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Abstract A replication-defective, recombinant Sindbis
virus vector was utilized in a novel immunization strategy
to induce humoral and cellular responses against hepatitis
C virus (HCV). The recombinant vector, pVaXJ-E1E2,
expressing the gene for HCV glycoproteins E2 and E1, was
constructed by inserting the EIE2 gene into the replicon
pVaXJ, a DNA vector derived from Sindbis-like virus
XJ-160. The defective replicon particles, XJ-E1E2, were
produced by transfecting BHK-215T2P51 cels, the pack-
aging cell lines for the vector from XJ-160 virus, with
pVaXJ-E1E2. Both glycoproteins, E2 and E1, were stably
expressed, as indicated by immunofluorescence assay
(IFA) and Western blotting. Mice were vaccinated using a
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prime-boost strategy with XJ-E1E2 particles combined
with Freund’s incomplete adjuvant via intramuscular
injection at 0 and 2 weeks. HCV-specific IgG antibody
levels and cellular immune responses were evaluated by
IFA and IFN-y ELISPOT, respectively. The results showed
that the defective XJ-E1E2 particles in combination with
Freund’s incomplete adjuvant induced effective humoral
and cellular immune responses against HCV glycoprotein
El or E2, suggesting that a defective Sindbis particle
vaccine is capable of eliciting an effective immune
response. These findings have important implications for
the development of HCV vaccine candidates.

Introduction

Persistent hepatitis C virus (HCV) infection is a major
health problem worldwide. It affects ~3 % of the world’s
population and is an important contributor to chronic liver
disease [1]. The standard combination treatment for
chronic hepatitis C, namely, interferon (IFN)-a and riba-
virin, is curative in less than one-half of all HCV cases
[2, 3]. In 2011, two inhibitors of the virally encoded NS3/4
protease have become part of standard therapy, which has
improved treatment rates but can exacerbate the problem-
atic side effects [4]. Therefore, there is an urgent need for
alternative therapies and effective prophylactic vaccines.
The fact that one of four HCV-infected individuals spon-
taneously clears the HCV infection provides hope for the
successful development of an effective vaccine. Develop-
ment of effective prophylactic and therapeutic vaccines
against HCV is of high priority because it could signifi-
cantly lower the chronicity rate and thus have a major
influence on the disease burden. Considerable effort has
been directed toward the development of a safe and

@ Springer



1014

Z. Wuyang et al.

effective HCV vaccine, but it remains a major challenge
because of the high variability of HCV.

HCV, a member of the family Flaviviridae, has a posi-
tive-sense RNA genome that encodes a polyprotein, which
is cleaved by cellular and viral proteases into structural and
non-structural proteins. The glycoproteins E1 and E2,
which exhibit a high degree of variability, are responsible
for cell attachment and virus entry. The site of greatest
variability is within the E2 envelope glycoprotein (hyper-
variable region 1), a major target of neutralizing antibodies
[5]. The general feature of most vaccines is induction of
neutralizing antibodies. In addition, HCV persistence is
associated with a weak and dysfunctional virus-specific
T cell response [6, 7], and strong HCV-specific cellular
immune responses are likely important in viral clearance
and possibly protection from HCV infection [7-10].
Therefore, the goal of any HCV vaccine strategy is to
engineer a candidate vaccine to elicit an efficient adaptive
immune response, in particular a cell-mediated response.

Defective alphaviral replicon vectors have been shown
in several animal models to induce robust cellular,
humoral, and mucosal immune responses that are specific
for the replicon-expressed antigen [11-13]. In particular,
elicitation of broad CD4" and CD8" T cell responses to
HCV EIE2 and NS345 as well as anti-E1E2 cross-neu-
tralizing antibodies can be obtained by vaccination with
chimeric, defective alphaviruses derived from Sindbis virus
and Venezuelan equine encephalitis virus that express
these HCV genes [14]. In this study, based on the DNA
vector pVaXJ from Sindbis-like virus XJ-160, we have
constructed replication-defective HCV particles to induce
humoral and cellular responses against the HCV glyco-
proteins E2 and E1, confirming the idea that an alphavirus-
based HCV vaccine is capable of inducing effective
immune responses and demonstrating that this is a prom-
ising vaccination strategy against HCV infection.

