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Abstract

Vesicular stomatitis virus (VSV) is a prototypic nonsegmented negative-strand RNA virus. VSV’s
broad cell tropism makes it a popular model virus for many basic research applications. In
addition, a lack of preexisting human immunity against VSV, inherent oncotropism and other
features make VSV a widely used platform for vaccine and oncolytic vectors. However, VSV’s
neurotropism that can result in viral encephalitis in experimental animals needs to be addressed for
the use of the virus as a safe vector. Therefore, it is very important to understand the determinants
of VSV tropism and develop strategies to alter it. VSV glycoprotein (G) and matrix (M) protein
play major roles in its cell tropism. VSV G protein is responsible for VSV broad cell tropism and
is often used for pseudotyping other viruses. VSV M affects cell tropism via evasion of antiviral
responses, and M mutants can be used to limit cell tropism to cell types defective in interferon
signaling. In addition, other VSV proteins and host proteins may function as determinants of VSV
cell tropism. Various approaches have been successfully used to alter VSV tropism to benefit
basic research and clinically relevant applications.

Keywords
Vesicular stomatitis virus; VSV; Tropism; Host factors; Oncolytic; Neurotropism; Neurotoxicity

1. Introduction

Viral tropism commonly refers to the specificity of a virus for a particular cell type, tissue,
organ or species. Here, we define cell tropism as the specificity of VSV for cell types
supporting virus infection, replication and production of infectious progeny. Understanding
viral tropism is important for basic virology, but also for development of effective gene
therapy, vaccines and oncolytic virus therapies. This review focuses on the cellular tropism
of vesicular stomatitis virus (VSV), one of the best-studied RNA viruses, which is
extensively exploited in various applications.

Studies of virus cell tropism reveal not only viral but also host components, which if present
or absent may provide a hospitable environment for the virus life cycle (Fig. 1). Permissive
cells usually contain required factors for virus attachment, entry, biosynthesis and exit, but
lack effective antiviral mechanisms. The complex interaction of viral and host components
determines the rates of infection, replication, and production of progeny. Understanding
these interactions helps to develop various strategies to manipulate VSV tropism.

© 2013 Elsevier B.V. All rights reserved.
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VSV is a prototypic, non-segmented negative sense RNA virus (order Mononegavirales,
family Rhabdoviridae). Five genes are encoded by the 11-kb VSV genome: nucleocapsid
protein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G), and large polymerase
(L). All 5 gene products assemble to create an enveloped, bullet-shaped virion that measures
approximately 185 nm x 75 nm (Ge et al., 2010). In addition to G, an attachment protein,
that enables infection of very wide range of cells, other VSV proteins may also play roles in
directing VSV tropism, including evasion of the innate immune response and interaction
with host factors (discussed later). VSV’s broad cell tropism, relative independence on cell
cycle, rapid replication, high virus yields, and small, easily manipulated genome make it a
popular model virus for many basic research applications. In addition, a lack of preexisting
human immunity against VSV and its inability to transform host cells make VSV a widely
used experimental platform for vaccine vectors (Bukreyev et al., 2006). Moreover, VSV is a
promising oncolytic virus (OV), preferentially infecting and killing cancer cells while
leaving nonmalignant “normal” cells unharmed. Numerous preclinical studies demonstrated
effectiveness of VSV against various malignancies (Hastie and Grdzelishvili, 2012) and a
VSV recombinant encoding the IFN-B gene is currently in a phase I clinical trial against
hepatocellular carcinoma (clinicaltrials.gov, 2012, Trial ID: NCT01628640).

The major VSV serotypes, Indiana (IN) and New Jersey (NJ), are endemic to parts of the
United States as well as much of Central and South America. Among VSV’s natural hosts
are cattle, pigs, horses and other mammals and their insect vectors (Drolet et al., 2005;
Hansen et al., 1985). Instances of VSV infection of humans are rare, but cases have been
documented for agricultural and laboratory workers (Reif et al., 1987). VSV infection can
cause mild flu-like symptoms in adults. However, viral encephalitis has been reported in a 3-
year-old child in Panama (Quiroz et al., 1988). In nature, VSV can be transmitted to
mammalian hosts by arthropod vectors that include sandflies, houseflies, and mosquitos, or
direct contact with infected animals (Bergold et al., 1968; Cupp et al., 1992; Drolet et al.,
2005, 2009; Letchworth et al., 1999; Mead et al., 2004; Tesh et al., 1971). Experimental
studies of VSV pathology have reported varied outcomes dependent on the route of
administration. In the laboratory, due mainly to VSV’s ability to cause experimental
encephalitis, studies generally focus on intranasal (i.n.) injection in murine and non-human
primate models. Non-human primate models were also used with no evidence of VSV in the
brain, spinal cord, or plasma found following i.n. injection (Johnson et al., 2007). However,
intrathalmic (i.t.) injection resulted in neurological disease and animal sacrifice (Johnson et
al., 2007; Mire et al., 2012). VSV spread within the CNS (mouse and primate models) will
be discussed in detail in a later section of this review. Interestingly, inoculation of
immunocompetent mice with VSV by various routes of administration: intramuscular (i.m.),
subcutaneous (s.c.), or intraperitoneal (i.p.), generally results in no apparent disease and
limited virus replication (Trottier et al., 2007). Limited studies have examined early
infection of VSV throughout the body. Murine models are the only known vertebrates to
consistently develop detectable viremia following infection (Cornish et al., 2001). In the
study with deer mice examined over a seven-day period, intradermal infection resulted in
detectable viremia as well as infection in the spinal cord (Cornish et al., 2001). Soon after
viremia VSV was also detectable in cardiac muscles and in macrophages in lymph nodes.
Another study reported that following intravenous (i.v.) injection VSV demonstrates a rapid
evasion to the nervous system and that transfer of VSV-immune serum 16 h after infection
fails to protect against mortality even though the mice produced high titers of neutralizing
antibodies (Steinhoff et al., 1995). Interestingly, this was also shown when mice developed
similar levels of neutralizing antibodies to VSV injected i.n. or i.v., but mice injected i.n.
still died (Thomsen et al., 1997). Mice injected s.c. or i.v. showed no virus in any organs and
only low titers of virus in the brain at 8 days post infection (Stojdl et al., 2000a). In general,
these results suggest a strong tropism of VSV toward the CNS and clearance of virus from
the periphery.
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In the next sections of this review, we will describe VSV biology, specifically focusing on
steps and molecules that determine VSV cell tropism at points of attachment, endocytosis,
viral gene trancription and translation, genome replication, and budding of progeny. We will
review various approaches that have been successfully used to alter VSV tropism to benefit
basic research and clinically relevant applications. The neurotropism of VSV is a
particularly important issue to address for development of safe VSV-based vectors, and will
be reviewed in detail. While the format of this review does allow us to describe all the
details of VSV biology, we would like to refer readers to an excellent review by Lyles and
Rupprecht in Fields Virology, Rhabdoviridae chapter (Lyles and Rupprecht, 2007).

2.1. Biology of VSV entry

VSV enters the cell via the endocytic pathway and subsequently fuses with a cellular
membrane within the acidic environment of the endosome. This penetration process is
relatively inefficient for VSV. Many virions that attach to the cell surface are not
internalized, and many of the internalized virions appear to be degraded by proteases and
other enzymes (Matlin et al., 1982). Differences among cell types in the efficiency of each
step may lead to altered infection efficacy, thereby, affecting the cellular tropism. A siRNA
screen of the human kinome (the genomic collection of human protein, lipid and
carbohydrate kinases) in HeLa cells showed that the productive entry of VSV involves a
large cohort of kinases from different families, suggesting that multiple cellular proteins
involved with endocytosis may determine the VSV tropism at the level of entry (Pelkmans
etal., 2005).

The VSV G protein is the main viral determinant of the entry (Roche et al., 2008), and is
involved in two of the initial steps of the infectious process: virus attachment to the host cell
surface and viral-induced pH-dependent endosomal membrane fusion. VSV G enables
infection of most, if not all, human cell types, and of organism as distant as zebrafish and
Drosophila (Gillies and Stollar, 1980; Mudd et al., 1973; Seganti et al., 1986).

The membrane lipid phosphatidylserine (PS) has long been considered to play an important
role in VSV entry and may be involved in attachment or triggering endocytosis, although
this possible role is controversial. A PS-binding segment was mapped in the G protein (134—
161 aa) from several rhabdoviruses (Coll, 1995, 1997), and nuclear magnetic resonance, as
well as fluorescence studies showed interactions of another fragment of VSV G (118-136
aa) with PS (Hall et al., 1998). This interaction was modulated by both ionic and
hydrophobic factors and appeared to be dependent on the fluidity and lipid packing of the
target bilayer (Hall et al., 1998). Also, of various purified lipids, only PS was able to inhibit
VSV attachment and infectivity (Schlegel et al., 1983). However, Coil and Miller (2004)
demonstrated no correlation between the cell surface PS levels and VSV infection, and also
demonstrated that an excess of annexin A5, which binds PS, does not inhibit infection or
binding by VSV. The authors concluded that the VSV binding to PS is not a determinant
event in attachment, but it may be involved in a post-binding step of virus entry (discussed
below).

