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High, Broad, Polyfunctional, and Durable T Cell Immune Responses
Induced in Mice by a Novel Hepatitis C Virus (HCV) Vaccine
Candidate (MVA-HCV) Based on Modified Vaccinia Virus Ankara
Expressing the Nearly Full-Length HCV Genome

Carmen E. Gómez,a Beatriz Perdiguero,a María Victoria Cepeda,a Lidia Mingorance,a Juan García-Arriaza,a Andrea Vandermeeren,a*
Carlos Óscar S. Sorzano,b Mariano Estebana

Department of Molecular and Cellular Biology, Centro Nacional de Biotecnología, Consejo Superior de Investigaciones Científicas, Madrid, Spaina; Biocomputing Unit,
Centro Nacional de Biotecnología, Consejo Superior de Investigaciones Científicas, Madrid, Spainb

A major goal in the control of hepatitis C infection is the development of a vaccine. Here, we have developed a novel HCV vaccine
candidate based on the highly attenuated poxvirus vector MVA (referred to as MVA-HCV) expressing the nearly full-length (7.9-
kbp) HCV sequence, with the aim to target almost all of the T and B cell determinants described for HCV. In infected cells, MVA-
HCV produces a polyprotein that is subsequently processed into the structural and nonstructural HCV proteins, triggering the
cytoplasmic accumulation of dense membrane aggregates. In both C57BL/6 and transgenic HLA-A2-vaccinated mice, MVA-HCV
induced high, broad, polyfunctional, and long-lasting HCV-specific T cell immune responses. The vaccine-induced T cell re-
sponse was mainly mediated by CD8 T cells; however, although lower in magnitude, the CD4� T cells were highly polyfunc-
tional. In homologous protocol (MVA-HCV/MVA-HCV) the main CD8� T cell target was p7�NS2, whereas in heterologous
combination (DNA-HCV/MVA-HCV) the main target was NS3. Antigenic responses were also detected against other HCV pro-
teins (Core, E1-E2, and NS4), but the magnitude of the responses was dependent on the protocol used. The majority of the HCV-
induced CD8� T cells were triple or quadruple cytokine producers. The MVA-HCV vaccine induced memory CD8� T cell re-
sponses with an effector memory phenotype. Overall, our data showed that MVA-HCV induced broad, highly polyfunctional,
and durable T cell responses of a magnitude and quality that might be associated with protective immunity and open the path for
future considerations of MVA-HCV as a prophylactic and/or therapeutic vaccine candidate against HCV.

More than 170 million people are infected with hepatitis C
virus (HCV) worldwide, and each year 3 million people are

newly infected (1). Twenty percent of infected people eliminate
the virus over the weeks or months following an acute infection
and are frequently asymptomatic. The remaining 80% will de-
velop chronic disease and, of these, nearly 20% of the chronic
patients ultimately develop liver cirrhosis and 1 to 5% will develop
liver cancer (2, 3).

The standard-of-care treatment for patients infected with
HCV is a combination of pegylated interferon-� and ribavirin.
This treatment is long, displays a broad side effect profile, com-
monly fails, and is prohibitively expensive in developing countries
(4). A major effort has been directed to the development of new
antiviral agents. Direct-acting antivirals in clinical development
include NS3-4A protease inhibitors, two of which, telaprevir and
boceprevir, have recently been approved for the treatment of HCV
genotype 1 infection in combination with pegylated interferon-�
and ribavirin, nucleoside/nucleotide analogue, and non-nucleo-
side inhibitors of HCV RNA-dependent RNA polymerase and
NS5A inhibitors, as well as host target agents (5). Due to the cost,
side effects, and complex treatments, as well as the development of
HCV-resistant mutants and viral heterogeneity, antiviral therapy
is not the solution to eradicate HCV infection. Hence, there is an
urgent need to develop an effective prophylactic vaccine.

The observation that a significant percentage of acutely in-
fected patients spontaneously eliminate the virus together with a
potent antiviral immunity suggests that the development of a pro-
phylactic vaccine is a feasible aim. The comparison of hosts who

spontaneously eradicate HCV to those who develop chronic
disease has permitted the characterization of innate and adap-
tive immune processes that are relevant in the outcome of in-
fection (6).

The role of HCV-specific T cell responses in the outcome of
primary HCV infection has been widely studied, and although a
single correlate of protection has not been determined, it is known
that this arm of the immune response is determinant in the clear-
ance of the virus. There are several lines of evidence that support
this remark. First, comparative studies in humans have shown that
wide and long-lasting CD8� and CD4� T cell responses against
multiple HCV regions are related to spontaneous viral clearance.
On the other hand, a low and limited HCV-specific T cell response
is a hallmark of chronic infection (7–9). Second, immunogenicity
studies derived from mixed populations and single-source out-
breaks have demonstrated a clear association between specific
HLA class I and II alleles and viral clearance (10). Both HLA-A3
and HLA-B27 alleles were reported to be protective against the
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development of persistent infection after an outbreak of HCV
from genotype 1b infection in Irish women in 1977. Third, in the
chimpanzee model it has been shown that once protective re-
sponses are triggered, depletion of either CD4� and CD8� T cells
results in the loss of control over recurrent HCV challenges (11).

The protective role of HCV antibodies is still controversial. It
has been shown that antibody-deficient patients can recover from
acute HCV infection in the absence of anti-HCV antibodies (12).
However, a strong line of evidence now exists demonstrating that
neutralizing antibody responses to epitopes in the viral E1 and E2
glycoproteins can be protective (13) and are associated with the
resolution of hepatitis C infection (14). Moreover, it has been
recently described that human liver-chimeric mice (Alb-uPA/
SCID) injected with neutralizing antibodies derived from patients
with chronic infection were protected from homologous (15, 16)
or heterologous (17) HCV challenges.

Based on the virus-host interactions during HCV infection,
there are three characteristics likely to be shared by successful
prophylactic and therapeutic vaccine candidates. First, these vac-
cines need to elicit a potent, wide, and functional T cell response
and also a humoral immune response to a broad array of HCV
antigens. Second, they will target relatively conserved viral regions
to counteract with the high levels of viral genetic diversity between
and within hosts. Third, they need to eliminate HCV from the
liver without producing liver immunopathology in order to be
safe.

Peptide, recombinant protein, DNA, and vector-based vac-
cines have all been examined with different degrees of success as
preventive and therapeutic HCV vaccine candidates (6, 18, 19).
Recombinant protein vaccines that trigger anti-envelope humoral
responses are not likely to generate sterilizing immunity due to the
genetic variability of the HCV envelope region but may yet have a
role in the attenuation of the course of primary infection or func-
tion as an adjuvant to a T cell-based vaccine. Peptide- and protein-
based T cell vaccines have been shown to induce low T cell re-
sponses, and thus this strategy will only progress with the
development of novel adjuvants. DNA vaccines, with supplemen-
tary techniques to increase delivery and immunogenicity, have
demonstrated some promising results and have been reported to
reduce viral load in some persistently infected patients (6, 18, 19).
The most promising observations have been derived from the use
of viral vector-based vaccines, such as replication-defective ade-
novirus or modified vaccinia virus Ankara (MVA). Adenoviral
vectors expressing nonstructural proteins from genotype 1b have
been shown to be highly immunogenic in healthy volunteers (20).
Nevertheless, the effects of these vectors in HCV-infected patients
are not yet known. In the same way, MVA-based HCV vaccine
candidates targeting structural and/or nonstructural HCV pro-
teins have also been shown to elicit high quality T cell immune
responses in preclinical (21–24) and clinical (25) studies. The
most advanced therapeutic studies using MVA have been con-
ducted with the TG4040 candidate. It is a recombinant poly-anti-
genic T cell vaccine based on MVA that encodes NS3, NS4, and
NS5B HCV proteins. HCV-specific T cell responses were detected
in all patients as early as 1 week after the first vaccination and were
maintained during the 6-month follow-up. Vaccination reduced
HCV viral loads by up to 1.5 log10, and the strongest vaccine spe-
cific T cell responses were observed in patients who achieved the
greatest viral load reductions (25). In addition, a randomized
phase II study involving 153 patients in three treatment groups is

currently ongoing. Preliminary data published on the website of
Transgene show a reduction of viral load as early as 1 week after
the initiation of standard-of-care treatment in the group prevac-
cinated with TG4040 prior to the introduction of the treatment,
which is faster than in both other groups receiving the standard-
of-care treatment alone or a combination of the standard-of-care
treatment with TG4040 in the same treatment schedule (http:
//www.clinicaltrials.gov, NCT01055821).

Because current HCV candidate vaccines are designed to target
a limited number of viral antigens, we decided to develop a new
vaccine candidate based on the attenuated MVA strain that con-
stitutively expresses a nearly full-length HCV genome from geno-
type 1a (MVA-HCV). This HCV open reading frame (ORF) was
previously used for the generation of the recombinant vaccinia
virus vT7-HCV7.9 from the virulent WR strain that, upon induc-
tion with IPTG (isopropyl-�-D-thiogalactopyranoside), is effi-
ciently transcribed into a polyprotein precursor that is correctly
processed into mature structural proteins (Core, E1, and E2), vi-
roporin p7 protein, and nonstructural proteins (NS2, NS3, NS4A,
NS4B, NS5A, and part of NS5B) (26). For safety reasons, the HCV
polyprotein encoded by MVA-HCV recombinant virus only con-
tains the first 201 amino acids of the nonstructural protein 5B
(NS5B). NS5B is considered to possess RNA-dependent RNA
polymerase (RdRp) activity and to play an essential role in viral
replication. It works in a membrane-associated complex that also
contains NS3, NS4A, NS4B, and NS5A (27). NS5B is anchored to
the membranes via a C-terminal 20-amino-acid hydrophobic do-
main. These residues are dispensable for enzymatic activity but
needed for viral replication in cells (28). The removal of almost
70% of NS5B protein that abrogates its enzymatic activity, and its
interaction with the replication complex, together with the ab-
sence of 5=- and 3=-NTRs that contain important cis-acting regu-
latory sequences, assure that during a coinfection of HCV and
MVA-HCV vaccine the viral insert cannot contribute to generate
a replication-competent HCV.

