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Abstract

AIM: To characterize the immunogenicity of a hepatitis
C virus (HCV) E2 DNA vaccine alone or with a protein
vaccine boost in murine and porcine animal models.

METHODS: A DNA vaccine expressing a secreted
form of HCV E2 protein was constructed and used to
vaccinate mice and piglets with or without boosting
with a recombinant E2 protein vaccine formulated with
CpG ODN and 10% Emulsigen. The immunogenicity of
HCV E2 vaccines was analyzed by ELISA for antibody
responses, MTT assay for lymphocyte proliferation,
ELISPOT for the number of interferon-y secreting cells,
and cytotoxic T lymphocyte assays.

RESULTS: Intradermal injection of E2 DNA vaccine
induced strong Thi-like immune responses in mice. In
piglets, E2 DNA vaccine elicited moderate and more
balanced immune responses. A DNA vaccine prime and
protein boost vaccination strategy induced significantly
higher E2-specific antibody levels and shifted the
immune response towards Th2-like ones in piglets.

CONCLUSION: A DNA vaccine expressing a secreted
form of HCV E2 protein elicited E2-specific immune
responses in mice and piglets. Recombinant E2 protein
vaccination following DNA immunization significantly
increased the antibody response in piglets. These HCV
E2 vaccines may represent promising hepatitis C vaccine
candidates for further investigations.
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INTRODUCTION

Hepatitis C continues to be a severe health threat to a large
population with about 123 million people being affected
globally!”, The etiologic agent, hepatitis C virus (HCV)"!
is able to establish persistent infections in up to 85% of
infected individuals with severe clinical consequences'.
Current therapy with pegylated interferon and ribavirin is
only effective in about 50% of the patients”. Although
vaccines represent one of the most effective means to
combat infectious diseases, there is no vaccine available
for hepatitis C. Hence, evaluating different vaccination
strategies that can induce HCV-specific immunity is critical
for the development of effective vaccines to reduce HCV-
related mortality and morbidity.

HCV is the only member of the Hepacivirus genus in
the Flaviviridae family”. The positive-sense, single-stranded
RNA genome encodes a polyprotein of about 3100
amino acids in length"). Processing of the polyprotein
by cellular or viral proteases generates up to 11 viral
proteins, including three structural proteins (core, envelope
proteins E1 and E2) and six non-structural proteins
(NS-2, -3, -4A, -4B, -5A, and -5B). As the major envelope
protein in HCV particles™”, the E2 protein is likely to
be critical for inducing antibody responses against HCV
infections. In line with this notion, anti-E2 antibodies
have been consistently detected in hepatitis C patients"*",
Furthermore, there is evidence to suggest that anti-E2
antibodies can inhibit HCV infections in both 7 vivo and
in vitro settings'""". However, generation of E2-specific
antibodies in hepatitis C patients is usually delayed and
of low magnitude, which may be one of the reasons for
such a high rate of persistent HCV infections*". These
findings indicate that E2-specific antibodies are beneficial
and induction of these antibodies should be taken into
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consideration when designing a vaccine against hepatitis C.

Although the correlations for a successful immune
response that can resolve HCV infections have not been
well characterized, previous studies suggest a rapid,
vigorous, and broadly targeted cell-mediated immune
response tends to be associated with HCV clearance!™**,
In line with this notion, E2-specific cellular immune
responses have been detected in hepatitis C patients as
demonstrated by E2-specific lymphocyte proliferation,
cytotoxic T lymphocyte, and ELISPOT assays” . More
importantly, it has been demonstrated that a stronger E2-
specific cell-mediated response is associated with better
response to interferon therapy and viral clearance™. These
findings indicate that it is desirable for a candidate HCV
E2 vaccine to induce cell-mediated immune responses.

Delivery of transgenes by plasmid DNA is a novel
platform technology for vaccine development. DNA
vaccines tend to induce a Thl-biased response in the
host”", Manipulation of protein subcellular localization
may enhance antibody responses to the antigen. For
instance, directing antigenic expression to secretion
pathways by adding a signal peptide sequence may increase
B-cell mediated responses”. In addition, boosting with
a protein subunit vaccine following DNA vaccination is
another feasible means for inducing strong antigen-specific
humoral responses’™ ",

In this study, a DNA vaccine was designed to induce
expression of a secreted form of HCV E2 protein.
Immunogenicity studies using inbred mice showed
that this HCV E2 DNA vaccine elicited strong Th1-
like immune responses. In piglets, the E2 DNA vaccine
elicited a moderate and more Th1-Th2 balanced response.
E2 protein vaccination after DNA immunization had a
more pronounced boosting effect in piglets than in mice
by significantly increasing E2-specific antibody response,
causing a shift of the immune response towards a Th2-

type.

