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Abstract Viruses have evolved many mechanisms by which
to evade and subvert the immune system to ensure survival
and persistence. However, for each method undertaken by the
immune system for pathogen removal, there is a counteracting
mechanism utilized by pathogens. The new and emerging role
of microvesicles in immune intercellular communication and
function is no different. Viruses across many different families
have evolved to insert viral components in exosomes, a sub-
type of microvesicle, with many varying downstream effects.
When assessed cumulatively, viral antigens in exosomes in-
crease persistence through cloaking viral genomes, decoying
the immune system, and even by increasing viral infection in
uninfected cells. Exosomes therefore represent a source of
viral antigen that can be used as a biomarker for disease and
targeted for therapy in the control and eradication of these
disorders. With the rise in the persistence of new and
reemerging viruses like Ebola and Zika, exploring the role
of exosomes become more important than ever.
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Introduction

In the struggle to maintain health, the immune system has
evolved several mechanisms to protect the host from patho-
gens. Foremost is the ability to differentiate self from patho-
gen, but tools are also required to mobilize components of the
immune system in response to threats. Therefore, intercellular
communication is key in this process. Until 30 years ago, cell-
to-cell signaling was encompassed by transfer of chemokines,
cytokines, and direct cell contact. The discovery of vesicles
being shed from the surface of reticulocytes as a mechanism
for iron transfer forever changed how the field of immunology
understood cellular communication [1, 2]. Since then, the un-
derstanding of how microvesicles (MVs) contribute to immu-
nity and pathogenicity has exploded. However, pathogens
have evolved in concert with the immune system and have
developed methods to subvert and co-opt this form of inter-
cellular communication to evade the immune system and aid
spread. The cross-over and interaction between MVs, and
specifically exosomes, and viruses will be the subject of this
review.

The term “microvesicles” (MVs) has undergone an
evolution despite there being overwhelming evidence that
their secretion is conserved across all kingdoms [3]. In
preferred terminology, MVs include vesicles ranging in
size from 100 to 1000 nm that are shed from the plasma
membrane, as well as exosomes, which range in size from
30 to 100 nm and originate within microvesicular bodies
(MVBs) [4, 5]. For the purposes of this review, we will
focus our discussion on exosomes; however, there are
several excellent reviews in the literature that address
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extracellular vesicles as a whole [6—11]. In appearance,
exosomes are unilamellar vesicles composed of a lipid
bilayer that have a homogenous cup-shaped appearance
on scanning electromicroscopy [3, 12]. To date, they can
be shown to originate from almost every cell type studied,
including, but not limited to, T cells [13], B cells [14, 15],
dendritic cells [16], neurons [17], astrocytes [18, 19], en-
dothelial cells [20], smooth muscle cells [21], oligoden-
drocytes [22], and reticulocytes [2, 23]. The wide variety
of cells that can excrete exosomes also dictates the wide
array of materials in which they can be isolated: saliva,
plasma, urine, cerebrospinal fluid, bronchial alveolar la-
vage, and serum [24]. The contents of exosomes are just
as varied and depend heavily on the cells from which they
originate but can be considered broadly to include pro-
teins, mRNAs, microRNAs (miRNAs), lipids, and carbo-
hydrates. Once released, the components within exosomes
can influence the local microenvironment or spread
through circulation to locations far removed from their
origin. Indeed, exosomes have been shown to cross the
blood—brain barrier [25], perhaps pointing to their role in
allowing coordination with the immune system in even
immune-privileged sites [26]. This aspect of exosome
biology is especially important, as there are many in-
stances in which viral proteins can be isolated, but the
virus itself is difficult to detect. The presence of viral
antigens in the absence of viral detection may be better
understood through an understanding of exosome bio-
genesis and uptake.