The endoplasmic reticulum (ER) chaperone Gp96 (HSP90B1) appears important for VSV
entry. Recent work demonstrated that VSV infection requires Gp96, which is essential for
toll-like receptor (TLR) maturation in the ER (Bloor et al., 2010). As VSV does not attach to
cells with mutated Gp96, the authors proposed that Gp96 is essential for the presence of
functional VSV G receptor at the cell surface, most likely because it facilitates the correct
folding of either a protein receptor or an enzyme required for the synthesis of a glycolipid
receptor. Currently, low density lipoprotein receptor (LDLR) and its family members have
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been proposed to be the cell surface receptors for VSV (Finkelshtein et al., 2013). The study
suggests that LDLR serves as the major entry port of VSV and VSV G-pseudotyped
lentiviral vectors in human and mouse cells, whereas other LDLR family members serve as
alternative receptors. The widespread expression of LDLR family members would account
for the pantropism of VSV and for the broad application of VSV G-pseudotyped viral
vectors for gene transduction.

After binding to the cell surface, VSV particles enter the cell through endocytosis, in a
clathrin-based, dynamin-2-dependent manner (Superti et al., 1987). The virus can enter
either through a preformed clathrin-coated pit (CCP) or by de novo induction of pit
formation (Johannsdottir et al., 2009). Interestingly, because VSV is significantly larger than
the dimensions of a typical clathrin-coated vesicle, the vesicles used by the virus for entry
are only partially clathrin-coated, and require actin polymerization for efficient uptake
(Cureton et al., 2009). However, endocytosis of shorter defective interfering (DI) VSV
particles does not depend on actin assembly (Cureton et al., 2010).

After internalization membrane fusion occurs rapidly in early endosomes (Johannsdottir et
al., 2009). Several findings indicate that PS is essential for VSV—membrane interactions
triggering fusion, rather than as a receptor. In most cell types, either a vast majority or all of
the PS is located on the inner leaflet of the plasma membrane, making it inaccessible as a
receptor for virus (Boon and Smith, 2002). Furthermore, membrane fusion mediated by
VSV G reconstituted in lipid vesicles showed a large preference for target membranes
containing PS or phosphatidic acid (Eidelman et al., 1984). The extent of pH-induced VSV
G protein conformational changes depends on the presence of PS on the target membrane,
and increasing the PS content remarkably increased the rate of the fusion reaction (Carneiro
etal., 2002, 2006). In contrast, it was shown in erythrocytes that the susceptibility to VSV
fusion is not dependent on any particular phospholipid but rather the packing characteristics
(symmetric vs. asymmetric bilayer distributions of phospholipids) of the target membrane
and, unlike virus binding, is not modulated electrostatically (Herrmann et al., 1990; Yamada
and Ohnishi, 1986).

It has long been assumed that the viral envelope fuses directly to the limiting endosomal
membrane, but it has also been suggested that VSV G targets the membrane of
intraendosomal vesicles first (Le Blanc et al., 2005). The authors propose a two-step
process, with the initial fusion event occurring with internal vesicles followed by release of
the viral NC into the cytosol by back-fusion of the internal vesicle with the limiting
membrane of late endosomes. This alternative mechanism is supported by in vitro
experiments demonstrating the presence of lipid bis(monoacylglycero)phosphate (BMP) on
the endosomal internal vesicles selectively promotes VSV G-mediated membrane fusion
(Roth and Whittaker, 2011). The authors concluded the two-step model remains
controversial but that differential composition of endosomal domains across cell types may
allow the virus to either fuse directly from the early endosome or enter via back-fusion in
late endosomes.

2.2. Altering VSV tropism by targeting entry

While the broad tropism of VSV is beneficial in many applications, others could be
improved by specific targeting. VSV G protein modification by molecular and genetic
engineering is an effective strategy for targeting of VSV particles. A site on VSV G exposed
on the protein surface and tolerant to foreign epitope insertion was identified (Schlehuber
and Rose, 2004). The feasibility of this approach was demonstrated by (Dreja and
Piechaczyk, 2006), who constructed a chimeric VSV G protein by linking a large (253 aa)
cell-directing single-chain variable fragment (scFv) antibody to the N-terminus of VSV G.
HIV-1 particles pseudotyped with VSV G linked to a scFv against human major
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histocompatibility complex class I (MHC-I) bound strongly and specifically to human cells.
However, the fusogenicity of the novel protein was diminished, resulting in a reduced
infectivity.

Another approach is to replace VSV G with a heterologous glycoprotein from another virus.
Detargeting of VSV from neurons was accomplished by pseudotyping the virus with the
non-neurotropic envelope glycoprotein of the lymphocytic choriomeningitis virus (LCMV)
(Muik et al., 2011). In a combination of approaches, VSV G was replaced with Sindbis virus
G protein fused to a single-chain antibody against the Her2 receptor, commonly
overexpressed on breast cancer cells (Bergman et al., 2007; Gao et al., 2006). Several serial
passages generated an adapted recombinant VSV that successfully targeted and eliminated
Her2-expressing tumors in mice in vivo. Using a similar strategy, replication defective VSV
particles were pseudotyped with measles virus envelope glycoproteins displaying single
chain antibodies meant to target cancer cells expressing epidermal growth factor receptor,
folate receptor or prostate membrane-specific antigen. These retargeted VSV infected only
cells expressing the targeted receptor in vitro and in vivo in s.c. tumors established in mice
(Ayala-Breton et al., 2012).

A different strategy comprises the modification of the cellular and/or viral environment to
non-specifically alter the viral tropism. For instance, repetitive administration of viral
vectors (e.g., in OV therapy) provokes the generation of neutralizing antibodies that can
diminish virus efficacy by depleting the amount of virions free to infect the host. One
approach extends circulation time by conjugating polyethylene glycol (PEG) to a VSV G in
pseudotyped lentivirus particles, preventing virion inactivation in serum (Croyle et al.,
2004). Also, DNA aptamers against the antigen-binding fragment (Fab) of polyclonal
antibodies against VSV are used to shield the virus from neutralizing antibodies and
enhances in vivo survival of VSV (Labib et al., 2012; Muharemagic et al., 2012). In a novel
approach, nanotechnology was used to generate an encapsulated VSV G-pseudotyped
lentiviral vector by crosslinking a polymer shell to reduce non-specific targeting.
Acrylamide-tailored cyclic RGD (cRGD) peptide was also introduced to the shell to target
this “nanovirus” specifically to HeLa cells (Liang et al., 2013). The resulting targeting
nanovirus had similar titer to non-crosslinked pseudotypes, specifically transduced HelLa
cells with high transduction efficiency, and did not change the viral entry pathway.
Importantly, the polymer shell provided the targeting nanovirus with enhanced stability in
the presence of human serum, protecting nanovirus from human serum complement
inactivation. Alternatively, VSV could be passaged in the presence of polyclonal antiserum
resulting in the selection of antibody-escape mutants. Recently, directed evolution was used
to select for VSV G mutants displaying increased resistance to human serum neutralization
(Hwang and Schaffer, 2013). Numerous common mutations were found which exhibited
higher in vitro resistance to human serum as well as thermostability when introduced to
pseudotyped lentiviral vectors.

Finally, VSV can also infect human lymphocytes, dendritic cells, and natural killer cells and
these cells have been exploited as delivery vehicles to prevent premature virus clearance
prior to therapeutic effect (Boudreau et al., 2009; Waibler et al., 2007).

3. Replication

3.1. Biology of VSV replication

The ability of VSV to enter a cell does not guarantee successful virus replication. Permissive
cells must provide an optimal environment (including host factors) for viral genome
transcription, replication, and viral mRNA translation. Importantly, VSV also needs to evade
the host cell innate antiviral responses.

