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a b s t r a c t

Halting the spread of hepatitis C virus (HCV) and also eradicating HCV in subjects with chronic infection
are major goals for global health. To this end, several years of research on HCV vaccine development
have led to the conclusion that multi-antigenic and multi-functional vaccine types are necessary for
effectiveness against HCV infection. In this study, we evaluated lentiviral vectors (LV) expressing clusters
of HCV structural (LV-HCV-S) and non-structural (LV-HCV-NS) genes for future vaccine development.
Batches of high titer LV were used to transduce differentiated dendritic cells (DC) and monocytes. We
report successful delivery of HCV gene clusters, particularly into monocytes, leading to >80% LV-HCV-
NS and >70% LV-HCV-S and transduced cells, respectively. Intracellular expression of HCV proteins in
monocyte-derived DC resulted in immunophenotypic changes, such as downregulation of CD83 and
CD86. Monocytes expressing NS proteins and differentiated into DC stimulated allogeneic and autologous
CD8+ and CD4+ T cells in vitro and resulted in antigen-specific CD8+ T cell responses against NS3, NS4a
and NS5b. Hence, lentiviral-mediated expression of the multi-antigenic HCV-NS cluster in monocytes
subsequently differentiated into DC is a novel potential anti-HCV vaccine modality.

© 2009 Published by Elsevier Ltd.

1. Introduction

Approximately 130 million chronic hepatitis C virus (HCV) infec-
tions have been estimated worldwide. The standard treatment
consisting of recombinant IFN-� alone or in combination with
ribavirin, has proven efficacious in approximately half of HCV-
infected patients [1]. However, many patients cannot be treated
using this standard regimen as IFN-� is associated with frequent
and sometimes severe side effects. Moreover, between 10% and
50% of individuals infected with HCV are unable to clear the virus
following an acute infection and, as a result, become persistently
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infected leading to chronic infection, which can lead to liver cir-
rhosis and development of hepatocellular carcinoma. Therefore,
prophylactic vaccines (to hinder HCV epidemics) and therapeutic
adjuvant immunotherapy approaches (to prevent disease progres-
sion or to ultimately cure chronic HCV patients) have been actively
explored in past years but have not yet ultimately succeeded in
clinical trials [2–4].

HCV contains a single-stranded, positive-sense RNA genome of
approximately 9500 nucleotides. The genome consists of a sin-
gle open reading frame (ORF), which encodes a large polyprotein
of approximately 3000 amino acid residues. The polyprotein is
cleaved by cellular and viral proteases into at least ten different
products consisting in structural (the core, the E1 and E2 enve-
lope proteins and p7) and non-structural proteins (NS2, NS3, NS4a,
NS4b, NS5a and NS5b) [5,6]. Although some structural proteins can
stimulate antibody and T cell responses, a major drawback in their
use for vaccination strategies is their high mutability, which may
be involved in evasion of the innate and adaptive host immune
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response and seroconversion [6,7]. In contrast, studies in acute or
persistently HCV-infected humans have demonstrated that immu-
nity against conserved domains of HCV-NS proteins are generally
correlated with viral clearance [4,8–10].

It is not clearly known how an individual develops into a chronic
hepatitis virus carrier state; however, a defective immune response
of the host is thought to play a critical role in the underlying
pathogenic mechanism. Peripheral blood DC from HCV-infected
patients compared to normal controls have shown decreased
expression of CD86, decreased production of IL-12 and lower
allostimulatory capacity [11–13]. The apparent defects in DC cor-
relate with an impairment of the effector function of HCV-specific
CD8+ T cells in chronic HCV infection. HCV-specific tetramer posi-
tive T cells are frequently found in PBMCs from chronically infected
patients, but they display an impaired proliferative capacity [14].
This phenomenon may be the consequence of “helpless” stimu-
lation of CD8+ T cells during the inefficient presentation of HCV
antigens by DC, leading to anergy or ultimately tolerance. Thus, the
defective functions of HCV-specific CD8+ T cells might contribute
to viral persistence in chronically infected patients, and approaches
to avoid or revert their dysfunction may facilitate the development
of prophylactic and immunotherapeutic vaccines.

DC provide the most potent pathway for initiating T and B cell
immune responses [15]. Thus, the use of DC-based vaccines in the
treatment of patients with acute and chronic infections is a field
with vast applications. Since blood is the most accessible tissue
for clinical studies, various groups have developed protocols using
peripheral blood mononuclear cells (PBMC) for the in vitro produc-
tion of DC. GM-CSF and IL-4 added to peripheral blood monocytes in
culture promote the generation of “immature DC”, the most preva-
lent form of DC in tissues [16,17]. DC differentiated in vitro and
genetically manipulated with cDNA, RNA or engineered viral vec-
tors have been evaluated in several clinical trials. These strategies
have proven to be feasible, safe and effective to activate both CD8+

CTL and CD4+ T-helper cells [18]. In addition, genetic manipula-
tions of DC in order to ectopically express immune modulators may
potentially help to overcome immune dysfunctions that occurred
in vivo, as is the case for chronic HCV infections.

