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Success in resolving hepatitis C virus (HCV) infection has been correlated to vigorous, multispecific, and
sustained CD8� T-cell response in humans and chimpanzees. The efficacy of inducing T-cell-mediated immu-
nity by recombinant serotype 5 adenovirus vector has been proven in many animal models of infectious
diseases, but its immunogenicity can be negatively influenced by preexisting immunity against the vector itself.
To evaluate the less prevalent adenovirus serotype 6 (Ad6) as an alternative vector for and HCV vaccine
development, we have generated serotype 5 and 6 adenoviral vectors directing expression of the nonstructural
region of HCV (MRKAd5-NSmut and MRKAd6-NSmut). Immunogenicity studies in mice showed that the two
vectors induced comparable T-cell responses but that only MRKAd6-NSmut was not suppressed in the
presence of anti-Ad5 immunity. In contrast, preexisting anti-Ad5 immunity dramatically blunted the immu-
nogenicity of the serotype 5-based HCV vector. Furthermore, MRKAd6-NSmut showed equivalent potency,
breadth, and longevity of HCV-specific T-cell responses in rhesus macaques as the corresponding Ad5-based
vector over a wide range of doses and was capable of boosting DNA-primed animals even if administered at low
doses. These data support the use of the MRKAd6-NSmut for anti-HCV immunotherapy and, more generally,
for the Ad6 serotype as a better genetic vaccine vehicle than Ad5.

Liver disease caused by hepatitis C virus (HCV) infection is a
major medical problem, affecting an estimated 170 million people
worldwide (20, 30). No effective vaccine is available, and the
consensus therapeutic treatment, consisting of PEGylated alpha
interferon (IFN-�) in combination with ribavirin, is poorly effec-
tive against some viral genotypes (16, 30).

The current literature suggests that once chronic infection is
established, the HCV-specific immune response exerts some
control over viral load, but in most cases it is unable to termi-
nate persistent infection and to resolve chronic hepatitis (16).
As in the case of other pathogens, like human immunodefi-
ciency virus type 1 (HIV-1), that are able to establish persistent
infection, the outcome of HCV disease is the result of a bal-
ance between the kinetics and the magnitude of the immune
response, the pathogen replication rate, and the accessibility of
infected cells to the immune response. Anti-HCV preexisting
immunity induced by vaccination may be more successful in
preventing the establishment of HCV chronic infection. To-
ward this end, development of a B-cell-based vaccine is a very
difficult task due to the high genetic variability of the virus. In
fact, anti-HCV antibodies capable of neutralizing virus infec-
tivity ex vivo have been described, but these antibodies are
generally virus isolate specific (12).

Several studies indicated that virus-specific T-cell prolifera-
tive and cytotoxic responses are significantly stronger and tar-
get more HCV antigens in individuals who resolved acute
infection compared to those who developed chronic infection
(11, 14, 15, 21, 27, 42). Furthermore, duration of functional
CD4� and CD8� T-cell responses following primary infection
appears fundamental to achieving viral clearance (13a, 19, 22,
37, 41). In addition, there is now strong evidence that cellular
immunity induced by primary infection in acute or resolving
humans or chimpanzees provides protection from rechallenge
with either homologous or heterologous viral strains in a large
number of cases (5, 18, 23, 26, 28). Thus, HCV immunogens
able to elicit strong and broad cellular-mediated immunity
(CMI) represent a valid approach for an HCV vaccine. In
particular the nonstructural (NS) region of HCV appears to be
a good candidate immunogen in light of its sequence conser-
vation among different isolates. The NS region encompasses
about two thirds of the HCV genome and encodes five differ-
ent proteins (NS3, NS4A, NS4B, NS5A, and NS5B) that result
from the proteolytic cleavage of the HCV polyprotein by the
encoded NS3 protease. Furthermore, despite the fact that cy-
totoxic T lymphocyte (CTL) epitopes have been identified in
all viral proteins, recent data collected in chronically and
acutely infected patients indicated that responses against the
NS region are more prevalent in the latter group (37).

Viral delivery of genetic vaccines is a powerful mean of
inducing antiviral T-cell immune responses. Extensive im-
munization experiments conducted in rodents and nonhu-
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man primates utilizing vectors encoding the HIV gag antigen
indicated that recombinant viral vectors were the most ef-
fective in eliciting specific CTL responses, particularly those
based on replication-defective adenovirus (36). From more
than 50 human adenovirus subtypes known, the most used
one is serotype 5 (Ad5). Nonhuman primate immunization
and challenge studies have shown that CTL responses elic-
ited by an Ad5 vaccine vector can provide significant control
of a simian AIDS virus (35). Similarly, Ad5-based vaccina-
tion with vectors encoding the Ebola glycoprotein and nu-
cleoprotein prevented infection of cynomolgus macaques
after challenge with either low or high doses of virus (38).
However, preexisting anti-Ad immunity can significantly
dampen vaccine responses (8). Epidemiological studies (9)
suggest that most North Americans have anti-Ad5 neutral-
izing antibody (NAb) titers, and about one-third of them are
relatively high. Other parts of the world typically exhibit
even higher frequencies and levels of anti-Ad5 antibodies.

Considering the impact of anti-Ad5 neutralizing antibodies
present in the human population, development of adenovirus
vaccine vectors based on alternative serotypes is an important
research priority. Data available in the literature suggest that
high titers of neutralizing antibodies against Ad6 are less prev-
alent than those against other subgroup C human adenoviruses
such as Ad5 and Ad2 (10). However, the extent of immuno-
logic cross-reactivity between Ad5 and Ad6 and the immuno-
genicity of Ad6-based vaccine vectors have not been previously
determined. In this study, we investigated the seroprevalence
and the cross-neutralization of Ad5 and Ad6 in two cohorts of
healthy individuals from Europe and from Egypt (where high
frequency of chronic HCV infection has been reported [34]).
We then tested the impact of anti-Ad5 immunity on the im-
munogenicity of serotype 5- and serotype 6-based HCV vac-
cine vectors in mice and compared the Ad5 and Ad6 HCV
vectors for their ability to induce a strong and long lasting
T-cell response in mice and rhesus macaques.

