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Induction of hepatitis B virus (HBV)-specific cytotoxic T cells by therapeutic immunization may be a strategy to treat chronic
hepatitis B. In the HBV animal model, woodchucks, the application of DNA vaccine expressing woodchuck hepatitis virus
(WHV) core antigen (WHcAg) in combination with antivirals led to the prolonged control of viral replication. However, it be-
came clear that the use of more potent vaccines is required to overcome WHV persistence. Therefore, we asked whether stronger
and more functional T-cell responses could be achieved using the modified vaccines and an optimized prime-boost vaccination
regimen. We developed a new DNA plasmid (pCGWHc) and recombinant adenoviruses (AdVs) showing high expression levels
of WHcAg. Mice vaccinated with the improved plasmid pCGWHc elicited a stronger WHcAg-specific CD8� T-cell response than
with the previously used vaccines. Using multicolor flow cytometry and an in vivo cytotoxicity assay, we showed that immuniza-
tion in a DNA prime-AdV boost regimen resulted in an even more vigorous and functional T-cell response than immunization
with the new plasmid alone. Immunization of naïve woodchucks with pCGWHc plasmid or AdVs induced a significant WHcAg-
specific degranulation response prior to the challenge, this response had not been previously detected. Consistently, this re-
sponse led to a rapid control of infection after the challenge. Our results demonstrate that high antigen expression levels and the
DNA prime-AdV boost immunization improved the T-cell response in mice and induced significant T-cell responses in wood-
chucks. Therefore, this new vaccination strategy may be a candidate for a therapeutic vaccine against chronic HBV infection.

Since the introduction of prophylactic vaccination programs
against hepatitis B in over 170 countries, the number of new

infections with hepatitis B virus (HBV) has been continuously
decreasing. Despite the success of the prophylactic vaccines,
chronic HBV infection is still a global health problem. The WHO
estimates that over 360 million people are persistently infected
with HBV, of whom 1 million die each year from HBV-associated
liver cirrhosis or hepatocellular carcinoma. Currently, two types
of antiviral therapies of chronic hepatitis B are approved: treat-
ment with pegylated alpha interferon 2a (PEG-IFN-�) or nucle-
ot(s)ide analogues, such as entecavir and tenofovir. Nevertheless,
the efficacy of these therapies is still limited. Therapy with IFN-�
results in a sustained antiviral response in only one-third of the
patients, and treatment with nucleot(s)ide analogues needs a life-
long therapy (30, 39, 54, 55, 61).

It is well documented that an appropriate adaptive immune
response is required to efficiently control HBV infection. Specific
humoral immune responses to HBV, especially neutralizing anti-
envelope antibodies, play a key role in preventing HBV spread to
noninfected hepatocytes (12, 62). An early, vigorous, polyclonal,
and multispecific T-cell immune response directed against HBV
antigens is crucial for the resolution of acute HBV infection (22,
29, 45, 50, 52, 74). In contrast, chronic HBV carriers demonstrate
weak, transient, or often undetectable CD8� T-cell responses (38,
51, 79). Therefore, therapeutic vaccination approaches able to
boost a functional antiviral T-cell response may be a promising
strategy to overcome viral persistence.

Numerous clinical trials of therapeutic immunizations in
chronically HBV-infected patients exploited the conventional

HBV surface antigen (HBsAg)-based protein vaccines. However,
the antiviral effect of these approaches was only transient in the
best case, and none of them led to an effective control of HBV
infection in patients (15, 20, 37, 56, 57, 63, 67, 78). The strategies
designed to specifically stimulate an HBV-specific T-cell response
by a DNA vaccine encoding small and medium HBsAgs were also
not successful (46). The combination of the HBsAg-based vac-
cines with antiviral treatment using lamivudine did not lead to a
satisfactory improvement of the therapies either (16, 36, 75).
These findings clearly imply that new concepts of therapeutic vac-
cination are needed.

The woodchuck (Marmota monax) is a useful preclinical
model for HBV research. The natural occurrence of chronic
woodchuck hepatitis virus (WHV) infection allows the evaluation
of potentially new therapeutic strategies in this model. Even
though several innovative approaches combining antiviral treat-
ment with nucleot(s)ide analogues, protein vaccines, and DNA
vaccines were tested in chronically infected woodchucks, these
strategies were not sufficient for resolution of the chronic infec-
tion (33, 34, 43, 44, 47, 65). The application of a DNA vaccine
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expressing WHV core antigen (WHcAg) in combination with an-
tivirals in chronic WHV carriers led to the prolonged control of
viral replication (44). This result was encouraging but also showed
the weakness of the present technical approaches to induce effi-
cient T-cell responses by DNA vaccination, especially in large an-
imals.

Recent studies using recombinant viral vectors as vaccines
demonstrated their potential to elicit vigorous and sustained T-
cell responses. The recombinant adenoviruses (AdVs) have been
one of the most intensively investigated vaccine carriers in many
viral infections, such as Ebola virus, human immunodeficiency
virus (HIV), and severe acute respiratory syndrome (SARS) virus
(24, 64, 70, 72, 81). In the present study, we attempted to improve
vaccines for immunotherapeutic approaches and tested new
prime-boost strategies. We constructed a new DNA plasmid
(pCGWHc) and an adenoviral serotype 5 vector (Ad5WHc) and a
chimeric Ad5 displaying Ad35 fiber (Ad5F35WHc [Ad35WHc])
showing high expression levels of WHcAg. We investigated
whether these new vaccines could prime quantitatively and qual-
itatively better T-cell responses in the animal models, C57BL/6
mice and naïve woodchucks, than previously used vaccines. In
recent years, additional criteria were developed to assess the qual-
ity of the responses to the new vaccines. In addition to the deter-
mination of antibody titers, T-cell responses can be quantitatively
and qualitatively assessed by the frequencies of antigen-specific T
cells and their functionality, including the secretion of the cyto-
kines and the cytolytic activity in vivo. Using these criteria devel-
oped for the assessment of the vaccines against HIV (7, 25, 28, 31),
we could demonstrate an excellent multifunctionality of the elic-
ited WHcAg-specific CD8� T cells in the mouse model. For the
first time, we could detect WHcAg-specific proliferative and cyto-
toxic T-cell responses in naïve woodchucks immunized with the
optimized vaccines by using a [2-3H]adenine proliferation assay
and a recently established CD107a degranulation assay (26).

MATERIALS AND METHODS
Laboratory animals. Ten-week-old C57BL/6 female mice (genotype
H-2b/b) were purchased from Harlan Winkelmann Laboratories
(Borchen, Germany). Naïve woodchucks were purchased from North-
eastern Wildlife (Harrison, ID). Animals were maintained according to
the guidelines of the animal facility at the University Hospital Essen. All
animal experiments were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals and were approved by the local
Animal Care and Use Committee (Animal Care Center, University of
Duisburg-Essen, Essen, Germany, and the district government of Düssel-
dorf, Germany).

