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Tinkering with extracellular vesicles viruses evolve new infectious
units
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A traditional view of virus biology classifies viruses as either
non-enveloped (naked) or enveloped. In naked viruses the
infectious unit is composed of the nucleic acid genome
encapsidated in a viral protein shell, whereas in enveloped
viruses, the outermost layer of the virus particle is composed
of a lipid membrane derived from the host cell. Whether
released by lysis or budding, free virus particles were
considered the canonical infectious units. Nevertheless,
the tale of virus dissemination is far more complex than
previously anticipated as first reveled by a seminal study on
Hepatitis A virus (HAV). In it, it was shown that infectious
HAV can be released as naked-free viral particles or cloaked
in host-derived membranes, whose surface is devoid of viral
proteins and resemble extracellular vesicles (EVs) (1).

It is now clear that a large number of non-enveloped and
enveloped viruses exploit EVs as an alternate mode for virus
egress and dissemination, which has led some to propose that
virus loaded EVs are distinct infectious units. This proposal
is comprehensively reviewed by Kerviel, Zhang and Altan-
Bonnet in Annual Review of Cell and Developmental Biology (2).
Clear differences exist between free virus particles and
infectious EVs regarding the cellular mechanisms that
lead to their biogenesis as well the consequences for virus
dissemination and antiviral immunity. Therefore, we are
sympathetic to the idea of considering EVs as new infectious
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units and in this commentary we highlight molecular
mechanisms that are likely involved in the biogenesis of
EVs and their uptake and how these could be subverted
by viruses (Figure I). We are particularly interested in the
phenomenon of RNA sorting during positive sense single
stranded RINA [(+)ssRNA] virus infection. Therefore, our
commentary focuses on these viruses.

(+)ssRNA viruses carry genomes that are functional
mRNAs and thus, translation of viral proteins is
accomplished following virus entry and genome release
to the cell cytoplasm. In other words, genomes are by
themselves infectious, and no additional viral proteins are
required to launch viral replication. It is likely that this
characteristic has conferred them an evolutionary advantage,
and, not surprisingly, they constitute the most diverse type
of viral pathogens of plants and animals. (+)ssRNA viruses,
include both non-enveloped and enveloped viruses: the
traditional non-enveloped viruses are well represented
members of the Picornaviridae family, whereas members
from the Flaviviridae family are examples of enveloped (+)
ssRINA viruses.

Even though the replicative strategies of (+)ssRNA
viruses are diverse, a hallmark of all of them is the induction
of profound membrane rearrangements to generate viral
replication organelles (ROs). ROs are formed in different
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Figure 1 Pathways leading to the release of Flavivirus virions and infectious extracellular vesicles (EVs) and their uptake. (A) Canonical free
Flavivirus particles are released via the secretory pathway upon the budding of virions into the lumen of endoplasmic reticulum (ER) and
trafficking via the Golgi apparatus to the plasma membrane. Alternatively, viral RNA and ensembled virions are released via the exosomal
pathway. We hypothesize that this is the result from (B) fusion of secretory vesicles with multivesicular bodies (MVB) or of (C) recruitment
of viral RNA and sfRINA via RNA-binding proteins (RBPs) and endosomal sorting complex required for transport (ESCRT) proteins to late
endosomes. Furthermore, (D) Flavivirus infectious EVs are also released via secretory autophagy, whereby, the autophagosome fuses with
the MVB (instead of lysosomes) forming amphisomes that then fuse with the plasma membrane. (E) Upon uptake via clathrin mediated
endocytosis, canonical Flavivirus particles uncoat and release their viral genomes into the cytosol as endosomes mature. EV packaged virions
could also enter via endocytosis, fusing with intraluminal vesicles (ILVs) inside early endosomes to trigger viral uncoating as endosomes
mature. This would allow for the release of viral RNA into the cytosol via back fusion of ILVs with the outer endosomal membrane. (F)
Endocytosed EV packaged viral/sfRNA could also be released into the cytosol via targeting and fusion at the ER, or lysosomes. (G) EVs
containing virions, viral RNA/RBPs, and sfRNA/RBPs could also be delivered by direct fusion with the recipient cell’s plasma membrane.
This would allow for the expedited delivery of viral RNA to the cytosol to initiate infection and sfRNA to initiate its anti-immune functions.
(H) Lastly, vesicles generated from secretory autophagy may be endocytosed or fuse directly with the recipient cell’s plasma membrane for
delivery of infectious viral RNA and/or proteins. Adapted from “ZIKV Infection Cycle”, by Biorender.com (2021). Retrieved from https://