Materials and methods
Cell line, plasmids, and antibodies

The use of BHK-215TC4 cells, the packaging cell line
(PCL) for the vector from XJ-160 virus, simplifies large-
scale vector production and facilitates broad application of
alphaviruses [15]. The BHK-215+C%P*i4 ¢e]ls were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10 % fetal bovine serum (FBS) and 100 U/mL
each of penicillin and streptomycin. The DNA-based vec-
tor pVaXJ was constructed by placing the recombinant
genome of Sindbis-like virus XJ-160 under the control of
the human cytomegalovirus (CMV) promoter of the plas-
mid pVAXI, in which the viral structural genes were
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replaced by a polylinker cassette to allow the insertion of
heterologous genes [16]. The plasmid pVRC-HCV,
encoding the HCV E1E2 gene, and the mouse monoclonal
antibodies (mAbs) to the HCV E1 and E2 proteins were
kindly provided by Dr. Tan (China CDC). HCV-positive
human serum was kindly provided by Dr. Lu (China CDC).

Generation of replication-defective particles

The HCV EI1E2 gene (amino acids [aa] 170-746 from
HCV 1b subtype, Hebei isolate [17], NCBI accession no.
L02836) was amplified from the plasmid pVRC-HCV. The
recombinant construct pVaXJ-E1E2 was made by cloning
the HCV E1E2 gene into the DNA-based vector pVaX]J
using unique sites for the restriction enzymes Fsel and
Ascl. The recombinant construct was confirmed by
sequence analysis. Replicon particles were generated by
transfection of BHK-215TC4 cells with pVaXJ-E1E2.
Replicon particles expressing HCV E1E2 were harvested
as culture supernatants 48 h post-transfection, clarified by
filtration, and purified by cation-exchange chromatography.
Replicon particle titers, reported in infectious units (IU) per
milliliter, were determined by intracellular staining for the
expressed HCV proteins (E1 and E2) following overnight
infection of BHK-2157C54 ¢eis, as described previously
[13].

Characterization of the replicon particles

Target protein expression after treatment with replicon
particles was detected by immunofluorescence assay (IFA)
and western blotting (WB). IFA tests were performed as
described previously [18]. In brief, the BHK-215+Capsid
cells were harvested 48 h post-transfection with pVaXlJ-
E1E2 and fixed in cold acetone. After open-air drying and a
second wash with cold phosphate-buffered saline (PBS),
1:50 diluted HCV-positive serum was added and incubated
at 37 °C for 30 min in a moist chamber. After washing
three times with PBS and air-drying, fluorescein-iso-
thiocyanate (FITC)-labeled goat anti-human antibody
(Sigma) diluted 1:100 with azovan blue was added. Finally,
the slides were observed under a fluorescence microscope.
The BHK-215TC5id cells transfected with pVaXJ-E1E2
were collected and lysed 48 h later. Lysates were then
separated on a 10 % or 15 % polyacrylamide gel and
transferred by electroblotting to a polyvinylidene fluoride
membrane. The membrane was blocked with 5 % skim
milk for 1 h at 37 °C and then incubated with mAb against
the HCV E1 or E2 protein overnight at 4 °C. After being
washed three times with PBS containing 0.5 % Tween-20,
the membrane was protected from light and incubated with
goat anti-mouse antibody (Sigma) for 1 h at 37 °C. After
washing three times in PBS, bands were detected using an
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infrared imaging system. In addition, BHK-215TC54 cells
transfected with pVaXJ-E1E2 in T25 flasks were fixed for
transmission electron microscopy with Ito solution as
described previously [19]. Ultrathin sections were cut on a
Reichert-Leica Ultracut S ultramicrotome, stained with
lead citrate and examined using a Philips 201 or CM-100
electron microscope at 60 kV. Negative-stain electron
microscopy was performed on virions purified from a
clarified culture supernatant from the transfected cells as
described previously [20].