Virus Res. Author manuscript; available in PMC 2014 September 01.
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Following release from the endosome, the VSV ribonucleoprotein (RNP) complex,
composed of the VSV nucleocapsid and associated VSV L and P proteins, is released into
the cytoplasm. VSV L protein, a multifunctional RNA dependent RNA polymerase (RdRp),
forms a complex with VSV P, a multifunctional polymerase co-factor, to begin primary
transcription of viral mMRNAs (Gao and Lenard, 1995; Green and Luo, 2009). Viral
transcripts are synthesized, capped, methylated, and polyadenylated by the L protein
(Emerson and Wagner, 1973; Grdzelishvili et al., 2005, 2006; Hercyk et al., 1988; Hunt,
1983, 1989; Li et al., 2005, 2008; Ogino and Banerjee, 2007; Sleat and Banerjee, 1993).
VSV mRNAs are virtually indistinguishable from host mMRNAs and are translated
preferentially by host cell ribosomes (Connor and Lyles, 2002; Mire and Whitt, 2011;
Whitlow et al., 2006, 2008). Unlike viral mRNA synthesis, VSV genome replication
requires N protein, which is used to encapsidate newly produced antigenomic or genomic
RNA but also a component of the polymerase complex specifically involved in genome
replication rather than mRNA synthesis (Masters and Banerjee, 1988; Peluso and Moyer,
1988; Qanungo et al., 2004). A previous study suggested that phosphorylation of the N-
terminal domain of the P protein is required for VSV transcription but not for replication
(Pattnaik et al., 1997), although another study demonstrated that P mutants lacking N-
terminal phosphorylation cannot support either transcription or replication (Chen et al.,
2013). While transcription of viral MRNAs appears to occur throughout the cytoplasm, there
is evidence to suggest that genome replication occurs in cytoplasmic inclusions. It remains
unclear if these are virus developed inclusions or stress granules induced by cellular
response to infection (Dinh et al., 2011; Heinrich et al., 2010). At this step in the life cycle,
primary transcription still occurs, but it appears that mMRNA transcripts are transported away
from the inclusion sites in a microtubule dependent manner (Heinrich et al., 2010).

As with other RNA viruses, the VSV polymerase lacks proofreading activities and makes an
error every 102 to 104 nucleotides (Holland et al., 1990; Steinhauer et al., 1989; Steinhauer
and Holland, 1986). These genetically differing viruses, so called quasispecies, make VSV
extremely adaptable to changing environments, such as a change in the host cells it is grown
on (Novella et al., 2010). This feature of VSV can be exploited to experimentally adapt virus
to a particular cell type (Novella et al., 1995, 1999; Turner and Elena, 2000). For example,
Gao et al. (2006) conducted a serial passage experiment of VSV on a mouse mammary
carcinoma cell line, which the virus infected poorly at first. In the course of this experiment
a VSV variant was selected that grew better on that cell line (Gao et al., 2006). Despite
error-prone VSV replication and unlike most positive-strand RNA viruses, VSV is able to
stably maintain expression of an additionally inserted gene, especially when it is inserted
between the G and L genes (Schnell et al., 1996; Wertz et al., 2002). Such stability is highly
beneficial for VSV as a vector and vaccine delivery agent. Currently, a large number of
VSV recombinants expressing heterogeneous genes were generated and characterized, and
many studies demonstrated stable expression of these genes (Table 1).

Success of VSV replication can be influenced by the formation of DI particles. Dls arise as a
result of one or more RNA recombination events at a variety of genomic sites (Colonno et
al., 1977; Perrault and Leavitt, 1978). These truncated genomes can still be encapsidated and
form virus-like particles. Although these particles can not sustain an infection by
themselves, they are able to replicate in cells coinfected with a helper VSV, resulting in
substantial reductions in virus titer (Colonno et al., 1977). Different ratios of “normal” VSV
and DI particles are made when VSV is grown either in bovine kidney cells or Chinese
hamster ovary cells in identical medium and culture conditions, suggesting that cell type
affects the synthesis of DI particles (Huang and Baltimore, 1970). In HelLa cells, detectable
DI particles are not generated (Holland et al., 1976). Bovine kidney cells fail to produce DI
particles through 10 serial undiluted passages, while BHK-21 cells are efficient producers of
DI particles (Youngner et al., 1981). Importantly, in vivo DI particles can also play a role in
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viral pathogenesis by modulating the host immune response (Cave et al., 1985; Plakhov et
al., 1995a). By suppressing the synthesis of viral proteins in dually infected cells, DI
particles may prevent the proper presentation of endogenously synthesized antigens
(Browning et al., 1991).

The broad tropism of VSV suggests viral proteins may be responsible for the bulk of
enzymatic activity required for viral gene transcription and genome replication, or that
conserved host proteins assist virus replication. Variable levels of VSV replication in
different cell types suggests that at least some host proteins may play a role in VSV’s cell
tropism (Fig. 1 and Table 2). Cyclophilin A (CypA), a chaperone protein, binds the VSV N
protein of both VSV IN and NJ serotypes. However, CypA only appears to be required for
VSV NJ primary transcription, as inhibition of CypA did not significantly effect VSV IN
replication (Bose et al., 2003). Poly (C) binding proteins 1 and 2, regulators of host
transcription, translation, and mRNA stability, interact with VSV P and function as negative
regulators of virus gene expression (Dinh et al., 2011). VSV P is phosphorylated by casein
kinase 1l (CKII) prior to interacting with RdRp (Barik and Banerjee, 1992; Gupta et al.,
1995). Moreover, CKII remains associated with the RNP complex throughout the replication
cycle and is incorporated into progeny virions (Gupta et al., 1995). Direct association of
eukaryotic elongation factor-1 (EF-1) with VSV L contributes to enhanced replicative
success (Das et al., 1998). It is important to note that host proteins may play different roles
in viral gene transcription versus genome replication. For example, heat shock protein 60
(Hsp60), EF-1 and guanylyltransferase associate with the RdRp transcriptase complex,
while the RdRp replicase complex lacks these host factors (Qanungo et al., 2004). Another
study suggested that cellular protein La binds VSV leader RNAs to facilitate genome
replication (Wilusz et al., 1983). Additionally, tubulin was shown to facilitate transcription
and may directly associate with VSV L (Moyer et al., 1986). Interferon induced
transmembrane protein 3 (IFITM3), tetherin (BST2, CD137) (Weidner et al., 2010), and
arsenate resistance protein (Ars2) (Sabin et al., 2009), are not known to interact directly with
any specific viral protein, but impact VSV’s replicative success.

Regarding translation of viral MRNA, studies suggest dephosphorylation of the cap-binding
subunit elF4E in infected cells (Connor and Lyles, 2002) may lead to preferential translation
of newly synthesized, viral mMRNAs (Whitlow et al., 2006, 2008). Additionally, ribosomal
subunit protein rpL40 was shown to be associated with VSV mRNA translation (Lee et al.,
2013). Interestingly, host mMRNAs were also shown to be sensitive to rpL40 depletion,
suggesting VSV hijacks an endogenous translation pathway (Lee et al., 2013). It was also
shown that VSV M protein contributes to regulation of protein translation in the infected cell
(Mire and Whitt, 2011).

VSV tropism is greatly determined by cellular innate antiviral responses, especially those
associated with the type | IFN (IFN-a and IFN-f) signaling. VSV can be detected by both
cell surface and endosomal pattern recognition receptors (PRR). VSV detection can occur at
the cell surface with the toll-like receptor 4 (TLR4)-CD14 complex (Georgel et al., 2007).
Presence of TLR13, a novel PRR, has also been implicated in virus detection at the cell
surface (Shi et al., 2011). Interestingly TLR13 appears to be specific to cell types such
dendritic cells, macrophages or cells of the spleen and TLR13 knockdown increased cell
susceptibility to VSV (Shi et al., 2011). VSV can also be detected by endosomal PRRs,
TLRs 7 and 8 (detect single stranded RNA) (Diebold et al., 2004; Heil et al., 2004; Lund et
al., 2004). TLR 3 is expected to detect VSV-associated dSRNA, however studies disagree on
the extent of TLR3 involvement in detection of VSV and antiviral signaling, though this
may be cell type dependent (Alexopoulou et al., 2001; Edelmann et al., 2004; Ostertag et al.,
2007). In addition to TLRs, two cytoplasmic PRRs detect VSV: (1) the retinoic-acid-
inducible gene | (RIG-I), which detects single-stranded, 5-triphosphate RNA; and (2) the
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melanoma differentiation-associated protein 5 (MDADB), which detects dsSRNA intermediates
(Hornung et al., 2006; Kato et al., 2006; Rehwinkel et al., 2010). VSV detection initiates
signaling cascades that result in IFN-a/B production and often the induction of a
proinflammatory state through NF-xB. Secreted IFN-a/f act in an autocrine or paracrine
manner to induce ISG production through IFN receptor (IFNAR1/2) binding and subsequent
tyrosine-protein kinase JAK1 (JAK1) and signal transducer and activator of transcription
(STAT) 1 activation (Dunn et al., 2005; Sun et al., 1998; Zhang et al., 2010). ISGs with
known antiviral effects include: myxovirus (influenza virus) resistance 1 (MxA)
(Schwemmle et al., 1995; Staeheli and Pavlovic, 1991), 2’-5’ oligoadenylate synthetase
(OAS) and ribonuclease L (RNAse L) (Clemens and Vaquero, 1978; Monsurro et al., 2010;
Saloura et al., 2010; Verheijen et al., 1999), and double-stranded RNA-activated protein
kinase (PKR) (Saloura et al., 2010). ISG15, an ubiquitin homologue, is an important
regulator of these proteins, though infection of 1ISG15 knockout mice showed no change in
virus kinetics or increase in virus-induced death over control animals (Osiak et al., 2005;
Zhao et al., 2005). In vivo studies with IFNAR, STAT1, or PKR knockout mice demonstrate
that mice succumb to infection rapidly without functional innate immune pathways (Durbin
et al., 1996; Muller et al., 1994; Stojdl et al., 2000a). Interestingly, RIG-I and mitochondrial
antiviral signaling protein (MAVS) knockout mice succumb to infection whereas as MDA5
knockout mice do not (Kato et al., 2006). Fas-associated protein with death domain
(FADD), an adapter molecule that bridges the Fas receptor to capase-8 has also been
implicated in resistance to VSV as knockout mice succumb to infection and appear defective
in type | IFN expression.