In an effort to develop HCV vaccine candidates, we describe
here the generation, characterization, and preclinical evaluation
of MVA-HCV that constitutively expresses all of the HCV pro-
teins (except the C-terminal region of NS5B). We specifically ad-
dressed the breadth, phenotype, polyfunctionality, and longevity
of the vaccine-elicited immune responses in mice in order to pro-
vide insights into the immune potential of MVA-HCV adminis-
tered in homologous or heterologous regimens as candidate vac-
cine.

MATERIALS AND METHODS
Ethics statement. The animal studies were approved by the Ethical Com-
mittee of Animal Experimentation (CEEA-CNB) of Centro Nacional de
Biotecnologia (CNB-CSIC; Madrid, Spain) in accordance with national
and international guidelines and with the Royal Decree (RD 1201/2005
[permit number 11048]).

Cells and viruses. BHK-21 cells (baby hamster kidney fibroblasts,
American Type Culture Collection [ATCC] catalog no. CCL-10), DF-1
cells (a spontaneously immortalized chicken embryo fibroblast (CEF) cell
line, ATCC catalog no. CRL-12203), and HeLa cells (a human epithelial
cervix adenocarcinoma, ATCC catalog no. CCL-2) were grown in Dul-
becco modified Eagle medium (DMEM) supplemented with 100 IU of
penicillin/ml, 100 �g of streptomycin/ml, and 10% fetal calf serum (FCS).
Human HepG2 hepatocellular carcinoma cells (ATCC catalog no. HB-
8065) were maintained in DMEM supplemented with penicillin (100 IU/
ml), streptomycin (100 �g/ml), glutamine (2 mM), HEPES buffer (pH
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7.4; 20 mM), and 10% FCS. Human monocyte-derived dendritic cells
(DCs) were obtained from freshly isolated peripheral blood mononuclear
cells by Ficoll gradient separation on Ficoll-Paque (GE Healthcare) from
buffy coats of healthy blood donors (recruited by the Centro de Trans-
fusión de la Comunidad de Madrid, Madrid, Spain). Then, CD14� mono-
cytes were purified by depletion using Dynabeads Untouched human
monocytes kit (Invitrogen), following the manufacturer’s recommenda-
tions. The obtained monocytes were cultured for 7 days in six-well culture
plates (3 � 106 cells/well at 1 � 106 cells/ml) in complete RPMI 1640
medium containing 10% FCS and supplemented with 50 ng of granulo-
cyte-macrophage colony-stimulating factor/ml and 20 ng of interleukin-4
(IL-4)/ml (both from Gibco-Life Technologies). The purity of sorted DC
populations was �99%. The human monocytic THP-1 cell line (ATCC
catalog no. TIB-202) was cultured in complete RPMI 1640 medium con-
taining 2 mM L-glutamine, 50 mM 2-mercaptoethanol, 100 IU of penicil-
lin/ml, 100 �g of streptomycin/ml, and 10% FCS. THP-1 cells were
differentiated into macrophages by treatment with 0.5 mM phorbol 12-
myristate 13-acetate (PMA; Sigma-Aldrich) for 24 h before usage. Cells
were maintained in a humidified air–5% CO2 atmosphere at 37°C
(or 39°C for the DF-1 cell line). Virus infections were performed with
2% FCS.

The poxvirus strain used in the present study as the parental virus for
the generation of the recombinant virus MVA-HCV is the modified vac-
cinia virus Ankara (MVA) obtained from the Ankara strain after 586 serial
passages in CEF cells (derived from clone F6 at passage 585, kindly pro-
vided by G. Sutter, Germany). Both viruses were grown in BHK-21 cells,
similarly purified through two 36% (wt/vol) sucrose cushions, and
titrated by immunostaining plaque assay as previously described (29). The
titration of the different viruses was performed at least three times.

Construction of plasmid transfer vector pCyA-HCV7.9. A 7.9-kbp
DNA fragment encoding the structural (C, E1, and E2), the viroporin p7
and nonstructural (NS2, NS3, NS4A, NS4B, and NS5A, plus 201 amino
acids of the N-terminal region of NS5B) proteins of HCV virus H77 from
genotype 1a was excised with EcoRI from the original full-length HCV
genome containing plasmid pHCV1a (kindly provided by Charles M.
Rice, New York, NY). The 5=- and 3=-NTR regions of HCV genome are not
part of the construct. This DNA fragment was treated with Klenow en-
zyme (Roche) to generate blunt ends and cloned into the VACV insertion
vector pCyA-20 previously digested with PmeI and dephosphorylated by
incubation with shrimp alkaline phosphatase (USB) to generate the plas-
mid transfer vector pCyA-HCV7.9 (see Fig. 1A). The plasmid pCyA-20,
used for the generation of plasmid pCyA-HCV7.9, was constructed by the
insertion of a synthetic band containing the viral early/late promoter and
a multiple cloning site into the plasmid pLZAW1 (provided by Sanofi-
Pasteur). The synthetic band was obtained by the annealing of two com-
plementary oligonucleotides (88 bp each) containing AscI and SwaI re-
striction sites (underlined): 5=-AGGCGCGCCAAAAATTGAAATTTTATT
TTTTTTTTTTGGAATATAAATAGCTAGCTCGAGTTTAAACTGCA
GAGATCTATTTAAATCC-3= and 5=-GGATTTAAATAGATCTCTGCA
GTTTAAACTCGAGCTAGCTATTTATATTCCAAAAAAAAAAAATAA
AATTTCAATTTTTGGCGCGCCT-3=. This synthetic band was digested
with AscI and SwaI and cloned into pLZAW1 previously digested with the
same restriction enzymes to generate plasmid pCyA-20.

The resulting plasmid transfer vector, pCyA-HCV7.9, was confirmed
by DNA sequence analysis and directs the insertion of HCV genes into the
TK locus of the MVA-WT genome under the transcriptional control of
the viral synthetic early/late (sE/L) promoter. It contains a �-Gal reporter
gene sequence between two repetitions of the left TK flanking arm, which
allows the reporter gene to be deleted from the final recombinant virus by
homologous recombination after successive passages.

Construction of MVA-HCV recombinant virus. BHK-21 cells (3 �
106 cells) were infected with MVA-WT at a multiplicity of 0.01 PFU/cell
and transfected 1 h later with 10 �g of DNA of plasmid pCyA-HCV7.9,
using Lipofectamine reagent according to the manufacturer’s recommen-
dations (Invitrogen). After 72 h postinfection (hpi), the cells were har-

vested, lysed by freeze-thaw cycling, sonicated, and used for recombinant
virus screening. Recombinant MVA viruses containing the 7.9-kb HCV1a
DNA fragment and transiently coexpressing the �-Gal marker gene
(MVA-HCV, X-Gal�) were selected by consecutive rounds of plaque pu-
rification in BHK-21 cells stained with X-Gal (5-bromo-4-chloro-3-indo-
lyl-�-D-galactopyranoside; 400 �g/ml, four passages in total). In the fol-
lowing plaque purification steps, recombinant MVA viruses containing
HCV1a DNA fragment and having deleted the �-Gal gene by homologous
recombination between the TK left arm and the short TK left arm repeat
flanking the marker (MVA-HCV, X-Gal�) were isolated by three addi-
tional consecutive rounds of plaque purification screening for nonstain-
ing viral foci in BHK-21 cells in the presence of X-Gal (400 �g/ml). In each
round of purification, the isolated plaques were expanded in BHK-21 cells
for 3 days, and crude viruses obtained were used for the next plaque
purification round. The resulting MVA-HCV recombinant virus was
grown in BHK-21 cells, purified through two 36% (wt/vol) sucrose cush-
ions, and titrated by immunostaining plaque assay. Purity of the recom-
binant virus was confirmed by PCR with primers spanning the junction
regions of the HCV1a insert and by DNA sequence analysis.

PCR analysis of MVA-HCV recombinant virus. To test the identity
and purity of the recombinant virus MVA-HCV, viral DNA was extracted
from BHK-21 cells infected at 5 PFU/cell with MVA-WT or MVA-HCV.
Cell membranes were disrupted using sodium dodecyl sulfate (SDS), fol-
lowed by proteinase K treatment (0.2 mg of proteinase K/ml in 50 mM
Tris-HCl [pH 8], 100 mM EDTA [pH 8], 100 mM NaCl, and 1% SDS for
1 h at 55°C) and phenol extraction of viral DNA. Primers TK-L (5=-TGA
TTAGTTTGATGCGATTC-3=) and TK-R (5=-TGTCCTTGATACGGCA
G-3=) annealing in the TK flanking sequences (Fig. 1B) were used for PCR
analysis of TK locus. The amplification reactions were performed with
Platinum Taq DNA polymerase (Invitrogen) according to the manufac-
turer’s recommendations.

Analysis of virus growth. To determine virus growth profiles, mono-
layers of BHK-21 cells grown in 12-well plates were infected in duplicate at
0.01 PFU/cell with MVA-WT or MVA-HCV recombinant virus. After
virus adsorption for 60 min at 37°C, the inoculum was removed. The
infected cells were washed once with DMEM without serum and incu-
bated with fresh DMEM containing 2% FCS at 37°C in a 5% CO2 atmo-
sphere. At different times postinfection (0, 24, 48, and 72 h), cells were
harvested by scraping (lysates at 5 � 105 cells/ml), freeze-thawed three
times, and briefly sonicated. Virus titers in cell lysates were determined by
immunostaining assay in chick DF-1 cells using rabbit polyclonal anti-
vaccinia virus strain WR (Centro Nacional de Biotecnología; diluted
1:1,000), followed by anti-rabbit-HRPO (Sigma; diluted 1:1,000).

