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Chapter 15

Recombinant Vesicular Stomatitis Virus 
(VSV) and Other Strategies in HCV 
Vaccine Designs and Immunotherapy

Ayaz M. Majid and Glen N. Barber

ABSTRACT
Several vaccine strategies have been attempted in chimpanzee and smaller animal 
models to generate immune responses to hepatitis C virus (HCV). While neutralizing 
antibody may play a role in preventing HCV infection, studies in chimpanzees and 
humans during rare cases of acute resolving HCV infection indicate that, HCV 
immunity appears to be associated with vigorous, sustained and multi-specific Th1 
intra hepatic CD8+ and CD4+ T cell responses. Several new promising technologies 
utilizing viral based vaccine approaches that appear to generate both antibody and 
cell mediated immune responses have recently been reported. These include viral 
vectors that express HCV products and non-replicating viral like particles (VLPs) 
that appear to induce T-helper type 1 (Th1) immune responses considered important 
in resolving HCV infection. In addition, viral vectors based on recombinant vesicular 
stomatitis virus (rVSV) may offer safe yet potent stimulation of both innate and 
adaptive immune responses. Here, we review the successful application of viral 
based vaccines, including VSV in generating viral immunity in animal models and 
describe the potential usefulness of this technology as a strategy for HCV vaccine 
design and immunotherapy.

INTRODUCTION
The inhibition of virus replication by the immune system is of paramount 
importance to limit the spread of infection and moderate the course of the disease. 
Essentially, control of viral infections consists of non-specific innate immune 
responses and adaptive responses to viral specific proteins (Parkin and Cohen, 
2001). Vaccine intervention aims to stimulate B cell antibody production (humoral) 
and cell mediated (CD4+ and CD8+) immunity (Begue, 2001b). However, there 
have been several major obstacles that have hampered the development of an 
effective HCV vaccine. Firstly, apart from humans, the only infectious HCV 
animal model is the chimpanzee, a protected species that is costly and hence 
limited in its availability (Bukh, 2004). Secondly, although extensive studies from 
chimpanzees and patients have provided insights into immune responses, it remains 
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unclear as to why the immune system, in many cases, is inefficient in eliminating 
HCV infection (Gremion and Cerny, 2005). Despite detectable humoral and cell 
mediated immunity, HCV induces 50-80% chronicity of infected individuals 
leading potentially to cirrhosis and hepatocellular carcinoma (Harris et al., 2002). 
HCV is also highly variable, divided into at least 6 major genotypes and more than 
50 subtypes based on nucleotide diversity within core, E1 and NS5 genes (Zein, 
2000). In addition, as observed with other RNA viruses, HCV exists as groups 
of related but distinct viral populations termed quasispecies variants that differ 
in sequence diversity within distinct hypervariable regions along the genome. 
The N-terminus of the E2 glycoprotein (a prime vaccine target) contains a major 
hypervariable region 1 (HVR-1) and sequence variation in the HVR1 has been 
associated with immunologically driven HVR1-antibody escape mutants (Farci et 
al., 1997; Majid et al., 1999). The first neutralizing antibody epitopes were located 
within the HVR-1 region, and hyperimmune serum obtained from immunization 
of a rabbit with HVR-1 peptide has been found to protect against homologous 
HCV in chimpanzees, but did not protect against 'escape' mutants that persisted 
during chronic infection (Farci et al., 1996). Nevertheless, studies associated with 
intravenous drug users who resolved previous HCV infection and who are less 
likely to be re-infected suggests that immunity against HCV can be successfully 
generated in some individuals (Mehta et al., 2002). Furthermore, recent work 
illustrates that targeting multiple epitopes in the HCV envelope proteins (E1 and 
E2) may facilitate a more broad neutralization capacity (Bartosch et al., 2003a). 
Immunological studies of acute phase HCV infection suggest that this period is 
critical for determining the outcome of infection (Thimme et al., 2001). In humans 
and chimpanzees, the clearance of acute infection is accompanied by a strong and 
multi-specific CD4+ and CD8+ T cell response (Haefelin-Neumann et al., 2005; 
Rehermann and Nascimbeni, 2005). Immune mediated control of HCV infection 
is also evident from intrahepatic compartmentalization of HCV specific T cells, 
aggressive disease progression in HCV/HIV co-infected individuals and increased 
viral loads with immunosuppression of patients (Gremion and Cerny, 2005).

Here, we examine the problems encountered in the development of HCV vaccines 
and evaluate current as well as future vaccine strategies to generate effective immune 
responses to HCV. Several approaches designed to elicit immune responses to HCV 
structural proteins (Core, E1 and E2 glycoproteins) and the bi-functional viral 
serine protease/helicase (NS3) that contains conserved 'immunodominant' regions, 
have been tested in non-human primates, monkeys and murine models. Although 
a comprehensive review of these technologies is beyond the scope of this chapter, 
we briefly describe the need for more optimal approaches to HCV vaccine design. 
In this regard, we discuss the recombinant Vesicular Stomatitis Virus (VSV) as a 
vector that could be useful in the fight against HCV infection.
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CLASSICAL STRATEGIES IN VIRAL VACCINES 
The principle of vaccination is to induce a 'primed' state in the host so that infection 
with a pathogen will result in a rapid secondary immune response. The goal to 
eliminate or inhibit replication of the organism and protect from clinical disease is 
dependent upon memory T and B cells as well as neutralizing antibody in the serum. 
Virus infection and replication in host cells is known to elicit long-lived antibody 
and cell-mediated immunity. These features make viral vectors attractive as vaccine 
candidates after safety issues are addressed by attenuation or inactivation, since 
they can often induce long-term immunity following a single dose.

