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Vectors expressing the first 58 amino acids of the hepatitis C virus (HCV) nucleocapsid alone or as a fusion
protein with the middle (pre-S2 and S) or major (S) surface antigens of hepatitis B virus (HBV) were
constructed. Intramuscular immunization of BALB/c mice with the chimeric constructs in the form of naked
DNA elicited humoral responses to antigens from both viruses within 2 to 6 weeks postinjection. No anti-HCV
responses were obtained in mice immunized with the vector expressing the HCV sequence in the nonfusion
context. Sera from chimera-injected mice specifically recognized both HCV capsid and HBV surface antigens
in enzyme-linked immunosorbent assay and immunoblot testing. Anti-HCV serum titers formed plateaus of
approximately 1:3,000; these remained stable until the end of the study (18 weeks postinfection). Anti-HBV
immune responses were found to be lower in the chimera-injected animals (<200 mIU/ml) than in those
immunized with the native HBV vector (>2,000 mIU/ml). This is the first report of the use of DNA-based
immunization for the generation of immune responses to an HCV protein. In addition, these findings show that
it is possible to elicit responses to viral epitopes from two distinct viruses via DNA immunization with chimeric
vectors.

Hepatitis C virus (HCV) has been shown to be the major
cause of parenterally acquired viral non-A, non-B hepatitis (1).
In most cases, the virus causes a persistent infection, and pre-
vious studies clearly indicate an association between chronic
infection with HCV and the development of chronic liver dis-
eases, cirrhosis, and hepatocellular carcinoma (20, 33, 38). The
prevalence of the virus throughout the world varies between
0.4 and 2%, although levels as high as 10 to 20% have been
reported in Egypt (15). Improvements in diagnostic techniques
for the detection of HCV antibodies (Abs) have reduced the
risk of infection through contaminated blood products. How-
ever, community-acquired infection is still common, particu-
larly in high-risk groups, with a significant proportion of cases
in the United States associated with no known risk factors (1).
Therefore, a vaccine to protect against infection by HCV re-
mains necessary.
The genome of HCV (9.5 kb; positive-strand RNA), similar

in organization to those of the flavi- and pestivirus groups, is
expressed as a single polypeptide from a long open reading
frame, which is subsequently cleaved by viral and cellular pro-
teases. The structural proteins consist of the core, forming the
nucleocapsid, and at least two glycosylated envelope proteins,
E1 and E2 (5, 16). The sequence of the viral envelope exhibits
both genotype and subtype variation at the amino acid level
(17), with the presence of a hypervariable region in the E2
domain (31, 32, 46). This region, which contains linear Ab-
binding epitopes, appears to be a target for human immune
responses and has been suggested as a possible site through
which the selection of immune escape mutants can occur (47).
By contrast, the nucleocapsid is well conserved between gen-

otypes (3, 18), and both cytotoxic T-lymphocyte (CTL) and
B-cell determinants have been mapped to this antigen (2, 21,
22, 30, 42). CTL generated against internal viral antigens are
thought to be important for an effective immune response and
can lead to cross-protection against different viral strains. Pro-
tective immunity has been successfully induced in animals by
using the nucleoprotein of hepatitis B virus (HBV) (19, 29) and
rabies virus (11), suggesting that the HCV nucleocapsid could
also be used as an effective vaccine antigen.
Traditional methods of protection against biological agents

have relied on attenuated or killed vaccines presenting viral
proteins directly to the immune system as particles or recom-
binant antigens. Such vaccines can have limitations, particu-
larly in the generation of CTL responses. Recently, immuni-
zation techniques in which naked DNA encoding specific
antigens is introduced directly into mammalian tissue have
been developed (48). Because of in vivo expression of the
immunogen, such gene inoculations can lead to the presenta-
tion of antigens in a more natural form, thereby mimicking that
observed during the viral infection. This technique has been
used to elicit immune responses in animals against several viral
agents, including human immunodeficiency virus (44, 45), bo-
vine herpes virus 1 (6), and HBV (8, 25). Importantly, DNA
immunization with vectors expressing the nucleocapsid (36, 43)
and hemagglutinin (14, 37) genes of influenza virus or glyco-
protein of rabies virus (49) have been shown to be protective in
mice.
The aim of this study was to compare different vectors for