Expression of HCV proteins from MVA-HCV recombinant virus by
Western blot analysis. To test the correct expression of HCV antigens by
the MVA-HCV recombinant virus, monolayers of BHK-21 cells were
mock infected or infected at 5 PFU/cell with MVA-WT or MVA-HCV. At
24 h postinfection, cells were lysed in Laemmli buffer, and cell extracts
were fractionated by SDS–12% PAGE and analyzed by Western blotting
with rabbit polyclonal antibody against Core (kindly provided by Ilkka
Julkunen; National Public Health Institute, Finland; diluted 1:1,000),
mouse monoclonal antibodies against E1 (Acris Antibodies; diluted
1:1,000), E2 (GenWay Biotech; diluted 1:500), NS4A, NS4B, and NS5A
(all from GenWay Biotech; diluted 1:1000), or goat polyclonal antibody
against NS3 (Abcam; diluted 1:500, kindly provided by Pablo Gasta-
minza) to evaluate the expression of the different HCV proteins. The
anti-rabbit-HRPO diluted 1:5,000 (Sigma), anti-mouse-HRPO diluted
1:2,000 (Sigma), or anti-goat-HRPO diluted 1:100,000 (Sigma) were used
as secondary antibodies. The immunocomplexes were detected by en-
hanced chemiluminescence (GE Healthcare).

Expression of HCV proteins from MVA-HCV recombinant virus by
confocal immunofluorescence microscopy analysis. HeLa cells cultured
on glass coverslips at a confluence of 50% were mock infected or infected
with MVA-WT or MVA-HCV at a multiplicity of infection (MOI) of 0.5
PFU/cell. At 16 h postinfection, the cells were washed with phosphate-

Gómez et al.

7284 jvi.asm.org Journal of Virology

 on S
eptem

ber 5, 2013 by U
A

M
/S

E
R

V
IC

IO
 D

E
 D

O
C

U
M

E
N

T
A

C
IO

N
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org
http://jvi.asm.org/


buffered saline (PBS) and fixed with 3% paraformaldehyde (PFA) in PBS
at room temperature for 15 min. Cells were quenched for 15 min in the
presence of 50 mM NH4Cl and permeabilized and blocked with 0.05%
saponin–5% FCS in PBS. Mouse monoclonal antibodies against HCV
proteins E1 (Acris Antibodies) or NS5A (GenWay), rabbit polyclonal an-
tibody against HCV protein NS4B (kindly provided by Ilkka Julkunen),
and mouse monoclonal anti-PDI or rabbit polyclonal anti-calnexin anti-
bodies (BioNova), both against endoplasmic reticulum (ER), were used to
stain the cells for 1 h at room temperature in the presence of 0.05% sapo-
nin–5% FCS in PBS, followed by washing with PBS and 1 h of incubation
in the dark at room temperature with specific mouse or rabbit secondary
antibodies conjugated with the fluorochromes Alexa 488 (green) or Alexa
594 (red) (Invitrogen). Coverslips were then washed with PBS, and cell
nuclei were stained with DAPI (4=,6=-diamidino-2-phenylindole; Sigma)
in PBS. After staining, coverslips were conserved in ProLong Gold anti-
fade reagent, and optical sections of the cells were examined using a Leica
TCS SP5 microscope. Images were recorded and processed by use of the
specialized software LasAF (Leica Microsystems).

Electron microscopy analysis. Confluent HeLa cells growing on 60-
cm2 plastic culture dishes were infected with MVA-WT or MVA-HCV at
an MOI of 5 PFU/cell. At 16 hpi, cells were fixed for 2 h at room temper-
ature in 2% glutaraldehyde–1% tannic acid in 0.4 M HEPES buffer (pH
7.2) and then collected by careful scraping. Cellular pellet was washed in
HEPES buffer, followed by conventional embedding in the epoxy-resin
EML-812 (Taab Laboratories) as previously described (30). Ultrathin sec-
tions of 70 nm were cut from the embedded pellet, collected on copper
grids, and examined with a JEOL 1011 transmission electron microscope.
All images were recorded with an ES1000W Erlangshen charge-coupled
device camera (Gatan).

Time course expression of HCV proteins from MVA-HCV recombi-
nant virus. BHK-21 or HepG2 cells grown in 12-well culture plates were
mock infected or infected at 5 PFU/cell with MVA-WT or MVA-HCV
recombinant virus. At different hours postinfection, the cells were col-
lected and centrifuged at 1,500 rpm for 10 min, and cellular pellets were
lysed in Laemmli buffer containing �-mercaptoethanol. Cell extracts were
fractionated by SDS–12% PAGE and analyzed by Western blotting with
an HCV antibody-positive human serum (diluted 1:500), followed by
anti-human-HRPO (Sigma; diluted 1:1,000) to evaluate the expression of
HCV proteins. The immunocomplexes were detected by enhanced
chemiluminescence (GE Healthcare).

Genetic stability of MVA-HCV recombinant virus by expression
analysis. Monolayers of BHK-21 cells were infected at 0.05 PFU/cell with
MVA-HCV recombinant virus. At 72 hpi, cells were collected by scraping.
After three freeze-thaw cycles and brief sonication, the cellular extract was
centrifuged at 1,500 rpm for 5 min, and the supernatant was used for a
new round of infection at 0.05 PFU/cell. The same procedure was repeated
four times. Expression of HCV proteins at all four passages was detected
by Western blot after infection of BHK-21 cells with virus stocks from
each passage using an HCV antibody-positive human sera (kindly pro-
vided by Rafael Fernández from Hospital Ramón y Cajal, Madrid, Spain;
diluted 1:500). Anti-human-HRPO diluted 1:1,000 (Sigma) was used as a
secondary antibody. The immunocomplexes were detected by enhanced
chemiluminescence (GE Healthcare).

The stability of the MVA-HCV recombinant virus was also evaluated
in individual plaques. Monolayers of BHK-21 cells grown in six-well
plates were infected with serial dilutions of cell lysates at passage 4 from
MVA-HCV infections. After 1 h of virus adsorption, the virus inoculum
was removed, and the cells were overlaid with agar. At 48 hpi, the cells
were stained with 0.01% neutral red (Sigma), and 15 h later 30 individual
plaques were picked up, resuspended in 0.5 ml of DMEM, freeze-thawed
three times, and briefly sonicated. Then, 0.2 ml of each plaque was used
for infection of BHK-21 cells in 24-well plates. At 72 hpi, the cells were
lysed in Laemmli buffer containing �-mercaptoethanol, and cell extracts
were fractionated by SDS–12% PAGE and analyzed by Western blotting
with HCV antibody-positive human sera (diluted 1:500), followed by an-

ti-human-HRPO (Sigma; diluted 1:1,000) to evaluate the expression of
HCV proteins. The immunocomplexes were detected by enhanced
chemiluminescence (GE Healthcare).

RNA analysis by quantitative real-time PCR. Total RNA was isolated
by using the RNeasy kit (Qiagen) from DCs mock infected or infected at
0.3 or 1 PFU/cell with MVA-WT or MVA-HCV for 6 h. Reverse transcrip-
tion of 500 ng of RNA was performed by using a QuantiTect reverse
transcription kit (Qiagen). Quantitative PCR was performed with a 7500
real-time PCR system (Applied Biosystems) using the Power SYBR green
PCR Master Mix (Applied Biosystems), as previously described (31). The
expression levels of IFN-�, IFIT1, IFIT2, RIG-I, MDA-5, IP-10, and HPRT
genes were analyzed by real-time PCR using specific oligonucleotides (the
sequences are available from the authors upon request). Gene-specific
expression was expressed relative to the expression of HPRT in arbitrary
units. All samples were tested in duplicate, and two different experiments
were performed.

Analysis of IRF3 phosphorylation by Western blotting. The phos-
phorylation of IRF-3 was analyzed by Western blotting in extracts from
THP-1 cells mock infected or infected with MVA-WT or MVA-HCV at 5
PFU/cell. At different times postinfection (45 min, 90 min, 3 h, or 6 h),
cells were harvested, and protein extracts were obtained using lysis buffer
according to the manufacturer’s recommendations (cell lysis buffer; Cell
Signaling). Equal amounts of protein (30 �g) were fractionated by SDS–
10% PAGE and analyzed by Western blotting with rabbit monoclonal
anti-P-IRF-3 (Cell Signaling; diluted 1:1,000) to evaluate the phosphory-
lation of IRF-3 or rabbit monoclonal anti-�-tubulin (Cell Signaling; di-
luted 1:2,000) as a loading control, followed by anti-rabbit-HRPO (Sigma;
diluted 1:5,000). The immunocomplexes were detected by enhanced
chemiluminescence (GE Healthcare).

DNA vectors. The DNA vaccine constructs pcDNA-Core, pcDNA-E1,
pcDNA-E2, and pcDNA-NS3 were kindly provided by Ilkka Julkunen
(National Public Health Institute, Finland). Plasmids were purified by
using Maxi-Prep purification kits (Qiagen) and diluted for injection in
endotoxin-free phosphate-buffered saline. The Core, E1, E2, and NS3 pro-
teins encoded by these plasmids belong to HCV virus H77, genotype 1a.

