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Abstract

Hepatitis C virus (HCV) represents a major health burden with more than 170 million individuals
currently infected worldwide, equaling roughly 3% of the world’s population. HCV preferentially
infects hepatocytes and is able to persist in up to 70% of infected individuals. It is estimated that
up to 30% of chronically infected individuals will go on to develop progressive liver disease as a
result of HCV infection, making the virus the leading cause of liver transplantation in the world.
Currently there is no vaccine for HCV. In this study, we have taken a multi-step approach to
develop a novel genotype 1a/1b consensus HCV NS3/NS4A DNA vaccine able to induce strong
cellular immunity. We show that this construct is able to induce strong anti-NS3/NS4A T cell
responses in C57BL/6 mice, as well as, in Rhesus Macaques. Our data suggest that DNA vaccines
encoding HCV proteins NS3/NS4A merit further study in the context of future prophylactic and
therapeutic HCV T cell based vaccines.
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1. Introduction

Hepatitis C (HCV) is a small enveloped, positive stranded RNA virus that represents a major
health burden worldwide with more than 170 million individuals currently infected [1]. One
of the most successful of all human viruses, HCV preferentially infects heptocytes and is
able to persist in the livers of up to 70% of all infected individuals [2]. It is estimated that up
to 30% of chronically infected individuals will develop progressive liver disease, including
cirrhosis and heptocellular carcinoma (HCC) during their lifetime making HCV infection the
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leading causes of liver transplantation in the world [1]. In addition, HCV and HBV
infections are implicated in 70% of all cases of HCC, which is the third leading cause of
cancer deaths worldwide [3].

Due to the persistent nature of the virus, HCV infection can be extremely difficult and
expensive to treat. Most infected individuals do not receive treatment. However, those that
do, pay on average 17,700 to 22,000 dollars for standard treatment protocols [4]. Genotype 1
infection, the most prevalent in Europe and North America, has the poorest prognosis with
as little as 42% of individuals responding to standard treatments [5].

Therefore, the high prevalence of infection, lack of effective treatments and economic
burden of chronic HCV, illustrates the urgent need for the development of novel immune
therapy strategies to combat this disease. Currently there is no prophylactic or therapeutic
vaccine for HCV, however there is evidence that natural and protective immunity to HCV
exists [6-8]. In the majority of cases, convalescent humans are not protected against acute
HCV infection, but rather, they are protected from the progression of infection to a chronic
state [9]. Since it is the chronic state of infection that is mainly associated with HCV
pathogenicity, this argues for the feasibility of a vaccine approach to control or treat this
infection.

Understanding the adaptive immunity to this virus is critical for designing strategies, such as
DNA vaccines, to combat viral infection. Although virus-specific antibodies are detected
within 7-8 weeks post HCV infection [10] they do not protect against reinfection [11, 12]
and can be completely absent following the resolution of infection [13, 14]. Instead, infected
individuals that mount an early, multi-specific, intrahepatic CD4+ helper and CD8+
cytotoxic T-cell response can eliminate HCV infection [15-18]. In fact, it has been shown
that an important correlate to resolution of acute infection is a strong T cell response against
the structural proteins of the virus, in particular the NS3 protein [19, 20]. The correlation of
NS3-specific T cell responses to resolution of acute infection, in addition to its low genetic
variably and relative large size makes the NS3 protein of HCV an attractive target for T-cell
based DNA vaccines.

