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bstract

Development of vaccination strategies against hepatitis C virus (HCV) is of paramount importance. With this aim, we tested the ability of
endritic cell-activating reagents polyinosinic-polycytidylic acid (poly(I:C)) and anti-CD40, as adjuvants to induce T-cell responses against HCV.
mmunization of mice with these adjuvants induced dendritic cell maturation in vivo. Also, joint administration of poly(I:C) and anti-CD40 plus
CV antigens had a synergistic effect on the induction of anti-HCV T-cell responses. CD4 responses displayed a Th1 cytokine profile, and CD8

esponses could be induced by immunization with a minimal CD8 epitope. Addition of a low amount of NS3 protein (as a source of Th epitopes)
o the immunization mixture enhanced CD8 responses, whereas immunization with higher doses of NS3 induced both CD4 and CD8 responses.
urprisingly, immunization with NS3 protein but not with CD8 epitopes was able to induce CD8 responses and able to recognize cells expressing

CV antigens endogenously. Moreover, immunization with these adjuvants activated NK cells, which in turn helped to induce Th1 responses.
inally, this combined immunization protocol afforded long-lasting T-cell responses, suggesting that this strategy may prove to be useful in
accination and/or treatment of HCV infection.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Hepatitis C virus (HCV) infection is characterized by its
igh tendency to chronicity, which may evolve to cirrhosis and
iver cancer (Dienstag, 1983). Although antiviral antibodies are
licited after infection, chronic state is characterized by the lack
f cellular CD4 and CD8 T-cell immune responses (Cerny et al.,

995; Hoffmann et al., 1995; Lasarte et al., 1998; Rehermann
t al., 1996; Sarobe et al., 1996). Thus, HCV may have devel-
ped strategies to specifically evade antiviral immune responses.

∗ Corresponding author at: University of Navarra, Center for Applied Medical
esearch (CIMA), Division of Hepatology and Gene Therapy, Pı́o XII 55, 31008
amplona, Spain. Tel.: +34 948 194700x3009; fax: +34 948 194717.
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ndeed, interaction of HCV proteins, such as core proteins, with
-cells, impairs T-cell effector functions (Kittlesen et al., 2000).
oreover, although there is some controversy, it has been postu-

ated that dendritic cells (DC) expressing HCV proteins (Hiasa
t al., 1998; Sarobe et al., 2002, 2003), as well as DC obtained
rom HCV patients (Bain et al., 2001; Kanto et al., 1999), have
n impaired stimulatory ability, which may lead to a lack of
esponse towards HCV antigens. To circumvent these prob-
ems, strategies need to be developed in order to induce potent
nd long-lasting responses against HCV for the prevention and
reatment of HCV infection.

DC are a heterogeneous group of cells that constitute the most

mportant antigen presenting cell (APC) population (Shortman
nd Liu, 2002). These cells capture antigens in the periphery,
nd after receiving an activation stimulus they migrate to lym-
hoid organs, where they present processed antigens on MHC

mailto:psarobe@unav.es
dx.doi.org/10.1016/j.antiviral.2007.01.001
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olecules, and produce chemokines and cytokines to attract and
ctivate T-cells (Banchereau and Steinman, 1998). The activa-
ion process of DC, also known as maturation, is characterized by
higher expression of MHC molecules (signal 1), co-stimulatory
olecules (signal 2) and polarizing cytokines such as IL-12

signal 3). Maturation is induced by factors like pathogen com-
onents or host molecules common during inflammation or cell
amage. These factors act on DC through receptors for micro-
ial derived products, such as Toll like receptor (TLR) molecules
Janeway and Medzhitov, 2002; Kaisho and Akira, 2004), recep-
ors for cytokines (TNF-�, IL-1, IFN-�) or receptors for cell
ssociated ligands (e.g. CD40) (Caux et al., 1994). Since DC
aturation is a requisite for efficient T-cell priming, immuniza-

ion protocols have included different molecules able to activate
C. In the last years, the elucidation of the different molecular
rocesses leading to DC maturation, and the characterization of
he ligands able to bind to DC-activating receptors, have allowed
he development of several immunization strategies combining
ntigens with different maturation stimuli. These studies have
hown that antigens, when administered under these circum-
tances, are able to induce potent immune responses (Diehl et
l., 1999; Liu et al., 1998; Schwarz et al., 2003; Thompson
t al., 1998; Vabulas et al., 2000; Weiner et al., 1997). All
hese data prompted us to study the efficacy of inducing cellular
mmune responses against HCV antigens using HCV peptides
nd proteins in combination with two well known DC stim-
li: polyinosinic-polycytidylic acid (poly(I:C)), a TLR3 ligand
Alexopoulou et al., 2001) similar to double stranded RNA gen-
rated during replication of viruses such as HCV, and anti-CD40,
n antibody mimicking the effect of CD40L present on activated
-cells.

. Materials and methods

.1. Antigens and reagents

Peptides were synthesized manually in a multiple peptide
ynthesizer using Fmoc chemistry. Ninhydrin test of Kaiser
as used to monitor every step. At the end of the synthe-

is they were cleaved and deprotected with trifluoroacetic acid
nd washed with diethyl ether. The purity and identity of pep-
ides were checked by analytical HPLC and mass spectrometry.
urity of the peptides was always above 90%. HCV NS3 protein
as obtained from different sources: NS3 produced in bacteria

xpressing the first 500 aa of the protein (genotype 1a) was
btained from Mikrogen (Martinsried, Germany), and was used
o stimulate cells in some in vitro assays. NS3 used for immu-
ization purposes was produced in our laboratory. A first batch of
S3 protein was produced in the yeast expression system Pichia
astoris by cloning a full-length NS3 sequence of genotype 1a
GenBank accession number DQ068198 B3 clone) (Quer et al.,
005). This protocol will be described in detail elsewhere (Quer
t al., manuscript in preparation). A second batch was expressed

n bacteria by cloning the full-length sequence of NS3 (geno-
ype 1b, GenBank accession number D90208). It was obtained
y digestion with SalI and NotI of plasmid gWIZ expressing
S3 (kindly provided by Dr. G Inchauspe, Lyon, France) and

i
N
M
i

search 74 (2007) 25–35

loned between the BsrGI and NotI sites of plasmid pET-45b(+)
Novagen, Madison, WI). After obtaining the protein from inclu-
ion bodies, it was purified by affinity chromatography (Histrap,
harmacia) and ion exchange chromatography (Hitrap-DEAE
epharose FF, Pharmacia) using an FPLC platform (AKTA,
harmacia). Endotoxin levels of NS3 proteins were tested using
quantitative chromogenic Limulus Amebocyte Lysate QCL

