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We have recently demonstrated that immunization with hepatitis C
virus-like particles (HCV-LPs) generated in insect cells can elicit both
humoral and cellular immune responses in BALB�c mice. Here, we
evaluate the immunogenicity of HCV-LPs in HLA2.1 transgenic (AAD)
mice in comparison to DNA immunization. HCV-LP immunization
elicited a significantly stronger humoral immune response than DNA
immunization. HCV-LP-immunized mice also developed stronger
HCV-specific cellular immune responses than DNA-immunized mice
as determined by using quantitative enzyme-linked immunospot
(ELISpot) assay and intracellular cytokine staining. In BALB�c mice,
immunization with HCV-LPs resulted in a >5 log10 reduction in
vaccinia titer when challenged with a recombinant vaccinia express-
ing the HCV structural proteins (vvHCV.S), as compared to 1 log10

decrease in DNA immunization. In HLA2.1 transgenic mice, a 1–2 log10

reduction resulted from HCV-LP immunization, whereas no reduction
was seen from DNA immunization. Adoptive transfer of lymphocytes
from HCV-LP-immunized mice to naive mice provided protection
against vvHCV.S challenge, and this transferred immunity can be
abrogated by either CD4 or CD8 depletion. Our results suggest that
HCV-LPs can induce humoral and cellular immune responses that are
protective in a surrogate HCV challenge model and that a strong
cellular immunity provided by both CD4 and CD8 effector lympho-
cytes may be important for protection from HCV infection.

Hepatitis C virus (HCV) is a major causative agent of acute and
chronic hepatitis worldwide. Prospective studies have shown

that 75% of persons infected with HCV can progress to chronic
infection, and of the chronically infected 10–20% will develop
complications of chronic liver disease such as liver cirrhosis and
1–5% will develop hepatocellular carcinoma (1). Therapy has
exclusively used IFN-based regimens, which despite recent im-
provement in treatment response with ribavirin combination ther-
apy is effective in only �50% of infected persons (2, 3). To date,
there is no effective vaccine against HCV infection. Ab response,
which has been the linchpin of protective immunity in many viral
infections, does not appear to play a major role in viral clearance
during acute HCV infection or treatment of chronic hepatitis C (4,
5). However, the role of neutralizing Abs in protective immunity
against HCV infection is still uncertain (6), because appropriate
neutralization assays are lacking. Studies in humans and chimpan-
zees have indicated that failure to generate multispecific cellular
immune responses against HCV in the acute phase of infection is
associated with chronicity (7–9). Conversely, patients with strong
HCV-specific cytotoxic T lymphocyte (CTL) responses have lower
levels of viremia, and these responses correlate with recovery
(10–13). Therefore, an ideal HCV vaccine may need to induce
strong humoral responses against the envelope proteins and to
prime broad HCV-specific T helper and CTL responses.

Virus-like particles are attractive as a recombinant protein
vaccine because they mimic closely the properties of native virion.
We have reported the synthesis of HCV-like particles (HCV-LPs)
by using a recombinant baculovirus that contains the cDNA of the
HCV structural proteins (core�E1�E2). These HCV-LPs have
biophysical, ultrastructural, and antigenic properties similar to

those of the putative virions (14, 15). We recently reported that
BALB�c mice immunized with HCV-LPs generated strong and
broad humoral and cellular immune responses against HCV struc-
tural proteins (15, 16). Furthermore, HCV-LPs without p7 elicited
a Th1-biased cellular immunity in BALB�c mice (16). In this study,
we evaluated the immunogenicity of p7�HCV-LP in HLA2.1
transgenic (AAD) mice (17) and compared the immune responses
to those induced by DNA immunization. Because of the lack of a
convenient animal model for HCV infection, we tested the pro-
tective immunity induced by HCV-LP in a surrogate challenge
model with recombinant HCV-vaccinia. Here we present evidence
that immunization with HCV-LP protects against HCV-vaccinia
challenge in mice, and this immunity is probably mediated by both
CD4 and CD8 effector lymphocytes.

Materials and Methods
Production of HCV-LPs and HCV Structural Proteins. Construction of
recombinant baculovirus bvHCV.Sp7�, bvGUS, and recombinant
vaccinia virus (Western Reserve strain) containing the same com-
plementary DNA for the HCV structural proteins (vvHCV.S)
(genotype 1b J strain) as bvHCV.S have been described (14).
HCV-LPs were partially purified by sucrose gradient centrifugation
as described (14). Purification of E1�E2 from vvHCV.S-infected
BHK-21 cells and of core from a bacterial expression system has
been described (14, 15).