MATERIALS AND METHODS

HCV E2 DNA vaccine construction

To generate a DNA vaccine encoding a secreted form of
HCV E2 protein, a portion of the E2 coding sequence
(amino acid residues 412-661 of HCV polyprotein) without
the hypervariable region 1 (HVR1) and the hydrophobic
region was amplified by polymerase chain reaction (PCR).
The template was plasmid pDM22, a cDNA clone of
the BK isolate (genotype 1b; kindly provided by Dr. A.
Takamizawa)”". The primers were E2-412-Nhe-Sense (5’
-AATTGCTAGCCAGCTTATAAACACCAATGGG-3’,
Nbel site is underlined) and E2-661-Bgl-AS (5’-AATT
AGATCTTCACTCCGGCCTATCCCTGTC-3, a stop
codon TGA was added followed by a B¢/l site which is
undetrlined). The PCR product was cloned into a plasmid
vector pSLIA-tPAs™ with Nkel and B¢/l (New England
Biolabs), allowing the addition of the signal peptide
sequence of the tissue plasminogen activator (tPA) to the
amino-terminus of the truncated E2 protein. The identity
of PCR amplified E2 gene was confirmed by DNA
sequencing expetiments. Subsequently, the HizdIll-Bg/Il
fragment containing the tPAs-tE2 fusion gene was cloned

into a CpG enriched DNA vaccine vector pBISIA24™
which contains 24 copies of a Thl-promoting CpG motif
(GTCGTT). An unexpected extension of the open reading
frame resulted from the Ndel recognition sequence in the
multiple cloning site of plasmid pBISIA24 was removed
by deleting the small fragment after Ps/l digestion and
subsequent ligation of the large fragment. The final DNA
vaccine construct was designated pBISIA24-tPAs-tE2
(Figure 1). Plasmid prepared by endotoxin-free plasmid
purification reagents (Qiagen) was used for immunization.

Transfection and immunoblotting analysis

To determine whether the constructed DNA vaccine
plasmid expressed the E2 protein, TE671 cells, a human
rhabdomyosarcoma cell line, were transfected with
plasmids pBISIA24-tPAs-tE2 and pBISIA24 using the
calcium phosphate method™”. At 24 h after transfection,
culture medium was collected and cells were lyzed in a
lysis buffer (1% SDS, 10 mmol/L Tris-HCl, pH8.0). The
protein concentration was determined by the Bradford
assay (Bio-Rad) using bovine serum albumin (BSA)
(Sigma) as a standard. Twenty-five micrograms of protein
were loaded on a 10% SDS protein gel and transferred
to a PVDF membrane (GE Healthcare). The membrane
was incubated with a monoclonal antibody against HCV
E2 protein (H52, kindly provided by Dr. J. Dubuisson).
After incubation with an HRP-conjugated secondary
antibody, immuno-reactive protein bands were visualized
by the enhanced chemiluminescence system (ECL™, GE
Healthcare).

Recombinant E2 protein expression and purification

To generate a recombinant E2 protein vaccine, HCV E2
protein was expressed and purified as a fusion protein with
a poly-histidine tag, For this purpose, the coding sequence
of HCV E2 was amplified by PCR using plasmid pDM22
as the template. The primers for the PCR reaction were
E2-Bam-Nhe-Sense (5-GGGGGGGGATCCGCTAGCG
ATACCCACGTGACAGGGG-3’, BamHI and Nhel sites
are undetlined) and E2-746-Bgl-AS (5-GGGGGGAGAT
CTCAGGCCTCGGCCTGGGCTA-3, a stop codon TGA
was added followed by a Bg/Il site which is underlined).
The PCR fragment was cloned into an expression vector
pRSETA (Invitrogen) using restriction enzymes BazHI
and Bg/Il, allowing the addition of a poly-histidine tag
at the amino-terminus of the E2 protein. The resultant
plasmid, designated pRSET-E2, was confirmed by
restriction analysis and DNA sequencing. The NoA-Bg/Il
fragment of plasmid pRSET-E2 was substituted by the
NoA-Bg/ll fragment of pBISIA24-tPAs-tE2, generating
plasmid pRSET-tE2 encoding a poly-histidine-tagged
E2 protein without the carboxyl hydrophobic region.
Plasmid pRSET-tE2 was then transformed into E. co/i
BL21 (pLysS) and expression of E2 protein was induced
by isopropylthio-B-galactoside (IPTG, Invitrogen). The
induced poly-histidine-tagged tE2 protein was purified
under denaturing conditions in the presence of 8 mol/L
urea using Ni-NTA agarose (Qiagen) as per manufacturet’s
instructions. The urea was removed from the protein
preparation after dialysis against phosphate buffered saline
(PBS). The level of endotoxin was determined by the
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Figure 1 Construction and characterization of HCV E2 DNA vaccine. A
secreted form of HCV E2 protein generated by removing the carboxyl-
terminal hydrophobic region and replacing the hypervariable region 1 with
the signal peptide sequence of the tissue plasminogen activator (tPAs) was
cloned into a DNA vaccine vector pBISIA24. The construction of E2 DNA
vaccine, pBISIA24-tPAs-tE2, is schematically presented. TE 671 cells were
transfected with pBISIA24 (lane 1) or pBISIA24-tPAs-tE2 (lanes 2 and 3).
Cell lysates (lanes 1 and 2) and culture medium (lane 3) were analyzed in
immunoblotting using an E2-specific antibody.

