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ABSTRACT

There are 3 to 4 million new hepatitis C virus (HCV) infections annually around the world, but no vaccine is available. Robust
T-cell mediated responses are necessary for effective clearance of the virus, and DNA vaccines result in a cell-mediated bias.
Adjuvants are often required for effective vaccination, but during natural lytic viral infections damage-associated molecular pat-
terns (DAMPs) are released, which act as natural adjuvants. Hence, a vaccine that induces cell necrosis and releases DAMPs will
result in cell-mediated immunity (CMI), similar to that resulting from natural lytic viral infection. We have generated a DNA
vaccine with the ability to elicit strong CMI against the HCV nonstructural (NS) proteins (3, 4A, 4B, and 5B) by encoding a cyto-
lytic protein, perforin (PRF), and the antigens on a single plasmid. We examined the efficacy of the vaccines in C57BL/6 mice, as
determined by gamma interferon enzyme-linked immunosorbent spot assay, cell proliferation studies, and intracellular cyto-
kine production. Initially, we showed that encoding the NS4A protein in a vaccine which encoded only NS3 reduced the immu-
nogenicity of NS3, whereas including PRF increased NS3 immunogenicity. In contrast, the inclusion of NS4A increased the im-
munogenicity of the NS3, NS4B, andNS5B proteins, when encoded in a DNA vaccine that also encoded PRF. Finally, vaccines
that also encoded PRF elicited similar levels of CMI against each protein after vaccination with DNA encoding NS3, NS4A, NS4B,
and NS5B compared to mice vaccinated with DNA encoding only NS3 or NS4B/5B. Thus, we have developed a promising “multi-

antigen” vaccine that elicits robust CMI.

IMPORTANCE

Since their development, vaccines have reduced the global burden of disease. One strategy for vaccine development is to use
commercially viable DNA technology, which has the potential to generate robust immune responses. Hepatitis C virus causes
chronic liver infection and is a leading cause of liver cancer. To date, no vaccine is currently available, and treatment is costly and
often results in side effects, limiting the number of patients who are treated. Despite recent advances in treatment, prevention
remains the key to efficient control and elimination of this virus. Here, we describe a novel DNA vaccine against hepatitis C virus
that is capable of inducing robust cell-mediated immune responses in mice and is a promising vaccine candidate for humans.

lobal efforts to generate an effective vaccine for hepatitis C

virus (HCV) have been hampered, since correlates of steril-
izing immunity have not been identified and traditional vaccine
strategies have proved to be ineffective (1). Approximately 230
million individuals are infected, many of whom will develop seri-
ous liver disease, and since current treatment is costly and often
results in serious side effects, this has limited the number of pa-
tients who are treated (2, 3). Much of the global effort to develop
an effective HCV vaccine/treatment has been directed toward ge-
notype 1 (gt1) (4, 5); however, gt3 is becoming more prominent
(6) since it is detected more frequently in intravenous drug users
(IDU) (7, 8) and is now the major genotype circulating in India
and the United Kingdom (6, 9). Because there are genetic differ-
ences between gtl and gt3 (10, 11) and assuming that initial HCV
vaccines are likely to be genotype specific, greater focus on gt3 is
warranted. Traditional vaccine methods that typically elicit neu-
tralizing antibody response have been unable to generate protec-
tive immunity against HCV (12), resulting in a focus on strategies
that generate cell-mediated immunity (CMI) (13-15). Since re-
covery from acute HCV infection and subsequent viral clearance
require robust CMI that targets multiple HCV antigens (14, 16—
20), this has resulted in a paradigm shift in vaccine design (21, 22).
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A successful vaccine that primarily induces CMI could function as
a therapeutic vaccine by effective targeting of HCV-infected cells
or as a prophylactic vaccine. Although HCV-specific CMI is un-
likely to generate sterilizing immunity, an effective T-cell vaccine
will prevent persistent infection and liver-associated disease, and
since acute HCV infection is usually asymptomatic, this repre-
sents an acceptable, achievable objective. DNA vaccines generate
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FIG 1 Schematic diagram of the bicistronic DNA vaccines used in the study. The DNA vaccine backbone, pVAX, was used to develop the following DNA
vaccines: (i) HCV (poly)protein under the control of the CMV promoter and (ii) VSVG or PRF under the control of the SV40 promoter. An additional construct,
which has a pLenti backbone, encodes mCherry, an NLS, and MAVS fused as a single protein under the control of the CMV promoter.

CMI (23, 24), and several have been developed for use in animals
(25-27). Furthermore, they are inexpensive, can be easily manu-
factured, and can be stored for long periods (28, 29), making them
ideal for use in developing countries where the need for an effec-
tive HCV vaccine is greatest. Until now, strategies to enhance the
immunogenicity of DNA vaccines have focused on encoding
agonists of pathogen recognition receptors (PRRs), including
Toll-like receptor (TLR) and NOD-like receptor agonists, or coin-
jection with TLR agonists such as poly(I-:C) (30-33). These tech-
niques target a specific PRR or a limited population of PRRs (32,
34). However, activation of a broader range of PRRs resulting
from release of damage-associated molecular patterns (DAMPs)
during natural lytic viral infection is able to produce a more robust
immune response (31, 33, 35-37).