000 assay (Cambrex, Walkersville, MD) and were <0.5 EU/�g
rotein. Poly(I:C) was obtained from Amersham (Barcelona,
pain) and anti-CD40 antibodies were purified from FGK-45
ybridoma (Rolink et al., 1996).

.2. Mice

Six- to 8-week-old BALB/c and C57BL/6 mice were obtained
rom Harlan (Barcelona, Spain). HHD mice, transgenic for
uman HLA-A2.1 and beta 2 microglobulin molecules (Pascolo
t al., 1997), were a kind gift from Dr. F. Lemonnier (Institut
asteur, Paris, France). They were maintained in pathogen-free
onditions and treated according to guidelines of our institution,
fter study approval by the review committee.

.3. Cell lines

T2 cells were a kind gift from J.A. Berzofsky (NIH, Bethesda,
D) and were used as target cells in chromium release assays
ith CTL from HHD mice. The NK cell-sensitive YAC-1

ell line was obtained from ATCC (Manassas, VA). T1 cells
ransfected with the entire HCV polyprotein (T1/HCVcon)
Wolk et al., 2005) and non-transfected T1 cells were a kind
ift from D. Moradpour (Lausanne, Switzerland). These lines
ere grown in complete medium [RPMI 1640 containing 10%

etal calf serum, 100 U/ml penicillin, 100 �g/ml streptomycin,
mM glutamine and 50 �M 2-mercaptoethanol; CM (com-
lete medium)]. Medium for T1/HCVcon cells contained also
mg/ml of G418. EL-4 cells transfected with NS3/4A (EL-
NS3/4A) were obtained from Dr. M. Sallberg (Karolinska

nstitute, Sweden) and were grown in CM containing 800 �g/ml
f G418 (Frelin et al., 2004).

.4. Immunization

Groups of three mice were immunized with poly(I:C)
50 �g/mouse), anti-CD40 (50 �g/mouse) or both, combined
ith different antigens: peptide E1-121 (50 �g/mouse), peptide
073 (50 �g/mouse), peptide 1073 (50 �g/mouse) + NS3 protein
5 �g/mouse), or NS3 protein alone (5–500 �g/mouse). When
sing peptides or peptides plus NS3, adjuvants and antigens
ere injected simultaneously i.p. resuspended in 0.5 ml of PBS,
hereas when using a higher amount of NS3 (>25 �g/mouse),

nti-CD40 was injected intraperitoneally (i.p.) (500 �l), and
h later NS3 was administered i.p (500 �l) and poly(I:C) i.v.

200 �l). In NK cell depletion experiments mice were injected

.p. with rabbit anti-AsGM1 (40 �l/mouse) (Wako Chemicals,
euss, Germany) or an equivalent amount of rabbit IgG (Sigma,
adrid, Spain) as a control, on days 2 and 0, being 0 the day of

mmunization. Six days after immunization (or 60 days, in the
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ase of memory responses), animals were sacrificed and their
pleens were removed, homogenized and pooled for immuno-
ogical analysis.

.5. Stimulation of spleen cells to measure cytokine
roduction in supernatants

Spleen cells were resuspended in CM and plated at
× 105 cells/well in 0.2 ml in U-bottomed 96-well plates in

he absence or in the presence of recombinant HCV NS3 pro-
ein or peptides. In antibody blocking experiments, cells were
ncubated with 10 �g/ml of anti-CD4 or anti-CD8 antibodies,
btained from GK1.5 and H35.17.2 hybridomas, respectively.
hen measuring responses against EL-4 NS3/4A cells, 3 × 105

plenocytes were stimulated with 3 × 104 mitomycin C-treated
L-4 NS3/4A or EL-4 non-transfected cells. In all cases, 48-h
upernatants were harvested and IFN-� and IL-4 were measured
y ELISA (BD-Biosciences, San Diego, CA), according to the
anufacturer’s instructions.

.6. ELISPOT

ELISPOT assays for IFN-� were carried out using a kit from
abtech (Sweden) according to the Manufacturer instructions.
riefly, plates (Multiscreen HTS; Millipore, Bedford, MA) were
oated with purified anti-IFN-� AN18 antibody (15 �g/ml).
fter overnight incubation, plates were washed with PBS and
locked for 3 h with DMEM containing 10% FCS. Then, 105

mmune splenocytes were cultured in triplicate in the absence
r in the presence of CTL peptides (10 �M) or rNS3 (1 �g/ml).
ne day later, plates were washed with PBS and incubated
ith biotinlylated anti-IFN-� R4-6A2 antibody (1 �g/ml). After
h, plates were washed and incubated with a 1/500 dilution of

treptavidin-peroxidase. One hour later, plates were washed and
eveloped with freshly prepared DAB solution. The reaction
as stopped with distilled water and spots were counted using

n automated ELISPOT reader (CTL, Aalen, Germany).