Non-virulent viral vaccine strategies have been successfully developed for a number 
of viral pathogens that can be grown in cell culture to facilitate their attenuation or 
inactivation (Begue, 2001b, Gershon, 1990; Hinman and Orenstein, 1990; Matter, 
1997). Live attenuated viruses typically have reduced virulence caused by repetitive 
passage during in vitro cell culture growth conditions. Selected mutants replicate 
poorly in the host and do not cause disease but efficiently induce long-lived antibody 
and cell-mediated immunity. Indeed, Measles, Mumps and Rubella (MMR vaccine) 
are controlled in many developed countries through this live attenuated vaccine 
approach (Burgess, 1994; Wharton et al., 1990; Zimmerman and Burns, 1994). 
The worldwide eradication of smallpox is another example of a live attenuated 
heterologous vaccine. In this case, the cross reacting immunity of vaccinia (less 
virulent) is protective against variola virus, the causative agent of small pox (Begue, 
2001a, Enders et al., 2002). Selectively targeted live attenuated vaccines also 
include single doses of yellow fever for travellers and varicella-zoster virus for 
the elderly (Hill, 1992; Marfin et al., 2005; Senterre, 2004; Takahashi, 2004). The 
main drawback of live attenuated vaccines however, is the danger of reversion to 
virulence and the possibility of causing extensive disease in immunocompromised 
individuals.

When live attenuated vaccines are unavailable, inactivated preparations of the 
virulent organism using beta-propiolactone or formaldeheyde are an option 
(Bachmann et al., 1993; Jiang et al., 1986; King, 1991). However, these inactivated 
vaccines generally only stimulate humoral responses, are expensive to prepare and 
in addition, the chemical inactivation can directly impair certain immune responses 
such as T cell activation (Bachmann et al., 1993). However, the Salk poliovirus 
vaccine containing all 3 polio-virus strains is a successful example of this approach 
and is particularly useful in protecting immuno-suppressed children (Pearce, 2004). 
The live, less expensive Sabin polio-vaccine has been adopted in many parts of the 
world due to lower costs and elicits effective induction of mucosal immunity (Pearce, 
2004). Seasonal Influenza vaccines similarly comprise inactivated Influenza A and 
B strains (Hill, 1992; Marfin et al., 2005; Schwartz and Gellin, 2005; Takahashi, 
2004). For Rabies virus, a human diploid cell culture-derived inactivated vaccine 
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is administered either for post exposure prophylaxis following a rabid animal bite 
or pre-exposure prophylaxis to protect animal workers at risk of infection from 
occupatioal exposure (Lodmell and Ewalt, 2004).

In regard to other major etiological agents of liver disease, effective hepatitis A 
virus formalin inactivated cell culture vaccines are available (Provost et al., 1986; 
Strader and Seeff, 1996). Two doses administered one month apart appear to induce 
high levels of neutralizing antibodies. For hepatitis B virus (HBV), HBV surface 
protein purified from viral carriers, or a recombinant viral approach have been 
successfully utilized to protect against HBV infection (Coursaget et al., 1990; Goilav 
and Piot, 1989; Magnani et al., 1989; Prince et al., 1984; Szmuness, 1979). In the 
first strategy, a trial in homo-sexual men in the USA showed that 3 intramuscular 
injections at 0, 1 and 6 months appeared to protect 95% of vaccinees (Goilav and 
Piot, 1989). However, the latter HBV vaccine is now more widely used in the 
universal childhood immunization scheme and is given at 6, 10, and 14 weeks of 
age, and likely requires a booster later in life (Milne et al., 1992; Miskovsky et al., 
1991; Murata et al., 1989). Importantly, HAV and HBV vaccination demonstrates 
the plausibility of protection against hepato-pathogens that replicate primarily in 
immune-compromised environment of the liver (Willberg et al., 2003). However, 
it has been more difficult to develop HCV vaccine along similar lines since HCV 
does not replicate efficiently in cell culture. Recently, three independent reports 
(see chapter 16) describe complete HCV replication of a chimeric genotype 2a 
replicon in cell culture, which may facilitate vaccine strategies (Lindenbach et al., 
2005). Thus, large scale purification of chemically inactivated or attenuated HCV 
strains using this technology remains an exciting prospect for HCV vaccine studies. 
Meanwhile, alternative recombinant approaches to engineer immune responses to 
HCV have currently been used in HCV vaccine studies.

STUDIES OF RECOMBINANT HCV PROTEIN SUB-UNITS IN 
CHIMPANZEES
In the early 1990s, chimpanzees were immunized with purified recombinant HCV 
E1 and E2 glycoproteins as these were presumed targets for virus neutralization. 
The source vectors for these subunit vaccines were recombinant vaccinia (rVV) 
since rVV expressed products were known to elicit potent antibody responses in 
alternate vaccine regimens (Choo et al., 1994; Ralston et al., 1993). These rVV 
vectors demonstrated high-level protein expression from prototype HCV-1 structural 
(core-E1-E2 1-906) cDNA (Ralston et al., 1993). Purified E1 and E2 products mixed 
with the MF59 adjuvant also produced neutralizing antibodies since protection 
was observed following challenge with low doses of homologous HCV but not 
against heterologous HCV infection (Choo et al., 1994; Houghton et al., 1997; Ott 
et al., 1995). Subsequently, since E1/E2 antigens appeared susceptible to genetic 
variation amongst HCV types, the HCV core protein that is highly conserved 
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amongst HCV genotypes was also evaluated. However, since subunit vaccines 
alone appear inefficient at inducing cytotoxic T lymphocyte (CTL) responses, the 
core protein was combined with a 40nm matrix composed of saponins, cholesterol 
and phospholipids (ISCOM) (Polakos et al., 2001). The classical ISCOM method 
entraps the antigen inside the adjuvant platform to facilitate priming of CD4+ 
and CD8+ mediated responses (Takahashi et al., 1990). For HCV vaccine studies, 
a non-classical ISCOM approach was used where E. coli purified core protein 
was adsorbed onto ISCOMATRIX. The resulting particulates stimulated strong 
long-lived, CD4+ and CD8+ responses and induced Th0-type (Th1 and Th2-type 
cytokines) as well as anti-core antibodies in Rhesus Macaques (Polakos et al., 2001). 
The prospects of HCV ISCOM-vaccines to produce sterilizing immunity awaits to 
be reported but a core vaccine itself may have therapeutic value since core-specific 
CTLs in HLA-B44+ patients co-incided with lower viral titers, and core-CD4+ 
T cell responses correlated with milder courses of liver disease (Bottarelli et al., 
1993; Hiroishi et al., 2004)