Peptides. The HCV virus J4 (genotype 1b; GenPept no. AAC15722)
peptide pools Core, E1, E2, p7�NS2, NS3-1, NS3-2, NS4, NS5-1, NS5-2,
and NS5-3, with each purified peptide at 1 mg per vial, were obtained
through BEI Resources, National Institute of Allergy and Infectious Dis-
ease, National Institutes of Health. They spanned the entire HCV1b pro-
teins as consecutive 13- to 19-mers overlapped by 11 or 12 amino acids.
Core protein was spanned by the Core peptide pool (28 peptides). E1
protein was spanned by the E1 pool (28 peptides). E2 protein was spanned
by the E2 pool (55 peptides). The p7 and NS2 proteins were spanned by
the p7�NS2 pool (40 peptides). NS3 protein was spanned by the follow-
ing pools: NS3-1 (49 peptides) and NS3-2 (49 peptides). NS4 protein was
spanned by the NS4 pool (47 peptides), and NS5 protein was spanned by
the following pools: NS5-1 (55 peptides), NS5-2 (53 peptides), and NS5-3
(53 peptides). The HCV virus J4 genotype 1b shares an 85.7% of amino
acid sequence homology with the HCV virus H77 genotype 1a.

C57BL/6 mice immunization schedule. C57BL/6 mice (6 to 8 weeks
old) were purchased from Jackson Laboratory. For the homologous MVA
prime-MVA boost immunization protocol performed to assay the immu-
nogenicity of the MVA-HCV recombinant virus, groups of animals (n �
8) were immunized with 107 PFU of MVA-WT or MVA-HCV by the
intraperitoneal (i.p.) route. Two weeks later, animals received 107 PFU of
MVA-WT or MVA-HCV by the i.p. route. For the heterologous DNA
prime-MVA boost immunization protocol, groups of animals (n � 8)
received 200 �g of DNA-HCV (50 �g of pcDNA-Core plus 50 �g of
pcDNA-E1 plus 50 �g of pcDNA-E2 plus 50 �g of pcDNA-NS3) or 200
�g of sham DNA (DNA-	) (200 �g of pcDNA) by the intramuscular
(i.m.) route. For DNA priming, we selected plasmid vectors expressing the
HCV proteins Core, E1, E2, and NS3 since these antigens represent the
main targets in the current HCV vaccine candidates (20–23). Two weeks
later, animals were immunized with 107 PFU of MVA-WT or MVA-HCV
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by the i.p. route. At 10 and 53 days after the last immunization, four mice
in each group were sacrificed and spleens processed for intracellular cy-
tokine staining (ICS) assay to measure the adaptive and memory cellular
immune responses against HCV antigens, respectively. At 53 days after the
last immunization, livers were processed by mechanical disruption as pre-
viously described (32) to measure, by ICS assay, the memory cellular
immune response against HCV antigens in murine intrahepatic immune
cells (IHICs).

C57BL/6-Tg(HLA-A2.1)1Enge/J mice immunization schedule.
C57BL/6-Tg(HLA-A2.1)1Enge/J mice (6 to 8 weeks old) were purchased
from Jackson Laboratory. This homozygous transgenic mice carrying the
Tg(HLA-A2.1)1Enge transgene express significant quantities of the hu-
man class I MHC Ag HLA-A2.1 on cells from the spleen, bone marrow,
and thymus. For the heterologous DNA prime-MVA boost immunization
protocol, groups of animals (n � 8) received 200 �g of DNA-HCV (50 �g
of pcDNA-Core plus 50 �g of pcDNA-E1 plus 50 �g of pcDNA-E2 plus 50
�g of pcDNA-NS3) or 200 �g of DNA-	 (200 �g of pcDNA) by the i.m.
route. Two weeks later, animals were immunized with 107 PFU of
MVA-WT or MVA-HCV by the i.p. route. At 10 and 53 days after the last
immunization, four mice in each group were sacrificed, and the spleens
were processed for ICS assay to measure the adaptive and memory cellular
immune responses against HCV antigens, respectively.

ICS assay. The magnitude, polyfunctionality, and phenotype of the
HCV-specific T cell responses were analyzed by ICS. After an overnight
rest, 4 � 106 splenocytes or IHICs (depleted of red blood cells) were
seeded on 96-well plates and stimulated for 6 h in complete RPMI 1640
medium supplemented with 10% FCS containing 1 �l of GolgiPlug (BD
Biosciences)/ml, anti-CD107a-Alexa 488 (BD Biosciences), and 1 �g of
the different HCV peptide pools/ml. At the end of the stimulation period,
the cells were washed, stained for the surface markers, fixed, permeabil-
ized (Cytofix/Cytoperm kit; BD Biosciences), and stained intracellularly
using the appropriate fluorochromes. Dead cells were excluded by using
the violet Live/Dead stain kit (Invitrogen). For functional analyses, the
following fluorochrome-conjugated antibodies were used: CD3-PE-
CF594, CD4-APC-Cy7, CD4-Alexa 700, CD8-V500, IFN-
-PE-Cy7, IFN-

-PerCP-Cy5.5, IL-2-APC, and TNF-�-PE (all from BD Biosciences). In
addition, for phenotypic analyses, the following antibodies were used:
CD62L-Alexa 700 or CD62L-APC (BD Biosciences) and CD127-PerCP-
Cy5.5 (eBioscience). Cells were acquired using a Gallios flow cytometer
(Beckman Coulter). Analyses of the data were performed using the FlowJo
software version 8.5.3 (Tree Star, Ashland, OR). The number of lympho-
cyte-gated events ranged between 105 and 106. After gating, Boolean com-
binations of single functional gates were then created using FlowJo soft-
ware to determine the frequency of each response based on all possible
combinations of cytokine expression or all possible combinations of dif-
ferentiation marker expression. Background responses detected in nega-
tive control samples were subtracted from those detected in stimulated
samples for every specific functional combination.

Data analysis and statistics. For the statistical analysis of ICS data, we
used a novel approach that corrects measurements for the medium re-
sponse (RPMI) and allows the calculation of confidence intervals and P
values of hypothesis tests (33, 34). Only antigen responses values signifi-
cantly higher than the corresponding RPMI are represented, and the
background for the different cytokines in the unstimulated controls never
exceeded 0.05%. Analysis and presentation of distributions was per-
formed using SPICE version 5.1 (http://exon.niaid.nih.gov) (35). Com-
parison of distributions was performed using a Student t test and a partial
permutation test as described previously (35). All values used for analyz-
ing proportionate representation of responses are background subtracted.

RESULTS
Generation and in vitro characterization of an MVA recombi-
nant that constitutively expresses the nearly full-length HCV
genome from genotype 1a (MVA-HCV). (i) Purity and virus
growth of MVA-HCV recombinant virus. We have previously

described the generation of the recombinant vaccinia virus vT7-
HCV7.9 from the virulent WR strain that, upon induction with
IPTG, efficiently transcribed and translated a 7.9-kbp DNA frag-
ment of the HCV ORF from genotype 1a into a polyprotein pre-
cursor that is correctly processed into mature structural and non-
structural HCV proteins (26).

Here we have generated the MVA-HCV, a recombinant based
on the attenuated poxvirus strain MVA, that has inserted in the
TK locus the same DNA fragment included in the vT7-HCV7.9

vector but is now under the transcriptional control of the syn-
thetic early/late viral promoter driving the constitutive expression
of the structural and nonstructural HCV proteins. A diagram with
the cloning steps for the construction of the plasmid transfer vec-
tor used for the generation of MVA-HCV is shown in Fig. 1A, and
the organization of the HCV genome in the TK locus of MVA
genome is shown in Fig. 1B.

The correct insertion and purity of MVA-HCV virus was con-
firmed by PCR and DNA sequence analysis. Viral DNA purified
from BHK-21 cells infected with MVA-HCV was amplified using
a set of primers annealing in the TK flanking sequences. The size of
the expected PCR product is represented in Fig. 1B. DNA ex-
tracted from cells infected with the parental strain of MVA (MVA-
WT) was used as control. As shown in Fig. 1C, the PCR product
observed in cells infected with MVA-HCV has a full-length size of
�8 kbp, indicating that the HCV ORF was successfully inserted
into the MVA TK locus and that no virus wild-type contamination
was present in the virus preparation. This result was also con-
firmed by DNA sequence of viral TK locus.

To determine whether the expression of HCV proteins affects
virus replication in cell culture, we next analyzed virus growth of
MVA-HCV and MVA-WT in BHK-21 cells. As shown in Fig. 1D,
the kinetics of viral growth were similar between parental and
recombinant MVA-HCV viruses, indicating that the constitutive
expression of HCV proteins does not impair vector replication
under permissive conditions.

(ii) Correct expression of HCV proteins by MVA-HCV and
cytoplasmic formation of dense membrane aggregates. To verify
that MVA-HCV constitutively expresses and correctly processes
the HCV polyprotein, we performed a Western blot analysis of
BHK-21 cells infected with MVA-HCV or MVA-WT using spe-
cific antibodies that recognized the HCV Core, E1, E2, NS3, NS4A,
NS4B, and NS5A proteins. As shown in Fig. 2A, the HCV ORF was
efficiently transcribed during MVA-HCV infection, producing a
viral polyprotein that is correctly processed into mature structural
(Core, E1, and E2) and nonstructural (NS3, NS4A, NS4B, and
NS5A) HCV proteins. Expression of p7 and NS2 proteins is not
shown since we did not have specific antibodies. However, the fact
that the polyprotein was correctly processed indicates that the
other proteins should also be properly expressed by MVA-HCV.

The expression and intracellular localization of structural E1
and nonstructural NS4B and NS5A proteins was also confirmed
by immunofluorescence analysis in HeLa cells using specific anti-
bodies to HCV proteins, as well as specific antibodies for the cell
ER (anti-calnexin and anti-PDI). As shown in Fig. 2B, there is a
main appearance of these HCV proteins within globular and
dense cytoplasmic structures, showing colocalization between
HCV E1, NS4B and NS5A, and ER proteins.

