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A polyepitopic CD8�-T-cell response is thought to be critical for control of hepatitis C virus (HCV) infection.
Using transgenic mice, we analyzed the immunogenicity and dominance of most known HLA-A2.1 epitopes
presented during infection by using vaccines that carry the potential to enter clinical trials: peptides, DNA, and
recombinant adenoviruses. The vaccines capacity to induce specific cytotoxic T lymphocytes and interferon
gamma-producing cells revealed that immunogenic epitopes are clustered in specific antigens. For two key
antigens, flanking regions were shown to greatly enhance the scope of epitope recognition, whereas a DNA-
adenovirus prime-boost vaccination strategy augmented epitope immunogenicity, even that of subdominant
ones. The present study reveals a clustered organization of HCV immunogenic HLA.A2.1 epitopes and
strategies to modulate their dominance.

The efficacy of the state-of-the art therapy to treat hepatitis
C virus (HCV)-infected individuals is greatly dependent on the
genotype of the infecting virus. Up to 60 to 80% of genotype
1-infected patients fail to clear the virus after treatment (29).
The reasons for this failure are unclear, although mounting
evidence suggests that therapeutic, as well as spontaneous viral
clearance is associated with vigorous, polyclonal, durable T-
helper and cytotoxic-T-lymphocyte (CTL)-mediated responses
(8, 11, 12, 17, 21, 22, 38). Surprisingly, however, HCV-specific
CTLs are detected in chronically infected individuals, both in
the peripheral blood and the liver demonstrating that the virus
persists in spite of a specific immune response mounted by the
host (8, 20, 35). Higher frequencies of CTLs are found in the
liver than in the periphery as recently shown in studies by using
soluble tetrameric class I major histocompatibility complex
(MHC-I) molecules (15, 17). A recent longitudinal study sug-
gests that viral resolution is associated with a very dynamic
immune response that involves the contribution of cells with
different effector functions (45). In their study, Thimme et al.
observed that during the acute phase of infection CD8� T cells
presenting an activated phenotype (CD38�) but unable to
induce the production of gamma interferon (IFN-�) are de-
tectable. The resolution of infection was observed when CD8�

T cells displayed a nonactivated phenotype (CD38�) but were
associated with the production of IFN-�. In a different study,
CD8� T cells able to induce the production of IFN-� were
indeed hardly detectable in chronically infected patients (16).

A key question in the identification of HCV-immune corre-

lates of resolution remains the definition of the role played by
individual viral antigens or epitopes in the nature and vigor of
immune responses observed during resolution. CTL epitopes
have been identified over the entire HCV polyprotein and in
virtually all encoded antigens (36). To date, it has been difficult
to link viral clearance with responses mounted against specific
class I CD8�-cell-restricted epitopes. A recent study has ex-
plored for the first time CTL activities to a large panel of
HLA-A2.1 presented epitopes (up to 16) in patients chroni-
cally infected and receiving or not antiviral therapy (47). It was
observed that, whereas the majority of chronically infected
patients had CTL specific for a NS4-derived peptide, individ-
uals receiving and responding to therapy presented mainly or
solely a strong activity to an NS3-derived epitope, documenting
for the first time a switch in the choice of CTL targets after
successful therapy. Thus, to date, not only the role played by
specific HLA epitopes in HCV control or clearance, but their
relative dominance remains vastly uncharacterized. However,
the consensus is that a HCV vaccine should induce vigorous,
sustained, and above all broad CD8�-T-cell-mediated re-
sponses.

Numerous vaccines, and particularly vector-based candi-
dates, can induce such responses, as demonstrated for a wide
variety of antigens in various preclinical and clinical studies (4,
7, 24, 40). Nonetheless, a systematic comparison of the vigor
and scope of T-cell mediated responses induced by various
vaccines expressing the same epitopes has been reported only
in a limited number of studies (see, for example, references 18
and 32), most reports focus on a small number of antigens or
epitopes encoded by the target pathogens. This is surprising
since such information should be critical for both the choice of
the antigenic sequence and the type of vaccine vehicle to be
selected before initiation of clinical trials.

* Corresponding author. Mailing address: Unité Mixte CNRS-Bio-
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In the present study, we have taken advantage of a recently
developed transgenic mouse model entirely devoid of murine
MHC-I molecules to establish a map of the immunogenicity
and, to some extent, the immunodominance, of most known
HCV HLA-A2.1 epitopes presented in natural infection in the
context of three vaccination strategies based on peptides, na-
ked DNA, or recombinant adenoviruses. The influence of
flanking genes and vector combinations on the scope and vigor
of epitope recognition after administration of the vaccines was
examined.

MATERIALS AND METHODS

Mice. HDD mice transgenic for HLA-A2.1 (A0201) monochain histocompat-
ibility class I molecule and deficient for both H-2Db and murine �2-microglobulin
(�2m) were used. H-2Db and mouse �2m genes of these mice have been dis-
rupted by homologous recombination (31). Six- to eight-week-old mice were
used. Mice were housed in appropriate animal care facilities and handled ac-
cording to international guidelines for experiments with animals.

Recombinant expression vectors. The Core (amino acids [aa] 1 to 191), E1 (aa
165 to 329), E2 (aa 367 to 673), CoreE1E2 (aa 1 to 746), NS3 (aa 1027 to 1657),
NS3-NS4 (aa 1027 to 1972), NS4 (aa 1658 to 1972), NS5A (aa 1973 to 2420), and
NS5B (aa 2421 to 3011) genes of the HCV genotype 1b HCV-JA strain (19) were
inserted into the commercial pgWiz plasmid (Gene Therapy System, Inc., San
Diego, Calif.) to create pgWizCore, pgWizE1, pgWizE2, pgWizCE1E2,
pgWizNS3, pgWizNS3NS4, pgWizNS4, pgWizNS5A, and pgWizNS5B. A plas-
mid, pgWizGFP, expressing the green fluorescent protein (GFP) was also con-
structed to be used as a control. Cloned fragments were verified by sequencing.