To faciliate broader responses to HCV types, other studies have utilized truncated 
forms of E1aa192-330 and E2aa 390-683 (HCV-N2) purified from baculovirus-infected 
cells combined with HVR-1 peptides from different isolates (HCV-6) (Esumi et al., 
1999). However, despite high antibody responses to E1/E2 in chimpanzees, the low 
level immune responses to HVR-1 peptides resulted in lack of sterilizing immunity 
to HCV-6 challenge that was achieved only by boosting HVR-1 (HCV-6) antibody 
responses. It seemed that antibody responses alone were incapable of neutralizing 
HCV infection and these observations pointed to the requirement for technologies 
that may facilitate broader immune responses to control HCV infection. In this 
regard, the introduction of DNA vaccination technologies offered alternative or 
complementary approaches to E1/E2 subunit vaccines.

EFFICACY OF RECOMBINANT DNA APPROACHES IN 
GENERATING HCV IMMUNITY
Naked DNA or plasmid vaccines encode viral genes that following inoculation of a 
host are expressed to stimulate immune responses. DNA vaccination was reported to 
prime good antibody responses and offer the advantage of increasing CTL responses 
(Donnelly et al., 1997). In fact, DNA-derived immunogens encoding HCV core 
and E2 sequences alone or fused with hepatitis B surface antigen induced antibody 
and CTL responses to HCV or HBV in BALB/c mice (Inchauspe et al., 1997). 
However, the recombinant DNA-vaccinated animals lacked neutralizing antibodies 
that could block binding of purified HCV E2 to the putative cellular receptor, CD81 
(Heile et al., 2000; Pileri et al., 1998). Furthermore, the same study highlighted 
that endoplasmic retained recombinant E2 protein expressed in mammalian cells 
was superior in eliciting neutralizing antibodies. The latter finding stresses the 
importance of generating antigens that are correctly proteolytically processed and 
therefore authentically folded (discussed below).
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Combining DNA vaccination with boosts of purified protein or recombinant viruses 
expressing the same antigens appear to enhance immune responses (Pancholi et 
al., 2000; Pancholi et al., 2003; Song et al., 2000). However, in order to assess the 
effectiveness of immune responses generated using these and other HCV vaccine 
approaches, surrogate HCV challenge technologies have been created to replace 
the need for expensive chimpanzee models in preliminary studies. Two examples 
include: vaccinia-expressing HCV structural proteins, or Listeria monocytogenes-
expressing HCV NS3, both of which were developed to monitor the efficacy of 
elicited immune responses in murine and potentially higher animal models (Pancholi 
et al., 2003; Simon et al., 2003). The HLA-A2.1 transgenic mouse model has been 
especially useful for refining cell-mediated HCV immunity (Pascolo et al., 1997). 
These mice are devoid of murine MHC-I molecules and are transgenic for human 
HLA-A2.1 (A0201) monochain major histocompatability class I molecule. Studies 
have shown that these mice recognized the same HCV-derived peptides found in 
human HLA-A2.1-restricted CTLs (Arichi et al., 2000; Brinster et al., 2001). DNA 
vaccines can be positively modulated as shown in murine studies with adjuvants 
such as CpG motifs and Quil A that appear to induce Th1-(IL2 and IFNγ cytokine 
profile) biased immune responses in addition to strong antibody responses as 
demonstrated in DNA vaccination to HCV NS3 (Hong et al., 2004). Furthermore, 
efficient presentation and priming of cell-mediated responses can be optimized 
using cationic microparticles that carry DNA-based vaccines (Hagan et al., 2004). 
Alternatively, recombinant semliki forest virus (rSFV) particles expressing NS3, in 
combination with DNA vaccination or alone, have been found to stimulate strong 
immune responses in mice (Brinster et al., 2002). The rSFV particles infect host 
cells but do not replicate. However they express high levels of NS3, which appear 
to induce (as with DNA vaccine) NS3-specific CTLs targeted to dominant HLA-A2 
epitopes described in patients (Urbani et al., 2001). However, only rSFV-NS3/DNA 
combination experiments elicited anti-NS3 antibodies in non-transgenic BALB/c 
mice (Brinster et al., 2002). Unfortunately, in chimpanzees, DNA immunization-
encoding HCV E2 appeared incapable of generating sufficient antibody and cellular 
immune responses to clear HCV infection (Xavier et al., 2000). A good HCV 
vaccine should elicit strong antibody and cellular immune responses., and current 
studies in HCV-DNA vaccine approaches suggest combinatory vaccine strategies 
are likely required to enhance HCV antigen responses.

