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Abstract

Recent studies demonstrate that Th1-type immune responses against a broad spectrum of hepatitis
C virus (HCV) gene products are crucial to the resolution of acute HCV infection. We investigated
new vaccine approaches to augment the strength of HCV-specific Thl-type immune responses.
ELISPOT assay revealed that single or multiple protein immunization using both CpG ODN and
Montanide ISA 720 as adjuvants induced much stronger IFN-y-producing Th1 responses against
core, NS3 and NS5b targets than did the formulation without these adjuvants. Protein vaccination
using CpG ODN and Montanide ISA 720 as adjuvants also greatly enhanced humoral responses to
HCV core, E1/E2 and NS3. When specific 1gG isotypes were assayed, protein immunization using
CpG ODN and Montanide ISA 720 as adjuvants produced higher titers of 1gG2a dominant
antibodies than did protein immunization alone, indicating a more Th1-biasedpathway. This
increase in 1gG2a is consistent with the induction of Th1 cells secreting IFN-y demonstrated by
ELISPOT assay. In conclusion, protein immunization using CpG ODN and Montanide ISA 720 as
adjuvants greatly enhanced cellular (Th1 type) as well as humoral immune responses against HCV
in Balb/c mice. The use of adjuvants appears critical to the induction of Th1l immune responses
during HCV vaccination with recombinant proteins.
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1. Introduction

Hepatitis C virus (HCV), a positive strand RNA virus and a member of the flavivirus family,
is the prime causative agent for post-transfusion hepatitis and is possibly responsible for
over 80% of community-acquired hepatitis cases in this country [1-3]. Over 75% of HCV-
infected patients develop persistent infection that can ultimately progress to cirrhosis,
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hepatocellular carcinoma or end-stage liver disease [1-3]. Currently, the optimal treatment
for chronic HCV infection is the combination of pegylated IFN-a with ribavirin, but only
50% of treated patients have sustained benefit from antiviral therapy [4,5], emphasizing the
need for an effective prophylactic and therapeutic vaccine.

To date, no prophylactic or therapeutic vaccine has proven efficacy. Although antibodies to
HCYV are detected invariably following infection, humoral immunity, a key aspect of
protective immunity in most viral infections, may not play a critical role in viral clearance
and recovery from HCV infection [6], perhaps because HCV exists as a quasispecies capable
of the rapid emergence of antibody escape mutants [7]. The role of neutralizing antibodies in
protective immunity against HCV infection is still unclear. The recent establishment of a
transfection system producing HCV pseudoparticles has identified neutralizing antibodies,
primarily in patients with chronic infection [8-10]. Though these antibodies can be of high
titer and broad reactivity, they have not been associated with viral clearance. Nevertheless,
the availability of pseudotype assays and HCV replicating systems provide new tools to
develop and assess HCV vaccines [11,12]. Cellular immunity does appear to play an
important role in the virological outcome of acute infection and viral clearance correlates
with a strong Th1 type immune response [13-17]. A wide variety of vigorous CD4" T cell
responses persist for many years after viral clearance [16]. Analyses of the cytokine profiles
of HCV-specific T cells have revealed that persons displaying a Th1 profile (antigen-
dependent production of IL-2 and IFN-vy) are more likely to experience viral clearance
[15,18,19]. An effective vaccine may require multiple components to induce a strong Thl
immune response.

Our previous studies have shown that immunization with HCV nonstructural protein 3 (NS3)
using CpG ODN and liposome as adjuvants greatly enhanced cellular (Th1 type) as well as
humoral immune responses compared with DNA or protein immunization alone [20]. In this
report we describe a novel protein vaccine regimen using recombinant HCV structural and
nonstructural proteins in CpG ODN and Montanide ISA 720 adjuvant, and characterize the
immune responses elicited. Montanide ISA 720 is an oil adjuvant composed of a natural
metabolizable oil and a highly refined emulsifier from the manide monooleate family [21]. It
has been used as the adjuvant combined with HIV and malaria antigens in clinical trials and
has shown promise in promoting T cell responses [22,23]. CpG ODN signal through Toll-
like receptor 9 (TLR9) [24], inducing both maturation and activation of dendritic cells (DC)
and augmenting the production of proinflammatory cytokines [25]. This activation of the
innate immune response leads to the induction of specific antibody and Th1 immune
responses when CpG ODN are coadministered with protein antigen [20,26—29]. Our data
show that this regimen induces potent humoral and cellular (Th1 type) immune responses in
the murine model.