Exosome Biogenesis

As aforementioned, exosomes originate in MVBs (late
endosomes), which are a component of the endocytic
pathway. MVBs contain intraluminal vesicles (ILVs) that
range in size from 30 to 100 nm and can be targeted for 2
separate fates: lysosomal degradation or fusion with the
plasma membrane, after which release of ILVs to the ex-
tracellular environment occurs and at which point they are
termed exosomes [4, 27]. In a process called “back
fusion”, ILVs deliver plasma membrane invaginations
(through clathrin-mediated and clathrin-independent en-
docytosis) to the endosomal network, making them (and
therefore exosomes) capable of carrying both intracellular
and extracellular materials [8, 28, 29]. Indeed, exosomes
are seen as an exciting avenue for their capability in giv-
ing snapshots of the microenvironment, and serving as a
good source of biomarkers. Part of this advantage is ow-
ing to the large cross-over between exosome biogenesis
and egress, pathogen entry, and normal macromolecule
entry and cycling within the cell [23, 27, 28].
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The exact intracellular signals that direct ILVs to the plas-
ma membrane for release are still under investigation and will
be discussed briefly here. Endosomal sorting complexes re-
quired for transport (ESCRT) machinery has been studied in
its role for directing ubiquitin-labeled proteins into endosomes
for delivery into MVBs, and, as such, ESCRT proteins, like
Alix and TSG101, are enriched in exosomes [30, 31]. Lipid
raft-associated proteins such as transferrin and caveolins, and
other proteins involved in membrane trafficking, like the
tetraspanins CD9, CD63, and CD81, which have been shown
to bind to ESCRT machinery, are also enriched in exosomes
[32-34]. There are now several databases that exist that list the
assortment of materials that can be found in exosomes
(Vesiclepedia, EVPedia, and Exocarta) [7, 35, 36].

However, ESCRT is not the only method by which
exosome formation can occur as there are also ESCRT-
independent methods by which proteins, lipids, and RNA
can enter the endosomal pathway. For example, oligodendro-
cytes direct exosome formation via the ceramide pathway
[37], while other cell types rely on oligomerization of
tetraspanin complexes [8, 38, 39]. Furthermore, while knock-
down of some ESCRT components may abrogate exosome
production, it does not completely knock it out [40, 41].
Indeed, Rab GTPases, a known family of conserved proteins
that regulate vesicular trafficking and membrane fusion
events, are also involved in exosome formation as denoted
by their high abundance in isolated exosomes [23, 42].
Several are implicated in the release of exosomes, including
Rabl1, Rab27, Rab5, Rab35, and Rab7, depending on cell
type [8, 23]. Rab 27a, in particular, regulates the fusion of
MVBs at the plasma membrane to release ILVs [8, 23, 43].
Knockdown of Rab 27a inhibits exosome secretion from tu-
mor cell lines [4, 43]. There are several other Rabs that have
also proven essential through a diminution in exosome levels
after their knockdown, including Rab 2B, Rab9A, Rab5A,
and Rab27b [4]. Being GTPases, the activation of each Rab
is dependent on an influx of calcium, as is the case for Rab 11
in the K562 cell line, which may involve SNARE complexes
[44-46]. Altogether, there are clearly several players within
the cell that contribute to the endosomal compartment and,
ultimately, to the release of exosomes, further emphasizing
the importance of this pathway in normal biology. As such,
it is not at all surprising that intracellular pathogens like virus-
es have also evolved mechanisms to incorporate their viral
content at each stage of exosome formation.

Fate of Exosomes

Once in the extracellular space, exosomes can bind to neigh-
boring cells, bind locally, travel passively through the blood-
stream for a more paracrine destination, or be taken up by
marginal zone phagocytes in the spleen and liver [4, 47].
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Once released, they can have several fates, all of which dictate
their downstream function. This can best be exemplified when
analyzing the immune system and cancer cell biology, both of
which have been extensively studied in the field of exosome
biology. Importantly, the contents of exosomes have been
shown to have activity in recipient cells [48], and are not just
a means for removal of cellular waste material, as was first
hypothesized, although this is still an important function [49].
First, exosomes can either be internalized or captured at the
cell surface where they remain [4]. Both of these outcomes
have been observed in dendritic cells [50]. Segura et al. [51]
observed CD8" dendritic cells capture exosomes via dendritic
cell (DC) lymphocyte function-associated antigen 1 (LFA-1)
at the surface for presentation of exosome-borne major histo-
compatibility complex (MHC)-peptide complexes to CD4" T
cells. These T cells could then be activated by exosomal anti-
gens [52], a process that is much more efficient in the presence
of DCs [4, 53, 54]. This process was dependent on intracellu-
lar adhesion molecule 1 (ICAM-1) expression on exosomes
and is termed “cross-dressing” [55]. Another method by
which DCs could capture exosomal antigens is through inter-
nalization, processing, and repackaging of endocytosed
exosomal antigens into the endosomal pathway for represen-
tation on DC MHC 11 to naive CD4" T cells [50]. This process
was documented in elegant experiments by Morelli et al. [50].
Activation of CDS8" T cells is also possible but requires the
presence of DCs capable of “cross-presentation”, that is, in-
ternalization of exosomal antigens followed by processing and
representation on MHC 1. This has been documented for the
activation of tumor-specific cytotoxic T lymphocytes with
tumor-derived exosomes [56]. Additionally, exosomes can
be taken up by phagocytosis or pinocytosis where the contents
can have direct consequences on gene expression of the recip-
ient cells [57]. For example, regulatory T cells produce
exosomes with miRNA profiles that directly downregulate
inflammation in recipient cells [58]. Indeed, phagocytic
uptake of exosomes can occur via phosphatidylserine on
the surface of the vesicles via interaction with T-cell im-
munoglobulin and mucin domain-containing molecule
(TIM)-4 on phagocytic cells [59, 60]. It has been shown
that phagocytosis of exosomes from MT4, a human T-cell
lymphotropic virus type I (HTLV-1) infected cell line, was
reduced with the addition of TIM-4, but not TIM-1, antibodies
[61]. This is intriguing as both TIM-1 and TIM-4 are known to
serve has viral entry receptors for hepatitis A virus (HAV),
Ebola, and several enveloped viruses [62, 63].