Cells and cell culture. Baby hamster kidney cells 21 (BHK-21; ATCC,
CCL-10) were grown in monolayers in Eagle’s minimum essential me-
dium (Invitrogen/Gibco, Karlsruhe, Germany). The human embryonic
kidney cell line 293 (HEK-293A; Microbix Biosystems, Toronto, Ontario,
Canada) was propagated in Dulbecco’s modified Eagle medium with high
glucose (Invitrogen/Gibco). Murine splenocytes and woodchuck periph-
eral blood mononuclear cells (PBMCs) were cultured in RPMI medium
and AIM-V medium (Invitrogen/Gibco), respectively. Cell culture media
were supplemented with 10% heat-inactivated fetal bovine serum (FBS;
Biochrom AG, Berlin, Germany) and 10 U/ml penicillin-streptomycin
(PAA Laboratories, Pasching, Austria). Cell lines were maintained in a
humidified 5% CO2 atmosphere at 37°C.

Construction of pCGWHc plasmid for DNA vaccination. The WHV
strain 8 WHcAg gene was obtained from the WHcAg-encoding pWHcIm
plasmid (41). The insert was cut out of the pWHcIm plasmid by using
BamHI and XbaI restriction enzymes (New England BioLabs, Ipswich,

MA) and then introduced between a �-globin intron sequence and poly-
adenylation signal into the BamHI/XbaI site of pCG vector (69).

Construction of recombinant adenoviral vectors expressing
WHcAg. The adenoviral vectors Ad5WHc and Ad5F35WHc (Ad35WHc)
expressing WHcAg were constructed using the AdEasy system and vectors
pShuttle, pAdEasy-1, and pAdEasy-1/F35 (Qbiogene, Carlsbad, CA).

For the construction of a pShuttle plasmid expressing WHcAg
(pShuttleWHc.in), a cassette originating from the pCG plasmid contain-
ing the cytomegalovirus immediate-early (CMV-IE) promoter, �-globin
intron, and polyadenylation signal was employed. The cassette insert was
amplified by PCR using specific primers introducing KpnI and BglII re-
striction sites (pCG.KpnI, nucleotides [nt] 4391 to 4414, 5=-CATGGTAC
CTAATCGACTCACTATAGGGAGACC-3=; pCG.BglII, nt 1781 to 1804,
5=-CATAGATCTAGCTCCTCGAGTTCATAAGAGAAG-3=). The am-
plified fragment was cloned into the multicloning site (MCS) of pShuttle.
In the second step, the WHcAg sequence was amplified by PCR using the
pWHcIm plasmid as a template and specific primers introducing XbaI
and SbfI restriction sites (WHc.XbaI, nt 954 to 976, 5=-AGCTTCTAGAC
CATGGACATAGATCCCTATAAA-3=; WHc.SbfI, nt 1514 to 1541, 5=-A
GCTCCTGCAGGAATTCGGCTTCATTGAAGATCACAGTT-3=). The
insert was introduced into the XbaI/SbfI site located between the �-globin
intron and polyadenylation signal of the expression cassette. Recombi-
nant Ad5WHc and Ad5F35WHc (Ad35WHc) were generated by homol-
ogous recombination of pShuttleWHc.in with pAdEasy-1 and pAdEasy-
1/F35, respectively, and transfected into HEK-293A cells as described
elsewhere (4). The vectors were purified with a Vivaspin AdenoPACK 100
kit (Vivascience/Sartorius, Göttingen, Germany) and titrated using the
50% tissue culture infectious dose (TCID50).

Transient expression of WHcAg in BHK-21 and HEK-293 cell lines
and detection of WHcAg by IF staining and Western blotting. Up to 1 �
106 BHK-21 cells per well of a six-well plate or up to 1 � 103 BHK-21 cells
per well of an eight-well chamber slide (Nunc, Roskilde, Denmark) were
incubated until the cells reached a confluence of 80%. Cells were trans-
fected with 1 �g of plasmid using Effectene reagent (Qiagen, Hiden, Ger-
many) or Lipofectamine reagent (Invitrogen, Karlsruhe, Germany) ac-
cording to the manufacturer’s protocol. Up to 5 � 106 HEK-293A cells per
well of a six-well plate were incubated until the cells reached a confluence
of 80 to 90%. Cells were infected with medium containing 5 � 107 PFU of
Ad5WHc or Ad35WHc (multiplicity of infection [MOI] of 10). For im-
munofluorescence (IF) staining, the cells were fixed with 50% methanol
(20 min at 4°C). The expressed WHcAg was detected by indirect staining
with rabbit antiserum and fluorescein isothiocyanate (FITC)-conjugated
antibody as described previously (41). For Western blotting, cultured
BHK-21 or HEK-293A cells were lysed in 1� SDS sample buffer supple-
mented with a protease inhibitor cocktail (Roche, Mannheim, Germany).
Protein samples were separated by SDS-PAGE and transferred onto poly-
vinylidene difluoride (PVDF) membrane (Millipore, Schwalbach, Ger-
many) using a semidry transfer method. The immunodetection of
WHcAg was performed using primary cross-reactive anti-HBcAg 10E11
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) and secondary
peroxidase-conjugated anti-mouse IgG antibody (Sigma-Aldrich). Blots
were stripped and reprobed with anti-beta-actin antibody (Sigma-Al-
drich) as a loading control. Protein bands were visualized using an ECL
Western Blotting Detection Kit (GE Healthcare, Buckinghamshire,
United Kingdom). The optical density of the protein bands was estimated
by ImageJ software (National Institutes of Health, Bethesda, MD [http:
//imagej.nih.gov/ij/]). The relative densitometric values obtained for
WHcAg bands were normalized using the values obtained for the respec-
tive beta-actin controls.

Immunization of mice by intramuscular injection of pCGWHc and
pWHcIm plasmids and by a heterologous DNA prime-AdV boost regi-
men. Mice were pretreated by intramuscular injection of 50 �l of cardio-
toxin (10 �M in phosphate-buffered saline [PBS]; Latoxan, Valence,
France) into tibialis anterior muscle 1 week before the plasmid immuni-
zation. Animals were then intramuscularly vaccinated three times with
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100 �g of pWHcIm or pCGWHc (50 �g per muscle) at 2-week intervals,
according to a previously described protocol (41). Mice of the control
group received intramuscularly 100 �l of sterile PBS (50 �l per muscle).
Mice were sacrificed 2 weeks after the last immunization.

For the heterologous DNA prime-AdV boost regimen, mice received
cardiotoxin pretreatment and two DNA immunizations. Four weeks after
the second DNA immunization, groups of mice were immunized with 2 �
109 PFU of Ad5WHc or 2 � 109 PFU of Ad35WHc or with 100 �g of
pCGWHc as a reference. Mice of the control group were immunized twice
with 100 �g of empty pCG vector and boosted with 2 � 109 PFU of Ad5
expressing green fluorescent protein ([Ad5GFP] kindly provided by W.
Bayer, Institute of Virology, University Hospital of Essen). Mice were
sacrificed 2 weeks after the last immunization.

Immunization of woodchucks with plasmid DNA or recombinant
adenoviral vectors and WHV challenge experiment. Two naïve wood-
chucks (animals 58063 and 70096) were pretreated by intramuscular in-
jection of 250 �l of cardiotoxin (10 �M in PBS; Latoxan) into tibialis
anterior muscle. One week later, animals were subsequently immunized
three times with 1 mg of pCGWHc plasmid at 2-week intervals, according
to a previously described protocol (41). Two naïve woodchucks (animals
46949 and 46957) were intramuscularly immunized with 5 � 109 PFU
Ad5WHc and 4 weeks later boosted with 1 � 1010 PFU of Ad35WHc. Two
weeks after the last immunization, the woodchucks were challenged with
107 WHV genome equivalents (GE). Two untreated woodchucks (ani-
mals 58055 and 58056) were infected only with WHV and served as con-
trols.