app.biorender.com/biorender-templates.
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subcellular compartments depending on the virus, but
the membranous network of the secretory pathway is
frequently targeted. The endoplasmic reticulum (ER),
the Golgi apparatus and secretory vesicles, including
exosomes, lysosomes and secretory amphisomes, are
all known sites of (+)ssRINA virus replication (3). ROs
concentrate RNA genomes, viral proteins and host factors
often involved in lipid biosynthesis and vesicular trafficking;
thereby, generating subcellular structures with discernible
morphologies of mainly two types: spherule membrane
invaginations and double membrane vesicles (DMVs) (4).
These ROs are tightly linked to viral assembly sites, where
in the case of non-enveloped viruses, the newly synthesized
viral RNA genome is encapsidated by the viral capsid
protein to assemble a virion. In the case of enveloped
viruses, the viral RNA genome is encapsidated to form a
viral ribonucleoprotein (RNP) complex, often referred to
as nucleocapsid. The nucleocapsid is targeted to cellular
membranes enriched with additional viral structural
proteins and then buds from the plasma membrane or into
intraluminal cellular compartments, thus acquiring a lipid
envelop derived from the host membrane in which viral
proteins are embedded.

The packaging of viral RNA is complex and has been
reviewed recently (5). However, as Kerveil and colleagues
recap, viral (+)ssRNA can be found in different forms: (I)
in the canonical assembled virions; (II) in EVs that carry
fully assembled virions; (III) intriguingly, in EVs carrying
infectious genomes (devoid of virions). It is the latter
phenomenon we wish to discuss first, by wondering how
(+)ssRNA molecules ‘escape’ targeting to their canonical
armor and end up exported from the host cell in EVs.

Although the determinants of viral RNA sorting into
EVs remain a black box, the export of cellular RNAs
provide a good starting point for hypotheses regarding
potential mechanisms involved. Cellular and viral RNA
molecules exist in the cell primarily as RNP complexes
and thus, RNA-binding proteins (RBPs) are key factors
in RNA localization and function. Indeed several RBPs
have been implicated in the secretion of cellular RNAs
(particularly miRNAs) via the exosomal pathway and
secretory autophagy (6-10). Exosome biogenesis requires
the host endosomal sorting complex required for transport
(ESCRT). ESCRT proteins induce invagination of the late
endosomal membrane away from the cytosol, resulting
in the uptake of cellular cargo into intraluminal vesicles
(ILVs), thereby forming a multivesicular body (MVB).
MVBs later fuse with the lysosome for cargo degradation
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or with the plasma membrane releasing ILVs as exosomes
(11,12). ESCRT-I, ESCRT-II and apoptosis linked gene-
2-interacting protein X (ALIX) are important proteins
for cargo selection and inward budding of ILVs, whereas
ESCRT-III forms the core fission machinery that severs
ILVs from the membrane. More recently, it has also been
established that ESCRT proteins are also required for the
closure of the autophagosome (13,14), a DMV structure
that forms around cytoplasmic contents. Autophagosomes
fuse with the lysosome for degradation of their intraluminal
contents (process known as macroautophagy) or with
MVBs to form amphisomes that later fuse with the
plasma membrane delineating the process of secretory
autophagy (15).