Viral manipulation of Exosomal Pathway
Remembering that exosomes originate in the endosomal com-

partment, viruses that enter via endocytosis are likely to co-opt
exosomal communication; indeed, this proves to be the case.

Members of the Flaviviridae family, including important
human pathogens like Dengue, West Nile virus (WNV),
hepatitis C virus (HCV), and the recently pandemic Zika
virus, all enter via receptor-mediated or clathrin-mediated
endocytosis [31, 64, 65]. HCV, Dengue, WNV and Zika
virus then enter late endosomes after “back-fusion” of
ILVs with this compartment, at which point the viral ge-
nome is dumped into the cytoplasm [66, 67]. However, in
the case of HCV, it is known that the viral genome can
remain in ILVs and be secreted within exosomes, where
they can operate as infectious particles [68, 69]. As noted
in Table 1, there is very little difference in size between
viruses and exosomes, making observations of infectivity
from exosomes difficult to substantiate. Thus, to remove
the possibility of viruses accounting for observed infec-
tions, Longatti et al. [69] utilized exosomes isolated from
an HCV subgenomic replicon cell line, which lacks viral
structural proteins and therefore cannot produce virions.
By using a transwell assay, they showed that they were able to
infect Hu7 cells after exposure to these shed exosomes with-
out the need for direct cell—cell contact. Further, this infection
was inhibited by an exosomal release inhibitor, a
sphingomyelinase inhibitor. Thus far, HCV is the only mem-
ber of the Flaviviridae family, known to incorporate genomic
RNA into exosomes. Only hepatitis A virus (HAV), a
nonenveloped picornavirus, is believed to use this mode of
transmission as well [70]. However, it raises the possibility
of other, yet unstudied, viruses utilizing the endosomal/
exosomal system as a means for delivery of viral message to
uninfected cells. Indeed, this possibility was discussed in a
review by Izquierdo et al. [71] of HIV and exosomes, and first
dubbed the “Trojan Horse” hypothesis by Gould et al. in 2003
[72]. Gould et al. [72] hypothesize that with the similarities
between HIV assembly and egress and exosome biogenesis,
HIV has evolved to co-opt the exosome system and infect
cells through packaging of the viral genome [72]. It is a theory
supported by observations that HIV virions are released with
exosomes and have enhanced infectivity in the presence of
these vesicles [73]. However, this mechanism occurred via
uptake of DCs, which subsequently transferred endocytosed
HIV to closely associated uninfected T cells [74]. Specifically,
HIV is endocytosed via DC sign into the endocytic pathway
and trafficked back to the cell surface in intact DCs for pre-
sentation to T cells. However, direct packaging of HIV ge-
nome into exosomes has not been observed. Indeed, most

Table 1  Basic differences between exosomes and viruses

Exosomes Viruses

Size 30-100 nm
Shape

2 =0400 nm (depending on virus)
Variable
Uniform, charged

Uniform, cup-shaped

Charge  Usually lacking charge
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research suggests that HIV budding is from the plasma mem-
brane and not from the endosomal pathway [75, 76].