Advancements in recombinant viral technologies have led to additional strategies 
that may generate safer approaches to viral based vaccine regimens. These include 
production of virus-like particles (VLPs) that closely resemble properties of the 
native virion. These VLPs have been shown to elicit potent humoral and importantly 
cellular (CTL) activity as demonstrated with human papillomavirus-VLPs, 
recombinant HIV and HBV VLPs in animal studies (Kahn et al., 2001; Roberts et 
al., 1999; Roberts et al., 1998; Roberts et al., 2004; Rose et al., 2001). Recently, 
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HCV-like particles based on C, E1 and E2 that are capable of stimulating CTL and 
humoral activity have also been reported (see discussion below).

HEPATITIS C VIRUS-LIKE PARTICLES
Recombinant baculovirus expression of the HCV structural proteins (core/E1/
E2) has been reported to generate HCV-like particles (HCV-VLPs) that have 
biophysical, ultrastructural, and antigenic properties similar to those of the putative 
virions (Baumert et al., 1998; Baumert et al., 1999). Immunization of BALB/c 
mouse strains or human HLA-A2 transgenic (AAD) mice with these 40-50nm 
non-infectious HCV-VLPs suggests that they are efficient at generating broad and 
vigorous humoral and cellular immune responses compared to immunization with 
DNA (Murata et al., 2003). Mice vaccinated with HCV-VLPs developed antibodies 
to HCV E1/E2. These anti-HCV E1/E2 antibody responses were enhanced by HCV-
VLP plus monophosphoryl lipid A [MPL] and QS21 adjuvant (AS01B) or CpG 
10105 and especially with combination of AS01B plus CpG 10105 (Qiao et al., 
2003). Furthermore, isotype analysis of the induced anti-HCV envelope proteins 
demonstrated that HCV-VLP alone induced immunoglobulin (Ig) G1 response while 
the use of adjuvants ASO1B and CpG 10105 combined facilitated predominately 
IgG2a response that is indicative of a Th1 response proposed to be important 
for HCV clearance. The neutralization capacity of these anti-E1/E2 antibodies 
induced by HCV-VLP cannot be tested easily due to the lack of a suitable small-
animal model system. However, by challenging mice with recombinant vaccinia 
expressing HCV structural antigens (vv.HCV.S-genotype 1b), investigators were 
able to examine the induction of immune protection in murine and higher animal 
models (Jeong et al., 2004; Murata et al., 2003). Although vvHCV.S infection is not 
representative of natural HCV infection, studies analyzing immunization strategies 
with baculovirus generated HCV-VLPs showed that HCV-VLP vaccinated mice 
were better protected against vvHCV.S than DNA immunization (Murata et al., 
2003). This protection is due in part to the fact that, as compared with animals 
immunized with DNA methods, HCV-VLPs elicit strong CTL responses and 
vigorous CD8+ T cell responses against HCV core and E2 proteins. It appears 
that unlike recombinant protein subunit vaccines, these virion like structures can 
possibly be processed efficiently through the major histocompatibility complex 1 
pathway and subsequently effectively prime CD8+ responses. HCV-VLPs therefore 
offer promise for further study in chimpanzee or human trials.

Recently, infectious particle systems have also been described where pseudo-
particles are assembled that display unmodified and functional HCV glycoproteins 
onto retroviral and lentiviral core particles (Bartosch et al., 2003b, Flint et al., 
2004). These particles were primarily designed to understand HCV cell entry but 
could provide useful information for vaccine development especially with regard 
to the potential neutralization of HCV glycoproteins to their target receptors using 



Majid and Barber

430

anti-sera of animals treated with different vaccine regimens. In fact, the presence 
of a green fluoresent protein marker packaged within these HCV-pseudotype 
allowed determination of infectivity mediated by the HCV glycoproteins in primary 
hepatocytes and hepato-carcinoma cells (Bartosch et al., 2003b). This infectivity 
was neutralized using patient sera and by some anti-E2 monoclonal antibodies, 
indicating a role for neutralizing antibodies against HCV glycoproteins. The 
potential modification of these particles to render them non-infectious may allow 
for in vivo vaccine studies in animal models.

In addition to the above studies, our laboratory and others have focused on using 
vesicular stomatitis virus (VSV) as a candidate for evaluation as a virus-based 
strategy for HCV vaccination and/or immuntherapeutic studies (Ezelle et al., 2002; 
Majid et al., 2005). The advantages of using VSV-based approaches to generate 
immune responses against HCV are discussed below.

VSV AS A SAFE AND POTENT VECTOR FOR GENERATING 
IMMUNITY AGAINST VIRAL PATHOGENS
VSV is a member of the Rhabdoviridae family and is a negative-stranded cytopathic 
virus. Rhabdoviruses are classed into at least 5 genera. Vesiculoviruses, Lyssaviruses 
and Ephemeroviruses infect animals (both vertebrates and invertebrates), whereas 
Cytorhabdoviruses and Nucleorhabdoviruses infect plants. VSV is composed of an 
11-kilobase negative-sense RNA genome and is relatively simple since it encodes 
for only five viral proteins: the nucleocapsid (N) that encases the virus genome, 2 
polymerase proteins (L and P), a single surface glycoprotein (G) and a peripheral 
matrix protein (M). Rhabdoviruses are enveloped viruses and their glycoproteins 
are classed as typical type 1 membrane proteins consisting of polypeptide trimers 
of the viral G protein (Coll, 1995). This G protein is a dominant viral antigen and is 
responsible for viral infection through unidentified cellular receptor(s) on a variety 
of mammalian and insect cells, and has been shown to be a target for neutralizing 
antibody (Beebe and Cooper, 1981; Chan et al., 1982; Hardgrave et al., 1993; 
Lefrancois and Lyles, 1983).