2. Materials and methods

2.1. Expression and purification of recombinant HCV core, E1IE2, NS3 and NS5b proteins

HCV core cpl-10 (aa 1-164) were expressed, purified and characterized as described
previously [30,31]. The endotoxin levels in purified proteins were less than 0.02 EU per ug
protein.
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HCV envelope proteins E1 and E2 complex (aa 165-746) were produced from a
baculovirus-insect cell expression system. Briefly, for the construction of recombinant
baculovirus containing HCV core, E1, and E2 genes, a procedure similar to that previously
described [32,33], was applied using Bac-To-Bac baculovirus expression systems
(Invitrogen Corp., Grand Island, NY). Plasmid pFastBac-HCV-S1 was generated by
inserting the HCV core, E1, and E2 genes encoding aa 1-746 (nt342-2579, HCV strain H of
genotype 1a) into the blunt-ended BamH 1 restriction enzyme site of pFastBacl plasmid
(Invitrogen Corp., Grand Island, NY). Selection of recombinant bacmid clones from
transformed DH10Bac competent cells by pFastBac-HCV-S1, and subsequent identification
and purification of recombinant baculovirus from transfected Spodoptera frugiperda Sf9
insect cells were performed according to the manufacture’s protocols. Characterization,
expression and purification of HCV E1 and E2 proteins in recombinant baculovirus infected
Sf9 insect cells were performed as described previously [32,33]. The endotoxin levels in
both E1 and E2 proteins are less than 10 EU per mg of protein.

The full-length HCV NS3 protein (aa 1027-1657) was produced in an £. coli expression
system. The construction of HCV NS3 expression vector in £. coli DH5,F’1Q cells, and the
expression and purification of recombinant HCV NS3 protein were described previously
[20,34,35]. The endotoxin levels in purified proteins were less than 0.02 EU per ug protein.

The full-length HCV NS5b protein (aa 2421-3011) was also produced in an £. coli
expression system. Briefly, full-length HCV NS5b gene encoding aa 2421-3011 (nt7602-
9374 plus TGA stop codon, HCV strain H of genotype 1a) was inserted into BamH 1
restriction enzyme site of pQE-11 plasmid (Qiagen Inc., Valencia, CA) and expressed in E.
coli DH5a.F’1Q cells. The expression and purification procedures for full-length HCV NS5b
protein were generally the same as for full-length HCV NS3 protein, with minor
modification. The endotoxin levels in purified proteins were less than 0.02 EU per ug
protein.

2.2. Preparation of CpG ODN emulsified in Montanide ISA 720

Immune-stimulatory CpG ODN (5’ -GACGTTGACGTTAGCGT-3"), designated as ‘CpG’ in
the text, or non-stimulatory GpC control (5"-GAGCTTGAGCTTAGGCT-3"), designated as
‘GpC control’ in the text, was synthesized with full phosphorothioate backbone by Key-
stone Lab (Camarillo, CA, USA) and emulsified with Montanide ISA 720 (SEPPIC, Paris,
France) at 7:3 (v/v) oil/aqueous phase ratio. The sequence design of CpG or GpC control
was based on the results of Jiao et al. [20].

2.3. Mice immunization

Female BALB/cByJ mice were purchased from The Jackson Laboratory (Bar Harbor, ME)
and maintained in approved animal care facilities during the experimental period and were
handled following the international guidelines required for experimentation with animals.
All animal study protocols were approved by NIH Clinical Center Animal Care and Use
Committee. Twelve protein immunization regimes were applied to mice in twelve groups
(each group n=15): 10 pg CpG; 50 pg CpG; 40 pg prot (no CpG); 40 pg prot + 50 ug GpC
control; 40 ug prot + 10 ug CpG; 40 ug prot + 50 pg CpG; 8 g prot + 10 ug CpG; 30 pg
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prot (no E1E2) + 50 pg CpG; 10 pg core + 10 pg CpG; 10 ug E1E2 + 10 pg CpG; 10 pg NS3
+ 10 ug CpG; 10 pg NS5b + 10 pg CpG. On week 0, the mice of all groups were injected
intramuscularly with 100 pl of the formulation which contained 0-40 pg of total HCV
protein and 0-50 pg CpG and 70% (by volume) Montanide ISA 720 into the tibialis anterior
muscle of both legs following 2% isoflurane inhalation anaesthesia. On week 8, mice were
bled through the retro-orbital plexus/sinus and serum samples were collected and kept at
—70 °C before assay. Then the mice were euthanized and spleens were collected for
lymphocyte isolation.