Preparation and in vitro stimulation of murine splenocytes. Prepa-
ration of single-cell suspensions of murine splenocytes was performed
according to a previously described protocol (26). Up to 1 � 106 isolated
splenocytes per well were plated in 96-well plates in 200 �l of cell culture
medium. Splenic lymphocytes were stimulated for 6 h or 7 days (in the
presence of 10 U/ml of recombinant murine interleukin-2 [IL-2])
(Roche) with a panel of 36 synthetic overlapping 15-mer or 15 overlap-
ping 9-mer WHcAg-derived peptides (EMC Microcollections, Tübingen,
Germany) (data not shown) added to a final concentration of 2 �g/ml.
Unstimulated cells and cells stimulated with CMV-derived peptide (YIL
EETSVM) served as negative controls. Prior to intracellular cytokine
staining, cells were cultured for 5 to 6 h in the presence of 1 �g/ml of
anti-CD28 antibody (clone 37.51; BD Pharmingen, Heidelberg, Ger-
many) and 5 �g/ml of brefeldin A (Sigma-Aldrich).

Cell surface and intracellular cytokine staining of murine splenic
lymphocytes. Cell surface staining was performed using anti-CD8 (clone
56.6-7; BD Pharmingen) and anti-CD4 (clone L3T4; BD Pharmingen)
T-cell antibodies. Staining of a CD107a molecule (monoclonal anti-
mouse CD107a FITC-conjugated antibody, clone GB12, at a dilution of
1:200 [BD Pharmingen]) was performed during a 5-h restimulation of the
splenocytes. Dead cells were excluded from analyses using 7-aminoacti-
nomycin D (7AAD) (Becton Dickinson, Heidelberg, Germany). Intracel-
lular cytokine stainings were performed as described elsewhere (82) with
the following antibodies: anti-IFN-� (clone XMG1.2; BD Pharmingen),
anti-tumor necrosis factor � ([TNF-�] clone MP6-XT22; eBioscience,
Hatfield, United Kingdom), and anti-IL-2 (clone JES6-5H4; eBioscience).
Data were acquired on a FACSCalibur or LSR II flow cytometer (Becton,
Dickinson, Heidelberg, Germany) from 150,000 to 300,000 lymphocyte-
gated events per sample. Analyses were performed using FlowJo software
(Tree Star, Ashland, OR).

In vivo cytotoxicity assay. An in vivo cytotoxic T lymphocyte (CTL)
assay was performed as described elsewhere (2), with slight modification,
to measure the CTL-mediated cytotoxicity in immunized mice. Briefly,
target cells were pulsed with a 1 �M WHcAg-specific epitope consisting of
core antigen residues 13 to 21 ([c13-21] YQLLNFLPL) for 2 h at 37°C and
afterwards stained with 36 nM carboxyfluorescein succinimidyl ester
(CFSE). The unloaded reference cells were stained with 9 nM CFSE. Tar-
get and referent cells in a 1:1 ratio were transferred into immunized mice
8 days after the last immunization and into age-matched naïve mice. Re-

cipient mice were sacrificed at 8 h postinjection of the target cells. The
splenocytes from these mice were analyzed by flow cytometry for the
killing of the target cells. The percent killing was calculated as follows: 100
� [(number of peptide-loaded cells/number of unloaded cells detected
for immunized mice)/(number of peptide-loaded cells/number of un-
loaded cells detected for naïve mice)] � 100%.

CD107a degranulation assay of woodchuck PBMCs. Woodchuck
PBMCs were separated by Ficoll density gradient centrifugation and cul-
tivated as described previously (26). For stimulation, the previously iden-
tified WHcAg-derived epitope c96-110 (KVRQSLWFHLSCLTF) and a
WHsAg-derived epitope consisting of surface antigen residues 220 to 234
([s220-234] AGLQVVYFLWTKILT) (26) were added to a final concen-
tration of 2 �g/ml per peptide. Unstimulated cells and cells stimulated
with CMV-derived peptide (YILEETSVM) served as negative controls.
After 3 days of in vitro stimulation, cells were restimulated and stained for
the CD107a molecule with anti-mouse CD107a FITC-conjugated anti-
body (clone GB12 at a dilution of 1:100; BD Pharmingen) as described
previously (26). For CD4 detection anti-human CD4 allophycocyanin-
conjugated antibody (clone L200; BD Pharmingen) was used. Dead cells
were excluded from analyses using 7AAD.

Proliferation of woodchuck PBMCs. Antigen-specific proliferation
of woodchuck PBMCs was determined by a [2-3H]adenine-based assay as
described previously (41). Briefly, 5 � 104 PBMCs were stimulated in vitro
with WHcAg-derived peptides (EMC Microcollections) (data not shown)
at a concentration of 5 �g/ml for 5 days. Unstimulated cells and cells
stimulated with the CMV-derived peptide (YILEETSVM) served as neg-
ative controls. Afterwards, cells were labeled with 1 �Ci of [2-3H]adenine
(Hartmann Analytic, Braunschweig, Germany) for 16 h and collected
using a cell harvester (Perkin Elmer, Waltham, MA). Results for triplicate
cultures are presented as a mean stimulation index (SI) (mean total ab-
sorption for stimulated PBMCs divided by the mean total absorption for
unstimulated control). An SI of �3.0 was considered significant.

Serology. Murine WHcAg-specific IgG, IgG1, and IgG2a as well as
woodchuck anti-WHc and anti-WHs antibodies were detected by en-
zyme-linked immunosorbent assay as described previously (41, 42).

Detection of WHV DNA. WHV DNA was quantified by real-time
PCR using a Platinum SYBR green Kit (Invitrogen) as described previ-
ously (26).

Evaluation of GOT levels. The glutamic oxaloacetic transaminase
(GOT; also known as aspartate transaminase, or AST) level was quantified
according to the standard diagnostic procedure at the Central Laboratory
of University Hospital Essen. Values above 50 IU per ml were considered
elevated.

In silico prediction of MHC-I-restricted epitopes. The major histo-
compatibility complex class I (MHC-I)-restricted epitopes of WHcAg for
D and K loci of the mouse haplotype H-2b were predicted by two inde-
pendent algorithms: SYFPEITHI (http://www.syfpeithi.de) (60) and a
bioinformatics and molecular analysis section (BIMAS) MHC peptide
binding prediction program (http://www-bimas.cit.nih.gov/molbio/hla
_bind/) (49). A score of �21 for the SYFPEITHI program and a score of
�200,000 for the BIMAS algorithm were considered good prediction
scores.

Statistical analysis. Statistical analyses were performed using Graph-
Pad Prism, version 5 (GraphPad Software Inc., San Diego, CA). Statistical
differences were analyzed by one-way analysis of variance test using New-
man-Keuls multiple comparison posttest. P values of �0.05 were consid-
ered significant.