The rationale of the present study was to develop DNA vac-
cines that mimic the effect of live attenuated virus (LAV) vac-
cines which, although attenuated, are still lytic, resulting in
activation of cell death pathways that are considered important
to generate robust immunity (36, 37). Thus, the induction of
necrosis in vaccine-targeted cells is expected to release the HCV
immunogen and DAMPs, creating an adjuvant-rich milieu to
enhance the HCV-specific immune responses after DNA im-
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munization. Our results demonstrate that the induction of cell
death in HCV antigen-positive cells, using a truncated, cyto-
lytic form of the pore-forming protein, perforin (PRF) (38),
significantly increased HCV-specific CD8" T-cell responses
relative to a canonical DNA vaccine. In addition, vaccination
with DNA encoding a HCV polyprotein as an immunogen in-
creased the breadth of the response to include all of the en-
coded antigens, without compromising the immunogenicity of
the individual antigens.

MATERIALS AND METHODS

DNA vectors. All constructs were created by standard methods, and a
schematic diagram is shown in Fig. 1. The fluorescent reporter system
(pRep), similar to that reported previously (39), kindly provided by Mi-
chael Beard, School of Molecular and Biomedical Science (Adelaide,
South Australia, Australia), contained a fluorescent protein, mCherry,
fused to a nuclear localization signal (NLS) and the C-terminal region
of mitochondrial antiviral signaling (MAVS; amino acids [aa] 462 to
540) cloned into a pLenti backbone and purified using a PureLink
HiPure plasmid midiprep kit (Life Technologies, Melbourne, Victoria,
Australia). All DNA vaccine constructs were based on pVAX (Life
Technologies). Codon-optimized genes (Gene Art, Germany) from
HCV gt3a (GenBank accession number AF046866) were inserted
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downstream of the cytomegalovirus (CMV) promoter. An additional
promoter, the simian virus 40 (SV40) promoter, and a poly(A) ™ se-
quence were inserted into the pVAX backbone (40, 41), and genes for
the cytolytic proteins, truncated perforin (PRF) lacking the final 12
residues of the C terminus (38), or vesicular stomatitis virus protein G
(VSVG), were inserted downstream of this promoter. The VSVG clone
was also kindly provided by Michael Beard. All DNA vaccine con-
structs were purified using a Qiagen (Doncaster, Victoria, Australia)
endotoxin-free Mega kit.

Cell culture. HEK293T and Huh-7 cells were cultured in 24-well
plates at 37°C in 5% CO, in Dulbecco modified Eagle medium supple-
mented with 10% fetal calf serum and 1% penicillin-streptomycin and
transfected with 800 ng of DNA using Lipofectamine LTX (Life Technol-
ogies) according to the manufacturer’s protocol. Cell morphology post-
transfection was assessed by light microscopy (using a Nikon Eclipse Ti
microscope).

Western blot analysis. Cells were harvested at 2 days posttransfec-
tion, lysates were prepared, and the concentrations of the proteins
were determined using a Pierce BCA protein assay kit (Thermo Fisher
Scientific, Inc., Scoresby, Victoria, Australia). The proteins were
resolved by SDS-10% PAGE and transferred onto polyvinylidene
difluoride membranes (Millipore, Kilsyth, Victoria, Australia). The
membranes were blocked for 1 h in phosphate-buffered saline (PBS)
containing 5% nonfat skim milk and 0.05% Tween 20 prior to incu-
bation with primary antibodies overnight at 4°C. These primary anti-
bodies included HCV gt3 patient pooled serum (kindly provided by
Joseph Torresi, University of Melbourne, Melbourne, Victoria, Aus-
tralia), rat anti-VSVG (Sigma-Aldrich, Castle Hill, New South Wales,
Australia), rat anti-mouse PRF (Kamiya Biomedical Company, Seattle,
WA), and mouse anti-B-actin (BD Biosciences [BD], North Ryde, New
South Wales, Australia). After washing, the membranes were incu-
bated for 1 to 2 h with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (dilution 1:10,000) that included goat anti-human
IgG-HRP, goat anti-mouse IgG-HRP, and goat ant-rat IgG-HRP (all
Life Technologies). Finally, the proteins were visualized with a West-
ern Lightning Ultra-ECL substrate chemiluminescence system
(Perkin-Elmer, Melbourne, Victoria, Australia) according to the man-
ufacturer’s protocol using a Fujifilm LAS-4000 luminescent image an-
alyzer.