There are several features that make VSV an excellent candidate as a vaccine 
vector. This weak human pathogen does not undergo genetic recombination or 
genomic reassortment and has no known transforming properties. Furthermore, 
VSV does not integrate any of its genomic material into host cell DNA (Barber, 
2004; Lawson et al., 1995; McKenna et al., 2003). As a vaccine strategy, VSV 
is known to elicit strong humoral and cellular immune responses in vivo and 
naturally infects at mucosal surfaces (Haglund et al., 2002; Martinez et al., 2004; 
McKenna et al., 2003). This feature offers an alternative less invasive intranasal 
route of immunization that has been shown to induce both mucosal and systemic 
immunity (Kahn et al., 2001; Reuter et al., 2002; Roberts et al., 1999). In addition, 
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recombinant VSVs can be generated to accommodate large foreign gene inserts 
or multiple genes into their genomes (Ezelle et al., 2002; Fernandez et al., 2002; 
Obuchi et al., 2003). Other RNA viral vectors, such as those based on alphaviruses 
and poliovirus, do not typically tolerate incorporation of large foreign genes to form 
replication-competent RNA viruses (Falkner and Holzer, 2004; Schlesinger, 2001). 
Furthermore, VSV grows to high titers in vitro, thus facilitating rapid purification 
of large amounts of virus and viral proteins.

However, natural VSV infection has been reported in cattle, horses and swine 
causing significant disease, including vesicular lesions around the mouth, hoofs, and 
teats with loss of beef and milk production (Martinez and Wertz, 2005). In the US, 
livestock is periodically infected with one of two serotypes of VSV (Indiana, VSVI 
or New Jersey, VSVNJ). VSV infection is asymptomatic in humans but in rare cases, 
chills, myalgia and nausea have been reported (Coll, 1995; Fields and Hawkins, 
1967; Johnson et al., 1966; Wagner, 1996). As a consequence of rare infectivity in 
humans, seroprevalence of VSV antibodies within the general population is low 
except in limited regions in Georgia (VSV NJ ) or Central America (VSV I and VSV 
NJ ). Antibodies are also detected in individuals who have high risk of exposure such 
as laboratory workers, veterinarians and ranchers (Johnson et al., 1966). This low 
VSV seropositivity in the general population and the lack of serious pathogenicity 
in humans are advantages in the potential use of live recombinant VSV-vectored 
vaccines in humans.
 
VSV-HCV PSEUDOTYPES AS A PRELUDE TO RECOMBINANT 
VSV IN HCV IMMUNO-INTERVENTION
Since VSV was known to infect many cell types and can incorporate foreign 
viral glycoproteins on its surface, it was used first in HCV research as a tool to 
generate reagents to understand HCV infection in cell culture. The use of VSV in 
HCV research initially focused in generating pseudotype viruses expressing HCV 
envelope proteins on their surface (Matsuura et al., 2001; Meyer et al., 2000). These 
recombinant VSV pseudotypes were used to understand HCV cell entry in the 
absence of conventional cell culture systems. Several lines of evidence using VSV-
HCV pseudotypes pointed to functional role for both E1 and E2 glycoproteins in 
pseudotype virus infectivity. First, sera derived from chimpanzees immunized with 
homologous HCV envelope glycoproteins were found to neutralize virus infectivity. 
Secondly, as with many pH-dependent enveloped viruses, VSV-HCV pseudotype 
entry was negatively influenced by low pH pre-treatment in a number of susceptible 
cell lines (Meyer et al., 2000). The same study also demonstrated that Concavalin 
A (plant lectin) neutralized both E1 and E2 pseudotype virus infectivity. These 
findings illustrated that carbohydrate structures on HCV envelope glycoproteins may 
influence binding of HCV to cells directly or by attachment to carbohydrate binding 
proteins for attachment to or infection of cells. Furthermore, the use of monoclonal 
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antibodies to block putative HCV cell entry receptors, CD81 or LDL, appeared to 
reduce pseudotype plaque titers demonstrating specificity of VSV-HCV pseudotype 
binding to cells (Agnello et al., 1999; Cormier et al., 2004; Matsuura et al., 2001; 
Meyer et al., 2000; Pileri et al., 1998). However, technical limitations in generating 
VSV-HCV pseudotypes resulted in expression of either HCV E1 or E2 alone, and 
not as a functional E1/E2 non-covalently linked glycoprotein complex as found in 
natural HCV infection (Beek et al., 2004). Furthermore, the chimeric nature of the 
recombinant HCV E1 or E2 fused to the cytoplasmic tail of VSV glycoprotein may 
influence interpretation of the results (Meyer et al., 2000). However, others also 
showed that VSV-HCV pseudotypes could be generated that possesed chimeric E1 
or E2 glycoproteins either individually or together (Matsuura et al., 2001). In their 
report, VSV glycoprotein was replaced with the green fluorescent protein (GFP) and 
infectivity of pseudotypes was determined by GFP-expressing cells. Importantly, 
their study illustrated that co-expression of both HCV glycoproteins in the VSV-
pseudotypes was required for maximal infectivity. Subsequently, we and others 
adapted an alternative VSV approach that utilized the genetic manipulation of the 
full length VSV genome to generate novel reagents for vaccine strategies.

