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Abstract: Viruses usually induce a profound remodeling of host cells, including the
usurpation of host machinery to support their replication and production of virions to
invade new cells. Nonetheless, recognition of viruses by the host often triggers innate
immune signaling, preventing viral spread and modulating the function of immune cells.
It conventionally occurs through production of antiviral factors and cytokines by infected
cells. Virtually all viruses have evolved mechanisms to blunt such responses. Importantly,
it is becoming increasingly recognized that infected cells also transmit signals to regulate
innate immunity in uninfected neighboring cells. These alternative pathways are notably
mediated by vesicular secretion of various virus- and host-derived products (miRNAs,
RNAs, and proteins) and non-infectious viral particles. In this review, we focus on these
newly-described modes of cell-to-cell communications and their impact on neighboring cell
functions. The reception of these signals can have anti- and pro-viral impacts, as well
as more complex effects in the host such as oncogenesis and inflammation. Therefore,
these “broadcasting” functions, which might be tuned by an arms race involving selective
evolution driven by either the host or the virus, constitute novel and original regulations of
viral infection, either highly localized or systemic.
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1. Introduction

Intercellular transfer of materials to neighboring cells by extracellular vesicles is increasingly
recognized as an important mean of communication between cells [1]. Indeed, many cell types
release various membrane-enclosed microvesicles. Such vesicles are generated from the cell surface
(e.g., shedding microvesicles or CD133+ membrane particles), from internal compartments, including the
endosome-derived membranes (e.g., exosomes and exosome-like vesicles), or upon specific activation
(e.g., apoptotic bodies) [1,2]. In the context of viral infections, recent evidence has highlighted the
importance of such communication in regulating virus spread and pathogenesis. This cell-to-cell
communication may directly activate host responses via the transfer and recognition of viral components
or indirectly by modulation of the host’s innate and adaptive responses and homeostasis, such as wound
healing [3], via the transfer of host elements.

The best-characterized subclass of extracellular vesicles is the exosomes, defined as 40–100 nm-sized
vesicles. Exosomes carry lipids, RNAs, and proteins from the originating cell [1,4,5]. These vesicles are
likely formed in multivesicular bodies (MVBs), a subcellular compartment derived from endosomes,
by the inward budding of the endosomal membrane [1]. The ESCRT machinery promotes these
invaginations of intraluminal vesicles [6]. Hence, the ESCRT machinery is pivotal for the biogenesis
of exosomes [7]. Additionally, this machinery is also involved in remodeling of the plasma membrane
(e.g., for repair of the membrane) [8,9], implying a possible contribution to the release of other types
of vesicles. The intraluminal vesicles formed within MVBs can then follow either the secretory or
the lysosomal pathway. In the secretory pathway, MVBs fuse with the plasma membrane, which
results in the release of intraluminal vesicles as exosomes and the incorporation of the peripheral
membrane of MVBs into the plasma membrane [1,10], yet the release mechanism is still incompletely
defined. Consistent with this route of biogenesis, exosomes contain components from specific cell
compartments, including the cytosol, plasma membrane, and endosomes, while mitochondrial, nuclear,
endoplasmic reticulum, and Golgi components are rarely found in exosomes [11]. Exosomes are
produced from a broad array of cell types [11], likely nearly all cell types. As a consequence,
extracellular vesicles are found in the plasma and other body fluids, including breast milk, semen,
saliva, urine, and sputum [12]. The functions of exosomes in non-pathogenic conditions, defined by
both in vitro and in vivo studies, have been recently well-reviewed [1,13]. Exosomes serve important
functions in cell-to-cell communications through the transfer of cellular components, including diverse
RNA species and proteins between cells. In accordance, several recent studies illustrate that exosomal
transfer is pivotal in regulating numerous host responses. These functions vary widely depending on the
context and/or system being studied. Importantly, recent research has focused on how vesicular transfer
is implicated in the regulation of a broad array of viral infections. Therefore, this pathway likely regulates
the progression of the infection and pathogenesis, although in some contexts, the in vivo relevance is not
yet completely defined.
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Upon sensing invading viruses, host cells trigger signaling events that ultimately lead to the activation
of an innate immune response, characterized by the secretion of interferons (IFNs) and the expression
of an array of antiviral factors, including IFN-stimulated genes (ISGs) and inflammatory cytokines [14].
These host responses prevent viral spread and promote the onset of the adaptive immune response. The
activation of the innate response typically occurs within infected cells through recognition by innate
sensors of viral elements, including viral nucleic acids. These sensors can be cytoplasmic (e.g., retinoic
inducible gene-I (RIG-I)-like receptors and nucleotide-binding oligomerization (NOD)-like receptors)
or endosomal (e.g., Toll-like receptors, (TLRs)) [15]. Nonetheless, virtually all viruses have evolved
mechanisms to evade and/or inhibit these responses within infected cells.

In contrast to these conventional recognition mechanisms within infected cells, in this review we
focus on the regulation of innate immunity and viral spread by the responses of uninfected cells in
the vicinity of infected cells. The state of naïve cells can be modulated by viral or host components
transferred from neighboring infected cells via the release of extracellular vesicles and/or non-infectious
viral components. Therefore, the transfer of these different components can promote a host response in
the absence of direct infection of cells, with a decreased likelihood that viruses can adapt to avoid these
reactions. Here, we present examples of these fascinating, newly-discovered regulatory pathways of viral
infection and/or host responses occurring for a broad array of diverse and genetically distant viruses.

2. Transmission of Replicating Viral Genomes by Exosomal Transfer

Reports have demonstrated that cells infected by viruses can encapsulate viral RNA within exosomes
or exosome-like vesicles as depicted, for example, in the context of infections by the human
immunodeficiency virus (HIV), and the hepatitis A and C viruses (HAV and HCV, respectively) [16–20].
Notably, recent studies have demonstrated that HCV infection can be transmitted by HCV
RNA-containing exosomes (herein referred to as HCV EXOs), implying an alternative transmission
mechanism distinct from infection by canonical virus [21,22]. Despite the potential difficulties in
physically separating HCV EXOs from canonical viral particles (e.g., similar buoyant density of both
types of vesicles) (Box 1), some studies provided evidence in regards to their discrimination, including
an efficient isolation of HCV EXOS from viral particles by immunoprecipitation of CD63, an exosomal
marker [21]. Additionally, in vitro studies using mutant viral genomes with deletion of viral structural
proteins (i.e., the surface glycoproteins E1 and E2, as well as the core protein) revealed that HCV EXOs
are secreted even in absence of viral particle production, thus demonstrating that they are structurally
distinct from canonical HCV particles [16]. Moreover, HCV EXOs transmit replication-competent
viral RNA to naïve hepatic cell lines, even when produced in absence of viral structural proteins,
indicating that HCV EXO-mediated cell entry is distinct from conventional infection by virions [23].
In accordance, HCV entry receptors, in concert with E2 glycoprotein, participate either poorly or not
at all in the transmission of replication-competent viral genomes by HCV EXOs [21,22]. Altogether,
these lines of evidence suggest that the secretion and transmission pathways of either type of carrier
(i.e., conventional viral particles or HCV EXOs) are likely distinct from each other, in agreement with
the different composition of the two types of vesicles [16,21,22]. Interestingly, a recent study highlights
the presence in HCV EXOs of cellular factors known to regulate HCV replication (e.g., miRNA122,
HSP90 protein) [21]. It is possible that these elements contribute to the establishment of replication in
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the recipient cells. The biogenesis of the HCV-EXOs involves cellular factors known to contribute
to exosome production, including the ESCRT machinery and Annexin A2 [16]. As mentioned in
the introduction, the ESCRT machinery promotes the invagination within the multivesicular bodies
(MVBs) of intraluminal vesicles thought to be released as exosomes [7]. HCV RNA colocalized
with a subset of ESCRT and exosomal factors in the cells, consistent with the notion that HCV RNA
could be incorporated into intracellular vesicles destined to become exosomes [16]. Annexin A2 is a
phospholipid-binding protein involved in membrane remodeling and actin cytoskeleton dynamics with
a dual cytoplasmic localization, either at the plasma membrane or at the endosome [24]. In particular,
Annexin A2 plays a key role in the maturation of endosomes into MVBs [25]. However, the underlying
mechanism leading to the biogenesis of HCV-EXOs is still elusive. In addition, it would be of interest to
further decipher how exosomes incorporate HCV RNA, and how the pathway of HCV-EXO formation
is connected to the production of infectious viral particles [26].

Box 1. The separation of exosomes, vesicles, and virions.

Exosomes are the best-studied class of extracellular vesicles, and their role in intercellular communication is
a fascinating and nascent field of study. However, as a note of caution, it has been increasingly recognized that
exosomes are difficult to define uniquely. Some of the protein markers are shared between exosomes and other
extracellular vesicles, such as the plasma membrane-derived microvesicles/ectosomes, including e.g., flotillin and
HSP70 [27,28]. Although microvesicles are differentiated on the basis of diameter (e.g., exosomes: 40–100 nm,
ectosomes: 100–1000 nm), size-based separation of extracellular vesicles can be approximated given the possible
apposition of size ranges for different classes of vesicles [1]. Of note, both exosomes and larger microvesicles
are known to contain miRNAs and mRNAs [29–31]. While exact biochemical characterization of these vesicular
classes remains difficult to clearly define, the function of vesicles in cell-to-cell communication is becoming an
important aspect of different fields of cellular biology, including virology and immunology. In the absence of exact
methods to define the individual vesicles, here we defer to the authors’ definition of exosomes and other vesicles.
The techniques for biochemical separation of exosomes from other classes of microvesicles, and protein markers
to characterize the reliability of the separation were recently well-reviewed [32]. Additionally, it should be stressed
that some studies, highlighted as such in this review, brought several lines of evidence to define as much as possible
the biochemical nature of the vesicles involved in particular cell-to-cell communication.

Enveloped virions often have similar biochemical properties and diameter as compared to exosomes and/or
other types of vesicles. Therefore, similar issues apply in differentiating virions from other extracellular vesicles.
While discrimination of exosomes from other host-derived vesicles may not be absolutely critical in the study
of vesicular cell-to-cell communication, the distinction between virus and host-derived vesicles is essential.
Therefore, careful purification of host-derived vesicles from virions (e.g., the absence of viral structural proteins
in exosome preparations) and/or the inclusion in studies of mutant virus deficient for the release of extracellular
virions are of utmost importance in the elucidation of how host vesicles facilitate cell-to-cell communication during
viral infection. In this review, we highlight studies, in which purification of exosomes from virions and/or careful
functional analysis of vesicular trafficking apart from virion release have been performed.

A recent publication elegantly showed that HAV, previously defined as a non-enveloped virus,
hijacks the exosomal pathway to egress from infected cells as virions that are enveloped by a lipid
membrane [17]. Especially, such enveloped HAV virions are formed by enclosing of the non-enveloped
viral particles, consisting of the viral genome contained within a capsid, by cell-derived membranes



Viruses 2015, 7 4711

through interactions with ESCRT proteins [17]. Importantly, enveloped HAV readily transmits
infectivity, thus challenging our classification of a virus as specifically enveloped versus non-enveloped.

Interestingly, both HCV-EXOs and enveloped HAV are resistant to neutralization by antibodies,
which target the viral surface glycoproteins [17,22], further demonstrating the distinction of this mode
of transmission from canonical pathways of virion infection. Additionally, these findings support the
hypothesis that the transfer of infection via exosomes might contribute to viral evasion from the adaptive
humoral response, because antibodies targeting viral surface glycoproteins will not, or poorly, block this
type of transmission.

3. pDC Activation by Vesicle-Mediated Transfer of Viral RNA

The plasmacytoid dendritic cell (pDC) is an immune cell type known to play a crucial role in the
activation of the innate response against viral infection, mainly via the recognition of viral nucleic
acids. This is accomplished primarily by TLR7 and TLR9, whose ligands are single-stranded RNA
and unmethylated CpG-containing DNA, respectively [33]. Recognition of these signals leads to pDC
activation, characterized by the production of immune mediators, including type I IFN. These molecules
subsequently activate the production of an array of antiviral factors.

