann and Karl, 2013).
This group transfected cells with a plasmid expressing the mutant
form of Nef fused to HPV E7, collected and purified EVs, and
inoculated mice subcutaneously. They then collected the CD8™
T cells from these mice and activated them with HPV E7 in vitro,
where they saw a CD8' T cell mediated cytotoxic response
was elicited, which killed HPV-associated cancer cells that were
pre-treated with HPV E7-positive exosomes in vitro (Di Bonito
etal., 2015). When these exosomes were injected intramuscularly
into mice with HPV-positive tumors the tumor size was smaller
and weighed less than mice treated with control exosomes or
exosomes containing the mutant form of Nef alone (Di Bonito
etal., 2017). Therefore, this mutated form of Nef could be used to
develop strategies to block tumor progression. However, there is
more work needed to characterize the amount of viral protein or
amount of EVs needed to accomplish such an effect without safety
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FIGURE 5 | Combining EVs carrying viruses or viral factors along with viral infection to combat cancer. Adenoviruses, some retroviruses, and AAV have been found
in endosomes or EVs and can be used, alone or in combination with other factors, to target cancer cells. Viral proteins can also be packaged in EVs and used for the
treatment of cancer, while oncolytic viruses could be combined with EVs containing anti-tumor factors to target cancer cells.

concerns, as well as characterization of the best immunogenic
peptides to fuse to Nef. However, this strategy offers a way to
utilize viral components without the need for virus, and with the
flexibility of developing a more targeted approach.

Another concept is how vectors and EVs may work in tandem
to induce an anti-tumor response. One example is the finding
that retroviral particles loaded into T cells could be delivered
to tumor cells through the endosome/lytic granule pathway
(Figure 5) (Kottke et al., 2006). Endosomes are vesicles in the
cytoplasm that form through endocytic trafficking pathways,
and in T cells they typically contain cytotoxic/lytic granules. In
this case, T cells delivered perforin and cytotoxic granules in
addition to unenveloped retroviral particles to tumor cells, which
increased the survival of tumor-bearing mice, including those
with metastatic disease, and also protected the mice against re-
challenge (Kottke et al., 2006). Another example of EVs working
in tandem with a virus to modulate the intracellular environment
is the observation made by Kalamvoki et al. (2014) that EVs
released by HSV-1 infected cells contain STING (Figure 5).
In support of a role for STING in the anti-tumor response,
one group found that STING itself was down-regulated in
multiple human colorectal and ovarian cancer cell lines, in
addition to defects in cGAS (a cellular nucleotidyltransferase
involved in the STING signaling pathway) and other stages of
the STING pathway (Xia et al., 2016; De Queiroz et al.,, 2019).
Additionally, this group found that infection of colorectal or
ovarian cancer cells with the approved oncolytic HSV did not

stimulate the production of IFN-f in cell lines that were shown
to be defective for STING, but did cause death in multiple cell
lines (Xia et al., 2016; De Queiroz et al., 2019). When mice
carrying colorectal or ovarian cancer tumors with defects in
the STING pathway were infected intratumorally with oncolytic
HSV there were reductions in tumor size (Xia et al., 2016;
De Queiroz et al, 2019). STING is of interest as a potential
tumor suppressor. Characterization of EVs from an oncolytic
HSV infection has not been done, but it is possible that EVs
from cells infected with oncolytic HSV may contain factors
which could induce an anti-tumor response by stimulating
the immune system.

ROLE OF EVs IN THE DEVELOPMENT OF
VIRAL VACCINES

Extracellular vesicles can influence both adaptive and innate
immunity through the exchange of vesicles between immune
cells. The idea arose when EVs released by B-cell lines were
found to carry peptide/MHC class II complexes and to prime
specific immune responses (Raposo et al., 1996). Exosomes from
dendritic cells were also shown to carry antigen presenting
molecules and accessory factors such as MHC classes I and I,
CD54, and CD86 (Zitvogel et al., 1998). These EVs could induce
an immune response, as antigen-specific T cell activation can be
induced by EVs secreted by dendritic cells (DCs). Additionally,
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EVs can modulate both the viral replication and host immune
response to infection by different pathogens through functioning
as host and viral antigen cargo carriers (Masciopinto et al,
2004; Xu et al., 2009; Kouwaki et al., 2016, 2017; Dogrammatzis
et al,, 2019). EVs are an effective means of transporting cargo to
recipient cells, making them ideal tools for delivering antigens.
Therefore, their antigenic potential makes them ideal candidates
in vaccine production.