Animal experiments

To study the humoral and cellular responses against HCV,
two groups of female BALB/c mice were immunized with
replicon particles at 6-8 weeks of age. In brief, 12 female
BALB/c mice from the experimental group were injected
intramuscularly in the tibialis anterior muscle at weeks 0
and 2. We used 5 x 10° TU of replication-defective parti-
cles mixed with Freund’s incomplete adjuvant in the
prime-boost studies. In addition, mice injected with PBS
were used as a control group. All of the mice were bled at
weekly intervals from O to 8 weeks after they were
immunized. The mice were sacrificed at weeks 2, 4, and §,
and their spleens were harvested for testing in T cell
response assays.

Analysis of the immune response in vaccinated mice

The immune response of the vaccinated mice was then
examined, and enzyme-linked immunospot (ELISPOT)
assays and IFA were performed to determine the levels of
cellular immune response (CIR) and humoral immune
response (HIR), respectively. To determine the levels of
HCV-specific IgG antibody, IFA was performed as fol-
lows: The sera were heat-inactivated at 56 °C for 30 min
and then serially diluted twofold. The diluted sera were
added to the wells of slides containing replicon particle
antigen. After incubation at 37 °C for 60 min, the slides
were washed four times with PBS and air-dried. FITC-
labeled goat anti-mouse IgG antibody (Sigma) diluted with
Evan’s blue solution (0.02 %) was added to each well and
incubated at 37 °C for 60 min. The slides were washed
again with PBS and observed under a fluorescence
microscope. For the ELISPOT assay, a peptide library of
HCYV structural proteins (E1/E2), based on the Hebei iso-
late sequence of HCV genotype 1b, was synthesized at
lengths of 13-17 aa with an overlap of 10 aa between
fragments. The E1 and E2 peptide pools contained 42 and
79 peptides, respectively. ELISPOT assays were performed
as described previously [21]. The CIR level was deter-
mined by the number of IFN-y-positive spot-forming cells
(SFCs) against the E1 or E2 peptide pools per million

mononuclear spleen cells (MNCs). To analyze CIR further,
interleukin-6 (IL-6) and IL-10 levels in spleen cell culture
supernatants were detected as described previously [14].

Data analysis

Significant differences between the experimental and con-
trol groups were evaluated using the one-way ANOVA
analysis function in the SPSS software package (release
12.1; SPSS Inc., Chicago, IL, USA). Differences were
considered significant if p < 0.05.

Ethical approval

According to the medical research regulations of the
Ministry of Health, China, this study was approved by the
ethics committee of China CDC, which uses international
guidelines to ensure confidentiality, anonymity, and
informed consent.

Results

Construction and expression of replication-defective
HCV particles

We constructed a replication-defective recombinant vector,
pVaXJ-E1E2, by cloning the HCV E1E2 gene (170-746 aa
from HCV 1b subtype, Hebei isolate) into the pVaXJ
vector. Replicon particles expressing HCV EI1E2
(XJ-E1E2) were produced by transfecting BHK-215+Capsid
cells with pVaXJ-E1E2. Expression of the target proteins
was confirmed by IFA and WB. BHK-215TCPsid cejjs
transfected with pVaXJ-EIE2 were assayed for HCV-
specific protein expression 48 h postinfection. Compared
to negative controls (Fig. 1A), the pVaXJ-El1E2-trans-
fected cells yielded positive immunofluorescence staining
(Fig. 1B), indicating that HCV-specific protein was
expressed in BHK-215TC%P514 cells. Western blotting
(Fig. 1C) using mouse mAbs against HCV El or E2 pro-
tein further confirmed that both proteins were expressed in
pVaXJ-E1E2-transfected cells, and negative-stain electron
microscopy indicated that replicon particles purified from
the supernatants of transfected BHK-215+C%P514 cells were
spheres with a diameter of 60 to 80 nm (Fig. 2A). Trans-
mission electron microscopy revealed replicon particles
in the cytoplasm, which were observed inside vacuoles,
presumably in the Golgi apparatus (Fig. 2B).