Plasmids for DNA Immunization. P7020.S expressing the core�E1�E2
polyprotein (amino acids 1–830) under the control of the cytomeg-
alovirus promoter was constructed by cloning the same HCV
cDNA from the bvHCV.S as described (18). Plasmid DNA was
purified by using an endotoxin-free plasmid extraction kit (Qiagen,
Valencia, CA) and dissolved in PBS at a concentration of 2 mg�ml.

Immunization and Challenge of Mice. Female BALB�c (H-2d) mice
6 to 8 wk old were purchased from Charles River Breeding
Laboratories. Female AAD mice expressing the transgene with the
�1 and �2 domains from the human HLA-A2.1 and the �3 domain
of murine H-2Dd in the C57BL�6 background (17) were obtained
from Victor Engelhard (University of Virginia, Charlottesville).
For HCV-LP immunization, AAD mice were immunized three
times at 3-wk intervals with 20 �g of p7�HCV-LP dissolved in 100
�l of PBS injected into the quadriceps muscles. For DNA immu-
nization, AAD mice were injected three times with 100 �g of the
plasmid DNA (p7020 control vector or p7020.S) into the quadriceps
muscles, which had been injected 3 days earlier with 0.25% bupiv-
acaine. For the challenge experiment, 1 � 107 plaque-forming units
(pfu) of vvHCV.S or vaccinia expressing �-galactosidase (vvLacZ)
was inoculated i.p. into immunized BALB�c or AAD mice 2 wk
after the last immunization. In both challenge experiments, the
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mice were killed 5 days after challenge (peak of vaccinia titer in
ovaries), and their ovaries were harvested. After freeze-thawing and
homogenization procedure, vaccinia titer was determined on
BSC-1 cells by plaque assay.

Anti-HCV Envelope Abs and Lymphoproliferative Assay. Blood sam-
ples obtained by retro-orbital puncture before and 2 wk after the
last immunization were analyzed for anti-HCV E1�E2 Abs by
ELISA as described (16). Unimmunized and preimmunized serum
samples were analyzed for background determination, and a signal-
to-noise ratio of 2 was used as the cut-off. Spleen cells from
immunized mice were cultured in triplicate by using 96-well round-
bottom plates at 2 � 105 cells per well in 200 �l of RPMI medium
1640 containing 10% heat-inactivated FCS, 2 mmol�liter L-
glutamine, 50 units�ml penicillin, and 50 �g�ml streptomycin. Cells
were stimulated with 5 �g�ml recombinant HCV core or E1�E2
proteins in triplicate. As negative controls, effector cells were
stimulated with medium alone. After stimulation for 5 days,
[3H]thymidine was added (1 �Ci per well; 1 �Ci � 37 kBq). Cells
were incubated for an additional 18 h and [3H]thymidine incorpo-
ration into DNA was measured after harvesting the plates. Lym-
phocyte stimulation index (SI) was calculated as the mean cpm
measured after antigen stimulation divided by the mean cpm of cells
incubated with medium alone, and a SI of �3 was considered as
positive. Splenocytes from unimmunized mice were analyzed as
controls, and they all showed a SI of �1.5.