RESULTS
Identification of the CD8� epitopes of WHcAg in C57BL/6 mice.
We first identified major histocompatibility complex class I
(MHC-I) H-2b-restricted epitopes within the WHcAg to accu-
rately evaluate the CD8� T-cell response in C57BL/6 mice. We
used the classical approach using overlapping peptides and in
silico prediction algorithms. Splenocytes of mice immunized two
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or three times with a DNA plasmid expressing WHcAg were stim-
ulated in vitro for 7 days with six peptide pools containing six
overlapping 15-mer peptides, each covering the whole sequence of
WHcAg (Fig. 1E) and stained intracellularly for IFN-� (Fig. 1A).
Three 15-mer peptides, c6-20, c11-26, and c86-100, specifically
stimulated CD8� T cells to produce IFN-� at mean frequencies
29.1%, 8.9%, and 16.8%, respectively (Fig. 1B). As murine MHC

class I molecules bind peptides that are 8 or 9 amino acids long
(21), a screening with shorter, overlapping 9-mer peptides cover-
ing the sequence of WHcAg from amino acids (aa) 7 to 22 and 86
to 100 was performed (Fig. 1C and D). The peptide c13-21 (amino
acids YQLLNFLPL) and peptide c86-94 (VNHVNDTWG) were
identified as two epitopes of CD8� T cells. The in silico prediction
of potential MHC class I-restricted epitopes of WHcAg for the D

FIG 1 Identification of H-2b-restricted CD8� T-cell epitopes within WHcAg. Splenocytes of C57BL/6 mice immunized with a DNA plasmid expressing WHcAg
were expanded in vitro with six pools containing six overlapping 15-mer peptides covering the sequence of WHcAg. After 7 days of culturing, intracellular IFN-�
was determined (A). Stimulation of the splenocytes with individual peptides from positive pools 1 and 3 determined the 15-mer epitopes’ sequences: peptides
c6-20 and c11-25 within pool 1 and peptide c86-94 within pool 3 (B). Fine-mapping with overlapping 9-mer peptides pointed out the exact positions of epitopes
c13-21 (C) and c86-94 (D). Unstimulated cells and cells stimulated with CMV-derived peptide served as controls. Bars represent the mean values and standard
errors of the means obtained from 7 to 10 mice. Asterisks mark the significant difference: *, �0.05; ***, �0.0005. (E) Schematic illustration of WHcAg peptide
pools used for stimulation of murine splenocytes and predicted positions of CD8� T-cell epitopes within the WHcAg sequence. Peptides which gave IFN-�-
positive CD8� T-cell responses are marked in black.
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and K loci of the mouse haplotype H-2b using two independent
algorithms (49, 60) assigned high scores for these two epitopes.
Other predicted H2-Db- and H2-Kb-restricted peptides, such as
c8-16 (amino acids EFGSSYQLL), c57-65 (QALVCWDEL), and
c132-140 (YRPPNAPIL) did not induce any IFN-� production by
CD8� T cells (data not shown).

Improved WHcAg expression from the pCGWHc plasmid
induces stronger immune responses in vivo. The presence of an
intron sequence in the expression cassette of the gene-based vac-
cines may improve the expression of the encoded protein of inter-
est (32, 40, 68). Therefore, we constructed a new DNA plasmid
(pCGWHc) containing a �-globin intron sequence that demon-
strated significantly higher WHcAg expression levels than a pre-
viously used DNA vaccine, pWHcIm (Fig. 2A). Improved antigen
expression may lead to the induction of a more robust and mul-
tifunctional immune response in vivo. We immunized C57BL/6
mice three times with an improved pCGWHc plasmid or pWH-
cIm plasmid at 2-week intervals to verify this hypothesis. The
WHcAg-specific antibody (anti-WHc) response was determined
in the serum of mice 2 weeks after each DNA immunization (Fig.
3A). The levels of anti-WHc increased significantly in both groups
of mice after each plasmid immunization (P � 0.0005). The mag-
nitude of the humoral response induced by immunization with
the pCGWHc plasmid was significantly higher (P � 0.005) at
every analyzed time point than the response in pWHcIm-vacci-
nated mice. Evaluation of the subclasses of IgG demonstrated that
immunization with both plasmids expressing WHcAg induced
predominantly the IgG2a isotype of anti-WHc. The IgG1 isotype
of anti-WHc was detectable only after the last vaccination with
pCGWHc (P � 0.0005), indicating that immunization with this
plasmid induces a very strong TH1 type of response.

Evaluation of WHcAg-specific CD8� and CD4� T-cell re-
sponses was performed by intracellular IFN-� staining of spleno-
cytes stimulated in vitro for 7 days with peptides comprising the
CD8� T-cell epitopes c13-21 and c86-94 or CD4� T-cell epitope
c131-145 (A. D. Kosinska et al., unpublished data). The magni-
tude of IFN-� production by CD8� and CD4� T cells in the
spleens of mice vaccinated with the pCGWHc plasmid was con-
siderably greater than that of the pWHcIm-immunized group
(representative data are shown in Fig. 3B). As shown in Fig. 3C, the
mean IFN-� response after stimulation with immunodominant
CD8� epitope c13-21 was 57.4% for pCGWHc-vaccinated mice,
which was significantly higher than the 29.5% detected for the
pWHcIm-immunized group (P � 0,005). A similar outcome was
observed in splenocytes expanded with peptide c86-94 (data not
shown). In addition, the mean percentages of IFN-�� CD4� T
cells were significantly higher in the group of mice immunized
with pCGWHc than in the pWHcIm-immunized group (16.8%
and 4.5%, respectively; P � 0.0005) (Fig. 3D).

DNA prime-AdV boost immunization elicits a more robust
and functional WHV-specific immune response than DNA im-
munization alone. The heterologous DNA prime-AdV boost im-
munization proved to elicit both robust and effective humoral and
cellular immune responses against a variety of pathogens (10, 11,
70, 73, 77, 80). Therefore, we successfully generated replication-
defective, WHcAg-expressing adenoviruses, i.e., a serotype 5 ade-
novirus (Ad5) and a chimeric Ad5 with the fiber of Ad35 (Ad5F35,
abbreviated as Ad35). WHcAg expression was also improved by
using intron sequences in the expression cassette of the vectors
(Fig. 2B). For a detailed analysis of the immune responses after the

DNA prime-AdV boost immunization, C57BL/6 mice received
the pCGWHc plasmid two times in a 2-week interval and were
boosted with Ad5WHc or Ad35WHc or with pCGWHc as a ref-
erence.