Immunofluorescence. At 2 days posttransfection with the DNA,
HEK293T cells were fixed with 4% formalin (Sigma) for 20 min, perme-
abilized with methanol at —20°C, and then blocked in 2.5% bovine serum
albumin (BSA) (Sigma) in PBS prior to overnight incubation with the
primary antibodies at 4°C. The primary antibodies were HCV gt3 patient
pooled serum and rat anti-PRF (Abcam, Melbourne, Victoria, Australia)
were diluted in 1% BSA (Sigma) and 0.3% Triton X-100 (Sigma) in PBS.
After a washing step, the cells were incubated for 1 h with fluorophore-
conjugated secondary antibodies (1:300; goat anti-human-Alexa 555 or
goat anti-rat-Cy5 [both from Life Technologies]) and then stained with
DAPI (4',6'-diamidino-2-phenylindole; Life Technologies). Cells were
visualized by fluorescence microscopy (Zeiss LSM-700).

Animals and immunizations. All experiments were approved by the
University of Adelaide and the SA Pathology and Women’s and Children’s
Health Network animal ethics committees. Six to eight-week-old
C57BL/6 mice from the University of Adelaide Laboratory Animal Ser-
vices were housed in HEPA-filtered individually vented cages. All inter-
ventions were performed under isoflurane or Domitor/Ketamine anes-
thesia (intraperitoneal [ip.]) that was reversed by i.p. injection of
Antisedan (Zoetis, West Ryde, New South Wales, Australia). Mice re-
ceived various doses of endotoxin-free DNA in 50 pl injected into the
dermal layer of the ear (intradermal injection) as described previously
(40—43) and either two or three doses at 2-week intervals. At 2 weeks after
the final vaccination, the mice were culled, and splenocytes were prepared
as described previously (40, 41).
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IFN-y ELISPOT assay. A gamma interferon (IFN-vy) enzyme-linked
immunosorbent spot (ELISPOT) assay was performed on red blood cell-
depleted splenocytes that were restimulated with 4-pg/ml portions of 15-
to 19-mer, overlapping HCV gt3 peptides that were divided into three
pools for NS3, two pools for NS4, and three pools for NS5B (BEI Re-
sources, NIAID, Bethesda, MD), left unstimulated, or stimulated with
phytohemagglutinin (PHA). Multiscreen-IP HTS plates (Millipore) were
coated with anti-mouse IFN-y (clone AN18; MabTech, Thomastown,
Victoria, Australia), and secreted IFN-y was detected with anti-mouse
IFN-vy-biotin (clone R4-6A2; MabTech), streptavidin-AP, and SigmaFast
BCIP/NBT (Sigma). Spots were counted automatically using an ELISPOT
reader (AID Germany), and the number of spots in unstimulated spleno-
cytes (~0 to 50) subtracted from the number of spots in the peptide
pool-stimulated splenocytes to generate the number of specific spot-
forming units (SFU) per 10° cells was determined.

T-cell proliferation assay. Proliferation of CD4" and CD8" T cells
was assessed by flow cytometry after carboxyfluorescein diacetate succin-
imidyl ester (CFSE) staining. Briefly, splenocytes from vaccinated mice
were labeled with 10 wM CFSE according to the CellTrace CFSE cell pro-
liferation kit protocol (Life Technologies) and either stimulated in vitro
with HCV peptides at 4 pg/ml representing the C-terminal region of NS3
(aa 422 to 631) or left unstimulated. After 4 days, CFSE-labeled spleno-
cytes were stained with CD3-PerCP-Cy5.5, CD4-eFluor450, and CD8-
APC-Cy7 (all from eBioscience, San Diego, CA), followed immediately by
Hoechst staining prior to analysis by flow cytometry.

Flow cytometry. Multicolor intracellular cytokine staining (ICS) was
performed on splenocytes stimulated in vitro with 4 ug/ml HCV peptides
representing the C-terminal region of NS3 (aa 422 to 631) for 16 h or left
unstimulated with the addition of a protein transport inhibitor (BD
GolgiStop) for the final 12 h of stimulation. Staining was performed using
BD fluorescence-activated cell sorting (FACS) Cytofix/Cytoperm and the
following BD anti-mouse antibodies: CD3-PerCP-Cy5.5, CD8-APC-Cy7,
CD44-APC, IL-2-FITC, IEN-y-PE-Cy7, and TNF-a-PE. Cells were ana-
lyzed on a BD FACSCanto II flow cytometer using the gating strategy
described in Fig. 2, and the results were analyzed by using FlowJo X.0.7
software (Ashland, OR).

Statistical analysis. Data are presented as means * the standard errors
of the mean (SEM). Statistical analysis was performed using unpaired
Mann-Whitney tests, with P =< 0.05 (*), P = 0.01 (**),and P = 0.001 (***)
considered significant. Analysis was performed using GraphPad Prism
version 6.00 for Windows (GraphPad Software, La Jolla, CA).