As mentioned, several viruses enter via the endocytic path-
way. While some, like the flaviviruses, proceed through ILVs,
some, like HIV, completely subvert this process and instead
are closely associated with the ESCRT, lipid raft domains, and
Rab GTPases that are involved in exosome trafficking [8]. For
example, HIV Gag has been shown to interact with
tetraspanins, especially CD63 and CDSI, to aid in virion
egress [77]. Human herpes virus (HHV)-6 virions have been
visualized by electron microscopy in MVBs and egress by the
exosomal release pathway [78]. The viral glycoprotein gB
was shown to colocalize with CD63, although whether this
relationship is necessary for association of HHV-6 virions and
ILVs was unclear. However, HHV-6 infection dramatically
increased MVB formation, indicating the endosomal/
exosomal pathway as important for HHV-6 infection and as-
sembly [78]. Although the authors did not propose a mecha-
nism by which viral components were incorporated in
exosomes, the close association of the virus with exosomes
in the endosomal pathway begs the question of whether HHV-
6 components are also packaged in exosomes, and requires
further investigation.

Beyond interactions with tetraspanins, there are still other
viruses that are capable of hitching onto the ESCRT complex
to facilitate transportation of virus particles to the plasma
membrane. For example, influenza A virus, respiratory syncy-
tial virus (RSV), and certain Bunyaviruses attach to Rablla
vesicles to get to the plasma membrane for egress [8, 79-81].
Human cytomegalovirus (HCMV) is known to increase
Rab27a, which, as noted earlier, is essential for MVB fusion
with the plasma membrane [82]. The mechanism and ultimate
change to exosome production is as yet unknown, but Rab27a
could be found in association with its viral envelope [82]. HIV
also interacts with Rab27a, and increases its levels, as well as
those of several other components of the ESCRT machinery
[8, 83—85]. This is to be expected considering the aforemen-
tioned importance of ESCRT and exosome formation in HIV
assembly and egress. Herpes simplex virus 1 (HSV1) is yet
another virus that interacts with Rab27a. The interaction oc-
curred through GSSHV-ULA46, a viral tegument protein, in
oligodendrocytes [86]. Viral glycoproteins gH and gD also
interacted with Rab27a, and the importance of this association
with Rab27a was proven in this paper by a decrease in viral
production with Rab27a knockdown [86]. Whether this in-
volved a decrease in exosome production, and how important
this was for the lifecycle of HSV1, was not discussed at that
time.

The movement of vesicles in the endosomal pathway as
they track to and from the plasma membrane provides several
opportunities for viral sabotage. Thus far, we have noted that
viruses can enter the endosomal pathway just by viral fusion
and entry into the cell. It was also noted that some viruses can
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hijack members of the ESCRT and vesicular trafficking ma-
chinery, and thereby integrate viral components into
exosomes, owing to both close proximity and opportunity.
This is important as endosomal trafficking allows for cellular
contents, such as MHC II and tetraspanins to recycle through
the cell and potentially incorporate other cellular proteins for
representation at the plasma membrane. Thus, this process of
“back fusion” may allow the entry of viral proteins that are
being processed within the cell or even are targeted for the
endosomal compartment. Additionally, viruses that require
proximity to the nucleus and/or endoplasmic reticulum, such
as herpesviruses and other DNA viruses, will also follow this
route and thereby potentially have components incorporated
into exosomes at this step [31, 87]. As stated, whether this
process is natural happenstance due to proximity versus direct
targeting is still under investigation but will be explored via
the various examples mentioned herein.

HIV

HIV, which has been noted to take advantage of several
steps in exosome biogenesis, has been shown to incorpo-
rate transactivating response (TAR) RNA into exosomes
[88, 89]. The uptake of exosomal TAR in recipient cells
can downregulate apoptosis and is postulated to have a
role in supporting HIV infection. Importantly, TAR RNA
was still able to be detected in exosomes isolated from the
serum of HIV-positive patients on highly active antiretro-
viral therapy, indicating that even with antiretroviral ther-
apy, short transcripts remain present in these exosomes
[90]. Indeed, the same group later went on to find that
exosomal TAR RNA could stimulate proinflammatory cyto-
kines in recipient cells through activation of the nuclear factor
kappa b pathway [89]. In a separate study, the HIV Nef protein
was found in released exosomes [91]. Later uptake of these
Nef" exosomes led to increased susceptibility of naive T cells
to HIV infection [91, 92]. Indeed, another report found that
exosomes from HIV-infected cells could reactivate HIV in
latently infected cells [93]. Exosomal Nef has also been
shown to increase T-cell apoptosis in vitro, which may con-
tribute to the CD4" T-cell depletion in AIDS pathogenesis
[85]. Interestingly, Nef expression in CD4" T cells was also
noted to decrease CD4 and MHC I export to released
exosomes [94]. The authors postulated that this decreases
the ability of CD4" T cells to inhibit HIV infection in unin-
fected cells by using exosomes as decoys to soak up HIV
virions. This would further explain how Nef" exosomes en-
hance HIV infectivity. More recently, Luo et al. [95] dispute
the incorporation of Nef into exosomes at all, despite several
reports finding motifs within Nef that are necessary for
exosomal incorporation [96, 97]. It is a subject that requires
further investigation. Nevertheless, it is clear that HIV has
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evolved mechanisms to alter the cellular microenvironment to
its advantage through exosomal cellular communication.