3.1. pDC Activation by Exosomal Transfer

Interestingly, as exemplified in the context of HCV, the transfer of viral RNAs by exosomes has a
dual role in the progression of infection, and likely also pathogenesis, through transmission of both
infection (to the target cells, the hepatocytes) and an activating signal (to innate immune cells). These
events lead to both viral spread and the establishment of an antiviral state, depending on the target
cell type [16,17,21,22,34,35]. Especially, recent in vitro studies have demonstrated that exosomes
produced by infected cells play a key function in the activation of the innate immune response by
pDCs, including the production of type I IFN [16,34] (Figure 1). Importantly, this newly-discovered
exosome-mediated activation of innate immunity is functionally conserved between evolutionarily
distant viruses, since it was reported for both a positive-sense single-stranded RNA virus of the
Flaviviridae family i.e., HCV [16] and a negative-sense single-stranded RNA virus of the Arenaviridae
family, i.e., the lymphocytic choriomeningitis virus (LCMV) [34]. Additionally, the above-mentioned
enveloped form of HAV, produced via a cellular pathway resembling the exosome biogenesis route, also
transfers a stimulating signal to pDCs [17,35]. Consistently, ALIX (also known as programmed cell
death 6 interacting protein, PDCD6IP), an ESCRT factor and exosome marker [36], co-sediments with
the pDC activating signal-containing fraction and is present in enveloped HAV [35]. Nonetheless, some
other structural properties of the enveloped HAV are distinct from the expected composition of exosomes,
such as the absence in enveloped HAV of acetylcholinesterase, another exosome marker [35]. Therefore,
despite sharing some characteristics and markers with exosomes, the exact nature of enveloped HAV
remains enigmatic.
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Figure 1. Models of pDC activation by viral components released by infected cells
independently of productive infection. (A) The activation of pDC IFN response triggered
by exosomes produced by infected cells, such as e.g., upon HCV, LCMV infection. In
parallel to infectious viral production, the viral RNAs are packaged in exosomes within
multivesicular bodies (MVBs) in infected cells and subsequently transmitted to a pDC
engaged in direct physical contact with an infected cell. The viral RNA is then recognized
by TLR7 in pDC, leading to the production of type I IFN; (B) The activation of pDC IFN
response triggered by immature particles produced by dengue virus (DENV) infected cells.
pDCs and infected cells establish cell-to-cell contacts. The viral particles form clusters at
the interface. The actin network is also polarized toward this contact and likely acts as a
structural platform for transmission of viral components, including viral RNAs, to pDCs.
Such transmission also requires the structural viral proteins. Mature DENV particles, which
are fusion-competent (orange), poorly activate the pDCs, likely because they could escape by
membrane fusion from the recognition by TLR7, which is localized in the endo-lysosomal
compartment where the membrane fusion occurs. In contrast, immature DENV particles,
which are non-fusogenic (purple), could be retained in this compartment, leading to the
release of viral RNA within the endo-lysosome and recognition by TLR7, hereby resulting
in a robust production of type I IFN by pDCs.

Interestingly, pDCs may preferentially respond to viral RNA transferred by exosomes rather than by
conventional viral particles. In accordance with this hypothesis, while HCV-EXOs induce a strong pDC
IFN response [16], on the contrary, infectious HCV particles block pDC responsiveness to TLR7-induced
signaling [37]. In particular, the binding of the HCV E2 glycoprotein to a cell surface-expressed
lectin, BDCA-2, is responsible for the negative regulation of the pDC IFN response [37]. This
type of inhibition by viral particles or subviral particles has been also reported for other viruses,
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including human papillomavirus and hepatitis B virus (HBV) [38,39]. Therefore, exosomes containing
immunostimulatory signals may act as heightened carriers for an antiviral pDC response.

Altogether, current evidence highlights separate modalities in the transmission of exosomes
containing viral RNAs to recipient cells, including pDCs, in comparison to canonical infectious virions.
How these exosomes or exosome-like vesicles are captured, recognized, and then internalized to deliver
their cargo to the appropriate compartment of the recipient cells to eventually modulate their function
is still enigmatic. Additionally, to the best of our knowledge, the activation of innate immunity through
the recognition of exosome-transferred viral genome has only been described in the context of pDCs.
Nonetheless, it is indeed likely that such cell-to-cell transmission of immunostimulatory signals also
activates other cell types and/or innate immune responses, as further discussed in Section 4.

3.2. pDC Activation Independently of Exosomal Transfer

In sharp contrast to the viral envelope protein-independent pDC response to cells infected by either
HCV, LCMV or classical swine fever virus (CSFV) [34,40,41], pDC activation by dengue virus (DENV),
a flavivirus, is induced by viral envelope protein-dependent secretion and transfer of viral RNA [42].
Consistently, structural viral components cluster at the interface between DENV infected cells and
pDCs [42]. This clustering at the contact leads to cell-to-cell transmission and endocytosis by pDCs
of the viral RNA encapsulated within virions [42].

For many viruses, newly formed particles undergo maturation by cleavage of the viral surface proteins
in the secretory pathway [43]. This processing step renders the virus infectious [43]. In the context of
DENV, premembrane (prM) surface viral protein is cleaved into M protein. However, prM cleavage site
is suboptimal, leading to the secretion of about 30%–40% immature, prM-bearing particles [44–49].
This evolutionarily-conserved suboptimal cleavage site may positively contribute to viral infection
by usurping the humoral immune response for its cell entry [44,46,50–52]. Consistently, indirect
evidence supports the in vivo existence of uncleaved prM-containing viral particles. For example,
antibodies against prM form a major component of the serological response to DENV infection [53–55].
Interestingly, the level of pDC activation by DENV infected cells depends on the degree of maturation of
viral particles produced by infected cells [42]. Indeed, cells producing more immature particles are more
potent at activating pDCs as compared to those producing mature particles [42]. The IFN response
by pDCs to DENV infected cells involves the RNA sensor TLR7 localized in the endo-lysosomal
compartment [42]. The membrane fusion of DENV is known to be triggered by acidic pH, implying that
this event also occurs within the endo-lysosome [56]. Therefore, this observation led to the proposition
of a working model in which immature virions (i.e., incompetent for membrane fusion) are likely
retained in the endo-lysosome compartment, resulting in a potent TLR7-mediated activation of pDC
IFN production. In sharp contrast, cells producing more mature particles are poor inducers of pDC IFN
production, likely because the fusion-competent mature particles release viral RNA into the cytosol
by membrane fusion. Therefore, these mature particles would evade TLR7 recognition (Figure 1).
Future study is needed to formally validate this working model. Interestingly, this newly-discovered
concept may have broad importance for the many viruses that, like DENV, can prevent activation of
the pathogen-sensing machinery within infected cells and can release non-infectious particles containing
uncleaved glycoproteins, such as influenza virus [57,58] and WNV [53,59].
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3.3. Common Features of pDC Activation

Interestingly, similarities are observed in the mechanism of pDC activation triggered by vesicular
transfer of immunostimulatory viral RNA, either by exosomes or non-exosomal pathways. In
particular, multiple lines of evidence suggested that pDC activation requires the establishment of
cell-to-cell contacts between pDCs and infected cells. This key feature of pDC activation is shared
by evolutionary distant RNA viruses, including members of the Flaviviridae, Arenaviridae, Retroviridae
and Picornaviridae families [16,34,35,40–42,60,61] and potentially DNA viruses, such as the herpes
simplex virus (HSV) [62]. Indirect experimental evidence suggests that infected cells likely secrete
immunostimulatory vesicles into the culture supernatant at concentrations below the stimulatory
threshold required for pDC response, while this level could be reached in the intercellular space during
cell-to-cell contact [16,42]. In accordance with this hypothesis, a more detailed analysis of cell-to-cell
contacts between pDCs and infected cells, in the context of DENV infection, revealed that structural
viral components cluster at such contacts. In addition, the actin cytoskeleton accumulates at the site of
contact between a pDC and an infected cell, favoring the establishment of cell-cell interactions [42].
These observations suggest that the actin network acts as a structural platform for the transmission of
the activating signal to pDCs [42]. Yellow fever virus (YFV), another flavivirus, also induces a strong
pDC IFN response by cell-to-cell contacts, as opposed to a very weak activation by cell-free virus [60].
This emerging model for a cell-to-cell contact-dependent mechanism of pDC activation by infected cells
argues for the existence of a localized pDC response at the site of infection. Importantly, several in vivo
studies of HCV infected patients and HAV infected chimpanzees demonstrate that pDCs are readily
recruited to the infected liver [35,63,64]. Additionally, this recruitment of pDCs temporally coincides
with the production of antiviral factors, as shown in the context of HAV infected chimpanzees [35];
hence, further supporting the relevance of a localized pDC response occurring during viral infection.

For many viruses, the pDC response to infected cells does not require productive infection of the
pDCs, since the associated amplification of the viral genome and/or expression of viral proteins is not
detectable in activated pDCs. For instance, lack of viral replication in pDCs has been demonstrated
in the context of infection by the flaviviridae members DENV, WNV [42], and HCV [40], as well as
viruses from other distinct families, including HAV [35] and influenza virus [65]. Consistently, for
these different viruses, viral replication in pDCs is not required for their activation, congruent with the
result that UV-inactivated virions are still capable of activating IFN production by pDCs [62,66]. pDCs
are robust producers of type I IFN, in part due to the constitutive expression of IRF7, a transcriptional
factor downstream of the TLR7-induced signaling [67]. Therefore, it is conceivable that this rapid IFN
response renders them refractory to infection by most viruses.

Altogether, these observations emphasize many common features of pDC activation by RNA
viruses. Nonetheless, some features of pDC activation are restricted to particular viruses. One might
speculate that virus-specific features of pDC activation (i.e., the type of vesicle, which transfers the
immunostimulatory RNA to pDCs) could be directed and/or result from the distinct biology and life cycle
of each viral family or genus. For instance, the subcellular localization of the viral RNA in infected cells
is different for various viruses, depending on the cellular machinery used for viral replication and/or
assembly. Such specificities to a particular virus could cause viral RNAs to be incorporated within
different types of non-conventional carriers, e.g., exosomes versus immature virions. Alternatively,
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the virus-specific characteristics of the pDC IFN response may result from differential viral inhibitory
and/or escape mechanisms, e.g., inhibition of the egress of the pDC activating signal or blockade of
pDC responsiveness. Conversely, the features of pDC activation that are conserved across viral families
are likely dictated by the characteristics of the signaling activation pathway in pDCs. In particular, the
localization of the immune sensor TLR7 in the endo-lysosomal compartment [67] implies internalization
of the immunostimulatory signal. In accordance, pDC IFN production does not require productive
infection by the viral particles since the signaling can be activated by recognition of incoming viral RNA
during internalization. How exactly the viral genomes present in internalized vesicles are exposed and
recognized by immune sensors is still enigmatic. Nonetheless, it is conceivable that proteases and lipases
present in the endo-lysosomal compartment contribute to the digestion and exposure of the nucleic acid
from the carrier to the sensor. Importantly, as yet unrecognized factors expressed at the cell surface of
pDCs, may be pivotal i) for the establishment of cell-to-cell contacts with various types of infected cells,
and/or ii) for the remodeling/polarization of cellular factors at the contact site to favor the transmission
of the activating signal, such as the intracellular actin cytoskeleton [42].

4. Immune Activation by Cell-to-Cell Transfer of Viral Elements from Infected Cells

Virally-derived components released by infected cells can also induce innate immune responses
in neighboring uninfected cells, including cell types other than pDCs. These responses are likewise
independent of the transfer of conventional infectious virus and/or establishment of infection. Such
non-canonical communication to uninfected cells, playing both immune and non-immune functions,
likely also contributes to the progression of viral infection and pathogenesis. Although these alternative
transmission mechanisms can be diverse in nature, we focus here on a subset of pathways recently
described in the context of innate immune activation by transfer of viral RNA species from HCV infected
cells. This represents a very active recent area of investigation.

Recent reports illustrate the sensing of infected cells by an immune cell type known to produce
large amounts of type III IFNs, the BDCA-3+ or CD141+ myeloid DC, also called mDC2. Type III
IFNs lead to the expression of an array of antiviral factors, including IFN-stimulated genes (ISGs).
BDCA-3+ DC appears to be the major producer of type III IFN among peripheral blood mononuclear
cell populations in response to HCV infected cells [64,68]. The BDCA-3+ DCs sense infected cells via
recognition of the viral RNA by TLR3 [64]. Although still debated, this response might require physical
cell-to-cell contacts [64]. Importantly, virus production is not required to trigger type III IFN production
by BDCA3+ cells, because cells that replicate a mutated form of HCV genome that does not produce
viral particles similarly trigger this response [64]. Altogether these observations suggest that activation
of type III IFN production by BDCA-3+ cells shares similarities with the previously identified activation
pathway of IFN production by pDCs (i.e., dependent on cell-to-cell contact but not on infectious
virus production). Interestingly, additional evidence suggests the existence of regulatory cross-talk
between different signaling pathways triggered by HCV infected cells. For example, pDC-derived type
I IFNs potentiate the production of type III IFNs by BDCA-3+ cells [64].

Another recent study demonstrated an alternative sensing mechanism of infected cells by uninfected
adjacent cells, including hepatocytes, also via the sensor TLR3 [69]. This sensing leads to the
induction of an antiviral state, which restricts HCV replication primarily via the production of IFN-β,
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a type I IFN [69]. Activation of this antiviral response involves the recognition of secreted HCV
double-stranded (ds)RNA by TLR3 [69]. This RNA specie released by HCV-infected cells is likely
the annealed form of the positive strand of the viral RNA genome and the replication intermediate of
negative polarity [69]. However, it is unclear whether dsRNA is released from HCV infected cells as a
free-RNA specie or incorporated within vesicles. Importantly, the surface-exposed class A macrophage
scavenger receptor (MSR-1) is required for the binding and transfer of the extracellular dsRNA to
endosome-localized TLR3 [70,71]. This newly discovered aspect of TLR3-induced signaling implies
a non-canonical transmission of dsRNA to uninfected neighboring cells independent of infectious viral
particles. How the dsRNA intermediate, thought to be mainly localized at the replication site (for HCV,
the ER-derived membranes) [72], is targeted to the appropriate cellular compartment for its egress and
release from infected cells is still enigmatic. Interestingly, similarly to the above-mentioned activation
of the innate response by pDCs, MSR1/TLR3-dependent sensing requires close proximity with infected
hepatocytes and likely direct cell-to-cell contact [69]. Such signaling might have broader importance
for other viruses. In particular, vesicular stomatitis virus (VSV) infection was demonstrated to activate
TLR3 via another member of the class A scavenger receptors in vivo [70]. Of equal interest will be to
determine whether MSR1/TLR3-dependent sensing of dsRNA might also contribute to other responses,
such as the activation of Kupffer cells known to express MSR1.