XJ-E1E2 vaccination-induced CIR in mice

To detect the cellular immune response elicited by replicon
particles (XJ-E1E2), splenocytes were harvested 2, 4, and
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Fig. 1 Expression of HCV target proteins was confirmed by immu-
nofluorescence assay (IFA) (A and B) and western blotting (WB) (C).
Mock-transfected BHK-21ETC1d (control) cells (A) and BHK-
215+Capsid ol (B) transfected with the recombinant plasmid pVaXJ-
E1E2 were fixed 48 h after infection and stained with a human serum
positive for antibodies against HCV. In the WB experiment (C), the

Fig. 2 Electron microscopy
of the replicon particles.

(A) Negatively stained virions
purified from transfected cells.
(B) Image obtained by
transmission electron
microscopy of transfected
cells (arrows)

8 weeks after immunization and stimulated with an HCV
peptide pool representing E1 or E2 protein. As shown in
Fig. 2A, IFN-y-positive SFCs specific for both E1 and E2
peptide pools were detected in the experiment group, while
almost no spots were found in the control group. The
experimental group injected with PBS had significantly
fewer SFCs than did the group that received replicon par-
ticles (p < 0.05), and there were no significant differences
in CIRs against E1 versus E2 peptide pools (Fig. 3A).
Compared to the control group, XJ-E1E2 particles pro-
duced HCV-specific IL-6 and IL-10 after in vitro stimu-
lation with the E1 or E2 peptide pool (Fig. 3B, C). These
results indicate that replication-defective XJ-E1E2 parti-
cles mixed with Freund’s incomplete adjuvant induced
HCV-specific cytokine production from CD8* T cells
(IFN-y) and CD4" T cells (IL-6 and IL-10).

HIR in mice detected by IFA
To assess the humoral immune response in mice vaccinated

with XJ-E1E2, the levels of IgG antibody against HCV was
monitored by IFA. An effective HIR against HCV was
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lysates of control and pVaXJ-E1E2-transfected BHK-215+P5 cells
were separated by SDS-PAGE and transferred to a nitrocellulose
membrane. Blots were probed with mAbs directed against the HCV
E1 and E2 glycoproteins, respectively. Lanes M and C represent the
protein marker and control, respectively

detected within 8 weeks after the mice were inoculated
with XJ-E1E2 particles, and the IFA titer of HCV-specific
IgG antibodies reached its peak of 1:213 at 4 weeks (the
second week after the boost immunization; Fig. 4). The
IgG titer at 2 weeks was significantly lower than that at
3 weeks (the first week after the boost immunization;
p < 0.05). Forty-eight days after the mice were inoculated
with the particles, the IFA titer of HCV-specific IgG also
achieved a similar level to that of the second week (the first
week after prime vaccination). These results suggest that
replicon particles representing HCV E1E2 proteins could
induce an effective HIR and that the boost immunization
played an important role in promoting high-level IgG
antibody production.