.7. Measurement of CTL and NK cell lytic activity

To measure CTL responses against peptides, splenocytes
rom immunized animals were incubated with peptides (10 or
.1 �M) for 2 h at 37 ◦C, washed twice and cultured in 24 well
lates at 7.5 × 106 cells/well. To measure responses against
1/HCVcon cells, 7.5 × 106 immune splenocytes were stim-
lated with 7.5 × 105 mitomycin C-treated T1/HCVcon cells.
n both cases, 2 days later, IL-2 (Boehringer-Mannhein GmbH,
ermany) (2.5 U/ml) was added to the wells, and on days 5–7,

ffector cells were harvested for chromium release assays. Lytic
ctivity was measured by incubating for 4 h different numbers
f effector cells with 3000 Na2

51CrO4-labeled target cells: T2
ells with or without peptide, or T1 and T1/HCVcon cells.
n the case of NK cell lytic activity, freshly obtained spleno-

ytes were incubated with 3000 chromium labelled YAC-1
ells and supernatants were harvested 4 h later. Percentage of
pecific lysis was calculated according to the formula: (cpm
xperimental − cpm spontaneous)/(cpm maximum − cpm spon-

m
o
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aneous) × 100, where spontaneous lysis corresponds to target
ells incubated in the absence of effector cells and maximum
ysis is obtained by incubating target cells with 5% Triton X-100.

.8. Flow cytometric analysis of DC

Analysis of the expression of DC surface molecules was
one 15 h after treatment with different stimuli. Spleen cells
ere doubled-stained at 4 ◦C in PBS containing 2% FCS, with

he following FITC-labelled antibodies: anti-CD80, anti-CD86,
nti-I-Ad, anti-H-2 Kd and isotype control, in combination with
nti-CD11c-PE antibodies (all from BD-Biosciences). After
0 min, cells were washed and surface expression of the differ-
nt markers was analyzed on the CD11c+ population by using a
ACSCaliburTM flow cytometer (Becton Dickinson).

.9. Statistical analysis

Statistical analyses were performed using two-way ANOVA
est with the SPSS 9.0 program for Windows.

. Results

.1. Poly(I:C) and anti-CD40 administration induces in
ivo maturation of dendritic cells

Administration of different DC activating agents together
ith antigens has proved to be very useful for the induction
f potent immune responses. In the case of HCV infection, lack
f cellular anti-viral responses has been associated with dis-
ase chronicity. Since developing strategies for the induction of
otent anti-HCV immune responses is a subject of great inter-
st, we decided to study the effect on the activation of DC of the
ombination of an anti-CD40 activating antibody with poly(I:C),
TLR3 ligand which mimics the dsRNA generated in a viral

nfection.
In a first set of experiments, BALB/c mice were injected i.p.

ith PBS, poly(I:C), anti-CD40 or a combination of both stim-
li. Fifteen hours later, activation of splenic DC was analyzed by
ow cytometry. As shown in Fig. 1A and B, analysis of CD11c+

ells from spleen showed that treatment with anti-CD40 was
nly able to slightly up-regulate the expression of I-Ad class II
olecules, compared to PBS treated mice, without any effect on

he other markers. Poly(I:C) treatment increased the expression
f all four analyzed markers, CD86 being the most up-regulated.
inally, combination of poly(I:C) and anti-CD40 also increased

he expression of activation markers, reaching levels slightly
igher than those obtained with poly(I:C) alone. Thus, adminis-
ration of poly(I:C) and anti-CD40 is able to induce maturation
f DC in vivo.

.2. Poly(I:C) and anti-CD40 administration synergizes in
he induction of anti-HCV T-cell responses
Since we had seen that injection of poly(I:C), and to a
inor extent anti-CD40, was able to induce in vivo activation

f DC, the efficacy of these DC activating stimuli to induce
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Fig. 1. Administration of anti-CD40 and poly(I:C) induces in vivo maturation of dendritic cells. BALB/c mice (three per group) were injected i.p. with PBS, 50 �g
o ter, animals were sacrificed and splenocytes were doubled-stained with PE-labeled
a D80, CD86, Kd or IAd antibodies. Expression of DC activation markers was analyzed
f esentative mouse from each treatment group are shown. (B) Results (mean ± S.D. of
t S-treated control mice, and are representative of two different experiments.
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Fig. 2. Synergy between anti-CD40 and poly(I:C) on the induction of anti-HCV
CD4 and CD8 responses. (A) BALB/c mice (three per group) were immunized
i.p. with 50 �g/mouse of peptide E1-121 alone (open triangles), E1-121 plus
anti-CD40 (closed triangles), E1-121 plus poly(I:C) (open squares) or E1-121
plus anti-CD40 and poly(I:C) (closed squares). Six days later their splenocytes
were pooled and stimulated with different concentrations of peptide E1-121, and
supernatants were harvested after 48 h of culture to measure IFN-� production
(*p < 0.001; E1-121 plus anti-CD40 and poly(I:C) vs. all the other groups, con-
sidering all peptide concentrations and comparing with each group separately).
(B) Pooled splenocytes from mice immunized with E1-121 plus anti-CD40 and
poly(I:C) were cultured with E1-121 with or without anti-CD4 or anti-CD8 anti-
bodies and IFN-� was measured as in A. (C) HHD mice (three per group) were
immunized i.p. with 50 �g/mouse of peptide 1073 alone (open triangles), 1073
plus anti-CD40 (closed triangles), 1073 plus poly(I:C) (open squares) or 1073
plus anti-CD40 and poly(I:C) (closed squares). Six days later their splenocytes
were pooled and stimulated in vitro with peptide 1073 and IL-2 for 6–7 days.
Then, lytic activity was measured against T2 target cells loaded with 10 �M
of 1073. Responses against T2 cells incubated in the absence of 1073 were
always below 3% (*p < 0.001; 1073 plus anti-CD40 and poly(I:C) vs. all the
other groups, considered all E/T ratios and comparing with each group sepa-
f poly(I:C), 50 �g of anti-CD40 or poly(I:C) plus anti-CD40. Fifteen hours la
nti-CD11c antibodies in combination with FITC-labeled isotype control, anti-C
or each mouse on the CD11c+ population. (A) FACS results obtained in a repr
hree mice) are expressed as fold-induction of activation markers relative to PB