HTLV

Like HIV, there are several other viruses that also seemingly
target viral RNAs and proteins for exosomal export. HTLV-1,
another human retrovirus and the cause of adult T-cell leuke-
mia and HTLV-1-associated myelopathy/tropical spastic
paraparesis (HAM/TSP), has also been shown to incorporate
viral proteins into shed exosomes. Jaworski et al. [98] found
that HTLV-1-infected cell lines shed exosomes containing
Tax, a pleiotropic transactivating protein implicated in the
immune dysregulation associated with infection [99, 100].
Tax appears to be targeted for exosome entry by ubiquitination
[98, 101], which was noted earlier to be an important tar-
get for ESCRT machinery. Indeed, prior studies have
shown Tax colocalization with organelles undergoing exo-
cytosis [102, 103].

Exosomes shed from HTLV-1" cell lines were found to also
contain viral mRNA and miRNAs such as fax and hbz [98].
Additionally, exosomes shed from HTLV-1-infected cell lines
showed a different cell miRNA profile, as well as a unique set
of host proteins and lipids, than was seen in those shed by
uninfected cell lines. In as-yet-unpublished work from our
laboratory in collaboration with Dr. Kashanchi, it was further
demonstrated that HTLV-1 Tax could be found in exosomes
isolated from the cerebrospinal fluid of some patients with
HAM/TSP, while exosomes from uninfected controls were
completely negative. Additionally, cultured, unstimulated pe-
ripheral blood mononuclear cells from patients with HAM/
TSP were shown to shed exosomes that contained Tax protein,
as well as Tax mRNA. Unlike the cell lines, however, no
detectable HBZ mRNA could be isolated from exosomes (un-
published data). This may have functional consequences as
HTLV-1 is a cell-associated virus and shedding of viral anti-
gens may contribute to the inflammatory immune response.
Indeed, it has previously been shown that extracellular Tax
can have damaging consequences for neurons [102, 104], al-
though neither study specifically implicated exosomes. Once
Tax protein or tax mRNA enter recipient cells, it can stimulate
the production of proinflammatory cytokines, like interleukin
(IL)-6 and tumor necrosis factor-« [105]. Importantly, initial
results from our laboratory indicate that cells that take up these
exosomes can become targets for lysis by HTLV-1-specific
cytotoxic T cells.

Of interest in the pathogenesis of HAM/TSP is the lack of
documented infection of resident neuronal cells. While astro-
cytes and microglia can be infected in vitro, they have not
been shown to be infected in vivo [106]. Moreover, the loss
of oligodendrocytes that occurs with disease progression can-
not be explained by active infection. One postulation is that

the proinflamatory environment contributes to their eventual
breakdown, while others have proposed direct targeting of
oligodendrocytes due to a mechanism of molecular mimicry
of Tax to a neuronal protein [107-109]. Exosomal Tax may
therefore ultimately explain both possibilities by contributing
to the inflammatory cytokine production through packaging
of these cytokines, as well as induction in recipient cells
(Fig. 1). Additionally, exosomal Tax uptake in uninfected cells
could explain targeting by HTLV-1-specific T cells in the pres-
ence of aseptic resident neuronal cells. Clearly, further re-
search must be undertaken to further elucidate the role of
exosomes in the disease progression of HAM/TSP and poten-
tial targeting of therapeutics.

HSV1

As mentioned, HSV1 is also known to interact with the
ESCRT complex through viral tegument proteins and glyco-
proteins. Though this relationship with Rab27a has not
yielded an observed consequence to exosomal production or
content, viral proteins can also be found in exosomes shed
from infected cells. HSV infection results in the release of a
variety of MVs from the cell, most prominent of which are L
particles, which are composed of virus envelope and tegument
but lack viral genome and capsid proteins [110, 111]. They are
noninfectious on their own but have been shown to increase
infectivity overall possibly through the transference of factors
that increase susceptibility in uninfected cells [112, 113].