Recombinant adenovirus construction, production, and titration. All recom-
binant adenoviral genomes were generated as infectious plasmids by homologous
recombination in Escherichia coli as described previously (9). The two plasmids
(pTG 13387 and pTG 6624) containing the adenoviral genome were kindly
provided by Transgene S.A. In brief, sequences from the HCV-JA strain corre-
sponding to the CE1E2 polyprotein (aa 1 to 746), the Core protein (aa 1 to 191),
or the NS3 protein (aa 1027 to 1657) were inserted in the adenoviral shuttle
plasmid (pTG 13387) containing a cytomegalovirus-driven expression cassette
surrounded by adenoviral sequences (nt 1 to 458 and nt 3511-5788) to allow
homologous recombination with the adenoviral sequences of the backbone vec-
tor (pTG 6624) (9). The resulting full-length viral genomes contain a deletion in
the adenoviral E3 (nucleotides 28592 to 30470), whereas the E1 region (nucle-
otides 459 to 3327) is replaced by the expression cassette containing, from 5� to
3�, the cytomegalovirus immediate-early enhancer/promoter, a chimeric human
�-globin–immunoglobulin G intron, the HCV sequences, and the bovine growth
hormone polyadenylation signal. Recombinant adenoviruses were generated by
transfection into the 293 complementation cell line of the corresponding plas-
mids restricted by PacI digestion. Virus propagation and amplification were
performed by successive passages on 293 cells and purification, as well as by
titration of infectious units by indirect immunofluorescence of the viral DNA-
binding protein, were carried out as described previously (27, 37). Ad(�gal), an
adenovirus allowing the production of �-galactosidase (Transgene S.A.), was
used as a control.

In vitro studies. (i) Transient transfections. Murine fibroblasts NIH 3T3 were
transfected as previously described with HCV-expressing plasmids (5). At 48 h
posttransfection, cells were harvested for analysis of antigenic expression by flow
cytometry or immunofluorescence analyses. For immunofluorescence studies,
transfected cells were fixed with the methanol-acetone and stained with rabbit or
purified murine monoclonal antibodies to Core (antibody 19D9D6; Biomérieux),
to E1 (antibody A4) and to E2 (antibody H47; J. L. Dubuisson), to NS3 (antibody
1B6DM) and NS4 (antibody 8DE8E1; A. Cahour), to NS5 (Biodesign), to NS5A
(antibody 3G6E1 and 4F3H2; G. Baccala and C. Jolivet [Biomérieux]), and to
NS5B (antibody 5B-12B7; D. Moradpour). A goat anti-mouse immunoglobulin
monoclonal antibody coupled to fluorescein isothiocyanate-labeled fluorophore
was used as a secondary antibody (Dako).

(ii) Adenovirus infections. Subconfluent monolayers of HepG2 cells were
infected with the appropriate recombinant adenoviruses with a multiplicity of
infection (MOI) of 50 IU/cell. After the indicated time postinfection (p.i.), cell
monolayers were rinsed with Tris-buffered saline (10 mM Tris-HCl, pH 7.5; 150
mM NaCl) and lysed in 300 �l of 2� Laemmli buffer. Cell lysates were passed 10
times through a syringe with a 26-guage needle to break the cellular chromatin,
and 4 �l was loaded on a 15% polyacrylamide gel. After separation by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, proteins were transferred to

nitrocellulose membranes (Hybond-ECL; Amersham) by using a Trans-Blot
apparatus (Bio-Rad, Ivry-sur-Seine, France) and visualized with monoclonal
anti-Core antibodies (J. F. Delagneau), followed by donkey anti-mouse immu-
noglobulin conjugated to horseradish peroxidase and by enhanced chemilumi-
nescence detection (Amersham) as recommended by the manufacturer.

Synthetic peptides. The synthetic peptides used were synthesized with a purity
of �95% (Neosystem, Strasbourg, France, or Sigma-Genosys, Cambridge,
United Kingdom). Peptides were dissolved in dimethyl sulfoxide (20 �l/mg) and
subsequently diluted in distilled water to a final concentration of 1 mM. All
peptides were derived from the HCV-JA sequence from Core (YLLPRRGPRL
[aa 35 to 44] and DLMGYIPLV [aa 132 to 140], respectively, referred to as
C35-44 and C132-140), from E1 (IMHTPGCV [aa 220 to 227], TIRRHVDLLV
[aa 257 to 266], and SMVGNWAKV [aa 363 to 372], respectively, referred to as
E1 220-227, E1 257-266, and E1 363-372), from E2 glycoprotein
(SLVSWLSQGPS [aa 401 to 411], RLWHYPCTI [aa 614 to 622], ALSTGLIHL
[aa 686 to 694], and FLLLADARV [aa 725 to 734], respectively, referred to as
E2 401-411, E2 614-622, E2 686-694, and E2 725-734), from NS3 (CVNGVC
WTV [aa 1073 to 1081], LLCPSGHVV [aa 1169 to 1177], KLTGLGLNAV [aa
1406 to 1415], and YLVAYQATV [aa 1585 to 1593], respectively, referred to as
NS3 1073-1081, NS3 1169-1177, NS3 1406-1415, and NS3 1585-1593), from
NS4B (HMWNFITGI [aa 1769 to 1777], SLMAFTASI [aa 1789 to 1797],
LLFNILGGWV [1807 to 1816], and ILAGYGAGV [aa 1851 to 1859], respec-
tively, referred to as NS4B 1769-1777, NS4B 1789-1797, NS4B 1807-1816, and
NS4B 1851-1859), from NS5A (SPDADLIEANL [aa 2221 to 2231] and
ILDSFDPLR [aa 2252 to 2260], respectively, referred to as NS5A 2221-2231 and
NS5A 2252-2260), and from NS5B (RLIVFPDLGV [aa 2578 to 2587],
ALYDVVSTL [aa 2594 to 2602], and KLQDCTMLV [aa 2727 to 2735], respec-
tively, referred to as NS5B 2578-2587, NS5B 2594-2602, and NS5B 2727-2735).
A T-helper peptide, derived from the HBV nucleocapsid (TPPATRPPNAPIL
[aa 128 to 140]) and referred to as the HBV-Core (26), was used for peptide-
based immunization. One peptide, referred to as FLP (FLPSDYFPSV), was
used in the in vitro binding assay (26).

Peptide binding assay. Peptide binding to recombinant HLA-A2.1 molecules
called SC-A2 was assayed by competition with the radiolabeled peptide FLP as
previously described (26). Briefly, SC-A2 molecules (1.5 �g) were incubated 2 h
at room temperature with radiolabeled FLP (8 ng) in the presence of various
concentrations of competitor peptide. Unbound peptide was eliminated by ul-
tracentrifugation and extensive washing. Radioactivity was measured in a gamma
spectrometer (Gammamatic). For each peptide, experiments were performed
twice. The percent inhibition was deduced for the highest competitor peptide/
FLP ratio tested (typically 30).