Along this line, another original mechanism of activation of the innate immune response, in this
case the inflammasome, by HCV has recently been highlighted [73]. Inflammasomes are multiprotein
complexes formed upon sensing of virus infection, which lead to the secretion of proinflammatory
cytokines, IL-1β and IL-18. The induction of this response has been linked to the liver damage
associated with chronic inflammation during HCV infection [73,74]. In vitro studies revealed that HCV
induces the inflammasome and concomitant IL-1β secretion by Kupffer cells and monocyte-derived
macrophages. Since myeloid cells are thought to be refractory to HCV infection, phagocytic uptake
of HCV particles and/or other viral components is likely sufficient for the recognition of viral RNA by
the endo-lysosome-localized TLR7, leading to the induction of the inflammasome [73]. Accordingly,
these events occur in absence of productive infection [73]. It would be of interest to determine
whether carriers of HCV RNA other than conventional infectious virions (e.g., exosomes) can trigger
this response and whether this activation mechanism holds true for other viruses. For example,
HIV-mediated inflammasome activation is similarly independent of productive infection and dependent
on endocytic uptake of viruses, leading to activation of the inflammasome in monocytes via TLR8
(another ssRNA sensor) and not TLR7 [75]. Nonetheless, inflammasome activation in the absence of
productive infection is not consistent across different viral infections. For instance, in the context of
influenza virus infection of macrophages, activation of the inflammasome via TLR7 requires productive
infection [76]. Therefore, viruses may generally signal through TLRs to activate the inflammasome
in myeloid cells. However, the specific TLR used and the requirement for productive infection in the
activation of myeloid cells depends on the particular biology of each virus.

This selected subset of recent findings on the recognition mechanisms of infected cells,
uniquely regarding HCV, illustrates how varied mechanisms of non-canonical cell-to-cell transfer of
immunostimulatory signals lead to an innate immune response. Interestingly, these non-canonical
pathways of viral recognition share a common theme: productive infection is not required to
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induce innate immunity. These innate immune responses involve recognition of viral RNA by
endosomal/endo-lysosomal-localized sensors (i.e., TLR3 and TLR7 [15]). Thus, similarly to pDC
activation by non-canonical vesicles (see Section 3.3), it is possible that incoming viral RNAs are
recognized by these sensors during internalization and, thus, without the need of productive infection.
Nevertheless, the underlying mechanism of activation varies by the involvement of viral particles or other
carriers, their entry pathway, and the type of response induced (i.e., the specific recognition pathway
and cytokine(s) produced). Further, the diversity of RNA transfer and recognition mechanisms may be
affected by the particular biology of each cell type. While we have chosen HCV as a representative virus
for recent studies, such manifold modes of innate immunity induction by the non-canonical transfer of
viral components, in the absence of productive infection, are likely to generally extend to other viruses.

5. Transfer of Regulatory Components by Exosomes

5.1. Virally-Derived MicroRNAs

As discussed above, exosomes can transfer RNA species derived from infected cells to neighboring
cells, including full-length genomes or dsRNA (see previous Sections). An additional type of RNA,
the microRNA (miRNA) is well-known to be transferred from cell to cell by extracellular vesicles,
especially by exosomes [77,78]. This is likely in part because the miRNA machinery is localized within
MBVs and, thus, intersects with the exosome biogenesis pathway [79,80]. Neighboring cells may
take up exosome-resident miRNA by fusion of the exosome with the plasma membrane or endocytic
membrane [81,82]. However, this process is presently poorly understood. Here, we present several
examples illustrating the potential effects of exosomal-transferred miRNAs on neighboring cells and/or
systemic responses in the host during infection. In contrast to previously-discussed exosome-mediated
viral genome transfer, transmission of miRNAs can have more widely-ranging effects than only, or
primarily, induction of an antiviral response, given the ability of miRNAs to target mRNAs involved
in sundry cellular pathways. This exciting and nascent research area in virology is mainly supported
by in vitro studies. The in vivo importance of this type of communication is still an uncharted and
challenging domain of investigation.

Viral infection induces important changes in the exosome molecular signature, including the
incorporation of miRNAs derived from the viral genome (referred to herein as vmiRNAs). Exosomal
transfer of vmiRNAs was first described in 2010 [83–85] (Figure 2 and Table 1). Several recently
published examples illustrate that vmiRNA can both positively or negatively regulate inflammatory
responses depending on the type of viral infection. For instance, Epstein-Barr virus (EBV)-infected
cells release vmiRNAs in exosomes, leading to signaling changes in neighboring cells [83,84], notably
the repression of immune-related genes [84,86], which may facilitate viral persistence. Importantly,
an EBV-derived vmiRNA transferred in exosomes (miR-BART15) targets the NLRP3 inflammasome
gene and as a result, decreases the secretion of the proinflammatory cytokine IL-1β by uninfected
cells [86]. Furthermore, EBV-infected B cells can transfer vmiRNAs to dendritic cells (DCs) and T
cells [87,88], cell types that are not normally infected by EBV. This would therefore allow EBV to control
inflammatory signaling in these cell types, in the absence of direct regulation by productive infection.
Other EBV-derived vmiRNAs (miR-BART-1, miR-BART-2, miR-BART-3) similarly target host proteins
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involved in inflammation and are found in exosomes derived from EBV-infected cells [89–94] (Table 1),
yet how they functionally regulate the neighboring cell function remains to be defined. Therefore,
together these examples illustrate the existence of parallel regulation of a type of host response,
inflammation, by different exosome-transferred vmiRNAs that are derived from a given viral genome
(Table 1).
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Figure 2. Exosome-mediated transfer of host and viral components from infected to
neighboring cells. Upon infection, the contents of exosomes produced by infected cells
considerably change, in regards to host proteins, RNAs, and incorporation of micro RNAs
derived from the host (miRNA) or from the viral genome (viral RNA, vmiRNA). The
host- and virally-derived species present in exosomes are transferred to neighboring cells,
where they can either activate or inhibit an array of different host signaling pathways. These
exosome-mediated communications have a broad effect on the functionality of cells in the
vicinity of infected cells, including on the cell types that are refractory to productive viral
infection. The scheme displays a selection of different species transferred by exosomes
known to affect the course of viral infection and/or pathogenesis by targeting inflammatory,
antiviral (via viral restriction factors), apoptotic, and oncogenic pathways. Significant
changes occur in the contents of host-derived mRNA and miRNAs that are encapsulated
in exosomes upon viral infections yet, to date, the effect of these different RNA species on
neighboring cells during a viral infection is incompletely understood.
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Table 1. Examples of regulatory functions of viral miRNAs secreted in exosomes. N.D.; non-demonstrated, i.e., the effects of these
vmiRNAs—transferred by exosomes—on neighboring cells have not yet been definitively demonstrated. N.P.: not performed; EM:
electron microscopy.

Virus
Name of Viral

miRNA(s)
Source of Exosome-Resident

vmiRNAs
vmiRNA Effect vmiRNA Target(s)

Exosome/Virion
Separation Validation

Exosome/Other
Microvesicle Separation

Validation

EBV

miR-BART15 Namalwa B cell line Anti-inflammatory NLRP3 mRNA [86]
Cells do not produce

virions
N.P.

AGS gastric cancer cell line Anti-apoptotic BRUCE mRNA [95] N.P. CD9, CD81 western blot

BHRF-1-3 LCL lymphoblastoid B cell line Anti-inflammatory CXCL11 mRNA [84]
EM; no large RNAs in

exosomes
EM; CD63 western blot

miR-BART3
NPC nasopharyngeal carcinoma

cell line
Anti-inflammatory (N.D.)

IPO7 mRNA (IL-6
inducer) [92,93]

N.P.
Exosome Co-IP with CD9,

MHC II

miR-BART1
NPC nasopharyngeal carcinoma

cell line
Immune evasion (N.D)

LMP1 mRNA (viral
membrane protein) [93,96]

N.P.
Exosome Co-IP with CD9,

MHC II

miR-BART2

NPC nasopharyngeal carcinoma
cell line

Immune evasion (N.D) MICB mRNA [89,90,93] N.P.
Exosome Co-IP with CD9,

MHC II
NPC nasopharyngeal carcinoma

cell line
Latency promotion (N.D)

BALF5 mRNA (viral
polymerase) [93,94]

N.P.
Exosome Co-IP with CD9,

MHC II

KSHV
miR-K12-(4-5p,
4-3p, 5, 6-5p,

10a, 11)
Patient serum, pleural fluid

Pro-inflammatory, cell
migration

Targets unknown
(increased IL-6
expression) [97]

No viral DNA (QPCR); no
viral protein (Western

blotting); EM

Exosome Co-IP with
CD63; EM; Flotillin,
HSP90, CD9, CD63

western blot

HIV
miR-TAR Jurkat lymphoblastoid T cell line

Anti-apoptotic, increased
susceptibility to HIV-1

infection
Bim/CDK9 mRNA [98] No viral DNA (QPCR)

EM; CD45, HSP70,
β-actin, Alix, CD63

western blot
vmiR88,
vmiR99

Macrophage-differentiated THP-1
promonocytic cell line

Pro-inflammatory
Direct TLR8 stimulation

(TNF-α release) [99]
N.P. CD63 western blot



Viruses 2015, 7 4720

Conversely, vmiRNAs derived from other viruses can have a proinflammatory effect or more complex
effects on the inflammatory responses (Figure 2 and Table 1). For example, studies of tumor samples
from patients infected by Kaposi’s sarcoma-associated herpesvirus (KSHV) demonstrated that vmiRNAs
transferred via exosomes enhance pro-inflammatory IL-6 secretion [97]. Interestingly, KSHV is also
known to separately induce IL-6 signaling through a viral mimic protein of IL-6 [100,101]. The
viral mimic protein and exosomal export of vmiRNA likely lead to complementary activation of the
IL-6 pathway, both within infected cells and in neighboring cells, respectively. Another example
of pro-inflammatory function of vmiRNAs transferred by exosomes was highlighted in a study of
HIV-infected patients [99]. Exosomes containing HIV-derived vmiRNAs (i.e., vmiR88 and vmiR99)
lead to secretion of TNF-α, a proinflammatory cytokine, by macrophages [99]. Interestingly, the
dependence on TLR8 of this response implies that these vmiRNAs likely act as RNA species recognized
by the ssRNA sensor TLR8 [102], rather than by regulating host mRNA expression [99]. Such an
activation mechanism may play a role in the long-term chronic inflammation by creating a circulating
pro-inflammatory vesicular signal [99]. Altogether these selected examples focused on the regulation of
inflammation point out that exosomal transfer of vmiRNAs can systemically signal to uninfected cells
and, hence, may affect correlates of chronic viral diseases.

In addition to the regulation of the inflammatory status, vmiRNAs transferred by exosomes can
also have supplementary effects on the disease outcome by contributing to virus induced-oncogenesis.
For example, IL-6 secretion, triggered by KSHV vmiRNAs as mentioned above, can lead to the
expression of the pro-inflammatory chemokine CCL2, which has pro-oncogenic effects, i.e., stimulation
of angiogenesis and endothelial cell migration [97,103,104]. Moreover, these inflammatory signals are
known to induce the lytic phase of replication in KSHV, which also facilitates tumorigenesis [105].
Therefore, the KSHV-derived vmiRNAs transferred in exosomes may have distinct regulatory functions
that potentially promote a switch in the viral life cycle and tumor development. Along the same
line, gene ontology analysis revealed that, in addition to pro-inflammatory pathways, EBV-derived
vmiRNAs mainly target factors of various pathways linked to cancer development [106]. Especially,
EBV vmiRNA, miR-BART15, is transferred by exosomes and induces apoptosis in neighboring cells by
targeting an anti-apoptotic regulator [95]. In this study, the authors speculated that this may facilitate
tumor growth in EBV-infected patients by eliciting apoptosis in neighboring immune cells. As opposed
to this positive regulation of apoptosis, a vmiRNA derived from the HIV-1 transactivation-response
element (TAR) RNA, which is secreted in exosomes from infected lymphocytes and patient sera,
down-modulates apoptosis by inhibiting pro-apoptotic factors [98]. Interestingly, the TAR-derived
vmiRNA also increases the susceptibility of lymphocytic/monocytic cell lines to HIV-1 infection through
an as-yet unknown mechanism [98]. Given the ability of vmiRNAs to target many cellular pathways,
exosome-transferred vmiRNAs may influence multiple parameters regulating the course of disease, as
exemplified here on immune response, along with apoptosis and oncogenesis. An emergent concept is
that vmiRNAs might regulate in a complex network the viral infection and disease progression.