Quantitative Enzyme-Linked Immunospot (ELISpot) Assay for IFN-�
and IL-4. The 96-well nitrocellulose-bottom plates (Millititer, Mil-
lipore) were coated with 100 �l of anti-IFN-� (R4–6A2) or
anti-IL-4 (BVD4–1D11) Abs (PharMingen) at 2 �g�ml in PBS and
incubated overnight at 4°C. After removal of unbound Abs by four
washings with PBS, plates were blocked for 1 h with 100 �l of 1%
enzyme-grade BSA in PBS. After washing with PBS, plates were
blocked for 1 h with 100 �l of complete T cell culture medium
(CTM) containing 5% FCS. Splenocytes (3 � 105 per well) were
incubated with antigen (core or E1�E2 protein at 1 �g�ml) in a
volume of 100 �l at 37°C, under a 5% CO2�95% air atmosphere.
All determinations were run in duplicate. After 30 h of incubation,
cells were removed by washing thoroughly with PBS containing
0.05% Tween 20. Biotinylated anti-IFN-� (XMG1.2) or anti-IL-4
(BVD6–24G2) Abs at 0.25 �g�ml (PharMingen) were added and
incubated overnight at 4°C. The wells were washed extensively in
PBS containing 0.05% Tween 20 and incubated for 2 h with 100 �l
of peroxidase-labeled streptavidin (Kirkegaard & Perry Laborato-
ries). Unbound Abs were removed by washing thoroughly with PBS
containing 0.05% Tween 20. Finally, 100 �l of a substrate solution
containing 5-bromo-4-chloro-3-indolyl phosphate and nitroblue
tetrazolium (Bio-Rad) was added and incubated until blue spots
appear (�30 min). The reaction was stopped by rinsing with
distilled water. Spots as counted by KS Elispot-Axioplan 2I (Zeiss)
are expressed as spot-forming units (SFUs) per 3 � 105 cells, and
�10 SFU was considered positive. Splenocytes from unimmunized
mice typically showed �5 SFU in the ELISpot assay.

CTL Assay and Intracellular Cytokine Staining (ICS). Splenocytes were
resuspended in CTM (RPMI medium 1640 containing 10% heat-
inactivated FCS, 2 mmol�liter L-glutamine, 50 units�ml penicillin,
50 �g�ml streptomycin) and 10% rat T-stim (Becton Dickinson).
Responder cells (3 � 107) in 5 ml of CTM with 10% rat T-stim were
cocultured with 10 �g�ml HCV core (amino acids 131–140,
ADLMGYIPLV) or E2 (amino acids 614–622, RLWHYPCTI)
peptide (18) in a six-well plate in a humidified incubator at 37°C, 5%
CO2. Five days after stimulation, cytolytic activity of in vitro-
stimulated CTLs was measured by using a 6-h assay with 51Cr-
labeled target cells. The cell line C1R-AAD cells expressing the
chimeric HLA-A2.1�H-2Dd molecules (17) were pulsed overnight
with 10 �g�ml core or E2 peptide and used as target cells. The

percentage of specific lysis was calculated as [(experiment release �
spontaneous release) � 100]�(maximum release � spontaneous
release). The maximum release was determined from supernatant
of target cells lysed by addition of 1% SDS. Percentage of specific
lysis was calculated by subtracting the background lysis against
CIR-AAD cells without peptide, and a specific lysis of �10% was
considered positive based on the results of splenocytes from
unimmunized mice, which showed specific lysis of �5%. For
intracellular cytokine staining, 5 ml of CTM containing 4 � 107

responder cells was cocultured with 10 �g�ml HCV core or E2
peptide in six-well plate in a humidified incubator at 37°C, 5% CO2.
Five days after incubation, cells were harvested and 2 � 106 cells
were cocultured with or without peptides (10 �g�ml HCV core or
E2 peptide) in a 96-well round-bottom plate in 200 �l of CTM for
2 h before addition of 10 �g�ml brefeldin A (Sigma). After an
additional 4-h incubation, cells were washed and stained with
FITC-anti-CD8 (PharMingen) at 4°C for 30 min. After washing, the
cells were fixed with 1% paraformaldehyde for 20 min at room
temperature. After washing, cells were stained with phycoerythrin
(PE)-conjugated anti-mouse IFN-� (PharMingen) in PBS contain-
ing 0.3% saponin (Calbiochem) overnight at 4°C. Cells were washed
and analyzed by fluorescence-activated cell sorter. The background
from lymphocytes cultured for 5 days with HCV core or E2 peptide
but no peptide during the ICS step was subtracted from each data.
Splenocytes from unimmunized mice typically showed �0.1%
IFN-��CD8� cells in the ICS assay.

Adoptive Transfer and Vaccinia Challenge. BALB�c mice were im-
munized three times at 3-wk intervals with HCV-LP as described
above. Suspensions of splenocytes from 10 animals were pooled.
After washing with PBS, CD4� or CD8� cells were depleted by
using Dynabeads (Dynal, Oslo). CD4- or CD8-depleted splenocytes
or whole splenocytes without depletion (3 � 107 cells) were
resuspended in 100 �l of PBS and injected into syngenic BALB�c
mice through the tail vein. Twenty-four hours after adoptive
transfer, the mice were challenged with 1 � 106 pfu of vvHCV.S by
i.p. injection. Mice were killed 4 days after challenge, and the
ovaries were harvested. For this experiment, a lower-dose inocu-
lation of vvHCV.S was used because adoptive transferred lympho-
cytes were expected to be less potent than those in direct vaccina-
tion. Ovaries were harvested on day 4 because vaccinia titer reaches
its peak 4 days after inoculation with 106 pfu of vvHCV.S.