nti-HCV immune responses was tested by immunization with
ifferent HCV antigens. We first used peptide E1-121 (HVS-
HRMAWDMMMNW, spanning residues 121–135 from HCV
1 protein) previously characterized as immunodominant in

he context of E1 after immunization of BALB/c mice (Bruna-
omero et al., 1997; Lopez-Diaz de Cerio et al., 1999). To

est the effect of poly(I:C) and anti-CD40 on the induction of
esponses against E1-121, BALB/c mice were immunized i.p.
ith the peptide in PBS in combination with these stimuli, and

esponses were measured 6 days later. Fig. 2A shows that neither
1-121 nor E1-121 plus anti-CD40 were able to induce IFN-
production. Combination of peptide with poly(I:C) induced

round 0.5 ng/ml of IFN-�, similar to that induced when immu-
izing with this peptide in IFA (Lopez-Diaz de Cerio et al.,
999). Finally, immunization of E1-121 in combination with
oly(I:C) and anti-CD40 showed strong synergy, inducing a
esponse six to eight-fold higher than that induced by peptide
nd poly(I:C) (p < 0.001; anti-CD40 plus poly(I:C) versus all the
ther groups, considered all comparisons separately). Responses
nduced against E1-121 when using these adjuvants were medi-
ted by CD4+ cells, since they were completely inhibited when
plenocytes were cultured in the presence of anti-CD4 antibod-
es, whereas anti-CD8 antibodies had no effect (Fig. 2B). IL-4
roduction was not detected in any of the groups studied, sug-
esting that Th1 responses are induced by this immunization
rotocol (data not shown). CD8+ responses are also important
or anti-HCV immunity; therefore, we decided to use pep-
ide 1073 (CINGVCWTV, spanning residues 1073–1081 from
CV NS3 protein), which has been described as an HLA-A2-

estricted CTL epitope recognized by HCV patients (Cerny
t al., 1995). In order to induce responses against this pep-
ide, we used HHD transgenic mice, which carry a chimeric
uman HLA-A2 molecule, and measured lytic activity against
eptide-loaded MHC class II negative T2 cells. Experiments,
quivalent to those carried out with peptide E1-121, showed

hat, when measuring lytic responses, immunization with 1073,
r 1073 plus anti-CD40, did not induce any measurable response,
hereas 1073 plus poly(I:C), induced a response able to recog-
ize peptide-loaded target cells. Finally, combination of 1073

rately). (D) HHD mice (three per group) were immunized i.p. with 50 �g/mouse
of peptide 1073 alone or with 1073 plus anti-CD40 and poly(I:C). Six days later
their splenocytes were pooled and responses against 1073 were measured as
IFN-� production in an ELISPOT assay. Results are expressed in all figures as
mean ± S.D. of triplicate cultures.
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Fig. 3. Immunization with low dose of rNS3 protein plus poly(I:C) and anti-
CD40 induces CD4 responses and helps activation of peptide-induced CD8
responses. (A) HHD mice (three per group) were immunized i.p. with rNS3
(5 �g/mouse) plus poly(I:C) and anti-CD40. Six days later their splenocytes
were pooled and stimulated in vitro with rNS3 (1 �g/ml) in the presence or in
the absence of blocking antibodies, and IFN-� production in supernatants was
measured 2 days later. (B) HHD mice (three per group) were immunized with
poly(I:C) and anti-CD40 plus 1073 or plus 1073 + rNS3 (5 �g/mouse) and their
splenocytes were pooled and stimulated in vitro with peptide 1073 (10 �M),
rNS3 (1 �g/ml) or left unstimulated. Responses were measured as IFN-� pro-
duction in an ELISPOT assay. (C and D) HHD mice (three per group) were
immunized with poly(I:C) and anti-CD40 plus 1073 (closed symbols) or plus
1073 + rNS3 (5 �g/mouse) (open symbols). Six days later their splenocytes were
pooled and stimulated in vitro with peptide 1073 at 10 �M (C) or 0.1 �M (D).
Five days later, CTL activity of stimulated cells was tested against T2 cells loaded
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ith poly(I:C) and anti-CD40 induced the strongest responses
Fig. 2C) (p < 0.001; anti-CD40 plus poly(I:C) versus all the
ther groups, all comparisons considered separately). CD8
esponses were also measured as IFN-� production by ELISPOT
Fig. 2D), showing that they were not induced after 1073
mmunization. In agreement with previous experiments, clear
esponses against peptide 1073 were induced after immuniza-
ion with 1073 plus poly(I:C) and anti-CD40. Thus, combination
f HCV antigens with poly(I:C) and anti-CD40 was able to
ynergistically induce CD4 and CD8 responses.

.3. Low dose of NS3 protein helps induction of CTL
esponses induced by peptide plus poly(I:C) and anti-CD40,
hereas high dose of NS3 directly induces T-helper and
TL responses

Previous experiments had shown that administration of a
inimal CTL epitope plus poly(I:C) and anti-CD40 was able

o induce CTL responses, in spite of the absence of antigens
ecognized by CD4+ T-cells which could provide CD4 T-cell
elp for CTL activation. Although the role of CTL is very
mportant in viral clearance through the lysis of infected cells
nd cytokine production, CD4+ T-cells help in CTL induc-
ion and may be crucial to stimulate efficient memory CTL.
hus, we decided to test whether the combination of a mini-
al CTL epitope with an antigen bearing Th epitopes, would

ncrease the efficacy of this immunization protocol. As a source
f Th epitopes we chose HCV NS3 recombinant protein (rNS3),
hich was included in the immunization mixture. First, we