the presentation of the HCV nucleocapsid in the generation of
immune responses by using DNA-based immunization. We
used a system expressing the HCV nucleocapsid alone or as a
fusion with the HBV surface proteins (HBsAg); these con-
structs have been previously shown to be effective for the
presentation of foreign epitopes in immunization using in
vitro-produced particles (10, 27). In addition, naked DNA en-
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coding HBsAg has been shown to elicit high humoral and
CTL responses when used to immunize mice intramuscularly
(7, 9).
For the purpose of this study, we constructed vectors ex-

pressing the first 58 amino acids (aa) of the HCV nucleocapsid
alone or fused to the pre-S2 and/or S genes of HBV. This
region contains the major human B-cell determinants of the
capsid protein (30) as well as human CTL epitopes (2, 22) and
contains no internal ATG codons which would interfere with
the expression of the HBV proteins in the fusion contexts. We
report here the use of chimeric expression vectors for the
successful generation of immune responses to a portion of the
capsid of HCV which, when expressed in a nonfusion context,
elicited no HCV-specific Abs. We also demonstrate that it is
possible to generate immune responses to antigens from two
distinct viruses, namely, the HBsAg and the HCV nucleocap-
sid, via intramuscular injection of naked DNA.
Construction of expression vectors. Throughout this report,

the term ‘‘chimeric vectors’’ is used to describe constructs
expressing determinants from both HBV and HCV, and ‘‘non-
chimeric’’ refers to those expressing proteins from either HBV
or HCV. All vector constructions and analyses were carried out
by using standard techniques (39).
Nonchimeric vectors pC2N, expressing aa 1 to 58 of the

HCV nucleocapsid, and pCMVS2.S (25), expressing the major
(S) and middle (pre-S2 and S) proteins of HBV (Fig. 1A and
B, respectively), were used to assess the effects of the fusion
context on the presentation of determinants from both vi-
ruses. Chimeric vectors which expressed the first 58 aa of the
HCV capsid as a fusion with the HBV surface proteins under
the control of the cytomegalovirus promoter were constructed.
The first chimera (pS2.S.C2N; Fig. 1C) expressed the capsid
at the amino terminus of pre-S2. In this context, there were
15 nucleotides (nt) of pre-S2 upstream of the HCV se-
quence, encoding 5 aa including the initiator methionine.
The second chimera (pS2.Sdelta.C2N; Fig. 1D), in which most
of the pre-S2 region was replaced by the HCV sequence,
contained the same 15 nt upstream of the capsid but only
27 nt, encoding 9 aa, of pre-S2 39 terminal. The two chimeric

vectors expressed identical HCV capsid protein sequences
as fusions with either the pre-S2 and S proteins (pS2.S.C2N)
or S alone (pS2.Sdelta.C2N). The pre-S2 region was re-
moved in the pS2.Sdelta.C2N construct to determine wheth-
er this strongly immunogenic domain had any masking ef-
fect on the HCV capsid immune response. Equally efficient
expression of fusion and nonfusion proteins from all vec-
tors was confirmed by in vitro translation using the Pro-
mega TNT T7 coupled reticulocyte lysate system (data not
shown).
Cellular expression of HBV and HCV proteins. The distri-

bution of both HBV and HCV proteins in transfected cells was
analyzed by immunostaining. Diet cells, a mouse hepatocyte
cell line transformed with the simian virus 40 large T antigen
and containing unexpressed HBV sequences (a gift from C.
Pourcel [34]), were maintained as monolayers in Dulbecco’s
modified Eagle medium supplemented with 10% fetal calf
serum. Petri dishes (100-mm diameter) were seeded with 106

cells 24 h before transfection with 20 mg of DNA, using a
calcium phosphate transfection system (Gibco BRL), and an-
alyzed for specific antigen expression at 48 h posttransfection.
Cells were fixed with 2% formaldehyde–phosphate-buffered
saline (PBS) and permeabilized with 1% Triton–10% su-
crose–1% fetal calf serum in PBS. Expression of proteins
was detected by double labelling of cells with an anti-HCV
capsid mouse monoclonal antibody (a gift from M. Jolivet,
BioMerieux, Marcy l’Etoile, France) and an anti-HBsAg
rabbit polyclonal Ab (Behring). Tetramethyl rhodamine iso-
thiocyanate and fluorescein isothiocyanate anti-mouse im-
munoglobulin (Ig) and anti-rabbit Ig conjugates were used
as secondary antibodies.
Despite the efficient expression of the HCV capsid from