Since we have previously observed that inducible expression of
HCV proteins from WR strain induces specific morphological cell
alterations (30), we next assayed the impact of HCV proteins con-
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stitutively expressed by MVA-HCV on HeLa cell architecture us-
ing transmission electron microscopy (EM) analysis. Ultrathin
sections of HeLa cells infected with MVA-WT or MVA-HCV were
visualized by EM at low and high magnifications (Fig. 2C to F). In
MVA-HCV but not in MVA-WT (data not shown) infected cells,
we observed several morphological alterations, such as a loss of

spatial organization of the ER, with vesicles embedded in a mem-
brane matrix of circular or tightly undulating membranes, form-
ing electron-dense structures (EDS; Fig. 2C to E), as well as the
presence of swollen mitochondria (m; Fig. 2F). A higher magnifi-
cation of the cytoplasmic dense aggregates revealed membranes
and tubular structures (TS) as part of the EDS (Fig. 2D to F).

FIG 1 In vitro characterization of MVA-HCV recombinant virus. (A) Scheme of construction of the plasmid transfer vector pCyA-HCV7.9. (B) Scheme of the
organization of the HCV genome in the TK locus of MVA genome. (C) Confirmation of full-length HCV ORF insertion by PCR analysis. In parental MVA, a
873-bp product was obtained, whereas in recombinant virus a unique 8,393-bp product is observed. (D) Analysis of virus growth of MVA-HCV in BHK-21 cells.
Monolayers of BHK-21 cells were infected with MVA-WT or MVA-HCV. At different times postinfection (0, 24, 48, and 72 h), the cells were collected, and
infectious viruses were quantified by immunostaining assay of virus plaques.
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FIG 2 Expression of HCV proteins by MVA-HCV. (A) Expression of HCV proteins by Western blotting with specific antibodies against Core, E1, E2, NS3, NS4A, NS4B,
and NS5A proteins. Lanes: 1, mock-infected cells; 2, MVA-WT-infected cells; 3, MVA-HCV-infected cells. (B) Immunofluorescence analysis of HCV proteins produced
in HeLa cells infected with MVA-HCV. Subconfluent HeLa cells infected with MVA-HCV were fixed at 16 hpi, labeled with the corresponding primary antibodies,
followed by the appropriate fluorescent secondary antibodies and visualized by confocal microscopy. The antibodies used were anti-E1, anti-NS4B, or anti-NS5A to
detect HCV proteins, anti-calnexin, or anti-PDI to detect the ER and DAPI to detect DNA. The colocalization is shown at a higher resolution in the boxed area. Bar, 10
�m. (C to F) Architecture of HeLa cells following the expression of HCV proteins from MVA-HCV as observed by electron microscopy. HeLa cells infected with the
recombinant MVA-HCV were chemically fixed at 16 hpi and then processed for conventional embedding in an epoxy resin. (C) General overview of cells infected with
MVA-HCV showing few immature viruses (IVs), a large electron-dense structure (EDS), and swollen mitochondria (m). Scale bar, 1�m. (D to F) Higher magnifications
of MVA-HCV-infected cells showing EDS with membranes and TS (D and E) and swollen mitochondria (F). N, nucleus; m, mitochondria; IV, immature virus; TS,
tubular structures; EDS, electron-dense structures in membranous webs. Scale bars: 500 nm (D and F), 100 nm (E).
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Although there was formation of immature virus (IV) forms of
MVA (Fig. 2C), no virus-like particles (VLPs) of HCV were de-
tected in infected cells.

(iii) Time-course expression analysis and genetic stability of
MVA-HCV. In order to assay the kinetic of HCV protein expres-
sion from MVA-HCV, we carried out a time-course analysis in
both BHK-21 cells and the hepatic HepG2 cell line. Western blot
analyses with a human polyclonal antibody revealed that in
BHK-21 and HepG2 cells, HCV polyprotein is processed and de-
tected as early as 2 to 4 hpi (Fig. 3A).

To verify that MVA-HCV recombinant virus can be main-
tained in cultured cells without the loss of the transgene, a stability
test was performed. The recombinant MVA-HCV was continu-
ously grown from passage 7 (P2 stock) to passage 11 (P8¡P11) in
BHK-21 cells. Expression of HCV proteins at the different pas-

sages was determined by Western blotting with a human anti-
HCV antibody from an infected patient. We observed that MVA-
HCV efficiently expresses the HCV proteins after successive
passages (data not shown). Moreover, an extract from cells in-
fected at P11 was used for a new round of plaque purification step
in BHK-21 cells. Thirty well-isolated plaques were tested for the
expression of HCV proteins. All of them (100%) expressed the
HCV proteins (Fig. 3B), indicating that the MVA-HCV recombi-
nant virus is genetically stable.

We assume that the major bands seen in the Western blots probed
with anti-HCV immune human sera are Core, NS4B, NS5A, and NS3
based on the size of the bands and also based on a previous study
demonstrating that the major immunogenic HCV antigens were
Core, NS4B, NS3, and NS5A proteins, which were recognized in 97,
86, 68, and 53% of the patient sera, respectively (36).

FIG 3 Kinetics of expression and stability of MVA-HCV. (A) Time-course expression of HCV proteins in BHK-21 and HepG2 cells. The expression of HCV
proteins at the indicated times postinfection was visualized by Western blotting in samples of mock-infected or infected cells with MVA-WT or MVA-HCV using
HCV antibody-positive human sera. (B) Analysis of the stability of the HCV proteins expressed by MVA-HCV. Thirty individual plaques isolated from
MVA-HCV-infected cells at passage 11 were grown in BHK-21 cells and lysed, and proteins were fractionated by SDS–12% PAGE and analyzed by Western
blotting with an HCV antibody-positive human sera.
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MVA-HCV recombinant and parental MVA-WT viruses dif-
ferentially express genes involved in innate immunity. Since it is
widely accepted that in natural infection some HCV proteins im-
pair the response of innate immune cells to HCV virus, we decided
to evaluate the effect of HCV protein expression from MVA-HCV
in human DCs compared to the parental MVA-WT. As shown in
Fig. 4A, by real-time PCR in DCs infected for 6 h, the expression of
beta interferon (IFN-�), IFN-�-induced genes (IFIT1 and IFIT2),
and chemokine IP-10 was downregulated compared to the paren-
tal virus. To a lesser extent, the expression of the cytosolic RLR
pattern recognition receptors RIG-I and MDA-5 was also down-
regulated in DCs infected with MVA-HCV compared to the pa-
rental virus. However, the mRNA levels of these proteins were
significantly upregulated by both viruses compared to mock-in-
fected cells.

We also evaluated the expression of some inflammatory cyto-
kines and chemokines in the supernatants of infected DCs by us-
ing Luminex. The expression of these proteins was higher in DCs
infected with MVA-HCV or MVA-WT than in mock-infected
cells, but some differences between both viruses were observed.
The levels of IL-1� and IL-6, although low, were comparable in
both infections, whereas the amounts of IL-8, MIP-1�, and tumor
necrosis factor alpha (TNF-�) change depending of the virus.
MVA-HCV induces higher levels of IL-8 and MIP-1�, and
MVA-WT induces higher levels of TNF-� (not shown).

In order to confirm previous results, we decided to evaluate the
phosphorylation status of IRF-3 protein after infection with the
parental or the recombinant viruses in human macrophage cells
(THP-1). As shown in Fig. 4B, in contrast to mock-infected cells,
both MVA-HCV and MVA-WT induced similar levels of P-IRF3
although the kinetic of expression was somewhat delayed in
MVA-HCV infection.

These findings indicate that, as in the natural infection, the
expression of HCV proteins from MVA-HCV modulates the ex-
pression of genes involved in innate immunity. Nevertheless,
since they are expressed in the context of MVA infection, which is
known to efficiently induce innate immunity, the overall effect
will be a positive activation of immune cells.

MVA-HCV induces high, broad, polyfunctional, and long-
lasting HCV-specific T cell immune responses in C57BL/6 mice
when used in a homologous or heterologous prime-boost com-
bination. (i) Adaptive immune response. To assay the immuno-
genicity of MVA-HCV, we analyzed the HCV-specific T cell adap-
tive immune responses elicited in mice by using homologous
(MVA-HCV/MVA-HCV) or heterologous (DNA-HCV/MVA-
HCV) prime-boost approaches.

C57BL/6 mice, four in each group, were immunized as de-
scribed in Materials and Methods. Adaptive T cell immune re-
sponses were measured 10 days after the last immunization by a
polychromatic ICS assay. Splenocytes from immunized animals

FIG 4 Differential expression of genes involved in innate immunity by MVA-HCV recombinant and parental MVA-WT viruses. (A) Analysis of gene expression
by reverse transcription-PCR (RT-PCR). Human monocyte-derived DCs were mock infected or infected with MVA-WT or MVA-HCV at 0.3 or 1 PFU/cell for
6 h. IFN-�, IFIT1, IFIT2, RIG-I, MDA-5, and IP-10 mRNA levels were quantified by RT-PCR. mRNA results are expressed as the ratio of the gene of interest to
Hprt mRNA levels. AU, arbitrary units. *, P � 0.05; **, P � 0.005; and ***, P � 0.001 for all conditions comparing MVA-HCV to MVA-WT at the same MOI.
(B) Induction of IRF-3 phosphorylation by parental MVA-WT and recombinant MVA-HCV viruses in THP-1 cell line. The membrane was also probed with an
antibody against cellular �-tubulin as a loading control.
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were stimulated ex vivo for 6 h with a panel of 457 peptides (13- to
19-mers overlapping by 11 or 12 amino acids) grouped in six
pools—Core (28 peptides), E (83 peptides), p7�NS2 (40 pep-
tides), NS3 (98 peptides), NS4 (47 peptides), and NS5 (161 pep-
tides)—and stained with specific antibodies to identify T cell lin-
eage (CD3, CD4, and CD8), degranulation (CD107a), and
responding cells (IL-2, IFN-
, and TNF-�). Animals primed with
either nonrecombinant MVA-WT or sham DNA (DNA-	) and
boosted with the MVA-WT were used as control groups.