Discussion

A number of approaches, including the use of alphavirus-
like particles and defective or attenuated viral vectors with
or without a prime-boost strategy, have been used to gen-
erate T cell responses against HCV antigens [11-13]. E1E2



Recombinant Sindbis virus vector for HCV immunization

1017

(A) 2 = gl (B) gy
T OE2
@ uPBS
o T
z i &
2 10
s
2
g w0
3]
[
w 40
0 i & .
2 4 8
Weeks after vaccination

Fig. 3 Cellular immune response (CIR) against HCV antigens (E1 or
E2) induced by XJ-E1E2 virus-like particles. (A) An ELISPOT assay
of splenocytes. Each point represents the average number of IFN-
v-positive SFCs per million MNCs from three different mice, plus the
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Fig. 4 IgG-antibody titers in mice immunized with replicon
XJ-E1E2 particles. The data shown are representative of three
independent experiments. IFA titers of HCV-specific IgG were
determined, and each point represents the average IFA titer for three
different mice plus the standard deviation

particles can be assembled when expressed in insect cells
or the lentivirus expression system [22, 23]. The use of
virus-like particles pseudotyped with E2 and/or E1 HCV
envelope glycoproteins has proven successful for inducing
high-titer anti-E2 and/or anti-E1 antibodies as well as
neutralizing antibodies in both mice and macaques [24]. In
addition, a meta-analysis of HCV vaccine efficacy in
chimpanzees has indicated the importance of structural
proteins that may activate T cell responses and thus
mediate viral clearance [25]. Therefore, we chose the
structural gene E1E2 of the HCV isolates dominant in
China (1b) to develop HCV replicon particles with the
DNA-based vector pVaXJ. IFA and western blot analyses
indicated that HCV-specific proteins and the E1 and E2
proteins were expressed efficiently in cells infected with
pVaXJ-E1E2.

Weeks after vaccination

=

S

g

i

Weeks after vaccination

standard deviation. (B and C) IL-6 and IL-10 levels in spleen cell
culture supernatants. The data shown are representative of three
independent experiments

Because HCV is very heterogeneous, an ideal HCV
vaccine needs to elicit protective, broadly cross-neutraliz-
ing antibodies as well as widely reactive cellular immu-
nogenicity. Previous work has shown that a single
immunization, priming with adjuvanted envelope glyco-
proteins and non-structural proteins of HCV followed by
boosting with defective alphavirus particles expressing
those genes, was optimal for eliciting the array of known
protective immune responses against HCV infection [14].
The present work shows that replication-defective
XJ-E1E2 particles mixed with Freund’s incomplete adju-
vant could also elicit all of the immune responses known to
be associated with protection from HCV infection,
including neutralizing antibodies (Fig. 4) as well as broad
cellular immune responses against HCV (Fig. 3). These
results confirm that defective HCV vaccines based on
alphavirus particles may have potential therapeutic use
and/or prophylactic efficacy.

Freund’s adjuvants are irreplaceable components for
inducing immune responses in many experimental animal
models. Generally, it is assumed that incomplete and
complete Freund’s adjuvant act by prolonging the lifetime
of injected antigen, by enhancing its effective delivery to
the immune system, and by providing a complex set of
signals to the innate compartment of the immune system,
resulting in altered leukocyte proliferation and differenti-
ation. Compared to complete Freund’s adjuvant, incom-
plete Freund’s adjuvant has been the more commonly used
immune-stimulating adjuvant for experimental models
concerned with HCV vaccination [26-28]. Therefore, we
chose incomplete Freund’s adjuvant as the adjuvant toge-
ther with our replicon particles to vaccinate the mice in this
study.

An effective vaccine and new therapeutic methods for
HCV are needed, and potential HCV vaccines should
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induce robust humoral and cellular immune responses.
Previous research has indicated that defective alphaviruses
expressing HCV glycoprotein genes may have the ability to
elicit strong B and T cell immune responses against target
antigens [14]. Our data provide further support for the idea
that an alphavirus-based HCV vaccine has promise against
HCV infection and is capable of inducing dual-sided
immune responses. However, information regarding the
types of immune responses related to protection or clear-
ance of HCV after vaccination is still lacking. Future
studies should also focus on higher-level immunological
analyses of the multifunctional activities of T cells and
T-cell phenotypes.
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