5.2. Transfer of Host-Derived miRNAs, mRNAs and Proteins by Exosomes

In addition to the virally-derived RNA species, host-derived components incorporated into exosomes
can also regulate the host response to viruses and, thereby, infection progression and/or pathogenesis
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(Figure 2 and Table 1). Multiple studies have highlighted significant virally-induced changes in the
content of host proteins present in exosomes [107]. For example, the exosome protein content changes
in HIV-infected T cell lines [108], gammesherpesvirus (KSHV, EBV)-infected B cell lines [109], and
HBV-infected hepatocyte cell lines [110] (i.e., altered exosome incorporation ranged from a low of 6.2%
of proteins in HIV-infected cells to „21% of proteins in gammaherpesvirus-infected cells). Among the
many exosome-resident proteins identified in these studies, some are associated with immune responses,
shedding light on how these global changes in exosome-resident host proteins might modulate the course
of viral infections.

In the context of herpes simplex virus-1 infection (HSV-1), Kalamvoki et al. [111], elegantly
demonstrated that infected cells secrete exosomes containing notably the host stimulator of interferon
genes (STING) protein. STING is an innate immune adaptor and a potent activator of the IFN
pathway [112,113]. In this study the exosomes were clearly delineated from virions and other
microvesicles by using CD9 immunoprecipitation, and by demonstrating an efficient vesicular transfer
of STING to neighboring cells even in the presence of HSV-1 neutralizing antibodies [111]. Moreover,
the HSV-1 protein ICP0 stabilizes STING expression by preventing its degradation [112] and facilitates
its export from cells by exosomes [112]. This export is induced upon HSV-1 infection, thereby making
surrounding cells resistant to infection, which is a somewhat counterintuitive viral strategy [112]. As
proposed by the authors, virally-mediated exosome export of the STING protein may actually be key in
favoring viral dissemination to new hosts [112]. HSV-1, following initial infection, normally becomes
latent within the neuronal compartment. Reactivation and shedding of the virus requires anterograde
transport down the neuron to the exterior of the body [114]. Infection of surrounding neurons would
not favor inter-host virus dissemination, since hosts with damaged central nervous systems are less
gregarious [115]. Therefore, preventing infection in surrounding neurons via transfer of STING would
thus favor dissemination of the virus to other hosts. This is a compelling hypothesis for how a virus may
hijack, via an unexpected, original way, the exosomal communication machinery to its advantage.

Conversely, other host antiviral factors transferred by exosomes modulate the course of an infection
in the favor of the host. For example, interferon-induced transmembrane protein 3 (IFITM3)
can be transferred from cell to cell by exosomes, thereby preventing DENV cell entry [32,116]
(discussed in [32]). Along the same lines, Khatua et al., demonstrated that exosomes derived
from a T lymphocyte cell line, chronically infected with HIV, induced an antiviral state in treated
cells [117]. Notably, a single protein was responsible for nearly all of the exosomal anti-HIV
activity, Apolipoprotein B mRNA-editing, enzyme-catalytic, polypeptide-like 3G (APOBEC3G), an
HIV restriction factor. However, this antiviral effect does not require the cytidine deaminase activity
of the APOBEC3G protein, which typically acts to lethally mutagenize viral genomes during reverse
transcription [118,119]. Instead, this effect is likely mediated by the retroviral genome sequestering
ability of APOBEC3G [120,121]. In this study, exosomes were separated by CD63 immunoprecipitation
and APOBEC3G cosedimented with a number of other exosomal markers, demonstrating a clear
isolation of exosomes from other microvesicles. In the context of HBV infection, Li et al. [122],
recently demonstrated that exosomes produced by uninfected, IFN-α-treated liver nonparenchymal cells
can transfer IFN-α-induced antiviral activity between cells. In this study, exosomes were unambiguously
separated from other microvesicles by CD63 immunoprecipitation. Specifically, IFN-α treatment greatly
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changes the content of exosome-associated host-derived miRNAs, mRNAs, and proteins. Similarly
to the anti-HIV activity of exosomes, a large part of the exosomally-transferred anti-HBV activity
is mediated by the APOBEC3G protein, which also has an antiviral activity against HBV. Although
at first, interferon-stimulated genes (ISGs) are thought to play cell-intrinsic functions, these selected
examples demonstrate how two ISGs (i.e., STING and APOBEC3G) can induce an antiviral state via
exosomal-transfer to neighboring cells, in the absence of transfer of IFN.

Additionally, the profile of host-derived miRNAs encapsulated into exosomes is modified upon
viral infection [97,123], thus altering intercellular communication. The exosome-miRNA profile
can change considerably, even between viral strains, or according to expression of specific viral
proteins [97,123,124]. For instance, the expression of exosome-associated miRNAs is different when
comparing two influenza virus strains (H1N1 and H7N7) [123]. In the case of the human papilloma
virus (HPV), expression of viral proteins (E6/E7) was sufficient to significantly change the quantity of
several types of exosome-resident miRNAs [124]. Differential effects on viral spread or outcome of
infection may be observed depending on the targets of the miRNA(s) involved and the targets’ positive
or negative regulatory function on the immune response.

Another area of interest, although also still in its infancy, is how the composition of host-derived
mRNAs changes in exosomes following viral infection. Exosome-transferred mRNA can be translated
in target cells [78]. Therefore, analogous to the above-mentioned regulation by exosome-transferred
miRNAs, the transmission of host mRNAs may alter the signaling pathways in neighboring uninfected
cells. As an example to illustrate this concept, a recent report demonstrated that human semen
contains exosomes with anti-HIV activity, and that these exosomes contain a number of host-derived
mRNAs [125]. These mRNAs may be responsible for the exosomes’ anti-HIV function, as these mRNAs
include host restriction factors against HIV, such as the APOBEC3 family members and Bone marrow
stromal antigen 2 (BST-2). Notably, addition of human semen exosomes to murine vaginal cells led
to the transfer of human APOBEC3F/G mRNA into the murine cells [126]; yet whether this mRNA is
expressed and has an antiviral function is still unknown.

Altogether, these recent studies demonstrate that exosomal transfer of host- and virus-derived RNA
species and proteins exerts important and diverse functions in viral infections. Open questions include
how the vmiRNAs are incorporated and how specific host-derived miRNAs, proteins and, potentially,
mRNAs are differentially sorted into exosomes upon infection [77]. In this regard, it is still unclear
whether viruses actively modulate the content of exosomes, or whether changes in their composition
simply result from intracellular expression modulations during infection. For example, certain of the
miRNAs upregulated intracellularly by HPV E6/E7 expression, were also incorporated into exosomes
in higher amounts [124]. An additional possibility is that, since exosomes are derived from the MVBs
where miRNA processing also takes place, perhaps viral infection perturbs the subcellular localization
and/or recruitment of RNA species and proteins in this compartment. Alternatively, viral proteins may
actively modulate the miRNA or MVB machinery in order to specifically incorporate certain miRNAs
(either host- or virally-derived) into exosomes. An additional open topic of study is the elucidation of the
specific candidate host-derived miRNA(s), mRNA(s), or protein(s) responsible for significant changes
in the infection progression and/or pathogenesis. This is a very challenging research area because up to
hundreds of these species are incorporated into exosomes during infection.
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6. Conclusions and Perspectives

Innate immunity represents the first line of defense against viral infections, implying that viral
persistence requires the virus to evade and/or inhibit this host response. Not surprisingly, virtually
all viruses act to subvert innate immune responses within infected cells. As discussed in this review,
aside from the activation by infectious viral particles, recent work illustrates the existence of alternative
sensing mechanisms of infected cells by neighboring cells that likely constitutes an important aspect
of innate immunity. Notably, these surveillance mechanisms are mostly independent of the productive
infection of the cells. As a consequence, no viral protein is newly produced in the target cells, implying
that the innate signaling pathways are unlikely to be opposed by viral inhibitory processes, or if so,
only by the incoming structural viral component(s). Additionally, in productively infected cells, viral
components, such as viral nucleic acids, are usually protected from innate sensor recognition via their
inclusion in virus-induced intracellular structures, including the viral replication sites. In contrast,
in the absence of actively replicating virus and the attendant protective structures, these activating
signals are more likely to be exposed to recognition by innate immune receptors in non-productively
infected cells. Therefore, it is tempting to speculate that such pathways impose an extremely high
barrier to viral adaptation, because the only possible inhibitory mechanism would be borne by incoming
viral or host components transmitted along with the stimulatory signal. This latter possibility is
exemplified in the context of CSFV infection, as the viral structural protein Erns inhibits pDC activation
via its ribonuclease activity [41]. We cannot exclude that these alternative sensing mechanisms of
infected cells by the host are an opportunistic response to side-products generated by infected cells.
Alternatively, these specific pathways to recognize non-infectious components might have evolved in
the host to bypass virus-mediated inhibition of immune recognition within productively infected cells.
Consistently, non-conventional and/or non-infectious particles induce a more potent innate immune
response than canonical infectious viral particles, as illustrated in the context of pDC activation by
immature virions [42].

Interestingly, cell-to-cell contact is emerging as a common requirement for the activation of different
types of innate immune responses. One might speculate that such a conserved feature could promote
a highly localized response, instead of a systemic immune response and attendant damages, such
as elevated levels of cytokines and inflammatory processes that are detrimental to the host. Those
characteristics might be especially important for robust and rapid responder immune cell types, such
as pDCs. Especially, short-range sensing by pDC of infected cells could limit the infection to a
restricted area via a potent and localized antiviral response. Much remains to be elucidated on this highly
appealing, newly described aspect of innate immunity and viral infection. Particularly, how do innate
immune cells establish cell-to-cell contact with infected cells? How is the information transferred from
cell-to-cell? How might both the virus and the host use, inhibit or usurp these transmission mechanisms
to regulate infection toward their mutually-exclusive benefit? We expect that the answers to these
questions will reflect a more systems-based approach to infection and immunity, where information
transferred between infected and naïve cells obviates simplified interactions between one virus and one
host cell.



Viruses 2015, 7 4724

Acknowledgments

We are grateful to Denis Gerlier (CIRI, Lyon, France), Yvon Jaillais (Ecole Normale
Supérieure de Lyon, France), and Nolwenn Jouvenet (Institut Pasteur, Paris, France) for critical
reading of the manuscript. This work was supported by grants from the European Union-FP7
(PCIG11-GA-2012-322377), the “Agence Nationale pour la Recherche” (ANR-JCJC-EXAMIN) and
the “Agence Nationale pour la Recherche contre le SIDA et les Hépatites Virales” (ANRS-AO 2012-01)
to M.D. S.A.’s PhD fellowship is sponsored by French ministry and BW’s postdoctoral fellowship is
sponsored by an EMBO Foundation Long-Term Fellowship (ALTF 1466-2014). We apologize to the
authors whose work we either misinterpreted or failed to cite.

Author Contributions

S.A., B.W. and M.D. wrote the review.

Conflicts of Interest

The authors declare no conflict of interest.

References

1. Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends.
J. Cell Biol. 2013, 200, 373–383. [CrossRef] [PubMed]

2. Corbeil, D.; Marzesco, A.M.; Wilsch-Brauninger, M.; Huttner, W.B. The intriguing links
between prominin-1 (CD133), cholesterol-based membrane microdomains, remodeling of
apical plasma membrane protrusions, extracellular membrane particles, and (neuro)epithelial
cell differentiation. FEBS Lett. 2010, 584, 1659–1664. [CrossRef] [PubMed]

3. Lai, F.W.; Lichty, B.D.; Bowdish, D.M. Microvesicles: Ubiquitous contributors to infection
and immunity. J. Leukoc. Biol. 2015, 97, 237–245. [CrossRef] [PubMed]

4. Harding, C.; Levy, M.A.; Stahl, P. Morphological analysis of ligand uptake and processing: The
role of multivesicular endosomes and CURL in receptor-ligand processing. Eur. J. Cell Biol.
1985, 36, 230–238. [PubMed]

5. Pan, B.T.; Teng, K.; Wu, C.; Adam, M.; Johnstone, R.M. Electron microscopic evidence for
externalization of the transferrin receptor in vesicular form in sheep reticulocytes. J. Cell Biol.
1985, 101, 942–948. [CrossRef] [PubMed]

6. Wollert, T.; Hurley, J.H. Molecular mechanism of multivesicular body biogenesis by
ESCRT complexes. Nature 2010, 464, 864–869. [CrossRef] [PubMed]

7. Baietti, M.F.; Zhang, Z.; Mortier, E.; Melchior, A.; Degeest, G.; Geeraerts, A.; Ivarsson, Y.;
Depoortere, F.; Coomans, C.; Vermeiren, E.; et al. Syndecan-syntenin-ALIX regulates the
biogenesis of exosomes. Nat. Cell Biol. 2012, 14, 677–685. [CrossRef] [PubMed]

8. Jimenez, A.J.; Maiuri, P.; Lafaurie-Janvore, J.; Divoux, S.; Piel, M.; Perez, F. ESCRT machinery
is required for plasma membrane repair. Science 2014, 343. [CrossRef] [PubMed]

http://dx.doi.org/10.1083/jcb.201211138
http://www.ncbi.nlm.nih.gov/pubmed/23420871
http://dx.doi.org/10.1016/j.febslet.2010.01.050
http://www.ncbi.nlm.nih.gov/pubmed/20122930
http://dx.doi.org/10.1189/jlb.3RU0513-292RR
http://www.ncbi.nlm.nih.gov/pubmed/25473096
http://www.ncbi.nlm.nih.gov/pubmed/2986980
http://dx.doi.org/10.1083/jcb.101.3.942
http://www.ncbi.nlm.nih.gov/pubmed/2993317
http://dx.doi.org/10.1038/nature08849
http://www.ncbi.nlm.nih.gov/pubmed/20305637
http://dx.doi.org/10.1038/ncb2502
http://www.ncbi.nlm.nih.gov/pubmed/22660413
http://dx.doi.org/10.1126/science.1247136
http://www.ncbi.nlm.nih.gov/pubmed/24482116