pC2N in vitro, no cellular staining of the antigen was observed
in transfected cells, although control experiments using a
chloramphenicol acetyltransferase-expressing vector (pCAT;
Invitrogen Corp.) confirmed successful transfection (data not
shown). This finding suggested that the HCV transcript or
protein was unstable within the cellular environment. By con-

FIG. 1. Expression vectors for HBV and HCV antigens. pC2N (A) expresses the first 58 aa of the HCV nucleocapsid. The nucleotide sequence was cloned from
a vector encoding nt 1 to 5404 of the HCV genome (H strain), conserving the native capsid ATG and translation initiation context. pCMVS2.S (B) expresses the pre-S2
and S antigens from the two in-frame ATG codons. The segment encompassing nt 341 to 514 (aa 2 to 58) of the HCV nucleocapsid was cloned by PCR amplifica-
tion from the same plasmid used to make pC2N into the EcoRI or the EcoRI and XhoI sites of pCMVS2.S to create the chimeric vectors pS2.S.C2N (C) and
pS2.Sdelta.C2N (D).
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trast, both HBsAg and HCV capsid proteins were detected in
cells transfected with pS2.S.C2N and pS2.Sdelta.C2N (Fig. 2A
to D). The use of the two conjugates demonstrated that these
proteins were expressed in the same cells and showed identical
localization, suggestive of the presence of a fusion protein.
This possibility was further confirmed by immunoblotting of
cell lysates with an anti-HCV capsid Ab which detected
polypeptides of the expected sizes in the glycosylated and non-
glycosylated forms, indicating that the HCV capsid sequence
does not affect the glycosylation of the HBV proteins in these
fusions (data not shown).
Strong expression of HBsAg was observed in the cytoplasm

of cells transfected with the vector pCMVS2.S (Fig. 2F). These
cells were negative for HCV capsid expression (Fig. 2E). No
fluorescence signals were observed when preimmune rabbit
serum was used as the primary antibody (Fig. 2G) or in cells
transfected with the vector pcDNA3 (Fig. 2H).
Comparisons between cells transfected with the chimeric

and native vectors showed a difference in the fluorescence
patterns obtained for HBsAg. The signal in cells expressing
this protein alone (Fig. 2F) was more diffuse than that ob-
served for the fusion proteins (Fig. 2B and D), in which the
antigen appeared more punctate and showed a greater associ-
ation with the cellular membranes. Some nuclear localization
of the fusion proteins was also observed, suggesting an effect of
the HCV capsid sequence on the distribution of the HBsAg in
the transfected cells.
Cytoplasmic patterns and nuclear staining similar to those

reported here have been previously observed in cells express-
ing the capsid alone (23, 40). Several potential nuclear local-
ization signals have been identified within the capsid (40), one
of which (aa 38 to 43) is contained within the capsid sequence
included in our chimeric vectors. Such a signal could contrib-
ute to the redistribution of antigens within the cells, thereby
affecting their secretion or presentation.
The presence of fusion proteins carrying the HCV determi-

nant was demonstrated in the culture supernatant of cells
transfected with the chimeric vectors by using an HCV capsid
capture enzyme-linked immunsorbent assay (ELISA) using an-
ticapsid monoclonal Ab-coated plates and an anti-HBsAg
polyclonal Ab to detect captured protein (data not shown).
Analyses using a commercial ELISA employing a mixture of
anti-HBsAg monoclonal Abs (MONOLISA AgHBs; Diagnos-
tic Pasteur, Marnes-la-Coquette, France) detected secreted
HBsAg in culture supernatants of cells transfected with the
vectors pS2.S.C2N and pS2.Sdelta.C2N, although at reduced
concentrations and at later time points compared with
pCMVS2.S. Analysis of equivalent cellular extracts indicated
similar differences in HBsAg concentrations within the cells
(data not shown). These observations strongly suggest an effect
of the HCV capsid on the HBV antigens possibly altering the
presentation of these proteins such that they are no longer
recognized by the monoclonal Abs used in the detection assay.
Seroconversion to virus-specific Abs in DNA-immunized