As shown in Fig. 4A, the boosting immunization with adeno-
viral vectors (Ad5WHc and Ad35WHc) led to the induction of
higher levels of anti-WHc than in the group of mice immunized
with just the pCGWHc plasmid (P � 0.05). The levels of anti-WHc

FIG 2 Characterization of WHcAg expression by improved plasmid DNA
vaccine (A) and recombinant adenoviral vectors (B). Schematic illustration of
the expression cassettes of the pWHcIm plasmid and the newly constructed
pCGWHc plasmid containing �-globin intron sequence between the CMV
promoter and the WHcAg gene (upper panel). Schematic illustration of the
expression cassettes of the adenoviral pShuttle plasmid expressing WHcAg
(pShuttleWHc) and the newly constructed pShuttle plasmid containing the
�-globin intron (pShuttleWHc.in) (upper panel). The level of WHcAg expres-
sion between the plasmids was compared in the BHK cells 24 h posttransfec-
tion by indirect immunofluorescence staining (A and B, middle panels) and
Western blotting (A and B, lower panels). Expression of WHcAg in HEK-293A
cells 36 h after infection with the recombinant adenoviral vectors Ad5WHc
and Ad35WHc (MOI of 10) (B, lower panel, right). The IF staining was per-
formed using WHcAg-specific rabbit antiserum and a secondary FITC-conju-
gated antibody. Western blot analysis was done with the WHcAg-specific an-
tibody. To estimate the variation in the total protein content of the cell lysates,
control �-actin immunoblotting was performed. The relative densitometric
values shown for WHcAg bands were estimated by ImageJ software. These
values were normalized using the respective �-actin controls. au, arbitrary
units.
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antibodies were comparable in all mice immunized with pCGWHc
plasmid either once or twice (data not shown). Detection of IgG iso-
types demonstrated that all tested immunization protocols induced
predominantly IgG2a antibodies (Fig. 4B). Nevertheless, the levels of
IgG2a were significantly higher in the groups of mice boosted with
recombinant adenoviral vectors than in those immunized with the
DNA vaccine plasmid pCGWHc (P � 0.005). The presence of low-
level IgG1 antibodies in murine serum (Fig. 4C) was detected in DNA
prime-AdV boost- as well as in DNA-only-vaccinated groups (P �
0.05 compared to control mice).

Comparison of WHcAg-specific CD8� and CD4� T-cell re-
sponses induced by the heterologous DNA-Ad5WHc or DNA-
Ad35WHc regimen with the DNA-only immunization regimen
was performed by intracellular IFN-� staining of splenocytes iso-
lated 2 weeks after the last immunization. The mean percentage of
IFN-�� CD8� T cells directed against CD8� T-cell epitope c13-21
was approximately 21.9% for the pCGWHc-immunized group of
mice (Fig. 5A and B) and was significantly lower than the values

65.7% and 47% determined for the pCGWHc-Ad5WHc- and
pCGWHc-Ad35WHc-immunized groups, respectively (P �
0.0005). A similar correlation was observed for splenocytes ex-
panded with the peptide c86-94 (data not shown). No statistically
significant difference in percentages of IFN-�� CD4� T cells be-
tween the groups immunized with WHcAg-expressing vaccines
was detected (Fig. 5C).

The effector functions of the CD8� T cells induced by the
heterologous prime-boost regimen were further characterized
by the ability of the CD8� T cells to degranulate. The degran-
ulation capacity was measured by flow cytometric detection of
the CD107a marker (6, 66) on the splenic lymphocytes ex-
panded in vitro with the CD8� T-cell epitope c13-21. The per-
centages of CD107a� CD8� T cells were also significantly
higher (P � 0.0005) in the groups of mice boosted with
Ad5WHc and Ad35WHc (mean values, 58.7% and 49.9%, re-
spectively) than in the pCGWHc-only-immunized mice (mean
value, 17.5%) (Fig. 5D).

FIG 3 Analysis of humoral and cellular immune responses induced by immunization with the improved pCGWHc plasmid. C57BL/6 mice were immunized
three times (3�) intramuscularly with 100 �g of pWHcIm or pCGWHc plasmid at 2-week intervals. Four mice were injected intramuscularly with 100 �l of PBS
and served as controls. (A) WHcAg-specific IgG, IgG2a, or IgG1 antibodies detected in murine serum collected 2 weeks after every immunization (serum
dilution, 1:1,000). The asterisks mark the statistically significant difference between pWHcIm- and pCGWHc-immunized mice. (B and C) Representative and
summary WHcAg-specific IFN-�� CD8� T-cell responses detected in the splenocytes expanded in vitro for 7 days with CD8� T-cell epitope c13-21. (D)
Summary of WHcAg-specific IFN-�� CD4� T-cell responses in the splenocytes expanded in vitro for 7 days with CD4� T-cell epitope c131-145. Unstimulated
cells and cells stimulated with unrelated CMV-derived peptide served as controls. The bars represent the mean values and standard errors of the means obtained
for each group of mice. Asterisks mark s statistically significant differences: *, �0.05; **, �0.005; ***, �0.0005; ns, not significant. The asterisks shown directly
above the bars mark the statistically significant difference between plasmid-vaccinated groups and the control group of PBS-injected mice. OD, optical density.
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In addition to the direct cytotoxic activities, CD8� T cells are
able to produce cytokines that exhibit an antiviral activity. We
determined the production of TH1 type cytokines by CD8� T cells,
such as IFN-�, TNF-�, and IL-2, in murine splenocytes stimulated
in vitro for 6 h with the peptide c13-21. As presented in Fig. 5E, the
cytokine that had the strongest expression within the CD8� T-cell
population in all immunized groups was IFN-�. TNF-� was pro-
duced in slightly lower levels, and the least abundant cytokine was
IL-2 (approximately 4-fold lower expression than IFN-�). Groups
of mice primed with pGCWHc and boosted with Ad5WHc exhib-
ited the highest percentages of IFN-�, TNF-�, and IL-2 (mean
values, 5.3%, 4.2%, and 1.2%, respectively). The expression of all
analyzed cytokines in this group was significantly higher than the
DNA-only-immunized group (P � 0.05). Further, we performed
analysis of single-, double-, and triple-positive cells that produce
IFN-�, TNF-�, and IL-2 within the CD8� T-cell population. As
Fig. 5F shows, there was no difference in the quality of cytokine-
secreting CD8� T cells between the heterologous prime-boost
regimen groups, using recombinant adenoviral vectors expressing
WHcAg, and mice immunized with only WHcAg-expressing plas-
mid. The average values of single, double, and triple cytokine pro-
ducers were approximately 18%, 62%, and 20%, respectively.

DNA prime-AdV boost immunization induces CD8� T cells
of stronger cytotoxic potential in vivo than DNA immunization
alone. The cytolytic activity of WHcAg-specific CD8� T cells was
determined in vivo by their ability to eliminate peptide-loaded
target cells (2, 19, 82). In the first step, the kinetics of WHcAg-
specific CTL-mediated lysis of the target cells at various time
points postimmunization (p.i.) were investigated. Briefly, C57BL/6

mice were immunized three times with the pCGWHc plasmid. At
day 5, 8, or 14 after the last immunization, mice were intrave-
nously injected with the same number of target cells loaded with
the peptide c13-21 corresponding to the CD8� T-cell epitope and
nonloaded cells differently labeled with CFSE dye. After 2 h, im-
munized mice were sacrificed, and the killing of the target cells was
evaluated in the spleen. As shown in Fig. 6A, the most effective
elimination of peptide c13-21-loaded cells was observed at day 8
after the last immunization (mean, 13.2%; P � 0.05, compared to
naïve mice). At day 5 after the last immunization, the mean killing
in the spleen of mice was 7.7%, and at day 14 it was 4.4%. Next, the
cytotoxic potential of WHcAg-specific CD8� T cells elicited by
heterologous pCGWHc-Ad5WHc and pCGWHc-only immuni-
zations was evaluated, as described in Materials and Methods. The
mice immunized in the DNA prime-Ad5WHc manner showed
improved elimination of the peptide c13-21-loaded target cells
from the spleen (Fig. 6B). The mean percentage of killing deter-
mined for six mice in that group was 43.8% and was significantly
higher than the 20.2% obtained for mice immunized with only the
pCGWHc plasmid (P � 0.05) (Fig. 6C). The background obtained
in mice immunized with vectors that did not express WHcAg was
1.9%. (P � 0.05, compared to immunized mice).