MATERIALS AND METHODS

Generation of MRKAd5 and MRKAd6 genome plasmids with HCV NSmut
sequence. The V1JNS3-5Akozak plasmid (S. Capone, I. Zampaglione, A. Vitelli,
M. Pezzanera, L. Kierstead, J. Burns, L. Ruggeri, M. Arcuri, E. Cappelletti, A.
Meola, B. Bruni Ercole, R. Tafi, C. Santini, A. Luzzago, T. M. Fu, G. Ciliberto,
R. Cortese, A. Nicosia, E. Fattori and A. Folgori, submitted for publication) was
digested with BglII and XbaI restriction enzymes, and the DNA fragment con-
taining the Kozak sequence and the sequence coding NS3-5A from a BK isolate
(39) was cloned into the polypMRKpdelE1 vector and digested with BglII and
XbaI, generating the shuttle plasmid shNS3-NS5Akozak. The polypMRKpdelE1
shuttle vector, for recombination into Ad5 and Ad6 backbone, derives from
MRKAd5 shuttle vector (45), which has been modified by inserting a polylinker
into the unique BglII restriction site of MRKAd5. A mutated version of the
NS5B gene was obtained by replacing the Gly-Asp-Asp sequence corresponding
to amino acid positions 1711 to 1713 of the complete polyprotein with Ala-Ala-
Gly. This polymerase motif is conserved among all positive-stranded RNA vi-
ruses, and mutating these three residues inhibits or abolishes the RNA-depen-
dent RNA polymerase activity of purified HCV NS5B and the infectivity of HCV
RNA in chimpanzees (17). The mutated NS5B fragment was obtained by assem-
bly PCR and inserted into shNS3-5Akozak vector via homologous recombina-
tion, generating polypMRKpdelE1NSmut. In polypMRKpdelE1NSmut the
NSmut coding sequence is under the control of human cytomegalovirus early
promoter and bovine growth hormone polyadenylation signal.

The expression cassette and the flanking regions that contain adenovirus
sequences allowing homologous recombination with both Ad5 and Ad6 were
excised by digestion with PacI and Bst1107I restriction enzymes and cotrans-
formed with either pAd5HVO (E1� E3�) (45) or pAd6 (E1� E3�) (7) ClaI-

linearized genome plasmids into the bacterial strain BJ5183, to generate
pAd5HVONSmut and pAd6E1-E3-NSmut, respectively.

MRKAd5 and MRKAd6 adenovirus rescue and quantification. Adenovectors
were rescued by using the human E1-expressing PER.C6 cell line. PER.C6 cells
were passaged in Dulbecco modified Eagle medium ([DMEM] catalog no.
41966-290; GibcoBRL) containing 10% fetal bovine serum (catalog no. 10270-
06; GibcoBRL) and 1% penicillin-streptomycin-glutamine. Recombinant
MRKAd5 and MRKAd6 viruses were rescued and amplified as previously de-
scribed (44). Briefly, 5 � 106 PER.C6 cells planted on 6-cm culture dishes were
transfected by Lipofectamine (Invitrogen) with 10 �g of cloned viral vector
released from plasmid sequences by PacI digestion. Complete cytopathic effect
was observed about 6 days posttransfection. Cells and supernatant were har-
vested, freeze-thawed three times, clarified by spinning at 2,000 rpm for 20 min
at room temperature (RT). The resulting lysate was serially passed on PER.C6
cells to increase the titer of the rescued virus. A large prep was obtained by
infection of 10 cell factories (catalog no. 167695; Nunc) and purification of the
cell lysate on CsCl gradient.

To determine the number of viral particles (VP), the CsCl-purified viruses
were diluted 1/10 and 1/100 in 0.1% sodium dodecyl sulfate–phosphate-buffered
saline (PBS). As a control, buffer A105 (8) was used. These dilutions were
incubated for 10 min at 55°C. After tubes were spun briefly, the optical density
at 260 nm was measured. The number of VP was calculated on the basis of the
following equation: 1 optical density (at 260 nm) unit � 1.1 � 1012 VP/ml.

In vitro expression in mammalian cells. HeLa cells were plated at 1.5 � 106

cells/10-cm culture dish in DMEM supplemented by 10% heat-inactivated fetal
calf serum (catalog no. 1027106; GibcoBRL). After 24 h, medium was removed
and cells were infected with 5 ml of fetal calf serum-free medium containing the
virus diluted to different multiplicities of infection (MOIs of 50, 250, and 1,250).
The infection was carried out for 1 h at 37°C in the CO2 incubator. Then the virus
was removed, 5 ml of DMEM supplemented with 5% horse serum (GibcoBRL
catalog no. 16050098) was added, and the cells were kept at 37°C for 48 h.

Cell extracts were prepared in 1% Triton-TEN buffer (10 mM Tris, 1 mM
EDTA, 100 mM NaCl). The extracts, normalized according to total protein
content, were separated on a 12.5% acrylamide gel and blotted on nitrocellulose.
Nonspecific binding sites were blocked with milk buffer (5% nonfat dry milk,
0.05% Tween 20 in PBS) for 1 h at RT. Mouse monoclonal antibodies directed
to NS3 and NS5B and rabbit polyclonal antibody against NS5A were diluted in
milk buffer and incubated overnight at 4°C. After extensive washes in 0.05%
Tween 20-PBS, secondary antibody (anti-mouse horseradish peroxidase conju-
gate [Sigma A8924, diluted 1/1000]; anti-rabbit horseradish peroxidase conjugate
[Pierce 31463, diluted 1/5000]) was added and incubated at RT for 1 h. Filters
were washed, developed by using 5 ml/filter of SuperSignal West Pico Chemilu-
minescent Substrate (Pierce catalog no. 34080), and exposed on Kodak films for
a few minutes.

Neutralization assay. This assay was based on blocking the infection of 293
cells by MRKAd5 and MRKAd6 carrying the gene for secreted alkaline phos-
phatase (SEAP). 293 cells were seeded in a 96-well plate at 3 � 104 cells/well 2
days before the assay. The test sera were heat inactivated, diluted in five fourfold
increments (from 1:18 through 1: 4,608), and preincubated for 1 h at 37°C with
a fixed amount of virus (approximately 104 PFU/ml) in 10% fetal bovine serum-
DMEM (phenol red free; GibcoBRL catalog no. 31053-028). The mixture of
virus plus serum was added to the plate and left for 1 h at 37°C. After the
incubation, 200 �l/well of fresh medium was added. At 24 h postinfection SEAP
expression was determined on a 50-�l sample by using Phospha-light TM,
Chemiluminescent Reporter Assay (TROPIX catalog no. BP300). Neutraliza-
tion titers were defined as the dilution where a 50% reduction of SEAP activity
from serum sample was observed relative to SEAP activity from virus alone.

Animals and immunization. BALB/c, C3H, CD1 and C57BL/6 mice were
purchased from Charles River (Como, Italy). Rhesus macaques (Macaca
mulatta) were housed at New Iberia Research Center, New Iberia, La. The
animals involved in the studies all met the following criteria: in good health, free
of known infectious or immunological disease, and no previous contact with a
pathogen related to HCV. All animal care and treatment were in accordance
with standards approved by the Institutional Animal Care and Use Committee in
conformity with national and international laws and policies (EEC Council
Directive 86/609, OJ L 358, 1, 12 December 1987; Italian Legislative Decree
116/92, Gazzetta Ufficiale della Repubblica Italiana no. 40, 18 February 1992).