ested the ability of poly(I:C) and anti-CD40 to induce T helper
esponses against NS3 using a dose of 5 �g/mouse. As shown
n Fig. 3A, strong IFN-� production was induced after immu-
ization with rNS3 and these adjuvants; it was mediated by
D4+ cells. No IL-4 production was found in this case (data
ot shown), confirming the Th1 profile, as for immunization
ith peptide E1-121. Regarding CD8 responses, immunization
ith this amount of rNS3 did not induce any response against
073, measured either as IFN-� production or as lytic activ-
ty (data not shown). Then, we immunized with 1073 + rNS3,
hich induced stronger responses against 1073 than immu-
ization with 1073 alone, as measured in ELISPOT assays
Fig. 3B). Clear responses against NS3 were also detected in
he group immunized with 1073 + rNS3. When measuring lytic
ctivity against target cells loaded with 1073 in these groups, it
as found that although not as clear as when using ELISPOT

ssays, 1073 + rNS3 immunization induced higher responses
han immunization with 1073 (Fig. 3C) (p < 0.001). Since Th
ells may also help CTL induction through the activation of
igh avidity CTL (Kumaraguru et al., 2004), we analyzed CTL
esponses elicited after stimulation with a low peptide concentra-
ion (0.1 �M), instead of the high concentration (10 �M) used in
ig. 3B and C. As shown in Fig. 3D, stronger CTL responses of
igh avidity were induced after immunization with 1073 + rNS3

han after immunization with 1073 alone (p < 0.001). These
esults indicate that, although immunization with 1073 plus
nti-CD40 and poly(I:C) is able to induce CTL responses
ndependently of Th cells, inclusion of Th epitopes in the immu-

c
t
i
C

ith the same peptide concentration used for stimulation. Results are expressed
n all cases as mean ± S.D. of triplicate cultures (p < 0.001; 1073 + rNS3 vs.
073, considered all E/T ratios).

ization mixture enhances the efficacy of high avidity CTL
nduction.

Since experiments with model proteins such as OVA (Ahonen
t al., 2004) had shown that immunization with a high amount
f protein was able to induce CD8 responses, we decided to
est whether higher amounts of rNS3 were able to induce CD8
esponses. To this purpose, we immunized HHD mice with
00 �g of rNS3 plus poly(I:C) and antiCD40. In this case,
ue to the denaturing character of the buffer used in the rNS3
olution, we tried to avoid mixing rNS3 with anti-CD40 and
oly(I:C), so the antibody was administered i.p. 6 h before the
ntigen and poly(I:C). In order to measure CD8 responses, we
sed again peptide 1073, as well as peptides 1038 and 1406
rom NS3 (GLLGCIITSL, spanning residues 1038–1047, and
LVGLGINAV, residues 1406–1415) also described as HLA-
2-restricted CTL epitopes (Cerny et al., 1995; Martin et al.,
004). As shown in Fig. 4A, splenocytes cultured in vitro
or several days with these peptides were able to lyse target
ells pulsed with the corresponding CTL epitopes. Moreover,

lear IFN-� production against these peptides was detected in
he culture supernatants of splenocytes, 1073 being the most
mmunogenic (Fig. 4B), as in lytic assays. In order to measure
D4 responses (Fig. 4C) immune spleen cells were stimulated
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Fig. 4. Immunization with high dose of rNS3 protein plus poly(I:C) and anti-
CD40 induces CD4 and CD8 responses. (A) HHD mice (three per group) were
immunized with poly(I:C) and anti-CD40 plus rNS3 (500 �g/mouse). Six days
later, their splenocytes were pooled and stimulated with CTL peptides 1073,
1406 or 1038 (10 �M). After 5 days of culture, lytic activity of effector cells
(E/T ratio of 100) was tested against T2 cells loaded with the corresponding
peptide. (B) Splenocytes from mice shown in A were cultured in the presence of
CTL epitopes 1073 (closed circles), 1406 (open triangles) or 1038 (closed tri-
angles), and after 48 h IFN-� production was measured in the supernatants. (C)
Splenocytes from mice shown in A were also stimulated with rNS3 protein used
for immunization (5 or 1 �g/ml) or with a commercial NS3 (1 �g/ml) to measure
IFN-� production in the supernatants. (D) Splenocytes from mice immunized as
in A were pooled and stimulated with CTL epitopes (10 �M) or rNS3 (1 �g/ml)
and IFN-� production was measured in ELISPOT assays. (E) HHD mice (three
per group) were immunized with different doses of rNS3. Six days after immu-
nization, their splenocytes were pooled and stimulated for 1 week with peptide
1073 (10 �M). Then, lytic activity was measured against peptide-pulsed T2
target cells (E/T ratio of 100). Lytic activity against T2 cells incubated in the
absence of peptide was in all experiments below 3%. (F) Splenocytes from mice
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poly(I:C) induces strong memory responses

Immunization with recombinant viruses is able to induce
long-term memory responses against the antigen of interest,

Fig. 5. rNS3 can induce CD4 and CD8 T-cell responses in other mouse strain.
C57BL/6 mice (three per group) were immunized once (open symbols) or twice
hown in (E) were also stimulated with CTL peptides 1073 (closed circles) and
038 (closed squares) at 10 �M or with rNS3 (open triangles) at 1 �g/ml and
FN-� production was measured in the supernatants 2 days later. Results are
xpressed in all figures as mean ± S.D. of triplicate cultures.

ith rNS3, and they induced high amounts of IFN-�. Moreover,
hese cells not only recognized our yeast-produced rNS3 used
or immunization, but also commercial rNS3 expressed in bac-
eria, confirming the specificity of the response. Finally, CD8
nd CD4 responses were also measured as IFN-� production in
LISPOT assays (Fig. 4D). This experiment confirmed previous
esults against immunodominant epitopes 1073 and 1038, with
trong responses, and against subdominant epitope 1406, with
very low response. However, a weak response was detected

gainst rNS3 protein.