DNA vaccines have many conceptual advantages over more traditional vaccination methods,
such as live attenuated viruses and recombinant protein-based vaccines. DNA vaccines are
safe, stable, easily produced, and well tolerated in humans with preclinical trials indicating
little evidence of plasmid integration [21, 22]. In addition, DNA vaccines are well suited for
repeated administration due to the fact that efficacy of the vaccine is not influenced by pre-
existing antibody titers to the vector [23]. However, one major obstacle for the clinical
adoption of DNA vaccines has been a decrease in the platforms immunogenicity when
moving to larger animals [24]. Recent technological advances in the engineering of DNA
vaccine immunogen, such has codon optimization, RNA optimization and the addition of
immunoglobulin leader sequences have improved expression and immunogenicity of DNA
vaccines [25-28], as well as, recently developed technology in plasmid delivery systems
such as electroporation [29-31]. In addition, studies conducted in our laboratory and in
others, have suggested that the use of consensus immunogens may be able to increase the
breadth of the cellular immune response as compared to native antigens alone [27, 32, 33].
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Therefore, we have combined these various techniques in order to create a novel construct
encoding a HCV genotype 1a/1b consensus immunogen of proteins NS3/NS4A, which we
will show is expressed in mammalian cells and is able to elicit strong cellular responses both
in mice and Rhesus Macaques.

2. Materials and Methods

2.1 Generation of HCV genotype la/lb consensus sequence of NS3/NS4A

The consensus sequence for NS3 was generated from fifteen different genotype 1a
sequences and twenty-six different genotype 1b sequences. The consensus sequence for
NS4A was generated from fifteen different genotype 1a sequences and nineteen different
genotype 1b sequences. The sequences were obtained from GenBank, chosen from multiple
countries to avoid sampling error and aligned using Clustal X (version 1.8) software to
generate the final NS3/NS4A consensus sequence.

2.2 Additional Modification of the NS3/NS4A Consensus Sequence

The consensus NS3/NS4A sequence was further modified through the addition of an IgE
leader sequence, endoproteolytic cleavage site and a C-terminal HA tag, Fig. 1.
GeneOptimizer™ (GENEART, Germany) was used to codon and RNA optimize the final
sequence.

2.3 HCV NS3/NS4A DNA Immunogen

The final consensus NS3/NS4A fusion gene (ConNS3/NS4A) was synthesized and sequence
verified by GENEART (Germany). ConNS3/NS4A was digested with BamH1 and Not1, and
subcloned in to the clinical expression vector pVAX (Invitrogen) under the control of the
CMV promoter. The final construct was named pConNS3/NS4A.

2.4 Immunofluorescence

Huh7.0 cells were transiently transfected with pConNS3/NS4A using Lipofectamine™
(Invitrogen) according to the manufacturer’s guidelines. After 48 hours of transfection, the
cells were permeabilized and expression of the proteins was determined using a mouse
monoclonal antibody to the C-terminal HA tag of the fusion construct (Invitrogen) followed
by a TRITC conjugated goat anti-mouse secondary antibody (Invitrogen).

2.5 Mouse Studies

2.5.1 Immunization/Electroporation—Female 6 to 8 week old C57BL/6 mice were
purchased from Jackson Laboratories and were cared for in accordance with the National
Institutes of Health and the University of Pennsylvania Institutional Care and Use
Committee (IACUC) guidelines.

The mice were separated three mice per group and immunized with either pConNS3/NS4A
or with the empty expression vector pVAX (negative control). Each mouse received three
intramuscular injections, two weeks apart. Following each intramuscular injection, a three-
electrode array made up of 26-gauge stainless steel electrodes was gently inserted into the
muscle and a brief square-wave constant-current EKD was administered.

Vaccine. Author manuscript; available in PMC 2015 June 23.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lang et al.

Page 4

2.5.2 Splenocyte Isolation—The mice were sacrificed one week following the third
immunization and the spleens were pooled according to group. The spleens were crushed
using a Stomacher machine, and the resulting product was put through a 40uM cell strainer
to isolate the splenocytes. The cells were treated 5min with ACK lysis buffer (Biosource) to
clear the RBCs. Following lysis the splenocytes were resuspended in RPMI medium
supplemented with 10% FBS. The cell number was determined with a hemocytometer.

2.5.3 IFN-gamma ELISpot—The mouse IFN-gamma ELISpot assays were conducted as
previously described [32]. Splenocytes were stimulated with five different pools of 15mer
peptides, overlapping by 8 amino acids and spanning the entire length of the pConNS3/
NS4A protein. The peptides were synthesized by Invitrogen and pooled at a concentration of
2ug/ml/peptide. The splenocytes were plated at a concentration of 200,000 cells per well and
the average number of spot forming units (SFU) was adjusted to 1x10"6 splenocytes for
graphing purposes.