In a first set of experiments, 6-week-old female mice were immunized with
either 107 or 109 MRKAd5-NSmut or MRKAd6-NSmut VP suspended in 100 �l
of physiological solution and injected in the quadriceps muscles (50 �l/site).
Three weeks after priming, the animals were boosted by means of the same dosage
used for priming. Two weeks after boost, mice were euthanized and splenocytes were
prepared and tested by enzyme-linked immunospot (ELISPOT) assay. In a second
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set of experiments, mice were preimmunized twice with 1010 VP of Ad5 express-
ing an unrelated antigen 2 weeks before immunization. Preimmunized and naı̈ve
mice were then immunized with a single injection of MRKAd5-NSmut or
MRKAd6-NSmut at 108 VP, and immune response was tested on splenocytes 2
weeks after immunization.

Rhesus macaques were immunized with a suspension of 108, 1010, or 1011

MRKAd5-NSmut or MRKAd6-NSmut VP in 1 ml of buffer A105 injected in the
deltoid muscle at two sites (0.5 ml/site). One group of monkeys was immunized with
5 mg of a DNA plasmid encoding the HCV NS region (pV1JnsNSOPTmut) in 1 ml
of PBS, injected in the deltoid muscle at two sites (0.5 ml/site). Construction and
characterization of the pV1JnsNSOPTmut has been described in detail elsewhere
(S. Capone et al., submitted). Monkey groups and the number and timing of injec-
tions are detailed in Table 1. At serial time points blood was drawn and serum
samples and PBMC were prepared as described (S. Capone et al., submitted) and
frozen for future use in neutralization and immunological assays.

At the beginning of this study, rhesus autologous B lymphoblastoid cell lines
(B-LCLs) were generated by immortalizing peripheral blood mononuclear cells
(PBMC) from each animal with herpesvirus papio (culture supernatant of the
baboon B-cell line S594) as described (S. Capone, submitted).

Peptides and recombinant vaccinia virus for T-cell assays. The peptide se-
quence spanning the NS3-NS5B region reproduced the amino acid sequence of
the HCV BK strain (39). Peptides were purchased from Bio-Synthesis Inc.,
Lewisville, Texas. The peptides, 20 amino acids (aa) in length, overlapping by 10
aa, were synthesized with free N-terminal amine and free C-terminal carboxylate
and purified by preparative high-pressure liquid chromatography (HPLC). To
facilitate analysis, the NS3-NS5B peptides were combined in six pools covering
NS3 protease (NS3p), NS3 helicase (NS3h), NS4, NS5A, and NS5B (split in two
pools as NS5B-I and NS5B-II). Stock pools were stored in 100% dimethyl
sulfoxide (DMSO) at a concentration of 0.6 mg/ml of each peptide and were used
at a final concentration of approximately 4 �g/ml, attained by dilution in culture
medium. Peptide G-1480 corresponds to aa 1626 to 1645 of the HCV strain BK
polyprotein. DMSO alone was used as a negative control for immunological
assays since extensive analysis showed no difference in the level of background
response obtained with either unrelated peptide pool or DMSO alone.

The recombinant vaccinia virus encoding the nonstructural proteins NS2, NS3,
NS4, and NS5, strain BK 1b (VacHCV-NS), was kindly provided by J. Condra
(Merck and Co., Inc.).

Immunological assays. Antigen-specific IFN-� production by splenocytes of
immunized mice was determined by a standard ELISPOT assay described in
detail elsewhere (46). Briefly, cells were plated in duplicate wells at two different
densities (250,000 and 500,000 cells per well) and stimulated overnight with NS
peptide pools or peptide G-1480. DMSO and concanavalinA ([ConA] C 2010;
Sigma-Aldrich) were used, respectively, as negative and positive controls.

An IFN-� ELISPOT assay with rhesus PBMC was performed as described
(S. Capone et al., submitted) by plating 200,000 and 400,000 cells in duplicate
per well and stimulating overnight with 20-mer HCV NS peptide pools.
DMSO and ConA were used, respectively, as negative and positive controls.
The ELISPOT response was considered positive when all of the following
conditions were met: IFN-� production was present in ConA-stimulated
wells; there were at least 55 specific spots/million PBMC to at least one HCV
peptide pool; the number of spots seen in positive wells was three times the
number detected in the mock control wells (DMSO); and responses de-
creased with dilutions of PBMC.

IFN-� intracellular staining (ICS) and fluorescence-activated cell sorting anal-
ysis in rhesus PBMC were performed as described elsewhere (S. Capone et al.,
submitted) using the following conjugated antibodies for the cell surface staining:
CD3-allophycocyanin (rhesus clone FN-18, custom conjugated) CD4-phyco-
erythrin (clone L-200; Pharmingen catalog no. 550630), and CD8-peridinin chlo-
rophyll protein (Beckton Dickinson catalog no. 345774). For intracellular stain-
ing IFN-� fluorescein isothiocyanate (Biosource catalog no. AHC4338) antibody
was used. PBMC were restimulated overnight using 20-mer HCV NS peptide
pools. DMSO and staphylococcal enterotoxin B (Sigma-Aldrich catalog no.
S-4881) served, respectively, as negative and positive controls. A threshold for
positive response was set at 0.1% IFN-�� CD3� CD8� or IFN-�� CD3� CD4�

T cells and three times the negative control.
A standard 4-h 51Cr release cytotoxicity assay was performed exactly as de-

scribed (S. Capone et al., submitted). CTL responses were scored positive when
percent specific lysis at the two highest effector-to-target ratios was greater or
equal to the percent lysis of control target wells plus 10.

Statistical analysis. Spearman’s correlation coefficient was computed to de-
termine the degree of correlation between NAb titers against Ad5 and Ad6.
Student’s t test was used to assess differences between distributions. A P value of
�0.05 was considered significant.

RESULTS

Ad6 has a lower seroprevalence than Ad5, and anti-Ad5
antibodies do not cross-react with Ad6. To test whether an Ad
vector based on serotype 6 might be a valid alternative to the
most common serotype 5 Ad-based vector, we investigated the
prevalence of anti-Ad5 and anti-Ad6 NAbs in the human pop-
ulation. The method employed is based on a 96-well format
with the use of recombinant Ad vectors carrying SEAP as a
reporter gene (3). We screened a panel of sera from 93 Euro-
pean individuals and found that 48% of the tested samples had
NAbs to Ad5, while a lower frequency of samples positive for
anti-Ad6 NAb was detected (38%). Furthermore, 31 and 11
subjects had NAb titers above 200 against Ad5 and Ad6, re-
spectively (P � 0.005) (Fig. 1A). Interestingly, a similar anal-
ysis performed in individuals enrolled in an Ad5-based HIV
vaccine early phase I clinical trial suggested that anti-Ad5 titers
below 200 have a limited impact on vector immunogenicity
(J. W. Shiver and E. A. Emini, personal communication). We
also performed a similar survey on 41 sera from Egypt, the
country with the highest HCV prevalence worldwide (22%)
(34). The results of this experiment revealed a seemingly lower
seroprevalence of Ad6 compared to Ad5 (17% versus 25% of
sera with no NAb, respectively; data not shown).