2.4. Assay of anti-HCV antibodies

Eight weeks after protein immunization, mice were bled and sera were kept at =70 °C before
assay. Anti-HCV 1gG was assayed by ELISA. MaxiSorp Nunc-Immuno plates were coated
with recombinant HCV core, NS3 or NS5b protein at 3 ug/ml in coating buffer (20 mM
NaHCO3/Na,CO3 pH 9.6, 0.15 M NaCl) and overcoated with 10% milk diluent (Kirkegaard
& Perry Laboratories, Gaithersburg, Maryland) in 1 x PBS. For testing anti-envelope
antibodies, a modification of a previously described method was used [36]. Briefly, ELISA
plates were coated with 4 pg/ml Galanthus nivalis lectin (GNL, vector) at 37 °C for 4 h and
then overcoated with 10% milk diluent in 1 x PBS, pH 7.4, for 2 h. HCV envelop proteins
were diluted in GNL buffer Q and captured on plates by incubation at room temperature
with constant shaking for 2 h. The tested sera were added at 100 pl per well in 5% milk
diluent in 1 x PBS containing 0.1% NP-40 with initial dilution of 1:100. Biotinylated goat
anti-mouse 1gGy (Kirkegaard & Perry Laboratories) and strepavidin-horseradish per-
oxidase (SA-HRP) (Kirkegaard & Perry Laboratories) were added sequentially. One
hundred microlitres per well TMB micro-well per-oxidase substrate was used to develop the
color and 100 ul per well peroxidase stop solution (Kirkegaard & Perry Laboratories) was
added to stop the reaction. Absorbance was read at 450 nm. The 1gG titre was determined by
end-point dilution. The IgG subtype was determined by the ELISA assay described above
except 1:1000 diluted biotinylated rat anti-mouse IgG1 or biotinylated rat anti-mouse 1gG2a
(both from BD Pharmingen) was used as second antibody. IgG1 and 1gG2a concentration
(ng/ml)was calibrated against a standard curve using purified mouse 1gG1x or 1gG2ax
(2.44-1250 ng, both from BD Pharmingen) as standards, respectively.

2.5. ELISPOT assay for IFN-y and IL-4

The ELISPOT assay was used to determine IFN-y and IL-4 secreting cells among the mice
spleen cells under the stimulation of recombinant HCV protein. Spleen cells from
immunized mice were separated by Ficoll-Paque (Amersham Biosciences, Sweden),
adjusted to 4 x 10° cells/ml, and then cultured with recombinant HCV core, E1E2, NS3 and
NS5b proteins at 6 pg/ml for 40 h. Ninety six-well filtration plates with 0.45 um surfactant-
free mixed cellulose ester membrane, type MAHAS4510 (Millipore Co., Bedford, MA),
were coated with purified anti-cytokine antibody (IFN-y or IL-4) at the concentration of 10
ug/ml in 20mM borate buffer (pH 8.4) and incubated overnight at room temperature. Then
the plates were overcoated with 5% BSA in 1 x PBS for 90min and 4 x 10° spleen cells in
100 pl volume were added to each well and incubated with antigen for 20 h at 37 °C in the
presence of 5% CO,, allowing for production and capture of released cytokines. All
determinations were run in quadruplicate. After incubation, cells were removed by washing
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six times with 1 x PBS containing 0.05% NP-40 and two times with distilled water. 1 pg/ml
biotinlabeled anti-cytokine monoclonal antibody was used as the capture antibody and
1:4000 diluted streptavidin-horseradish peroxidase was used for antibody detection. Finally,
optimal 4CN peroxidase substrate (Bio-Rad, Hercules, CA) was added and incubated for
20-30 min at room temperature to develop the spots. The reaction was stopped by washing
with distilled water. The spot-forming units (SFU) representing single cells were counted
automatically by ELISPOT reader (AID, Hallbergmoos, Germany) and expressed as SFU
per 4 x 10° spleencytes. The number of antigen-specific SFU per well was calculated by
subtracting its individual background value (buffer control well without antigen, typically
less than 5).