Viruses 2015, 7 4725

9. Booth, A.M.; Fang, Y.; Fallon, J.K.; Yang, J.M.; Hildreth, J.E.; Gould, S.J. Exosomes and HIV
Gag bud from endosome-like domains of the T cell plasma membrane. J. Cell Biol. 2006, 172,
923–935. [CrossRef] [PubMed]

10. Meckes, D.G., Jr.; Raab-Traub, N. Microvesicles and viral infection. J. Virol. 2011, 85,
12844–12854. [CrossRef] [PubMed]

11. Thery, C.; Ostrowski, M.; Segura, E. Membrane vesicles as conveyors of immune responses.
Nat. Rev. Immunol. 2009, 9, 581–593. [CrossRef] [PubMed]

12. Robbins, P.D.; Morelli, A.E. Regulation of immune responses by extracellular vesicles.
Nat. Rev. Immunol. 2014, 14, 195–208. [CrossRef] [PubMed]

13. Colombo, M.; Raposo, G.; Théry, C. Biogenesis, secretion, and intercellular interactions of
exosomes and other extracellular vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255–289.
[CrossRef] [PubMed]

14. Hoffmann, H.H.; Schneider, W.M.; Rice, C.M. Interferons and viruses: An evolutionary arms race
of molecular interactions. Trends Immunol. 2015, 36, 124–138. [CrossRef] [PubMed]

15. Brubaker, S.W.; Bonham, K.S.; Zanoni, I.; Kagan, J.C. Innate immune pattern recognition: A cell
biological perspective. Annu. Rev. Immunol. 2015, 33, 257–290. [CrossRef] [PubMed]

16. Dreux, M.; Garaigorta, U.; Boyd, B.; Decembre, E.; Chung, J.; Whitten-Bauer, C.; Wieland, S.;
Chisari, F.V. Short-range exosomal transfer of viral RNA from infected cells to plasmacytoid
dendritic cells triggers innate immunity. Cell Host Microbe 2012, 12, 558–570. [CrossRef]
[PubMed]

17. Feng, Z.; Hensley, L.; McKnight, K.L.; Hu, F.; Madden, V.; Ping, L.; Jeong, S.H.; Walker, C.;
Lanford, R.E.; Lemon, S.M. A pathogenic picornavirus acquires an envelope by hijacking
cellular membranes. Nature 2013, 496, 367–371. [CrossRef] [PubMed]

18. Columba Cabezas, S.; Federico, M. Sequences within RNA coding for HIV-1 Gag p17 are
efficiently targeted to exosomes. Cell Microbiol. 2013, 15, 412–429. [CrossRef] [PubMed]

19. Izquierdo-Useros, N.; Naranjo-Gomez, M.; Archer, J.; Hatch, S.C.; Erkizia, I.; Blanco, J.;
Borras, F.E.; Puertas, M.C.; Connor, J.H.; Fernandez-Figueras, M.T.; et al. Capture and transfer
of HIV-1 particles by mature dendritic cells converges with the exosome-dissemination pathway.
Blood 2009, 113, 2732–2741. [CrossRef] [PubMed]

20. Izquierdo-Useros, N.; Naranjo-Gomez, M.; Erkizia, I.; Puertas, M.C.; Borras, F.E.; Blanco, J.;
Martinez-Picado, J. HIV and mature dendritic cells: Trojan exosomes riding the Trojan horse?
PLoS Pathog. 2010, 6, e1000740. [CrossRef] [PubMed]

21. Bukong, T.N.; Momen-Heravi, F.; Kodys, K.; Bala, S.; Szabo, G. Exosomes from hepatitis C
infected patients transmit HCV infection and contain replication competent viral RNA in complex
with Ago2-miR122-HSP90. PLoS Pathog. 2014, 10, e1004424. [CrossRef] [PubMed]

22. Ramakrishnaiah, V.; Thumann, C.; Fofana, I.; Habersetzer, F.; Pan, Q.; de Ruiter, P.E.;
Willemsen, R.; Demmers, J.A.; Stalin Raj, V.; Jenster, G.; et al. Exosome-mediated transmission
of hepatitis C virus between human hepatoma Huh7.5 cells. Proc. Natl. Acad. Sci. USA 2013,
110, 13109–13113. [CrossRef] [PubMed]

23. Longatti, A.; Boyd, B.; Chisari, F.V. Virion-independent transfer of replication competent HCV
RNA between permissive cells. J. Virol. 2014, 89, 2956–2961. [CrossRef] [PubMed]

http://dx.doi.org/10.1083/jcb.200508014
http://www.ncbi.nlm.nih.gov/pubmed/16533950
http://dx.doi.org/10.1128/JVI.05853-11
http://www.ncbi.nlm.nih.gov/pubmed/21976651
http://dx.doi.org/10.1038/nri2567
http://www.ncbi.nlm.nih.gov/pubmed/19498381
http://dx.doi.org/10.1038/nri3622
http://www.ncbi.nlm.nih.gov/pubmed/24566916
http://dx.doi.org/10.1146/annurev-cellbio-101512-122326
http://www.ncbi.nlm.nih.gov/pubmed/25288114
http://dx.doi.org/10.1016/j.it.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25704559
http://dx.doi.org/10.1146/annurev-immunol-032414-112240
http://www.ncbi.nlm.nih.gov/pubmed/25581309
http://dx.doi.org/10.1016/j.chom.2012.08.010
http://www.ncbi.nlm.nih.gov/pubmed/23084922
http://dx.doi.org/10.1038/nature12029
http://www.ncbi.nlm.nih.gov/pubmed/23542590
http://dx.doi.org/10.1111/cmi.12046
http://www.ncbi.nlm.nih.gov/pubmed/23072732
http://dx.doi.org/10.1182/blood-2008-05-158642
http://www.ncbi.nlm.nih.gov/pubmed/18945959
http://dx.doi.org/10.1371/journal.ppat.1000740
http://www.ncbi.nlm.nih.gov/pubmed/20360840
http://dx.doi.org/10.1371/journal.ppat.1004424
http://www.ncbi.nlm.nih.gov/pubmed/25275643
http://dx.doi.org/10.1073/pnas.1221899110
http://www.ncbi.nlm.nih.gov/pubmed/23878230
http://dx.doi.org/10.1128/JVI.02721-14
http://www.ncbi.nlm.nih.gov/pubmed/25505060


Viruses 2015, 7 4726

24. Hitchcock, J.K.; Katz, A.A.; Schafer, G. Dynamic reciprocity: The role of annexin A2 in
tissue integrity. J. Cell Commun. Signal. 2014, 8, 125–133. [CrossRef] [PubMed]

25. Mayran, N.; Parton, R.G.; Gruenberg, J. Annexin II regulates multivesicular endosome biogenesis
in the degradation pathway of animal cells. EMBO J. 2003, 22, 3242–3253. [CrossRef] [PubMed]

26. Grabski, E.; Wappler, I.; Pfaender, S.; Steinmann, E.; Haid, S.; Dzionek, A.; Pietschmann, T.;
Kalinke, U. Efficient virus assembly, but not infectivity, determines the magnitude of hepatitis
C virus-induced interferon alpha responses of plasmacytoid dendritic cells. J. Virol. 2015, 89,
3200–3208. [CrossRef] [PubMed]

27. Lee, T.H.; D'Asti, E.; Magnus, N.; Al-Nedawi, K.; Meehan, B.; Rak, J. Microvesicles as
mediators of intercellular communication in cancer—The emerging science of cellular “debris”.
Semin. Immunopathol. 2011, 33, 455–467. [CrossRef] [PubMed]

28. Bobrie, A.; Colombo, M.; Raposo, G.; Thery, C. Exosome secretion: molecular mechanisms and
roles in immune responses. Traffic 2011, 12, 1659–1668. [CrossRef] [PubMed]

29. Skog, J.; Wurdinger, T.; van Rijn, S.; Meijer, D.H.; Gainche, L.; Sena-Esteves, M.;
Curry, W.T., Jr.; Carter, B.S.; Krichevsky, A.M.; Breakefield, X.O. Glioblastoma microvesicles
transport RNA and proteins that promote tumour growth and provide diagnostic biomarkers.
Nat. Cell Biol. 2008, 10, 1470–1476. [CrossRef] [PubMed]

30. Ratajczak, J.; Wysoczynski, M.; Hayek, F.; Janowska-Wieczorek, A.; Ratajczak, M.Z.
Membrane-derived microvesicles: Important and underappreciated mediators of cell-to-cell
communication. Leukemia 2006, 20, 1487–1495. [CrossRef] [PubMed]

31. Ratajczak, J.; Miekus, K.; Kucia, M.; Zhang, J.; Reca, R.; Dvorak, P.; Ratajczak, M.Z. Embryonic
stem cell-derived microvesicles reprogram hematopoietic progenitors: evidence for horizontal
transfer of mRNA and protein delivery. Leukemia 2006, 20, 847–856. [CrossRef] [PubMed]

32. Chahar, H.S.; Bao, X.; Casola, A. Exosomes and their role in the life cycle and pathogenesis of
RNA viruses. Viruses 2015, 7, 3204–3225. [CrossRef] [PubMed]

33. Gilliet, M.; Cao, W.; Liu, Y.J. Plasmacytoid dendritic cells: Sensing nucleic acids in viral infection
and autoimmune diseases. Nat. Rev. Immunol. 2008, 8, 594–606. [CrossRef] [PubMed]

34. Wieland, S.F.; Takahashi, K.; Boyd, B.; Whitten-Bauer, C.; Ngo, N.; de la Torre, J.C.; Chisari, F.V.
Human plasmacytoid dendritic cells sense lymphocytic choriomeningitis virus-infected cells
in vitro. J. Virol. 2014, 88, 752–757. [CrossRef] [PubMed]

35. Feng, Z.; Li, Y.; McKnight, K.L.; Hensley, L.; Lanford, R.E.; Walker, C.M.; Lemon, S.M. Human
pDCs preferentially sense enveloped hepatitis A virions. J. Clin. Investig. 2014, 125, 169–176.
[CrossRef] [PubMed]

36. Hurley, J.H.; Odorizzi, G. Get on the exosome bus with ALIX. Nat. Cell Biol. 2012, 14, 654–655.
[CrossRef] [PubMed]

37. Florentin, J.; Aouar, B.; Dental, C.; Thumann, C.; Firaguay, G.; Gondois-Rey, F.; Soumelis, V.;
Baumert, T.F.; Nunes, J.A.; Olive, D.; et al. HCV glycoprotein E2 is a novel BDCA-2 ligand
and acts as an inhibitor of IFN production by plasmacytoid dendritic cells. Blood 2012, 120,
4544–4551. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s12079-014-0231-0
http://www.ncbi.nlm.nih.gov/pubmed/24838661
http://dx.doi.org/10.1093/emboj/cdg321
http://www.ncbi.nlm.nih.gov/pubmed/12839987
http://dx.doi.org/10.1128/JVI.03229-14
http://www.ncbi.nlm.nih.gov/pubmed/25552725
http://dx.doi.org/10.1007/s00281-011-0250-3
http://www.ncbi.nlm.nih.gov/pubmed/21318413
http://dx.doi.org/10.1111/j.1600-0854.2011.01225.x
http://www.ncbi.nlm.nih.gov/pubmed/21645191
http://dx.doi.org/10.1038/ncb1800
http://www.ncbi.nlm.nih.gov/pubmed/19011622
http://dx.doi.org/10.1038/sj.leu.2404296
http://www.ncbi.nlm.nih.gov/pubmed/16791265
http://dx.doi.org/10.1038/sj.leu.2404132
http://www.ncbi.nlm.nih.gov/pubmed/16453000
http://dx.doi.org/10.3390/v7062770
http://www.ncbi.nlm.nih.gov/pubmed/26102580
http://dx.doi.org/10.1038/nri2358
http://www.ncbi.nlm.nih.gov/pubmed/18641647
http://dx.doi.org/10.1128/JVI.01714-13
http://www.ncbi.nlm.nih.gov/pubmed/24155390
http://dx.doi.org/10.1172/JCI77527
http://www.ncbi.nlm.nih.gov/pubmed/25415438
http://dx.doi.org/10.1038/ncb2530
http://www.ncbi.nlm.nih.gov/pubmed/22743708
http://dx.doi.org/10.1182/blood-2012-02-413286
http://www.ncbi.nlm.nih.gov/pubmed/23053572


Viruses 2015, 7 4727

38. Hasan, U.A.; Bates, E.; Takeshita, F.; Biliato, A.; Accardi, R.; Bouvard, V.; Mansour, M.;
Vincent, I.; Gissmann, L.; Iftner, T.; et al. TLR9 expression and function is abolished by the
cervical cancer-associated human papillomavirus type 16. J. Immunol. 2007, 178, 3186–3197.
[CrossRef] [PubMed]