Immunizations. Peptide immunization were carried at the base of the tail with
a peptide mixture containing the HCV epitope of interest (60 �M) and the
T-helper peptide: HBV-Core (60 �M) emulsified in incomplete Freund adju-
vant. Mice received two injections at 2-week intervals. For DNA based-immu-
nization, 100 �g of plasmid was injected in the tibialis anterior muscle of each
mouse as previously described (28). For recombinant adenovirus immunization,
mice were immunized intramuscularly by one or two injections of 109 IU of
recombinant adenovirus in 100 �l of phosphate-buffered saline (PBS). For DNA
priming and recombinant adenovirus boosting, mice were immunized intramus-
cularly with 109 recombinant adenovirus at 2 weeks after one or two injections of
100 �g of DNA (given at 2-week intervals). In DNA or recombinant adenovirus-
based vaccination, control animals received either pgWiz GFP plasmid or a
wild-type adenovirus expressing the �-galactosidase protein or both (in prime-
boost vaccine studies).

The analysis of the cytotoxic activity and of the production of IFN-� was
typically performed 2 weeks after the final immunization.

CTL analysis. CTL analysis was performed as previously described (5). Briefly,
on day 7 peptide-stimulated spleen cells were used as effectors in a CTL assay.
Specific cytolytic activity was tested in a standard 51Cr release assay against an
EL-4S3�Rob HHD target pulsed or not with a 10 �M concentration of the
selected peptide. After a 4-h incubation period, 51Cr release was measured by
using a �-Cobra II counter (Packard, Rungis, France). Spontaneous and maxi-
mum release were determined from wells containing either medium alone or
lysis buffer (1 N HCl). The percent specific cytotoxicity was calculated by the
formula: (release in assay � spontaneous release)/(maximum release � sponta-
neous release) � 100. Peptide-specific lysis was determined by the difference
between the percentage of specific lysis obtained in the presence or in the
absence of peptide. For each effector/target (E:T) ratio, the results are expressed
as the mean of duplicates.

ELISPOT assay. IFN-�-releasing cells were quantified by cytokine-specific
enzyme-linked immunospot assay (ELISPOT) as previously described (14).
Briefly, splenocytes from individual mice were isolated and cultured in presence
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of 10 U of recombinant IL-2/ml for 48 h in alpha minimal essential medium with
10 �g of selected peptide or 5 �g of concanavalin A (positive control)/ml or
without peptide (negative control) in triplicate wells. Wells were washed three
times, respectively, with PBS and PBS–0.05% Tween before a 2-h incubation
with biotinylated anti-murine IFN-�. After being washed, the wells incubated for
1 h with extravidin-PAL conjugate and the enzyme activity was revealed by using
the Bio-Rad kit: 100 �l of alkaline phosphatase (AP) color reagent A and 100 �l
of AP color reagent B were mixed in 25� AP color development buffer (400 �l
added to 9.6 ml of distilled water; Bio-Rad), and the spots were counted (Spot,
KS Zweiss; Carl Zeiss Vision GmbH). The background level was measured in
wells containing splenocytes in medium only. The number of peptide-specific
spots was obtained by subtracting the background from the number of spots
appearing after HLA-A2-peptide stimulation. The results are shown as the mean
value obtained for triplicate wells.

Sequence alignments. Analyses were performed by using the IBCP HCV
database website facilities (hepatitis.ibcp.fr), which contains all HCV sequences
available from the EMBL database. Sequence alignments were carried out with
the CLUSTALW program (46). Determination of the percent conservation
between the HLA-A2.1 epitopes used in our study and sequences derived from
genotype 1b, 1a, and 4 isolates was performed by using the Antheprot program.

RESULTS

Peptide-based studies. (i) HLA-A2.1 binding assay. We eval-
uated 22 HLA-A2 epitopes recognized in HCV natural infec-
tion (out of a total of 25 described to date) for their capacity to
bind to purified recombinant HLA-A2.1 by using a competi-
tion-based assay. This assay evaluates the ability of unlabeled
peptide epitopes to inhibit the binding of the radiolabeled
peptide FLP, a peptide known for its high binding capacity, on

recombinant HLA-A2.1. The results shown in Table 1 indicate
the percent inhibition obtained with each peptide. Four classes
of peptides could be defined. High binders displaying an inhi-
bition percent ranging from 55 to 100 such as peptides C35-44,
C132-140, E1 220-227, E2 614-622, E2 686-694, E2 725-734,
NS3 1169-1177, NS3 1406-1415, NS3 1585-1593, NS4B 1789-
1797, NS4B 1807-1816, NS5B 2578-2587, NS5B2594-2602, and
NS5B 2727-2735 (n 	 14). Low binders displaying an inhibition
percent ranging from 30 to 37 such as peptides E2 401-411,
NS4B 1769-1777, NS4B 1851-1859, NS5A2221-2231, and
NS5A 2252-2260 (n 	 5). Very low binders displaying an in-
hibition percentage of 16 to 18 such as E1 363-372 and NS3
1073-1081. Finally, some peptides displayed no binding capac-
ities such as the E1 257-266 peptide. Some peptides presented
atypical HLA-A2.1-restricted binding motifs (E1 363-372, NS3
1073-1081, NS4B 1769-1777, and NS5A 2221-2231) that could
explain their poor in vitro binding capacities. In the case of the
NS3 1073-1081 epitope, the presence of cysteine residues po-
tentially creating disulfide bonds might have hampered its
binding. Overall, five peptides—E2 614-622, E2 686-694, NS4B
1807-1816, NS5B 2578-2587, and NS5B 2727-2734—were able
to compete with FLP binding with an efficacy comprised be-
tween 90 and 100%.