Limnlns amoebocyte test (QCL-1000 Chromogenic Limulus
amebocyte lysate kit, Cambrex).

Mouse and piglet inmunization

The experimental protocols were approved by the
Committee of Animal Care and Supply, University
of Saskatchewan. In the mouse trial, 24 six-week old
B6C3F1 (H-2") female mice were randomly divided into
three groups. Groups of mice were immunized either
three times with 40 plL saline subcutancously (s.c.), three
times with 50 pg of DNA vaccine pBISIA24-tPAs-tE2
intradermally (i.d.), or twice with 50 ug of DNA vaccine
pBISIA24-tPAs-tE2 i.d. followed by one subcutaneous
vaccination with 5 pg of recombinant tE2 protein. The
recombinant truncated E2 protein vaccine was formulated
with 10 ug of CpG oligonucleotide (ODN) 1826 (5’
-TCCATGACGTTCCTGACGTT-3’, CpG motifs are
underlined; kindly provided by Merial Limited) and 10%
Emulsigen (MVP Laboratories) per dose. This formulation
has been shown to elicit strong immune responses with
a superior safety profile!”’. The vaccines were given three
weeks apart. Blood was sampled two weeks after each
immunization and spleens were collected two weeks after
final immunization for analyzing immune responses.

In the piglet trial, 24 out-bred piglets (Landrace cross,
4-5 wk old, Prairie Swine Center) were randomly allocated
into three groups with eight piglets in each group. The
vaccination schedule was the same as that in the mouse
trial but the doses were 10-fold of those used for mice. In
addition, CpG ODN 2007 (5-TCGTCGTTGTCGTTTT
GGTCGTT-3, kindly provided by Merial Limited), which
can stimulate porcine peripheral blood mononuclear cells
(PBMCs)™, was used for protein vaccine formulation.

Enzyme-linked immunosorbent assay (ELISA)
To analyze antibody levels in murine or porcine sera after
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immunization, 96-well polystyrene plates (Immulon 2,
Dynatech Laboratories) were coated with purified E2
protein at 100 ng/well in a carbonate buffer (pH9.6)
overnight at 4°C. Serially diluted murine or porcine
sera were added to each well and incubated for 2 h at
room temperature (RT). To determine the total IgG
levels, biotinylated goat anti-mouse IgG antibody
(Caltag Laboratories) at a dilution of 1:10000 or alkaline
phosphatase labeled goat anti-porcine IgG (KPL) at a
dilution of 1:2500 was applied to detect bound IgG. To
determine E2-specific IgG1 and IgG2a antibody levels
in murine sera, bound antibodies were incubated with
biotinylated goat anti-mouse IgG1 or IgG2a antibodies
(Caltag Laboratories) at a dilution of 1:10000, respectively,
followed by streptavidin-AP (Jackson ImmunoResearch
Laboratories) at a dilution of 1:5000. To determine E2-
specific IgG1 and IgG2 antibody levels in porcine sera,
bound antibodies were incubated with mouse anti-porcine
IgG1 or IgG2 antibodies (Serotec) at a dilution of 1:100,
respectively, followed by biotinylated goat anti-mouse IgG
antibody (Caltag Laboratories) at a dilution of 1:10000.
The reactions were developed by adding p-nitrophenyl
phosphate (PNPP) (Sigma) at 100 ng/well and the optical

density was recorded at 405 nm.