The antibody cross-reactivity between Ad5 or Ad6 serotypes
was examined analyzing the NAb titers obtained on the de-
scribed serum panel from European subjects by Spearman’s

TABLE 1. Rhesus immunization schedule

Group Animal no. Immunogen Dose Schedule
(wk)

A 99C059 MRKAd5-NSmut 1011 VP 0, 4, 24
99C060
97X009
96069

B 98C047 MRKAd6-NSmut 1011 VP 0, 4, 24
98C055
93G
97X014

C S201 MRKAd5-NSmut 1010 VP 0, 4, 24
075Q
137Q

D S207 MRKAd6-NSmut 1010 VP 0, 4, 24
035Q
057Q
98D209
106Q
113Q

E 57G MRKAd5-NSmut 108 VP 0, 4, 24
98C096
98C099

F 077Q MRKAd6-NSmut 108 VP 0, 4, 24
S206
086Q
95116
138T

G 97X007 pV1JnsNSOPTmut 5 mg 0, 4, 8
99C071 MRKAd6-NSmut 108 VP 24
96075
21G
99C161
99C166
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correlation coefficient (Fig. 1B). The analysis showed no cor-
relation between the two serotypes, indicating that the pres-
ence of a high titer for one serotype does not result in a
cross-reactive titer for the other serotype.

Because of the lower seroprevalence of Ad6 with respect to
Ad5 and the lack of cross-reactivity between the two serotypes,
Ad6 was chosen as a vector to be tested in mice and nonhuman
primates for the induction of anti-HCV CMI.

MRKAd6-NSmut and MRKAd5-NSmut vectors direct ex-
pression of correctly processed NS products. We generated
replication-defective Ad vectors from both Ad5 and Ad6 se-
rotypes which direct expression of the HCV NS region from
the BK strain (genotype 1b). The derivation of the vector
backbones has been previously reported (7). We decided to use
an E3-deleted version of these backbones to increase vector
capacity. The inserted NS gene was mutated to create an in-
active form of the RNA-dependent RNA polymerase NS5B.
As reported (17), an identical mutation in the context of the
genetic background of an infectious HCV H77 strain generates
a strain [HCV FL(pol�)] that has wild-type-like protein ex-
pression and processing but has lost infectivity.

The recombinant viruses were rescued in a PER.C6 cell line,

and a complete cytopathic effect was already visible 5 days
posttransfection. Although we had reached about the 103%
cloning capacity of the vectors, growth rate was satisfactory
(approximately 104 VP/cell). Genetic stability is the major con-
cern in scaling up production, so we tested the genetic stability
of our recombinant adenovirus vectors after 14 consecutive
passages. DNA structure was analyzed by radioactive restric-
tion digestion labeling, and no genetic change was detected
(data not shown).

Expression of the inserted transgene was tested by infection
of HeLa cells with either MRKAd6-NSmut or MRKAd5-
NSmut at MOIs of 50, 250, and 1,250. At 48 h postinfection cell
extracts were prepared and tested in Western blotting with
antibodies directed at NS3, NS5A, and NS5B. Results showed
that the HCV polyprotein was correctly cleaved and that the
two adenovirus vectors were perfectly equivalent in terms of
NS protein expression levels (Fig. 2). Multiple bands were
detected when anti-NS3 and anti-NS5A antibodies were
probed against extracts generated with the highest MOI
(1,250). At present, it is not clear whether these bands are
degradation products or are due to poor antibody specificity.

MRKAd6-NSmut shows equivalent immunogenicity to
MRKAd5-NSmut in mice and can overcome preexisting anti-
Ad5 immunity. MRKAd5-NSmut was injected in different
mice strains to evaluate its potential to elicit anti-HCV T-cell
immune responses. Four different strains of mice (BALB/c,
n � 10; C57BL/6, n � 9; C3H, n � 5; and CD1, n � 7) were
injected intramuscularly with 109 VP of CsCl-purified virus,
and each animal received two doses three weeks apart. T cell

FIG. 1. Prevalence and cross-reactivity of anti-Ad5 and anti-Ad6
neutralizing antibodies. (A) Ad5 and Ad6 seroprevalence. Individual
NAb titers against Ad5 or Ad6 present in whole sera from 93 Euro-
pean individuals are shown. The dashed line corresponds to NAb titers
of 200. (B) Correlation between neutralization titers measured in the
same panel of sera from European individuals with MRKAd5 and
MRKAd6 in SEAP neutralization assay. Statistical evaluation was
done by Spearman correlation coefficient (rho � 0.12; P � 0.91).

FIG. 2. NS polyprotein expression and processing by infection of
HeLa cells with MRKAd5-NSmut and MRKAd6-NSmut. Western
blotting of whole-cell extracts from HeLa cells infected at different
MOIs with MRKAd5-NSmut or MRKAd6-NSmut. Whole-cell extracts
were normalized for total protein content before loading on gel. Ma-
ture NS3, NS5A, and NS5B products (indicated by arrows) were de-
tected with specific antibodies. Extract from mock-infected cells was
used as a negative control (mock). Molecular weight markers are
reported on the left side of each panel.
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response was analyzed by the quantitative ELISPOT assay
measuring the number of IFN-� secreting T cells in response to
pools of 20-mer peptides encompassing the NS3-NS5B se-
quence. MRKAd5-NSmut was capable of inducing T-cell re-
sponses targeting different NS antigens in all strains of mice
but to a different extent presumably due to the different major
histocompatibility complex haplotypes of the tested mice
strains (data not shown). A potent response against the pep-
tide pool covering the NS3 helicase domain (NS3h) was in-
duced in C57BL/6 mice. This response was narrowed down to
a single 20-mer peptide containing a CD8 epitope (peptide
G-1480; data not shown) to facilitate quantitative peptide-
specific immune assays. Immunogenicity studies were then car-
ried out in C57BL/6 mice to test the MRKAd6-NSmut vector
in a head-to-head comparison with MRKAd5-NSmut. Groups
of mice were injected with two doses of 107 or 109 VP of
CsCl-purified virus 3 weeks apart. T-cell response was analyzed
by IFN-� ELISPOT assay using the peptide pool NS3h and
peptide G-1480. As shown in Fig. 3A, MRKAd6-NSmut dis-
plays a similar potency to the corresponding serotype 5-based
vector. Statistical analysis of the data confirmed that the two
vectors induced equivalent T-cell responses (P � 0.67 and P �
0.53 for CMI induced by injection of dose of 107 VP and
measured using the NS3h peptide pool and the G-1480 pep-
tide, respectively; P � 0.98 and P � 0.58 for the corresponding
data obtained by immunizing mice with 109 VP).