(
d
w
p
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To find the minimal amount of rNS3 able to induce CTL
esponses, we carried out titration experiments by immunizing
ice with 500, 250, 125 or 25 �g/mouse of rNS3. Splenocytes

rom these immunized animals were stimulated with peptide
073 and after 1 week, lytic responses against peptide-loaded
arget cells were measured. As shown in Fig. 4E, a dose as low
s 25 �g/mouse was able to induce CTL responses recognizing
eptide 1073. This ability to activate CD8 cells was confirmed
hen responses were measured as IFN-� production in super-
atants against 1073 and 1038 epitopes (Fig. 4F). As expected,
ll immunization doses could activate CD4 responses against
NS3 (Fig. 4F). Thus, immunization with low amounts of rNS3
lus poly(I:C) and anti-CD40 induced only CD4 responses,
hereas immunization with amounts above 25 �g/mouse were

ble to induce both CD4 and CD8 responses.

.4. Immunization with poly(I:C) plus anti-CD40 and rNS3
nduces T-cell responses in different mouse strains

Induction of T-cell responses by immunizing with a protein,
nstead of defined peptide epitopes, would have the advantage of
sing a panel of several epitopes that might be presented by dif-
erent MHC molecules. To test this property in our immunization
odel we immunized C57BL/6 mice with rNS3 (100 �g/mouse)

nd measured CD8 and CD4 T-cell responses. A second group
f mice receiving a booster immunization was also included.
hese experiments showed that immunization with rNS3 plus
oly(I:C) and antiCD40 was able to induce CD8 responses
gainst the Db-restricted CTL epitope 1629 (GAVQNEVTL,
esidues 1629–1637 from NS3) (Frelin et al., 2003), measured
s IFN-� production (Fig. 5A). Also, it induced Th responses
gainst rNS3 (Fig. 5B). In this mouse strain, two immunizations
ere required to detect clear T-cell responses.

.5. Immunization with HCV antigens plus anti-CD40 and
closed symbols) with rNS3 (100 �g/mouse) plus poly(I:C) and anti-CD40. Six
ays after the last immunization their splenocytes were pooled and stimulated
ith the H-2 Db-restricted CTL epitope 1629 (A) or with rNS3 (B) and IFN-�
roduction was measured 48 h later. Results are expressed as mean ± S.D. of
riplicate cultures.
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Fig. 6. Immunization with HCV antigens plus poly(I:C) and anti-CD40 induces strong CTL and T-helper memory responses. HHD mice (three per group) received two
immunizations with rNS3 (100 �g/mouse) or with 1073 (50 �g/mouse) and rNS3 (5 �g/mouse) plus poly(I:C) and anti-CD40. Sixty days after the last immunization
animals were sacrificed to measure CTL and T-helper responses. (A) Splenocytes were pooled and stimulated in 96-well plates with or without peptide 1073 (10 �M),
and IFN-� production in the supernatants was measured 2 days later. (B) Splenocytes from mice shown in A were also stimulated in 24-well plates with peptide 1073
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anti-CD40. Thus, NK cell activity induced by poly(I:C) and anti-
CD40 administration contributes to the induction of CD4 Th1
responses.

Fig. 7. Immunization with poly(I:C) plus anti-CD40 induces NK cell activity
which helps to induce Th1 responses. (A) HHD mice (two per group) were
injected with poly(I:C) and anti-CD40 (M1 and M2) or with PBS (M3 and
M4). Six days later, NK cell lytic activity of their spleen cells was measured
against the NK-sensitive cell line YAC-1 at an E/T ratio of 100. (B and C)
HHD mice (three per group) were treated with 40 �l of anti-asialo GM1 or with
rabbit IgG (control group) on days 2 and 0 and immunized with poly(I:C), anti-
t 10 �M. Five days later, their CTL activity was tested against T2 cells loaded w
lways below 3%. (C) T-helper responses against NS3 induced in the same gro
re expressed in all cases as mean ± S.D. of triplicate cultures.

hereas peptide immunization does not frequently lead to the
nduction of these long-term responses (Casares et al., 2001).
ince our immunization mixture contains poly(I:C), a compo-
ent that mimics viral dsRNA, we analyzed if this immunization
rotocol was able to induce long-lasting memory responses. For
hese experiments we used again as model antigens high dose
NS3 (100 �g/mouse) or peptide 1073 in combination with low
ose rNS3 (5 �g/mouse), immunization protocols which induce
oth CD4 and CD8 responses. Animals received two immu-
izations and 60 days after the last immunization CTL and
-helper responses were analyzed. Fig. 6A shows that 60 days
fter immunization splenocytes from these animals were able to
pecifically produce IFN-� in response to peptide 1073. When
ytic activity against 1073 was measured, strong responses were
till detected (Fig. 6B), but in this case 1073 + rNS3 induced
ore potent responses. Finally, when T-helper responses against
S3 were measured, it was found that cells from both groups
f animals still displayed a high memory response (Fig. 6C).
hese results show that HCV peptides and proteins in combi-
ation with poly(I:C) and anti-CD40 are able to induce strong
emory CD8 and CD4 responses.

.6. Immunization with poly(I:C) plus anti-CD40 induces
K cell activity which helps the induction of Th1 responses

It has been reported that NK cells express TLR3, and in vitro
timulation with poly(I:C) leads to NK cell activation (Sivori et
l., 2004). Therefore, we decided to study whether our immu-
ization protocol was able to activate these cells. Experiments
arried out with the NK cell sensitive line YAC-1 showed that
days after administration of poly(I:C) and anti-CD40, a clear
K cell lytic activity was detected, whereas very low levels were
bserved in animals treated with PBS (Fig. 7A). We thus stud-
ed the role played by these activated NK cells on the induction
f T-cell responses after immunization with poly(I:C) and anti-
D40. A group of mice was treated with anti-AsGM1 to deplete
K cells, whereas another group was administered control rabbit
gG before immunization with 1073 and low dose of rNS3 plus
oly(I:C) and anti-CD40. In both cases, T-cell responses were
easured 6 days later. As shown in Fig. 7B, mice depleted of
K cells had lower IFN-� production against NS3. Moreover,