Enzyme-linked immunospot (ELISPOT) assay

ELISPOT assay was performed to determine the
frequency of interferon-y (IFN-y) secreting cells in
mouse splenocytes or porcine PBMCs after vaccination.
Microplate Devices Unifilter 96-well plates (Waterman)
were coated with anti-mouse IFN-y antibody (125 ng/
well) (BioSource International) or anti-porcine IFN-y
monoclonal antibody (500 ng/well) (Endogen) overnight
at 4°C. After washing and blocking, 1 X 10° murine
splenocytes or porcine PBMCs were added along with
200 ng of purified E2 protein into each well. The plates
were incubated at 37°C and 5% CO: for 40 h. For mouse
sera, biotinylated anti-mouse IFN-y antibody (125 ng/
well) was added and incubated at 37°C and 5% CO: for
3 h. For porcine sera, rabbit anti-porcine IFN-y antibody
(200 ng/well) (Endogen) was added and incubated at
RT for 4 h followed by the addition of biotinylated goat
rabbit IgG (Zymed) at a dilution of 1:5000 for 2 h at RT.
All the plates were then incubated for 1.5 h at RT with
streptavidin-AP (Jackson ImmunoResearch Laboratories)
at a dilution of 1:500 and developed with 5-bromo-4-
chloro-3-indolylphospohate and nitroblue tetrazolium
substrate tablets (Sigma). The plates were dried and the
spots were recorded.

Lymphocyte proliferation-MTT assay

Splenocytes (3 X 10° cells) isolated from each group of
mice were seeded into each well of round bottom tissue
culture 96-well plates (Nunc). Purified E2 protein (100
ng) was added to each well and incubated at 37°C and 5%
CO: for 72 h. Eighty ng of 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyl tetrazolium bromide (MTT, Sigma) was added
to each well and incubated at 37°C and 5% CO:z2 for 3 h.
The plates were centrifuged at 1000 X g for 10 min. One
hundred pL. of the supernatant was mixed with 100 pL. of
acidified isopropanol (0.375% HCI in isopropanol) and the
optical density was recorded at 590 nm.
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Cytotoxic T lymphocyte (CTL) assay

Effector cell preparation and stimulation: To prepare
effector cells, splenocytes were isolated from each group
of mice and pooled 14 d after vaccination. To generate
stimulating cells, splenocytes isolated from naive, syngenic
mice were infected with a recombinant vaccinia virus
expressing HCV BK E2 protein (VP1478, kindly provided
by Sanofi Pasteur MSD) at an m.o.i. of 10 for 1 h at 37°C
followed by an irradiation at 3000 rads. The splenocytes
from experimental groups were cultured with irradiated
stimulating cells for four days at 37°C and 5% COz before
they were used as effector cells in CTL assays.

Target cell preparation: To generate target cells, a
syngeneic mastocytoma cell line P1-HTR-TK "™ (H-2,
a highly transfectable variant of P815 cells, kindly
provided by Dr. T. Boon) was transfected with a plasmid
expressing HCV BK E2. Stable transfectants, designated
P1-E2 cells, wete selected with 800 pg/mL of Geneticin
(Invitrogen). The expression of HCV E2 protein was
confirmed by immunohistochemical staining using an E2-
specific polyclonal antibody as previously described™. In
brief, after fixation and blocking, P1-E2 cells or plasmid
vector-transfected P1 cells were incubated with an anti-E2
antibody at a dilution of 1:1000 in PBS for 30 min. Cells
were then washed and incubated with a biotinylated
secondary antibody for 30 min. The reaction was
developed with 3, 3’-diaminobenzidine tetrahydrochloride
(DAB) (Vector Laboratories).

CTL assay: CTL assays were performed based on the
evaluation of the cytoplasmic lactate dehydrogenase (LDH)
after cell lysis as described previouslym]. In brief, effector
cells were harvested by centrifugation at 800 X g for 10
min and washed twice with medium. The cells were then
adjusted to 2.0 x 10 cells/mL in AIM-V medium and
incubated with target cells at standard effector:target (E:
T) ratios in triplicates in a 96-well round bottom plate.
After 4 h incubation, the plate was centrifuged at 250 X ¢
for 4 min. Fifty uL of the supernatant was transferred to a
96-well flat bottom plate and mixed with the Substrate mix
provided in the Cytotox 96 Non-radioactive Cytotoxicity
Assay kit (Promega). After 30 min, the reaction was
terminated by adding 50 uL of the Stop Solution into each
well and the optical density was determined at 490 nm.
Spontaneous and maximal LDH release by target cells was
determined by incubating the target cells with medium
alone or with medium plus the lysis buffer containing
0.9% Triton X-100 (Promega). HCV E2-specific lysis was
calculated as [(experimental release-spontaneous release)/
(maximal release-spontaneous release)] X 100.