We next determined the impact of anti-Ad5 immunity on
cellular responses elicited by adenovirus 5 and 6 serotypes. To
model preexisting anti-Ad5 immunity, C57BL/6 mice were pre-
immunized with 1010 particles of Ad5 expressing an unrelated
antigen 2 weeks before immunization with the HCV vectors.
Groups of naive and Ad5-preimmunized mice (5 mice/group)
were then injected with a single dose of 108 VP of MRKAd5-
NSmut or MRKAd6-NSmut. In Fig. 3B and C are shown the
data from one representative experiment indicating that anti-
Ad5 preexisting immunity completely abrogated HCV-specific
cellular immune response elicited by the Ad5-based HCV vec-
tor in four out of five animals. The difference between preim-
munized and naı̈ve animals was statistically significant (P �
0.001). Interestingly, the single animal that did show a detect-
able, though reduced CMI, developed only very low anti-Ad5
NAb (mouse m10; titer � 50) (Fig. 3B). In contrast, all pre-
immunized mice injected with 108 VP of the MRKAd6-NSmut
vector developed high Ad5-specific NAb titers (up to 4,000)
but no detectable Ad6-specific NAb titers (data not shown),
and yet they developed CMI levels comparable to naı̈ve mice
(P � 0.32) (Fig. 3C).

FIG. 3. Immunogenicity of MRKAd5-NSmut and MRKAd6-
NSmut in naı̈ve and in Ad5 preimmune mice. (A) Immunogenicity of
MRKAd5-NSmut and MRKAd6-NSmut in naı̈ve mice. IFN-� ELIS
POT responses to the NS3h peptide pool and the CD8� peptide
G-1480 in C57BL/6 mice immunized with MRKAd5-NSmut and
MRKAd6-NSmut at doses of 107 and 109 VP (indicated at the bot-
tom). Results are expressed as the number of IFN-� SFC per 106

splenocytes and are reported on the vertical axis. Each bar represents
the average of the response to the NS3h peptide pool (gray bars) and
CD8� G-1480 peptide (black bars) measured in groups of 10 immu-
nized mice. Response to DMSO is represented by the white bars.
Average number of spots in DMSO control samples was 2 per 106

splenocytes. (B and C) Immunogenicity of MRKAd5-NSmut and
MRKAd6-NSmut in mice with preexisting anti-Ad5 immunity.

C57BL/6 mice were preimmunized with 1010 VP of Ad5 expressing an
unrelated antigen. Groups (n � 5) of naive mice or mice with anti-Ad5
immunity were immunized with 108 VP of MRKAd5-NSmut or
MRKAd6-NSmut, and responses against NS3h peptide pool were as-
sessed by IFN-� ELISPOT assay. Results are expressed as the number
of IFN-� SFC per 106 splenocytes and are reported on the vertical axis.
Each bar represents the individual response of animals immunized
with MRKAd5-NSmut (B) or MRKAd6-NSmut (C). Anti-Ad5 neu-
tralization titers were between 200 and 4,000 except in mouse m10
(NAb of 50).
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MRKAd6-NSmut and MRKAd5-NSmut induce comparable
CMI in rhesus macaques. To evaluate the immunological po-
tency of the MRKAd5-NSmut and MRKAd6-NSmut vectors
in a primate animal model, groups of three to six rhesus ma-
caques were immunized with escalating doses (108, 1010, and
1011 VP) of the two recombinant viruses (Table 1). An immu-
nization schedule consisting of two injections at 0 and 4 weeks
was adopted. CMI was measured at different time points by
IFN-� ELISPOT assay using six pools of 20-mer peptides en-
compassing the NS3-NS5B sequence. Responses peaked after
the first immunization (week 4) in groups of animals immu-
nized with the higher doses (1010 and 1011 VP), while monkeys
immunized with the lowest dose of the two vectors (108 VP)
reached maximal response after the second injection (week 8).

Peak T-cell responses of each individual animal are shown in
Tables 2 to 4. T-cell responses as high as 2,600 IFN-� spot-
forming cells (SFC)/million PBMC were detected against sev-
eral peptide pools in the monkeys that received 1011 VP/dose
(groups A and B for MRKAd5-NSmut and MRKAd6-NSmut,
respectively), with the highest responses directed against
NS3p, NS3h, and NS5A antigens. A potent and multispecific
response was induced also in monkeys immunized with 1010

VP/dose (groups C and D for MRKAd5-NSmut and
MRKAd6-NSmut, respectively), with numbers of IFN-�-se-
creting T cells reaching up to 3,100 SFC/million PBMC. The
highest responses were measured against NS3p, NS3h, and
NS5A, confirming previous data obtained at 1011 VP/dose.
Positive responses against all other pools covering the NS

TABLE 2. ELISPOT response to the individual NS peptide pools in rhesus monkeys at the peak of the immune response
after priming with 1011 VPa

Peptide
pool

No. of SFC with 1011 VP of:

MRKAd5-NSmut (group A) MRKAd6-NSmut (group B)

99C059 99C060 99X009 96069 98C047 98C055 93G 97X014

NS3p 28 81 1,308 1,618 477 25 93 1,022
NS3h 2,600 161 1,008 123 959 398 81 1,513
NS4 31 74 101 40 36 14 99 53
NS5A 181 99 69 96 171 45 1,237 98
NS5B-I 24 31 40 20 18 32 23 51
NS5B-II 11 58 38 164 88 4 13 40
DMSO 6 15 1 16 8 3 1 5

a Results are expressed as IFN-� SFC per 106 PBMC, and positive responses (as defined in Materials and Methods) are highlighted in bold.

TABLE 3. ELISPOT response to the individual NS peptide pools in rhesus monkeys at the peak of the immune response
after priming with 1010 VPa

Peptide
pool

No. of SFC with 1010 VP of:

MRKAd5-NSmut (group C) MRKAd6-NSmut (group D)

S201 075Q 137Q S207 035Q 057Q 98D209 106Q 113Q

NS3p 928 69 254 363 382 150 3,110 263 404
NS3h 317 436 98 180 316 119 2,115 642 1,008
NS4 56 101 45 126 113 62 373 72 19
NS5A 1,530 1,100 413 1,780 688 114 103 37 347
NS5B-I 149 23 92 447 111 81 149 22 10
NS5B-II 398 32 80 153 38 16 314 428 19
DMSO 29 6 29 9 6 9 0 1 3

a Results are expressed as IFN-� SFC per 106 PBMC, and positive responses (as defined in Materials and Methods) are highlighted in bold.