39. Xu, Y.; Hu, Y.; Shi, B.; Zhang, X.; Wang, J.; Zhang, Z.; Shen, F.; Zhang, Q.; Sun, S.; Yuan, Z.
HBsAg inhibits TLR9-mediated activation and IFN-α production in plasmacytoid dendritic cells.
Mol. Immunol. 2009, 46, 2640–2646. [CrossRef] [PubMed]

40. Takahashi, K.; Asabe, S.; Wieland, S.; Garaigorta, U.; Gastaminza, P.; Isogawa, M.; Chisari, F.V.
Plasmacytoid dendritic cells sense hepatitis C virus-infected cells, produce interferon, and
inhibit infection. Proc. Natl. Acad. Sci. USA 2010, 107, 7431–7436. [CrossRef] [PubMed]

41. Python, S.; Gerber, M.; Suter, R.; Ruggli, N.; Summerfield, A. Efficient sensing of infected
cells in absence of virus particles by plasmacytoid dendritic cells is blocked by the viral
ribonuclease E(rns.). PLoS Pathog. 2013, 9, e1003412. [CrossRef] [PubMed]

42. Decembre, E.; Assil, S.; Hillaire, M.L.; Dejnirattisai, W.; Mongkolsapaya, J.; Screaton, G.R.;
Davidson, A.D.; Dreux, M. Sensing of immature particles produced by dengue virus infected cells
induces an antiviral response by plasmacytoid dendritic cells. PLoS Pathog. 2014, 10, e1004434.
[CrossRef] [PubMed]

43. Pasquato, A.; Ramos da Palma, J.; Galan, C.; Seidah, N.G.; Kunz, S. Viral envelope glycoprotein
processing by proprotein convertases. Antivir. Res. 2013, 99, 49–60. [CrossRef] [PubMed]

44. Rodenhuis-Zybert, I.A.; van der Schaar, H.M.; da Silva Voorham, J.M.;
van der Ende-Metselaar, H.; Lei, H.Y.; Wilschut, J.; Smit, J.M. Immature dengue virus: A
veiled pathogen? PLoS Pathog. 2010, 6, e1000718. [CrossRef] [PubMed]

45. Rodenhuis-Zybert, I.A.; Moesker, B.; da Silva Voorham, J.M.; van der Ende-Metselaar, H.;
Diamond, M.S.; Wilschut, J.; Smit, J.M. A fusion-loop antibody enhances the infectious
properties of immature flavivirus particles. J. Virol. 2011, 85, 11800–11808. [CrossRef]
[PubMed]

46. Keelapang, P.; Sriburi, R.; Supasa, S.; Panyadee, N.; Songjaeng, A.; Jairungsri, A.; Puttikhunt, C.;
Kasinrerk, W.; Malasit, P.; Sittisombut, N. Alterations of pr-M cleavage and virus export in pr-M
junction chimeric dengue viruses. J. Virol. 2004, 78, 2367–2381. [CrossRef] [PubMed]

47. Wang, S.; He, R.; Anderson, R. PrM- and cell-binding domains of the dengue virus E protein.
J. Virol. 1999, 73, 2547–2551. [PubMed]

48. Van der Schaar, H.M.; Rust, M.J.; Waarts, B.L.; van der Ende-Metselaar, H.; Kuhn, R.J.;
Wilschut, J.; Zhuang, X.; Smit, J.M. Characterization of the early events in dengue virus cell entry
by biochemical assays and single-virus tracking. J. Virol. 2007, 81, 12019–12028. [CrossRef]
[PubMed]

49. Junjhon, J.; Lausumpao, M.; Supasa, S.; Noisakran, S.; Songjaeng, A.; Saraithong, P.;
Chaichoun, K.; Utaipat, U.; Keelapang, P.; Kanjanahaluethai, A.; et al. Differential modulation
of prM cleavage, extracellular particle distribution, and virus infectivity by conserved residues at
nonfurin consensus positions of the dengue virus pr-M junction. J. Virol. 2008, 82, 10776–10791.
[CrossRef] [PubMed]

http://dx.doi.org/10.4049/jimmunol.178.5.3186
http://www.ncbi.nlm.nih.gov/pubmed/17312167
http://dx.doi.org/10.1016/j.molimm.2009.04.031
http://www.ncbi.nlm.nih.gov/pubmed/19501403
http://dx.doi.org/10.1073/pnas.1002301107
http://www.ncbi.nlm.nih.gov/pubmed/20231459
http://dx.doi.org/10.1371/journal.ppat.1003412
http://www.ncbi.nlm.nih.gov/pubmed/23785283
http://dx.doi.org/10.1371/journal.ppat.1004434
http://www.ncbi.nlm.nih.gov/pubmed/25340500
http://dx.doi.org/10.1016/j.antiviral.2013.04.013
http://www.ncbi.nlm.nih.gov/pubmed/23611717
http://dx.doi.org/10.1371/journal.ppat.1000718
http://www.ncbi.nlm.nih.gov/pubmed/20062797
http://dx.doi.org/10.1128/JVI.05237-11
http://www.ncbi.nlm.nih.gov/pubmed/21880758
http://dx.doi.org/10.1128/JVI.78.5.2367-2381.2004
http://www.ncbi.nlm.nih.gov/pubmed/14963133
http://www.ncbi.nlm.nih.gov/pubmed/9971841
http://dx.doi.org/10.1128/JVI.00300-07
http://www.ncbi.nlm.nih.gov/pubmed/17728239
http://dx.doi.org/10.1128/JVI.01180-08
http://www.ncbi.nlm.nih.gov/pubmed/18715923


Viruses 2015, 7 4728

50. Rodenhuis-Zybert, I.A.; Wilschut, J.; Smit, J.M. Partial maturation: An immune-evasion strategy
of dengue virus? Trends Microbiol. 2011, 19, 248–254. [CrossRef] [PubMed]

51. Pierson, T.C.; Diamond, M.S. Degrees of maturity: The complex structure and biology
of flaviviruses. Curr. Opin. Virol. 2012, 2, 168–175. [CrossRef] [PubMed]

52. Zellweger, R.M.; Prestwood, T.R.; Shresta, S. Enhanced infection of liver sinusoidal endothelial
cells in a mouse model of antibody-induced severe dengue disease. Cell Host Microbe 2010, 7,
128–139. [CrossRef] [PubMed]

53. Cherrier, M.V.; Kaufmann, B.; Nybakken, G.E.; Lok, S.M.; Warren, J.T.; Chen, B.R.;
Nelson, C.A.; Kostyuchenko, V.A.; Holdaway, H.A.; Chipman, P.R.; et al. Structural basis for
the preferential recognition of immature flaviviruses by a fusion-loop antibody. EMBO J. 2009,
28, 3269–3276. [CrossRef] [PubMed]

54. Dejnirattisai, W.; Jumnainsong, A.; Onsirisakul, N.; Fitton, P.; Vasanawathana, S.; Limpitikul, W.;
Puttikhunt, C.; Edwards, C.; Duangchinda, T.; Supasa, S.; et al. Cross-reacting antibodies enhance
dengue virus infection in humans. Science 2010, 328, 745–748. [CrossRef] [PubMed]

55. Luo, Y.Y.; Feng, J.J.; Zhou, J.M.; Yu, Z.Z.; Fang, D.Y.; Yan, H.J.; Zeng, G.C.; Jiang, L.F.
Identification of a novel infection-enhancing epitope on dengue prM using a dengue cross-reacting
monoclonal antibody. BMC Microbiol. 2013, 13. [CrossRef] [PubMed]

56. Smit, J.M.; Moesker, B.; Rodenhuis-Zybert, I.; Wilschut, J. Flavivirus cell entry and
membrane fusion. Viruses 2011, 3, 160–171. [CrossRef] [PubMed]

57. Steinhauer, D.A. Role of hemagglutinin cleavage for the pathogenicity of influenza virus. Virology
1999, 258, 1–20. [CrossRef] [PubMed]

58. Galloway, S.E.; Reed, M.L.; Russell, C.J.; Steinhauer, D.A. Influenza HA subtypes demonstrate
divergent phenotypes for cleavage activation and pH of fusion: Implications for host range
and adaptation. PLoS Pathog. 2013, 9, e1003151. [CrossRef] [PubMed]

59. Moesker, B.; Rodenhuis-Zybert, I.A.; Meijerhof, T.; Wilschut, J.; Smit, J.M. Characterization
of the functional requirements of West Nile virus membrane fusion. J. Gen. Virol. 2010, 91,
389–393. [CrossRef] [PubMed]

60. Bruni, D.; Chazal, M.; Sinigaglia, L.; Chauveau, L.; Schwartz, O.; Despres, P.; Jouvenet, N.
Viral entry route determines how human plasmacytoid dendritic cells produce type I interferons.
Sci. Signal. 2015, 8. [CrossRef] [PubMed]

61. Lepelley, A.; Louis, S.; Sourisseau, M.; Law, H.K.; Pothlichet, J.; Schilte, C.; Chaperot, L.;
Plumas, J.; Randall, R.E.; Si-Tahar, M.; et al. Innate sensing of HIV-infected cells. PLoS Pathog.
2011, 7, e1001284. [CrossRef] [PubMed]

62. Megjugorac, N.J.; Jacobs, E.S.; Izaguirre, A.G.; George, T.C.; Gupta, G.; Fitzgerald-Bocarsly, P.
Image-based study of interferongenic interactions between plasmacytoid dendritic cells and
HSV-infected monocyte-derived dendritic cells. Immunol. Investig. 2007, 36, 739–761.
[CrossRef] [PubMed]

63. Lau, D.T.; Fish, P.M.; Sinha, M.; Owen, D.M.; Lemon, S.M.; Gale, M., Jr. Interferon regulatory
factor-3 activation, hepatic interferon-stimulated gene expression, and immune cell infiltration in
hepatitis C virus patients. Hepatology 2008, 47, 799–809. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.tim.2011.02.002
http://www.ncbi.nlm.nih.gov/pubmed/21388812
http://dx.doi.org/10.1016/j.coviro.2012.02.011
http://www.ncbi.nlm.nih.gov/pubmed/22445964
http://dx.doi.org/10.1016/j.chom.2010.01.004
http://www.ncbi.nlm.nih.gov/pubmed/20153282
http://dx.doi.org/10.1038/emboj.2009.245
http://www.ncbi.nlm.nih.gov/pubmed/19713934
http://dx.doi.org/10.1126/science.1185181
http://www.ncbi.nlm.nih.gov/pubmed/20448183
http://dx.doi.org/10.1186/1471-2180-13-194
http://www.ncbi.nlm.nih.gov/pubmed/23987307
http://dx.doi.org/10.3390/v3020160
http://www.ncbi.nlm.nih.gov/pubmed/22049308
http://dx.doi.org/10.1006/viro.1999.9716
http://www.ncbi.nlm.nih.gov/pubmed/10329563
http://dx.doi.org/10.1371/journal.ppat.1003151
http://www.ncbi.nlm.nih.gov/pubmed/23459660
http://dx.doi.org/10.1099/vir.0.015255-0
http://www.ncbi.nlm.nih.gov/pubmed/19828760
http://dx.doi.org/10.1126/scisignal.aaa1552
http://www.ncbi.nlm.nih.gov/pubmed/25737587
http://dx.doi.org/10.1371/journal.ppat.1001284
http://www.ncbi.nlm.nih.gov/pubmed/21379343
http://dx.doi.org/10.1080/08820130701715845
http://www.ncbi.nlm.nih.gov/pubmed/18161527
http://dx.doi.org/10.1002/hep.22076
http://www.ncbi.nlm.nih.gov/pubmed/18203148


Viruses 2015, 7 4729

64. Zhang, S.; Kodys, K.; Li, K.; Szabo, G. Human type 2 myeloid dendritic cells produce
interferon-lambda and amplify interferon-α in response to hepatitis C virus infection.
Gastroenterology 2013, 144, 414–425. [CrossRef] [PubMed]

65. Thitithanyanont, A.; Engering, A.; Ekchariyawat, P.; Wiboon-ut, S.; Limsalakpetch, A.;
Yongvanitchit, K.; Kum-Arb, U.; Kanchongkittiphon, W.; Utaisincharoen, P.; Sirisinha, S.; et al.
High susceptibility of human dendritic cells to avian influenza H5N1 virus infection and
protection by IFN- α and TLR ligands. J. Immunol. 2007, 179, 5220–5227. [CrossRef] [PubMed]

66. Baranek, T.; Zucchini, N.; Dalod, M. Plasmacytoid dendritic cells and the control of
herpesvirus infections. Viruses 2009, 1, 383–419. [CrossRef] [PubMed]

67. Reizis, B.; Bunin, A.; Ghosh, H.S.; Lewis, K.L.; Sisirak, V. Plasmacytoid dendritic cells: Recent
progress and open questions. Annu. Rev. Immunol. 2011, 29, 163–183. [CrossRef] [PubMed]

68. Yoshio, S.; Kanto, T.; Kuroda, S.; Matsubara, T.; Higashitani, K.; Kakita, N.; Ishida, H.;
Hiramatsu, N.; Nagano, H.; Sugiyama, M.; et al. Human blood dendritic cell antigen 3 (BDCA3)+

dendritic cells are a potent producer of interferon-lambda in response to hepatitis C virus.
Hepatology 2013, 57, 1705–1715. [CrossRef] [PubMed]