In contrast, exosomes shed from HSV1-infected cells ex-
press the tetraspanins known to be enriched on exosomes,
CD9, CD63, and CD&81 [114]. In addition to viral transcripts,
HSV1 appears to direct the incorporation of certain host prod-
ucts into examples. An example of this is the Stimulator of
INF genes (STING) protein. It was found not only to be up-
regulated with HSV infection in Vero cells, but also found to
be shuttled out of cells in association with CD9 [115]. The
authors demonstrated that STING was packaged in exosomes
and delivered to uninfected cells. It was postulated that in ad-
dition to viral miRNAs also packaged in exosomes, such as
miR-H5, miR-H3, and miR-H6, these exosomes could exert a
negative effect on viral spread and potentially host-host infec-
tion by increasing host survival [114]. Conversely, immediate
early transcripts such as ICP27 and late transcripts like VP16
can also be found in exosomes, thereby promoting spread and
latency [115]. Additionally, HSV gB has been shown to colo-
calize with human leukocyte antigen-DR in exosomes shed
from cells [3, 116]. Shuttling of this MHC to exosomes reduced
the ability of cells to present peptide to the immune system and
was postulated to serve as important mechanism promoting
viral latency. There is more work to be done in terms of char-
acterizing the effects of packaging host and viral products into
exosomes. More importantly, it would be of interest to
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determine if patients that progress to central nervous system
(CNS) disease or reactivation in the CNS have different
exosome profiles compared with patients that remain latently
infected. Of note, a literature search did not yield research on the
association of exosomes with varicella zoster virus pathogene-
sis, although the role of exosomes in HSV1 pathogenesis sug-
gests that additional research into this area would be warranted.

Epstein—Barr Virus

In addition to HSV, several other herpesviruses also influ-
ence exosomal content. As mentioned, this may be owing to
the proximity of herpes virus transcription with the ESCRT
pathway as other cellular products enter via “back fusion” [31,
117]. Epstein—Barr virus (EBV) and Kaposi’s sarcoma herpes
virus (KSHV) have been the most studied, owing to the role of
exosomes in the propogation of EBV- and KSH V-associated
cancers, including nasopharyngeal sarcomas and Kaposi’s sar-
coma, respectively.

Latent membrane protein 1 (LMP1) was first discovered to
be exported in exosomes isolated from EBV" cancer cells
[118]. As a signal transduction protein, uptake of LMP1"
exosomes was found to inhibit natural killer cell activity and
T-cell activation and proliferation [32, 119, 120]. Additionally,
similar to HSV1, EBV is able to promote the incorporation of
host proteins into exosomes. Galectin-9 can be found in
exosomes released from EBV" cells and can induce the apo-
ptosis of EBV-specific T cells, signifying a method by which
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EBYV actively avoids detection by the immune system through
exosomes [23, 121]. Furthermore, epidermal growth factor
and fibroblast growth factor-2, both activated in association
with LMP-1-mediated transformation, are shuttled into
exosomes in LMP-1" cells [10, 122]. This may represent a
mechanism by which EBV cancers alter the microenviron-
ment to increase propagation and survival of transformed
cells. Still further evidence exists for EBV promoting packag-
ing of viral miRNAs. These miRNAs are then able to decrease
target genes like CXCL1I, which is an immunoregulatory
gene important for antiviral activity [23]. EBV further evades
immune detection by the shuttling of important immune ef-
fectors like IL-1(3, IL-18, and IL-33, into exosomes and out of
the cell [123]. In this way, EBV also targets exosomes as a
“trash receptacle”. Taken together, all of these modulations to
the exosomal pathway increase the survival and transforma-
tive abilities of EBV. Indeed, the transfer of viral antigens in
the absence of active viral infection may lead to other conse-
quences. A recent report by Baglio et al. [124] found that EBV
EBERI, a viral small RNA, could be found in exosomes and
that these exosomes, in turn, aberrantly activated DCs that
were found in EBV-negative skin lesions of patients with lu-
pus patients. This indicates a new potential mode of pathogen-
esis in autoimmune disease and other diseases where viral
infection has been implicated, but a causal link has been dif-
ficult to verify. Furthermore, exosomes may serve as a poten-
tial tool for screening these affected individuals.

Another gamma herpes virus, KSHV or HHV-8, was
also found to modulate the microenvironment through
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the packaging of viral factors in exosomes. Exosomes
produced by infected cells were demonstrated to carry
both KSHV and host-derived miRNA. Exposure to patient-
derived exosomes increased cell migration and IL-6 produc-
tion in recipient endothelial cells [125]. Additionally, like
EBYV, KSHV reprogrammed the cell profile of infected B cells
[126]. Infection promoted a switch to glycolytic metabolism,
and glycolysis by-products like pyruvate kinase and lactate
dehydrogenase were packaged into exosomes [7, 127].