TABLE 4. ELISPOT response to the individual NS peptide pools in rhesus monkeys at the peak of the immune response
after priming with 108 VPa

Peptide
pool

No. of SFC with 108 VP of:

MRKAd5-NSmut (group E) MRKAd6-NSmut (group F)

57G 98C096 98C099 077Q S206 086Q 95116 138T

NS3p 67 104 21 64 31 89 77 124
NS3h 461 813 39 430 51 2,100 86 1,975
NS4 23 23 45 24 34 36 54 22
NS5A 41 22 734 38 34 91 62 47
NS5B-I 40 23 49 28 34 50 58 44
NS5B-II 26 25 8 15 17 56 168 138
DMSO 17 6 13 19 18 28 44 7

a Results are expressed as IFN-� SFC per 106 PBMC, and positive responses (as defined in Materials and Methods) are highlighted in bold.
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region (NS4, NS5B-I, and NS5B-II) were measured and
ranged from 62 to 447 SFC/million PBMC. Injection of 108

VP/dose was slightly less efficient, with three out of three
animals (MRKAd5-NSmut immunization group) and four out
of five animals (MRKAd6-NSmut immunization group) show-
ing a positive response after the second injection. In both
groups high precursor frequencies were detected (up to 2,100
SFC/million PBMC). Overall these data showed that both
MRKAd5-NSmut and MRKAd6-NSmut elicited a strong and
broad T-cell response in rhesus macaques, with the best re-
sponses observed at 1011 and 1010 VP. We prospectively mon-
itored anti-Ad5 and anti-Ad6 NAb titers in the immunized
animals. Similar humoral immunity was induced by the two
vectors, and titers increased after the second immunization in
a dose-dependent manner. According to the human data, anti-
Ad5 and anti-Ad6 antibodies did not cross-react (data not
shown).

T-cell responses measured by ELISPOT assay slightly declined
from week 12 to week 24 consistently with the contraction of
effector T cells and with the development of a pool of memory
cells. All monkeys were boosted at week 24 with the homologous
virus at the same dose used for priming. To analyze the effect of
boosting in the different immunization groups, the total response
targeting NS antigens measured postprime (time [T] � 8 weeks),
before boost (T � 24 weeks), and 4 weeks after boost (T � 28
weeks) was plotted for individual monkeys as shown in Fig. 4.
Anamnestic responses were observed following the boost, with
peak levels that were comparable or exceeded those observed at
week 4 in all the monkeys that received either MRKAd5-NSmut
or MRKAd6-NSmut at 1011 VP. Boosting of animals primed with
lower doses also effectively induced an anamnestic responses in a
subset of animals (four out of nine at 1010 dose and five out of
eight at 108).

Long-term persistence of the T-cell response induced by
both vectors was observed throughout an extended period of
time. Figure 5 shows the profile of anti-HCV T-cell responses
induced in monkeys by MRKAd5-NSmut and MRKAd6-
NSmut at the three different doses. Detectable levels of
antigen-specific T cells were found for as long as 1 year in all
groups. At T � 50 weeks after the first immunization, the
mean ELISPOT values per million PBMC were 401 and 281
in groups A and B, 192 and 310 in groups C and D, and 111
and 147 in groups E and F, respectively. Thus, the potency
and longevity of CMI induced in nonhuman primates by the
two vectors was comparable.

MRKAd5-NSmut and MRKAd6-NSmut show equivalent ef-
ficiency of induction of HCV-specific CD8� T cells with cyto-
toxic activity. The relative contribution of CD4� and CD8�

T-cell subsets to the overall anti-HCV NS T-cell response was
evaluated by IFN-� ICS and fluorescence-activated cell sorting
analysis. PBMC collected at various time points during the im-
munization schedule were stimulated with the peptide pools that
scored positive by ELISPOT assay, and cytokine production from
CD8� and CD4� T cells was tested. High levels of HCV-specific
CD8� T cells were observed in each animal, as shown from a
representative ICS experiment performed with PBMC collected 4
weeks after the boosting immunization (Table 5). In agreement
with the ELISPOT data, MRKAd5-NSmut and MRKAd6-
NSmut showed equivalent efficiency of induction of CD8�

T-cell responses. The percentage of IFN-�� CD3� CD8�

cells ranged from 0.14 to 1.92 after priming and from 0.1 to
1.49 after boosting at the two higher doses (Table 5, groups
A, B, C and D). At the lowest dose (groups E and F) the
percentage of IFN-�� CD3� CD8� cells was barely above
the threshold we set for the assay (0.1%), with the only
exception of rhesus 098Q in group F, where frequencies of
IFN-�� CD3� CD8� were 0.53 and 2 after priming and
boosting, respectively. HCV-specific IFN-�-secreting CD4�

T cells were also induced in the immunized animals al-
though at lower levels than CD8� (range of IFN-�� CD3�

CD4� from 0.11 to 0.15%) (Table 5). This finding is cor-
roborated by our own data indicating that high levels of
CD4� T-cell responses can be measured by the same ICS
assay in rhesus macaques immunized by DNA with electro-
poration (S. Capone et al., submitted). Thus, both adenovi-
rus vectors showed a higher efficiency of induction of CD8�

T-cell responses as previously reported (8).
HCV-specific CD8� T cells induced in immunized animals

FIG. 4. Effect of adenovirus vector boosting injection in rhesus
macaques. IFN-� ELISPOT responses are shown for individual
monkeys after priming (T � 8 weeks, gray bars), before boosting
(T � 24 weeks, white bars), and after boosting (T � 28 weeks, black
bars). Each bar represents the total anti-NS response, calculated by
adding up positive responses to individual NS peptide pools and
correcting for DMSO background. Results are expressed as the
number of IFN-� SFC per 106 PBMC. Groups A, C, and E were
immunized with MRKAd5-NSmut at the indicated doses (top left).
Groups B, D, and F were immunized with MRKAd6-NSmut at the
indicated doses (top left).
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exhibited functional, cytotoxic activities in CTL assays. The
majority of animals immunized with either MRKAd5-NSmut
or MRKAd6-NSmut at the higher doses exhibited moderate to
strong cytotoxicity against autologous HCV peptide-pulsed B-
LCLs as shown in Fig. 6. No major differences in the frequency
of responders, number of peptide pools targeted, and levels of
specific lysis were detected among Ad5- and Ad6-based vec-
tors. In agreement with the ELISPOT and ICS data, injection
of 108 VP of either vector led to a weaker CTL activity. With

few exceptions the ability to produce IFN-� upon antigen stim-
ulation correlated with cytotoxic activity.

MRKAd6-NSmut efficiently boosts DNA-primed rhesus mon-
keys. As an alternative to the homologous Ad/Ad immunization
protocol, we tested a DNA prime/Ad6 boost immunization
protocol where MRKAd6-NSmut was injected at a low dose
(108 VP is the equivalent of 5 � 106 PFU) to mimic the effect
of preexisting anti-adenovirus neutralizing immunity on a dose
of 1011 VP (8).

