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Abstract

Extracellular vesicles have recently emerged as a novel mode of viral propagation exploited by
both enveloped and non-enveloped viruses. In particular non-enveloped viruses utilize the hosts'
production of extracellular vesicles to exit from cells non-lytically and to hide and manipulate the
immune system. Moreover, challenging the long held idea that viruses behave as independent
genetic units, extracellular vesicles enable multiple viral particles and genomes to collectively
traffic in and out of cells, which can promote genetic cooperativity among viral quasispecies and
enhance the fitness of the overall viral population.

Introduction

A new mode of viral transmission

Many prokaryotic and eukaryotic cells release membrane-bound vesicles into their
extracellular environment. Extracellular vesicles are a new form of cellular communication,
enabling cells to modulate other cells within their immediate microenvironment as well as at
a distance. These vesicles, which can range in size from tens to thousands of nanometers,
carry cellular proteins, lipids and nucleic acids including growth factors, cytokines,
chemokines, translation regulatory factors, toxins and micro RNAs between cells [1¢]. They
can be derived from a variety of cellular sources: direct budding from the plasma membrane
to form ectosomes; by internalization of cytosol into late endosomes to form a multivesicular
body (MVB) which can fuse with the plasma membrane to release small 100 nm vesicles
termed exosomes [1¢]; and from double-membraned autophagosomes fusing with the plasma
membrane to release large (350-500 nm) single membrane vesicles [2,3]. Now a new role is
emerging for extracellular vesicles, as transporters of viral particle and viral genome
populations to new susceptible host cells (Figure 1).

Viruses traffic within vesicles

Historically viral exit from cells has been described to take place essentially by one of two
mechanisms. Enveloped viruses exit the cell by budding, thus picking up a host membrane to
surround each capsid with. They can bud directly from the plasma membrane (e.g. HIV or
Influenza virus) or bud into an exocytic host pathway (e.g. HCV) [4,5]. For this type of viral
release the cell does not need to lyse even though it may eventually because of viral stress or
immune cytotoxicity. In contrast, cells in culture infected with non-enveloped viruses, such

Corresponding author: Altan-Bonnet, Nihal (nihal.altan-bonnet@nih.gov).



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Altan-Bonnet

Page 2

as poliovirus, Coxsackievirus, rhinovirus, norovirus, and Hepatitis A virus (HAV) often
lysed and given that electron microscopic and X-ray studies did not find membranes around
the capsids [6], it was widely accepted that these viruses must disrupt the plasma membrane
in order to exit the cell. This separation between enveloped and non-enveloped viruses
became less clear when Lemon and colleagues reported in 2013 finding both enveloped and
non-enveloped HAV particles in the extracellular medium of infected liver cells in culture
and in the serum of HAV infected humans and monkeys [7+¢]. The assembled HAV particles
were localized to MVBs inside cells and /7 vitro depletion of ESCRT proteins, which are
required for exosome biogenesis [7+¢], blocked the envelopment and release of the viral
particles, strongly suggesting that exosome biogenesis pathways were being exploited by
HAV to exit cells. Another non-enveloped hepatitis virus, Hepatitis E virus (HEV), also was
reported to exist in an enveloped state by releasing within exosomes [8].

Further studies on cells infected with poliovirus, Coxsackievirus and rhinovirus, revealed
that these viruses also exited host cells in vesicles and before cell lysis [9,10,11e¢].
Surprisingly, the origins of these vesicles were not MVBs but rather autophagosomes
[9,10,11e¢,12¢¢]. Autophagosomes, are produced in all eukaryotic cells and autophagy is
generally considered to be a bulk degradative pathway, important in times of cellular stress
to degrade large quantities of cytoplasm and provide protein, lipid and carbohydrate building
blocks to meet the needs of the cell [13]. The double-membraned autophagosome can be
generated from a variety of membranes including the endoplasmic reticulum (ER),
mitochondria and even the plasma membrane [14]. In the case of poliovirus, the membranes
likely originated from the ER as they contained transmembrane resident ER proteins. Hence
the intermembrane space of the double membraned structure was the former ER lumen and
the encapsulated cytoplasm contained poliovirus [11e¢]. Notably these autophagosomes did
not fuse with lysosomes but instead were targeted to and fused with the plasma membrane to
release single membrane-bound vesicles containing viral particles [11ee]. This process of
‘secretory autophagy’ has been observed in a variety of uninfected eukaryotic cells [2] and is
implicated in the secretion of IL1f [15], synuclein [16] and amyloid @ protein [17] as well
as entire organelles. Its role in the latter in particular is critical during maturation of
reticulocytes into red blood cells [18e¢].