C
l
c
h
c

eptide 1073. Responses against T2 cells incubated in the absence of 1073 were
f animals were measured as IFN-� production in culture supernatants. Results

fter depletion of NK cells, detectable levels of IL-4 against
S3 were measured, confirming the role of NK cells on the

nduction of Th1 responses (Fig. 7C). A decrease in CTL activ-
ty against peptide 1073 was observed in anti-AsGM1-treated

ice (data not shown). However, since anti-AsGM1 adminis-
ration directly decreases CTL activity (Stitz et al., 1986), this
xperiment cannot unequivocally attribute an effect of NK cells
n the induction of CTL responses when using poly(I:C) and
D40, peptide 1073 (50 �g/mouse) and NS3 protein (5 �g/mouse). Six days
ater, their splenocytes were pooled and stimulated with NS3 (1 �g/ml) or with
ulture medium. Production of IFN-� (B) and IL-4 (C) was measured in 48-
supernatants. Results are expressed in all cases as mean ± S.D. of triplicate

ultures.
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.7. Immunization with rNS3 but not with NS3-derived CTL
pitopes induces CTL responses that recognize
ndogenously expressed HCV antigens
The principal goal of immunization protocols aimed at induc-
ng CTL responses is to activate CD8 lymphocytes able to
ecognize infected cells. We decided thus to study the abil-
ty of the different HCV antigens to induce CTL that would

ig. 8. Immunization with rNS3 protein but not with NS3-derived CTL epitopes
nduces CTL responses that recognize endogenously expressed HCV antigens.
HD mice (three per group) were immunized with peptide 1073 (A) or with rNS3

100 �g/mouse) expressed in yeast (B). In both cases, immune splenocytes were
ooled and stimulated with peptide 1073 (10 �M) or with mitomycin C-treated
1/HCVcon cells. Five days later, lytic activity was measured against target
ells with antigen: T2 cells pulsed with peptide 1073 or T1 cells transfected with
CV genes (black bars). As control, cells without antigen were used: unpulsed
2 cells or non-transfected T1 cells (open bars). (C) HHD mice (three per group)
ere immunized with rNS3 (100 �g/mouse) and CTL responses against T2 cells
ulsed with peptide 1073 CVN (black bar) or without peptide (open bar) were
easured. (D and E) HHD mice were immunized with peptide 1073 CVN (D)

r with rNS3c (100 �g/mouse) (E). As in (A) and (B), immune splenocytes were
ooled and stimulated with peptide 1073 (10 �M) or with mitomycin C-treated
1/HCVcon cells. Lytic activity was measured against target cells with antigen:
2 cells pulsed with peptide 1073 CVN or T1 cells transfected with HCV genes

black bars). As control, cells without antigen were used: unpulsed T2 cells or
on-transfected T1 cells (open bars). (F) C57BL/6 mice (three per group) were
mmunized with rNS3 (100 �g/mouse) and 6 days later their splenocytes were
ooled and stimulated with NS3/4A-transfected EL-4 cells or with untransfected
L-4 cells to measure IFN-� production. Results are expressed in all cases as
ean ± S.D. of triplicate cultures.
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ecognize T1/HCVcon cells, which endogenously express the
CV polyprotein. We immunized mice with 1073 or with rNS3

nd we studied the responses against T1/HCVcon cells. None
f these immunization protocols induced responses able to
pecifically recognize T1/HCVcon cells, although both induced
trong responses recognizing peptide 1073 (Fig. 8A and B). The
equence of region 1073–1081 present in peptide 1073 and in
NS3, as well as the sequence of other CTL epitopes present in
NS3, have several changes compared to the sequence present
n T1/HCVcon cells. We therefore decided to use a new peptide
rom region 1073 to 1081 similar to that present in T1/HCVcon
ells (CVNGVCWTV, from now on 1073 CVN). CTL induced
fter immunization with rNS3 recognized very poorly peptide
073 CVN (Fig. 8C), which might explain the lack of recognition
f T1/HCVcon cells. Thus, in order to enhance the possibility of
nducing CTL responses recognizing T1/HCVcon cells, a new
ecombinant NS3 protein (rNS3c) containing the 1073 CVN
equence as well as more similar sequences in other CTL epi-
opes (Kato et al., 1990), was produced in bacteria and used for
mmunization purposes. Immunization with 1073 CVN or with
NS3c induced CTL responses recognizing peptide 1073 CVN.
owever, only rNS3c was able to induce responses recognizing
1/HCVcon cells (Fig. 8D and E). These results suggested that

mmunization with protein NS3 plus poly(I:C) and anti-CD40
as more suitable than immunization with peptide to induce

esponses recognizing endogenously expressed antigens. To
onfirm these results, we immunized C57BL/6 mice with CTL
pitope 1629 or with rNS3 and measured the response. Peptide
mmunization did not induce any measurable response against
eptide-loaded cells (data not shown); so we did not carry out
urther experiments of recognition of NS3/4A-transfected EL4
ells. However, immunization with rNS3 activated a response
ble to recognize NS3/4A-transfected EL4 cells (Fig. 8F).

. Discussion

In the present study we showed that combination of poly(I:C),
ligand of TLR3, with anti-CD40, is a potent adjuvant mix-

ure for the induction of cellular immune responses against
CV. With the aim of inducing efficient responses, we chose
oly(I:C) as DC-activating reagent, because it has been reported
hat poly(I:C) induces DC maturation through TLR3, a recep-
or for double stranded RNA (Alexopoulou et al., 2001), which
s commonly found in the replication of single-stranded RNA
iruses such as HCV. Combination of this reagent with ago-
istic anti-CD40 antibodies has shown an important synergistic
ffect on the induction of T-cell responses against HCV antigens.
hese results confirm previous findings using anti-CD40 and
ifferent TLR ligands in the expansion of CD8 T-cells (Ahonen
t al., 2004). However, in the present study we have found that
or poly(I:C), this synergy is also able to enhance CD4 T-cell
esponses. Although induction of CD8 T-cell responses using
his adjuvant does not require help provided by CD4 T-cells, we