LV are a subtype of retroviral vectors that were intensively
developed during the last decade. Unlike non-integrating viral vec-
tors such as adenovirus and vaccinia, LV integrate in the genome
and offer an approach by which efficient, long lasting, non-toxic and
non-immunogenic gene delivery into monocytes and DC may be
obtained. In contrast to previously developed onco-retroviral vec-
tors (such as Moloney Murine Leukemia Virus), lentiviruses are able
to infect non-proliferating cells, due to the karyophilic properties
of the lentiviral pre-integration complex, which allows recognition
by the cell nuclear import machinery. Therefore, LV can transduce
primary quiescent cells, cells that are growth-arrested in culture, as
well as terminally differentiated cells. The lentiviral packaging sys-
tem was originally developed as a tripartite transient transfection
procedure [19] and later evolved into further generations where the
four accessory genes of HIV (vif, vpr, vpu and nef) were deleted from
the viral packaging system [20] and a 400-nucleotide deletion in the
3′ long terminal repeat resulted into self-inactivating (SIN) LV. The
risk of vector mobilization and production of replication competent
LV is drastically reduced for the SIN vectors [20]. In most cases, LV
are pseudotyped with the vesicular stomatitis virus glycoprotein
(VSV-G), which is a rhabdovirus envelope protein that is reported
to bind to ubiquitous cell surface phospholipids, thereby achieving
a wide host range. Previous observations from other groups and
from our own research demonstrate that lentiviral vector trans-
duction is a suitable methodology for efficient gene delivery into
DC or monocytes [21–24]. Due to their robust infectivity and per-
sistent transgene delivery capabilities into APCs, LV have emerged
as a novel potent approach for genetically engineered DC [24].

Of considerable interest for vaccine development, intravenous
or subcutaneous LV administration has resulted consistently into
potent CTL responses specific against several cancer antigens such
as Melan-A [25,26], NY-ESO 1 [27,28] and TRP2 [29,30]. LV vaccines
are also currently in preclinical testing for protection or treat-
ment of human immunodeficiency virus (HIV). Several routes of LV
administration have been explored in mice, leading to consistent
and persistent anti-HIV/SIV immune responses [31,32].

In this report, we demonstrate the high capability of LV to trans-
fer whole sets of HCV structural or non-structural gene clusters in
vitro into monocytes prior to their differentiation into DC. Notably,
gene delivery of the HCV-NS cluster into monocytes resulted in its
persistent expression in differentiated DC leading to potent stimu-
lation of CD4+ and CD8+ allogeneic and autologous responses.

2. Materials and methods

2.1. Cell culture

Human embryonic kidney 293T cells were cultured in DMEM
with 10% FBS and penicillin (100 U/ml) and streptomycin
(100 mg/ml).

2.2. Lentiviral vector construction and production

The self-inactivating (SIN) lentiviral vectors used in this study
are derived from the RRL-sin-cPPT-hCMV-GFP vector (described
previously [33]). The control lentiviral vector contains a truncated
form of the human CD34 surface antigen [34] kindly provided
by Prof. Christopher Baum, Department of Experimental Hema-
tology, Hannover Medical School. For construction of the LV-HCV
vectors, RRL-sin-cPPT-hCMV-GFP was cut with XbaI and SalI
restriction enzymes (to remove GFP). For construction of the LV-
HCV-S vector, a PCR was performed with primers XbaI-5′HCV
(GGGGTCTAGACCACCATGAGCACG-AATCCTAAACCTCAAAGA) and
P7-SalI (GTCGACTCAGGCGTAAGCTCCTGGTGG), and the 2.4 kb
insert was subcloned into the LV corresponding to nucleotides
342-2762 of HCV-NS sequence (NCBI AF139594). For construc-
tion of the LV-HCV-NS vector, a PCR was performed with
primers XbaI-NS2 (TCTAGACCACCATGGACCGGGAGATGGCT) and
3′HCV-SalI (GGGGGAATTCTCATCGATTGGGGAGCAAGTAGATGCC),
and the 6.6 kb insert was subcloned into the LV corresponding to
nucleotides 2763-9389 of HCV-NS sequence (NCBI AF139594). The
structural integrity of all constructs was reconfirmed by restriction
digestion and sequencing analysis of the promoters and transgenes.
Large-scale production of lentiviral constructs was performed by
transient co-transfection of 293T cells exactly as described [33].
Lentiviral titer was determined by assessing viral p24 antigen con-
centration by ELISA (Cell Biolabs, Inc., San Diego, CA, USA) and
hereafter expressed as �g of p24 equivalent units per milliliter
(1 �g p24 equals approximately 1-5 × 107 infective particles).