(ii) Peptide-based immunizations. To evaluate whether the
mouse repertoire for the various epitopes was intact and to
define a first map of immunogenicity of the epitopes, mice

TABLE 1. Capacity of HCV-specific HLA-A2.1-restricted peptide epitope to bind to purified recombinant HLA-A2.1 molecules and to
induce specific CTL or IFN-�-producing T cells after direct injection

Gene Residue
(aa)

Epitope Binding
(% inhibition)a

ELISPOT (no. of specific
spots/106 cells)b Specific lysis (%) (E/T 	 33)c

Sequence Name Mc M1 M2 M3 Mc M1 M2 M3

C 35–44 YLLPRRGPRL C35-44 58 12 73 160 73 2 5 23 2
132–140 DLMGYIPLV C132-140 71 0 211 206 284 4 44 19 26

E1 220–227 IMHTPGCV E1 220-227 55 0 0 55 0 1 2 0 14
257–266 TIRRHVDLLV E1 257-266 0 ND ND ND ND ND ND ND ND
363–372 SMVGNWAKV E1 363-372 16 0 172 160 328 0 47 3 66

E2 401–411 SLVSWLSQGPS E2 401-411 30 0 0 0 0 0 0
614–622 RLWHYPCTI E2 614-622 92 0 82 47 200 10 34 26 22
686–694 ALSTGLIHL E2 686-694 100 0 403 260 112 2 65 10 79
725–734 FLLLADARV E2 725-734 66 0 333 215 622 0 83 34 36

NS3 1073–1081 CVNGVCWTV NS3 1073-1081 18 0 5 47 13 2 27 88 0
1169–1177 LLCPSGHVV NS3 1169-1177 77 2 137 322 160 9 45 7 53
1406–1415 KLTGLGLNAV NS3 1406-1415 71 0 188 458 230 18 33 15 40
1585–1593 YLVAYQATV NS3 1585-1593 76 0 0 173 190 11 7 19 16

NS4B 1769–1777 HMWNFITGI NS4B 1769-1777 30 0 162 93 30 0 13 35 0
1789–1797 SLMAFTASI NS4B 1789-1797 63 71 61 157 177 20 31 15 38
1807–1816 LLFNILGGWV NS4B 1807-1816 94 0 605 22 658 0 19 12 0
1851–1859 ILAGYGAGV NS4B 1851-1859 32 0 5 2 0 6 0 0 0

NS5A 2221–2231 SPDADLIEANL NS5A 2221-2231 37 42 102 0 8 4 0 2 2
2252–2260 ILDSFDPLR NS5A 2252-2260 34 0 37 0 30 8 0 3 8

NS5B 2578–2587 RLIVFPDLGV NS5B 2578-2587 100 49 234 116 305 12 41 33 46
2594–2602 ALYDVVSTL NS5B 2594-2602 80 39 261 331 326 0 81 44 2
2727–2735 KLQDCTMLV NS5B 2727-2735 99 25 255 277 297 13 38 52 60

a Percent inhibition of binding of the FLP-control peptide onto purified HLA.A2.1 molecules for a ratio competitor peptide/control peptide 	 30.
b ND, not done. Mc, control mouse; M1, M2, and M3, immunized mice.
c Percent specific lysis at an E:T ratio of 1:33.
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were immunized with the different peptides and induction of
specific CTL and IFN-� production was evaluated. The results
are summarized in Table 1. Specific T cells secreting IFN-�
were detected in response to the majority of the peptides, the
number of detected spots ranging from 55 to 658 per 106

splenocytes. Some of the highest frequencies of specific IFN-�
producing T cells (up to 658 spots) were detected for peptides
E2 686-694, NS4B 1807-1816, NS5B 2578-2587, NS5B 2594-
2602, and NS5B 2727-2735 which belong to the “high binder”
group described above. The poorest inducers of IFN-�-produc-
ing T cells (
100 spots) were peptides such as E1 220-227, E2
401-411, NS3 1073-1081, NS5A 2221-2231, and NS5A 2252-
2260 that are all “low” or “very low” binders to HLA-A2
molecules. The correlation between HLA-A2 binding ability of
the peptides, and their capacity to stimulate IFN-�-producing
T cells was nonetheless not systematic. One notable exception
was peptide E1 363-372, which displayed a very low binding
capacity (16% inhibition) but induced a rather high number of
specific spots (160 to 328 per 106 splenocytes).

For most peptides, specific CTL responses were detected
and ranged from 23 to 88% lysis for an E:T ratio of 33:1.
Peptides which had shown very poor induction of IFN-� pro-
duction also induced very limited CTL-mediated lysis (E1 220-
227, E2 401-411, NS4B 1851-1859, NS5A 2221-2231, and
NS5A 2252-2260). Interestingly, three peptides—NS4B 1807-
1816, NS3 1585-1593, and NS4B 1769-1777—displayed one
predominant function since they induced IFN-�-producing T
cells in the absence or in the presence of only very weak
specific CTL activity. Overall, the correlation between ELI-
SPOT and CTL data was good.

Single genes DNA-based immunization reveals a different
use of HLA-A2.1 restricted epitopes than observed after pep-
tide-based immunization. Seven plasmids expressing various
HCV genes (Core to NS5B) of the well-described HCV-JA
genotype 1b prototype strain (19) were engineered and used to
vaccinate transgenic mice with the goal to define the immuno-

genicity and potential dominance of the HLA-A2.1 epitopes
when expressed endogenously by the host’s cells. Only 19 of
the 22 epitopes were screened, 3 being absent from the HCV
sequences cloned into the plasmids engineered. Comparison of
responses following one, two, or three immunizations revealed
that most vigorous specific CTLs and highest frequencies of
IFN-�-producing T cells were systematically observed after two
immunizations (data not shown). Overall data obtained after
two immunizations are summarized in Table 2 and revealed a
number of striking observations. The number of epitopes dis-
playing the two effector functions was much smaller than that
observed after peptide immunization. Of the 19 epitopes
screened, induction of immune responses was observed against
only 11 epitopes spanning all of the HCV antigens, with the
notable exception of NS5A. These are C132-140, E2 401-411,
E2 614-622, NS3 1073-1081, NS3 1169-1177, NS4B 1769-1777,
NS4B 1789-1797, NS4B 1807-1816, NS5B 2578-2587, NS5B
2594-2602, and NS5B 2727-2735. The number of epitopes
found reactive after Core- and NS3-DNA vaccination was par-
ticularly limited. Core-DNA-induced detectable proliferation
of IFN-� producing T cells and a CTL activity, which were
specific of the C132-140 epitope only, whereas no reactivity
was found against the C35-44 epitope. After NS3-plasmid vac-
cination, only one of the screened epitopes (NS3 1073-1081)
was found highly reactive, able to induce both specific CTL and
IFN-�-producing T cells whereas a second peptide (NS3 1169-
1177) induced the proliferation of IFN-�-secreting cells but
had only a very low capacity to induce specific CTL activity (1:3
immunized mice). The two other epitopes (NS3 1406-1415 and
NS3 1585-1593) were found to be nonreactive in contrast to
observations made after peptide vaccination. High responses,
both made in terms of proliferation of the specific IFN-�-
secreting cells (reaching up to 750 spots/106 cells) and CTL
activity (reaching up to 70% of specific lysis at an E:T ratio of
1:33) were overall seen for the C132-140, E2 614-622, NS3
1073-1081, NS4B 1807-1816, NS5B 2578-2587, NS5B 2594-