REPLICATION COMPETENT AND DEFECTIVE RECOMBINANT 
VSV AS A VACCINE STRATEGY TO GENERATE IMMUNE 
RESPONSES  
The availability of recombinant DNA technology has allowed for genetic 
manipulation of the VSV genome and recovery of infectious VSV entirely from 
cDNA clones (Lawson et al., 1995). Rabies virus was the first Rhabdovirus to be 
recovered from a complete cDNA clone (Schnell et al., 1994). An important quality 
of the approach utilized the initiation of the infectious cycle by expressing the 
antigenomic RNA rather than the genomic RNA in cells expressing the viral N, P, 
and L proteins. This strategy avoids potential anti-sense problems effecting viral 
replication in which mRNAs encoding the N, P, and L proteins would hybridize 
to the negative-strand genomic RNA. This same approach has been successfully 
applied to full-length positive-strand cDNA for VSV. The high recovery of VSV 
using this approach combined with the genetic malleability of the VSV cDNA has 
useful applications to vaccine development. Gene expression of the non-segmented 
negative-strand RNA viruses is controlled by the highly conserved order of genes 
relative to the single transcriptional promoter (Wagner, 1996). The rearrangement 
of these genes appears to affect virus phenotype and although live attenuated 
viruses can be generated, they appear to have reduced capacity to generate clinical 
disease in the natural hosts such as the domestic swine (Flanagan et al., 2001). 
Nevertheless, these attenuated viruses were still effective delivery mechanisms 
for generating VSV-G immune responses and protection against wild type VSV 
following challenge of vaccinated animals (Flanagan et al., 2000; Flanagan et al., 
2001).
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In subsequent studies, it was demonstrated that by introducing an extra foreign 
transcription unit between G and L proteins, rVSVs could be recovered that 
highly expressed and efficiently incorporated foreign proteins into their virions 
(McKenna et al., 2003; Schnell et al., 1996). These include CD4 receptor, measles 
virus glycoprotein (Schnell et al., 1996), and influenza virus hemagglutinin (HA) 
and neuraminidase (NA) (Kretzschmar et al., 1997). Furthermore, EM analysis 
of rVSV-HA/NA influenza particles demonstrated that the recombinants were 
mosaics carrying both VSV-G and influenza glycoproteins. There appears therefore 
significant space in the VSV membrane that can accommodate foreign membrane 
proteins.

From the features described above it is clear that vaccines based on live VSV 
recombinants have advantages over other live recombinant vaccine vectors. First, 
compared to large complex genomes of the Poxviridae family that encode numerous 
proteins that include immunoevasive and immunosuppressive proteins, the VSV 
genome is relatively simple, well understood and easier to manipulate (Lawson 
et al., 1995). Second, there is a potential for generating live attenuated viruses 
with reduced pathogenic phenotypes (Flanagan et al., 2000). Third, compared to 
segmented genomes of viruses in the Orthomyxoviridae family, the single-stranded 
genome of VSV does not undergo re-assortment and therefore these attenuated 
viruses cannot genetically recombine with wild-type viruses in vivo.

RECOMBINANT VSV VACCINE STUDIES
VSV infection can be neuropathic in mice, following high dose intranasal 
infection, since olfactory receptors are highly tropic for VSV (Bi et al., 1995). 
Lethal encephalitis can occur especially in young mice but the virus can also be 
cleared by innate and adaptive immune responses (Balachandran et al., 2000a, 
Durbin et al., 1996; Meraz et al., 1996; Muller et al., 1994). Several recombinant 
VSV studies against human pathogens have been tested in murine models. For 
example, antibodies to influenza glycoprotein HA appear to be neutralizing in 
natural infection and a recombinant VSV-HA (rVSV-HA) has been shown to 
successfully generate protective immunity to lethal doses of influenza A/WSN/33 
(H1N1) virus in BALB/c strain of mice (Roberts et al., 1998). Furthermore, the 
rVSV-HA was administered intranasally to elicit immune responses to the expressed 
influenza HA protein. As described above, the rVSV cloned from cDNA appears to 
have reduced pathogenicity compared to wild-type VSV Indiana strain. In related 
studies, an attenuated live rVSV expressing influenza HA with a truncation of the 
cytoplasmic domain of the VSV-G protein was intranasally administered to mice 
and found to completely protect against influenza challenge (Roberts et al., 1999). 
Similarly, in the same study a non-propagating rVSV devoid of VSV-G was also 
capable of eliciting protective immunity to influenza HA. This vector was also 
non-pathogenic and additional advantages over its replication counterpart include a 
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lack of neutralizing antibody stimulation against the vector itself and the replication 
defective strategy improves potential safety attributes as a viral vaccine vector.

In the case of respiratory syncitial virus (RSV), replication competent or attenuated 
non-propagating VSV expressing RSV G (attachment) and RSV F (fusion) 
glycoproteins has been reported (Kahn et al., 2001). The VSV-RSV-F virus appeared 
to elicit RSV-specific antibodies in serum as well as neutralizing antibodies to RSV 
that were found to be protective against RSV challenge in BALB/c mice.

Finally, the rVSV approach has also been successfully applied to higher animal 
models. For example an AIDS vaccine based on attenuated VSV vectors expressing 
SHIV env and gag genes was tested in rhesus monkeys (Rose et al., 2001). This 
approach provided significant protection as demonstrated in vaccinated animals 
challenged with pathogenic AIDS virus. Since VSV was shown to be a potent 
inducer of cellular and humoral immunity in several viral models, we considered 
VSV as a tool for delivering HCV immunity.