2.3. Analyses of protein expression by Western blot

Cells were harvested at determined time-points, washed with
PBS, and lyzed with Mammalian Cell Lysis Kit (Sigma–Aldrich, St.
Louis, MO, USA). Equal amounts of protein (Bradford method) were
boiled in SDS sample buffer (40 mM Tris–HCl, pH 7.4, 5% glyc-
erol, 5% mercaptoethanol, 2% SDS, 0.05% bromphenol blue). The
samples were fractionated on 10% SDS-acrylamide gels (Biorad,
Hercules, CA) and subjected to immunoblot analysis and analyzed
by SDS-polyacrylamide gel electrophoresis and immunoblotting
using rabbit anti-HCV core (provided by Dr. M. Lai), monoclonal
mouse anti-NS3 (provided by Dr. M. Lai), monoclonal mouse anti-
NS5a (Biodesign, Saco, ME, USA), or monoclonal mouse anti-E2
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(Biodesign) primary antibodies followed by incubation with cor-
responding secondary antibodies conjugated to HRPO (Santa Cruz
Labs, CA, USA). Membrane detection was performed using the
ECL system (Amersham, Piscataway, NJ, USA). Documentation of
the chemiluminescent immunodetected signal was performed by
Quantity One 4.40 software (Biorad).

2.4. Transduction of monocytes and monocyte-derived DC

Peripheral blood mononuclear cells were obtained from HLA-
A2.1 positive adult healthy volunteers and studies performed in
accordance with protocols approved by the Hannover Medical
School Ethics Review Board. CD14+ cells were isolated using CD14
isolation beads (Miltenyi Biotec, Bergisch-Gladbach, Germany)
from the peripheral blood donated by healthy individuals and fur-
ther cultured in X-Vivo 15 medium (Lonza, Basel, Switzerland)
in the presence of recombinant granulocyte macrophage colony-
stimulating factor and interleukin-4 (80 ng/ml each; Cellgenix,
Freiburg, Germany) for 8 h before transduction. 5 × 106 CD14+

monocytes or monocyte-derived DC were transduced on six-well
plates (Omnilab, Bremen, Germany) in the presence of 5 �g p24
equivalent/ml of virus plus 5 �g/ml Protamine Sulfate (American
Pharmaceutical Partners, Inc., Schaumburg, IL). For subsequent DC
differentiation, granulocyte macrophage colony-stimulating factor
and interleukin-4 were added on day 1 of culture, and subse-
quently every 3 days. 24 h post-transduction, cells were washed
twice with phosphate-buffered saline, and further cultured in X-
Vivo 15 medium supplemented with the appropriate cytokines.
In some experiments, on day 6, 500 ng/ml of soluble CD40L (R&D
Sytems, Wiesbaden, Germany) or 500 U/ml of IFN-� (R&D Sytems)
was added to the monocyte-DC 24 h before phenotypic analysis or
co-culture with PBMCs.

2.5. Intracellular staining for expression of HCV proteins

Intracellular expression of HCV proteins by transduced cells
was detected by flow cytometry. Briefly, 1 × 105 to 1 × 106 293T
cells, monocytes or monocyte-derived DC were transduced with
LV vectors expressing either the structural or non-structural HCV
proteins. At the appropriate time-points, cells were washed with
PBS and fixed with 3% paraformaldehyde for 10 min at room tem-
perature before permeabilization with 0.5% Triton X-100 for 5 min
at room temperature. Permeabilized cells were washed with cold
PBS and blocking was performed with 50 �g/ml of mouse IgGs for
15 min at 4 ◦C before staining with either anti-core (Hepatitis C
core Dianova GmbH, Hamburg, Germany) or anti-NS5a (designated
9E10 and kindly provided by Dr. Charles Rice, New York, USA) and
incubated for further 30 min at 4 ◦C. Cells were washed three times
with cold PBS before staining with FITC labeled goat anti-mouse
secondary antibody (Dianova GmbH) for another 30 min at 4 ◦C.
Cells were washed and analyzed using a BD FACSCalibur (Becton
Dickinson, Heidelberg, Germany) and analysis done using either BD
CellQuest or Dako Cytomation, Summit (Dako, Glostrup, Denmark)
software.

2.6. Flow cytometry analyses of immunophenotypic markers

The phenotype of monocytes or monocyte-derived DC was
analyzed as previously described [35]. Briefly, 2 or 7 days post-
transduction with the lentiviruses, the cells were detached from the
wells by incubation in PBS (without Mg2+ and Ca2+) for 30 min at
37 ◦C in 5% CO2 incubator. After incubation cells were resuspended
and washed once with PBS and then incubated with mouse IgG
(50 �g/ml) on ice for 15 min before further staining with the corre-
sponding monoclonal antibodies. Monoclonal antibodies reactive
against CD209, CD83 and CD86 conjugated with PerCP, APC and

PE, respectively or their respective isotypes conjugated with sim-
ilar colors were used (Becton Dickinson, Heidelberg, Germany).
30 min after incubation with the monoclonal antibodies, cells were
resuspended in 100 �L of 1% paraformaldehyde for fixation. Cells
were further analyzed using a FACSCalibur cytometer and acqui-
sition and analyses were done using CellQuest software (Becton
Dickinson) or Dako Cytomation Summit software (Dako).