2.6. Statistical analysis

3. Results

Data were expressed as arithmetic means + standard error of means (mean + S.E.M.) or
geometric means (GM). Comparison of ELISPOT results between two groups of mice was
conducted by using ANOVA. The anti-HCV titers were compared by using the Mann-
Whitney Utest. All tests were two-tailed, and differences were considered significant for P
< 0.05.

3.1. Humoral immune responses induced by protein immunization

Four weeks after protein boost, the titer of anti-HCV core, E1/E2, NS3 and NS5b 1gG was
determined by endpoint dilution assay. The results are summarized in Table 1A and Fig. 1A-
D.

The geometric mean antibody titers of protein immunization with CpG (40 pg prot + 50 pg
CpG) were 5.3, 12.1, 5405.0 and 24.3 fold higher than protein immunization without CpG
for core (P=NS), E1IE2 (P< 0.01), NS3 (P< 0.01), and NS5b (P < 0.01), respectively
(Table 1A) and 5.3, 10.6, 128.0 and 3.5 fold higher than protein immunization with GpC
control for core (P=0.06), EIE2 (P< 0.01), NS3 (P< 0.01), and NS5b (P < 0.05),
respectively (Table 1A). Protein immunization with a smaller CpG dosage (40 ug prot + 10
ng CpG) was 28 fold less effective than CpG dose of 50 pg for NS3 (P < 0.01) but not
significantly different for core, ELIE2 and NS5b. Immunization with both a smaller protein
and CpG dosage (8 g prot + 10 ug CpG) was 2-8 fold less effective than 40 pug prot + 50 g
CpG for each of the proteins but only significant for NS3 (P < 0.01) and NS5b (£ < 0.05)
(Table 1A).

When protein immunization with E1E2 (40 pg prot + 50 ug CpG) was compared with
protein immunization without E1E2 [30 ug prot (no E1E2) + 50 pug CpG], no significant
differences were found in humoral responses against NS3 and NS5b. However, in the
absence of E1E2 a significantly stronger humoral response against core (310,419 vs. 19,401,
P=0.03) was observed, suggesting that HCV E1E2, an HCV structural protein, might play
an inhibitory role in the induction of HCV core-specific humoral response.

When multi-protein immunization (40 ug prot + 50 ug CpG) was compared with single
protein immunization (10 pg core + 10 pug CpG, 10 ug E1E2 + 10 pg CpG, 10 pg NS3 + 10
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ug CpG or 10 pug NS5b + 10 pug CpG), no significant differences were found in humoral
responses against EIE2, NS3 and NS5h. However, HCV core protein immunization (10 ug
core + 10 pug CpG) induced a significantly stronger humoral response against core than
multi-protein immunization (40 ug prot + 50 ug CpG) (356,578 vs. 19,401, £< 0.01), which
also suggests an inhibitory role of HCV E1EZ2 in the induction of anti-core humoral immune
responses.

3.2. Isotype analysis anti-HCV antibodies induced by protein immunization

Eight weeks after protein boost, the titers of anti-HCV core, E1/E2, NS3 and NS5b 1gG1 or
IgG2a were determined by endpoint dilution assay. The results are expressed as the
geometric means and ratios of 1gG2a (Th1 type) to IgG1 (Th2 type) are summarized in
Table 1B.

Protein immunization with CpG [40 ug prot + 50 ug or 10 ug CpG, 8 ug prot + 10 pg CpG,
30 g prot (no E1E2) + 50 ug CpG] induced high levels of both IgG1 and 1gG2a for core,
E1/E2, and NS3 antigens. The 1gG2a/lgG1 ratios involving these active CpG formulations
ranged from 2.17 to 43.04 for core, 2.46 to 4.59 for E1/E2, 4.18 to 9.79 for NS3 and 2.04 to
6.42 for NS5b antigens (Table 1B), indicating that the predominant IgG isotype was 1gG2a
and the immune response was Thl-biased for all HCV antigens administered in active CpG
formulations.