VSV EXPRESSING HCV CORE, E1 AND E2 STRUCTURAL 
PROTEINS AS A POTENTIAL VACCINE AND 
IMMUNOTHERAPEUTIC STRATEGY AGAINST HCV INFECTION
In our laboratory we have generated VSV-based HCV vaccine vectors that express 
all the HCV structural proteins, to maximize an immune response to multiple HCV 
epitopes (Ezelle et al., 2002; Majid et al., 2006). In the first strategy we developed 
a recombinant live or replication competent VSV antigen delivery system (Ezelle 
et al., 2002). To accomplish this, the contigous HCV core, E1 and E2aa 1-746 (HCV 

Table 1. CTL activation by VSV-HCV-C/E1/E2 following intravenous injection. IFNγ 
ELISPOT analysis was determined by ELISPOT. Splenocytes were harvested from 
intravenously vaccinated BALB/c mice 4 weeks after initial injection and pulsed against 
core, E1, or E2 peptides shown. IFNγ production is illustrated in VSV-HCV-C/E1/E2 
(VSV-C/E1/E2) mice (Ezelle et al., 2002).
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Fig. 1. Construction of rVSV (VSV-HCV-C/E1/E2) expressing HCV Core, E1 and E2. HCV NIHJ1 
(genotype 1b provided by T. Miyamura) Core, E1 and E2 regions (aa 1-746) were cloned into the 
pVSV-XN2 vector (provided by J. Rose). Co-transfection of the recombinant pVSV-XN2-C/E1/E2 
with vectors pBL-N, pBL-P, and pBL-L into BHK cells previously infected with vaccinia expressing 
T7 polymerase (v-TF7-3), results in transcription, translation and replication of VSV-HCV-C/E1/E2. 
The infectious rVSV virions are released from the cell (Ezelle et al., 2002, Lawson et al., 1995).

genotype 1b) open reading frame (ORF) was cloned into the Indiana (VSVI) 
cDNA backbone encoded from the plasmid pVSV-XN2 (Fig. 1). In order to 
create recombinant virus, BHK cells are infected with vaccinia encoding the T7 
polymerase (vTF7-3) that drives expression of the N, P and L proteins of VSV 
encoded in pBL-N, pBL-P, and PBL-L plasmids respectively. Co-transfection of 
the attenuated VSV cDNA genome vector (pVSV-XN2-C/E1/E2) in this set up 
allows for efficient recovery of recombinant VSV (rVSV) expressing foreign genes 
(as described above).

The methodology above allows for large scale preparations of replication competent 
rVSV for cell and animal studies. Importantly, we observed only slight attenuation 
in the growth properties of replication competent VSV-HCV-C/E1/E2 as compared 
to wild type virus counterparts as shown in Fig. 2 (Ezelle et al., 2002). Furthermore, 
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VSV-HCV-C/E1/E2 expressed high levels of HCV antigen illustrated in Fig. 3 (Ezelle 
et al., 2002). In recent studies, analysis using a panel of conformational sensitive 
mouse and human antibodies illustrated that rVSV expressed authentically folded 
non-covalently linked E1/E2 heterodimers (Ezelle et al., 2002; Majid et al., 2006). 

Fig. 2. Growth curve analysis of rVSV. VSV-HCV-C/E1/E2 demonstrates a similar growth rate to 
VSV-GFP. Infections were undertaken at an MOI of 1 for 30 min. Cell medium was analyzed for 
viral titers at 6, 12, 18, and 24hr post-infection by standard plaque assay (Balachandran et al., 2000b, 
Ezelle et al., 2002).

Fig. 3. Expression of HCV core, E1, and E2. BHK cells were infected with VSV-HCV-C/E1/E2 (VSV-
C/E1/E2) or control wild type VSV (VSV-XN2) at an MOI of 1. Cell lysates were analyzed for HCV 
protein expression by immunoblot analysis 18 hr post-infection. The results demonstrate that VSV 
can be used to express high levels of HCV structural antigens (Ezelle et al., 2002).
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The binding of these VSV expressed HCV glycoproteins to patient antibodies from 
native HCV infection is an important potential recognition of these immunogens in 
HCV vaccine design. Furthermore, intravenous or intraperitoneal immunization of 
BALB/c mice with VSV-HCV-C/E1/E2 elicited potent secondary serum antibody 
responses to HCV E2 as detected by ELISA demonstrated in Fig. 4 (Ezelle et al., 
2002). Vaccine regimens involved intravenous injections with VSV-HCV-C/E1/E2 
or control VSV-GFP, or PBS followed by a secondary inoculation 2 weeks later. 
The sera were tested for antibody responses on day 21 post initial injection. Our 
data indicated that VSV-HCV-C/E1/E2 is an efficient vehicle for generating HCV 
E2 antibodies and warrant further study to assess their capacity in neutralizing 
HCV infection. In addition, we have observed that VSV-HCV-C/E1/E2-injected 
mice produced strong HCV core antibodies indicating that immune responses to 
all the HCV structural proteins were being successfully generated.

Fig. 4. Humoral immunity generated 
to HCV structural antigens using 
VSV. (A) Sera were collected 
from BALB/c mice vaccinated 
by intravenous injection (6 mice 
per group) with VSV-HCV-C/E1/
E2 (VSV-C/E1/E2), VSV-GFP 
or PBS only. Anti-HCV-E2 was 
detected only in VSV-HCV-C/E1/E2 
group when analyzed in an ELISA 
format against recombinant E2 
protein (Ezelle et al., 2002). (B) 
Intraperitoneal administration of 
VSV-C/E1/E2 can also generate 
humoral immunity to HCV E2 in 
BALB/c animals.
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In addition to strong humoral responses, the generation of multispecific CTL 
responses are proposed to be essential for clearance of HCV during acute infections 
in humans and chimpanzees (Cooper et al., 1999; Erickson et al., 2001; Neumann-
Haefelin et al., 2005; Thimme et al., 2001). Therefore, to determine if VSV-HCV-C/
E1/E2 was able to generate CD8+ T cell responses, we investigated CTL responses 
in splenocytes from vaccinated mice using IFN-γ ELISPOT analysis against HCV 
genotype 1b peptides known to stimulate CTL activity in BALB/c models (Gordon 
et al., 2000; Nishimura et al., 1999). The release of IFN-γ cytokine from CD8+ T 
cells is an indication of Th1 type immunity, and our studies illustrated that VSV-
HCV-C/E1/E2 could indeed elicit Th1 type CTL responses against HCV core, E1 
and E2 peptides 4 weeks after the initial injection as illustrated in Table 1 (Ezelle 
et al., 2002).