The type | IFN pathway displays pleiotropic activities and is involved not only in innate
immune responses, but also in acquired immune responses, cell growth and apoptosis
(Stetson and Medzhitov, 2006). Not surprisingly, different cell types were shown to
differentially express various components of this pathway, which may affect their
susceptibility to VSV infection. For example, human genomes contain at least 12 genes
encoding closely related IFN-a subtypes, and, in addition contain genes for IFN-, IFN-x,
IFN-¢/t, and others (Hardy et al., 2004; Oritani et al., 2001). While the biological
significance of such redundancy in type I IFNs (all bind to the same heterodimeric receptor)
in mammalian cells is not clear, the situation is further complicated by the fact that this
system coexists with a recently discovered type I11 IFN system. The triggers for expression
of type 111 IFN (also called IFN-1 or I1L-28/29), and its activities are very similar to those of
type I IFNs, but type I and 111 IFNs bind to unrelated heterodimeric receptors (Levy et al.,
2011). A recent study showed organ and tissue-dependent differential expression of type |
and type Il IFNs in mice (Sommereyns et al., 2008), possibly determining cell, tissue and
organ tropism of VSV in the infected host. In the CNS, glial cells and/or infiltrating
leukocytes are recognized as expressing an array of PRRs capable of initiating type | IFN
production either constitutively or following activation. The expression of viral sensors by
neurons and the role of IFN production by this cell type has been more controversial (see the
VSV neurotropism section of this review). The role of innate antiviral responses in VSV cell
tropism was also studied in regard to VSV as an oncolytic agent against various cancers.
The oncoselectivity of VSV is mainly based on defective or reduced type | IFN responses in
cancer cells (Barber, 2004; Lichty et al., 2004; Stojdl et al., 2000b, 2003) as these responses
are generally anti-proliferative, anti-angiogenic, and pro-apoptotic (Wang et al., 2011), and
therefore unfavorable for tumor formation. Downregulation or inactivation of specific genes
associated with type I IFN responses (such as PKR, IRF3, or IFN receptor) were shown in
some cancer types (Balachandran and Barber, 2004; Marozin et al., 2008, 2010; Moussavi et
al., 2010; Zhang et al., 2010). IFN signaling can also be inhibited by MEK/ERK signaling
(Noser et al., 2007) or by epigenetic silencing of IFN responsive transcription factors IRF7
or IRF5 (Li and Tainsky, 2011). Importantly, many cancers display potent IFN signaling and
resistance to VSV (Linge et al., 1995; Matin et al., 2001; Naik and Russell, 2009; Pfeffer et
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al., 1996; Saloura et al., 2010; Stojdl et al., 2000b, 2003; Sun et al., 1998; Wong et al.,
1997). Our own studies showed a good correlation between susceptibility of human
pancreatic ductal adenocarcinoma cell lines to VSV and their type | IFN signaling status
(Moerdyk-Schauwecker et al., 2013; Murphy et al., 2012).

One factor that may greatly affect susceptibility of cells to VSV is their prior infection with
another virus. The presence of another virus prior to VSV infection or during superinfection
can inhibit VSV replication (de la Torre et al., 1985; Doyle and Holland, 1972; Kornbluth et
al., 1990; Nicholson et al., 1981; Otto and Lucas-Lenard, 1980), have no effect on VSV
(Nicholson et al., 1981; Whitaker-Dowling et al., 1983), or even help VSV replication. The
latter example are cervical carcinoma cancer cells infected with human papilloma viruses
(HPV) that show improved VSV infection and killing compared to cervical carcinomas not
infected with HPV (Le Boeuf et al., 2012). HPV can inhibit IFN signaling, possibly creating
a more hospitable environment for VSV. Vaccinia virus coinfection demonstrated a similar,
positive effect on VSV replication. This was due to the ability of vaccinia virus to inhibit
IFN-f signaling, resulting in enhanced VSV replication (Le Boeuf et al., 2010).

VSV infection induces cell death via the mitochondrial (intrinsic) or death receptor
(extrinsic) pathway or both (Cary et al., 2011; Gaddy and Lyles, 2005, 2007; Sharif-Askari
etal., 2007). Interestingly, while wild type (WT) VSV induces apoptosis primarily via the
intrinsic pathway, VSV M51 mutants induce apoptosis primarily via the extrinsic pathway
(Cary et al., 2011; Gaddy and Lyles, 2005). Also, it was reported that VSV M has a cryptic
mitochondrial targeting motif, and expression led to loss of mitochondrial membrane
permeability and altered mitochondrial organization in a manner similar to viral infection
(Lichty et al., 2006). As the M protein itself can induce apoptosis (Kopecky and Lyles,
2003; Kopecky et al., 2001), the authors speculated that the mitochondrial targeting of the M
protein may contribute to VSV mediated apoptosis or, alternatively to inhibit this response
(Lichty et al., 2006). Correlation between apoptotic status of cells and levels of VSV
replication in these cells is not clear, although it was shown that VSV infection induces p53
gene transcriptionally via type | IFN signaling (Takaoka et al., 2003). This activation had an
antiviral effect likely due to p53-mediated apoptosis, and p53 knockout mouse succumb to
VSV infection and 100-fold increase in VSV was found in sera when compared to WT mice.

3.2. Altering VSV tropism by targeting replication

VSV tropism can be effectively changed by modifying the viral genome and/or the cellular
environment to make it more or less hospitable for viral replication. While experimental
adaptation of VSV to a particular cell type in vitro is still used in some studies (Wollmann et
al., 2005), most approaches are based on rational designs of VSV-based recombinants
generated using a reverse genetic system (Lawson et al., 1995; Whelan et al., 1995). A
hallmark of VSV is its rapid replication. Any strategy that attenuates VSV replication (e.g.,
inhibiting viral polymerase activities, VSV mRNA stability and/or translatability, virus
abilities to evade antiviral responses) has the potential to alter VSV cell tropism. Non-
specific attenuation via rearrangement of the highly conserved VSV gene order (Flanagan et
al., 2001; Novella et al., 2004) may change the cell tropism of VSV as cell types less
permissive to wild type WT VSV may become resistant to the attenuated VSV-recombinant.
Similar results can be achieved by mutation of individual proteins. For example, single
amino acid changes in VSV L can abolish its mRNA cap methylation ability, resulting in a
so-called host range phenotype characterized by the ability of the VSV mutants to replicate
only in some permissive cell lines (Grdzelishvili et al., 2005, 2006).

More rational strategies employ VSV recombinants with mutations diminishing VSV’s
abilities to evade cellular antiviral responses. VSV M protein localizes to the nuclear
membrane where it interacts with cellular Rael complexes to thwart antiviral response by
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inhibition of cellular mMRNA trafficking and possibly mRNA synthesis through interaction
with transcription factor 1l D (Faria et al., 2005; Rajani et al., 2012; von Kobbe et al., 2000;
Yuan et al., 1998). The well-studied VSV M51 mutation, either a mutation or deletion of the
methionine codon at position 51 of the M protein, abrogates M protein’s ability to inhibit
nuclear exit of host mMRNAs (Black et al., 1993; Coulon et al., 1990; Stojdl et al., 2003). As
a result, VSV-M51 recombinants are more attenuated in normal cell types, but are still very
effective in cells with defective antiviral responses (Hastie and Grdzelishvili, 2012; Wang et
al., 2011).

VSV recombinants are also designed to express host molecules modulating the cellular
environment to make it more or less hospitable to virus. VSV encoding IFN-f is being used
in a clinical trial against hepatocellular carcinoma (clinicaltrials.gov, 2012, Trial ID:
NCT01628640). VSV-IFN-f is highly attenuated in normal tissues, as increased secretion of
IFN-f stimulates a protective antiviral response in surrounding cells (Obuchi et al., 2003).
Instead, VSV-IFN-f specifically targets cancer cells, which are frequently defective in type |
IFN signaling (Wang et al., 2011). Cell-specific micro-RNA expression can also be used to
target VSV to s particular cell type. A VSV with a let-7 micro-RNA target sequence
demonstrated increased tropism for cells, like cancer cells, that express lower levels of the
let-7 micro-RNA (Kelly et al., 2010). Beyond direct virus modification, VSV tropism can be
altered through drug treatments that modulate the cellular environment, for example by
inhibiting the type I IFN response. Treatment with Jak inhibitor 1 was shown to dramatically
improve VSV cancer killing in resistant cancer cells with intact IFN response (Basu et al.,
2006; Moerdyk-Schauwecker et al., 2013; Paglino and van den Pol, 2011). A recombinant
VSV encoding miRNA-4661 was able to repress IFN-B expression to inhibit host antiviral
response (Li et al., 2012). As mentioned above, co-infection of VSV with vaccinia virus can
be used to evade type I IFN response, thus enhancing VSV infection and replication (Le
Boeuf et al., 2010).