2.54 Epitope Mapping—The 15mer overlapping peptides were pooled into 21 separate
pools, with each individual peptide represented in two pools of the 21 pools. Splenocytes
were then stimulated with each pool in an IFN-gamma ELISpot assay as described above.

2.6 Rhesus Macaques Study

2.6.1 Study Design and Immunization—A total of five Rhesus Macaques of Indian
origin were used and maintained in accordance with the Guide for the Care and Use of
Laboratory Animals. Plasmids were prepared, HPLC purified (VGX Pharmaceuticals,
Immune Therapeutics Division, The Woodlands, TX) and diluted in sterile water formulated
with 1% (weight/weight) pol-L-glutamate sodium salt (MW=10.5 kDa) (Sigma).

The Macaques were intramuscularly injected followed by electroporation with the
CELLECTRA™ adaptive constant current electroporation device and electrode arrays. Each
monkey was injected with 1mg of pConNS3/NS4A in 0.75ml volume followed by three
pulses of 0.5 Amp constant current, each 1 sec apart and 52 msec in length. Each monkey
received two immunizations four weeks apart.

2.6.2 Blood Collection and PBMC Isolation—The Macaques were bled once before
the first immunization and two weeks following each immunization. The animals were
anesthetized with a mixture of ketamine (10mg/kg) and acepromazine (0.1mg/kg). Blood
was collected in EDTA tubes and PBMCs were isolated using standard Ficoll-Hypaque
density gradient centrifugation. The isolated PBMCs were resuspended in complete media
(RPMI 1640 with 2mM/L L-glutamine supplemented with 10% heat inactivated FBS, 1X
anti-biotic/anti-mycotic, and 55uM/L B-mercaptoethanol).

IFN-gamma ELISpot assays were performed as previously described [34] using detection
and capture antibodies from MabTech, Sweden.
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3. Results

3.1 Construction of a Novel HCV Genotype 1a/1b Consensus Fusion Immunogen of HCV
Structural Proteins NS3/NS4A

Due to the high mutational rate of HCV, designing immunogens with multiple immune
target sites is important not only for protection against various strains of the virus, but for
maintaining control in chronically infected individuals by guarding against viral escape
mutants. Previous findings in our laboratory, as well as in others, have suggested that the use
of consensus immunogens in the context of vaccines is able to elicit a more broad immune
response as compared to vaccination with the native immunogens alone [27, 32, 33]. Based
on these findings, we designed a construct encoding the NS3/NS4A consensus sequence for
HCV genotypes 1a/1b in hopes of increasing the breadth of the immune response against the
NS3/NS4A proteins. The consensus sequence was generated from a total of seventy-five
different sequences obtained from GenBank. Clustal X (version 1.8) software was used to
create multiple alignments needed to generate a single consensus sequence, Fig 1.

As depicted in Fig. 2, the consensus immunogen was further modified to increase expression
and immunogenicity. NS4A was included within the construct due to its reported ability to
enhance the stability, expression and immunogenicity of the NS3 protein [35-37]. An
endoproteolytic cleavage site was introduced between the two protein sequences to ensure
proper folding, as well as, better CTL processing. In addition, to further enhance expression
of the construct, an IgE leader sequence was fused upstream of the start codon for the NS3
protein and the entire construct was codon and RNA optimized for expression in Homo
sapiens. The final synthetically engineered ConNS3/NS4A gene was 2169 bp in length and
was subcloned into the clinical expression vector pVAX using the BamH1 and Not1
restriction sites.

3.2 Expression of pConNS3/NS4A

Expression of pConNS3/NS4A was confirmed through transient transfection of a Huh7.0
cell line with pConNS3/NS4A, Fig.3. The translated proteins were detected with a
monoclonal antibody against the C-terminal HA tag of the construct and were visualized
using immunofluorescence. As a negative control, cells were also transiently transfected
with the empty pVAX vector and stained with a monclonal anti-HA antibody.