RESULTS

Removal of NS4A increased NS3-specificimmune responses. In
addition to the cleavage of the HCV polyprotein, a functional
NS3/4A protease also inhibits innate immune signaling via cleav-
age of MAVS and TIR-domain-containing adapter-inducing
IFN-B (TRIF) (44-46). However, the HCV NS3 protease cofactor,
NS4A, has also been reported to aid in protein stability (47). To
determine whether NS3/4A expression would reduce the immu-
nogenicity of NS3, plasmids encoding either only NS3 (pNS3) or
both NS3 and 4A (pNS3/4A) (Fig. 1) were constructed. Protease
activity associated with NS3 and NS3/4A was demonstrated using
a previously described fluorescent reporter system (39, 48) (Fig.
1), in which a fluorescent protein, mCherry, is fused to a nuclear
localization signal (NLS) and to amino acid residues 462 to 540 of
MAVS that contain a cleavage site (C508) for the NS3/4A pro-
tease. Expression of mCherry-NLS-MAVS (pRep) is designed to
result in punctate mitochondrial fluorescence, whereas cleavage at
C508 will result in nuclear localization of mCherry-NLS. Cells
cotransfected with pRep and pNS3 or pNS3/4A resulted in punc-
tate cytoplasmic and nuclear expression of mCherry, respectively
(Fig. 3A), confirming that NS3 had no protease activity in contrast
to NS3/4A.
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FIG 2 Gating strategy used to detect CD8 and CD4 T cells producing multiple cytokines in the splenocyte populations of vaccinated mice. Mice were vaccinated with
three 10-pg doses or three 25-pg doses of DNA intradermally, and splenocytes were harvested on day 14 after the final vaccination for ICS. Cytokine profiles were
determined by using flow cytometry. Splenocytes were gated on the lymphocyte population, followed by doublet discrimination, and then gated on CD3" CD44 ™ cells
and finally CD4" or CD8" cells to assess the frequency of IFN-y, TNF-q, and IL-2. Representative blots for IFN-y-, TNF-a-, and IL-2-positive cells are shown.
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FIG 3 HCV protein expression and protease activity. (A) To detect HCV protease cleavage of MAVS, Huh-7 cells were cotransfected with a plasmid (pRep)
encoding a fluorescent reporter protein, i.e., mCherry, fused to an NLS and the C-terminal region of MAVS, as well as different constructs encoding various HCV
proteins. At 24 h posttransfection, fluorescence was observed by fluorescence microscopy. The panels (left to right) show the intracellular localization of mCherry
in cells cotransfected with pRep and either pNS3, pNS3/4A, pNS34B5B, and pNS345B, respectively. In general, cells which lack NS3/4A protease show punctate
cytoplasmic fluorescence, whereas cells that express a functional NS3/4A protease show nuclear fluorescence. (B and C) Detection of HCV proteins in the lysates
of transfected cells. HEK293T cells were transfected with DNA encoding NS3 with or without VSVG (B) and HCV proteins with or without PRF (C). At 48 h
posttransfection, cell lysates were examined by Western blotting and probed with pooled HCV gt3 patient sera. Bicinchoninic acid and B-actin were used as
loading controls. The predicted sizes of the HCV proteins are shown. Blots are representative of three independent experiments. (D) To detect perforin
expression, HEK293T cells were transfected with plasmids in which perforin expression was controlled by the SV40 promoter. At 48 h posttransfection, the cells
were fixed and permeabilized, and immunofluorescence was performed as described in Materials and Methods. The immunofluorescence images are represen-
tative of all perforin-expressing constructs.
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FIG 4 NS3 is more immunogenic than NS3/4A in C57BL/6 mice. Mice were vaccinated three times at 2-week intervals with the respective constructs, and
splenocytes were harvested 14 days after the final vaccination. (A) Splenocytes were restimulated in duplicate, with overlapping peptides representing the
complete HCV NS3 protein (gt3a), and IFN-vy secretion was measured by ELISPOT assay. The PHA control from the pVAX group is representative of all
PHA-stimulated groups. The number of spots in unstimulated splenocytes was subtracted from the number in peptide-stimulated cells to generate the net
number of NS3-specific SFU. The data are shown as the mean SFU/10° splenocytes = the SEM. Cytokine profiles were determined using flow cytometry.
Splenocytes were gated on CD3™, CD44™ cells and then CD4 ™" or CD8* cells to assess the frequency of IFN-y-producing CD4™ Ty, cells (B), IFN-y-producing
CD8" Tpy, cells (C), TNF-a-producing CD4 " Ty, cells (D), and TNF-a-producing CD8™ Tgy, cells (E). Each symbol represents an individual mouse, and the

data show the means (n = 7) * the SEM. *, P < 0.05; **, P < 0.01; ***, P =< 0.001 (Mann-Whitney test).