69. Dansako, H.; Yamane, D.; Welsch, C.; McGivern, D.R.; Hu, F.; Kato, N.; Lemon, S.M. Class A
scavenger receptor 1 (MSR1) restricts hepatitis C virus replication by mediating toll-like receptor
3 recognition of viral RNAs produced in neighboring cells. PLoS Pathog. 2013, 9, e1003345.
[CrossRef] [PubMed]

70. DeWitte-Orr, S.J.; Collins, S.E.; Bauer, C.M.; Bowdish, D.M.; Mossman, K.L. An accessory
to the “Trinity”: SR-As are essential pathogen sensors of extracellular dsRNA, mediating entry
and leading to subsequent type I IFN responses. PLoS Pathog. 2010, 6, e1000829. [CrossRef]
[PubMed]

71. Mukhopadhyay, S.; Varin, A.; Chen, Y.; Liu, B.; Tryggvason, K.; Gordon, S.
SR-A/MARCO-mediated ligand delivery enhances intracellular TLR and NLR function, but
ligand scavenging from cell surface limits TLR4 response to pathogens. Blood 2011, 117,
1319–1328. [CrossRef] [PubMed]

72. Gu, M.; Rice, C.M. Structures of hepatitis C virus nonstructural proteins required for replicase
assembly and function. Curr. Opin. Virol. 2013, 3, 129–136. [CrossRef] [PubMed]

73. Negash, A.A.; Ramos, H.J.; Crochet, N.; Lau, D.T.; Doehle, B.; Papic, N.; Delker, D.A.; Jo, J.;
Bertoletti, A.; Hagedorn, C.H.; et al. IL-1β production through the NLRP3 inflammasome
by hepatic macrophages links hepatitis C virus infection with liver inflammation and disease.
PLoS Pathog. 2013, 9, e1003330. [CrossRef] [PubMed]

74. Rosen, H.R. Emerging concepts in immunity to hepatitis C virus infection. J. Clin. Investig. 2013,
123, 4121–4130. [CrossRef] [PubMed]

75. Chattergoon, M.A.; Latanich, R.; Quinn, J.; Winter, M.E.; Buckheit, R.W., 3rd; Blankson, J.N.;
Pardoll, D.; Cox, A.L. HIV and HCV activate the inflammasome in monocytes and macrophages
via endosomal Toll-like receptors without induction of type 1 interferon. PLoS Pathog. 2014,
10, e1004082. [CrossRef] [PubMed]

76. Ichinohe, T.; Pang, I.K.; Iwasaki, A. Influenza virus activates inflammasomes via its intracellular
M2 ion channel. Nat. Immunol. 2010, 11, 404–410. [CrossRef] [PubMed]

http://dx.doi.org/10.1053/j.gastro.2012.10.034
http://www.ncbi.nlm.nih.gov/pubmed/23089201
http://dx.doi.org/10.4049/jimmunol.179.8.5220
http://www.ncbi.nlm.nih.gov/pubmed/17911607
http://dx.doi.org/10.3390/v1030383
http://www.ncbi.nlm.nih.gov/pubmed/21994554
http://dx.doi.org/10.1146/annurev-immunol-031210-101345
http://www.ncbi.nlm.nih.gov/pubmed/21219184
http://dx.doi.org/10.1002/hep.26182
http://www.ncbi.nlm.nih.gov/pubmed/23213063
http://dx.doi.org/10.1371/journal.ppat.1003345
http://www.ncbi.nlm.nih.gov/pubmed/23717201
http://dx.doi.org/10.1371/journal.ppat.1000829
http://www.ncbi.nlm.nih.gov/pubmed/20360967
http://dx.doi.org/10.1182/blood-2010-03-276733
http://www.ncbi.nlm.nih.gov/pubmed/21098741
http://dx.doi.org/10.1016/j.coviro.2013.03.013
http://www.ncbi.nlm.nih.gov/pubmed/23601958
http://dx.doi.org/10.1371/journal.ppat.1003330
http://www.ncbi.nlm.nih.gov/pubmed/23633957
http://dx.doi.org/10.1172/JCI67714
http://www.ncbi.nlm.nih.gov/pubmed/24084744
http://dx.doi.org/10.1371/journal.ppat.1004082
http://www.ncbi.nlm.nih.gov/pubmed/24788318
http://dx.doi.org/10.1038/ni.1861
http://www.ncbi.nlm.nih.gov/pubmed/20383149


Viruses 2015, 7 4730

77. Meckes, D.G., Jr. Exosomal communication goes viral. J. Virol. 2015, 89, 5200–5203. [CrossRef]
[PubMed]

78. Valadi, H.; Ekström, K.; Bossios, A.; Sjöstrand, M.; Lee, J.J.; Lötvall, J.O. Exosome-mediated
transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells.
Nat. Cell Biol. 2007, 9, 654–659. [CrossRef] [PubMed]

79. Gibbings, D.J.; Ciaudo, C.; Erhardt, M.; Voinnet, O. Multivesicular bodies associate with
components of miRNA effector complexes and modulate miRNA activity. Nat. Cell Biol. 2009,
11, 1143–1149. [CrossRef] [PubMed]

80. Lee, Y.S.; Pressman, S.; Andress, A.P.; Kim, K.; White, J.L.; Cassidy, J.J.; Li, X.; Lubell, K.; Lim
do, H.; Cho, I.S.; et al. Silencing by small RNAs is linked to endosomal trafficking. Nat. Cell Biol.
2009, 11, 1150–1156. [CrossRef] [PubMed]

81. Mulcahy, L.A.; Pink, R.C.; Carter, D.R. Routes and mechanisms of extracellular vesicle uptake.
J. Extracell. Vesicles 2014, 4. [CrossRef] [PubMed]

82. Zhang, J.; Li, S.; Li, L.; Li, M.; Guo, C.; Yao, J.; Mi, S. Exosome and exosomal microRNA:
Trafficking, sorting, and function. Genom. Proteom. Bioinf. 2015, 13, 17–24. [CrossRef]
[PubMed]

83. Meckes, D.G., Jr.; Shair, K.H.; Marquitz, A.R.; Kung, C.P.; Edwards, R.H.;
Raab-Traub, N. Human tumor virus utilizes exosomes for intercellular communication.
Proc. Natl. Acad. Sci. USA 2010, 107, 20370–20375. [CrossRef] [PubMed]

84. Pegtel, D.M.; Cosmopoulos, K.; Thorley-Lawson, D.A.; van Eijndhoven, M.A.; Hopmans, E.S.;
Lindenberg, J.L.; de Gruijl, T.D.; Wurdinger, T.; Middeldorp, J.M. Functional delivery of viral
miRNAs via exosomes. Proc. Natl. Acad. Sci. USA 2010, 107, 6328–6333. [CrossRef] [PubMed]

85. Pegtel, D.M.; van de Garde, M.D.; Middeldorp, J.M. Viral miRNAs exploiting
the endosomal-exosomal pathway for intercellular cross-talk and immune evasion.
Biochim. Biophys. Acta 2011, 1809, 715–721. [CrossRef] [PubMed]

86. Haneklaus, M.; Gerlic, M.; Kurowska-Stolarska, M.; Rainey, A.A.; Pich, D.; McInnes, I.B.;
Hammerschmidt, W.; O’Neill, L.A.; Masters, S.L. Cutting edge: miR-223 and EBV miR-BART15
regulate the NLRP3 inflammasome and IL-1β production. J. Immunol. 2012, 189, 3795–3799.
[CrossRef] [PubMed]

87. Rechavi, O.; Erlich, Y.; Amram, H.; Flomenblit, L.; Karginov, F.V.; Goldstein, I.; Hannon, G.J.;
Kloog, Y. Cell contact-dependent acquisition of cellular and viral nonautonomously encoded
small RNAs. Genes Dev. 2009, 23, 1971–1979. [CrossRef] [PubMed]

88. Zomer, A.; Vendrig, T.; Hopmans, E.S.; van Eijndhoven, M.; Middeldorp, J.M.; Pegtel, D.M.
Exosomes: Fit to deliver small RNA. Commun. Integr. Biol. 2010, 3, 447–450. [CrossRef]
[PubMed]

89. Nachmani, D.; Stern-Ginossar, N.; Sarid, R.; Mandelboim, O. Diverse herpesvirus microRNAs
target the stress-induced immune ligand MICB to escape recognition by natural killer cells.
Cell Host Microbe 2009, 5, 376–385. [CrossRef] [PubMed]

90. Nachmani, D.; Lankry, D.; Wolf, D.G.; Mandelboim, O. The human cytomegalovirus microRNA
miR-UL112 acts synergistically with a cellular microRNA to escape immune elimination.
Nat. Immunol. 2010, 11, 806–813. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/JVI.02470-14
http://www.ncbi.nlm.nih.gov/pubmed/25740980
http://dx.doi.org/10.1038/ncb1596
http://www.ncbi.nlm.nih.gov/pubmed/17486113
http://dx.doi.org/10.1038/ncb1929
http://www.ncbi.nlm.nih.gov/pubmed/19684575
http://dx.doi.org/10.1038/ncb1930
http://www.ncbi.nlm.nih.gov/pubmed/19684574
http://dx.doi.org/10.3402/jev.v3.24641
http://www.ncbi.nlm.nih.gov/pubmed/25143819
http://dx.doi.org/10.1016/j.gpb.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25724326
http://dx.doi.org/10.1073/pnas.1014194107
http://www.ncbi.nlm.nih.gov/pubmed/21059916
http://dx.doi.org/10.1073/pnas.0914843107
http://www.ncbi.nlm.nih.gov/pubmed/20304794
http://dx.doi.org/10.1016/j.bbagrm.2011.08.002
http://www.ncbi.nlm.nih.gov/pubmed/21855666
http://dx.doi.org/10.4049/jimmunol.1200312
http://www.ncbi.nlm.nih.gov/pubmed/22984081
http://dx.doi.org/10.1101/gad.1789609
http://www.ncbi.nlm.nih.gov/pubmed/19684116
http://dx.doi.org/10.4161/cib.3.5.12339
http://www.ncbi.nlm.nih.gov/pubmed/21057637
http://dx.doi.org/10.1016/j.chom.2009.03.003
http://www.ncbi.nlm.nih.gov/pubmed/19380116
http://dx.doi.org/10.1038/ni.1916
http://www.ncbi.nlm.nih.gov/pubmed/20694010


Viruses 2015, 7 4731

91. Lo, A.K.; To, K.F.; Lo, K.W.; Lung, R.W.; Hui, J.W.; Liao, G.; Hayward, S.D. Modulation of
LMP1 protein expression by EBV-encoded microRNAs. Proc. Natl. Acad. Sci. USA 2007, 104,
16164–16169. [CrossRef] [PubMed]

92. Dolken, L.; Malterer, G.; Erhard, F.; Kothe, S.; Friedel, C.C.; Suffert, G.; Marcinowski, L.;
Motsch, N.; Barth, S.; Beitzinger, M.; et al. Systematic analysis of viral and cellular microRNA
targets in cells latently infected with human γ-herpesviruses by RISC immunoprecipitation assay.
Cell Host Microbe 2010, 7, 324–334. [CrossRef] [PubMed]

93. Canitano, A.; Venturi, G.; Borghi, M.; Ammendolia, M.G.; Fais, S. Exosomes released
in vitro from Epstein-Barr virus (EBV)-infected cells contain EBV-encoded latent phase mRNAs.
Cancer Lett. 2013, 337, 193–199. [CrossRef] [PubMed]

94. Barth, S.; Pfuhl, T.; Mamiani, A.; Ehses, C.; Roemer, K.; Kremmer, E.; Jaker, C.; Hock, J.;
Meister, G.; Grasser, F.A. Epstein-Barr virus-encoded microRNA miR-BART2 down-regulates
the viral DNA polymerase BALF5. Nucleic Acids Res. 2008, 36, 666–675. [CrossRef] [PubMed]

95. Choi, H.; Lee, H.; Kim, S.R.; Gho, Y.S.; Lee, S.K. Epstein-Barr virus-encoded microRNA
BART15-3p promotes cell apoptosis partially by targeting BRUCE. J. Virol. 2013, 87, 8135–8144.
[CrossRef] [PubMed]

96. Antonyak, M.A.; Cerione, R.A. Microvesicles as mediators of intercellular communication
in cancer. Methods Mol. Biol. 2014, 1165, 147–173. [PubMed]

97. Chugh, P.E.; Sin, S.H.; Ozgur, S.; Henry, D.H.; Menezes, P.; Griffith, J.; Eron, J.J.;
Damania, B.; Dittmer, D.P. Systemically circulating viral and tumor-derived microRNAs in
KSHV-associated malignancies. PLoS Pathog. 2013, 9, e1003484. [CrossRef] [PubMed]

98. Narayanan, A.; Iordanskiy, S.; Das, R.; van Duyne, R.; Santos, S.; Jaworski, E.; Guendel, I.;
Sampey, G.; Dalby, E.; Iglesias-Ussel, M.; et al. Exosomes derived from HIV-1-infected cells
contain trans-activation response element RNA. J. Biol. Chem. 2013, 288, 20014–20033.
[CrossRef] [PubMed]

99. Bernard, M.A.; Zhao, H.; Yue, S.C.; Anandaiah, A.; Koziel, H.; Tachado, S.D. Novel HIV-1
miRNAs stimulate TNFα release in human macrophages via TLR8 signaling pathway. PLoS ONE
2014, 9, e106006. [CrossRef] [PubMed]