TABLE 2. Capacity of HCV-DNA vaccines encoding individual antigens to induce specific CTL and IFN-�-producing T cells

Plasmid Epitope
ELISPOT (no. of specific spots/106 cells) Specific lysis (%) (E/T 	 33)b

Mca M1 M2 M3 Mc M1 M2 M3

pgWizCore C35-44 0 0 0 0 10 20 9 0
C132-140 154 650 390 400 5 44 39 70

pgWizE1 E1 220-227 3 66 29 31 4 1 10 5
E1 257-266 0 76 38 12 23 22 3 5

pgWizE2 E2 401-411 5 25 60 90 12 42 39 37
E2 614-622 15 65 180 120 10 29 54 55

pgWizNS3 NS3 1073-1081 10 120 475 120 16 43 48 34
NS3 1169-1177 10 120 90 145 13 31 22 13
NS3 1406-1415 68 112 102 66 12 17 11 6
NS3 1585-1593 56 90 66 69 9 23 12 23

pgWizNS4 NS4B 1769-1777 120 550 330 480 2 1 7 5
NS4B 1789-1797 3 35 54 72 9 1 0 0
NS4B 1807-1816 9 240 360 750 1 40 28 33
NS4B 1851-1859 ND ND ND ND ND ND ND ND

pgWizNS5A NS5A 2221-2231 105 0 0 0 12 21 19 23
NS5A 2252-2260 120 0 0 0 16 22 15 9

pgWizNS5B NS5B 2578-2587 0 240 300 195 8 42 23 36
NS5B 2594-2602 0 300 380 330 9 41 33 49
NS5B 2727-2735 15 390 309 198 5 10 17 26

a Mc, control mouse; M1, M2, and M3, immunized mice. ND, not done.
b Percent specific lysis at an E:T ratio of 1:33.
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2602, and NS5B 2727-2735 epitopes. As observed in the con-
text of peptide-based vaccination, the dominant function dis-
played by epitopes NS4B 1769-1777 and NS4B 1807-1816 was
linked to IFN-� production. The poor immunogenicity of the
NS5A plasmid confirmed that observed with the NS5A pep-
tides themselves (Table 1).

Taken together, these results illustrate the capacity of HCV-
DNA vaccines to induce specific and vigorous cell-mediated
immune responses targeting HCV epitopes presented in nat-
ural infection, as well as the fact that a rather narrow spectrum
of epitopes is involved in this recognition.

Optimization of HCV vaccine-induced cellular immune re-
sponse. (i) Influence of flanking domains on epitope recogni-
tion. Vaccination with some of the plasmids induced immune
responses for which the spectrum was unexpectedly narrow in
comparison to that obtained after peptide based-vaccination
(Table 1). We investigated the hypothesis that an incomplete
or biased processing of the antigens might be responsible for
the restriction observed in the particular cases of capsid and
NS3, two potential key components of an HCV vaccine. More
specifically, we looked at the influence of flanking genes such
as E1 and E2 (in the case of Core) and NS4 (in the case of
NS3) on the efficiency of epitope presentation. To do this, two
additional plasmids were constructed, which expressed Core in
the context of E1 and E2 (pgWizCoreE1E2) or NS3 in the
context of NS4 (pgWizNS3NS4). After transient transfection
of the plasmids, protein expression was analyzed by flow cy-
tometry. Both the level of transfection and protein detection
were higher for pgWizCore compared with pgWizCoreE1E2
and for pgWizNS3 compared to pgWizNS3-NS4 (up to twofold
[data not shown]). These data, as expected, are coherent with
the fact that the level of transfection and overall protein ex-
pression are typically higher with smaller plasmids.

It has recently been shown that coexpression of NS4A influ-
ences the intracellular localization of NS3 and is critical for its
stability (49). We analyzed here, by Western blot assay, the
detection of core when expressed in the presence or absence of

E1 and E2 (Fig. 1). Experiments were performed with recom-
binant adenoviruses and not plasmid DNAs in order to in-
crease transfection efficiency of the HCV sequences. After
infection with a recombinant adenovirus expressing Core-E1-
E2, a specific band could be observed as early as 7 h p.i.,
whereas a similar band could only been detected at 13 h P.I. by
using a Core-expressing adenovirus. At 24 h p.i., a 25-fold
increase in Core detection was observed from Core-E1-E2
adenovirus-infected cells compared with the level observed in
cells infected with the Core-expressing virus, suggesting that
expression or stability of Core is enhanced in presence of E1
and E2.

Induction of specific CTL and IFN-�-producing cells were
examined after vaccination with the various plasmids (Fig. 2).
In contrast to observation previously reported with pgWizCore
(Table 2) and as shown in Fig. 2A (a to d), vaccination with
pgWizCoreE1E2 resulted not only in induction of a CTL ac-
tivity specific of the C132-140 epitope (Fig. 2Af and h) but also
in lysis specific to the C35-44 epitope (Fig. 2Ae and g). These
data were supported by the detection of specific IFN-�-pro-
ducing cells (Fig. 2Bc and d versus a and b). The spectrum of
epitopes recognized was also broadened after vaccination of
mice with pgWizNS3NS4 in comparison with vaccination per-
formed with pgWizNS3 (Fig. 2C and D). Three of four tested
epitopes (NS3 1073-1081, NS3 1169-1177, and NS3 1406-1415)
were targets of a specific CTL response (percent specific lysis
at E:T of 1:33 ranged from 21 to 52%; Fig. 2Ce, f, and g) and
could result in the production of IFN-� (Fig. 2Da and b). The
levels of IFN-�-producing cells were up to two to three times
higher than those seen after vaccination with pgWizNS3 except
for one highly reactive mouse in this group (Table 2 and Fig.
2D).

Specific E1, E2, or NS4 induced immune responses observed
when Core-E1-E2 or NS3-NS4 plasmids were used were iden-
tical to those seen after vaccination with E1-, E2-, or NS4-
expressing plasmids (Table 2 and data not shown).