In this area, one group (Anticoli et al, 2018) built an
exosome-based platform for the generation of vaccines, aiming
at the stimulation of an effective antigen-specific cytotoxic T
lymphocyte (CTL) immune reaction. This platform is based
on the fact that the HIV-1 Nef protein is highly incorporated
into EVs, and in order to abrogate its immunomodulatory
properties they have used a mutated form (Nef™!) that is
lacking several anti-cellular effects typically induced by wild-
type Nef, including CD4 down-regulation, increase of HIV-
1 infectivity, and MHC class 1 down-regulation. This Nef™"
maintains its ability to incorporate into exosomes. Anticoli
et al. (2018) built DNA vectors where a viral antigen of
interest was fused to Nef™ !, and subsequently this DNA vector
was injected in mice intramuscularly. Viral antigens that were
tested, included the Ebola virus virion proteins VP24, VP40,
and nucleoprotein (NP), the influenza virus NP, the Crimean-
Congo hemorrhagic fever virus NP, the West Nile virus non-
structural protein 3 (NS3), and the hepatitis C virus NS3. EVs
that carried Nef™ fused to each viral antigen were detected
in the serum of the injected mice. Also, a highly detectable
CD8" T cell reaction was observed for all viral proteins
tested, which was specificc. DNA vectors can be very stable
and easy to develop, making this concept exciting. Another
group (Kanuma et al, 2017), built a DNA vaccine encoding
an ovalbumin (OVA) antigen fused to CD63, a tetraspanin
protein that localizes to various cellular membranes including
EVs. Transfection of this plasmid to cells produced OVA-
carrying EVs, and immunizations with these OVA-carrying EVs
primed naive mice to induce OVA-specific CD4" and CD8™
T cells. Therefore, the strategy of fusing antigens of interest
with a protein targeted to EVs is a strategy that can mediate
effective vaccine design.

PRRSYV is a virus that affects pigs, with a significant economic
burden. The inactivated PRRSV vaccine is safe but poorly
immunogenic and has failed to prevent PRRS outbreaks and
infections (Martinez-Lobo et al., 2013; Pileri et al., 2015).
Strategies wusing nanoparticle-trapped antigens are more
effective than conventional vaccine platforms (Dwivedi et al.,
2013; Renukaradhya et al, 2014). To this end, one group
(Montaner-Tarbes et al., 2016) determined the antigenicity of
exosomes isolated from viremic or non-viremic pigs. PRRSV
viral proteins were detected in exosomes using nanoscale
liquid chromatography coupled to tandem mass spectrometry
(nanoLC-MS/MS), particularly the RNA-dependent RNA
polymerase and the highly immunogenic nucleocapsid protein
N. It was further shown that exosomes that were isolated from
non-viremic (NV) animals (previously infected but now free-of-
virus) are antigenic when tested with sera from pigs previously
exposed to PRRSV, thus establishing that viral proteins contained

in the exosomes from NV animals are antigenic. This is the
first report of antigenic exosomes in animals that have no
detectable pathogen load and may be of importance for future
vaccine approaches.