Heterologous Ad5WHc/Ad35WHc immunization in naïve
woodchucks protects against infection with WHV. To deter-
mine the potency of recombinant adenoviral vectors to induce
protective immune responses in woodchucks, we performed a
WHV challenge experiment. It was previously demonstrated that
the immunization of woodchucks with a DNA plasmid expressing
WHcAg alone is sufficient to achieve protection against WHV
infection after challenge (41). Immunization with a heterologous
prime-boost regimen would probably lead to the same result.
Therefore, we compared the DNA and AdV vaccination regimens
separately as immunization of woodchucks with recombinant ad-
enoviral vectors had not been previously tested. Two naïve wood-
chucks (numbers 46949 and 46957) were immunized with both
Ad5WHc and Ad35WHc (Ad5WHc/Ad35WHc). The other two
animals (numbers 58063 and 70096) were immunized three times
with the pCGWHc plasmid and served as a reference.

The T-cell response after the immunizations was evaluated by
a flow cytometric CD107a degranulation assay and [2-3H]ad-
enine-based proliferation assay of woodchuck PBMCs.

For the detection of WHcAg-specific cytotoxic T cells by the
CD107a degranulation assay, stimulation of the PBMCs with the
previously characterized WHcAg epitope c96-110 was performed
(26). The population of CD3� CD4[�] lymphocytes was consid-
ered to be the CD8� T cells. Vaccination with pCGWHc plasmid
of the naïve woodchucks 58059 and 58063 induced a significant
degranulation response directed against WHcAg epitope c96-110
(Fig. 7A). The percentages of 2.7% CD107a� T cells in the CD3�

CD4[�] population detected for woodchuck 58063 and 2.5% de-
tected for woodchuck 70096 were significantly higher than back-
ground values in controls stimulated with unrelated CMV-de-
rived peptide (0.6%). Woodchucks 46949 and 46957 immunized
just once with Ad5WHc had a�T-cell responses (2.8% and 3.6%,
respectively) of comparable magnitude to the three plasmid DNA
immunizations (Fig. 7B and D). After immunization with
Ad35WHc, the induced WHcAg-specific CTL response was sig-
nificantly boosted in both animals. A greater than 4-fold increase
in the percentage of WHcAg-specific CD107a� CD3� CD4[�] T
cells (13.3%) was shown in woodchuck 46949. Woodchuck 46957

FIG 4 Detection of WHcAg-specific antibodies in the sera of C57BL/6 mice
after DNA prime-AdV boost immunization. Mice were primed two times
(2�) by immunization with the pCGWHc plasmid. Four weeks later, boosting
immunization with Ad5WHc or Ad35WHc or with pCGWHc for reference
was performed. Mice immunized with empty pCG and boosted with Ad5
expressing GFP served as controls. WHcAg-specific IgG (A), IgG2a (B), or
IgG1 (C) antibodies were detected in sera collected 2 weeks after the last,
boosting immunization (serum dilution, 1:5,000). Asterisks mark the signifi-
cant difference: *, �0.05; ***, �0.0005; ns, not significant).
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demonstrated a 2-fold increase in WHcAg-specific CTLs (7.4%)
(Fig. 7C and D). Moreover, we could also detect significant WHcAg-
specific proliferative responses (SI of �3.0) in all DNA- and
Ad5WHc/Ad35WHc-immunized woodchucks (Fig. 7E). Animals
immunized three times with pCGWHc plasmid showed the re-
sponse to two distinct WHcAg-derived peptides: woodchuck
58063 to c117-132 (SI of 3.0) and woodchuck 70096 to c109-124

(SI of 3.2). A proliferation of PBMCs in woodchucks from the
Ad5WHc/Ad35WHc vaccination group was seen after stimula-
tion with the same WHcAg-derived peptide c93-108. The detected
SI values in these animals were slightly higher (5.7 for 46949 and
4.2 for 46957) than those obtained in the DNA group.

Immunized woodchucks and two untreated control wood-
chucks were intravenously challenged with 1 � 107 genome equiv-

FIG 5 Analysis of the cellular immune response induced by DNA prime-AdV boost immunization. C57BL/6 mice were primed two times by immunization with
the pCGWHc plasmid. Four weeks later, boosting immunization with Ad5WHc or Ad35WHc or with pCGWHc for reference was performed. Mice immunized
with empty pCG and Ad5GFP served as controls. (A and B) Representative and summary WHcAg-specific IFN-�� CD8� T-cell responses detected in the
splenocytes expanded in vitro for 7 days with CD8� T-cell epitope c13-21. (C) Summary of WHcAg-specific IFN-�� CD4� T-cell responses in the splenocytes
expanded in vitro for 7 days with CD4� T-cell epitope c131-145. (D) Degranulation capacity of IFN-�� CD8� splenic T cells expanded in vitro for 7 days with
peptide c13-21. (E) Frequencies of IFN-�-, TNF-�-, and IL-2-producing CD8� T cells from splenocytes stimulated in vitro for 6 h with the epitope c13-21. The
bars represent the mean values and standard errors of the means obtained for each group of mice. Asterisks mark the statistically significant difference: *,
�0.05;**, �0.005; ***, �0.0005; ns, not significant. The asterisks shown directly above the bars mark the statistically significant difference between plasmid-
vaccinated groups and the control group of mice. (F) Evaluation of multifunctional CD8� T cells: the percentage of single, double, and triple producers in a
cytokine-positive CD8� T-cell population.
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alents (GE) of WHV and monitored weekly for the markers of
infection. As shown for animal 58063 in Fig. 8A and animal 70096
(each of which received three immunizations with pCGWHc) in
Fig. 8B, serum WHV DNA was detected at only 2 to 4 weeks after
the challenge (weeks 2 to 3 p.i. and weeks 2 to 5 p.i., respectively).
Similarly, woodchuck 46949 immunized with Ad5WHc/
Ad35WHc was WHV DNA positive at weeks 2 and 3 p.i. (Fig. 8C).
Another animal from this vaccination group, 46957, showed
viremia from weeks 2 to 4 p.i. and a brief breakthrough at week 7
p.i., accompanied by WHcAg-specific CTL detection (Fig. 8D).
All immunized animals demonstrated a 3- to 4-log lower viral load
(between 7.3 � 10 4 and 2.5 � 106 WHV GE/ml) than the control
group (Fig. 9A and B, upper panels). The anti-WHs antibodies
were induced at week 2 p.i. in all vaccinated woodchucks. Inter-
estingly, the levels of anti-WHs were higher in woodchucks vacci-
nated with recombinant adenoviral vectors (Fig. 8C and D, mid-
dle panels) than in DNA-vaccinated animals (Fig. 8A and B,
middle panels). The detected CTL responses after WHV infection
were predominantly WHcAg specific. The degranulation re-
sponses against WHcAg-derived epitope c96-110 were usually
present at the end of the viremia period, underlying the impor-
tance of CTLs in the resolution of the infection (Fig. 8A to D, lower
panels). Only a slight elevation in GOT levels was observed in

immunized animals. The values between 51 and 57 were detected
for woodchucks 70096 at weeks 2 and 10 p.i., 46949 at week 4 p.i.,
and 46957 at week 4 p.i., suggesting mild cytotoxic activity in the
liver.