The ESCRT pathway represents the only cellular
machinery able to perform inward curvature of limiting
membranes, which is required to form ROs, and fission
events essential for membrane budding away from the
cytosol, which is required for the release of enveloped
virus particles into intraluminal compartments or to the
extracellular space. Thus, it is not surprising that ESCRT
proteins are commonly usurped by viruses to carry out
these processes. In fact, the study of viral proteins that
recruit ESCRT components, led to the identification of
the domains responsible for this recruitment, now known
as viral late domains. These are now recognized in the
structural proteins of enveloped viruses such as retroviruses,
arenaviruses, filoviruses, and rhabdoviruses (16).
By engaging ESCRT proteins, late domains promote
virus particle release, a mechanism well characterized at
the molecular level for enveloped viruses that bud from
the plasma membrane (17). Interestingly, release of the
enveloped form of HAV (eHAV) also depends on several
ESCRT proteins and its adaptors, and two late domains
have been identified in the HAV VP2 capsid protein (1,18).
ESCRT proteins have also been involved in the assembly of
viruses that bud into intracellular compartments, although
this involvement is not as well characterized. For example,
the ESCRT proteins CHMP2 and 4 function in the
membrane deformation that leads to the budding of Dengue
virus (DENYV) into the lumen of the ER, but ESCRT
proteins are dispensable for DENV RNA replication (19).
Of note, late domains have not yet been identified in
DENYV viral proteins and therefore, it is likely that the
ESCRT recruitment for DENV budding is mediated by
host factors binding either viral proteins or the viral RINA.

Given the function of ESCRT proteins in selecting cargo
for EVs (and potentially for autophagosomes), it is temping
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to propose that interaction of ESCRT components with viral
RNPs is responsible for their secretion. Indeed, members of
ESCRT-II are endowed with RNA-binding activity (20) and
an interaction between ESCRT components and viral RNA
has been reported during infection with the non-enveloped
plant (+)ssRINA tomato bushy stunt virus (21). Alternatively,
cellular RBPs could play an important role in sorting viral
RNA into EVs by interacting with ESCRT components.
For example, the interaction between ALIX and Argonaute
2 has been shown to mediate loading of miRNAs into
exosomes (22). Furthermore, EVs released via secretory
autophagy, which require at least one ESCRT-III protein
(CHIMP4b), are enriched in cellular RBPs, although the
full involvement of ESCRT in this pathway remains to
be elucidated (10). Interestingly, the non-lytic spread of
poliovirus, Coxsakie B3 and enterovirus D68 is attributed to
the induction of secretory autophagy [reviewed by (15)] and
DENYV infectious RNA has been shown to be released in
autophagosome-derived vesicles (23,24).

Is it possible that ESCRT proteins recruited to form ROs
come in contact with newly synthesized RNA or viral RNPs
and this causes their loading into exosomes or amphisomes?
Are these ‘escape’ molecules a product of excess replication
and subsequent stochastic cellular processes lead to their
secretion? Regardless of the answer, we posit that viruses
will evolve to take advantage of these new escape routes and
add them to their repertoire. Indeed HAV has evolved two
transmission routes, one involving EV-cloaked virions that
are found only in blood and thus, mediate intraorganismal
transmission; and one via naked virions, which are shed
in feces, and thus, mediate interorganismal feco-oral
transmission (1). Moreover, arthropod-borne viruses of
the Flavivirus genus, such as DENV, Zika virus (ZIKV),
and Langat virus (LGTV), provide another interesting
case in point of the importance of EVs in enabling viral
transmission between organisms.

DENYV, ZIKA and LGTYV viruses are transmitted
between humans through the bite of an infected mosquito or
tick, and due to their cycling between human and arthropod
hosts, are subject to additional selection pressures. In this
context, the advantages of EV-mediated virus transmission,
including receptor-independent entry and immune-response
evasion, become even more appealing. Interestingly, in
human and mosquito cells, as well as iz vivo in mosquitoes,
EVs carrying infectious Flavivirus genomes are more
commonly found than EVs carrying fully assembled virions
(25-29). Remarkably, infectious EVs from DENV and
ZIKA-infected mosquito cells and LGT V-infected tick
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cells, were able to transmit infection to mammalian cells
(25,27,28). Furthermore, our group has recently uncovered
that the subgenomic Flavivirus RNA (sfRNA), which is a
key factor modulating DENV infection, is secreted within
EVs in the saliva of infected mosquitoes (30). Importantly,
the presence of stfRNA in mosquito saliva enhanced virus
infectivity in human cells (30). Are infectious EVs a newly
identified pathway that facilitates viral dissemination within
and among hosts? And if so, how are these infectious EVs
delivered to target cells to ensure viral replication?