Statistical Analysis. Comparison of the proliferative and CTL assays,
ICS, and ELISpot results between groups of mice was conducted by
using Student’s t test. The anti-E1�E2 titers and vaccinia titers were
log10 transformed and compared by using the Mann–Whitney U
test. All tests were two-tailed, and differences were considered
significant for P � 0.05.

Results
Humoral Immune Response. We previously reported that anti-
envelope Abs could be detected after the third immunization with
HCV-LP and steadily increased after each boost (16). Here, we
assessed the E1�E2-specific humoral immune responses by ELISA
in sera of HCV-LP-immunized AAD mice (n � 4), compared to
those in DNA-immunized mice (n � 4). Endpoint titration of sera
collected 2 wk after the third immunization indicated that all mice
developed anti-E1�E2 Abs with titers ranging from 800 to 25,600
in HCV-LP-immunized AAD mice. In contrast, the titers of
anti-E1�E2 in all DNA-immunized AAD mice were below 400
(Fig. 1).

CD4� Proliferative Response. To investigate the induction of T-
helper responses against the HCV structural proteins in AAD mice
immunized with either HCV-LP or DNA, splenocytes were har-
vested after the third immunization and stimulated with recombi-
nant HCV core or E1�E2 proteins. As shown in Fig. 2A using the
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cutoff SI of 3, HCV-LP immunization induced proliferative re-
sponse against both the core and E1�E2 proteins in all animals,
whereas DNA immunization induced proliferative response in
four�four animals against the E1�E2 but only in one�four animals
against the core protein. The mean SI was higher against the core
protein and lower against the E1�E2 in the HCV-LP-immunized
group than that of DNA-immunized group. To better quantitate
the above findings, we performed ELISpot assay for IFN-� and
IL-4. As shown in Fig. 2B, a weak response (seven IFN-� SFU�3 �
105 cells as the mean) against the core protein was detected in
HCV-LP-immunized mice, but not in DNA-immunized mice. In
contrast, IFN-�-positive spots against E1�E2 protein were detected
in all mice immunized with HCV-LP or DNA. The numbers of SFU
were not significantly different between HCV-LP- and DNA-
immunized mice. On the other hand, both immunized groups
exhibited IL-4-positive SFU against core or E1�E2 but there were
no significant differences in the number of IL-4-positive SFU
between the two groups (Fig. 2C).

CD8� CTL Response. To compare the CD8� CTL responses between
HCV-LP- and DNA-immunized AAD mice, we analyzed the
spleen cells for CTL activities after in vitro stimulation with
HLA-A2.1-restricted core or E2 peptide. All HCV-LP-immunized
mice exhibited cytotoxic activities against both core and E2 peptide-
pulsed target cells (Fig. 3A). In our previous studies in BALB�c
mice (16), CTL responses against E2 were much stronger than those
against core. However in AAD mice, CTL response against core
and E2 peptides were similar. DNA immunization also elicited CTL
responses against both peptides, although their responses tended to
be lower than those of HCV-LP-immunized mice. To examine the
CTL response more quantitatively, we performed ICS. As shown in
Fig. 3B, the percentage of HCV core-specific IFN-��CD8� cells in
HCV-LP-immunized mice was higher than that in DNA-
immunized mice. Similarly, the percentage of HCV-E2-specific
IFN-��CD8� cells was higher in HCV-LP-immunized mice than
that in DNA-immunized mice, although the E2-specific response
was in general lower than that of HCV-core-specific response.