The control woodchuck 58055 resolved WHV infection at
week 22 (Fig. 9A, upper panel). The high-level viremia, ranging
between 6.3 � 107 and 1.3 � 109 WHV GE/ml of serum was
observed until week 15 p.i. The resolution of the infection corre-
lated with appearance of anti-WHs from week 18 to 24 p.i. (Fig.
9A, middle panel). The low percentage of WHcAg-specific CTLs
(approximately 2.5%) was measurable in the peripheral blood at
weeks 3, 8, and 12 p.i. (Fig. 9A, lower panel). The significant ele-
vation of the serum GOT level (100 IU/liter) at week 20 p.i. sug-
gests a massive influx of WHV-specific effector T cells into the
liver of woodchuck 58055. The second control animal, 58056, de-
veloped a chronic WHV infection and borderline CTL responses
and did not develop anti-WHs over the monitoring period (Fig.
9B). No elevation of GOT levels was observed in woodchuck
58056, indicating the lack of WHV-specific T-cell activity in the
liver.

DISCUSSION

The induction of a cellular immune response by DNA or recom-
binant viral vector vaccination has been of major scientific focus
to treat chronic viral infections (10, 11, 70) or cancer (13, 27, 53,
59). However, in contrast to the mouse models, the priming of
robust and sustained T-cell responses by vaccination in larger an-
imals (e.g., woodchucks and chimpanzees) or patients is particu-
larly difficult. Previously, various ways were tested to induce po-
tent T-cell responses in woodchucks, with only limited success
(23, 41–43, 71). Though DNA vaccination provided protection
against WHV infection, the induction of detectable T-cell re-
sponses was not successful in the previous experiments (41). Ex-
citingly, the new immunization strategy based on the adenoviral
vectors primed strong and functional T-cell responses in wood-
chucks. In the present study, we generated new expression vectors
for WHcAg based on the pCG backbone and recombinant adeno-
viruses, Ad5WHc and Ad35WHc, including an intron sequence
in the expression cassette. Clearly, the new vaccines expressed
WHcAg at higher levels and induced more potent B- and T-cell
responses in the mouse and woodchuck models. In mice, immu-
nizations with the new vaccines induced WHcAg-specific im-
mune responses with improved functionality, such as the in-
creased numbers of cytokine-producing and cytolytic T cells.

The results of our study showed that the improved WHcAg
expression by the novel DNA vaccine (pCGWHc) resulted in
stronger humoral and cellular immune responses in mice than the
previously used DNA vaccine (41, 44). As expected, both plasmids
induced a TH1 response, confirmed by the IgG2a subtype of anti-
WHc and secretion of IFN-� by CD8� and CD4� T cells. Excit-
ingly, the immunization of mice in the DNA prime-AdV boost
regimen further improved the magnitude of the induced immune
response. As expected, the strong antibody response correlated
with significantly higher frequencies of IFN-�� CD8� T cells de-
tected in both AdV-boosted groups than in DNA-only-immu-
nized mice. A slightly lower percentage of IFN-�� CD8� T cells
detected in mice immunized with DNA-Ad35WHc than with
DNA-Ad5WHc may be due to the fact that these vectors use dif-
ferent receptors during the internalization process. The recombi-
nant adenoviral vector serotype 5 interacts with coxsackievirus-

FIG 6 Elimination of the WHcAg epitope-loaded cells from the spleen after
DNA prime-AdV boost immunization. (A) The kinetics of WHcAg-specific
CTL-mediated elimination of the WHcAg-derived peptide c13-21-loaded tar-
get cells at various time points after DNA immunization. (B and C) Compar-
ison of the elimination of the target cells in mice immunized with DNA-AdV
or only DNA. Mice were immunized two times with pCGWHc and boosted
with Ad5WHc or pCGWHc. Mice immunized with empty pCG and Ad5GFP
served as controls. At day 8 after the last immunization, mice were intrave-
nously injected with the same number of target cells loaded with the CD8�

T-cell epitope c13-21 (black peak) and nonloaded cells (white peak) for the
reference. After 8 h the mice were sacrificed, and the percentage of target cell
killing was investigated in the spleen. Histograms of representative mouse
from each immunization group exhibiting the highest killing activity are shown in
panel B. In panel C the bars represent the mean values and standard errors of the
means obtained from groups of six mice immunized with WHcAg-expressing
vaccines and four control mice immunized with empty pCG plasmid in combina-
tion with Ad5GFP. The asterisks mark the statistically significant difference: *,
�0.05; **, �0.005).
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adenovirus receptor (CAR), and the chimeric Ad35 fiber binds to
CD46 (5). Concordant with our results, a slightly less effective
performance of Ad5F35 than Ad5 immunization in the mouse
model was shown previously (4).

Defects in cytokine secretion and degranulation functions of
antigen-specific CD8� T cells have been associated with chronic
HBV (18) and progressive HIV infection (18, 83). Antigen-spe-
cific T cells that concurrently present multiple functions, e.g.,
degranulation and production of various cytokines, play an im-
portant role in nonprogressive HIV infection (1, 8) and vaccine-
mediated protective immunity against the vaccinia virus (58) and
Leishmania major (17). Therefore, the induction of a potent mul-
tifunctional CD8� T-cell response is highly desirable. We could
clearly demonstrate that the CD8� T cells induced by DNA and
DNA prime-AdV boost vaccination regimens are highly func-
tional. Mice immunized with DNA-AdV regimens exhibited sig-
nificantly higher percentages of CD107a�, IFN-��, TNF-��, and

IL-2� CD8� T cells than the group immunized with DNA only.
However, there was no difference in the quality of CD8� T cells
between the groups. This finding can be a result of using the same
priming strategy for all immunization regimens. The DNA vac-
cines proved to be a very potent tool in priming the T-cell response
(3). The magnitude of the response might be at a relatively low
level; however, it may select the T cells with receptors of high
affinity to the antigen of interest (9). The immunization with a
very immunogenic recombinant adenoviral vector may result in a
significant boost of these antigen-specific memory cells. The re-
sults of in vivo cytotoxicity assays proved that the higher magni-
tude of CTL response induced by the DNA prime-AdV boost reg-
imen was well correlated with the improved killing of WHcAg-
derived peptide-loaded target cells.