3.3 Immunization of C57BL/6 Mice with pConNS3/NS4A Induces Strong Cellular NS3-and
NS4A- Specific Immune Responses

Following confirmation of the expression of pConNS3/NS4A, mice were immunized
intramuscularly with the construct, followed by electroporation, in order to determine
whether pConNS3/NS4A could induce cellular immune responses in mice. C57BL/6
received three immunizations using four different doses of pConNS3/NS4A. The mice were
sacrificed one week following the third immunization and cellular immune responses to the
construct were determined using IFN-gamma ELISpot assays. Splenocytes from vaccinated
mice were stimulated with five pools of 15mer peptides overlapping by eight amino acids
and spanning the sequence of pConNS3/NS4A. As shown in Fig. 4A, pConNS3/NS4A is
able to induce potent cellular immune responses regardless of dose.
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Next, using a matrix epitope mapping technique, the dominant epitope of pConNS3/NS4A
was identified in IFN-gamma ELISpot assays. The dominant epitope of pConNS3/NS4A in
C57BL/6 mice mapped to peptide 89 (LYRLGAVQNEVTLTH) located near the C-terminus
of the NS3 protein, Fig. 4B. This is supported by previous research which identified the nine
amino acid sequence of GAVQNEVTH, contained within peptide 89, as a dominant H-2P
CTL epitope [35]. This finding argues for normal and effective processing of our consensus
immunogen.

3.4 Immunization of Rhesus Macaques with pConNS3/NS4A Induces Strong Cellular NS3-
and NS4A- Specific Immune Responses

Although immunogenic in small animal models, DNA vaccines have typically lost potency
when moved into larger animals. However, encouraged by the strong cellular immune
responses elicited by pConNS3/NS4A in mice, we decided to test the immunogenicity of the
construct in a larger animal model. Rhesus Macaques were immunized IM/EP with
pConNS3/NS4A two times, four weeks apart, Fig. 5A. The animals were bled once before
the first immunization and two weeks following each immunization. The animals’ immune
responses to pConNS3/NS4A were determined with IFN-gamma ELISpot assays. Figure 5B
depicts the sum of each monkey’s response to all five peptide pools, as well as, the average
group response for each of the three time points. Cellular immune responses were not
detectable following the prebleed and the first immunization, however, after the second
immunization the responses increased dramatically to an average of 555 + 280 SFU/106
PBMCs. Therefore, following only two immunizations, pConNS3/NS4A was able to elicit
clear NS3- and NS4- specific cellular immune responses.

3.5 pConNS3/NS4A Elicits a Broad Cellular Immune Response in Rhesus Macaques

Unlike immunization in C57BL/6 mice, where the majority of the immune response was
directed at one dominant epitope of pConNS3/NS4A contained within a single peptide pool,
the majority of immunized monkeys (4 out of 5) were able to elicit strong cellular immune
responses to at least two or more peptide pools of pConNS3/NS4A, Fig. 6. Although further
epitope mapping studies are planned, this suggests that the Rhesus Macaques were able to
elicit cellular immune responses against multiple sites within the NS3/NS4A proteins.
Therefore, the consensus sequence of pConNS3/NS4A is able to elicit both strong and broad
cellular responses against the NS3/NS4A proteins in Rhesus Macaques.

Discussion

It is known that HCV infected individuals who recover from acute infection are able to
mount early, multi-specific, CD4+ helper and CD8+ cytotoxic T-cell responses [15-18]. It
has also been reported that HCV-specific CTL responses are important for control of viral
replication in chronically infected individuals [38, 39]. More specifically, a strong T cell
response against the structural proteins of the virus, in particular the NS3 protein, has been
reported to be an important correlate to clearance of acute infection [19, 20]. Due to the
HCV virus’s high mutation rate, the relatively conserved structural proteins of the virus,
such as NS3, are attractive candidates for T cell based vaccines.
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DNA vaccines are well suited for eliciting strong T cell responses. Unlike immunization
with recombinant proteins, which tend to produce Th2 responses, DNA vaccines are able to
induce strong Th1 responses due to the ability of antigens to be delivered and processed
intracellularly. In addition, DNA vaccines theoretically have unlimited boosting capability
and can be readministered as often as desired without fear of inducing neutralizing
antibodies to the plasmid, as is the case with recombinant viral vectors.