Taken together, these results suggest that in the case of the

FIG. 1. Western blot analysis of the core protein after infection of HepG2 cells with a recombinant adenovirus expressing Core (AdC) or
Core-E1-E2 (AdCE1E2). HepG2 cells were infected with AdC (left panel), AdCE1E2 (right panel), or a control adenovirus expressing �-galac-
tosidase (Ad�gal, center) at an MOI of 50 IU/cell and then harvested at the indicated times after infection. Expression of the core protein (21 kDa)
was monitored by using the specific monoclonal antibody ACAP27 as described in Materials and Methods.
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FIG. 2. Influence of flanking genes on the scope of epitope recognition. HLA-A2.1-transgenic mice were immunized intramuscularly two (2�
DNA) or three (3� DNA) times at 2-week intervals with 100 �g of pgWizCore or pgWizCoreE1E2 plasmids (A and B) or pgWizNS3 or
pgWizNS3NS4 plasmids (C and D). Spleen cells were collected 2 weeks after the final injection and cultured in the presence of each tested
peptides. Bulk CTL analysis and IFN-�-producing cells were performed after two immunizations (Aa, b, e, and f; Ba to c; C; and D) or three
immunizations (Ac, d, g, and h). Each curve or each bar represents the response tested for a single mouse. The Core-specific epitopes tested were
YLL and DLM; the NS3-specific epitopes tested were CVN, LLC, KLT, and YLV. Solid or shaded symbols or bars represent vaccinated mice
(three per group), whereas open symbols or open bars represent mock-vaccinated mice (one per group).
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core and NS3 an incomplete or altered peptide processing
might take place when these antigens are expressed out of a
more natural context.

Influence of a DNA priming and recombinant adenovirus-
boosting vaccine regimen on the vigor of epitope recognition.
While selection of sequences to be expressed by a vaccine
vector appears critical for an optimal presentation of epitopes,
we observed that the choice of the vector itself seems to play a
less important role. When we compared immunization with
recombinant adenoviruses expressing core or NS3 with vacci-
nation with the corresponding DNA vaccines, no differences
could be observed in terms of the scope of epitopes recognized

(data not shown). On the other hand, a clear increase in the
vigor of specific cellular immune responses could be observed
when combined DNA and adenovirus vaccination was imple-
mented. This is demonstrated in Fig. 3, which shows results
obtained by using splenocytes from mice immunized either
one, two, or three times with pgWizCE1E2 DNA or once with
a recombinant adenovirus (expressing the same CE1E2 se-
quence) preceded by zero, one, or two DNA primings. Six
epitopes were screened, two within core (C35-44 and C132-
140) and four within E2 (E2 401-411, E2 614-622, E2 686-694,
and E2 725-734). Specific IFN-�-producing T cells were ob-
served for all six epitopes after two or three DNA vaccinations

FIG. 2—Continued.
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(Fig. 3b and c). A detectable but weak response was observed
after a single vaccination with adenovirus (Fig. 3d) and was not
boosted by a second injection of the virus (data not shown). A
single priming with the DNA vaccine, followed by an adeno-
virus booster, had a significant effect on the frequencies of
IFN-�-producing T cells induced against all epitopes (Fig. 3e).
The number of spots/106 cells doubled to tripled on average for
all six epitopes tested, including the otherwise subdominant E2
401-411 and E2 725-734 epitopes. These responses were not
enhanced if two DNA primings were performed (Fig. 3f). In-
crease in the vigor of CTL activity specific for all six epitopes
was also observed in agreement with the ELISPOT data (data
not shown).

Taken together, these results indicate the capacity of a DNA
prime/recombinant adenovirus boost regimen to potentiate the
specific cellular response directed against multiple HLA-A.2.1-
restricted epitopes. The dominance of epitopes tends to “even
out” in a prime-boost vaccination context compared with sin-
gle-vectored vaccine regimens.

Immunogenicity and immunodominance of HCV HLA-A2.1-
restricted epitopes recognized during natural infection. Table
3 summarizes, for each epitope, the level of immune responses
that can be obtained with the different vaccine formulations
tested in our study. Four types of epitopes were defined based
on whether they induced strong specific CTL and high fre-
quencies of IFN-�-producing T cells (type 1) or weak specific
CTL and low frequencies of IFN-�-producing T cells (type 2)
or whether they were unable to induce either specific CTL or

proliferation of IFN-�-producing T cells (type 3) or induced
predominantly IFN-�-producing T cells with only a weak or
undetectable CTL activity (type 4). Although the immunoge-
nicity of a given epitope was altered depending on the vaccine
strategy selected (e.g., C35-44 or E1 363-372), most epitopes
displayed the same immunogenicity independent of the immu-
nization strategy implemented (e.g., see E2 614-622, E2 686-
694, E2 725-734, NS5A 2221-2231, and NS5A 2252-2260).
Most surprisingly, epitopes belonging to one type were found
clustered within specific antigens and not randomly scattered.
The three antigens containing most highly immunogenic
epitopes are E2, NS3, and NS5B, followed by NS4B and Core.
Overall, E1 and NS5A appear as very weak immunogens. Un-
expectedly, NS4B had a particular profile since it contains the
two epitopes identified by all vaccine strategies as being able to
induce mainly specific IFN-�-producing T cells in the absence
of or with only a limited specific lytic activity.

Evaluation of epitope dominance was deduced either from
data obtained after single gene-based vaccination (Table 2 and
Fig. 2) or, when possible, when vaccination with larger se-
quences was performed (Fig. 2 and 3). After all observations
were taken into account, epitopes such as E1 220-227, E1
257-266, NS5A 2221-2231, and NS5A 2252-2260 could be con-
sidered as subdominant (since they belong to the type 3 what-
ever the vaccination strategy implemented). C132-140, E2 614-
622, E2 686-694, E2 725-734, NS5B 2578-2587, NS5B 2594-
2602, and NS5B 2727-2735 would be dominant (since they
belong to type 1 whatever the vaccination strategy implement-

FIG. 3. Influence of a DNA-priming and recombinant adenovirus-boosting regimen on the vigor of the induced immune response. HLA-A2.1-
transgenic mice were immunized intramuscularly one, two, or three (1� DNA, 2� DNA, and 3� DNA) times at 2-week intervals with 100 �g of
gWizCoreE1E2 or with pgWizGFP control plasmid (a, b, and c). Mice were also immunized with a single injection of 109 IU of recombinant
adenovirus CoreE1E2 after no DNA priming (d), one DNA priming (e), or two DNA priming (f) with 100 �g of the pgWizCE1E2. The results
are shown as the number of spots per 106 cells specific for the two core epitopes (YLL and DLM) or the four E2 epitopes (SLV, RLW, ALS, and
FLL). Mock-vaccinated mice are represented by open bars, whereas the three immunized mice per group are represented by shaded or solid bars.
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ed). Although these data provide a first and original insight
into HCV HLA-A2.1 epitope dominance, additional studies
are still required to establish a definite and exhaustive map of
dominance at the level of the full-length polyprotein.