The percentages of T cells producing IFN-
 and/or IL-2 and/or
TNF-� established the overall CD4� T cell responses, whereas the
percentages of T cells producing CD107a and/or IFN-
 and/or
IL-2 and/or TNF-� determined the overall CD8� T cell responses.
The magnitude of the HCV-specific CD8� T cell responses, deter-
mined as the sum of the individual responses obtained for the
Core, E, p7�NS2, NS3, NS4, and NS5 peptide pools, was signifi-
cantly higher in animals immunized with MVA-HCV/MVA-HCV
or DNA-HCV/MVA-HCV protocols compared to their respective
control groups, where the antigen-specific responses were very
low (P � 0.005) (Fig. 5A). In both groups, the vaccine-elicited
immune response was mediated by the CD8 T cell subset since no
specific CD4� T cell response was detected (Fig. 5A).

The CD8� T cell responses were higher in magnitude and sig-
nificantly higher in mice receiving the heterologous DNA-HCV/
MVA-HCV regimen (P � 0.005). In animals from MVA-HCV/
MVA-HCV group, 90% of the CD8� T cell responses were
directed against the p7�NS2 pool, whereas in animals from DNA-
HCV/MVA-HCV group, 97% of the CD8� T cell responses were
directed against the NS3 pool (Fig. 5A and B).

The quality of a T cell response can be characterized in part by
the pattern of cytokine production and its cytotoxic potential. On
the basis of the analysis of IFN-
, IL-2, and TNF-� secretion, as
well as the study of CD107a expression on the surface of activated
T cells as an indirect marker of cytotoxicity, 16 distinct HCV-
specific CD8� T cell populations were identified (Fig. 5C). For
each population, the background detected in the nonstimulated
control sample was subtracted. The HCV-specific CD8� T cell
responses elicited by both immunization approaches were highly
polyfunctional, with �60% of the CD8� T cells exhibiting two,
three, or four functions. The higher magnitude of the antigen-
specific response obtained in the DNA-HCV/MVA-HCV group
compared to the MVA-HCV/MVA-HCV group was due to an
enhancement in the absolute frequencies of the CD8� T cells pro-
ducing CD107a, CD107a and TNF-�, or CD107a, IFN-
, and
TNF-�.

(ii) Memory immune response. The durability of a vaccine-
induced T cell response is an important feature since long-term
protection is a requirement for prophylactic vaccination. Thus, we
decided to analyze the phenotype of memory vaccine-induced T
cell responses in the spleens and livers of immunized mice at 53
days after the last immunization by using the polychromatic ICS
assay. At this time, splenocytes and IHICs isolated from immu-
nized mice were stimulated ex vivo for 6 h with the HCV peptide
pools and stained with specific antibodies to identify T cell lineage
(CD3, CD4, and CD8), degranulation (CD107a), responding cells
(IFN-
, IL-2, and TNF-�) and memory stages (CD127 and
CD62L).

In the spleen, the magnitude of the memory HCV-specific
CD4� and CD8� T cell responses was significantly higher in ani-
mals immunized with MVA-HCV/MVA-HCV or DNA-HCV/

MVA-HCV immunization protocols compared to their respective
control groups, where the antigen-specific responses were very
low or absent (P � 0.005) (not shown).

As shown in Fig. 6A, in both groups the memory vaccine-elic-
ited immune response was mainly mediated by the CD8 T cell
subset. At this time point, low-magnitude memory CD4� T cell
responses were only detected in MVA-HCV/MVA-HCV immu-
nization groups. The CD4� T cell responses were similarly di-
rected against the Core (47%) and E (53%) peptide pools.

The memory CD8� T cell responses were higher in magnitude
and significantly higher in mice receiving the heterologous DNA-
HCV/MVA-HCV regimen (P � 0.005). In splenocytes from ani-
mals of the MVA-HCV/MVA-HCV group, 91% of the CD8� T
cell responses were directed against the p7�NS2 pool, and the rest
of the responses were distributed against the NS3 (7%) and E (2%)
pools. In animals from the DNA-HCV/MVA-HCV group, the
CD8� T cell responses were mainly directed against the NS3
(70%) and p7�NS2 (19%) pools, whereas the rest of the re-
sponses were distributed against the NS4 (9%) and E (2%) pools
(Fig. 6A).

The splenic HCV-specific memory CD8� T cell responses elic-
ited by both immunization protocols were highly polyfunctional,
with �90% of the CD8� T cells exhibiting two, three, or four
functions (Fig. 6B). Vaccine-induced CD8� T cells predomi-
nantly coproduced either CD107a, IFN-
, and TNF-� or CD107a,
IL-2, IFN-
, and TNF-�.

Since previous studies have shown that CD127 and CD62L
define functionally distinct populations of memory antigen-spe-
cific T cells (37), we characterized the differentiation stages of the
responding CD8� T cells into central memory (TCM; CD127�

CD62L�), effector memory (TEM; CD127� CD62L�), or effector
(TE; CD127� CD62L�) populations. In both immunization
groups, 70% of the HCV-specific CD8� T cells were of the TEM
phenotype (Fig. 6C).

Next, we characterized the memory vaccine-induced T cell im-
mune responses in the liver. Since the yields of IHIC isolation were
low, we decided to analyze the hepatic memory HCV-specific im-
mune responses using only four stimuli: p7�NS2, NS3, a mix
(Core�E�NS4�NS5), and RPMI.

The pattern of the vaccine-induced T cell memory response in
the liver was very similar to that obtained in the spleen. In both
groups, the memory HCV-specific immune response was mainly
mediated by the CD8 T cell subset. The memory CD4� T cell
responses were low in magnitude and only detected in the DNA-
HCV/MVA-HCV immunization group. The CD4� T cells were
directed against the mix (66%) and p7�NS2 (34%) pools. The
memory CD8� T cell responses were higher in magnitude, al-
though in this case the frequencies of the CD8� T cells producing
cytokines were similar in both groups. Again, the CD8� T cell
responses in animals from MVA-HCV/MVA-HCV group were
mainly directed against the p7�NS2 (97%) pool, while in animals
from DNA-HCV/MVA-HCV group the CD8� T cell responses
were largely directed against the NS3 (72%) and p7�NS2 (24%)
pools (Fig. 7A).

The HCV-specific memory CD8� T cell responses induced by
both immunization protocols in the liver were highly polyfunc-
tional, with �80% of the CD8� T cells exhibiting two, three, or
four functions (Fig. 7B). Vaccine-induced CD8� T cells mainly
coproduced CD107a, IFN-
, and TNF-� and were predominantly
of the TEM phenotype (Fig. 7C).
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FIG 5 Adaptive HCV-specific T cell immune responses elicited by MVA-HCV recombinant virus in the spleen of C57BL/6 mice in homologous or heterologous
immunization protocols. (A) Magnitude of the vaccine-specific CD8� T cell response. The HCV-specific CD8� T cells were measured 10 days after the last
immunization by ICS assay after stimulation of splenocytes derived from immunized animals with the different HCV peptide pools. The total value in each group
represents the sum of the percentages of CD8� T cells secreting CD107a and/or IFN-
 and/or IL-2 and/or TNF-� against all HCV peptide pools. The right
diagrams represent the contribution of specific HCV peptide pools to the total CD8� T cell response in the different immunization groups. All data are
background subtracted. ***, P � 0.001. The P value indicates significantly higher responses compared to parental groups or between DNA-HCV/MVA-HCV and
MVA-HCV/MVA-HCV immunization groups. (B) Flow cytometry profiles of vaccine-induced CD8� T cell responses against the p7�NS2 or NS3 peptide pools.
(C) Functional profile of the adaptive HCV-specific CD8� T cell response in the different immunization groups. All of the possible combinations of the responses
are shown on the x axis, whereas the percentages of the functionally distinct cell populations within the total CD8 T cell population are shown on the y axis. Rows:
C, CD107a; I, IFN-
; 2, IL-2; T, TNF-�. Responses are grouped and color-coded on the basis of the number of functions. ***, P � 0.001.
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FIG 6 Memory HCV-specific T cell immune responses elicited by MVA-HCV recombinant virus in the spleen of C57BL/6 mice in homologous or heterologous
immunization protocols. (A) Magnitude of the vaccine-specific CD4� or CD8� T cell responses. The HCV-specific CD4� or CD8� T cells were measured in the
spleen 53 days after the last immunization by ICS assay after stimulation of splenocytes derived from immunized animals with different HCV peptide pools. The
total value in each group represents the sum of the percentages of CD4� or CD8� T cells secreting IFN-
 and/or IL-2 and/or TNF-� (CD4) or CD107a and/or
IFN-
 and/or IL-2 and/or TNF-� (CD8) against all HCV peptide pools. The right diagrams represent the contribution of specific HCV peptide pools to the total
CD4� or CD8� T cell responses in the different immunization groups. All data are background subtracted. ***, P � 0.001. The P value indicates significantly
higher responses compared to CD4� T cell responses or between CD8� T cell responses obtained in DNA-HCV/MVA-HCV compared to MVA-HCV/MVA-
HCV immunization groups. (B) Functional profile of the memory HCV-specific CD8� T cell response in the different immunization groups. All of the possible
combinations of the responses are shown on the x axis, whereas the percentages of the functionally distinct cell populations within the total CD8� T cell
population are shown on the y axis. Rows: C, CD107a; I, IFN-
; 2, IL-2; T, TNF-�. Responses are grouped and color-coded on the basis of the number of
functions. **, P � 0.005; ***, P � 0.001. (C) Phenotypic profile of memory HCV-specific CD8� T cells. Upper graphics represent the percentage of total
HCV-specific CD8� T cells with central memory (TCM; CD127� CD62L�), effector memory (TEM; CD127� CD62L�), or effector (TE; CD127� CD62L�)
phenotype. Lower diagrams correspond to representative fluorescence-activated cell sorting (FACS) plots showing the percentage of p7�NS2 (left) or NS3
(right)-specific CD8 T cells with central memory, effector memory, or effector phenotype. **, P � 0.005.
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FIG 7 Memory HCV-specific T cell immune responses elicited by MVA-HCV recombinant virus in the liver of C57BL/6 mice in homologous or heterologous
immunization protocols. (A) Magnitude of the vaccine-specific CD4� or CD8� T cell responses. The HCV-specific CD4� or CD8� T cells were measured in the
liver 53 days after the last immunization by ICS assay after stimulation of IHICs isolated from immunized animals with the different HCV peptide pools. The total
value in each group represents the sum of the percentages of CD4� or CD8� T cells secreting IFN-
 and/or IL-2 and/or TNF-� (CD4) or CD107a and/or IFN-