Due to the importance of NS3 specific T cell responses in clearance of acute infection and
control of chronic infection, as well as, the clear advantages of DNA immunization, we have
focused our efforts on creating a novel HCV DNA vaccine encoding the consensus sequence
of genotype 1a and 1b for the HCV proteins NS3/NS4A (pConNS3/NS4A). Although DNA
vaccines are able to elicit strong cellular immune responses in small animals, the major
obstacle for adoption of DNA vaccine into a clinical setting has been the reduced
immunogenicity of the platform when introduced in larger animal models. Therefore, in
order to improve the potency of our construct, we took a multi-step approach in both its
design and administration, including codon and RNA optimization, addition of an IgE leader
sequence and administration of the construct with electroporation; modifications that have
been shown to increase the expression and immunogenicity of DNA vaccines [25-31].

However, due to the high mutation rate of HCV, we believe a construct able to elicit both
strong and broad cellular immune responses targeting multiple sites within the immunogen,
would be better able to drive immunity against various strains of the virus, as well as, allow
for better possible control of the virus in infected individuals by guarding against viral
escape mutants. Previous studies both in our laboratory and others, have suggested that
incorporation of multiple sequences to create one consensus immunogen is able to produce
broader immune responses [27, 32, 33]. Therefore, as part of our construct design we
incorporated seventy-five different HCV genotype 1a/1b sequences of the proteins NS3/
NS4A in order to create one consensus immunogen.

We have shown that the construct, pPConNS3/NS4A, is expressed in cell culture and that it is
able to induce strong NS3- and NS4- specific T cell responses in C57BL/6 mice following
three immunizations and is able to elicit both strong and broad NS3- and NS4A- specific T
cell responses in a larger animal model, Rhesus Macaques, following only two
immunizations. In fact, our study is one of only two DNA vaccine studies looking at NS3-
specific immune responses induced in Rhesus Macaques. While both studies used similar
sequence optimization methods, plasmid delivery systems and identical vaccination
schedules, this construct was able to induce much higher NS3 specific immune responses
with fewer immunizations immunizations and one-fifth the amount of DNA as compared to
a previous study in which animals received three immunizations of 5mg of DNA [40]. In
addition, we have shown that pConNS3/NS4A is able to elicit broad responses in Rhesus
Macaques. Unlike C57BL/6 mice, which responded to one dominant epitope contained
within one peptide pool, the majority of the Rhesus Macaques were able to elicit strong
cellular immune responses to multiple peptide pools, suggesting that these monkeys are able
to mount a response to multiple epitopes within pConNS3/NS4A. Further study of the
immune responses induced by this construct, including epitope mapping of the cellular
immune responses in Rhesus Macaques, is currently in progress.
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Phylogenetic analysis of pConNS3/NS4A’s genotype 1a/1b consensus sequence of NS3 as
compared to individual genotype 1la and genotype 1b sequences for NS3. The genotype
1a/1b consensus sequence for NS3 was obtained from fifteen different HCV genotype 1a
sequences and twenty-six different HCV genotype 1b sequences. The star represents the
NS3 consensus sequence relative to its forty-one different component sequences.

Vaccine. Author manuscript; available in PMC 2015 June 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Lang et al. Page 11

2169 bp

<,
% &

% o

0

! ! !