Statistical analysis

The experimental data were analyzed by software programs
Prism 4 (GraphPad) or Excel (Microsoft) and were
expressed as mean * SE. A P value of < 0.05 determined
by Student's # test was considered statistically significant.

RESULTS

Construction and characterization of a DNA vaccine
expressing a secreted form of HCV E2 protein

We designed a DNA vaccine encoding a secreted form of
HCV E2 protein by removing the transmembrane domain

and replacing the hypervariable region 1 (HVR1) of the E2
protein with the tissue plasminogen activator signal peptide
sequence (tPAs). The corresponding coding sequence
was amplified by PCR and cloned into a DNA vaccine
vector pBISIA24™ | resulting in the plasmid pBISTA24-
tPAs-tE2 (Figure 1). To determine the expression of E2
protein, TE671 cells were transfected with pBISIA24
(vector control) and pBISIS24-tPAs-tE2. The presence
of E2 protein in cell lysates and culture medium was
analyzed by immunoblotting. As shown in Figure 1, an E2-
specific antibody recognized proteins of about 50 kDa
in cell lysates and of 50-75 kDa in culture medium after
pBISIA24-tPAs-tE2 transfection, whereas these proteins
were not detected after pBISIA24 vector transfection,
indicating the expression and secretion of the E2 protein
by pBISIA24-tPAs-tE2. The apparent molecular masses
(50-75 kDa) of tE2 protein are larger than the calculated
one (31 kDa) and the extracellular form contained larger
protein species than the intracellular form, suggesting that
E2 protein may have been modified post-translationally by
glycosylation.

Recombinant tE2 protein expression and purification

The E2 protein used in immunization was produced in
E. coli. The expression of poly-histidine tagged tE2 was
induced by IPTG and purified by affinity chromatography
(not shown). The purified poly-histidine tagged tE2
protein was dialyzed into phosphate-buffered saline before
it was used in mouse and piglet immunization. The protein
vaccine contained endotoxin at a concentration of 80 ng/
mg of protein as determined by the Limu/us amoebocyte
test.

Antibody responses to HCV E2 DNA vaccine in mice

To determine whether the DNA vaccine expressing a
secreted E2 protein elicited antibody responses in mice,
mouse sera collected after vaccination were analyzed
for E2-specific IgG titers by ELISA assays. As shown
in Figure 2A, vaccinated-mice all developed E2-specific
IgG antibody after intradermal DNA vaccination with
the average IgG titer being 1.6 X 10°. To test whether a
protein vaccine could enhance the IgG response, mice
were injected twice with the DNA vaccine followed by
recombinant E2 protein boosting. Mice that received the
protein boosting vaccination had about two-fold higher
titers of E2-specific IgG (3.0 X 107 (Figure 2A). These
results indicate that the DNA vaccine expressing a secreted
form of HCV E2 protein induced strong antibody
responses in mice, which were further increased by a
protein vaccine.

Since the relative levels of IgG subclasses are an
indicator for evaluating the quality of the immune
responsem’m, the titers of IgG1 and IgG2a were
determined. E2 DNA vaccine induced higher IgG2a titers
than IgG1 (Figure 2), indicating a Th1l-biased response.
Boosting with E2 protein formulated with CpG ODN and
10% Emulsigen did not change this pattern, although the
IgG1 and IgG2a levels were elevated (Figure 2).

Cell-mediated responses to HCV E2 DNA vaccine in mice
To determine whether the HCV E2 vaccine induced cell-

mediated immune responses in mice, we analyzed the
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responses of mouse splenocytes after vaccination by
measuring cell proliferation and interferon-y secretion
upon antigen re-stimulation 7 vitro.

In lymphocyte proliferation assay, splenocytes from
saline vaccine group showed detectable proliferation after
antigen stimulation (Figure 3A). Splenocytes isolated from
mice after DNA vaccination expanded to a significantly
higher degree after E2 antigen re-stimulation than
medium control (P < 0.001, Figure 3A). Protein boost
immunization did not change E2-specific lymphocyte
proliferation (DNA »s DNA/Protein, P = 0.47, Figure
3A). The results of IFN-y ELISPOT assay demonstrated
that DNA vaccination elicited a strong IFN-y response
(DNA s saline, P < 0.001, Figure 3B), whereas a protein
boost immunization induced fewer IFN-y secreting spots
(DNA »s DNA/Protein, P = 0.03, Figure 3B). These
results indicate that stronger E2-specific Thl-type immune
responses were induced in mice that received the DNA
vaccine three times than in mice that received twice DNA
vaccination followed by a protein boosting injection.