Another potential use of EVs in vaccines is as adjuvants. Qazi
et al. (2009) show that OVA loaded exosomes can act as an
adjuvant. They exposed DCs to OVA, and subsequently isolated
exosomes that were defined as indirectly loaded, or “OVA-
Exo.” They observed that co-administration in vivo of OVA-
exo with antigen enhanced the humoral response, augmented
the specific T-cell responses, and promoted a Thl-type shift
in the immune response. A Thl-type shift cannot be achieved
with alum or lipopolysaccharides (LPS), other commonly used
adjuvants, which underlines the potential of EVs as adjuvants
(Awate et al.,, 2013). Similarly, another group (Jesus et al., 2018)
described the role of unmodified exosomes as adjuvants for
hepatitis B vaccination strategies. They isolated EVs from the
supernatant of LPS-stimulated human monocytic cell lines (THP-
1) and showed that they evoked a pro-inflammatory profile in
spleen cells of healthy mice through the induction of cytokines.
Subcutaneous vaccination of mice with those EVs, combined
with a solution of hepatitis B recombinant antigen (HBsAg)
or a suspension containing HBsAg loaded poly-e-caprolacone
(PCL)/chitosan nanoparticles (NPs), induced a humoral immune
response similar to the one induced when using HBsAg alone.
However, EVs also triggered an immunomodulator effect on the
cellular immune response, highlighted by the enhance of IFN-
y secretion. Interestingly, Jesus et al., detected a shift toward
a Thl response, which was observed before when using EVs
as an adjuvant in vivo (Aline et al, 2004; Qazi et al, 2009
Jesus et al., 2018). One issue that was not addressed is whether
potential LPS contamination of their isolated exosomes could be
partly responsible for the immune responses. Its effect should be
clarified when LPS-adjuvanted HBsAg, and LPS-free EV's are used
as control samples.

EVs AS A NEGATIVE FACTOR IN
VACCINE PRODUCTION

The efficacy of several vaccines can be optimized when
considering the effects of EVs. The production of the rabies
vaccine in Medical Research Council cell strain 5 (MRC-5) cells
could be improved in terms of yield (Wang et al., 2019). MRC-
5 cells have a poor susceptibility to the rabies virus (RABV)
infection limiting the yield of the vaccine. EVs participate in the
resistance of MRC-5 cells to RABV, through delivery of miR-423-
5p. The delivery of miR-423-5p abrogates the inhibitory effect of
suppressor of cytokine signaling 3 (SOCS3) on type I interferon
(IFN) signaling. Targeting EV production can therefore be a
potential strategy of improving MRC-5 cell-based rabies vaccine
production. Additionally, miRNAs in EVs affect the response to
the influenza whole-virus vaccine (WV) (Okamoto et al., 2018).
miR-451a is abundant in human serum EVs and its presence in
blood-circulating EV's can attenuate the innate immune response
of macrophages and dendritic cells to the inactivated influenza
WYV. This is because EVs carrying miR-451a (and potentially
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other miRNAs) are internalized by macrophages and dendritic
cells and can affect the immune response to WV in vivo. Such
effects should be considered to improve current vaccine efficacy
and when designing novel vaccine strategies.

Taking into consideration EVs when optimizing vaccine
production is also important when working with virus-
like particles (VLPs). VLPs are composed of one or more
recombinantly produced structural viral proteins, which upon
expression self-assemble into particles that mimic the virion
structure (Roldao et al, 2010). VLPs are uptaken by antigen
presenting cells (APCs) and give rise to a potent humoral and
cellular immune response (Ludwig and Wagner, 2007). However,
EVs and VLPs present similar physicochemical characteristics
making it difficult to separate them during VLP production in
any system, and often their mixing is ignored or biologically not
understood (Steppert et al., 2016). As a result, VLP-based vaccine
preparations contain immunologically irrelevant proteins that
might affect vaccine potency. One group (Venereo-Sanchez et al.,
2019) demonstrated contamination of VLPs with several host
proteins due to co-purified EVs and vice versa. Based on these
data, novel affinity-based methods for depletion of EVs should be
developed to optimize the purity of isolated VLPs.

CONCLUSION

Extracellular vesicles are natural mediators of intercellular
communication, and as such they can carry RNA, proteins,
and other biologically active molecules. Multiple viruses hijack
EV biogenesis mechanisms to mediate their own assembly and
dissemination, indicating novel antiviral targets. Such targets
could be exploited to develop more effective strategies to combat
viral infections or even prevent them. However, many aspects
of the interplay between viruses and EV biogenesis remain to
be elucidated. Before taking advantage of this relationship in
a therapeutic context, we need to gain a better understanding
at a foundational level to elucidate the molecular interactions.
Often in the case of pathogens, characterization of EVs occurs
at a single timepoint, which is a snapshot of the actual ongoing
infection. One group (van der Grein et al, 2018) underlined
the importance of relating EV analysis back to the relevant
timepoint of the pathogen life cycle. Characterization of EVs
throughout the life cycle of a pathogen of interest could
provide a more precise understanding regarding the effect of
the pathogen on EVs production. Spatial analysis of EVs may
also be important, especially regarding therapeutics. EVs may be
“edited” (van der Grein et al., 2018) depending on their milieu.
Neuron-derived EVs bind Alzheimer disease-associated amyloid
B-peptide, enhancing the formation of non-toxic amyloid fibrils
and their uptake by microglia (Yuyama et al, 2012). EVs
and retroviruses can bind to fibronectin in plasma, enhancing
their uptake to target cells (Osawa et al., 2017). These and
other similar EV edits should be taken into consideration when
investigating the EV and pathogen interplay, or the design of EV
therapeutic delivery.