2.7. RT-Q-PCR analysis of genomic DNA

Genomic DNA from control and transduced monocytes was
purified using a QIAmp Blood Minikit (QIAGEN GmbH, Hilden,
Germany). Quantification of the vector copy number in the
samples was performed in 25 �l reaction containing 300 ng of
genomic DNA (equivalent to 5 × 104 genomes) according to the
instructions provided with the UltraRapid Lentiviral Titer Kit (Sys-
tem Biosciences, Mountain View, CA, USA). For internal control,
G3PDH primers were used: 5′-ACCACAGTCCATGCCATCAC-3′, and
5′-TCCACCACCCTGTTGCTGTA-3′ Amplifications were carried out in
an StepOnePlusTM real-time PCR System (Applied Biosystems Inc.
Foster City, CA, USA); after the initial denaturation (10 min at 95 ◦C),
amplification was performed with 40 cycles of 15 s at 95 ◦C and 60 s
at 60 ◦C. The numbers of integrated lentiviral copies were calculated
based on analyses of DNA standards provided with the kit. Ct val-
ues were plotted against the input DNAs, and a standard reference
curve was obtained.

2.8. Analyses of activated T cells by flow cytometry

To assess influence of HCV proteins on the ability of either
monocytes or monocyte-derived DC to stimulate T cells autol-
ogously or allogeneically, 1 × 105 transduced monocytes (48 h
post-transduction) or monocyte-DC (7 day old DC) were co-
cultured with 1 × 106 (1:10 ratio) of either allogeneic or autologous
PBMCs derived from healthy donors in a round bottom 96 well plate
(Sarstedt, Nümbrecht, Germany) for 48–72 h in RPMI medium sup-
plemented with 10%FBS, penicillin, streptomycin and l-glutamine.
FastImmune kit (Becton Dickinson) which consisted of a mixture of
anti-CD3 PerCP/CD4 APC anti-CD69 PE was used to analyze expres-
sion of CD69 as described in the manufacturer’s protocol. A gate
on the CD3+ lymphocyte fraction was set for quantitative analysis
of CD4+/CD69+, CD8+/CD69+-expressing subpopulations. A mixture
of respective PerCP, APC, and PE-conjugated isotypes (Becton Dick-
inson, Heidelberg, Germany) were used to set up the appropriate
background fluorescences. Acquisition and analysis was done using
the CellQuest software and a FACSCalibur apparatus (Becton Dick-
inson).

2.9. Analyses of antigen-specific T cell responses by tetramer
staining

CD3+ T cells were positively selected from PBMCs using CD3-
magnetic particles (Becton Dickinson) according to manufacturer’s
protocol. Two separate stimulation assays were performed: in the
presence of low and high concentrations of rhIL-2 (Invitrogen,
Karlsruhe, Germany). For the first protocol (Fig. 8A), T cells were
washed with PBS and resuspended in RPMI medium plus 10% FCS
and 5 U/ml rhIL-2. 1 × 105 CD3+ cells were then co-cultured with
autologous 1 × 104 transduced monocytes that were differentiated
into DC. After 5 days of co-culture, cells were resuspended in PBS
plus 2% FCS, co-stained with PE-conjugated MHC Class-I tetramers
(NS3 (1073 tetramer (CINGVCWTV)), NS4 (1798 tetramer (SLMAF-
TAAV)) and NS5b (2594 tetramer (ALYDVVTKL)); Beckman Coulter,
Krefeld, Germany) and an APC conjugated anti-CD8 antibody and
analyzed by flow cytometry. An irrelevant tetramer provided by
the manufacturer was used as a negative control. For the second
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protocol (Fig. 8B), co-cultures were supplemented with fresh rhIL-
2 (25 U/ml) on day 3 and cells were harvested for flow cytometry
analyses 3 days after.

2.10. CFSE proliferation assay

Enriched CD3+ T cells were resuspended in 15 ml of PBS sup-
plemented with 0.2% BSA. The cells were centrifuged at 600 g for
7 min and the cell pellets were resuspended in 1 ml of 4 �M CFSE
solution (Invitrogen Karlsruhe, Germany) and incubated at 37 ◦C
for 10 min. CFSE staining was stopped by adding 10 ml of cold FCS
followed by further incubation on ice for 5 min. 1 × 105 CD3+ T
cells were resuspended in RPMI medium plus 10% FCS and 5 U/ml
rhIL-2 (R&D Systems) and co-cultured with 1 × 104 day 7 Mock or
with HCV-NS transduced cells for 5 days. On day 5 post-priming, T
cells were re-stimulated with 1 �g/ml of HCV-NS3 peptides (NS3-
1073 (CINGVCWTV) or NS3-1406 (KLSGLGINAV)) in U bottom 96
well plates. 5 days after, assessment of proliferation of the CD8+

fraction (stained with an APC conjugated anti-CD8 antibody) was
performed by flow cytometry. Loss of CFSE staining was used to
determine the level of proliferation, relative to unstimulated T cells.

3. Results

3.1. Production of high titer lentiviral vectors expressing HCV
gene clusters

Self-inactivating third-generation lentiviral vector backbones
containing the HCV structural protein cluster (E1, E2, core, p7) or
the non-structural protein cluster (NS2, NS3, NS4a, NS4b, NS5a
and NS5b) were constructed (Fig. 1A). LV expressing the green
fluorescent protein (GFP) or the truncated human CD34 surface
antigen (thCD34) were used as experimental marking controls.
Lentiviral vectors were produced by transient co-transfection of
293T cells and concentrated by ultracentrifugation. Batches of virus
expressing the HCV proteins showed titers consistently within the
expected normal range of 5–10 p24 �g/ml, approximately equiva-
lent to 2.5–5.0 × 108 viral particles/ml (Fig. 1B).