HCV protein expression was then confirmed by Western blotting
(Fig. 3B and C). Since NS3/4A cleaves murine MAVS (49), we inves-
tigated the effect of NS4A expression in the context of NS3-specific
immune responses in mice that were vaccinated with 3 doses of pNS3
or pNS3/4A. The CMI was assessed by IFN-y ELISPOT assay to ex-
amine the breadth and magnitude of the responses, and ICS was
performed to determine [FN-v, tumor necrosis factor alpha (TNF-
), and interleukin-2 (IL-2) responses in HCV-specific CD4* and
CD8™ T-cell subsets. Mice vaccinated with pNS3 showed a signifi-
cantly higher frequency (P = 0.0041) of SFU in NS3 peptide-stimu-
lated splenocytes compared to splenocytes from mice vaccinated with
the empty plasmid (pVAX) (528 v 42 SFU) (Fig. 4A). In comparison,
mice vaccinated with pNS3/4A showed an intermediate response to
NS3 that was not significantly different from that of mice vaccinated
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with pVAX (300 SFU versus 42 SFU) or mice vaccinated with pNS3
(300 SFU versus 528 SFU) (Fig. 4A). Since CD44™ is a marker of
effector memory T (Tg,,) cells, which are important for recall re-
sponses (50), we examined the production of IL-2 from CD3™
CD44™ CD4™" Ty cells or from CD3" CD44™ CD8" Ty, cells.
There was no significant difference between the pVAX-, pNS3-, or
pNS3/4A-vaccinated groups (data not shown), although the fre-
quency of IFN-y- and TNF-a-producing Ty, cells was higher in
pNS3-vaccinated mice than in pNS3/4A-vaccinated mice (Fig. 4B to
E). Nevertheless, since NS3 appeared to be more immunogenic than
NS3/4A, further experiments were performed using NS3 immuno-
gen only.

Coexpression of perforin enhances T-cell-mediated immune
responses to NS3. In order to mimic lytic virus cell death to in-
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crease antigen immunogenicity, the gene for a cytolytic protein
was inserted into the constructs behind the weaker SV40 pro-
moter. This combination provides the appropriate balance of im-
munogen expression and cell necrosis (41) and mimics the effect
of LAV vaccines, which, although attenuated, are still lytic. Previ-
ous studies with a DNA vaccine have shown that intracellular
expression of VSVG results in the development of syncytia, result-
ing in cell death (51, 52), and we have previously shown that the
expression of PRF also results in cell death, although the mecha-
nism was not defined (41, 43) but appeared to be nonapoptotic,
i.e., necrotic (B. Grubor-Bauk et al., unpublished data). However,
it has been reported that the truncated PRF variant fails to be
exported from the endoplasmic reticulum and becomes highly
toxic to the host cell (38). The expression of these proteins in-
creased CMI to an immunogen that was expressed from a different
plasmid in the case of VSVG (53, 54) or the same plasmid (PRF)
(41, 43; Grubor-Bauk et al., unpublished). To determine whether
expression of VSVG or PRF enhanced the immunogenicity of
NS3, bicistronic vectors encoding both NS3 and either VSVG or
PRF were constructed (Fig. 1), and protein expression was con-
firmed by Western blotting (Fig. 3B and C) or immunofluores-
cence (Fig. 3D). The latter experiment confirmed that NS3 and
perforin were expressed in the same cells. Mice were vaccinated
three times in a prime boost regimen, with an equimolar subop-
timal dose of pVAX, pNS3, pNS3-VSVG, or pNS3-PRF (relative
to 10 pg of the largest plasmid). Two weeks after the final boost,
HCV-specific immune responses were measured by ELISPOT,
ICS, and CFSE-based cell proliferation assays.

Mice vaccinated with pNS3-PRF showed significantly higher
responses, as shown by an increased frequency of single cytokine
producing (IFN-y, TNF-q, or IL-2) CD3™ CD44" CD8" Tpy,
cells compared to mice vaccinated with either pNS3 or pVAX (Fig.
5). However, pNS3-VSVG vaccinated mice only showed an in-
creased frequency of IFN-y-producing, but not TNF-«- or IL-2-
producing, CD3" CD44* CD8™ Ty, cells (P = 0.0241) compared
to pVAX-vaccinated mice (Fig. 5A to C). Furthermore, vaccina-
tion with pNS3-PRF resulted in significantly higher IFN-y and
TNF-a double cytokine-producing CD3* CD44™ CD8" Tpy,
cells compared to pNS3- or pVAX-vaccinated mice (P = 0.0129
and P = 0.0210, respectively) (Fig. 5D), whereas IFN-v- and IL-
2-producing CD3™ CD44" CD8™ Ty, cells from mice vaccinated
with pNS3-PRF only were significantly increased compared to
pVAX-vaccinated mice (P = 0.0310) (Fig. 5E). Although TNF-a-
and IL-2-producing CD3™ CD44* CD8™ Ty, cells showed no
significant differences between groups, pNS3-PRF-vaccinated
mice showed the greatest response (Fig. 5F). In each of these ana-
lyses, mice vaccinated with pNS3-VSVG showed no significant
increase in cytokine-producing cells relative to pVAX- or pNS3-
vaccinated mice (Fig. 5D, E, and F). Finally, a significant increase
in the frequency of multifunctional triple-cytokine-producing
(IFN-vy, TNF-a, and IL-2) CD3" CD44" CD8" Ty, cells was
noted in pNS3-PRF-vaccinated mice compared to pNS3- or
pVAX-vaccinated mice (P = 0.0162 and P = 0.0015, respectively)
(Fig. 5G), and although there was an increase in this cell popula-
tion in the pNS3-PRF-vaccinated mice relative to the pNS3-
VSVG-vaccinated mice, this was not significant.