The immunization of woodchucks with the new pCGWHc
plasmid or Ad5WHc/Ad35WHc expressing WHcAg induced a
WHcAg-specific immune response and led to the control of a

FIG 7 Cellular immune response in woodchucks immunized with pCGWHc plasmid or adenoviral vectors. (A) Dot plots of PBMCs from woodchucks 58063
and 70096 immunized three times with DNA vaccine, pCGWHc. Dot plots of PBMCs from woodchucks 46949 and 46957 immunized with recombinant AdVs
after priming with Ad5WHc (B) and boosting with Ad35WHc (C). CTL response was evaluated by a CD107a degranulation assay in woodchuck PBMCs
expanded in vitro for 3 days with WHcAg-derived epitope c96-110 2 weeks after the immunization. Cells stimulated with unrelated CMV-derived peptide served
as controls. The cells were gated on the lymphocyte population, 7AAD�, and CD4� cells. Values show the percentages of CD107a� CD3� CD4� T cells within
the CD3� CD4� T-cell population. (D) Summary of degranulation responses after immunization with pCGWHc plasmid or with adenoviral vectors at the time
point of WHV challenge. (E) The lymphoproliferative responses of PBMCs from immunized woodchucks at the time point of WHV challenge. The PBMCs were
stimulated for 5 days with a panel of 10 WHcAg-specific peptides in triplicates. The cells were then pulsed with [2-3H]adenine for 16 h, and the incorporation of
[2-3H]adenine was measured. Stimulation index (SI) of �3.0 was considered significant. The peptides which gave the positive proliferation responses are shown
above the bars.
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subsequent WHV infection. Previously, we demonstrated that im-
munization with plasmid with a low expression level of WHcAg
could protect woodchucks from WHV infection (41, 71). How-
ever, the T-cell response determined by a [2-3H]adenine-based

proliferation assay was extremely low and detectable only in sev-
eral woodchucks (41). The results of this study clearly show that
three immunizations with the improved pCGWHc plasmid or
heterologous Ad5WHc/Ad35WHc induced significant prolifera-

FIG 8 Course of WHV infection of woodchucks immunized three times with pCGWHc plasmid (A and B) or with Ad5WHc/Ad35WHc (C and D). Two weeks
after the last immunization woodchucks were intravenously inoculated with 1 � 107 WHV GE (week 0). The viral DNA was quantified by real-time PCR with
a detection limit of 103 genome equivalents per reaction. The GOT levels were detected using a standard diagnostic method (upper panels). WHcAg-specific and
WHsAg-specific antibodies were (anti-WHc and anti-WHs, respectively) detected in woodchuck sera using protein G coupled to peroxidase (middle panels).
Cellular immune responses were determined by a CD107a degranulation assay in woodchuck PBMCs expanded in vitro for 3 days with WHcAg- and WHsAg-
derived epitopes c96-110 and s220-234 (lower panels). Unstimulated cells and cells stimulated with CMV-derived peptide served as negative controls. The
positive (�) responses are indicated.
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tive responses in all woodchucks prior to the WHV challenge.
These proliferative T-cell responses were slightly higher in wood-
chucks immunized with Ad5WHc/Ad35WHc than in DNA-im-
munized woodchucks. Nevertheless, the difference in the magni-
tude of the T-cell response elicited by the two vaccination

regimens was well marked in the results of the flow cytometric
CD107a degranulation assay (26). This assay allowed the detec-
tion, for the first time, of a WHV-specific cytotoxic T-cell re-
sponse induced by vaccination. The percentages of WHcAg-
specific CD107a� CD3� CD4� T cells detected after three
immunizations with the pCGWHc plasmid were comparable to
those induced by just one immunization with Ad5WHc. The
high percentages of WHcAg-specific CTLs after boosting im-
munization with Ad35WHc are comparable to those detected
during the acute phase of WHV infection (26). Our results
demonstrate the potential of adenoviral vectors to induce a
stronger CTL response in woodchucks than “classical” DNA
vaccination. This supports the findings obtained in rhesus ma-
caques immunized three times with plasmid DNA or twice with
Ad5 expressing the HIV-1 gag gene (10).

The two vaccination regimens induced comparable levels of
anti-WHc antibodies. Nevertheless, these antibodies are not able
to neutralize the virions of WHV and do not provide sterilizing
immunity against WHV infection, as shown previously (76).
Therefore, a limited infection of hepatocytes occurred in all vac-
cinated woodchucks after WHV challenge. In contrast to results in
the control animals, the short, low-level viremia and no or low
elevation of GOT in immunized woodchucks indicated that only a
small number of hepatocytes were infected and effectively elimi-
nated by cytotoxic T cells elicited by vaccination. Despite this T-
cell response, the development of neutralizing antibodies directed
against the surface antigen is crucial for the resolution of the he-
padnaviral infections (12, 14, 35, 41). It was shown previously that
core-specific T cells may provide a help to the surface antigen-
specific B cells (48). Our results show that the immunization of
woodchucks resulted in a rapid and more robust production of
anti-surface antibodies after WHV challenge than infected control
woodchucks. This observation confirms the “intermolecular
help” concept. Anti-WHs were detected in all immunized wood-
chucks already at week 2 after WHV challenge. Moreover, the
levels of anti-WHs correlated with the magnitude of the WHcAg-
specific T-cell response after vaccination. The most prominent
anti-WHs response was detected in woodchucks immunized with
Ad5WHc/Ad35WHc vectors.

Immunization with recombinant adenoviral vectors has al-
ready proven to be protective against simian immunodeficiency
virus (SIV) (11, 70) and Ebola virus infections (72) in nonhuman
primates. Here, we demonstrate the potency of Ad5WHc/
Ad35WHc immunization against WHV infection in the wood-
chuck model.

Taken together, we demonstrate that the improvement of the
DNA plasmid and optimization of the vaccination regimen by
addition of AdV brought a synergistic effect. The prime-boost
regimen examined in this study induced a robust and multifunc-
tional WHcAg-specific T-cell response in mice. Moreover, the
vaccination with the new plasmid DNA vaccine and recombinant
adenoviral vectors elicited a significant CTL response in naïve
woodchucks and led to the rapid development of anti-WHs anti-
bodies and resolution of WHV infection after WHV challenge. A
combination of these vaccines could be used as a therapeutic strat-
egy against chronic hepadnaviral infections. In subsequent exper-
iments, we have evaluated the WHcAg-based DNA prime-AdV
boost immunization in chronically WHV-infected woodchucks in
combination with a potent nucleot(s)ide analogue treatment (Ko-
sinska et al., unpublished results). We could detect the significant

FIG 9 Course of WHV infection of control woodchucks. Two WHV naïve
woodchucks, 58055 (A) and 58056 (B), were intravenously inoculated with
1 � 107 WHV GE (week 0). The viral DNA was quantified by real-time PCR
with a detection limit of 103 genome equivalents per reaction. The GOT levels
were detected using a standard diagnostic method (upper panels). WHcAg-
specific and WHsAg-specific antibodies were (anti-WHc and anti-WHs, re-
spectively) detected in woodchuck sera using protein G coupled to peroxidase
(middle panels). Cellular immune responses were determined by a CD107a
degranulation assay in woodchuck PBMCs expanded in vitro for 3 days with
WHcAg- and WHsAg-derived epitopes c96-110 and s220-234 (lower panels).
Unstimulated cells and cells stimulated with CMV-derived peptide served as
negative controls. The positive (�) responses are indicated.
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WHcAg-specific and WHsAg-specific T-cell responses in all
woodchucks that received the vaccination and antiviral treatment
but not in control animals. Moreover, two out of four wood-
chucks from the combination therapy group remained WHV
DNA negative from the end of the antiviral treatment up to the
end of the monitoring period and developed anti-WHs anti-
bodies.
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