3.2. Efficient infectivity of LV-HCV vectors and co-expression of
HCV proteins in 293T cells

293T cells transduced with LV-HCV-S or LV-HCV-NS were har-
vested 3 days after transduction and expression of structural or

non-structural proteins was analyzed by immunoblot. Core and E2
were detectable in 293T cells transduced with LV-HCV-S, whereas
NS3 and NS5a were detectable after transduction with LV-HCV-
NS (Fig. 2A). The frequency of transduced cells in the population
was performed by intracellular staining of HCV-core and HCV-NS5a
proteins. Cells transduced with LV-HCV-S and LV-HCV-NS showed
100% positivity for core and NS5a, respectively (Fig. 2B). 293T cells
(mock or transduced) stained with the fluorescence-conjugated
secondary antibody alone showed no background signal.

3.3. Transduction of monocyte-derived DC with LV-HCV:
transient expression of HCV proteins

Transduction of ex vivo generated monocyte-derived DC was
carried out with LV-HCV-S and LV-HCV-NS. Monocytes were
maintained in the presence of standard differentiation cytokines
(GM-CSF and IL-4) for 7 days and transduced with LV at 5 �g/ml p24
equivalent. Cells were subsequently maintained in the presence of
GM-CSF and IL-4 for 2 or 7 days and harvested for flow cytometry
analyses (Fig. 3A). Under these conditions, we observed high DC
transduction frequency, as monitored in parallel transduction with
the LV-thCD34 marking vector (Fig. 3B). Transduction of DC with
LV-HCV-S and LV-HCV-NS resulted in >70% of the cells expressing
core or NS5a 2 days after. Nevertheless, expression of core and NS5a
in DC was transient, decreasing drastically 7 days post-transduction
(Fig. 3C). These results were reproducible in triplicate experiments.

DC phenotype after transduction was analyzed by immunos-
taining of CD209 (DC-SIGN, a DC-specific marker), CD86 (a
co-stimulatory molecule expressed in DC) and CD83 (a DC mat-
uration marker). CD209 expression remained unchanged for
transduction controls and for the LV-HCV-S and LV-HCV-NS trans-
duction groups throughout the 2–7 day culture period (Fig. 3D and
E). On day 2 of analyses, CD86 and CD83 expression were also not
much altered due to transduction (Fig. 3D). On day 7, however, a
noticeable decrease of CD86 and CD83 expression was observed for
DC transduced with LV-HCV-S or LV-HCV-NS in comparison with
the LV-thCD34 transduction control (Figs. 3E and 5).

3.4. Transduction of monocytes with LV-HCV vectors: robust
expression of HCV proteins in subsequently differentiated DC

We have previously reported that transduction of monocytes
with LV and subsequent differentiation into DCs provided an alter-
native efficient methodology for expression of transgenes [36].

Fig. 1. Lentiviral vectors constructs and titers. (A) Diagram representing the lentiviral backbones (expressing GFP or thCD34 marking genes or expressing HCV-S or HCV-NS
cluster genes). The long terminal repeats (LTR), the splice donor site (SD), the splice acceptor site (SA), the packaging signal � CMV enhancer/promoter element, the truncated
and out of frame gag gene (Ga) upstream to the Rev responsive element (RRE), the central polypurine and termination sequence (cPPT), the woodchuck hepatitis pre-element
(Wpre) and the self-inactivating mutation in the 3’LTR (�u3) are indicated (not in scale). (B) Titer (p24 �g/ml) of 3 independent lentiviral vector high titer productions for
each vector type.
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Fig. 2. Expression of HCV gene products in 293T cells. (A) Immunodetection by Western blot of structural (core, E2) and non-structural (NS3, NS5a) gene products in 293T cells
after transduction with LV-HCV-S or LV-HCV-NS. Protein extracts obtained form LV-GFP transduced cells were included as controls. (B) Immunodetection by flow cytometry
of structural (Core) and non-structural (NS5a) gene products. 293T cells were transduced at a concentration of 0.1 �g/ml p24 equivalent lentiviral vectors and expression
of HCV proteins was analyzed 48 h post-transduction by intracellular staining. Anti-core or anti-NS5a monoclonal antibodies plus a secondary fluorochrome-conjugated
antibody were used. Cells stained with secondary antibody alone were used as controls.

Therefore, we also evaluated the effects of LV-HCV-S and LV-HCV-
NS transduction in monocytes. Monocytes were preconditioned
with GM-CSF and IL-4 for 8 h, transduced with LV overnight and
further cultured in the presence of GM-CSF and IL-4 (Fig. 4A). Using
this protocol, high transduction for the LV-thCD34 marking vectors
was observed (Fig. 4B). Intracellular staining for detection of HCV
proteins 2 days after transduction with LV-HCV-S or LV-HCV-NS
demonstrated >70% of the cells expressing Core or NS5a, respec-
tively (Fig. 4C). Lentiviral transduction mediating expression of
HCV proteins in monocytes was performed in triplicate indepen-
dent experiments analyzed by intracellular staining analyses and
was highly consistent. In addition, quantitative PCR analyses of
DNA collected on day 3 post-transduction confirmed 4–9 copies
of LV integration per cell (Table 1). On day 7 post-transduction,
NS5a expression persisted in LV-HCV-NS transduced cells, whereas
expression of Core in LV-HCV-S transduced cells dropped (Fig. 4C).