mice. All DNA preparations were generated by using Qiagen
purification columns (Diagen, Hilden, Germany). Vectors
were injected into the tibialis anterior muscles of 9- to 12-
week-old male BALB/c mice (Charles River, Saint-Aubin-lès-
Elbeuf, France) as described by Davis et al. (8). Half of the

immunized mice were given three additional injections of
DNA at 2-week intervals. Mice anesthetized with sodium pen-
tobarbital (0.1 ml of a 0.75% [wt/vol] solution in 0.9% [wt/vol]
physiological saline per 10 g of body weight) were bled from
the eye at 2- to 4-week intervals, and the sera were analyzed for
Abs to HBsAg and HCV nucleocapsid. Additional mice were
injected intravenously with 75 mg of purified Escherichia coli-
expressed capsid (30) three times at 3-week intervals. These
animals were sacrificed at 12 weeks postinjection (p.i.), and
sera were collected for comparative studies.
Sera were tested for HBsAg Abs by using the MONOLISA

anti-HBsAg second-generation assay, which uses a mixture of
HBsAg (pre-S2 and S) from the ad and ay subtypes (Sanofi
Diagnostics Pasteur, Marnes-la-Coquette, France). ELISA
testing and epitope mapping of Abs to HCV nucleocapsid were
carried out with purified E. coli-expressed capsid protein or
specific peptides as previously described (30).
In this report, the term ‘‘seroconversion’’ defines the pro-

duction of detectable HCV- or HBV-specific Abs in immu-
nized mice.
(i) Anti-HCV Ab responses. Serum samples from mice in-

jected with the vector pC2N were tested up to 14 weeks p.i.,
but no anti-HCV nucleocapsid responses were detectable. By
contrast, 100% of the mice injected with the chimeric vectors
seroconverted to anti-HCV capsid Ab within 6 weeks p.i. (Fig.
3A), indicating that the incorporation of the capsid into a
chimeric context stabilized its expression and improved pre-
sentation to the mouse immune system.
(ii) Anti-HBsAg Ab responses. All of the mice immunized

with the vector pCMVS2.S seroconverted to anti-HBsAg Ab
within 2 weeks p.i. in both the boosted and nonboosted
groups (Fig. 3B). This finding contrasts with the slower
response rates observed in the animals injected with the
chimeric vectors; in particular, only 70% of those injected
with the vector pS2.Sdelta.C2N developed detectable Abs.
Comparisons of the responses to the two viruses suggest that

the slower response rates to HBsAg in the chimera-injected
mice were not due to an overall slower immune reaction in
these groups or ineffective antigen expression from these vec-
tors but were due to a change in the conformation or presen-
tation of the HBsAg expressed from these constructs.
Quantitative determination of Ab levels in DNA-injected

mice. Analyses of quantitative levels of circulating Ab illustrate
more clearly the differences in the responses to the different
expression vectors.
(i) Anti-HCV Ab responses. The anticapsid responses ob-

served in the mice immunized with the chimeric vectors are
shown in Fig. 4 as mean reciprocal end point titers determined
by ELISA. In this case, mice given booster injections mounted
higher responses to both vectors earlier than those given single
injections of DNA (titers of 1:3,000 to 1:4,000 versus 1:1,000 to
1:1,500 at 6 weeks p.i.). The mean titers of mice from boosted
groups did not increase after 6 weeks p.i., suggesting that the
final injection of DNA did not contribute to a further enhance-
ment of the response. In contrast, the serum titers in animals
given single injections of DNA, although initially lower overall
than in those given additional injections, rose within the same
time period from 1:1,000 to between 1:2,000 and 1:4,000. At 18
weeks p.i., all mean titers for HCV capsid Ab in all of the