Even if cells provide a hospitable environment for virus infection and replication, there is no
guarantee that progeny virions will be produced or that produced virions will be highly
infectious. VSV virions acquire an envelope by budding through sites in the host plasma
membrane enriched in VSV G protein (Swinteck and Lyles, 2008). Viral RNPs are
transported to the site of budding in a microtubule dependent manner (Das et al., 2006;
Heinrich et al., 2010; Lyles and Rupprecht, 2007). Association of the RNP with VSV M
results in RNP condensation and facilitates budding (Swinteck and Lyles, 2008). VSV
budding depends on the interactions of M protein with host factors (Lyles and Rupprecht,
2007). The N terminus of VSV M interacts with dynamins 1 and 2 (Harty et al., 1999; Raux
et al., 2010) and is thought to affect endocytic vesicle trafficking as blocking the M-dynamin
interaction inhibited budding and resulted in accumulation of nucleocapsids at the plasma
membrane (Raux et al., 2010). The direct interaction of a host membrane localized E3
ubiquitin ligase, NEDD4, with the PPxY motif of M enhances budding (Harty et al., 1999,
2001). Ubiquitination of M also appears to be required, possibly for recruitment of host
factors, as a decrease in availability of cytoplasmic ubiquitin reduces VSV titers (Harty et
al., 2001). The PSAP region of VSV M is thought to regulate cytopathogenesis in a species-
dependent manner (Irie et al., 2012). Disruption of the PSAP region alters apoptotic
outcomes, resulting in virus attenuation in mice but enhanced cytopathic effect in insect
cells. The authors speculated that the PSAP motif regulating cytopathogenicity in a species-
dependent manner, and possibly important for maintaining persistence of VSV in an insect
host (Irie et al., 2012).
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In addition to all five VSV proteins, host factors from the cytoplasm and plasma membrane
can be incorporated into progeny virions. Our proteomic analysis using mass spectrometry
showed a large number of host proteins associated with virions of VSV, and this profile was
dependent on the cell type (BHK-21, A549 or 4T-1) used to generate virions (Moerdyk-
Schauwecker et al., 2009). Virions purified from these cell lines also differed by more than
an order of magnitude in the number of infectious particles per j.g of total protein,
suggesting properties of the host cell may influence the infectivity of the resulting virions.

Differential post-translational modification of VSV G by host proteins may prevent its cell
membrane localization or incorporation into progeny (Wyers et al., 1989). Following
translation, VSV G travels through the endoplasmic reticulum and Golgi apparatus where it
undergoes post-translation modification and interacts sequentially with chaperone proteins
BiP (GRP78) and calnexin (Hammond and Helenius, 1994) that assist with folding G into its
native conformation. The VSV G luminal domain may mediate its localization to the plasma
membrane but host proteins responsible for this localization have yet to be identified
(Compton et al., 1989). Interestingly, virions resulting from infection of Drosophila
melanogaster cells contained 4-5 times less G protein than virions from chicken embryo
cells (Wyers et al., 1980). The authors proposed that changes to the carbohydrate chains or
sialic acid additions would impair the ability of G to incorporate into the plasma membrane
or viral envelope (Wyers et al., 1980). The impact of cell type on virion infectivity was
recently demonstrated for another nonsegmented negative-strand virus, respiratory syncytial
virus (RSV) (Kwilas et al., 2009). It was found that different cell lines produced RSV G
proteins with varying sizes and that cleavage of RSV G protein’s C terminus as well as
varying glycosylation patterns was responsible for the differential infectivity profiles of
produced virions (Kwilas et al., 2009).

5. Neurotropism of VSV

5.1. VSV neurotropism

While VSV is an attractive candidate for use as a vaccine, gene therapy or oncolytic vector,
its inherent neurovirulence needs to be addressed for use as a safe, clinically relevant vector.
VSV IN has been described as the causative agent of severe encephalitis in human subjects
(Quiroz et al., 1988) and has been shown to result in potentially lethal CNS infection in a
variety of rodent and non-human primate models (Johnson et al., 2007). In non-human
primate models of WT VSV infection, i.n. injection showed no evidence of virus in the brain
or spinal cord (Johnson et al., 2007), however i.t. injection resulted in neurological disease
and animal sacrifice in two independent studies (Johnson et al., 2007; Mire et al., 2012).

VSV neurotropism was studied in detail in mice, where s.c. administration commonly fails
to result in CNS infection, but between 50% and 90% of WT VSV infected rodents have
been reported to die following i.n. administration (Muik et al., 2012; Reiss et al., 1998) from
acute encephalitis characterized by neuronal necrosis and efficient viral replication in both
the brain and spinal cord (Preble et al., 1980). The i.n. administration of VSV in rodents first
leads to viral replication in the olfactory receptor neurons present in the nasal cavity
followed by rapid transmission to the lungs and the olfactory bulb where focal
cytopathology occurs (Forger et al., 1991; Reiss et al., 1998). Following invasion of the
olfactory bulb, VSV continues to replicate invasively and by day 4-5 the virus reaches the
olfactory ventricle (Reiss et al., 1998). It appears likely that the virus can then spread to
other brain regions via non-neuronal routes such as ependymal cells and/or cerebrospinal
fluid (Bi et al., 1995a,b; Christian et al., 1996; Plakhov et al., 1995b). While earlier studies
have indicated that VSV can access other brain regions trans-synapically using both
anterograde and retrograde transport (Bi et al., 1995a,b; Christian et al., 1996; Plakhov et al.,
1995b) such dissemination routes remain controversial and the absence of virus outside of
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the olfactory bulb argues against the involvement of such axonal transport pathways (van
den Pol et al., 2002). VSV then spreads caudally from the olfactory bulbs throughout the
CNS infecting many cell types including ependymal cells (Ireland and Reiss, 2006),
astrocytes, and even microglia (Chauhan et al., 2010). The entry of VSV into the ventricles
precipitates encephalitis, and breakdown of the blood-brain barrier (BBB) begins at day 6
following infection (Bi et al., 1995a,b). Here, CD4+ and CD8+ T-cells can first be detected
within the CNS of infected animals (Ireland and Reiss, 2006). Breakdown of the BBB and
the reactive astrogliosis peak in infected tissues at day 8 following viral administration (Bi et
al., 1995a,b; Christian et al., 1996; Plakhov et al., 1995b), by which time the virus has
reached the hindbrain (Reiss et al., 1998). Necrosis occurs around the ventricles and VSV-
associated necrotic lesions can be recognized in the lumbosacral region of the spinal cord
(Bi et al., 1995a,b; Christian et al., 1996; Forger et al., 1991; Plakhov et al., 1995b).
Mortality associated with WT VSV occurs during the period of 7-10 days post-infection
correlating with peak viral titers (Forger et al., 1991). Interestingly, B-cells do not infiltrate
the CNS until 14 days post infection and do so only in surviving animals after viral
clearance and behavioral signs of recovery (Bi et al., 1995a,b).

The mechanisms underlying VSV neurotropism is not clear. The ability of VSV to replicate
in the CNS may be due to increased trafficking of the virus to the CNS compared to non-
neuronal tissues. Alternatively, or in addition to the preferential homing of the virus to this
site, neurotropism may result from differences in resistance mechanism in the CNS
compared to peripheral organs that favor VSV persistence and/or replication in the brain
(Trottier et al., 2005) as originally proposed by Stanners and Goldberg (1975). Indeed, VSV
is capable of causing CNS infection in mice even in the presence of peripheral neutralizing
antibody responses.

A role for interferon in protective host responses within the brain is demonstrated by the
observation that conditional knockout animals that possess neuroectodermal cells that lack
type | IFNAR expression die following even low dose i.n. VSV administration and show
much greater viral loads in the brain than WT mice (Detje et al., 2009). Such a finding is
underscored by the ability of IFN-a or IFN-$ pretreatment to strongly inhibit VSV
replication in the NB41A3 neuroblastoma cell line or primary neuron cultures (Trottier et
al., 2005). Interestingly, such protection does not occur in a PKR-mediated manner as
determined in neuronal cells expressing the PKR-inhibiting influenza viral product NS1, and
occurs in a NO and superoxide independent manner (Trottier et al., 2005). In addition,
several ISGs have been shown to protect CNS against VSV. BST2 is an ISG encoded type 2
transmembrane protein that functions as an antiviral restriction factor. Importantly, recent
studies have indicated that BST2 inhibits VSV release by neuroblastoma cells (Sarojini et
al., 2011). In addition, the IFN-induced with tetratricopeptide repeats 2 (Ifit2) gene has been
implicated in VSV neurotropism as Ifit2 deficient animals show increased susceptibility to
VSV infection delivered via the i.n. route of administration but not when this virus is
delivered directly into the CNS (Fensterl et al., 2012).