Protective Immunity in a Surrogate Challenge Model. To assess the
biological relevance of the immunity induced by either vaccination
(HCV-LP or DNA), we performed challenge experiments in which
a recombinant vaccinia virus expressing HCV structural proteins

was inoculated into immunized BALB�c and AAD mice; vvLacZ
was used as a control challenge. To determine the growth curve of
vaccinia in vivo for the challenge experiment, we inoculated unim-

Fig. 1. Anti-E1�E2 titers in HCV-LP- or DNA-immunized AAD mice. The AAD
mice were immunized, and the serum was harvested and assayed 2 wk after the
last immunization for anti-E1�E2 as described in Materials and Methods. The
anti-E1�E2 titer by endpoint dilution in ELISA of each mouse is shown. Mean
values are expressed as geometric mean titers � SEM and shown as bars on the
left. Sera tested negative by ELISA were assigned an arbitrary titer of one-half of
the initial dilution of 100. The P value is shown above. These data are represen-
tative of three similar experiments.

Fig. 2. CD4 T helper responses in HCV-LP- or DNA-immunized AAD mice. AAD
mice were immunized, and splenocytes were harvested 2 wk after the last
immunization as described in Materials and Methods. (A) Proliferative response.
Splenocytes were stimulated in vitro for 5 days with 5 �g�ml recombinant HCV
core or E1�E2 proteins. Data from individual mice are shown, and the mean SI �
SEM is indicated as bar on the left. SI of �3 (dotted line) is considered positive.
IFN-� (B) and IL-4 (C) ELISpot assays of splenocytes after stimulation with recom-
binant HCV core or E1�E2 protein are shown. Spots from individual mice are
shown, and the mean � SEM is indicated as bar on the left. The P values are
shown. These data are representative of three similar experiments.
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munized BALB�c mice with vvHCV.S and vvLacZ at 106 or 107 pfu
per animal and harvested the ovary at various times for viral titering
(Fig. 4). The results showed similar growth curves for vvHCV.S and
vvLacZ with slightly higher titers in the vvHCV.S group. Mice
inoculated with 107 pfu had higher viral load, which peaked at about
day 5 after inoculation as compared to 106-pfu inoculation, which
seemed to peak slightly earlier at day 4. Similar growth curves were
seen in the AAD mice (not shown).

In HCV-LP-immunized BALB�c mice challenged with vvH-
CV.S, vaccinia viral titers were significantly reduced as compared
with those with vvLacZ challenge and control-immunized mice
with vvHCV.S challenge (Fig. 5). The reduction in mean viral titers
between HCV-LP and control mice was greater than log10 � 5.
Furthermore, five of the seven HCV-LP-immunized animals had
no detectable virus after challenge with vvHCV.S. Two animals in
this group also had several logs of reduction in viral titer as
compared with the control group (Fig. 5A). Interestingly, analysis
of the CTL activities in the HCV-LP-immunized mice challenged
with vvHCV.S demonstrated high activities (20–50% of specific
lysis) in mice with undetectable viral level but low activities (�10%
of specific lysis) in mice with detectable viral level, supporting the
importance of CTL-mediated immunity in this model. In compar-
ison, DNA immunization resulted in only 1 log reduction in mean
viral titer (Fig. 5B). We performed the same challenge experiment
in AAD mice. HCV-LP-immunized mice demonstrated a 1- to
2-log reduction in the mean viral titer, whereas no reduction was
seen in DNA-immunized mice after challenge with vvHCV.S
(Fig. 5C).

To determine the effector mechanisms of this induced immunity,
we performed an adoptive transfer experiment (Fig. 6). In this
experiment, BALB�c mice were used because of the strong pro-
tection induced by HCV-LP immunization against the vvHCV.S
challenge. After three immunizations with HCV-LP, splenocytes
were harvested, depleted of either CD4 or CD8 lymphocytes, and
adoptively transferred to syngenic naive BALB�c mice. Nonde-
pleted splenocytes were also transferred for comparison. The mice
were then challenged with vvHCV.S. The reduction of viral titer
after challenge was seen in the whole lymphocytes-transferred mice
(without CD4 or CD8 depletion), whereas none of the mice
adoptively transferred with CD4- or CD8-depleted lymphocytes
showed any significant protection from vaccinia virus challenge.
These results suggest that both HCV-specific CD4 and CD8 T
lymphocytes may be important for viral protection in this model. It
is possible that the CD4 or CD8 T cells from immunized mice may
provide partial protection, but given the modest protection by the
whole splenocytes (1- to 2-log reduction in vaccinia titer), one may