FIG. 2. Immunofluorescence analysis of HBsAg and HCV capsid expression in transfected Diet cells. At 48 h posttransfection, cells were fixed and permeabilized
as described in the text and incubated with both anticapsid (1:500) and anti-HBV (1:200) Abs. Specific Ab binding was detected by using a mixture of tetramethyl
rhodamine isothiocyanate (TRITC; 1:20; Nordic) and fluorescein isothiocyanate (FITC; 1:40; Dako) as indicated. Transfections were performed with pS2.S.C2N (A
and B), pS2.Sdelta.C2N (C and D), pCMVS2.S (E and F), pS2.S.C2N (preimmune rabbit serum was used as the primary antibody) (G), and pcDNA3 (Invitrogen) (H).
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immunized groups were at comparative levels, suggesting that
in the long term, the generation of anticapsid Ab is not nec-
essarily improved by the administration of multiple injections.
The anti-HCV Ab titers obtained in the DNA-immunized mice
were comparable to those obtained from the animals injected
with purified capsid protein (data not shown).
The major HCV capsid determinants recognized by the sera

from mice taken 6 weeks after injection with the chimeric
vectors were mapped by peptide ELISA. Sera from DNA and
protein injected mice bound most strongly to a peptide span-
ning aa 2 to 45. This peptide was mapped more specifically to
residues 21 to 45 for sera from mice injected with pS2.S.C2N
(data not shown). No specific binding to the shorter peptide
was obtained for sera from mice injected with pS2.Sdelta.C2N,
possibly because of lower Ab titers present in these mice at this
time.
(ii) Anti-HBsAg Ab responses. Figure 5 shows the levels of

anti-HBsAg Ab in sera from injected mice expressed as milli-
international units per milliliter. The graphs show mean Ab
levels in sera from mice immunized with each vector, for single
and multiple injection groups.
Both groups immunized with the vector pCMVS2.S showed

a steady increase in Ab levels, forming plateaus at 6 and 14
weeks, respectively (Fig. 5C). The responses in the group given
a single injection, although lagging behind those of the mice
given multiple injections, reached higher levels at 14 to 18
weeks p.i. (an average of 4,000 mIU/ml, compared with 2,000

mIU/ml), suggesting that for this vector, additional injections
are not necessary for the generation of higher Ab titers. These
data contrast with the anti-HBsAg responses in mice injected
with the chimeric vectors (Fig. 5A and 5B), in which the mean
levels were considerably reduced in all groups. Additional im-
munizations improved the responses to HBsAg, although the
mean values were still only 30 to 50% (500 to 1,000 mIU/ml) of
those observed for the native vector. The lower responses to
pS2.Sdelta.C2N than to pS2.S.C2N could be due to the ab-
sence of the pre-S2 sequence in this vector, as Abs to this
region are also assayed by the ELISA used in this study.
Differences in Ab titers of between 5- and 10-fold were

observed between individual mice within the same groups for
all antigens, using both chimeric and nonchimeric vectors,
demonstrated by the error bars in Fig. 4 and 5. However, no
correlation could be made between high or low HBV re-
sponses to chimeric vectors and a correspondingly high or low
anti-HCV capsid response.
Comparisons between the two chimeric vectors indicate that

for both viral determinants, the Ab responses to pS2.S.C2N
were slightly superior to those against pS2.Sdelta.C2N, which
lacks the pre-S2 sequence. This finding indicates not only that
the response to the capsid is unaffected by that to the pre-S2
region but that this sequence contributes to the improved pre-
sentation of the HCV antigen to the immune system. The
absence of the pre-S2 sequence in the vector pS2.Sdelta.C2N
may have contributed to the reduced anti-HBV responses ob-
served in the injected mice. However, the removal of the

FIG. 3. Percentage seroconversion of mice following DNA injection. (A)
Anti-HCV capsid Ab responses; (B) anti-HBsAg Ab responses. Boosted and
nonboosted animals are represented by filled and open symbols, respectively. ■,
pS2.S.C2N boosted (n5 10);h, pS2.S.C2N (n5 10);å, pS2.Sdelta.C2N boosted
(n 5 10); Ç, pS2.Sdelta.C2N (n 5 10); F, pCMVS2.S boosted (n 5 5); E,
pCMVS2.S (n 5 5).