ave found that the inclusion of antigens recognized by CD4
-cells enhances the induction of CTL responses. This effect
s clearer when studying the induction of high avidity CTL, as
ecently reported in other immunization systems (Kumaraguru
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t al., 2004). In the case of HCV infection, chronically infected
atients have much lower CD4 T-cell responses than patients that
re able to eliminate infection (Hoffmann et al., 1995; Lasarte
t al., 1998). However, this difference is not as clear in the case
f CTL responses. Indeed, CTL responses are found in infected
atients, although lower than in cured patients (He et al., 1999;
ehermann et al., 1996). Thus, CTL may behave as an important
ffector population in the clearance of HCV infection, but CD4
-cells play a central role in the control of the disease. Moreover,
t has been described that antiviral memory cells depend on CD4
ells for their protective activity (Grakoui et al., 2003).

Regarding the induction of T-cell memory responses, immu-
ization with peptides in conventional adjuvants such as IFA,
s not as efficient as immunization with recombinant viruses to
nduce these memory responses (Casares et al., 2001). Thus, the
trong memory responses found after immunization with HCV
ntigens combined with poly(I:C) and anti-CD40, suggest that
his protocol is able to overcome the poor ability of peptides to
nduce memory responses. These results might be explained by
he enhanced survival of CD4 T-cells after poly(I:C) stimulation
Gelman et al., 2004). Poly(I:C) induces T-cell proliferation and
urvival through the production of type I IFN (Kolumam et al.,
005; Tough et al., 1996), which in turn activates IL-15 pro-
uction, an important cytokine in the homeostatic proliferation
f memory T-cells (Lodolce et al., 1998; Zhang et al., 1998).
oreover, stimulation of CD8 T-cells through CD40 has been

emonstrated to be very important for the induction of mem-
ry responses (Bourgeois et al., 2002; Koschella et al., 2004;
efrancois et al., 2000). Our results on the induction of potent
emory responses using poly(I:C) and anti-CD40 are similar to

hose recently reported using a synthetic oligonucleotide which
ehaves as a TLR9 ligand (Toka et al., 2005). In both cases,
dministration of anti-CD40 enhances the signal provided by
he corresponding TLR ligand. It is important to note that in our
ase, not only CD8 but also memory CD4 responses are induced
sing this immunization protocol, probably due to the action of
oly(I:C) and anti-CD40 in CD4 T-cells (Gelman et al., 2004).

Due to the activating effect of poly(I:C) and anti-CD40 on
C through TLR3 and CD40, respectively, these stimuli should

ead to maturation and concomitantly to enhancement of the
timulatory capacity of DC. However, when studying matura-
ion of these cells in vivo, we have not seen any synergy when

easuring surface expression of activation markers. Indeed,
aturation induced by poly(I:C) and anti-CD40 is very similar

o that induced by poly(I:C) alone. These results suggest that in
ivo administration of poly(I:C) and anti-CD40 may have syner-
istic effects on other DC functions, such as cytokine production
r stimulatory ability, as demonstrated in vitro with CD40L in
ombination with the TLR ligands LPS and poly(I:C) (Lapointe
t al., 2000) or with other microbial stimuli (Schulz et al., 2000).
lternatively, poly(I:C) and anti-CD40 may have effects on other

ell populations, and all these effects synergize to induce T-cell
esponses. Indeed, it has been reported that NK cells express sev-

ral TLR molecules, and after in vitro stimulation with CpGs or
oly(I:C) they are activated and produce IFN-� (Sivori et al.,
004). In agreement with this, we have seen that in vivo admin-
stration of poly(I:C) and anti-CD40 induces NK cell activity,

I
o
a

search 74 (2007) 25–35 33

nd this activity helps to induce T-cell responses. Our results are
lso in agreement with those recently reporting that NK cells,
ecruited in lymph nodes by DC matured under the effect of some
timuli, provide IFN-� useful for Th1 priming (Martin-Fontecha
t al., 2004). Together with NK cells and DC, T-cells may also
irectly benefit from the effect of these agonist molecules. Acti-
ated CD4 T-cells express TLR3, and stimulation through this
athway enhances their survival (Gelman et al., 2004). Also,
D40L induces an increased activation of CD4 and CD8 T-cells
fter suboptimal TCR stimulation (Fanslow et al., 1994). Taken
ogether, these results suggest that, at the time of immunization,
he reagents are able to stimulate different populations, including
C, NK cells and T-cells, and the coordinate activity of all these

ells finally synergizes on the induction of T-cell responses.
In the present work we have also compared the efficacy of

ifferent antigens to induce anti-HCV CD8 T-cell responses.
e have found that both peptide epitopes and rNS3 induce

otent peptide-specific responses. However, only protein is able
o induce CTL recognizing endogenously expressed antigens.

e do not have a clear explanation for it, but direct presenta-
ion of minimal CTL epitopes by non-professional APC when
mmunizing with peptide, as opposed to presentation by profes-
ional APC when immunizing with protein, might explain these
ifferences. Experiments are currently in progress to elucidate
hese results. In addition, we have found that for rNS3, sequence
omology between the antigen used for immunization and the
ntigen presented by target cells is important. Indeed, sequence
omology between rNS3 expressed in yeast and NS3 present in
1/HCVcon cells is 92%, whereas the homology between the
rotein expressed in bacteria (rNS3c) and that of T1/HCVcon
ells is 96%. Regarding the sequence of epitopes such as 1073
nd 1406, they are more similar in this last case, which would
xplain the differences found in recognition.

. Conclusions

Immunization with HCV antigens in combination with
oly(I:C) and anti-CD40 induces potent and long-lasting T-cell
mmune responses against HCV. These responses are proba-
ly mediated by different cell populations, and their coordinate
ction might help inducing effector mechanisms which could be
eneficial for an efficient anti-HCV immunization.
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