100. Aoki, Y.; Jones, K.D.; Tosato, G. Kaposi’s sarcoma-associated herpesvirus-encoded interleukin-6.
J. Hematother. Stem Cell Res. 2000, 9, 137–145. [CrossRef] [PubMed]

101. Molden, J.; Chang, Y.; You, Y.; Moore, P.S.; Goldsmith, M.A. A Kaposi’s sarcoma-associated
herpesvirus-encoded cytokine homolog (vIL-6) activates signaling through the shared gp130
receptor subunit. J. Biol. Chem. 1997, 272, 19625–19631. [CrossRef] [PubMed]

102. Cervantes, J.L.; Weinerman, B.; Basole, C.; Salazar, J.C. TLR8: The forgotten
relative revindicated. Cell. Mol. Immunol. 2012, 9, 434–438. [CrossRef] [PubMed]

103. Giffin, L.; Yan, F.; Ben Major, M.; Damania, B. Modulation of Kaposi’s sarcoma-associated
herpesvirus interleukin-6 function by hypoxia-upregulated protein 1. J. Virol. 2014, 88,
9429–9441. [CrossRef] [PubMed]

104. Aoki, Y.; Jaffe, E.S.; Chang, Y.; Jones, K.; Teruya-Feldstein, J.; Moore, P.S.; Tosato, G.
Angiogenesis and hematopoiesis induced by Kaposi’s sarcoma-associated herpesvirus-encoded
interleukin-6. Blood 1999, 93, 4034–4043. [PubMed]

http://dx.doi.org/10.1073/pnas.0702896104
http://www.ncbi.nlm.nih.gov/pubmed/17911266
http://dx.doi.org/10.1016/j.chom.2010.03.008
http://www.ncbi.nlm.nih.gov/pubmed/20413099
http://dx.doi.org/10.1016/j.canlet.2013.05.012
http://www.ncbi.nlm.nih.gov/pubmed/23684926
http://dx.doi.org/10.1093/nar/gkm1080
http://www.ncbi.nlm.nih.gov/pubmed/18073197
http://dx.doi.org/10.1128/JVI.03159-12
http://www.ncbi.nlm.nih.gov/pubmed/23678170
http://www.ncbi.nlm.nih.gov/pubmed/24839024
http://dx.doi.org/10.1371/journal.ppat.1003484
http://www.ncbi.nlm.nih.gov/pubmed/23874201
http://dx.doi.org/10.1074/jbc.M112.438895
http://www.ncbi.nlm.nih.gov/pubmed/23661700
http://dx.doi.org/10.1371/journal.pone.0106006
http://www.ncbi.nlm.nih.gov/pubmed/25191859
http://dx.doi.org/10.1089/152581600319351
http://www.ncbi.nlm.nih.gov/pubmed/10813527
http://dx.doi.org/10.1074/jbc.272.31.19625
http://www.ncbi.nlm.nih.gov/pubmed/9235971
http://dx.doi.org/10.1038/cmi.2012.38
http://www.ncbi.nlm.nih.gov/pubmed/23085951
http://dx.doi.org/10.1128/JVI.00511-14
http://www.ncbi.nlm.nih.gov/pubmed/24920810
http://www.ncbi.nlm.nih.gov/pubmed/10361100


Viruses 2015, 7 4732

105. Zhao, J.; Punj, V.; Matta, H.; Mazzacurati, L.; Schamus, S.; Yang, Y.; Yang, T.; Hong, Y.;
Chaudhary, P.M. K13 blocks KSHV lytic replication and deregulates vIL6 and hIL6 expression:
A model of lytic replication induced clonal selection in viral oncogenesis. PLoS ONE 2007,
2, e1067. [CrossRef] [PubMed]

106. Lagana, A.; Russo, F.; Veneziano, D.; Bella, S.D.; Giugno, R.; Pulvirenti, A.; Croce, C.M.;
Ferro, A. Extracellular circulating viral microRNAs: Current knowledge and perspectives.
Front. Genet. 2013, 4. [CrossRef] [PubMed]

107. Schorey, J.S.; Cheng, Y.; Singh, P.P.; Smith, V.L. Exosomes and other extracellular vesicles in
host-pathogen interactions. EMBO Rep. 2015, 16, 24–43. [CrossRef] [PubMed]

108. Li, M.; Aliotta, J.M.; Asara, J.M.; Tucker, L.; Quesenberry, P.; Lally, M.; Ramratnam, B.
Quantitative proteomic analysis of exosomes from HIV-1-infected lymphocytic cells. Proteomics
2012, 12, 2203–2211. [CrossRef] [PubMed]

109. Meckes, D.G., Jr.; Gunawardena, H.P.; Dekroon, R.M.; Heaton, P.R.; Edwards, R.H.; Ozgur, S.;
Griffith, J.D.; Damania, B.; Raab-Traub, N. Modulation of B-cell exosome proteins by gamma
herpesvirus infection. Proc. Natl. Acad. Sci. USA 2013, 110, E2925–E2933. [CrossRef]
[PubMed]

110. Zhao, X.; Wu, Y.; Duan, J.; Ma, Y.; Shen, Z.; Wei, L.; Cui, X.; Zhang, J.; Xie, Y.; Liu, J.
Quantitative proteomic analysis of exosome protein content changes induced by hepatitis B virus
in Huh-7 cells using SILAC labeling and LC-MS/MS. J. Proteome Res. 2014, 13, 5391–5402.
[CrossRef] [PubMed]

111. Kalamvoki, M.; Du, T.; Roizman, B. Cells infected with herpes simplex virus 1 export to
uninfected cells exosomes containing STING, viral mRNAs, and microRNAs. Proc. Natl. Acad.
Sci. USA 2014, 111, E4991–E4996. [CrossRef] [PubMed]

112. Kalamvoki, M.; Roizman, B. HSV-1 degrades, stabilizes, requires, or is stung by STING
depending on ICP0, the US3 protein kinase, and cell derivation. Proc. Natl. Acad. Sci. USA
2014, 111, E611–E617. [CrossRef] [PubMed]

113. Burdette, D.L.; Vance, R.E. STING and the innate immune response to nucleic acids in the cytosol.
Nat. Immunol. 2013, 14, 19–26. [CrossRef] [PubMed]

114. Sandri-Goldin, R.M. Initiation of transcription and RNA synthesis, processing and transport
in HSV and VZV infected cells. In Human Herpesviruses: Biology, Therapy, and
Immunoprophylaxis; Cambridge University Press: Cambridge, UK, 2007.

115. Knipe, D.M.; Howley, P.M. Fields Virology, 6th ed.; Wolters Kluwer/Lippincott Williams &
Wilkins Health: Philadelphia, PA, USA, 2013; pp. 1823–1897.

116. Zhu, X.; He, Z.; Yuan, J.; Wen, W.; Huang, X.; Hu, Y.; Lin, C.; Pan, J.; Li, R.; Deng, H.; et al.
IFITM3-containing exosome as a novel mediator for anti-viral response in dengue virus infection.
Cell. Microbiol. 2015, 17, 105–118. [CrossRef] [PubMed]

117. Khatua, A.K.; Taylor, H.E.; Hildreth, J.E.; Popik, W. Exosomes packaging APOBEC3G confer
human immunodeficiency virus resistance to recipient cells. J. Virol. 2009, 83, 512–521.
[CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0001067
http://www.ncbi.nlm.nih.gov/pubmed/17957251
http://dx.doi.org/10.3389/fgene.2013.00120
http://www.ncbi.nlm.nih.gov/pubmed/23805153
http://dx.doi.org/10.15252/embr.201439363
http://www.ncbi.nlm.nih.gov/pubmed/25488940
http://dx.doi.org/10.1002/pmic.201100376
http://www.ncbi.nlm.nih.gov/pubmed/22807456
http://dx.doi.org/10.1073/pnas.1303906110
http://www.ncbi.nlm.nih.gov/pubmed/23818640
http://dx.doi.org/10.1021/pr5008703
http://www.ncbi.nlm.nih.gov/pubmed/25265333
http://dx.doi.org/10.1073/pnas.1419338111
http://www.ncbi.nlm.nih.gov/pubmed/25368198
http://dx.doi.org/10.1073/pnas.1323414111
http://www.ncbi.nlm.nih.gov/pubmed/24449861
http://dx.doi.org/10.1038/ni.2491
http://www.ncbi.nlm.nih.gov/pubmed/23238760
http://dx.doi.org/10.1111/cmi.12339
http://www.ncbi.nlm.nih.gov/pubmed/25131332
http://dx.doi.org/10.1128/JVI.01658-08
http://www.ncbi.nlm.nih.gov/pubmed/18987139


Viruses 2015, 7 4733

118. Harris, R.S.; Bishop, K.N.; Sheehy, A.M.; Craig, H.M.; Petersen-Mahrt, S.K.; Watt, I.N.;
Neuberger, M.S.; Malim, M.H. DNA deamination mediates innate immunity to
retroviral infection. Cell 2003, 113, 803–809. [CrossRef]

119. Mangeat, B.; Turelli, P.; Caron, G.; Friedli, M.; Perrin, L.; Trono, D. Broad antiretroviral defence
by human APOBEC3G through lethal editing of nascent reverse transcripts. Nature 2003, 424,
99–103. [CrossRef] [PubMed]

120. Belanger, K.; Savoie, M.; Rosales Gerpe, M.C.; Couture, J.F.; Langlois, M.A. Binding of RNA
by APOBEC3G controls deamination-independent restriction of retroviruses. Nucleic Acids Res.
2013, 41, 7438–7452. [CrossRef] [PubMed]

121. Newman, E.N.; Holmes, R.K.; Craig, H.M.; Klein, K.C.; Lingappa, J.R.; Malim, M.H.;
Sheehy, A.M. Antiviral function of APOBEC3G can be dissociated from cytidine
deaminase activity. Curr. Biol. 2005, 15, 166–170. [CrossRef] [PubMed]

122. Li, J.; Liu, K.; Liu, Y.; Xu, Y.; Zhang, F.; Yang, H.; Liu, J.; Pan, T.; Chen, J.; Wu, M.; et al.
Exosomes mediate the cell-to-cell transmission of IFN-α-induced antiviral activity. Nat. Immunol.
2013, 14, 793–803. [CrossRef] [PubMed]

123. Loveday, E.K.; Svinti, V.; Diederich, S.; Pasick, J.; Jean, F. Temporal- and strain-specific host
microRNA molecular signatures associated with swine-origin H1N1 and avian-origin H7N7
influenza A virus infection. J. Virol. 2012, 86, 6109–6122. [CrossRef] [PubMed]

124. Honegger, A.; Schilling, D.; Bastian, S.; Sponagel, J.; Kuryshev, V.; Sultmann, H.; Scheffner, M.;
Hoppe-Seyler, K.; Hoppe-Seyler, F. Dependence of intracellular and exosomal microRNAs on
viral E6/E7 oncogene expression in HPV-positive tumor cells. PLoS Pathog. 2015, 11, e1004712.
[CrossRef] [PubMed]

125. Madison, M.N.; Roller, R.J.; Okeoma, C.M. Human semen contains exosomes with potent
anti-HIV-1 activity. Retrovirology 2014, 11. [CrossRef] [PubMed]

126. Madison, M.N.; Jones, P.H.; Okeoma, C.M. Exosomes in human semen restrict HIV-1
transmission by vaginal cells and block intravaginal replication of LP-BM5 murine AIDS
virus complex. Virology 2015, 482, 189–201. [CrossRef] [PubMed]

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0092-8674(03)00423-9
http://dx.doi.org/10.1038/nature01709
http://www.ncbi.nlm.nih.gov/pubmed/12808466
http://dx.doi.org/10.1093/nar/gkt527
http://www.ncbi.nlm.nih.gov/pubmed/23761443
http://dx.doi.org/10.1016/j.cub.2004.12.068
http://www.ncbi.nlm.nih.gov/pubmed/15668174
http://dx.doi.org/10.1038/ni.2647
http://www.ncbi.nlm.nih.gov/pubmed/23832071
http://dx.doi.org/10.1128/JVI.06892-11
http://www.ncbi.nlm.nih.gov/pubmed/22438559
http://dx.doi.org/10.1371/journal.ppat.1004712
http://www.ncbi.nlm.nih.gov/pubmed/25760330
http://dx.doi.org/10.1186/s12977-014-0102-z
http://www.ncbi.nlm.nih.gov/pubmed/25407601
http://dx.doi.org/10.1016/j.virol.2015.03.040
http://www.ncbi.nlm.nih.gov/pubmed/25880110

	1. Introduction
	2. Transmission of Replicating Viral Genomes by Exosomal Transfer
	3. pDC Activation by Vesicle-Mediated Transfer of Viral RNA
	3.1. pDC Activation by Exosomal Transfer
	3.2. pDC Activation Independently of Exosomal Transfer
	3.3. Common Features of pDC Activation

	4. Immune Activation by Cell-to-Cell Transfer of Viral Elements from Infected Cells
	5. Transfer of Regulatory Components by Exosomes
	5.1. Virally-Derived MicroRNAs
	5.2. Transfer of Host-Derived miRNAs, mRNAs and Proteins by Exosomes

	6. Conclusions and Perspectives