Protein immunization either without CpG [40 ug prot (no CpG)] or with GpC control (40 pg
prot + 50 pg GpC control) induced lower levels of both IgG1 and IgG2a for core, NS3 and
NS5b antigens. The 1gG2a/lgG1 ratio ranged from 0.26 to 3.02 for core, 0.16 to 0.46 for
E1/E2, 0.10 to 0.64 for NS3 and 0.32 to 0.35 for NS5b antigens (Table 1B), indicating that
the predominant 1gG isotype for these formulations was 1gG1 and that the immune response
was Th2-biased for all HCV antigens administered without CpG or with GpC control.

3.3. Induction of strong, broad-spectrum HCV-specific CD4* Thl-type immune responses
by protein immunization

To determine the immune response in immunized mice, spleen cells secreting either Thl
cytokines (IFN-vy), or Th2 type cytokines (IL-4), were detected after stimulation with
recombinant HCV structural and nonstructural proteins. The results of the cytokine profile
of T helper cells are shown in Fig. 2A—C. The ratios of IFN-y SFU to IL-4 SFU (IFN-y/
IL-4) are summarized in Tables 2A-2C.

Protein immunization with CpG [40 ug prot + 50 pug CpG, 30 ug prot (no E1E2) + 50 pg
CpG, 10 pg prot (core, NS3 or NS5b) + 10 pg CpG] induced much higher levels of IFN-y
than IL-4 for core, NS3 and NS5b antigens (Fig. 2A-C). The IFN-y/IL-4 ratio ranged from
4.22 to 8.09 for core, 4.44 to 8.56 for NS3 and 8.47 to 17.72 for NS5b, respectively (Tables
2A-2C), indicating that the immune response was Th1-biased for all the HCV antigens
measured.

Protein immunization without CpG [40 ug prot (no CpG)] or with GpC control (40 pg prot
+ 50 pg GpC control) induced much lower levels of both IFN-y and IL-4 (Fig. 2A-C). The
IFN-y/IL-4 ratio rangedfrom1.03 to 1.87 for core, 0.94 to 1.26 forNS3and 1.50 to 2.00 for
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NS5b, respectively (Tables 2A-2C), indicating that the immune responses were only
marginally Th1l-biased for all the HCV antigens measured.

The number of IFN-y SFU following protein immunization with CpG (40 pg prot + 50 g
CpG) was significantly higher than that without CpG [40 g prot (no CpG)] for NS3 (55.90
+13.80 vs. 7.80 + 3.02, £< 0.001) and NS5b (87.85 + 13.78 vs. 28.25 + 8.14, £< 0.01),
respectively (Fig. 2A-C) and also significantly higher than that of protein immunization
with GpC control (Fig. 2A-C), indicating that protein immunization with CpG has the
ability to switch the immune response against HCV NS3 and NS5b from the Th2 to the Thl
pathway.

When protein immunization with E1E2 (40 pg prot + 50 ug CpG) was compared with that of
without E1E2, no significant differences of the number of IFN-y SFU were found for NS3
and NS5h. However the number of IFN-y SFU after protein immunization without E1E2
was significantly higher than that of protein immunization with ELE2 for core (49.15 + 3.47
vs. 27.20 £ 6.64, P< 0.01), suggesting that HCV E1E2 might play an inhibitory role in the
induction of HCV core-specific cellular immune responses (Fig. 2A-C).

When multiple protein immunization (40 pg prot + 50 pg CpG) was compared with single
protein immunization (10 pg NS3 + 10 pg CpG or 10 ug NS5b + 10 pg CpG), no significant
differences of the number of IFN-y SFU were found for NS3 and NS5b. However the
number of IFN-y SFU of core protein immunization (10 pg core + 10 pg CpG) was
significantly higher than that of multiple protein immunization (40 ug prot + 50 ug CpG)
(52.45 £ 453 vs. 27.20 + 6.64, < 0.01), also suggesting that HCV E1E2 might play an
inhibitory role in the induction of HCV core-specific cellular responses (Fig. 2A-C).