In this respect, two mechanisms have been proposed
for the internalization of cytosolic cargo delivered via
EVs: (I) endocytosis of the EV with subsequent delivery
of their cargo to endosomes or the ER or (II) fusion at the
plasma membrane (31-34). We hypothesize that infectious
EVs follow these same two entry mechanisms. Given the
preponderance of evidence supporting endocytosis of
EVs and the progressively intriguing role of infectious
EVs during Flavivirus infection, the remaining of this
piece in focus on these viruses (35-37). On their surface,
EVs are enriched in both phosphatidylserine (PS) and
tetraspanins (38). Their corresponding receptors on
recipient cells are TIM/TAMs and integrins, respectively,
both of which have been proposed to mediate endocytosis
of canonical Flavivirus enveloped particles (39,40).
Furthermore, various combinations of EVs and virions
containing tetraspanins and Flavivirus structural proteins
have been detected, suggesting a close relationship between
Flavivirus virions and EV endocytic entry mechanisms
(28,41). Once endocytosed, enveloped Flavivirus particles
escape acidifying endosomes to deliver infectious (+)ssRNA
into the cytosol, initiating viral translation and RNA
synthesis at the ER. If mature virions are packaged into
EVs, once endocytosed, viral RNA escape and infection
establishment could occur by delivery of virion containing
EVs into MVB (31,32). Bis-monoacylglycerol-phosphate
and PS are anionic lipids enriched in ILVs and have been
demonstrated to assist in fusion of EVs with ILVs and
Flavivirus escape from late endosomes/MVBs (28,42). Thus,
once endocytosed, virions could escape from EVs by first
fusing with ILVs in MVBs, and subsequent back fusion into
the cytosol (Figure 1).

On the other hand, infectious viral RNA (likely
complexed with host or viral RBPs) and cloaked within EVs
could be more efficiently delivered into the cytosol as escape
from the endosomal membrane is the only requirement.
Once endocytosed, endosomes containing EVs can be
targeted to scan the ER, fusing with this membrane or the
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lysosome (31). Given that flaviviruses replicate at the ER,
targeting of EV packaged with infectious viral RNA via
this route would allow for accelerated initiation of viral
replication (Figure I).

Conclusions

Viruses have evolved several strategies for their replication
and dissemination. In addition to recruiting cellular factors
to promote the assembly of free virions, viruses exploit
cellular pathways that lead to the biogenesis of EVs. This is
not unexpected, when we consider evolution as a tinkering
force that will constantly use what already exists (43).
Clear advantages emerge from EV-mediated viral
dissemination; namely, receptor-independent uptake and
en bloc transmission, whereby multiple viral genomes initiate
infection in the same cell favoring higher replicative fitness.
Furthermore, infectious EV are less likely to be recognized
by the host immune system and are more resistant to
environmental stresses and disinfection than free particles
counterparts (2). With a few exceptions, however, virus-
infected cells release both canonical virions and EV-
enclosed viral clusters/infectious genomes, suggesting that
a variety of cellular mechanisms are at play during the late
steps of the replication cycle, particularly assembly. What
causes the selection of a particular pathway? And how is this
relevant for the host? In the well studied example of HAV,
release of naked virions is the result of cell death, which
translates in tissue pathology, whereas release of EV-cloaked
virions, found exclusively in blood, results in evasion of
the immune system. What is the proportion of free virions
vs infectious EVs in other viral infections and how does it
relate to the cell type/tissue being infected? The underlying
molecular mechanisms of infectious EV biogenesis and their
uptake are far for being understood. Characterizing these
mechanisms will certainly influence the way we understand
and tackle viral diseases.
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