Recent evidence suggests that neurons, both in vitro and in situ, can be induced to express
IFN-a or IFN- following RNA virus challenge (Daffis et al., 2008; Delhaye et al., 2006;
Nazmi et al., 2011; Peltier et al., 2010; Prehaud et al., 2005; Suthar et al., 2010; Wang et al.,
2010). However, it should be noted that in some of these studies only a small proportion
(3%) of neurons appear to express these cytokines (Delhaye et al., 2006). Similarly, while
VSV infection is associated with a rapid induction of an array of cytokines and chemokines
within the mouse CNS following i.n. infection, IFN-a or IFN-f levels are not elevated
within the brain (Ireland and Reiss, 2006). As such, the susceptibility of brain tissue to VSV
infection appears to stem primarily from insufficient levels of IFN production at this site.
Such a conclusion is supported by studies in rats demonstrating that prophylactic IFN-a
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treatment alleviates neurotoxicity associated with the administration of high doses of a
recombinant VSV (Shinozaki et al., 2005), and the high tolerance of animals to VSV
engineered to express IFN-B(Jenks et al., 2010). An explanation for insufficient levels of
IFN production in the brain could lie in the reported absence of TLR7, TLR8 and TLR9
expression in resting and virally challenged neurons (McKimmie and Fazakerley, 2005;
Mishra et al., 2006). But the absence of such PRRs does not preclude the utilization of other
viral sensors that signal via IRF-3 rather than IRF-7 to induce IFN production. Indeed,
several studies have demonstrated the ability of neuronal cells to functionally respond to
RNA viruses via TLR3 (Daffis et al., 2008; Delhaye et al., 2006; Peltier et al., 2010;
Prehaud et al., 2005) and RIG-1 (Nazmi et al., 2011; Peltier et al., 2010; Suthar et al., 2010;
Wang et al., 2010). Taken together, the available data indicate that CNS cells are responsive
to the antiviral actions of type I IFNs to limit VSV replication and/or release following
infection. However, it is presently unclear why neurons are not a significant source of
protective IFNs following VSV infection despite the apparent means to detect this pathogen.

5.2. Role of T-cells and glial cells in VSV neurotoxicity

Host response plays a pivotal role in the progressive inflammatory neurological damage
following VSV infection of the CNS. As described in the previous section, neutrophils,
natural killer cells, macrophages, and T cells are sequentially recruited into the CNS and
such infiltration is associated with the robust expression of proinflammatory cytokines such
as IL-1f8 and IFN-y and the production of an array of chemokines including CCL1,
CXCL10, CCL5, CCL4, CXCL1, CCL2, and CCL11 (Ireland and Reiss, 2006).
Furthermore, lipid mediators also appear to play an important role in VSV-induced CNS
pathology as inhibition of leukotriene production or their actions significantly reduces early
neutrophil recruitment to the CNS and increases BBB disruption (Chen et al., 2001).
Similarly, cyclooxygenase (COX) inhibitors prevent virally mediated BBB compromise and
can even limit VSV propagation both in vitro and in vivo, perhaps indirectly via release of
NO production from COX-mediated antagonism (Chen et al., 2000).

Interestingly, athymic mice show ten times greater recoverable viral loads than age and sex
matched euthymic mice, and succumb to VSV neuropathology 1-2 days earlier (Huneycutt
etal., 1993). Importantly, adoptive T-cell transfer to T-cell deficient mice can significant
alter disease progression and confers protection against VSV infection. Furthermore,
depletion of either CD4+ or CD8+ T-lymphocyte populations results in the wider
distribution of viral antigen within the CNS, increased tissue necrosis and higher levels of
inflammation (Huneycutt et al., 1993). Taken together, these studies indicate that T-cells
play a minor role in histopathology and instead contribute to protective host responses to
limit viral replication and dissemination. Further evidence for such T-cell-mediated
protection comes from the demonstration that prophylactic or therapeutic administration of
IL-12, a pivotal cytokine in the generation of cell-mediated immunity, increases T-cell
infiltration into the olfactory bulb and augments MHC molecule and IFN-y expression in the
brain and peripherally, respectively, of infected animals (Bi et al., 1995; Ireland et al., 1999;
Komatsu et al., 1997). Importantly, IL-12-mediated augmentation of host immune responses
is associated with a marked decrease in VSV loads within the CNS, increased survival and
enhanced recovery of infected animals (Bi et al., 1995; Ireland et al., 1999; Komatsu et al.,
1997). Finally, such T-cell mediated protection may underlie the sexual dimorphism noted
in mice in which female animals exhibit less severe VSV-induced neurological disease
associated with earlier and higher levels of MHC molecule expression and greater T-cell
infiltration (Barna et al., 1996).

As such, the CNS histopathology associated with VSV infection, and especially the
neurological damage seen during acute infection, are likely to be due to the inflammatory
responses of either innate immune cells such as neutrophils and NK cells that are recruited
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into the brain within 1 to 3 days following i.n. administration or by resident CNS cells.
While the brain has traditionally been viewed as a “victim organ” of infiltrating leukocytes,
it has become apparent that specialized resident glial cells, such as microglia and astrocytes,
play an essential role in regulating BBB permeability, promoting the recruitment of
leukocytes, and the activation of such cells following infiltration during CNS disease states
(Bauer et al., 1995; Dong and Benveniste, 2001; Fischer and Reichmann, 2001; Stoll and
Jander, 1999). Microglia are resident myeloid immune cells of the CNS that function as
facultative phagocytes and express antigen presenting MHC class I molecules (Hickey and
Kimura, 1988). Importantly, these cells produce key pro-inflammatory cytokines including
IL-1B(Martin et al., 1993), TNF-a(Streit et al., 1998), and 1L-6 (Kiefer et al., 1993)
following activation. Astrocytes are the major glial cell type in the brain and can also
express an array of cytokines and chemokines that can either promote protective or
damaging inflammation (Dong and Benveniste, 2001). As such, these cells are ideally
situated to detect and respond to invading pathogens including neurotropic viruses.
Importantly, we have documented that microglia and astrocytes can be productively infected
by VSV and respond by producing IL-6, TNF-a, and IL-1(Chauhan et al., 2010; Furr et al.,
2011, 2010), while earlier studies have demonstrated that these glial cells respond to VSV
by proliferating, producing inducible NO synthase, and increasing the cell surface
expression of MHC class Il molecules (Bi et al., 1995), responses that are likely to set the
stage for subsequent inflammatory damage.

Studies from our group and others have demonstrated that microglia and astrocytes
constitutively or inducibly express these receptors, and that TLR activation is a significant
contributor to sustained glial activation, inflammatory mediator production, and neuronal
loss during viral CNS infections (Furr and Marriott, 2012). While cell-surface receptors like
TLRs appear to play an important role in glial responses to extracellular pathogens or those
present in intracellular compartments, the ability of such cells to respond to pathogens in the
absence of TLR expression suggests that additional mechanisms are present. Our recent
studies demonstrate that VSV replication is required to elicit robust immune responses by
infected microglia and astrocytes (Chauhan et al., 2010), indicating that mechanisms exist to
sense the presence of replicative viral products within infected cells. We have shown that
heat inactivated WT VSV or a highly attenuated VSV mutant (Grdzelishvili et al., 2005)
elicit glial immune responses that are an order of magnitude smaller than those induced by
WT VSV (Chauhan et al., 2010). These results suggest that VVSV-induced glial responses are
not predominantly mediated by cell surface and/or endosomal PRRs, and active viral
replication is a critical requirement for such responses. We have also demonstrated the
expression of RIG-1 in uninfected mouse brain tissue and isolated murine microglia and
astrocytes constitutively express RIG-1 (Furr et al., 2008). Furthermore, the expression of
RIG-1 has been confirmed in human glial cells (Furr et al., 2010; Yoshida et al., 2007). More
direct evidence for the functional nature of RIG-1 expression in glia comes from our
observation that this molecule associates with its adaptor molecule IPS-1 following VSV
infection and from the finding that the spe-cific RIG-I ligand, 5’ppp-ssRNA, elicits human
astrocyte immune responses (Furr et al., 2010). Importantly, we also showed that RIG-I
knockdown significantly reduces inflammatory cytokine production by VSV-infected
human astrocytes and inhibits the production of soluble neurotoxic mediators by virally
challenged cells (Furr et al., 2010). These findings directly implicate RIG-1 in the initiation
of glial inflammatory immune responses and suggest a potential mechanism underlying the
neuronal cell death associated with acute viral CNS infections.