FIG. 4. ELISA titers of anti-HCV capsid Abs in inoculated mice. Results are
shown as the reciprocal of the serum dilution equivalent to three times the
optical density (OD) of sera from mice injected with the vector pcDNA3 against
time (weeks) p.i. (A) pS2.S.C2N; (B) pS2.Sdelta.C2N. Boosted and nonboosted
animals are represented by filled and open symbols, respectively. For clarity,
error bars indicating the standard errors of the means are shown in the positive
sense only.
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pre-S2 sequence from the vector pCMVS2.S and its effect on
the induced anti-HBV immune responses in DNA-immunized
mice have been addressed by Michel et al. (25) and shown to
lead to no decrease in the anti-HBsAg titers obtained.
The HCV sequence used in this study clearly alters the form

and distribution of HBsAg in transfected cells from a diffused
pattern confined to the cytoplasm to a more aggregated or
complexed form with some nuclear localization. We also ob-
served that the lower levels of HBsAg detected in cells trans-
fected with the chimeric vectors correlate with those observed
in the supernatant, indicating that this finding is not solely due
to nonsecretion of particles. The in vivo data from mice im-
munized with these vectors (i.e., lower anti-HBsAg Ab titers
and slower seroconversion rates) reflect the observations made
in vitro. These observations are not considered to be due to
inefficient expression from the chimeric vectors compared with
that obtained from the native vector for several reasons. (i) No
start codons which could have lead to aberrant translation
initiation exist in any reading frame within the capsid sequence
used. (ii) In vitro translation indicated comparatively efficient
expression of proteins from all vectors. (iii) Immunofluores-
cence analysis suggests that similar levels of protein expression
occur in all transfected cells in vitro, and immunoblotting in-
dicates that full-length, glycosylated fusion proteins are pro-
duced from the chimeric vectors. Previous reports of studies
using recombinant HBV particles (10, 27) suggest that the
inserted sequence can have an effect on the presentation of the
HBsAg in chimeric proteins which is more dependent on the
nature than on the length of the foreign epitope. This seems to
be the case with our chimeric constructs. Efforts are currently
under way in this laboratory to improve the anti-HBV re-
sponses from such vectors while still maintaining the high anti-
HCV responses.
Immunoblotting analysis of sera from DNA-immunized

mice. The specificity of sera from immunized mice was as-
sessed by immunoblotting as previously described (30), using
extracts from cells infected with a baculovirus-HCV recombi-
nant expressing the capsid, E1, and E2 proteins of HCV (Fig.
6A) or HBV particles purified from patient sera (Fig. 6B).
(i) Anti-HCV Ab. Rabbit polyclonal anticapsid serum (Fig.

6A, lane 5) detected a specific band of 22 kDa from baculovi-
rus recombinant-infected cells, representing the HCV capsid.

This antigen was recognized by anti-pS2.S.C2N and anti-
pS2.Sdelta.C2N sera (lanes 2 and 3, respectively). No signals
were obtained with sera from mice injected with pCMVS2.S or
pcDNA3 (lane 1 or 4, respectively) or when the sera were
blotted against extracts from cells infected with wild-type bac-
ulovirus (lanes 6 and 7).
(ii) Anti-HBsAg Ab. Sera from pCMVS2.S DNA-immunized

FIG. 5. Quantitative assessment of anti-HBsAg Abs in inoculated mice. Results are expressed as mean milli-international units per milliliter against time (weeks)
after the first injection. (A) pS2.S.C2N; (B) pS2.Sdelta.C2N; (C) pCMVS2.S. Boosted and nonboosted animals are represented by filled and open symbols, respectively.
For clarity, error bars indicating the standard errors of the means are shown in the positive sense only.