Epitope sequence conservation. We performed alignments
of all 22 epitope sequences used in our study with existing
genotype 1b, 1a, and 4 sequences present in the database since
these genotypes are currently the most resistant to antiviral
therapy and may represent priority targets for a therapeutic
vaccine. Percentages of conservation for each epitope are
shown in Table 4. These ranged from 0 to 100%. Remarkably,
some of the highest percent of conservation were found, not
only in the expected highly conserved core antigen but also in
E2 (80 to 98%), NS4 (93 to 97%) and NS5B (87 to 99%). For
most peptides, major diverging amino acids were not anchor
amino acid residues typically found at position 2 and 8 (data
not shown). As indicated in Table 3, these conserved epitope

sequences are also among the most immunogenic ones. Among
these, C132-140, E2 686-694, E2 725-734, NS3 1585-1593, and
NS4B 1807-1816 displayed a high degree of conservation not
only when aligned with genotype 1b sequences but also with 1a
and 4 sequences.

DISCUSSION

This study provides the first exhaustive analysis of the im-
munogenicity and, although to a lesser extent, the immu-
nodominance of most known HLA-A2.1 epitopes described in
HCV infection in the context of vaccines that have the poten-
tial to reach clinical evaluation. Four major conclusions can be
drawn from the study. First, only a limited number of CD8�

epitopes are the target of a strong cytotoxic activity and can
induce high frequencies of IFN-�-producing T cells and, for
the majority, independently of the vaccine regimen imple-
mented (Table 3, type 1 epitopes). Remarkably, these epitopes
are not randomly distributed but cluster essentially within
three antigens: E2, NS3, and NS5B. Immune responses specific
of these sequences have been described in chronically infected
patients (2, 8, 33, 35, 47), as well as in cases of resolved
hepatitis (16, 44, 45, 47). No case of viral resolution has been
associated with the development of a response directed spe-
cifically at any of the E2 or NS5B epitopes. On the contrary,
two of the most recent studies that have followed HCV-in-

TABLE 3. Comparative classification of HCV HLA-A2.1 epitopes
according to their immunogenicity in different vaccination contexts

Gene Epitope

Vaccination strategyc

Peptide DNAa Adenovirusb

DNA-
priming/

adenovirus-
boosting

C C35-44 Type 3 Type 2 Type 2 Type 1
C132-140 Type 1 Type 1 Type 1 Type 1

E1 E1 220-227 Type 3 Type 3 Type 3 Type 3
E1 257-266 ND Type 3 Type 3 Type 3
E1 363-372 Type 1 Type 2 Type 2 Type 2

E2 E2 401-411 Type 3 Type 2 Type 2 Type 2
E2 614-622 Type 1 Type 1 Type 1 Type 1
E2 686-694 Type 1 Type 1 Type 1 Type 1
E2 725-734 Type 1 Type 1 Type 1 Type 1

NS3 NS3 1073-1081 Type 2 Type 1 Type 1 ND
NS3 1169-1177 Type 1 Type 1 Type 4 ND
NS3 1406-1415 Type 1 Type 1 Type 4 ND
NS3 1585-1593 Type 4 Type 3 Type 3 ND

NS4B NS4B 1769-1777 Type 4 Type 4 ND ND
NS4B 1789-1797 Type 1 Type 3 ND ND
NS4B 1807-1816 Type 4 Type 4 ND ND
NS4B 1851-1859 Type 3 ND ND ND

NS5A NS5A 2221-2231 Type 3 Type 3 ND ND
NS5A 2252-2260 Type 3 Type 3 ND ND

NS5B NS5B 2578-2587 Type 1 Type 1 ND ND
NS5B 2594-2602 Type 1 Type 1 ND ND
NS5B 2727-2735 Type 1 Type 1 ND ND

a Combined data from immunizations performed with plasmids expressing
single (Table 2) or multiple (Core-E1-E2 or NS3-NS4; Fig. 2) genes. Optimal
immunogenicity that could be observed for each epitope with either a single or
combined gene vaccination is indicated.

b Data obtained after one immunization with recombination adenoviruses
expressing Core, Core-E1-E2, or NS3 (data not shown; Fig. 3).

c Type 1, able to induce both strong specific CTL (typically �30% lysis at on
E:T ratio of 1:33) and high frequencies of IFN-�-secreting cells (typically �100
for 106 cells, up to 650); type 2, able to induce very weak specific CTL (typically

30% at an E:T ratio of 1:33) and low frequencies of IFN-�-secreting cells
(typically 
100 for 106 cells, down to 0); type 3, unable to induce specific CTL
or IFN-�-secreting cells; type 4, able to predominantly induce IFN-�-secreting
cells.

TABLE 4. Amino acid sequence comparisons of HCV HLA-A2
epitopes sequences with counterparts derived from genotype 1b, 1a,

and 4 isolates

Protein Epitope
% Conservation genotypea

1b 1a 4

C C35-44 95 (195/206) 100 (56/56) 100 (11/11)
C132-140 96 (197/206) 97 (58/60) 78 (8/11)

E1 E1 220-227 78 (178/229) 0 (0/397) 0 (0/15)
E1 257-266 83 (191/229) 0 (0/397) 0 (0/15)
E1 363-372 84 (189/224) 91 (365/401) 0 (0/10)

E2 E2 401-411 0 (0/143) 0 (0/391) 0 (0/11)
E2 614-622 80 (115/143) 88 (15/17) 0 (0/1)
E2 686-694 98 (138/141) 94 (15/16) 100 (1/1)
E2 725-734 90 (127/141) 94 (15/16) 100 (1/1)

NS3 NS3 1073-1081 62 (84/136) 0 (0/14) 0 (0/1)
NS3 1169-1177 28 (38/136) 0 (0/14) 0 (0/1)
NS3 1406-1415 15 (20/135) 0 (0/14) 0 (0/1)
NS3 1585-1593 96 (130/135) 100 (14/14) 100 (1/1)

NS4 NS4B 1769-1777 0 (0/30) 0 (0/14) 0 (0/2)
NS4B 1789-1797 93 (28/30) 100 (14/14) 0 (0/2)
NS4B 1807-1816 97 (29/30) 100 (14/14) 100 (1/1)
NS4B 1851-1859 93 (28/30) 100 (14/14) 0 (0/1)

NS5A NS5A 2221-2231 83 (115/139) 0 (0/14) 0 (0/1)
NS5A 2252-2260 40 (56/139) 0 (0/14) 0 (0/1)