Immunophenotypic analyses of differentiating DC demon-
strated that, from day 2 to day 7 post-transduction, frequency of
cells expressing CD209 and CD86 increased (Figs. 4D,E and 5A). On
the other hand, lower frequency of cells expressing the matura-
tion marker CD83 was observed in cells transduced with LV-HCV-S

and LV-HCV-NS vectors compared with the control LV-thCD34
(Fig. 4E and 5B). Thus, transduction with LV-HCV-S and LV-HCV-NS
did not inhibit expression of DC differentiation markers but down
regulated expression of the maturation marker CD83.

In order to access the persistency of LV expression within
the longevity of ex vivo grown, monocyte-derived DCs (which is
approximately 2 weeks), we extended the analyses of NS5a and
Core expression to 14 days post-transduction (Fig. 6). We included
intermediate time-points (days 3, 5, 7, and 10 post-transduction)
in order to obtain a kinetic perspective. The frequency of NS5a-
expressing cells corresponded to 80–100% of the cells throughout
the period of analyses, whereas the frequency of Core-expressing

Table 1
Relative numbers of lentiviral copies in transduced monocytes subsequently differ-
entiated into DCs, assessed by real-time quantitative PCR.

Relative numbers of lentiviral (LV) integrations

Mock 0.303677
HCV-NS 9.552092
HCV-S 4.506394
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Fig. 3. Transduction of monocyte-derived DC. (A) Experimental scheme: 5 × 106 DC were transduced with 5 �g/ml p24 equivalent of LV vectors expressing either the thCD34
marking gene, structural or non-structural HCV proteins. (B) Analyses of thCD34 marking gene expression 7 days post-transduction. (C) Intracellular detection of core and
NS5a in cells at 2 days or 7 days post-transduction. (D and E) Immunophenotypic analyses of DC on days 2 and 7 post-transduction, respectively. On the upper left corner are
the frequencies and the mean fluorescence intensities for each staining.

cells dropped from 70% on day 3 to 40% on day 14 (Fig. 6A). The
expression level of the transgenes was followed as mean fluores-
cence analyses (Fig. 6B). For both NS5a and Core, we observed a
peak of expression between day 5 and day 7 post-transduction.

3.5. Stimulation of allogeneic and autologous CD4+ and CD8+ T
cell responses by DC expressing HCV-S and HCV-NS clusters

In order to evaluate whether HCV proteins could lead to stim-
ulatory effects on T cells, monocytes transduced with LV-HCV-S
or LV-HCV-NS were co-incubated with allogeneic and autologous
PBMCs and the immune effects on T cells were analyzed by flow
cytometry (Fig. 7A).

Stimulation of CD8+ and CD4+ T cells was evaluated by upregu-
lation of the activation marker CD69. The frequency of CD69+ cells
was calculated by subtracting the baseline levels of unstimulated T
cells (PBMCs maintained in the absence of DC). Whereas the effects
of LV-HCV-S transduction seemed to lead to variable affects on the
different systems evaluated, LV-HCV-NS transduced DC were con-
sistently more stimulatory than untransduced Mock DC (Fig. 7B–E),
for both allogeneic and autologous responses.

We further evaluated whether immunomodulatory factors
that promote DC maturation such as CD40 ligand (CD40L) and
interferon-alpha (IFN-�) could influence T cell activation. For the
allogeneic system, treatment of DC/LV-HCV-S with CD40L and IFN-
� promoted variable results on T cell stimulation. Activation of
allogeneic CD4+ T cells was slightly enhanced upon CD40L treat-
ment whereas the effect was negligible for CD8+ T cell activation.

Notably, the stimulatory effects observed on CD8+ and CD4+ T
cells caused by co-culture with LV-HCV-NS transduced DC were
dramatically increased upon treatment with CD40L. IFN-� did not
produce consistent effects on CD69 upregulation of autologous T
cells. In all, these results indicated that expression of HCV-NS in
matured monocyte-derived DC augmented the allogeneic T cell
stimulation and promoted autologous T cell activation.

3.6. Antigen-specific CD8+ T cell responses against DC expressing
HCV-NS cluster

Ultimately, we sought to confirm that DC expressing HCV pro-
teins could stimulate immune responses in an antigen-specific
manner. We focused our analyses on monocytes transduced with
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Fig. 4. Transduction of monocytes followed by ex vivo differentiation into DC. (A) Experimental scheme: 5 × 106 CD14+ monocytes were transduced with 5 �g/ml p24
equivalent of LV vectors expressing either the thCD34 marking gene, structural or non-structural HCV proteins. (B) Analyses of thCD34 marking gene expression 7 days
post-transduction. (C) Intracellular detection of Core and NS5a in cells at 2 days or 7 days post-transduction. (D and E) Immunophenotypic analyses of differentiating DC on
days 2 and 7 post-transduction, respectively. On the upper left corner are the frequencies and the mean fluorescence intensities for each staining.