and/or IL-2 and/or TNF-� (CD8) against all HCV peptide pools. The right diagrams represent the contribution of specific HCV peptide pools to the total CD4�

or CD8� T cell responses in the different immunization groups. All data are background subtracted. ***, P � 0.001. The P value indicates significantly higher
responses compared to CD4� T cell responses in the different immunization groups. (B) Functional profile of the memory HCV-specific CD8� T cell response
in the different immunization groups. All of the possible combinations of the responses are shown on the x axis, whereas the percentages of the functionally
distinct cell populations within the total CD8� T cell population are shown on the y axis. Rows: C, CD107a; I, IFN-
; 2, IL-2; T, TNF-�. Responses are grouped
and color coded on the basis of the number of functions. ***, P � 0.001. (C) Phenotypic profile of memory HCV-specific CD8� T cells. The upper graphics
represent the percentage of total HCV-specific CD8� T cells with central memory (TCM; CD127� CD62L�), effector memory (TEM; CD127� CD62L�), or
effector (TE; CD127� CD62L�) phenotype. Lower diagrams correspond to representative FACS plots showing the percentage of p7�NS2 (left)- or NS3
(right)-specific CD8 T cells with central memory, effector memory or effector phenotype. **, P � 0.005.
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High polyfunctional and sustained HCV-specific T cell im-
mune responses elicited in HLA-A2 transgenic mice receiving
heterologous DNA-HCV/MVA-HCV protocol. Since in previous
analysis the heterologous DNA-HCV/MVA-HCV protocol elic-
ited the highest magnitude of HCV-specific response in the
C57BL/6 mouse model, we decided to evaluate the same approach
but in the HLA-A2 transgenic mice. These transgenic mice express
a chimeric form of HLA-A2.1 and have previously been shown to

elicit a repertoire of HCV-specific responses similar to that seen in
the infected human population (38).

At 10 days after the boost, the adaptive T cell immune response
was assayed in splenocytes from immunized animals stimulated ex
vivo for 6 h with different HCV peptide pools as previously de-
scribed. Mice primed with sham DNA (DNA-	) and boosted with
the MVA-WT were used as a control group.

As in the C57BL/6 mice, the vaccine-elicited adaptive immune

FIG 8 Adaptive HCV-specific T cell immune responses elicited by MVA-HCV recombinant virus in the spleen of HLA-A2 transgenic mice in a heterologous
immunization protocol. (A) Magnitude of the vaccine-specific CD4� or CD8� T cell responses. The HCV-specific CD4� or CD8� T cells were measured 10 days
after the last immunization by ICS assay after stimulation of splenocytes derived from immunized animals with the different HCV peptide pools. The total value
in each group represents the sum of the percentages of CD4� or CD8� T cells secreting IFN-
 and/or IL-2 and/or TNF-� (CD4) or CD107a and/or IFN-
 and/or
IL-2 and/or TNF-� (CD8) against all HCV peptide pools. The right diagrams represent the contribution of specific HCV peptide pools to the total CD4� or CD8�

T cell response. All data are background subtracted. ***, P � 0.001. The P value indicates significantly higher response compared to CD4 T cell response. (B) Flow
cytometry profiles of vaccine-induced CD4 or CD8 T cell responses against the E (CD4) or NS3 (CD8) peptide pools. (C) Functional profile of the adaptive
HCV-specific CD4� or CD8� T cell responses in the different immunization groups. All of the possible combinations of the responses are shown on the x axis,
whereas the percentages of the functionally distinct cell populations within the total CD4� or CD8� T cell populations are shown on the y axis. Rows: C, CD107a;
I, IFN-
; 2, IL-2; T, TNF-�. Responses are grouped and color coded on the basis of the number of functions. **, P � 0.005; ***, P � 0.001.
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response was mainly mediated by the CD8 T cell subset (Fig. 8A).
CD4� T cell responses were low in magnitude, although directed
against multiple HCV pools, with the E (80%) and Core (11%)
pools being the most recognized. CD8� T cell responses showed
the highest magnitude and were mostly directed against the NS3
(75%) and p7�NS2 (19%) pools (Fig. 8A and B). Both CD4� and
CD8� antigen-specific T cells were highly polyfunctional, with
�50% of the cells exhibiting two, three, or four functions (Fig.
8C). The CD4� T cells predominantly coproduced IFN-
, IL-2,
and TNF-�, whereas the CD8� T cells showed an enhanced cyto-
toxic profile, represented by an activated T cell population ex-
pressing a high frequency of CD107a on their surfaces.

The memory T cell immune response was assayed at 53 days
after the boost. The HCV-specific response was elicited only by the
CD8� T cells and mainly directed against the p7�NS2 (72%) and
NS3 (28%) pools (Fig. 9A and B). As in the adaptive phase, the
memory HCV-specific CD8� T cells were highly polyfunctional,
with a high frequency of cells expressing simultaneously CD107a,
IFN-
, IL-2, and TNF-� (Fig. 9C) and with TEM (54%  3%) and
TCM (34%  5%) phenotypes (Fig. 9D).

DISCUSSION

Over the last decade diverse HCV vaccine candidates have been
explored in mice and primates. However, only a small number of
them have progressed to human clinical trials. Most of these trials
have assessed potential therapeutic vaccine candidates in HCV-
infected patients. A smaller number have evaluated candidates in
healthy volunteers with the aim of developing a prophylactic HCV
vaccine or to serve as a bridge to evaluate vaccines in HCV-in-
fected patients. Four main vaccine approaches have been explored
in human clinical trials: recombinant proteins, peptides, DNA,
and viral vectors (6, 18, 19). Among them, the viral vector-based
vaccines using the poxvirus platform have been shown to be
highly immunogenic with promising results. In this investigation,
we described the immune characteristics of a new poxvirus vac-
cine candidate MVA-HCV that highlights its potential as a T cell
immunogen.

Poxviruses offer attractive and unique properties for the gen-
eration of highly stable recombinant vectors as vaccine candidates;
hence, they are increasingly used in the prevention and treatment
of emergent infectious diseases and cancer, in particular, those
candidates based on the highly attenuated ALVAC, MVA, and
NYVAC strains (39, 40). Here we have successfully generated a
stable MVA recombinant that constitutively expresses all of the
HCV structural and nonstructural (except for 390 amino acids
from the C-terminal part of NS5B) proteins from genotype 1a. We
decided to include the nearly full-length genome in order to target
almost all of the T and B cell determinants described for HCV and
for safety considerations. It has been previously reported that a
narrow monospecific CD8� T cell response was associated with
persistent viremia and poor disease outcome (41). This reinforces
the importance of targeting multiple CD8� T cell epitopes by
vaccination to ensure a broad response available to compensate
for any losses in CD8� T cell subpopulations due to epitope
escape.

This is the first time in which all of the HCV proteins are ex-
pressed in the same context by a single virus vector. Usually, the
HCV vaccine candidates target the structural proteins (Core, E1,
and E2) (42–45), a combination of structural and nonstructural
proteins (Core, NS3, and NS4) (46–48), or the nonstructural pro-

teins (generally NS3, NS4, and NS5) (20, 25). Undoubtedly, the
most frequently used HCV antigen is NS3 since the majority of the
viral epitopes recognized by cytotoxic T lymphocytes and CD4� T
cells in patients with HCV infection are located in this protein
(9, 49).

Expression of HCV proteins from MVA-HCV triggers the cy-
toplasmic accumulation of dense structures, as visualized by con-
focal and electron microscopy. These structures are formed by
membranes derived from the ER since the HCV proteins E1,
NS4B, and NS5A colocalize with ER markers. The membranous
web is believed to be the local HCV replication site, although in
MVA-HCV infection there is no production of VLPs but the for-
mation of membrane aggregates placed at different sites in the cell
cytoplasm. This membrane accumulation is more prevalent than
during WR-HCV infection (30), probably as a result of reduced
cell killing mediated by MVA versus WR.