CMV

HHV-5, or CMYV, is a betaherpesvirus. Like all of the herpes
viruses, it is able to infect cells and establish latency. It is an
especially important pathogen considered in transplant medi-
cine, as CMYV infection or CMV discordance between donor
and recipient can lead to increased rates of organ rejection
[128-130]. Previous reports have shown that infected epithe-
lial cells can produce exosomes that stimulate allogeneic do-
nor memory CD4 " T cells [20]. The authors proposed that this
was a potential contributor to allograft rejection in transplant
recipients. In addition to promoting an activated immune re-
sponse, CMV infection can also increase the release of DC-
SIGN on exosomes in complex with the viral glycoprotein gB
[131]. DC-SIGN is a C-type lectin family member that is
necessary for virus uptake [132]. It was shown that this release
mediated infection of myeloid DCs by CMV and increased
overall CMV infectivity [131].

HHV-6, another betaherpesvirus, has already been
discussed in terms of the viral association with the endosomal
pathway and MVBs. Additionally, HHV-6 was later detected
to increase MHC [ transfer to released exosomes in addition to
viral particles [133]. MHC I downregulation is a well-known
mechanism for immunoevasion employed by many clas-
ses of pathogens. This insight, gained by studying HHV-
6, may point to shuttling of MHC I and MHC 1II to
exosomes as an evolutionarily conserved mechanism that
is used by many viruses.

Human Papilloma Virus

Exosome biology plays a large role in tumor pathogenesis.
Thus, it is not surprising that so many oncogenic viruses have
been shown to subjugate exosomal communication. Human
papilloma virus (HPV) has several different serotypes, some
of which are more associated with cervical cancer-like HPV
type 16 and 18. In investigating patients with tumorigenic
versus benign subtypes, differential miRNA content in
exosomes was noted. Indeed, the miRNA profile of exosomes
isolated from cells infected with pathogenic HPV strains were
enriched for miRNA that controlled cell proliferation and ap-
optosis [134]. Although there was no evidence for the

incorporation of viral oncogenes E6/E7 in released exosomes,
the levels of E6/E7 were important in dictating the miRNA
profile of released exosomes [8, 135]. Owing to this discrep-
ancy in the profile of exosomes shed from oncogenic versus
benign strains, there is a clinical trial currently underway at the
National Institutes of Health to investigate the utility of
screening salivary exosomes in patients at risk for HPV oro-
pharyngeal carcinoma (https://clinicaltrials.gov/ct2
/show/NCT02147418). Indeed, the importance of exosomes
has been reinforced by a recent study in which normal cells
were immortalized after incubation with exosomes derived
from breast cancer cells [136].

HAV

HAV is a nonenveloped picorna virus that usually causes a
mild gastrointestinal illness but which can, at times, lead to
hepatitis with full clearance of the virus after infection.
Interestingly, HAV has been shown to hijack endosomal mem-
branes for encapsulation upon release [137]. These enveloped
viruses are fully infectious and aid HAV in immunoevasion as
they are protected from antibody neutralization [138].
Although envelopment of previously naked virus particles is
different to the strategy taken by HCV, which incorporates
naked viral genome into exosomes, both HAV and HCV co-
opt the exosomal system for evasion from the adaptive arm of
the immune system. Indeed, hepatitis B virus, which is a
hepadnavirus, also hijacks exosomal communication. On
HBYV infection, cellular release of MVs is dramatically in-
creased. However, these MVs are characterized as subviral
particles and contain viral surface antigens but no viral ge-
nome and are therefore noninfectious [139]. The subviral par-
ticles can, however, serve as decoys to the immune system as
they are able to absorb antibodies that might otherwise inhibit
viral particles [32].