Since cytotoxic T lymphocytes are one of the major
effectors in cell-mediated immune responses, we also
determined the presence of E2-specific cytotoxic T
lymphocytes after vaccination. For this purpose, a
syngeneic cell line expressing HCV E2 protein was
generated. Immunohistochemistry staining using an
anti-E2 antibody detected specific signal in P1-HTR cells
stably transfected by the E2-expressing plasmid, but not
in vector-transfected cells, demonstrating the expression
of the E2 protein by the stable transfectant (not shown).
When the E2-expressing cell line was used as target cells
in the CTL assay, effector cells from DNA vaccine- or
DNA and protein vaccine-immunized mice showed 36%
or 31% specific lysis at an effector to target ratio of 100:1,
respectively (Figure 4). No CTL activity was detected after
saline immunization (Figure 4). These results demonstrate
the elicitation of E2-specific cytotoxic T lymphocytes in
mice immunized with E2 DNA vaccine or DNA vaccine
followed by a protein boost.

Immune responses to HCV E2 vaccines in piglets

Since vaccine efficacy can be different in various test
species”! and pigs represent a promising model for human
biology because of its body size and physiology™, we
evaluated our E2 vaccines in piglets. As shown in Figure
5A, all the piglets receiving the E2 DNA vaccine three
times intradermally developed E2-specific IgG titers
with the average titer being 1 X 10°. Vaccination with the
E2 protein after two DNA vaccine priming injections
significantly boosted the E2-specific IgG titers (DNA
vaccine »s DNA/Protein, P = 0.0156, Figure 5A). These
results indicate that E2 DNA vaccine was also effective
in inducing antigen-specific antibody response in piglets,
which was boosted significantly by a protein vaccine.

To analyze the type of the immune responses, we
determined the ratios of E2-specific IgG1 to 1gG2
levels in the porcine serum samples after vaccination.
As illustrated in Figure 5B, DNA vaccination induced a
slightly Th1-biased immune response with the IgG2 to
IgG1 ratio being 1.4, whereas protein boosting after DNA
vaccination shifted the immune response towards Th2
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Figure 2 Antibody responses to HCV E2 vaccines in mice. B6C3F1 mice were
intradermally injected with pBISIA24-tPAs-tE2 three times or pBISIA24-tPAs-
tE2 twice followed by subcutaneous vaccination with E2 protein formulated with
CpG ODN 1826 and 10% Emulsigen at 3-wk intervals. E2-specific IgG, 1gG1, and
IgG2a levels were determined by ELISA assays (A). The ratios of IgG2a to IgG1
were determined (B) (P < 0.0001, vs saline).

direction as demonstrated by a reduced IgG2/IgG1 ratio
(0.58).

To further characterize the immune responses of
piglets to E2 vaccines, the number of IFN-y secreting
cells in porcine PBMCs was determined after vaccination.
As shown in Figure 6, PBMCs from E2 vaccinated piglets
contained significantly higher number of IFN-y secreting
cells than saline treated piglets after in vitro antigen re-
stimulation in ELISPOT assay (DNA s saline, P < 0.0001,
DNA /Protein »s saline, P < 0.0001). No difference was
detected between the DNA vaccine alone group and the
DNA prime and protein boost group (Figure 6, DNA s
DNA/Protein, P = 0.4531).

DISCUSSION

Numerous research groups have evaluated the potential
of using E2 protein as a hepatitis C vaccine candidate
through different strategies™ ™. These studies have
demonstrated E2-specific immune responses, mostly in
mouse trials, when E2 alone or as part of the entire HCV
structural region was delivered as a DNA vaccine, viral
vectored vaccine, or subunit protein vaccine. The most
important finding of these studies is that the vaccine-
induced E2-specific immune responses wete able to delay
HCV infections in chimpanzees or humans™*"***, While
these studies have demonstrated the feasibility of inducing
E2-specific immune responses through vaccination, the
efficacy of E2 vaccines is less satisfactory in inducing
sterilizing immunity. It is thus obvious that further