NS5B NS5B 2578-2587 96 (136/142) 100 (14/14) 0 (0/1)
NS5B 2594-2602 99 (141/142) 0 (0/14) 0 (0/1)
NS5B 2727-2735 87 (123/142) 0 (0/14) 0 (0/1)

a That is the number of isolates presenting a homology of 100% with the
epitope sequences used in our study (derived from the HCV-JA isolate)/the total
number of isolate sequences aligned.
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duced T-cell immune responses either from the onset of infec-
tion (45) or after administration of therapy (47), have identi-
fied NS3 as the main target of resolution-associated induced
responses. In both studies, resolution of infection correlated
with a detectable NS3-specific CD8�-cell-mediated immune
response, particularly in association with IFN-� production
(45). Interestingly, the CTL activity observed appears to target
different immunodominant epitopes: the NS3 1073-1081
epitope in Vertuani et al. (47) and the NS3 1406-1415 epitope
in Thimme et al. (45). The capacity of a vaccine to induce a
vigorous anti-NS3 CD8�-cell-mediated response could thus be
a critical feature. As for E1 and NS5A, none of the vaccine
strategies that we evaluated were capable to reveal highly imu-
nogenic epitopes (except for E1 363-372). Apparently a low
binding efficiency to HLA-A2 may explain why these epitopes
are so poorly immunogenic. Interestingly, some of the most
conserved sequences were found among E2, NS4B and NS5B
highly immunogenic epitopes (Table 4). As recently suggested,
the establishment of HCV chronicity may be linked to the early
appearance of escape mutations in MHC-I-restricted epitopes
due to the host immune pressure (13). Nonvariable epitopes
may be so by escaping this pressure because they are, in the
natural infection, subdominant. We show here that a number
of these nonvariable, highly conserved epitopes can be highly
immunogenic and dominant in different vaccine contexts.
Their inclusion in a therapeutic vaccine formulation may thus
be attractive.

Another major observation of our study is that the selection
of the antigenic sequence to be expressed by a vaccine vector
is of critical importance with respect to the scope of epitope
recognition, whereas the choice of the vector itself appears to
be much less important in this regard. Our data suggest that for
two of HCV key vaccine candidates, Core and NS3 (Core
because it is the most conserved viral antigens and NS3 for the
reasons outlined above), coexpression of flanking genes is es-
sential to efficiently present otherwise subdominant epitopes.
Three studies, performed in HLA-A2.1-transgenic mice, have
so far shown that vaccines expressing the NS3 protein alone
(based on DNA, recombinant Semliki Forest virus particles, or
recombinant Salmonella enterica serovar Typhimurium or re-
combinant adenoviruses [6, 48]) indeed induce both CTL and
IFN-�-producing cells specific of a single dominant epitope
(NS3 1073-1081). Epitope flanking sequences have been de-
scribed to have the capacity to modulate proteasome process-
ing and thus epitope presentation (30, 41). We show here that
flanking gene sequences or domains, although located dis-
tantly, can have an influence on the immunogenicity of certain
epitopes. For NS3, it has been documented that coexpression
with NS4A plays a major role in the stability of the antigen
(49). As for Core, our in vitro results demonstrate that coex-
pression of E1 and/or E2 increase the amount of Core de-
tected. This may be explained by an increase of Core stability,
although this hypothesis remains to be confirmed to distinguish
between a difference in expression levels, RNA stability, or
protein stability. When expressed in the context of the full-
length polyprotein or of various polyprotein precursors, Core
has been shown to display an endoplasmic reticulum (ER)-
bound localization (similar to what has been reported for NS3
when coexpressed with NS4A), whereas it translocates into the
nucleus when expressed alone (25). An increased stability of

the proteins located in the ER may explain why epitope pro-
cessing and consequently presentation is more efficient, as ob-
served in our transgenic mice when larger plasmids were used.
It is well known that efficient presentation of class I-restricted
viral peptides and therefore induction of optimized immune
responses depends on multiple factors. These include peptide
affinity for class I molecules and stability of the MHC-peptide
complex, as well as upstream events controlling peptide pro-
duction in the cytosol and their transport to the ER (10, 23).
Antiviral immune responses often focus CTL responses to a
narrow spectrum of immunodominant epitopes (51) Our data
further support recent literature describing that although DNA
vaccines have long been described as potent inducers of cell-
mediated immune responses; unless such responses are care-
fully scrutinized in terms not only of their vigor but also of the
breadth of epitope recognition, these vaccines may not be able
to induce the kind of immunity needed to achieve protection
against or resolution of infection (39, 50).

As shown, and in agreement with recent data obtained in the
human immunodeficiency virus or Ebola virus models (42, 43),
another stategy for potentiating vaccine-induced T-cell re-
sponses is to combine priming by DNA vaccination with a
booster injection of a recombinant adenovirus. We demon-
strated here that when both types of vectors express antigenic
sequences designed to allow a maximun number of epitopes to
be presented (such as Core-E1-E2), a potent immune response
can be observed that is simultaneously directed at multiple
epitopes, including epitopes that are otherwise subdominant in
the context of single-vector vaccinations (Fig. 3).

Finally, our study reveals the unique nature of two HCV-
encoded epitopes (NS4B 1769-1777 and NS4B 1807-1816) in
that these epitopes, in all of the vaccine contexts tested, dis-
played a predominant and particularly potent capacity to in-
duce the proliferation of IFN-�-producing cells. Interestingly,
these two epitopes are clustered in a single antigen (NS4B).
These observations have been corroborated in at least one
study performed with patients’ cells (33). The design of a
vaccine capable to induce the secretion of IFN-� or other
cytokines in association with only a limited or no T-cell cyto-
lytic activity may be particularly attractive in the context of a
therapeutic intervention in which exacerbation of inflamation
and liver cell lysis should be avoided (3). In other viral models,
IFN-� has been shown to influence viral load levels by inhib-
iting directly viral replication in infected cells (34).

Whether an HCV vaccine will be based on synthetic pep-
tides or on some other form of immunogen, it is obvious that
an in-depth knowledge of epitopes composing such a vaccine
will be a prerequisite for a most rational vaccine design. In
contrast to the human immunodeficiency virus situation (1), it
is not yet clear whether the dominant epitopes targeted by the
responses to HCV in the acute setting are different from those
recognized during chronic disease. It is now critical to identify
epitopes recognized by those early responses and to evaluate
them in combination with already-identified ones in the setting
of various vaccine strategies.
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