Bunyaviruses

Bunyaviridae is a family of enveloped, negative-stranded vi-
ruses that includes the hantavirus, nairovirus,
orthobunyavirus, phlebovirus, and tospovirus genera. Of
these, hantavirus and phlebovirus have clinical significance
as human pathogens, including hanta pulmonary virus and
Rift Valley fever virus (RVFV), respectively. Interestingly,
recent reports suggest that the phlebovirus family can modu-
late the immune system via exosomes. Exosomes isolated
from cells infected with RVFV not only contained viral
RNA and proteins, but also immune cells exposed to these
exosomes underwent apoptosis [140]. This suggests a mech-
anism for immune persistence early in the disease, as
exosomes were detected prior to virion release [140].
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Another phelebovirus, a newly recognized virus called severe
fever with thrombocytopenia syndrome virus, also utilizes
exosomes. Severe fever with thrombocytopenia syndrome vi-
rus was found to package virions within CD63" extracellular
vesicles (exosomes), which allowed for efficient receptor-in-
dependent uptake by neighboring cells [141]. Of note,
pheleboviruses also have DC-SIGN as a receptor [142] ,
which has been shown to be packaged into exosomes for
uptake in uninfected cells by CMV [131]. Further inves-
tigation should be undertaken to observe if a similar
mechanism for viral spread is employed by phleboviruses
and bunyaviruses in general. There is currently no litera-
ture describing hantaviruses and exosomes, although this
topic obviously warrants further investigation for the role
of extracellular vesicles in Hanta pulmonary virus
syndrome.

Discussion

As can be seen by the wide variety of viruses discussed in this
review, there are several different viruses spread across differ-
ent genera that take advantage of exosomal communication.
While some cloak viral antigens to aid in viral spread, others
increase shuttling of disadvantageous host products that would
hinder viral infection into exosomes. Others utilize exosomes
as decoys to the immune system and, counterintuitively, some
viruses also seem to prime a directed immune response to
inhibit spread. The examples presented by these viruses illus-
trate the many ways exosomal communication is important for
immune function and maintenance of the cellular microenvi-
ronment. The one unifying factor is that all of the viruses
present, except for HAV and the phleboviruses, are able to
establish latency in the host. Thus, the question becomes:
Does their ability to manipulate exosomal contents allow these
viruses to establish latency, or does long-term infection favor
the ability to isolate exosomes while transient infections have
been largely ignored due to the belief that immune clearance
negates the risk of exosomes? Indeed, the example of RVFV
indicates that exosomes may play an early role in the viral
spread of transient infections. Of note, the line between latency
and transient infection is becoming blurred in the cases of Zika
and Ebola, which have shown a remarkable ability to reappear
in previously convalescent patients. Furthermore, the exam-
ples in this review highlight the ability of exosomes to increase
not only viral spread, but also the type of cells that can be
infected. This becomes an important consideration as we
attempt to understand how viruses are able to establish
and maintain viral reservoirs and “pockets of infection”
in cells not normally believed to be permissive.

Ebola, chikungunya virus, avian flu, and Zika virus are just
a few of the new and re-emerging viruses that are characterized
by transient infection. However, in the cases of Ebola and Zika
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virus, scientists are discovering that virus and viral proteins can
still be isolated months after the initial infection from immune
privileged sites like the eye and semen [143—145]. All of these
viruses pose serious health threats to the human population,
and both Zika and Ebola have been of concern owing to in-
creasing evidence of CNS disease [146—148]. Thus, an under-
standing of how these agents persist in these spaces and cause
damage is imperative. As noted in this review, exosomes are a
potential source of antigen that can easily cross the endothelial
barriers protecting immune privileged sites. Additionally, in
the case of Zika virus, which is a flavivirus, there is already
precedence for other members of this virus family altering
exosomal contents. Therefore, there is a high likelihood that
this ability to incorporate viral contents into exosomes is a
shared mechanism for immune evasion amongst the entire
family, and warrants investigation. Considering the troubling
consequences of Zika infection in pregnancy, screening for
exosomes in prospective mothers might be a useful tool for
evaluation of risks to the fetus. This is an attractive prospect
as the ability to detect Zika virus by reverse transcription po-
lymerase chain reaction is optimal 5-7 days after symptom
onset and while the patient is still viremic (http:/www.cdc.
gov/zika/hc-providers/qa-pregnant-women.html). Additional
testing involves detection of IgM; however, there is cross-
reactivity with other flaviviruses like Dengue virus and
WNV, and therefore it is not specific. A method that targets
particles, such as exosomes, that can cross the placenta and that
could still be detected after the window of viremia would be
useful. Exosomes represent a potential biomarker that can be
used in this way. Furthermore, exosome analysis may prove to
be important in understanding Ebola pathophysiology as Alix,
the ESCRT protein important in directing proteins to
endosomes, is necessary for viral budding [149].

Overall, exosomes represent an exciting new avenue with
which to explore in viral pathology, one that current evidence
suggests plays a role in both transient and latent virus infec-
tion. The possibility of screening exosomes in viral disease
presents a noninvasive technique for the management and
treatment of patients.

Required Author Forms Disclosure forms provided by the authors are
available with the online version of this article.
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