FIG. 6. (A) Immunoblots of sera from injected mice against extracts from
cells infected with a baculovirus-HCV recombinant. Injected vectors: pCMVS2.S
(lane 1), pS2.S.C2N (lane 2), pS2.Sdelta.C2N (lane 3), and pcDNA3 (lane 4). A
rabbit anticapsid polyclonal antiserum (1:50) was used as a positive control (lane
5). Lanes 6 and 7 represent sera from pS2.S.C2N- and pS2.Sdelta.C2N-injected
mice blotted against extracts from cells infected with wild-type baculovirus. The
22-kDa HCV capsid antigen is indicated on the left. (B) Immunoblots of sera
from injected mice against purified HBV particles. Injected vectors: pS2.S.C2N
(boosted) (lane 1), pS2.S.C2N (nonboosted) (lane 2), pS2.Sdelta.C2N (boosted)
(lane 3), pS2.Sdelta.C2N (nonboosted) (lane 4), pCMVS2.S (lane 5), and
pcDNA3 (lane 6). The glycosylated and nonglycosylated pre-S2 proteins de-
tected by the sera are indicated on the left. Sera from positive mice were pooled
and used at a 1:30 dilution. Anti-mouse or anti-rabbit IgG peroxidase-conjugated
serum was used as the secondary antibody. Positive reactions were detected by
using either 3,3-diaminobenzidine tetrahydrochloride (0.2 mg/ml; 0.05% [vol/vol]
H2O2) (A) or the Amersham ECL Western blotting (immunoblotting) analysis
system (B). Proteins were separated by sodium dodecyl sulfate–13% polyacryl-
amide gel electrophoresis (24). Positions of molecular weight markers are shown
at the right in kilodaltons.
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mice recognized only the pre-S2 antigen (Fig. 6B, lane 5)
because of the linear nature of these epitopes compared with
the conformational characteristics of the S antigen (28). Sera
from mice immunized with pS2.S.C2N (lanes 1 and 2) gave a
pattern the same as that for sera from pCMVS2.S-injected
mice. The pS2.Sdelta.C2N construct lacks the majority of the
pre-S2 coding region; therefore, sera from this group produced
no signal against the HBV particles (lanes 3 and 4).
Isotyping of anti-HCV capsid sera.At 6 weeks p.i., sera from

mice immunized with the chimeric vectors were tested to de-
termine the major anticapsid isotype by using a mouse hybrid-
oma subtyping kit (Boehringer Mannheim). This isotype was
found to be predominantly IgG2a for both vectors, with trace
amounts of IgG2b and IgG3 in individual mice with high an-
ticapsid titers (data not shown). This finding was compared
with that obtained for sera from mice immunized with purified
E. coli-expressed capsid protein taken at 12 weeks p.i. The sera
from these animals were found to contain predominantly sub-
type IgG1, with some IgG2a. Sera taken at 2 weeks p.i. were
also tested for IgA and IgM antibodies but were found to be
negative (data not shown). These results indicate a different
type of immune response in mice when immunized with naked
DNA rather than protein. The relevance of isotype differences
in the natural infection and for the development of a protective
immune response remains to be established. However, these
differences may be important in the context of intramolecular
or intrastructural T-cell help involving internal antigens which
could be exploited in vaccine strategies (28).
Discussion. It is still unclear whether infection with HCV

can generate a protective immune response in humans or
chimpanzees (12, 35). Successful immunization against homol-
ogous HCV strains has been reported for studies using chim-
panzees and purified recombinant E1-E2 complexes (4), al-
though the efficacy of such a vaccine against heterologous
strains of the virus has yet to be demonstrated. In vitro neu-
tralization of HCV with human plasma from an HCV-positive
patient prior to inoculation of seronegative animals (13) has
been shown to prevent HCV infection. However, the neutral-
izing Abs were detected in the patient only early after infec-
tion, suggesting that the Ab repertoire does not remain stable
because of the presence of circulating quasispecies. A similar
observation was made by Shimizu et al. (41), who employed an
in vitro assay using serial serum samples from a chronically
infected patient. Although these more recent studies do not
address the possibility of reactivation of specific neutralizing
Ab upon later challenge with similar viruses, taken together
with the numerous reports of variability in the envelope re-
gions (31, 32, 47), these data bring into question the suitability
of these antigens in immunization programs.
Immunization trials using the more conserved HCV capsid

have yet to be reported, although the success of a vaccine
containing this antigen may depend on the generation of ade-
quate CTL responses in the host. DNA immunization is par-
ticularly useful for the induction of this type of immune re-
sponse. The presence of a CTL response to this HCV antigen
will need to be confirmed if the antigen is to be considered a
viable component of a candidate vaccine. Such studies are
currently under way in this laboratory together with the anal-
yses of vectors containing additional capsid sequences, in fu-
sion and nonfusion contexts, which include other identified
CTL epitopes. This report also indicates the feasibility of using
chimeric vectors and DNA immunization for the generation of
responses to determinants from more than one virus.
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