LV-HCV-NS and differentiated in DC, as we had seen in previous
experiments that these DC had maintained the longest expres-
sion of HCV proteins and stimulated the highest levels of T cell
responses.

Autologous CD3+ T cells were stimulated once with DC in the
presence of low or high levels of rhIL-2 and reactivity was assessed
by tetramer analyses of CD8+ T cells. T cells stimulated with Mock
DC resulted in 0.7–1.5% of the CD8+ T cells being reactive against
NS3-1073 or NS3-1406 tetramers (baseline with negative control
was 0.4%) (Fig. 8A). For the T cells co-cultured with DC expressing
HCV-NS, the reactivity increased to 2.0–2.4% of the cells becom-
ing NS3 reactive (baseline with negative control being 1.4%). The
T cell reactivity against NS3 increased drastically upon co-culture
of T cells and DC in high concentration of IL-2. T cells stimulated
with Mock DC resulted in 3–5% of CD8+ T cells reactive against
NS3 (1073 tetramer (CINGVCWTV)), NS4 (1798 tetramer (SLMAF-
TAAV)) and NS5b (2594 tetramer (ALYDVVTKL)). In contrast, DC
transduced with LV-HCV-NS and used to stimulate T cells resulted
into approximately 20% of the CD8+ T cells above baseline showing
reactivity against the different tetramers (Fig. 8B). The increased
reactivity of T cells stimulated with DC expressing HCV-NS was
confirmed by CD8+ T cell proliferation assay based on CFSE staining.
Loss of CFSE stain (represented as CSFE Low CD8+ T cells) was sig-

nificantly higher for T cells stimulated with DC expressing HCV-NS
and re-primed with NS3 peptides than Mock DC (Fig. 9).

In summary, these results demonstrate that DC expressing HCV-
NS proteins are capable of ex vivo priming or re-stimulation of
antigen-specific CD8+ T cell responses.

4. Discussion

Over the past decade, lentiviral vectors have been actively
pursued in the field of gene therapy for their robust, consistent
and persistent gene delivery capabilities in the absence of overt
cytotoxic or antigenic side effects. Advances in lentiviral vector
biosafety enhancements were accompanied by recent develop-
ment of clinical trials [37]. In addition, a number of experimental
studies in mice have demonstrated their potent applicability in
the vaccination field, both directly or as gene delivery vehicles to
antigen presenting cells [24,38]. To our knowledge, this is the first
report regarding lentiviral vectors for gene delivery into dendritic
cells for stimulation of anti-HCV responses.

The results presented here demonstrate the feasibility of insert-
ing the HCV genome into two sets of LV for expression of structural
and non-structural gene clusters. The gene-cargo capacity of the
lentiviral vector backbone described here is approximately 7–8
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Fig. 5. CD86 and CD83 expression levels after lentiviral transduction of differen-
tiated DC (DC) or monocytes subsequently differentiated into DC (Mo). Dendritic
cells or monocytes were transduced with a control vector (expressing htCD34) or
LV-HCV vectors (expressing the structural or non-structural cluster). On days 2 and 7
post-transduction, the differentiated DCs were analyzed for expression of CD86 (A)
and CD83 (B). The mean fluorescence intensity (MFI) obtained for immune staining
against CD86 and CD83 is shown.

kilobases, which was enough to accommodate the 2.4 kb HCV-S
and 6.6 kb HCV-NS gene clusters, as viral titers were in the nor-
mal range and infectivity comparable to LV expressing marking
genes. Of note, in contrast to recombinant “non-gutless” adenovi-
ral vectors, lentiviral vectors express only the transgenic products
in target cells, avoiding co-expression of potentially antigenic
gene-vector proteins. In addition, the lentiviral vectors are pseu-
dotyped with the vesicular stomatitis viral protein G, resulting into
receptor-independent efficient infection of a broad-range of cell
types containing heparan sulphate on the cell surface. This is in
contrast to the frequently used Adenovirus serotype 5 (Ad5)-based
vectors, known to be hindered on infectivity due to the paucity
of the coxsackie and adenovirus receptor (CAR) on hematopoietic
cells.

Although the LV-HCV vectors could readily transduce pre-
differentiated DC, we observed a higher transducibility of
monocytes during DC differentiation, possibly due to the fact that
monocytes at this stage are more metabolically active, facilitating
viral infection. Overall, DC differentiation, morphology and via-
bility were comparable to DC transduced with control marking
genes. A downregulation of CD86 and CD83 immunophenotypic
markers was more evident in transduced DCs than transduced
monocytes subsequently differentiated in DCs. In addition, mono-

Fig. 6. Kinetics of HCV proteins expression in monocytes transduced with LV-HCV.
Monocytes were transduced with LV vectors expressing either the structural protein
(HCV-S) or the non-structural protein (HCV-NS). Intracellular detection of core and
NS5a in cells at different time-points after transduction was performed by flow
cytometry. (A) Frequency of cells expressing Core or NS5a. (B) Expression level of
core and NS5a is indicated as mean fluorescence intensities (MFI).

cytes transduced with LV-HCV-NS that differentiated into DCs
activated autologous and allogeneic CD8+ T cells at high levels.
This may reflect the fact that several immunogenic NS antigens
expressed by in LV transduced monocytes may be presented
through the major histocompatibility complex (MHC) class-I path-
way.