4. Discussion

In this report we have demonstrated that vaccination of mice with a single or multiple HCV
recombinant protein(s) with CpG ODN + Montanide ISA 720 as adjuvants, elicits robust
antigen-specific humoral, and Th1 CD4* T cell responses, and is superior to the formulation
without CpG. Protein vaccination using CpG ODN and Montanide ISA 720 as adjuvants
also greatly enhanced humoral responses to HCV core, E1/E2 and NS3. When specific 1gG
isotypes were assayed, protein immunization produced higher titers of IgG2a dominant
antibodies than did protein immunization without CpG, indicating amore Thl-
biasedpathway.Moreover, our results also show that this multi-protein immunization with
CpG ODN plus Montanide ISA 720 as adjuvants (40 pg prot + 50 pug CpG) induces immune
responses to each HCV protein equal to that achieved when these proteins plus adjuvants
were given individually.

Several studies in humans have shown that clearance of acute HCV infection is associated
with a strong HCV-specific CD4* T cell response, and that absence or loss of this response
was associated with viral persistence or recurrence [13,14]. Analyses of the cytokine profiles
of HCV-specific T cells have revealed that persons displaying a Th1 profile (antigen-
dependent production of IL-2 and IFN-vy) are more likely to experience viral clearance [13—
18]. These results suggest that the intensity of cellular immunity in the early stage of
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infection is a critical factor in reducing the frequency of chronic infection. Therefore, it is
critical that a vaccine strategy induces a strong and broad spectrum of HCV-specific Thl-
type immune responses with the robust production of IFN-y.

The ability to induce strong Th1 immune responses in the current study depends on both the
immunomodulatory effects of CpG ODN and the ability of Montanide ISA 720 to co-deliver
the antigen and immunomaodulator to the same cells. Unlike other commercially available oil
adjuvants, Montanide ISA 720 is composed of animal metabolizable oil and thus it is
thought to be less reactogenic in humans and when used as the adjuvant in clinical trials of
malaria and HIV vaccines has shown promise in promoting T cell responses [22,23].
Montanide ISA 720 exerts adjuvant effects by several mechanisms including the slow
release of antigen, recruitment and stimulation of antigen presenting cells, and diffusion of
oil droplets to draining lymph nodes [21]. We propose that Montanide ISA 720 can associate
with the negatively charged protein antigen through the positively charged polar head of
cationic lipids, and subsequently enhance the interaction with the negatively charged cellular
membrane. The immunostimulatory activity of CpG ODN requires binding to a cell receptor
belonging to the Toll-like receptor family, TLR9 [24], followed by cellular uptake by
endocytosis [37]. It has also been reported that CpG can direct tagged antigen specifically to
dendritic cells [38]. CpG ODN carries net negative electric charges and has a strong
electrostatic attraction to the membrane surface of cationic Montanide ISA 720. This
formulation provides a mechanism for rHCV-M720-CpG specifically binding to dendritic
cells. CpG ODN:Ss then signal through Toll-like receptor 9 [24], inducing both maturation and
activation of dendritic cells (DC), augmenting the production of proinflammatory cytokines
[25]. This activation of the innate immune response leads to the induction of specific
antibody and Th1 cellular immune responses [20,26-29]. In this study, a strong and optimal
HCV-specific humoral and cellular immune responses were elicited by immunization with
multiple rHCV protein plus CpG and Montanide ISA 720 as compared to formulations
without CpG or with GpC control. These results also indicate a synergistic effect between
CpG ODN and M720 in the induction of HCV-specific Thl-biased CD4* T cell responses.

In this study, protein vaccination using CpG and Montanide as adjuvants also dramatically
enhanced humoral responses to recombinant proteins. The ability of CpG ODN to enhance
humoral responses has been shown previously in primates [39,40] and humans [41] as well
as mice [42], and has been reinforced in this study where vaccination was primarily geared
to induce strong T-cell responses. When specific 1gG isotypes were assayed, mice
immunized with single or multiple HCV recombinant protein(s) with Montanide ISA 720 +
CpG produced high titers of IgG2a dominant Ab and a high 1gG2a/IgG1 ratio, suggesting a
Th1 pathway, while mice immunized with the formulation without CpG produced lowlgG2a
and IgG1Aband a lowlgG2a/lgG1 ratio, suggesting a less Thl-biased pathway. Our results
also show that multiple protein vaccination with CpG and Montanide as adjuvants leads to
IgG2a-dominant humoral immune responses equivalent to that achieved by single protein
immunization using the same adjuvants.