5.3. Altering VSV neurotropism

Replication defective VSV vectors have been developed and tested to overcome the inherent
neurovirulence of replication-competent WT VSV. These approaches have centered on the
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replacement of VSV G, which seems to be required for its neurotoxic effects, to produce a
pseudotyped VSV possessing envelope proteins of heterologous viruses (Tani et al., 2011).
For example, VSV pseudotyped with the envelope glycoprotein of non-neurotropic LCMV
are capable of infecting and killing cancer cells. However, such an engineered virus, VSV-
LCMV-GP, spares human neurons in vitro and rat neurons in vivo (Muik et al., 2011). Semi-
replication competent approaches have included the development of a system that uses
recombinant VSVs lacking either the VSV G gene VSV L gene. Upon co-infection
oncoloysis occurs as does spread of non-replicative progeny. This system was as potent at
WT VSV in vivo in rodents but lacked neurotoxicity (Muik et al., 2012).

The neurotoxicity of WT VSV can be abolished by insertion of IFN-$ gene. One of such
recombinants expressing human IFN-B, VSV-IFN-B virus, showed no neurological signs or
other abnormalities when injected into the liver of Buffalo rats or macaques (Jenks et al.,
2010). Based on these studies, VSV-IFN-B entered a phase | clinical trial against
hepatocellular carcinoma (clinicaltrials.gov, 2012, Trial ID: NCT01628640).

A proof of concept recombinant VSV was highly attenuated by the addition of two GFP
reporter genes to the 3’ end of the VSV genome and this engineered virus demonstrated a
significantly reduced neurotoxicity (van den Pol and Davis, 2013). Finally, VSV has been
engineered to express picornovirus internal ribosome entry site (IRES) elements that possess
restricted activity in neuronal tissues and this IRES-containing recombinant VSV shows
attenuated neuropathogenesis (Ammayappan et al., 2013).

Although the major effort has been on the development of safe VSV recombinants that are
unable to cause CNS infection and damage, certain application would benefit from VSV
vectors specifically targeting cancer cells within CNS. Thus, a new VSV recombinant was
selected after 30 repeated passages on glioblastoma cells (Wollmann et al., 2005). This
replication-competent VSV, VSV-rp30, contains two silent mutations and two missense
mutations, one in VSV P and one in VSV L. VSV-rp30 was able to selectively infect and
kill implanted olfactory bulb tumors after i.n. inoculation (Ozduman et al., 2008).

6. Concluding remarks

With applications ranging from gene therapy to cancer targeting, a better understanding of
the biological basis for VSV tropism is paramount. Recent identification of LDLR as a
potential receptor for VSV is exciting (Finkelshtein et al., 2013), but additional studies
confirming these results are necessary to explain the host range of VSV and also provide a
means to predict and/or direct its tropism via receptor manipulation. Although the wide
range tropism of VSV is a plus in many applications, other applications would benefit from
more specific cell targeting. It is likely that more rationally designed VSV-based
recombinants expressing foreign attachment genes will be generated to limit VSV tropism.
Biosafety of such chimeras is an important issue as VSV expressing the p14 FAST reptilian
reovirus virus fusion-associated protein demonstrated enhance neurotoxicity in mice (Brown
et al., 2009). Tropism and safety of VSV are greatly controlled by cellular IFN responses,
which can be exploited to target and kill IFN defective cancer cells without damaging
healthy tissues. However, new approaches are needed to specifically target cancer cells
retaining functional IFN signaling. While WT VSV is not acceptable as a clinical vector,
there are some conflicting reports even in regard to the safety of VSV recombinants
depending on the route of administration (Johnson et al., 2007). This is particularly
important for oncolytic applications of VSV in immunocompromised cancer patients.
Potential evolution of VSV used in clinical applications should be more seriously studied.
With more VSV recombinants likely to begin clinical trials, we expect to see an increased
focus on preventing premature clearance of therapeutic VSV by host immune responses.
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VSV will continue to be one of the most popular viruses and because of its unique qualities
it remains an essential tool for discovery of basic biological research and will play an
important role in vaccine development, gene and oncolytic therapies.
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Fig. 1.

Known and putative determinants of cell tropism of VSV. Host and viral proteins are
involved (positively or negatively) in VSV infection and replication. Different viral and host
proteins are involved in VSV attachment, entry, replication, assembly, or release. Proteins
known to be involved in the VSV life cycle are shown at each step: green indicates viral or
host proteins known to assist VSV while red indicates putative host proteins as well as host
proteins responsible for an antiviral response.
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VSV recombinants with altered tropism.
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VsV

Description and how tropism is affected

References

Parental recombinant “WT” VSV
VSV-WT (“Rose Lab”)

VSV-WT (“Wertz Lab”)

VSV-WT-XN2 (or XN1)

Attachment Modification

VSV-DV/F(L289A) (same as r'VSV-F)

VSV-S-GP

VSV-FAST, VSV-(AM51)-FAST

VSV-CT9-M51

VSV-CT1

VSV-AG-SV5-F

VSV-LCMV-GP (Replication-defective)

VSV-GS5, -G5R, -G6, -G6R

VSV-H/F, - aEGFR, -aFR, -aPSMA (Replication-
defective)

VSV G protein (5162 T, T230 N and T368A mutations
enhanced serum resistance)

Replication Modification
VSV N1G4(WT), GIN2, G3N4, or GIN4
VSV-12'GFP

The parental rWT VSV. The L gene and the N-terminal
49 residues of the N gene are derived from the Mudd-
Summers strain, the rest is from the San Juan strain (both
Indiana serotype).

An alternative rWT VSV. The N, P, M, and L genes
originated from the San Juan strain; G gene from the
Orsay strain (both Indiana serotype).

A derivative of VSV-WT (“Rose Lab”) commonly used
to make recombinant VVSVs. Generated using pVSV-XN2
(or pVSV-XNL1), a full-length VSV plasmid containing
unique Xhol and Nhel sites flanked by VSV transcription
start and stop signals between G and L genes.

VSV expressing the Newcastle disease virus (NDV)
fusion protein gene between G and L. The L289A
mutation in this protein targets VSV to cells with sialic
acid-containing receptors and allows it to induce syncytia
alone (without NDV HN protein).

Pseudotyped VSV with a Sindbis virus (SV) glycoprotein.
Targets VSV to cells with the Her2 receptor.

VSV or VSV-MA51 expressing the p14 FAST protein of
reptilian reovirus (between VSV G and L) demonstrates
enhanced fusogenic ability and induces extensive
neuropathology.

Cytoplasmic tail of VSV-G was reduced from 29 to 9
amino acids in combination with the AM51 mutation.
Attenuated neurotoxicity.

Cytoplasmic tail of the G protein was truncated from 29
amino acids to 1 amino acid. Attenuated neurotoxicity.

Pseudotyped VSV with the fusogenic simian
parainfluenza virus 5 fusion protein (SV5-F). Shows
increased syncytial formation and apoptosis.

Pseudotyped VSV with the lymphocytic choriomeningitis
virus (LCMV) glycoprotein. Allows for infection of brain
cancer cells while decreasing neurotoxicity.

VSV with a mutant G protein (aa substitutions at various
positions between residues 100 and 471). Triggers type |
IFN secretion that promotes infection/replication in IFN

defective cells and provides alternate antigen epitopes.

Pseudotyped VSV with the measles virus (MV) F and H
displaying single-chain antibodies (scFv). Targets VSV to
cells that express epidermal growth factor receptor, folate
receptor, or prostate membrane-specific antigen.

VSV could be passaged in the presence of polyclonal
antiserum resulting in the selection of antibody-escape
mutants.

Changes to the gene order of VSV can attenuate the virus.

Placement of two reporter GFP genes at position 1 and 2
attenuates VSV replication by moving viral genes
downward, to positions 3 to 7.
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Whelan et al. (1995)

Schnell et al. (1996)

Ebert et al. (2004)

Bergman et al. (2007)

Brown et al. (2009)

Ozduman et al.
(2009), Wollmann et
al. (2010)

Ozduman et al.
(2009), Wollmann et
al. (2010)

Chang et al. (2010)

Muik et al. (2011)

Janelle et al. (2011)

Ayala-Breton et al.
(2012)

Hwang and Schaffer
(2013)

Flanagan et al. (2001)

van den Pol and
Davis (2013)
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VSV Description and how tropism is affected References
VSV-G/GFP Fusing a GFP sequence to the VSV G gene, inserted Dalton and Rose

VSV-p1-GFP, VSV-p1-RFP

VSV-WT-GFP, -RFP, -Luc, -LacZ

VSV-AM51, VSV-AM51-GFP, - RFP, -FLuc, -Luc, -

LacZ

VSV-M51R

VSV-M6PY > A4-R34E and other M mutants

VSV-*Mput

VSV-M(mut)

VSV-mIFNB, VSV-hIFNB, VSV-rIFNB

VSV-let-7wt

VSV-124, -125, -128, -134 (M or L mRNA)

VSV-IRESFMDV-GFP and VSV-IRESHRV-GFP

VSV-rp30

VSV-AP, -AL, -AG, (Semireplication-competent)

VSV-dG-GFP (or RFP) (Replication-defective)

between the WT G and L genes, in addition to WT G.
Phenotype is similar to WT VSV.