It is known that the major strategy used by HCV to subvert the
host innate immune response is to undermine IFN antiviral activ-
ity, as well as functions of innate immune cells. Regarding the IFN
activity, the main targets of HCV are represented by the PAMP
signaling pathways, leading to IRF-3 activation, the IFN-�/� re-
ceptor signaling pathway, and the ISG effector proteins. In this
inhibition are involved the HCV proteins NS3/4A, Core, NS5A,
and E2 (50). Although we have shown that the expression of HCV
proteins in MVA-HCV-infected human monocyte-derived DCs
affects mRNA levels, the expression of IFN-�, some IFN-�-in-
duced genes, chemokines, and to a lesser extent the cytosolic RLR
pattern recognition receptors compared to the parental MVA-
WT, the overall effect observed was an upregulation of such genes
compared to mock-infected cells. This was confirmed when we
analyzed the phosphorylation status of IRF-3 in THP-1 cells
where, in contrast to mock-infected cells, both MVA-HCV and
MVA-WT induced similar levels of P-IRF3, although the kinetics
of expression were somewhat delayed in MVA-HCV infection.
These findings indicate that although the expression of HCV pro-
teins from MVA-HCV modulates the expression of genes that play
key roles in the sensing and activation of innate immune re-
sponses, since they are expressed in the context of MVA infection,
the overall effect is a positive activation of immune cells as the
vector MVA enhances per se innate immune responses. Hence, the
vector effect overtakes impairment of innate immune responses
by HCV proteins when delivered by MVA-HCV as live vaccine
candidate.

It has been shown that HCV-specific T cell responses play a
crucial role in determining the outcome of primary HCV infec-
tion and suggested that the control of hepatitis C infection re-
quires early and multispecific class I-restricted CD8� T cell (9, 51,
52) and class II-restricted CD4� T cell (53, 54) responses to both
structural and nonstructural HCV proteins. Clearance of HCV
and protection from reinfection is determined not only by the
magnitude and/or breadth of multifunctional CD8� T cells but
also by the quality, functional potency, and cytotoxic potential
of HCV-specific CD8� T cells (55) and the selection of high-
avidity CD8� T cells (56), which respond to a diverse array of
HLA-class I-restricted HCV-Core, E1, NS3, NS4, and NS5
epitopes (9, 49, 55).

Here we have demonstrated that MVA-HCV, when delivered
in homologous or heterologous prime-boost approaches, was able
to stimulate a broad HCV-specific CD4� and CD8� T cells against
peptide pools representing all of the HCV antigens expressed by
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MVA-HCV but from genotype 1b. The amino acid sequence ho-
mology between HCV 1a and 1b genotypes is not equally distrib-
uted throughout the genome. The most conserved antigen is the
Core protein (97.4%), followed by NS3-NS4-NS5B (87 to 92%)
and E1-E2-p7 (81%), and the least conserved antigens are NS2
and NS5A (78%). However, even in regions with reduced homol-

ogy, the interpretation of the data regarding the contribution of
specific peptide pools to the total CD4� and CD8� T cell re-
sponses should not be very different. A comparative vaccine study
performed by Himoudi et al. in HLA-A2.1 transgenic mice re-
vealed that the three antigens containing the most highly immu-
nogenic epitopes are E2, NS3, and NS5B, followed by NS4B and

FIG 9 Memory HCV-specific T cell immune responses elicited by MVA-HCV recombinant virus in the spleen of HLA-A2 transgenic mice in heterologous
immunization protocol. (A) Magnitude of the vaccine-specific CD4� or CD8� T cell responses. The HCV-specific CD4� or CD8� T cells were measured 53 days
after the last immunization by ICS assay after stimulation of splenocytes derived from immunized animals with the different HCV peptide pools. The total value
in each group represents the sum of the percentages of CD4� or CD8� T cells secreting IFN-
 and/or IL-2 and/or TNF-� (CD4) or CD107a and/or IFN-
 and/or
IL-2 and/or TNF-� (CD8) against all HCV peptide pools. The right diagram represents the contribution of specific HCV peptide pools to the total CD8� T cell
response. All data are background subtracted. ***, P � 0.001. The P value indicates significantly higher response compared to CD4 T cell response. (B) Flow
cytometry profiles of vaccine-induced CD8� T cell responses against the p7�NS2 or NS3 peptide pools. (C) Functional profile of the memory HCV-specific CD8
T cell response in the different immunization groups. All of the possible combinations of the responses are shown on the x axis, whereas the percentages of the
functionally distinct cell populations within the total CD8� T cell population are shown on the y axis. Rows: C, CD107a; I, IFN-
; 2, IL-2; T, TNF-�. Responses
are grouped and color coded on the basis of the number of functions. **, P � 0.005; ***, P � 0.001. (D) Phenotypic profile of memory HCV-specific CD8� T cells.
The left graphic represents the percentage of total HCV-specific CD8� T cells with a central memory (TCM; CD127� CD62L�), effector memory (TEM; CD127�

CD62L�), or effector (TE; CD127� CD62L�) phenotype. The right diagram corresponds to a representative FACS plot showing the percentage of p7�NS2-
specific CD8 T cells with a central memory, effector memory, or effector phenotype. *, P � 0.05.
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Core. Overall, E1 and NS5A appear as very weak immunogens.
When they performed alignments of these epitopes with existing
genotypes 1b, 1a, and 4 sequences present in the database, they
observed that some of the highest percentages of conservation
were found, not only in the expected highly conserved Core anti-
gen but also in NS3, E2, NS4, and NS5B. For most peptides, major
diverging amino acids were not anchor amino acid residues typi-
cally found at positions 2 and 8 (38), demonstrating that a number
of these nonvariable, highly conserved epitopes, can be highly im-
munogenic and dominant in different vaccine contexts.

The overall vaccine-induced T cell response observed in our
study was mainly mediated by the CD8 T cell subset; however,
although lower in magnitude, the CD4� T cells were highly poly-
functional and play a determinant role in the maintenance and
expansion of high-quality antigen-specific CD8� T cell popula-
tions in spleen. Similar responses were detected using IHICs, sug-
gesting that peripheral immunization was able to result in a large
pool of vaccine-specific T cells within the liver.

In a homologous immunization protocol (MVA-HCV/MVA-
HCV) the main CD8� T cell target was the p7�NS2 pool, whereas
in a heterologous combination (DNA-HCV/MVA-HCV) the
main target was the NS3 pool, although the p7�NS2 pool was also
recognized with high frequency. These findings indicate that HCV
p7 and NS2 proteins contain immunodominant epitopes that
elicit an efficient T cell-specific immune response even when they
are expressed in the context of MVA infection, where many im-
munodominant viral peptides are produced. NS3-specific T cell
responses have been linked to viral clearance (9, 49); however,
since p7 and NS2 proteins were not previously included in the
vaccine candidates, no antigen-specific responses against them
have been observed. It was recently reported that the concerted
action of p7 and NS2 proteins regulates Core localization at the ER
and virus assembly (57). It will be of interest to evaluate to what
extent the CD8� T cell response against p7 and NS2 proteins is
relevant in the prevention or even in the onset of viral clearance, as
well as their possible use as target antigens for future vaccines.

In addition to p7�NS2 and NS3 antigenic responses, we also
detected immune responses to other HCV antigens, such as Core,
E1�E2, and NS4. The use of a heterologous DNA-HCV/MVA-
HCV immunization regimen induced broader responses com-
pared to the homologous MVA-HCV/MVA-HCV despite the fact
that in DNA priming we only included HCV Core, E1, E2, and
NS3 antigens. This might be explained by the competence be-
tween the epitopes generated by both type of vectors. During DNA
priming, the response is only focused on epitopes generated from
the processing of the HCV antigens, whereas during MVA-HCV
priming not only are HCV epitopes presented but also the vector
epitopes. After the virus boost, the few HCV-specific clones acti-
vated during the DNA priming are efficiently expanded in addi-
tion to the new responses derived from the recombinant virus, but
in the MVA-HCV primed animals only the immunodominant
HCV responses are expanded. It was previously shown that when
two different type of vectors are used to express antigenic se-
quences designed to allow presentation of a maximum number of
epitopes (such as Core-E1-E2), a potent immune response can be
observed simultaneously directed against multiple epitopes, in-
cluding epitopes that are otherwise subdominant in the context of
single-vector vaccinations (38). In this case, the dominance of
epitopes tends to “even out” in a prime-boost vaccination context
compared to single-vectored vaccine regimens.

Although in the present study we have not obtained T cell
responses to NS5A antigen, this is not surprising since it has been
observed that in HLA-A2.1 transgenic mice the NS5A protein ap-
pears as a very weak immunogen (38).

Due to the difficulty in measuring perforin expression in acti-
vated CD8� T cells directly ex vivo, we assessed the exposure of
CD107a on the surface of activated antigen-specific CD8� T cells
as a surrogate marker for induction of killing. The expression of
CD107a was analyzed simultaneously with the secretion of IFN-
,
IL-2, and TNF-� in order to determine the quality and polyfunc-
tionality of vaccine-induced T cell responses. When we analyzed
the distribution of polyfunctional T cells in the vaccine-induced
population, we found that the majority of the MVA-HCV-in-
duced CD8� T cells were triple or quadruple cytokine producers.

The memory MVA-HCV-induced CD8� T cells have a TEM
phenotype. TEM cells have been described to stably produce per-
forin and granzyme B, molecules required to lyse virus-infected
cells (58). Of note, HCV-specific TEM cells predominate in pa-
tients with an acute HCV infection, whereas TCM cells predomi-
nate in patients with a chronic HCV infection (19).

Considering the consensus that for an ideal HCV vaccine to be
effective it should aim to trigger specific T cell immune responses
with an immunogenic profile of a high frequency of polyfunc-
tional CD4 and CD8 T cells targeting multiple HCV proteins and
durable, the immunogenic characteristics of MVA-HCV de-
scribed here fulfill these criteria.

Until a direct HCV or hepatic challenge model is made avail-
able for protective studies in immunocompetent mice, we cannot
predict the outcome of the MVA-HCV-induced response in the
prevention or treatment of HCV infection. However, our data
indicate that MVA-HCV can induce sustained T cell responses of
a magnitude and quality associated with protective immunity and
open the way for future clinical studies of the MVA-HCV candi-
date as a prophylactic and/or therapeutic vaccine against HCV.
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