IgE Leader Endoproteolytic Cleavage HA Tag
Sequence Site

PITAYAQQTRGLLGCITSLTGRDKNQVEGEVQVVSTATQSFLATCINGVCWTVYHGAGSKTLAGPK
IgE Leader Sequence
GPITQMYTNVDQDLVGWPAPPGARSLTPCTCGSSDLYLVTRHADVIPVRRRGDSRGSLLSPRPISYLKGSSGGPLLCPSGHAVGIF
RAAVCTRGVAKAVDFIPVESMETTMRSPVFTDNSSPPAVPQTFQVAHLHAPTGSGKSTKVPAAYAAQGYKVLVLNPSVAATLGFG
AYMSKAHGIDPNIRTGVRTITTGAPITYSTYGKFLADGGCSGGAYDIIICDECHSTDSTSILGIGTVLDQAETAGARLVVLATATPPGS
VTVPHPNIEEVALSNTGEIPFYGKAIPIEAIKGGRHLIFCHSKKKCDELAAKLSALGLNAVAYYRGLDVSVIPTSGDVVVVATDALMTG
FTGDFDSVIDCNTCVTQTVDFSLDPTFTIETTTVPQDAVSRSQRRGRTGRGRPGIYRFVTPGERPSGMFDSSVLCECYDAGCAWY
ELTPAETSVRLRAYLNTPGLPVCQDHLEFWESVFTGLTHIDAHFLSQTKQAGDNFPYLVAYQATVCARAQAPPPSWDQMWKCLIR
LKPTLHGPTPLLYRLGAVQNEVTLTHPITKYIMACMSADLEVVTRGRKRRSSTWVLVGGVLAALAAYCLTTGSVVIVGRIVLSGKPAI
Endoproteolytic Cleavage Site

IPDREVLYQEFDEMEECYPYDVPDYA*
HA Tag

Fig. 2.
Plasmid map and sequence of pConNS3/NS4A. The sequences for the IgE leader,

endoproteolytic cleavage site and C-terminal HA tag are underlined.
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DAPI TRITC OVERLAY

Fig. 3.

Detection of pConNS3/NS4A expression via immunofluorescence (400X). Huh7.0 were
transiently transfected with pConNS3/NS4A and expression of the gene product was
detected using a monoclonal antibody against the C-terminal HA tag.

pVax

pConNS3/NS4A
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Fig. 4.
pConNS3/NS4A induces strong NS3- and NS4- specific T cell responses in C57BL/6 mice.

The number of NS3- and NS4- specific IFN-gamma spot forming units (SFU) per million
splenocytes was determined through IFN-gamma ELISpot assays. (A) Five groups of mice,
three mice per group, were immunized intramuscularly with either pVAX (negative control)
or four different doses of pConNS3/NS4A: 5ug, 12.5ug, 25ug or 50ug followed by
electroporation. Splenocytes were isolated from each mouse, pooled according to group and
stimulated with five different pools of overlapping peptides spanning the entire length of the
pConNS3/NS4A protein sequence. (B) Matrix epitope mapping of pConNS3/NS4A.
Splenocytes were isolated from C57BL/6 mice immunized with 12.5ug of pConNS3/NS4A
and stimulated with 21 different pools of overlapping pConNS3/NS4A peptides with each
peptide represented in two of the 21 pools. The dominant epitope was identified using IFN-
gamma ELISpot assays as described above.
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Fig. 5.

pgonNSB/NSAA induces strong NS3- and NS4- specific T cell responses in Rhesus
Macaques. (A) Immunization schedule. Five Rhesus Macaques were immunized
intramuscularly with 1mg pConNS3/NS4A following by electroporation. The monkeys
received two immunizations, four weeks apart. (B) Responses were measured once before
the first immunization and two weeks following each immunization. The number of NS3-
and NS4- specific IFN-gamma spot forming units (SFU) per million PBMCs was
determined through IFN-gamma ELISpot assays.
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Fig. 6.

p(?onNSB/NS4A induces broad cellular immune responses in Rhesus Macaques. Shown are
the individual responses of the five monkeys to each of the five peptide pools, before
immunization and two weeks following each immunization. The number of NS3-and NS4-
specific IFN-gamma spot forming units (SFU) per million PBMCs was determined through
IFN-gamma ELISpot assays.
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