Consistent with the data described above, cell proliferation
studies, as a response to restimulation with NS3 peptides, showed
increased proliferation of CD3™ CD8™ T cells from mice vacci-
nated with pNS3-PRF compared to CD3" CD8" T cells from
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pNS3- or pVAX-vaccinated mice (P = 0.0487 and P = 0.0010,
respectively) but not pNS3-VSVG-vaccinated mice (Fig. 5H).
pNS3-PRF-vaccinated mice also showed a significantly higher fre-
quency of IFN-y-secreting CD3* CD44™ CD4™ Ty, cells com-
pared to mice vaccinated with pNS3 or pVAX (P = 0.0084 and
P = 0.0040, respectively), while there was no difference in the
frequency of CD3" CD44" CD4™ Ty, cells secreting IL-2 or
TNF-a (data not shown). Interestingly, pNS3-VSVG-vaccinated
mice also showed a significant increase in the frequency of CD3™
CD44™ CD4™ Ty, cells, but only relative to pVAX (P = 0.0287)
(Fig. 51). Thus, these data show that the coexpression of PRF but
not VSVG resulted in enhanced immunogenicity of HCV NS3.

Efficient cleavage of HCV proteins improves immunogenic-
ity when coexpressed with PRF. Since a HCV vaccine should ide-
ally generate responses against multiple antigens, we investigated
whether multiple antigens could be used to increase the breadth of
immunity against HCV without affecting the magnitude of the
response against individual antigens. To address this point,
we constructed several plasmids: pNS34B5B, pNS34B5B-PRF,
pNS345B, and pNS345B-PRF (Fig. 1). These constructs encoded a
truncated form of NS4B with an aa 1 to 84 deletion that has been
reported to abrogate its immunosuppressive activity (55). The two
polyproteins, NS34B5B and NS345B, contained the NS3/4A pro-
tease cleavage site between each individual protein, but the latter
also contained NS4A to facilitate HCV polyprotein processing
(Fig. 3C) (56, 57). However, since previous studies have shown
that the NS polyprotein consensus cleavage sites other than
NS4B/5A can be cleaved by NS3 alone (57, 58), it is highly likely
that the consensus cleavage sites (D/E-X-X-X-X-C/T|S/A-X-X-X)
in pNS34B5B, including the introduced 4B/5B site, was cleaved by
NS3 alone. Thus, although the cleavage of NS3 was predicted from
pNS34B5B, a mature NS3 protein was not detected (Fig. 3C, tracks
2 and 3), most likely because NS4A not only acts as a NS3 cofactor
but also stabilizes NS3, since NS3 expressed in the absence of
NS4A was reported to be promptly degraded (56). Our results are
consistent with these early findings. Once protein expression (Fig.
3C) and MAVS cleavage were confirmed (Fig. 3A), the immuno-
genicity of these polyproteins was then examined to determine the
effect of cleavage by NS3/4A.