We have also evaluated whether routes of inoculation using rVSV could affect the 
strength and type of immunity generated against HCV antigens. Intraperitoneal 
injections were performed using VSV-HCV-C/E1/E2, VSV-GFP or PBS. Serum 
collected on day 28 was tested again in an ELISA format and demonstrated 
significant anti-E2 antibody levels in VSV-HCV-C/E1/E2 injected mice shown 
in Fig. 4B (Ezelle et al., 2002). Interestingly, splenocytes harvested 7 days after 
injection demonstrated CTL responses to HCV structural peptides as shown by 
IFN-γ ELISPOT and presented in Table 2 (Ezelle et al., 2002). Collectively, our 
data indicate that rVSV expressing HCV antigens can stimulate potent humoral 
and cellular immunity in animal models. Studies ongoing in our laboratory also 
suggest that a non-propagating VSV strategy may also be a feasible option for 
generating immunotheraputic intervention to combat HCV infection. Given the 
genetic malleability of VSV, the possibility of generating a number of vectors that 

Table 2. CTL activation by VSV-HCV-C/E1/E2 following intraperitoneal route of inoculation. 
Splenocytes were harvested and analyzed for IFNγ production by ELISPOT 7 days following 
the injection. The results indicate again that only VSV-HCV-C/E1/E2 (VSV-C/E1/E2) 
vaccinated mice activate T-cells when pulsed with HCV peptides (Ezelle et al., 2002).
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are safe and yet very effective at generating immune responses to HCV remain an 
exciting prospect.

CONCLUSIONS
The window against the quest for developing HCV vaccines and immunotherapy 
has certainly shortened as result of a wealth of knowledge distributed with regard 
to the immune responses that appear to be hallmarks of acute HCV clearance 
in chimpanzees and humans. In addition, understanding key targets for virus 
neutralization, particularly the HCV glycoprotein complex will aid the design 
of immunogens and generate effective immune responses potentially to epitopes 
broadly conserved amongst viral types. Furthermore, it appears increasingly likely 
that viral neutralization by antibody alone may not be sufficient in generating 
effective immune responses against a prophylactic HCV vaccine approach. 
Nevertheless, antibody responses alone using subunit vaccines appears to reduce 
chronicity of HCV infection, suggesting a therapeutic role in preventing HCV related 
liver disease that may account to decreased morbidity and mortality in patients. 
Indeed, an HCV glycoprotein-based subunit vaccine trial in humans demonstrated 
a potential immuno-therapeutic role for vaccination (Nevens et al., 2003).

The innovation of new technologies that can elicit potent humoral and cellular 
responses to multi-specific HCV antigens is likely key to a first line of defense 
against HCV infection. Several promising approaches have been described in 
this work. However, many studies are in preliminary phases using small animal 
models and their findings require confirmation in HCV animal models, such as the 
chimpanzees. The ability to effectively 'tune' individual immune responses against 
key HCV antigens; core, E1, E2 (and NS3) may provide an opportunity for the 
immune system to prevent HCV infection before this virus can outpace the immune 
system as described in chronically infected individuals (Willberg et al., 2003). In 
this regard, the VSV system described in this report offers significant promise since 
this recombinant viral approach appears to be a potent stimulator of HCV immunity 
in the murine model. Furthermore, several features of this system, for example, the 
malleability of the VSV genome, ability to recovery high titer replication competent 
or non-propagating recombinant viruses, high level expression of foreign genes, and 
lack of pathogenicity in humans makes VSV an exciting tool for further endeavors 
in development of a vaccine against HCV infection.

FUTURE TRENDS
Although there are still technical and immunological obstacles to overcome, 
many exciting technologies being tested may improve vaccine studies and also 
immunotherapy. Essential antigen presenting cells that initiate the immunological 
cascade, such as dendritic cells (DCs) have been proposed to be impaired during 
HCV infection although initial reports have been controversial and recent studies 
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suggest normal functions of circulating plamacytoid or myeloid DCs (Bain et al., 
2001; Longman et al., 2005; Sarobe et al., 2003). In any case, it may be possible to 
overcome this defect by autologous transfusion of HCV antigen-loaded mature DC 
(Gowans et al., 2004). In addition, self replicating cytopathic and non-cytopathic 
replicon transfection of DCs ex-vivo, illustrates efficient processing of HCV 
antigens and stimulates efficient priming of T-cell responses following transfusion 
into murine models (Racanelli et al., 2004). Furthermore, HCV-VLP uptake and 
presentation has also been demonstrated by human DC (Barth et al., 2005). Key 
goals therefore include better antigen delivery platforms and priming of efficient 
immune responses.

The non-propagating VSV approach offers enhanced safety for a recombinant viral 
vector. This virus can infect many cells, including DC, and can effectively activate 
unknown innate responses that will inevitably facilitate efficient transduction 
of adaptive immunity (Balachandran et al., 2000a, Balachandran et al., 2004). 
Furthermore, modification of these viruses to express cell specific markers for 
targeting or cytokines for adjuvant purposes is plausible. Finally, discovery of novel 
innate intracellular molecules that are involved in anti-viral host defense may also 
be inserted into VSV-based vectors to further facilitate potency of vaccine against 
virus infection (Balachandran et al., 2004). These exciting advancements and better 
understanding of HCV immunology suggest an adventurous future in the quest for 
prophylactic and or immunotherapy against HCV infection.
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