Our data also revealed that HCV E1E2, an HCV structural protein, might play an inhibitory
role in the induction of HCV core-specific humoral and cellular response. When protein
immunization with E1E2 (40 pg prot + 50 pg CpG) was compared with protein
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immunization without ELE2, no significant differences were found in humoral or cellular
immune responses against NS3 and NS5b; however, a significantly stronger humoral and
cellular immune response against HCV core was observed in the absence of E1IE2 (P<
0.05), suggesting that HCV E1E2, envelope proteins, might play an inhibitory role in the
induction of HCV core-specific humoral and cellular immune responses. It has been also
reported that E1 envelope protein can be precipitated by anti-core antibody in the presence
of core proteins suggesting that the E1 envelope protein physically interacts with the core
protein [43].

In summary, our studies have shown that protein vaccination using CpG and Montanide as
adjuvants is superior to protein immunization without CpG and that this combination can
induce broad and vigorous HCV-specific humoral and cellular (Th1 type)immune responses
in BALB/c mice. The ability to switch the immune response pathway depends on both the
immunomodulatory effects of CpG oligonuleotides and the ability of Montanide ISA 720 to
co-deliver the antigen and immunomodulator to the same cells. This study expands our
earlier work to examine the effect of CpG and cationic lipid formulation on the
immunogenecity of recombinant HCV antigens. Immune modulation through multi-antigen
vaccination combined with protein plus adjuvants could be utilized either for primary
immunization in a prophylactic HCV strategy or for secondary immunization in the
treatment of chronic HCV infection in combination with anti-viral therapy. A study of the
efficacy of this vaccine strategy in primates is now required to test the validity of these
encouraging results observed in the murine model.
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Fig. 1.

In?juction of HCV-specific humoral response by protein immunization with CpG adjuvant or
GpC control adjuvant. The effect of protein and adjuvant dose is evaluated as well as the
inhibitory effect of ELE2 on response to HCV core protein. Twelve protein immunization
regimes were applied to mice in twelve groups (7= 5). Protein immunization consisted of 10
ug each of HCV core, E1E2, NS3 and NS5h. Eight weeks after protein immunization, mice
were bled and sera were kept at =70 °C before assay. Anti-HCV 1gG was assayed by ELISA.
The recombinant HCV core (A), ELE2 (B), NS3 (C) or NS5b (D) protein were coated at 3
ug/ml in 96-well plates. The tested sera were serially diluted and applied to the plates.
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ELISA assay for anti-HCV IgG was performed as described in detail in Section 2.
Absorbance was read at 450 nm. The IgG titre was determined by end-point dilution. The
results were expressed as geometric means (GM). Comparison of ELISA results between
two groups was conducted by using Mann-Whitney U'test. Significant P values between
groups vaccinated with different regimes are indicated. *£< 0.05 vs. 40 ug prot + 50 ug
CpG; **P<0.01 vs. 40 pug prot + 50 pug CpG. Data not shown for groups immunized with 10
ug CpG and 50 pg CpG, respectively.
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Induction of HCV-specific Th1-type immune response by protein immunization. Twelve
protein immunization regimes were applied to mice in twelve groups (77 =5, data not shown
for 10 pg CpG, 40 pg prot + 10 pg CpG and 8 pg prot + 10 pg CpG). On week 8, mice from
all groups were sacrificed and splenocytes were cultured with recombinant HCV NS5b (A),
NS3 (B), and core (C) at 6 pg/ml for 40 h. Then 4 x 10° spleen cells in 100 pl volume were
added to each well and incubated with antigen for 20 h. ELISPOT assay for IFN-y and IL-4
were performed as described in detail in Section 2. The number of spot-forming units (SFU)
was counted per four hundred thousand cells and the results were expressed as mean +
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S.E.M. Comparison of ELISPOT results between two groups of mice was conducted by
using ANOVA. Significant Pvalues between groups vaccinated with different regimens are
indicated.
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