Mice were vaccinated twice with equimolar doses (50 pg
for largest construct) of pVAX, pNS34B5B, pNS34B5B-PREF,
pNS345B, or pNS345B-PRF (Fig. 1), and the immune responses
were analyzed by IFN-y ELISPOT assay. Mice vaccinated with
either pNS34B5B or pNS345B showed similar levels of IFN-y-
producing cells when stimulated with NS3, NS4, or NS5B peptides
(Fig. 6A to C). In contrast, the responses in mice vaccinated with
pNS345B-PRF showed a significantly increased frequency of SFU
(P = 0.0023) compared to pNS34B5B-PRF-vaccinated mice
(1,016 SFU versus 151 SFU, respectively) (Fig. 6D), and mice vac-
cinated with pNS345B-PRF showed a significant increase (P =
0.0379) in SFU compared to pNS345B-vaccinated mice (1,016
SFU versus 532 SFU) (Fig. 6D). Somewhat surprisingly,
pNS34B5B-PRF-vaccinated mice showed a reduced response
compared to pNS34B5B-vaccinated mice; this represents the only
occasion in recent years in which PRF has failed to induce in-
creased immune responses (41, 43; Grubor-Bauk et al., unpub-
lished). These data demonstrate that efficient processing of the
polyprotein by the NS3/4A protease is required for optimal CMI
when coexpressed with PRF.
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FIG 5 NS3 coexpressed with PRF is more immunogenic than NS3 alone. Splenocytes from vaccinated mice were stimulated with NS3 peptides, and cytokine
production was analyzed using ICS and flow cytometry. Memory CD4 " and CD8™ T cells were gated to assess the frequency of IFN-y-producing CD8* T, cells
(A), TNF-a-producing CD8 " Ty, cells (B), IL-2-producing CD8™" Ty, cells (C), IFN-y/TNF-a-double-producing CD8" Ty, cells (D), TNF-a/IL-2-double-
producing CD8™ Ty, cells (E), IFN-y/IL-2-double-producing CD8 " T, cells (F), IFN-y/TNF-a/IL-2-triple-producing CD8™ Ty, cells (G), and the prolif-
eration of CFSE-labeled CD3" CD8™ T cells (H). Splenocytes were labeled with CFSE and restimulated for 5 days with peptides representing the C-terminal third
of NS3; the proliferation of CD3™ CD8™ T cells is shown as a percentage of total CD3™ CD8* T cells. (I) Frequency of IFN-y-producing CD4 ™" Ty, cells after
NS3 peptide stimulation. Each symbol represents an individual mouse, and the data show the means (n = 8 to 9) = the SEM. *, P =< 0.05; **, P < 0.01; ***, P <

0.001 (Mann-Whitney test).

A vaccine encoding a polyprotein is as effective as the re-
stricted antigen vaccine. The above data indicated that pNS345B-
PRF represented the optimum DNA vaccine candidate, since it
elicited the strongest HCV-specific IFN-vy responses for all anti-

gens encoded in the vaccine. To determine whether this multian-
tigen DNA vaccine elicited similar levels of HCV-specific CMI
compared to vectors encoding single or limited HCV antigens, we
vaccinated mice with pVAX, pNS3-PRF, pNS4B5B-PRF, or
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FIG 6 The adjuvant activity of PRF is retained in DNA vaccines encoding multiple HCV proteins. Mice were vaccinated twice with equimolar amounts of the
plasmid DNA at 2-week intervals, and splenocytes from vaccinated animals were restimulated with overlapping peptides representing NS3 peptides (A), NS4
peptides (B), and NS5B peptides (C). (D) NS3, NS4, and NS5B combined analysis. (E and F) IFN-y response in splenocytes from mice vaccinated with
PNS345B-PRF or pNS3-PRF and restimulated with NS3 peptides (E) or with pNS345B-PRF or pNS4B5B and restimulated with NS4 and NS5B peptides (F). The
PHA control from the pVAX group is representative of all PHA-stimulated groups. The number of spots in unstimulated splenocytes was subtracted from the
number in peptide-stimulated cells to generate the net number of specific SFU. The data are shown as the mean SFU/10° splenocytes = the SEM. Each symbol
represents an individual mouse, and the data show the mean (n = 7) = the SEM. *, P < 0.05; ***, P < 0.001 (Mann-Whitney test).

pNS345B-PRF. The mice received two equimolar doses (50 g for
the largest construct) 2 weeks apart, and the HCV-specific re-
sponses were then analyzed by an IFN-y ELISPOT assay. Mice
vaccinated with pNS345B-PRF showed higher responses against
NS3 than mice vaccinated with pNS3-PRF (238 SFU versus 111
SFU) (Fig. 6E), and although this difference was not significant,
there was a statistically significant difference in mice vaccinated
with pNS345B-PRF compared to pVAX that was not apparent in
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the pNS3-PRF-versus-pVAX mice comparison. A higher response
was also observed in pNS345B-PRF-vaccinated mice compared to
pNS4B5B-PRF-vaccinated mice (499 SFU versus 242 SFU) (Fig.
6F), but again this was not significant.

Although the pNS345B-PRF vaccine appeared to be more ef-
fective than either pNS3-PRF or pNS4B5B, the increase in SFU
was not significant. More importantly, this experiment proved
that the multiantigen DNA vaccine elicits similar levels of cell-
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mediated immunity to the individual component antigens to that
from DNA encoding a single or limited number of antigens.

DISCUSSION

The aim of this study was to increase HCV antigen immunogenic-
ity by inducing death of vaccine-targeted cells, which is proposed
to result in the release of antigens and DAMPs into the extracel-
lular milieu. Released DAMPs will be sensed by immune cells,
most importantly dendritic cells (DCs) (59), which will endo-
cytose the HCV antigens that are then cross-presented via a non-
classical pathway (60).