Li YP et al. HCV E2 vaccines 7131
A P =0.0114 04 M Saline
03 - : P<00001 _ _ P=04714 “ I Plasmid
= P =0.0183
‘P o.oose f< 0.0001‘ 3 - 03 F ] Pla/Pro
I
E o2l o® € 02}
@ L 2A4 g
n L] g
Lo v [ > 0.1 -
8 my v ®  msaline °
o9
“ ™1 Yvv [ ]
0.1 o® V Plasmid 0.0 | .J—l
® Pla/Pro 100 75 50 25 12.5
-0.1 -
0.0 | | | | | | Effector/Target ratio
media E2 media E2 media E2
Treatments Figure 4 Cytotoxic T lymphocyte (CTL) response to HCV E2 vaccines in
mice. Murine splenocytes isolated from groups of mice two weeks after final
B P < 0.0001 immunization were pooled and stimulated with feeder cells infected with
‘ P < 0.0001 P =0.0316 recombinant vaccinia virus expressing HCV E2 protein. The cytotoxic activity was
500 — : P determined by measuring the released lactate dehydrogenase (LDH) by the target
A : A cells after incubation with the effectors at different ratios.
400
w
] v [ saline B Plasmid Il Pla/Pro
o 300 | —yyY A /
2 100000 [, _ o ooos 5 < o000t P < 0.0001
-~ <
> A v < . P<0.0001P=00 0.0311
v 700 P<0 OOOIP 0. 0156 /.7<0 0001p 0.0912
100 =~
>
S
U et L : : o
Saline Plasmid Pla/Pro E

Figure 3 Cell-mediated immune responses to HCV E2 vaccines in mice. Murine
splenocytes were isolated 2 wk after last immunization and were re-stimulated
with E2 protein. Cell proliferation was analyzed by MTT assay (A). (P < 0.0001 vs
saline; P < 0.05, P < 0.01 vs media). The number of interferon-y secreting cells
was determined by ELISPOT assay (B). (P < 0.05 vs plasmid; P < 0.0001 vs
saline).

improvement of E2 vaccines is required by evaluating
additional vaccination strategies.

Given the importance of E2 protein in inducing
host immune responses, we have chosen E2 as a vaccine
candidate against hepatitis C. It has been established
that HCV E2 expressed by a number of systems is an
intracellular protein modified by high-mannose type
oligosaccharideswsm. However, the envelope proteins on
the hepatitis C virions have been shown to be modified by
complex type oligosaccharidesml, suggesting secretion of
E2 protein has occurred in HCV life cycle. In agreement
with this notion, the secreted, complex form E2 protein
possesses greater immunoreactivity against hepatitis C
patient sera than the intracellular E2 protein when it is
expressed in cell culture™, The retention of the expressed
E2 protein is due to the presence of a membrane anchor
domain (amino acids 718-746) at its carboxyl-terminus™*
and deletion of the transmembrane domain leads to E2
protein secretion™, However, a comparative study of a
series of carboxyl-terminally truncated E2 proteins has
demonstrated that truncation to amino acid residue 661
is necessary to achieve proper folding of the secreted E2
proteinl%l. Hepeatitis C virus is known to be able to quickly
develop multiple sequence variants after infection within
the host due to the lack of proof-reading activity of RNA-
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Figure 5 Antibody responses of piglets to HCV E2 vaccines. Piglets were
immunized by saline, E2 DNA vaccine three times, or E2 DNA vaccine twice
followed by subcutaneous vaccination with E2 protein formulated with CpG ODN
2007 and 10% Emulsigen at three-week intervals. ELISA assays were performed
to determine E2-specific IgG, 1gG1, and IgG2 levels (A), as well as the ratios of
1gG2 to IgG1 (B) (P < 0.05 vs plasmid; P <0.0001 vs saline).

dependent RNA polymerase . A short stretch of coding
sequence (amino acids 384-411, the hypervariable region
1) at the very amino-terminus of E2 has shown extremely
high Variabilitylss’gol and may contribute to the generation
of immune escape HCV variants. Although E2 HVR-1
may contain antigenic epitopes“s’ml, rapid appearance
of variable mutants and their interference with the
development of cellular immunity in the host™” make it a
less favorable component in an E2 DNA vaccine. Based on

www.wjgnet.com



7132 ISSN 1007-9327  CN 14-1219/R

World ] Gastroenterol

November 28, 2006 Volume 12 Number 44

P < 0.0001
: P < 0.0001 P =0.4531 ‘
200 — f i ]
v
A v
v
n A
2 v ¥
g 100 A vY
s Aa v
L AA
(]
v
0 -l | |
Saline Plasmid Pla/Pro
-100 -

Figure 6 Cell-mediated immune response of piglets to HCV E2 vaccines. Porcine
peripheral blood mononuclear cells (PBMCs) were isolated three weeks after
final immunization. After re-stimulation with E2 antigen, the number of interferon-y
secreting cells was determined by ELISPOT assay (P < 0.0001 vs saline).

the above findings and analysis, we designed an E2 DNA
vaccine by deleting the carboxyl-terminal hydrophobic
region after amino acid residue 661 and replacing HVR1
by a strong signal peptide sequence derived from tissue
plasminogen activator™. Indeed, we showed that the
engineered E2 protein was efficiently secreted into the
culture medium (Figure 1). In addition, in agreement
with previous studies™ the appatrent molecular masses
of the intracellular as well as secreted tE2 proteins are
larger than that calculated from the amino acid sequence
and the secreted tE2 proteins contain species of even
higher molecular mass than the intracellular tE2 protein,
suggesting that intracellular and extracellular E2 proteins
may have been modified by different glycosylation.