Nonetheless, EVs can regulate gene expression and cellular
functions in recipient cells and therefore they can cause signaling

effects that can be exploited therapeutically. Therapeutic
molecules, which can be otherwise difficult to deliver, can be
loaded on EVs, and can then be delivered with great efficiency
and efficacy. Thus, it is possible to use EVs to deliver therapeutic
agents in tissues that are difficult to reach, such as past the blood-
brain barrier. Also, EVs can promote the stability of compounds
like curcumin, or RNA molecules with therapeutic potential like
miRNAs or siRNAs. There are data showing the potential for
treating viral infections using EVs, or promising work in the
field of cancer therapy using EVs to trigger T cell cytotoxic
responses. EVs could also be used by themselves, or in tandem
with oncolytic viruses.

Although many different techniques have been utilized for the
isolation of EVs in different fields, the lack of a standardized
protocol to separate vesicles from virions in viral infections makes
clinical uses of such protocols complicated (Gyorgy et al., 2015;
Murphy et al.,, 2019). Additionally, EVs can have diverse routes
of uptake and a better understanding is necessary to improve
delivery of functional cargo in the tissue of interest (Mathieu
et al, 2019; Murphy et al, 2019). Strategies like engineering
EVs to carry ligands on their surface that can bind to receptors
in a particular tissue, which provides a targeted approach, have
shown potential (Lattanzi and Federico, 2012; Di Bonito et al,,
2017). However, more work is necessary to correlate EVs uptake
with an effect. Many experiments have been performed using
very different number of EVs. Generally, EV yield per cell varies
depending on the cell line and its physiological status. Most
studies suggest an average yield of 1,000-2,000 EVs per cell.
It is unclear how physiologically relevant are experiments that
describe EV effects by exposing cells at a lot higher numbers
of EVs or based on the amount of protein. Additionally,
such experiments describe variable durations of EV exposure
or multiple waves. Therefore, further research is required to
determine appropriate conditions.

Promising work has been done in the field of vaccine
development. EVs can carry viral proteins and can be
immunogenic when administered in vivo. However, the
immunological effect of altered EV cargo during an infection can
be both pro-viral and anti-viral. Therefore, further research
is required in order to discern the cargo with antiviral
properties that could be exploited for delivery. EVs can
also impose a risk and complication for vaccine production.
Their shared physicochemical properties with most viruses
might result in contamination of vaccine preparations,
thereby withholding the full immunogenic potential of vaccine
antigens. More sensitive separation techniques of EVs could
prevent such problems.

Besides the similar physicochemical properties, it is intriguing
that viruses and EVs utilize common machinery for their
assembly and release. Similarly to how HIV Gag co-opts the
ESCRT machinery for HIV release, two groups (Ashley et al.,
2018; Pastuzyn et al, 2018) show how the neuronal Gag-
like Arc protein can form virus-like capsids that can bind its
own mRNA and traffic across synapses. Similar behavior was
observed with the Gag region of the Copia retrotransposon (a
distantly Arc-related retroelement) that could form a complex
with its own mRNA. The plethora of such retroelements
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in eukaryotic genomes suggests that they may utilize EV
biogenesis mechanisms for intercellular transfer. Since
such retroelements are considered ancestral to modern
retroviruses (Malik et al., 2000), it is an intriguing question
whether those elements co-opted EV biogenesis to become
infectious and gave genesis to retroviruses, or whether
they domesticated already existing viral mechanisms to
shuttle across cells.

Opverall, the interwoven relationships between viruses and EVs
have indicated novel areas of research with therapeutic potential.
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