DCs are essential for the generation of an adaptive immune
response to an antigen (61, 62) and hence are critical targets for an
effective vaccine (63); however, since these represent a rare pop-
ulation of cells, it has been challenging to target them directly with
any vaccine. Our strategy offers a simple and yet elegant approach
to indirectly target vaccine immunogens to DCs.

Previously, we noted that PRF was capable of increasing the
immunogenicity of HIV-1 Gag and increased the frequency of
CD11c¢* CD8a™ DCs in the lymph nodes of vaccinated mice (41).
It was also reported previously that VSVG induced cell death,
increasing antigen immunogenicity (51, 52, 54), so we wanted to
determine which of these proteins represented the more efficient
adjuvant.

Before investigating the relative immunogenicity of HCV pro-
teins coexpressed with PRF or VSVG, we sought to determine
whether the NS3/4A protease activity affected the adaptive im-
mune response. A previous study suggested that NS4A may have a
beneficial effect on NS3 immunogenicity in mice (64). In contrast,
we demonstrated that mice vaccinated with pNS3 elicited higher
NS3-specific CMI responses than mice vaccinated with pNS3/4A
(Fig. 4). This may have been due to NS3/4A cleavage of host pro-
teins such as MAVS, which would reduce the overall immune
response. Since pNS3-vaccinated mice elicited higher CMI re-
sponses than pNS3/4A-vaccinated mice, this construct was mod-
ified to also encode either VSVG or PRF to compare their adjuvant
properties.

The cytolytic vaccine pNS3-VSVG showed modest enhance-
ment of HCV-specific CMI in vaccinated mice compared to
pNS3-vaccinated mice but was less effective than pNS3-PRF (Fig.
5). The pNS3-PRF vaccine induced significantly higher responses
than did the canonical pNS3 vaccine, and an increased frequency
was observed not only in single- and double-cytokine-expressing
cells but also in multifunctional, triple-cytokine-producing CD8*
T cells that are highly desirable after vaccination and thought to be
important for protective immunity (65) (Fig. 5). Indeed, corre-
lates of protection have suggested that multifunctional CD8™* T
cells are essential for effective clearance of HCV (17), as well as
controlling other viral infections (66, 67). Furthermore, it has re-
cently been demonstrated that a therapeutic human papillomavi-
rus (HPV) DNA vaccine was able to clear the infection in seven of
nine patients, with clearance correlating with polyfunctionality of
CD8™ T cells (24). Thus, this provides a proof of concept that a
therapeutic DNA vaccine which can elicit a robust polyfunctional
CD8™ T-cell response could also result in elimination of persistent
viral infection.

We then sought to demonstrate that the adjuvant effect of PRF
not only increased CD8 ™" T-cell polyfunctionality but was equally
effective in a multiple protein vaccine without compromising the
immunogenicity of individual antigens. We compared the results
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of vaccination with pNS34B5B or pNS345B with or without PRF
expression and noted that the inclusion of PRF in these vaccine
constructs resulted in an increase in the immunogenicity of NS3,
NS4, and NS5B after pNS345B-PRF vaccination, whereas their
immunogenicity decreased after vaccination with pNS34B5B-
PRE. Previous work with PRF has consistently increased the im-
munogenicity of single antigens (41-43; Grubor-Bauk et al., un-
published); hence, the reduced immunogenicity of NS34B5B in
pNS34B5B-PRF vaccinated mice represents an unusual finding
that is still unexplained. One possible explanation is that previous
studies have shown that if the HCV polyprotein lacks NS4A, it has
limited protease activity, thus resulting in reduced levels of indi-
vidual proteins (56, 68). The addition of NS4A resulted in opti-
mum cleavage of the polyprotein and hence an increase in the level
of individual mature proteins (56, 68). It has also been demon-
strated previously that long-lived, stable proteins are optimal for
cross-priming in vivo compared to peptides or proteins that are
readily degraded (69-72). Hence, the weakest response from
pNS34B5B-PRF vaccination may have been due to HCV polypro-
tein instability.

Consequently, the DNA vaccine that encoded the NS345B
polyprotein generated HCV-specific IFN-v responses against the
individual antigens that were higher than the responses elicited by
constructs that encoded either NS3 or NS4B5B. Robust CMI re-
sponses against multiple HCV proteins, NS3 and NS5B in partic-
ular, are recognized as correlates of protection in patients who
naturally clear HCV (14, 17, 18). Hence, a vaccine that is capable
of inducing a robust CMI against NS3, NS4, and NS5B is pivotal
for the development of protective immunity against HCV.

Our data demonstrated that PRF-induced death of HCV anti-
gen-positive cells enhanced antigen immunogenicity and that
multiple antigens, coexpressed with PRF in the same cell, bene-
fited from this strategy. Overall, we have established a novel vac-
cine candidate that is capable of inducing a robust CMI response
against a broad range of HCV proteins that warrants further de-
velopment.
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