Intradermal injection of this E2 DNA vaccine
elicited strong E2-specific antibody responses in mice as
demonstrated by high IgG levels (Figure 2). IgG isotyping,
IFN-y ELISPOT, lymphocyte proliferation, and CTL
assays (Figures 2-4) indicated that both Thl lymphocyte
and cytotoxic T lymphocyte responses were induced by
E2 DNA vaccine. Interestingly, DNA vaccine alone or
DNA vaccine followed by an E2 protein formulated with
CpG ODN and 10% Emulsigen induced comparable
E2-specific IgG2a to 1gG1 ratios (Figure 2B) and CTL
responses (Figure 4). This is in agreement with the proven
roles of immuno-stimulatory CpG ODN in promoting
Th1 immune responsesw’sgmj. However, although DNA
prime and protein boost strategy induced a relatively
strong IFN-y response, the number of IFN-y secreting
cells in the splenocytes derived from mice immunized with
DNA prime and protein boost was significantly lower than
that of DNA vaccine group (Figure 3B).

DNA vaccines are often less effective in large model
animals and in humans than in mice”"?. Therefore, it is
critical to test the vaccine efficacy in an out-bred, large
animal model. Our piglet trial indicated that E2 DNA
vaccine induced E2-specific IgG titers (Figure 5A) that
were about 100-fold lower than those detected in mice
(Figure 2A). As for the type of vaccine-induced immune
response, E2 DNA vaccine induced a more balanced
response in piglets (Figure 5B), in contrast to a strongly

www.wjgnet.com

Thl-biased response in mice (Figure 2B). The effect
of protein boost injection in modulating the type of
the immune response was also different: while protein
boost had little effect in mice (Figure 2B), a shift towards
Th2 direction was detected in piglets (Figure 5B). Taken
together, while these results demonstrate that E2 vaccines
were also effective in inducing antigen-specific immune
responses in piglets, inter-species difference in immune
responses to different vaccine strategies requires further
investigation.

In conclusion, our results demonstrate that a DNA
vaccine expressing the secreted form of HCV E2 protein
induces E2-specific immune responses in mice and piglets.
An E2 protein vaccine formulated with CpG ODN and
10% Emulsigen further increases the antibody responses.
In addition, our results highlight the importance of testing
the magnitude and type of vaccine-induced immune
responses in multiple model species before primate ot
human trials ate initiated.
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Background
Hepatitis C is a devastating liver disease worldwide. Current interferon and
ribavirin therapy is far from satisfactory. An effective vaccine for hepatitis C is
urgently needed.

Research frontiers

To develop an effective vaccine for hepatitis C, a rational design based on the
understanding of the magnitude and the quality of the immune responses is
critical for a success. The application of appropriate adjuvants and vaccine
delivery means also play a major role.

Innovations and breakthroughs

The novelty of this article lies in the design of the HCV E2 vaccine, namely
the hypervariable region-1 was replaced by the signal peptide sequence of
the tissue plasminogen activator and the hydrophobic region at the carboxyl-
terminus was removed.

Applications

The HCV E2 DNA vaccine developed in this study should be further tested in
primate models with hepatitis C virus challenge to demonstrate protective activity
of the vaccine.

Peer review

HCV infection is a big burden worldwide. Numerous studies have evaluated
the potential of using E2 protein as a hepatitis C vaccine candidate through
different strategies, but the efficacy of E2 vaccines is less satisfactory in
inducing sterilizing immunity. It is interesting to investigate further improvement
of E2 vaccines by evaluating additional vaccination strategies. The authors
characterized the immunogenicity of a HCV E2 DNA vaccine alone or with a
protein vaccine boost in murine and porcine animal models. They found that this
E2 DNA vaccine elicited E2-specific inmune responses in mice and piglets and
recombinant E2 protein vaccination boosting significantly increased the antibody
response in piglets. The study is well designed and results are convincing. The
presentation and readability of the manuscript is satisfactory.
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