Both the small exosomes containing HAV, HEV and the larger autophagosome-derived
extracellular vesicles containing poliovirus, Coxsackievirus and rhinovirus, when isolated
intact from the extracellular environment and added to new susceptible host cells,
demonstrated a high degree of infectivity [7++,10,11¢°,19]. Notably for poliovirus,
Coxsackievirus and rhinovirus, infections with vesicles were still receptor-mediated, that is
viruses had to bind their respective receptors, suggesting that the vesicle membrane around
the viral particles was disrupted after the vesicles engaged with the new host cell [7+¢,11¢¢].
Moreover the autophagosome-derived vesicles that carried these viruses were all enriched in
phosphatidylserine (PS) lipids [11e¢]. Masking the PS lipids on the vesicles, with specific
PS-binding proteins, blocked the infection suggesting that recognition of the lipid by the
host cell was an additional factor regulating viral tropism [11ee]. A similar role for PS lipids
had been previously invoked for bona fide enveloped viruses such as vaccinia during
infection [20].
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Only after engagement with the host cell did HAV and HEV particles within vesicles
become sensitive to neutralizing antibodies, supporting the model of disruption of the vesicle
membrane during infection [7+¢,19]. The mechanism of membrane disruption is currently
unknown but recent findings with HEV suggest uptake of vesicles into acidified endosomes
where endosomal lipases and lipid-extracting proteins (e.g. Niemann—Pick transporter)
permeabilize the membrane [19]. Notably, many non-enveloped virus capsid proteins
including the adenovirus protein VI, the rotavirus VVP5 and the poliovirus VP4 proteins have
intrinsic membrane disrupting activities that can be triggered upon acidification of their
environment [21-23]. Hence upon engagement and internalization into an acidified
compartment, the viral particles themselves may be able to directly facilitate lysis of their
vesicle membrane.

In addition to non-enveloped viruses, authentic enveloped viruses such as Hepatitis C virus
(HCV), Pegivirus, Severe Fever with Thrombocytopenia Syndrome (SFTS) virus, Rift
Valley Fever virus (RVFV) and even HIV and HTLV-1 appear to exploit extracellular
vesicles in novel ways to propagate themselves. HCV, in addition to packaging its genomic
RNA in enveloped virions and exporting them out through the secretory pathway, releases
full-length naked genomic RNA molecules within exosomes [24¢,25,26¢,27¢]. Although
these exosomes are infectious, their infectivity appears to be independent of known HCV
receptors such as CD81, SB-RI and the ApoE receptor as the exosomes lack the HCV E1
and E2 envelope proteins [27¢]. It is not clear whether packaging of naked viral genomes
within exosomes is induced by the virus or is a host response to the virus. Moreover the
Ago2-mil22 complex is found to traffic along with the HCV genome, which potentially
facilitates replication relative to infection by free HCV particles [26¢]. SFTS virus infected
cells release entire virions in exosomes and these exosomes are not only infectious but the
infection is through a yet to be determined receptor-independent pathway such as direct
fusion of exosomes with host cells [28]. Other viruses like RVFV, HIV, HTLV-1 appear to
also use exosomes to indirectly favor their transmission to other cells by packaging segments
of viral nucleic acids and proteins within exosomes that modulate the survival of
neighboring uninfected cells [29¢,30,31]. Given these reports of infectivity being
independent of virion—host cell surface receptor interactions, it remains to be determined
which virus and host factors, including vesicle membrane components (e.g. PS lipids) and
lumenal contents (e.g. Ago2-mil22), influence viral and tissue tropism.

Vesicles enable high multiplicity of infection and can facilitate genetic

cooperativity

It is generally accepted that viral particles, whether enveloped or non-enveloped, travel and
infect as single infectious units, independently of one another. Contrary to this, we recently
reported finding viruses traveling and infecting susceptible cells in populations [11ee].
Poliovirus, Coxsackievirus and rhinovirus, were each found traveling in large clusters within
autophagosome-derived vesicles [11+]. Given the typical discrete size of these vesicles
~400 nm and the size of an individual poliovirus or rhinovirus particle ~30 nm, a single
vesicle can traffic hundreds to thousands of viral particles. Indeed even smaller vesicles like
exosomes (~100 nm) may have the capacity to fit multiple HAV or HEV particles. This
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phenomena may not be limited to just RNA viruses as vesicular trafficking of viral
populations has also been recently reported for Marseille virus, a large DNA virus of capsid
size ~250 nm, that appears to travel in populations of thousands within giant micrometer
size vesicles [32].