Six rhesus macaques were given priming immunizations of
5 mg of HCV-expressing DNA plasmid (pV1JNSOPTmut)
(S. Capone et al. submitted) at weeks 0, 4, and 8 (Table 1). The
DNA vector was found to be less immunogenic than the ad-
enoviral vector in rhesus macaques, with only three out of six
animals showing significant levels of IFN-�-secreting cells
(Fig. 7A, 97X007, 99C161, and 99C166). MRKAd6-NSmut in-
jection at week 24 increased T-cell responses in two of the
DNA-responding animals (97X007 and 99C161), while the
third animal (99C166) showed only a modest improvement of
T-cell responses compared to the postprime (week 12) and
preboost (week 24) CMI. Among the remaining three animals
that did not respond to the DNA immunization, two developed
T-cell immunity after MRKAd6-NSmut boosting (99C071 and
21G), while the third one did not show any response by IFN-�
ELISPOT (Fig. 7A, 96075). After MRKAd6-NSmut immuni-
zation, the CMI response ranged from 73 to 2,533 SFC/106

PBMC at week 28. To verify if DNA priming affected the vigor
of postboost responses, we have compared CMI after
MRKAd6-NSmut injection (week 28) between animals that
showed a DNA-primed T-cell response and those that did not.
The results of this analysis suggested that the success in DNA
priming (as measured by IFN-� ELISPOT assay) did not sig-
nificantly affect the vigor of boosted CMI (P � 0.48).

The levels of antigen-specific T cells remained significant for
as long as 1 year in five animals (Fig. 7B). Even at this time
point there was no difference in the vigor of CMI between
animals who did respond to DNA and those who did not (P �
0.39). In contrast, higher ELISPOT values were detected at
late time points in animals (97X007, 99C071, and 99C161) that
developed more potent responses after Ad6 injection (P �
0.04 at week 50).

Characterization of the T-cell response induced by the heter-
ologous prime-boost regimen by IFN-� ICS and CTL assays
showed that HCV-specific IFN-�� CD8� T cells with cytotoxic
activity were induced (data not shown).

DISCUSSION

Nonreplicating human serotype 5 adenovirus is an attractive
vector for vaccine application as it was shown to induce very
potent transgene product-specific antibody and CD8� T-cell re-
sponses in rodents, dogs, and nonhuman primates (8, 40). Al-
though studies comparing the efficacy of adenoviral vectors to
that of other subunit vaccines are still incomplete, available data
show them to outperform poxvirus vectors, DNA vaccines, and
alphavirus vectors with regard to induction of humoral and cel-
lular immune responses (40). Adenoviral vectors induce protec-
tive immune responses quickly, and these responses are long
lived. The exceptional immunogenicity of replication-defective
Ad5 vectors is likely due to a number of properties: (i) the high

FIG. 5. Strength and longevity of the anti-HCV T-cell responses in-
duced in rhesus macaques by MRKAd5-NSmut and MRKAd6-NSmut.
The immune response induced by different doses of the two vectors were
measured by IFN-� ELISPOT assay. The geometric mean of the total
anti-NS response for the different immunization groups during 50 weeks
of follow-up is shown. The total anti-HCV IFN-� ELISPOT response was
calculated for each time point and each animal by adding up positive
responses to the individual NS peptide pools and correcting for DMSO
background. Numbers on the vertical axis represent the number of SFC
per 106 PBMC, and arrowheads indicate immunization dates. MRKAd5,
MRKAd5-NSmut; MRKAd6, MRKAd6-NSmut.
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levels of transgene expression driven in most vectors by the potent
cytomegalovirus promoter, (ii) the activation of the innate im-
mune system, (iii) the transduction of immature dendritic cells
driving their maturation into antigen-presenting cells, and (iv) a
sufficiently long time of antigen presentation due to lack of apo-
ptosis induction of the transduced cells.

A number of Ad5-based HCV vectors have been previously
reported to be immunogenic in mice (1, 2, 6, 25, 29, 33).
However, preexisting anti-adenovirus immunity and, in partic-
ular, neutralizing antibodies which reduce cell uptake of the
adenoviral vectors can significantly dampen vaccine responses
and represent a major limitation to the successful use of com-
mon serotypes of adenovirus, including Ad5 and Ad2, as vac-
cine vehicles in a human population (13). This could be over-
come by increasing vector doses, but this approach is limited by
potential toxicity issues and would make production a very
difficult task. Thus, a high priority toward developing an effec-
tive adenovirus-based vaccine approach would be the genera-
tion of novel vectors with lower seroprevalence than Ad5 but
equivalent immunological potency.

The data reported in this work confirmed previous findings
that anti-Ad6 neutralizing antibodies are rarer or are present
at lower titers than those measured against Ad5. This would
imply that a vaccine based on the Ad6 serotype may have a
significant value if it could overcome anti-Ad5 preexisting im-
munity. By comparing NAb titers against both Ad5 and Ad6
serotypes in a cohort of 93 European individuals, we deter-
mined that there is no cross-reactivity between NAb against
the two adenovirus serotypes. We also provided direct evi-
dence for Ad6-based immunization as a potential route to
overcome anti-Ad5 preexisting immunity, by demonstrating
that an Ad6-based HCV vector elicited potent cellular immune

responses in mice that were not suppressed by preexisting
anti-Ad5 NAb at levels typically found in humans. We did not
investigate whether anti-Ad5 T-cell responses cross-reactive
with Ad6 were induced in this model system. However, as
previously shown for other adenovirus vectors (4), this antivec-
tor CMI, if present, was not capable of reducing the MRKAd6-
NSmut immunogenicity. In contrast, the immunological po-
tency of the corresponding Ad5-based vector was strongly
blunted by preimmunization with an adenovirus vector belong-
ing to the same serotype.