Placement of a GFP or red fluorescent protein (RFP or
dsRed) reporter gene at position 1 attenuates VSV
replication by moving viral genes downward, to positions
210 6.

Insertion of reporter genes between G and L. Mild
attenuation.

Deletion of VSV M methionine at position 51 (AM51)
mutation prevents WT VSV M from inhibiting the host
cell antiviral response. Additionally, some variants
encode a reporter gene between the G and L.

The M51R mutation was introduced into M. This
mutation prevents WT VSV M from inhibiting the host
cell antiviral response.

Mutation of aa M51R or the PSAP motif (residues 37-40)
of VSV M prevents the protein from inhibiting nuclear
export of cellular mMRNA to reduce cellular antiviral
response.

Single mutations to VSV M or combination of mutations
at VSV M aa positions M33A, M51R, V221F and S226R

reduce the ability of VSV to prevent an antiviral response.

Mutation to VSV M residues 52 to 54 from DTY to AAA
M(mut) prevents the ability of WT M to block nuclear
MRNA export.

Addition of the mouse, rat, or human IFN- gene in VSV
enhances the antiviral state of normal cells, but retains
oncolytic abilities against cancer cells with defective IFN
responses.

Addition of let-7 microRNA target into the 3’-UTR of
VSV M of the VSV genome limits replication only to
cancer cells.

Addition of neuron-specific microRNA (miR-124, 125,
128, or 134) targets inserted in the 3'-UTR of VSV M or
L mRNA result in reduced neurotoxicity.

Internal ribosomal entry sites (IRES) from human
rhinovirus 2 and foot and mouth disease virus were
incorporated to control the translation of VSV M and
attenuate neurovirulence.

Positive selection of VSV-G/GFP (see above) on
glioblastoma cells results in a virus with two silent
mutations and two missense mutations, one in P and one
in L (rp30 = 30 times repeated passaging). Better growth
on glioblastoma cells.

Three replication defective VSV variants, upon
coinfection, show good replication, safety, and oncolysis
(especially the combination of VSVAG/VSVAL).

Similar to VSV-p1-GFP or VSV-p1-RFP, above, but with
a deleted VSV G that prevents a second round of
infection.

(2001)

Wollmann et al.
(2010)

Fernandez et al.
(2002), Wu et al.
(2008)

Stojdl (2003), Power
and Bell (2007), Wu
et al. (2008)

Kopecky et al. (2001)

Irie et al. (2007)

Hoffmann et al.
(2010)

Heiber and Barber
(2011)

Obuchi et al. (2003),

Jenks et al. (2010)

Edge et al. (2008)

Kelly et al. (2010)

Ammayappan et al.
(2013)

Wollmann et al.
(2005)

Muik et al. (2012)

Wollmann et al.
(2010)
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Table 2

Host proteins potentially determining VSV tropism.
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Common Protein name

Uniprot gene Name

Potential rolein VSV lifecycle

Selected References

Attachment

Low Density Lipoprotein Receptor
Toll-like receptor 4

Toll-like receptor 13

Heat Shock Protein 90 kDa Beta

Entry
Clathrin heavy chain
Dynamin-1/2

Toll-like receptor 3
Toll-like receptor 7

Toll-like receptor 8
Replication

Peptidylprolyl Isomerase A (Cyclophilin A)

Casein kinase I1

Elongation factor 1-alpha 1
Ubiquitin-60S ribosomal protein L40
Serrate RNA effector molecule homolog
Poly (RC) binding protein 1/2

Tubulin beta chain

60 kDa heat shock protein

MRNA-capping enzyme

Interferon-induced protein with
tetratricopeptide repeats 2

Interferon induced transmembrane protein 3

Interferon-induced GTP-binding protein
Mx1

LDLR
TLR4
TLR13
HSPY0B1 (Gpa6)

CLTC
DNM2-1/2

TLR3

TLR7

TLR8

CYPA

CSNK2A1

EEF1A1

UBAS52

SRRT/ARS2

PCBP-1/2

TUBB

HSPD1

RNGTT

IFIT2

IFITM3

MX1

Proposed VSV cell surface receptor.
Detects VSV G protein.
Detects VSV, but ligand is unknown.

Facilitates the correct folding of
either a protein receptor or an
enzyme required for the synthesis of
a VSV receptor(s). May promote the
stable configuration of VSV L
multimers and facilitate the L-P
interaction.

Required for VSV endocytosis.

Binds VSV M to facilitate for virus
assembly and budding.

Detects double-stranded RNA in
endosomes.

Detects single-stranded RNA in
endosomes.

Detects single stranded RNA.

Interacts with VSV N and is found
bound to viral RNP in progeny.
Required for VSV NJ replication, but
not VSV IN.

Phosphorylates VSV P to facilitate
transcription.

Associates with VSV L to facilitate
transcription.

Required for VSV cap-dependent
translation.

Modulates antiviral responses to
inhibit VSV infection.

Interact with VSV P to inhibit viral
MRNA synthesis.

Facilitates transcription and may
associate directly with VSV L.

Found to be bound to the
transcriptase complex and in purified
virions.

Found to be bound to the
transcriptase complex and in purified
virions.

Inhibits VSV replication as VSV
titers rose several hundred folds
higher in knockout mice compared to
wt mice.

Inhibits a post endocytosis event of
VSV entry.

Inhibits VSV RNA synthesis.
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Finkelshtein et al. (2013)
Georgel et al. (2007)

Shi et al. (2011)

Bloor et al. (2010)

Sun et al. (2005)

Cureton et al. (2009), Raux et
al. (2010)

Alexopoulou et al. (2001)
Diebold et al. (2004), Lund et
al. (2004)

Heil et al. (2004)

Bose et al. (2003)

Barik and Banerjee (1992)

Das et al. (1998)

Lee et al. (2013)

Sabin et al. (2009)

Dinh et al. (2011)

Moyer et al. (1986)

Qanungo et al. (2004)

Qanungo et al. (2004)

Fensterl et al. (2012)

Weidner et al. (2010)

Schwemmle et al. (1995)



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Hastie et al.

Page 34

Common Protein name

Uniprot gene Name

Potential rolein VSV lifecycle

Selected References

2/-5/-Oligoadenylate Synthetase 1

Ubiquitin-like protein 1ISG15
Probable ATP-dependent RNA helicase
DDX58

Interferon-induced, double-stranded RNA-
activated protein kinase

Interferon-induced helicase C domain-
containing protein 1

TATA-box-binding protein
tumor susceptibility gene 101

Interferon alpha-1/13/Interferon beta

Interferon regulatory factor 3 and 7

Signal transducer and activator of
transcription 1-alpha/beta

Lupus La protein

Assembly and Exit
Actin
E3 ubiquitin-protein ligase NEDD4

78 kDa glucose-regulated protein
Calnexin
Dynamin-1/2

Bone marrow stromal antigen 2/Tetherin

OAS1

1ISG15
DDX58/RIG-I

EIF2AK2/PKR

IFIH1/MDAS5

TBP/TFIID

TSG101

IFNA1/IFNB1

IRF3, IRF7

STAT1

SSB/La

NEDD4
HSPAS5/GRP78

CANX

DNM2-1/2

BST2

Detects single and double-stranded
RNA with secondary structure and
activates RNAseL, which degrades
cellular mRNA.

Regulator of antiviral proteins.

Detects uncapped 5’-triphosphate
RNA and signals type | IFN
production.

Detects double-stranded RNA and
inhibits translation of viral MRNAs
through phosphorylation of
eukaryotic translation initiation factor
2a.

Recognizes dsRNA to facilitate
antiviral signaling.

VSV inhibits cellular host
transcription by inactivation of
TFIID.

Plays a role in nucleocapsid release
from endosomes to the cytoplasm

Key cytokine responsible for
promoting upregulation of antiviral
genes.

VSV infection causes results in
activation and upregulations of this
transcription factor that upregulates
type | IFN production for antiviral
response.

Activation of STAT1 via IFN
signaling results in this transcription
factor causing upregulation of
antiviral genes.

Binds to VSV leader RNAs and may
influence transcription of full-length
genome.

A role in VSV budding.
A role in folding of VSV G.

A role in folding of VSV G.
Binds VSV M to facilitate for virus

assembly and budding.
May impair VSV release.

Kumar et al. (1988)

Zhao et al. (2005)
Hornung et al. (2006), Kato et
al. (2006)

Balachandran et al. (2000)

Kato et al. (2006)

Yuan et al. (1998)

Luyet et al. (2008)

Gresser et al. (1979)

Stojdl (2003)

Wong et al. (2001)

Wilusz et al. (1983)

Cureton et al. (2009)
Irie et al. (2004)

Hammond and Helenius
(1994)

Hammond and Helenius
(1994)

Cureton et al. (2009), Raux et
al. (2010)

Sarojini et al. (2011), Weidner
et al. (2010)
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