Therefore, a relevant observation obtained from our studies is
that monocytes are not only better transduced with the LV vectors
expressing HCV proteins, but also seem to be less susceptible to
immune suppression effects. This may be due to experimental set
up, i.e. the supra-physiological amounts of cytokines added to the
cells for their differentiation may counterbalance immune-escape
mechanisms of HCV. Since monocytes are readily available in much
higher frequencies (20–30%) than DC (1%), their exploitation as cell
targets for gene delivery would greatly facilitate the development
of genetically programmed cellular vaccines.

Thus, the lentiviral vector system recapitulates the competence
of “natural” HCV to infect monocytes as reported by independent
groups [39,40] and could be explored in the future as an experimen-
tal model to elucidate basic mechanism(s) of the proposed immune
defects caused by persistent HCV occult infection of the lymphatic
system [40].

We demonstrate the proof-of-principle that delivery of HCV
genes into monocytes and subsequent differentiation into DC leads
to T cell immune-stimulation: our results showed that the HCV-NS
cluster is more suitable for immune-stimulation than the structural
cluster.
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Fig. 7. Stimulation of autologous and allogeneic PBMCs by transduced monocyte-derived DC. (A) Experimental scheme for lentiviral transductions, CD40L or IFN-alpha
treatment and co-culture (1:10 DC:PBMCs). (B and C) Activation of allogeneic CD8+ and CD4+ T lymphocytes assessed by measuring upregulation of CD69 expression. (D and
E) Activation of autologous CD8+ and CD4+ T lymphocytes assessed by measuring upregulation of CD69 expression. The error bars represent deviation in the mean values of
experimental duplicates.

Overall, experiments performed herein with DC genetically
modified with multi-antigenic LV strongly correlated with previ-
ous findings using recombinant adenoviral vectors as gene delivery
vehicles. Priming and stimulation of CD4+ and CD8+ cells with
DC transduced with adenoviral vectors expressing single non-
structural proteins such as NS3 NS4, NS5a and NS5b have been
demonstrated by several groups [41–44]. These experimental mod-
els are consistent with the clinical finding that T-helper responses
against non-structural proteins are associated with successful hep-
atitis C viral clearance, reinforcing the opinion that they may
be ideal antigen candidates for vaccination or therapy [45]. This
is actually an important factor for the preferred use of more
genetically stable non-structural proteins as suitable vaccination
antigens, in detriment to the highly mutable structural proteins.

In addition to this fact, our results also correlated with previ-
ous findings demonstrating the inherent propensity of structural
proteins to deregulate the function of DC in the activation of autol-
ogous our allogeneic T cells (particularly CD4+ T cells). Work by
Sarobe and co-workers convincingly showed that dendritic cells
transduced with adenoviral vectors for core and E1 expression
were inhibited in their capacity to stimulate T cells in vitro and in
vivo [41,46]. Notably, corroborating to our results, they specifically

observed that the expression of Core/E1 inhibited DC maturation
(by CD40L) and the DC ability to activate CD4+- and CD8+-T cell
responses [41]. Another study describing HCV causing immuno-
suppression in DCs during maturation was based on bone marrow
obtained from mice transgenic for HCV structural proteins and used
for production of DCs ex vivo. There, the capacity of DCs express-
ing HCV structural proteins to stimulate T cells was significantly
impaired, mostly through the MHC class-I pathway [47].

In summary, we demonstrate a novel application of lentiviral
vectors to efficiently deliver HCV-NS gene cluster into monocytes,
prior to their ex vivo differentiation into DC which in the future
could be adapted with co-expression of co-stimulatory molecules
such as CD40L [23] for optimal rational programming of DC vaccines
inducing potent CD8+ and CD4+ T cell stimulation.

In addition to the clinical applications of DC genetically modified
with LV as vaccines for HCV, this system also offers a practical solu-
tion for pinpointing the function of single or combination genes
in HCV infection and drug resistance, in analogy to the “repli-
con” approach [48]. Ultimately, lentiviral vectors expressing HCV
clusters can lead to understanding the effects of the occult and per-
sistent HCV infection in immunostimulatory functions of DC, a topic
of still much dispute in the field.
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Fig. 8. Analyses of antigen-specific autologous responses by tetramer staining. (A) Experimental scheme for lentiviral transductions, co-culture of DC and CD3+ T cells and IL-2
treatment at low concentration and flow cytometry analyses of tetramer staining against two different NS3 epitopes. (B) Experimental scheme for lentiviral transductions,
co-culture of DC and CD3+ T cells and IL-2 treatment at high concentration and flow cytometry analyses of tetramer staining against NS3, NS4a and NS5b epitopes.
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Fig. 9. Analyses of antigen-specific T cell proliferation by CSFE staining. T cells
maintained alone (“unstimulated”) or co-cultured with Mock DC or LV-HCV-NS
transduced DC were compared. P-values were calculated from triplicate samples.
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