Vectors based on human non subgroup C adenovirus have
been previously reported (4, 36). Among them, adenovirus sero-
type 35 has been proposed as an alternative to Ad5 for vaccine
delivery because of its low seroprevalence. Comparison of Ad5-
and Ad35-based vectors in mice and nonhuman primates showed
a lower immunological potency of the latter vector (4, 36). Sim-
ilarly, two other vectors based on the rare serotypes Ad24 and
Ad34 induced lower CMI than Ad5 in nonhuman primates (36).
These data demonstrate that it would be important to evaluate
vaccine candidates for their ability to induce potent and long-lived
immune responses in different species and, in particular, in non-
human primates. In fact, rhesus macaques are a suitable model
for preclinical immunogenicity studies because they are phyloge-
netically and physiologically similar to humans (32) and their
well-characterized immune system is comparable to that of hu-
mans in terms of cytokine production and regulation (24). Both
MRKAd5-NSmut and MRKAd6-NSmut vectors showed equiva-
lent immunological potency in mice at two different doses (107

and 109 VP/dose). Most importantly, the immunogenicity of the
MRKAd6-NSmut vector was comparable to that of the corre-
sponding MRKAd5-NSmut vector in terms of potency, longevity,
and breadth of HCV-specific T-cell response and over a wide

TABLE 5. HCV-specific CD4 and CD8 T-cell responses in rhesus monkeys after priming and after boosting by IFN-� ICSa

Dose
(VP)

% IFN-� CD3� CD8� or CD4� lymphocytes at indicated time:

MRKAd5-NSmut MRKAd6-NSmut

Group and animal
T � 8 T � 28

Group and animal
T � 8 T � 28

CD8 CD4 CD8 CD4 CD8 CD4 CD8 CD4

1011 A B
99C059 1.14 0.04 0.62 0.09 98C047 0.35 0.04 0.52 0.01
99C060 0.01 0.11 0.01 0.02 98C055 0.19 0.06 0.37 0.01
97X009 0.65 0.12 0.80 0.02 93G 0.72 0.03 1.49 0.03
96069 1.30 0.01 0.90 0.02 97X014 0.40 0.13 0.65 0.10
Avg 0.78 0.07 0.56 0.04 Avg 0.42 0.07 0.76 0.04

1010 C D
S201 0.50 0.11 0.16 0.07 S207 0.44 0.03 0.38 0.01
075Q 0.97 0.06 1.15 0.02 035Q 0.44 0.04 0.12 0.01
137Q 0.01 0.01 0.05 0.02 057Q nd nd 0.04 0.04

98D209 1.92 0.01 0.40 0.03
106Q 0.14 0.03 0.10 0.01
113Q 1.01 0.01 1.26 0.01

Avg 0.49 0.06 0.45 0.04 Avg 0.79 0.02 0.38 0.02
108 E F

57G 0.12 0.01 0.10 0.02 077Q 0.07 0.01 0.10 0.01
98C096 0.09 0.02 0.10 0.01 S206 0.01 0.01 0.01 0.01
98C099 0.13 0.02 0.19 0.01 086Q 0.53 0.02 2.00 0.01

95116 0.01 0.01 0.01 0.04
138T 0.09 0.15 0.20 0.03

Avg 0.11 0.02 0.13 0.01 Avg 0.14 0.04 0.46 0.02

a Each number represents the total anti-NS response calculated by adding up positive responses to individual NS peptide pools and correcting for DMSO background.
Positive responses as defined in Materials and Methods are highlighted in bold.
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range of doses (108 to 1011 VP/dose) in rhesus macaques.
MRKAd6-NSmut induced high levels of HCV-specific T cells in
13 out of 15 immunized monkeys, and this response was sustained
for several months. Most of the response was due to the induction
of HCV-specific CD8� T cells with the ability to kill target cells in
vitro. Finally, MRKAd6-NSmut induced multispecific T-cell re-
sponses against different parts of the NS region. This is a crucial
point because a vaccine that elicits responses to multiple epitopes
would be required, given the high HCV variability and the het-
erogeneity of the human major histocompatibility complex alleles.
In conclusion, the MRKAd6-NSmut vector described here has
the desired properties of low seroprevalence and high immuno-
logical potency to be further considered for vaccine development.

Early induction of a strong cytotoxic T-cell response target-
ing multiple antigens appears to be required for protection

against chronic HCV infection (15, 21, 37). By a prospective
immunological study on acutely infected HCV individuals, we
defined the qualitative and quantitative characteristics of such
a protective CMI response (13a, 37). In analyzing the immune
response induced by MRKAd6-NSmut in rhesus macaques, we
have used the same reagents and assays utilized in the human
studies and have observed that the response elicited in mon-
keys by MRKAd6-NSmut was qualitatively and quantitatively
comparable to that measured in acute/resolving HCV-infected
subjects. These findings hold the promise for the MRKAd6-
NSmut to be an effective candidate vaccine for the prevention
of chronic persistent infection induced by HCV in humans.
Consistent with this hypothesis, preliminary results obtained in
a vaccination and heterologous challenge experiment in the
chimpanzee model indicated that the Ad6-based candidate

FIG. 6. Bulk cytotoxicity assay in rhesus monkeys immunized with MRKAd5-NSmut and MRKAd6-NSmut. PBMC collected at T � 35 weeks
(7 weeks after boosting) were restimulated in vitro with VacHCV-NS and then tested for their ability to kill autologous B-LCLs pulsed with either
DMSO alone or with the individual NS peptide pools (NS3p, NS3h, NS4, NS5A, NS5B-I, and NS5B-II). Results are expressed as the percentage
of specific lysis at each effector-to-target (E:T) ratio tested.
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vaccine described in this work is essential for the induction of
an effective immunity against HCV (13b).

Several efforts are presently focused on combining Ad vec-
tors with other vaccine carriers in heterologous prime-boost
regimens. In fact, the repeated use of adenovirus vectors be-
longing to the same serotype in general does not afford a
significant booster effect, due to the induction of Ad-neutral-
izing antibodies after the first application of the vector. This
limitation can be circumvented by a DNA priming-viral vector
boosting approach (8, 43). Here we provide evidence that
priming with naked DNA combined with MRKAd6-NSmut as
a booster can result in a T-cell response approaching that
observed with multiple high doses of an Ad5- or Ad6-based
vectors. A recent DNA prime-Ad5 boost immunization study

in rhesus macaques with vectors encoding the HCV NS3 pro-
tein showed increased CMI after injection of 5 � 109 of PFU
of the Ad vector, with IFN-� ELISPOT peak responses reach-
ing up to 1150 SFC/106 PBMC (31). The MRKAd6-NSmut
vector described in this work was capable of inducing higher
responses (up to 2,533 SFC/106 PBMC) even if used at a very
low dose (108 VP is equivalent to 5 � 106 PFU) that was
selected to mimic the effect of preexisting anti-adenovirus neu-
tralizing immunity on a dose of 1011 VP. This higher immuno-
genicity could be due the larger antigenic information encoded
by the present vector, the different HCV genotype sequence
used to generate the expression cassette (BK versus J strain),
or to the architecture of the vector.

Because naked DNA has a lower efficiency of immunization
compared to Ad5- or Ad6-based immunization in rhesus ma-
caques, it is conceivable that the use of two very potent ad-
enoviral vectors from different serotypes would represent a
further improvement of the heterologous prime-boost strategy.
To our knowledge, the MRKAd6-NSmut described in this
work is the first human adenoviral vector from an alternative
serotype with lower seroprevalence and equivalent immuno-
logical potency to Ad5 and may represent a good candidate for
either priming or boosting immunizations. We are currently
characterizing novel adenovirus isolates to identify one with
similar characteristics to Ad6 to be used in a combined mo-
dality regimen with the MRKAd6-NSmut.
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