This collective transport of multiple viral particles together in a vesicle enables collective
simultaneous delivery of multiple viral genomes into a susceptible host cell [11e¢] (Figure
1), akin to the Trojan horse tactic used to smuggle soldiers into ancient Troy. Significantly
this type of delivery yields greater replication efficiency than infections with similar
numbers of free (i.e. not in vesicle) viral particles [11¢]. This brings up the intriguing
possibility that vesicular travel of viral populations may be nature's way of generating high
multiplicities of infection in order to enhance viral propagation and survival [33]. In
particular for RNA viruses, having a high multiplicity of infection can provide greater
opportunities for genetic cooperativity [34+,35¢]. Because of rapid replication kinetics
combined with an inability to correct errors generated by their own RNA dependent RNA
polymerases, the population of RNA viruses within a cell are not identical and instead are a
mix of ‘quasispecies’. In this population of quasispecies, each RNA genome can differ from
one another in terms of replicative fitness in the next infection cycle, as a result of
differences in rates of uncoating, translation, replication, assembly, resistance to innate
immune defenses, etc. (Figure 1) [36]. While as free independent viral particles these
differences could determine the ultimate survival and propagation of a single quasispecies
viral genome, if delivered in a vesicle as part of a population, the cooperative interactions
among the quasispecies such as sharing genetic templates, replication machinery and
structural proteins and innate immune defense modulators, could yield greater overall
survival and long term fitness for multiple quasispecies (Figure 1). For example, a genome
encoding a mutation that slows replication but helps evade the immune response could
provide a benefit to the population as a whole if helped in replication with cooperative
interactions with other population members (e.g. sharing replication machinery). The
benefits of cooperative behavior may also extend to exosomes and other extracellular
vesicles carrying naked RNA genomes [24¢,25,26¢,27¢]. Furthermore when cells are co-
infected with different but closely related RNA viruses, such as poliovirus and
Coxsackievirus [37], non-lytic cellular exit by extracellular vesicles would generate vesicles
carrying a mix of both viral populations which would then increase the probability of co-
infection and genetic interactions that could result in faster emergence of drug resistance and
decrease in vaccine efficacy.

Vesicles can help viruses manipulate the immune system

Cell lysis is a highly inflammatory event when it happens in the context of the body,
attracting components of the immune system [38]. Hence escape without lysing the host cell
would be an advantage for any virus. Moreover, hiding within extracellular vesicles for non-
enveloped viruses would be a barrier to neutralizing antibodies [7+¢]. In addition to these
advantages provided by vesicular release, PS lipids enriched within vesicle membranes may
play an important role in modulating the immune system. PS lipids are potent anti-
inflammatory agents [39¢]. When cells undergo apoptosis and PS is flipped from the inner to
the outer leaflet of the plasma membrane, it not only becomes an eat me signal for
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phagocytic uptake by macrophages but also triggers an anti-inflammatory signaling program
within the macrophage resulting in release of anti-inflammatory cytokines like TGF-f and
IL-10 that block activation of the immune system in the face of normal cell turnover [40].
On the other hand when macrophages encounter pathogens the response is frequently the
opposite, with release of inflammatory cytokines and chemokines to alert and recruit other
cells including the adaptive immune system [41]. Hence upon uptake, virus containing PS
vesicles may short circuit the inflammatory program and attenuate the immune response.

Conclusions

Recent findings of how viruses exploit extracellular vesicles are revising the useful but
simple models we have of how viruses enter, replicate and exit cells. Instead a more complex
picture of viral propagation and transmission is emerging where vesicles enable non-
enveloped and enveloped virions as well as naked genomes, host and viral components to be
agents and modulators of infectivity and replicative fitness. Extracellular vesicles enable
viruses to infect cells in both receptor-dependent and receptor-independent mechanisms; to
modulate the immune response; and by transporting populations of viral particles and
genomes increase multiplicities of infection to facilitate cooperative interactions and
enhance viral replicative fitness.
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Figurel.
Diagram of extracellular vesicles mediating the non-lytic transmission of populations of

virions and viral nucleic acids between two cells. RNA virus replication results in viral
progeny that is a mixture of quasispecies. Extracellular vesicles with phosphatidylserine-
enriched membranes, derived from multivesicular bodies (MVB) or from autophagosomes,
capture populations of quasispecies from the cytoplasm, either in assembled viral particle
form (e.g. poliovirus, HAV) or as naked viral RNA (e.g. HCV) (cell 1). These populations of
quasispecies in vesicles are delivered to a new host cell (cell 2), giving rise to a high
multiplicity of infection. This in turn enhances the replicative fitness of these quasispecies
by promoting cooperative interactions among them including recombination among
genomes, sharing viral machinery for translation, RNA synthesis, assembly as well as
restricting the innate immune defenses of the host cell.
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