Fig. 3. CD8 CTL responses in HCV-LP- or DNA-immunized AAD mice. AAD mice
were immunized and splenocytes were harvested 2 wk after the last immuniza-
tion as described in Materials and Methods. (A) The cytotoxic activities (percent-
age specific lysis) of splenocytes against core or E2 peptide target are indicated at
an effector-to-target cell ratio of 30:1. Data from individual mice are shown, and
the mean percentage specific lysis � SEM is indicated as the bar on the left. (B)
Intracellular cytokine staining. Splenic lymphocytes were stimulated in vitro with
HCV CTL peptide (core or E2) and then analyzed for intracellular IFN-� staining.
Representative fluorescence-activated cell sorter flowgrams (10,000 events were
collected for counting) are shown in Upper (percentages of IFN-��CD8� cells are
shown in the right upper quadrants) and summary of percentages of IFN-�-
producing CD8� cells with means � SEM are shown in Lower. For background
determination, lymphocytes cultured for 5 days with HCV CTL core or E2 peptide
were stimulated without any peptide and assayed for ICS. Individual data are
shown after subtraction of the background. For both CTL and ICS assays, spleno-
cytes were stimulated with an irrelevant peptide (HBV core 18–27 peptide) as
control, and the results showed background activities (�5% specific lysis for CTL
and �0.2% for ICS). The P values are shown. These data are representative of
three similar experiments.

Fig. 4. Vaccinia growth curve in BALB�c mice. BALB�c mice were inoculated i.p.
with 106 or 107 pfu of vvHCV.S or vvLacZ in triplicate. The ovaries were harvested
at various times, and the mean vaccinia titers were determined and plotted.
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not be able to detect a partial effect. Therefore, the relative
importance of the CD4 and CD8 populations in the observed
protective immunity remains to be established.

Discussion
We previously reported the production of HCV-LP containing
HCV structural proteins (core�E1�E2) in insect cells by using a
baculoviral expression system (14). These noninfectious 40- to
50-nm HCV-LPs were able to elicit a strong humoral and cellular
immune response against HCV structural proteins (core�E1�
E2) in BALB�c mice (15, 16). We have also shown that
HCV-LPs generated from constructs with or without p7 are
indistinguishable with respect to morphologic and biophysical
properties, suggesting that p7 is not required for viral assembly
(15). Interestingly, the HCV-LP without p7 (p7�HCV-LP) was
shown to be more potent in inducing cellular immune responses
with a Th1 bias than HCV-LP with p7 (16). In this study, we
showed that the p7�HCV-LP can also induce both humoral and
cellular immunities in AAD mice. We also demonstrated that
immunization with HCV-LP protects against recombinant
HCV-vaccinia challenge in mice and this immunity may be
mediated by both CD4� and CD8� T lymphocytes. However
additional experiments, such as in knockout mouse models, are
needed to precisely define the role of CD4 and CD8 responses
in this observed protective immunity.

Several human studies have presented evidence that a strong
HCV-specific CD4� T cell response is associated with viral clear-
ance in acute hepatitis C (19–21) or chronic HCV infection
successfully treated with IFN (22–24). The importance of HCV-
specific CD4� T cells in viral control has also been demonstrated
in patients with HCV recurrence after loss of virus-specific CD4�

T cell response (24). In addition, HCV�HIV coinfection with low
numbers of CD4� T cells leads to high HCV RNA level. Therefore,
our findings that HCV-LP can induce proliferative responses
against core and E1�E2 proteins with robust production of IFN-�
are important. Similarly, CD8� T cells are also crucial in viral
clearance. Several clinical studies have shown an inverse correlation
between the strength of HCV-specific CTL activities and viral load
or clearance (10, 11, 25). In a chimpanzee study, viral clearance

Fig. 5. Vaccinia titers in immunized BALB�c mice challenged with vvHCV.S
or vvLacZ. Mice were killed 5 days after challenge. Vaccinia titers in ovaries
were determined. Data are shown for each mouse, and the mean vaccinia
titer � SEM is indicated. (A) Mice (six or seven per group) were immunized
with HCV-LP or control preparation and then challenged with vvHCV.S or
vvLacZ 2 wk after the third immunization. (B) Mice (three to five per group)
were immunized with p7020.S or p7020 (control vector) and then chal-
lenged with vvHCV.S or vvLacZ. (C) Vaccinia titers in immunized AAD mice
challenged with vvHCV.S or vvLacZ. Six mice per group were immunized
with HCV-LP, p7020.S, or control. Mice were killed, and vaccinia titers in
ovaries were determined. Data are shown for each mouse, and the mean
vaccinia titer � SEM is indicated. The P values are shown. These data are
representative of two similar experiments.

Fig. 6. Vaccinia titer in adoptive transferred BALB�c mice. Ten BALB�c mice
were immunized three times with HCV-LP. Two weeks after the third immuni-
zation, splenic lymphocytes were harvested and pooled. After washing with PBS
extensively, CD4 or CD8 cells were depleted. Cells (3 � 107) with or without
depletion were injected into syngenic naive BALB�c mice through the tail vein.
After adoptive transfer (24 h), the mice were challenged with 106 pfu of vvHCV.S
i.p.Micewerekilled4daysafterchallenge,andthenvacciniatiters inovarieswere
determined. Data are shown for each mouse, and the mean vaccinia titer � SEM
is indicated.ThePvaluesareshown.Thesedataarerepresentativeofthreesimilar
experiments.

Murata et al. PNAS � May 27, 2003 � vol. 100 � no. 11 � 6757

M
ED

IC
A

L
SC

IE
N

CE
S



during acute hepatitis C was more closely dependent on CD8� CTL
activities than Abs (12). Therefore, cellular immunity is likely
crucial for viral clearance and disease control in HCV infection.

One of the major advantages of virus-like particles (VLPs) is
their ability to induce CTL response, as has been shown for
papillomavirus, HIV, and hepatitis B virus VLPs (26–28). In
contrast to recombinant proteins that do not assemble into parti-
cles, VLPs can be processed by the major histocompatibility com-
plex class I pathway. In our study, we confirmed that HCV-LP
immunization elicited strong CTL responses and presented evi-
dence that the strength of HCV-specific CTLs may be important for
viral protection. Quantitative assays such as ICS revealed that
HCV-LP immunization elicited a more vigorous CD8� T cell
response against both core and E2 targets than did DNA immu-
nization. In addition, HCV-LP immunization induced a more
potent CD4� response toward the core protein (but not the
envelope protein) than did DNA immunization. These differences
may be the reason why immunization with HCV-LP conferred a
stronger protection against vvHCV.S challenge than did DNA
immunization. The observation that the protected mice demon-
strated stronger CTL activities than the less protected mice lends
further credence to this explanation. This study supports our
previous results and highlights the importance of considering not
only the magnitude but also the type of T cell response in designing
effective vaccines. Analyses of the cytokine profiles of HCV-
specific T cells revealed that persons displaying a Th1 profile
(antigen-dependent production of IL-2 and IFN-�) are more likely
to experience viral clearance (29–31). Our previous study showed
the induction of an IFN-�-producing Th1 response by p7�HCV-LP
immunization in BALB�c mice (16). Similarly in AAD mice, we
found by using the ELISpot assay that HCV-LP immunization

elicited predominantly IFN-�-producing lymphocytes against both
HCV recombinant protein and CTL peptides.

Finally, adoptive transfer experiments of lymphocytes from
HCV-LP-immunized mice supported that both CD4� and CD8� T
cells may be indispensable for viral protection in this surrogate
challenge model. It is understandable that the adoptively trans-
ferred mice exhibited less protection than the directly immunized
mice because of the quantity and experimental manipulation of the
adoptively transferred lymphocytes. In our HCV-LP immunization
studies, major differences in the quantity and quality of cellular
immune responses appeared to exist between BALB�c and AAD
mice. In addition, the degree of protection against vvHCV.S
challenge after HCV-LP immunization are rather disparate be-
tween the two strains. This disparity is most likely due to the
different genetic backgrounds, for the two strains have been shown
to exhibit divergent cytokine responses and susceptibility to various
infections (32–34).

Our studies have shown that immunization with HCV-LP is
superior to immunization with DNA and can induce broad and
vigorous humoral and cellular immune responses in a mouse model
expressing human HLA background. The HCV-vaccinia challenge
model, although valuable in demonstrating induction of certain
protective immunity, is a surrogate model and does not represent
natural infection. In addition, the mechanism for viral clearance of
vaccinia in mice is likely quite different from that of HCV in
humans. Immunization and challenge studies in chimpanzees
should allow us to address this issue. Regardless, based on our
studies, HCV-LP represents a promising vaccine candidate against
HCV infection.
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