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Abstract

Efficient HIV vaccines have to trigger cell-mediated immunity directed against various viral antigens. However little is known about the
breadth of the response induced by vaccines carrying multiple proteins. Here, we report on the immunogenicity of a construct harbouring
a fusion of the HIV-1 IIIB gag, pol and nef genes (gpn) designed for optimal safety and equimolar expression of the HIV proteins.
The attenuated poxviruses, MVA and NYVAC, harbouring thegpn construct, induced potent immune responses in conventional mice
characterised by stimulation of Gpn-specific IFN-�-producing cells and cytotoxic T cells. In HLA-A2 transgenic mice, recombinant MVA
elicited cytotoxic responses against epitopes recognised in most HLA-A2+ HIV-1-infected individuals. We also found that the MVA
vaccine triggered the in vitro expansion of peripheral blood cells isolated from a HIV-1-seropositive patient and with similar specificity
as found in immunised HLA-A2 transgenic mice. In conclusion, the synthetic HIV polyantigen Gpn delivered by MVA is immunogenic,
efficiently processed and presented by human MHC class I molecules.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Many HIV candidate vaccines that target both cellular and
humoral immunity have been tested for a decade in mice
and non-human primates[1,2]. Successful HIV vaccination,
however, has been hampered by the complexity of HIV in-
fection and the absence of a defined correlate of protection.
More recently, protective immunity against simian immun-
odeficiency (SIV) challenges in macaques has been reported
[3–5]. These data indicate that induction of cytotoxic T cells
(CTLs) prevents the spread of the viral infection[6]. Al-
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though induction of neutralising antibodies at mucosal sur-
faces is probably a prerequisite to induce sterile protection,
a robust CTL response may lower viral load and, therefore,
limit transmission[7].

Among the vectors used to carry HIV antigens, Modi-
fied Vaccinia Ankara (MVA), an attenuated vaccinia virus,
was shown to induce HIV-specific CTL responses[3,8,9].
Upon MVA infection of mammalian cells, early and late pro-
tein synthesis is restricted to the first 24–48 h post-infection
[10,11]. MVA is safe for humans[12] and is currently used
in several HIV vaccine trials[13,14]. Within the family of
attenuated poxvirus, NYVAC carrying multiple SIV/HIV
antigens has also been used in monkeys[15,16]. NYVAC
is a highly attenuated strain of vaccinia virus generated by
precise deletion of 18 open reading frames from the viral
genome, which affects non essential genes for virus growth
in some cell lines but are important for virulence in ani-
mal models[17]. MVA has been generated by passage on
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chicken embryo fibroblast cells more than 500 times, loos-
ing about 15% of genetic information and ability to grow
in human and most other mammalian cells[18]. Both NY-
VAC and MVA share common deleted genes, like the serpins
(B13R and B14R) and host range (K1L), but most other of
the deleted genes are distinct between the two virus strains.
A careful evaluation of the differences in MVA and NYVAC
biology remains to be done[19].

Peptides corresponding to CTL epitopes administered
with adjuvant or via recombinant vectors are immunogenic
but their use is limited due to HLA variability and high
mutation rate of HIV. A strategy that targets as many viral
proteins as possible and that is not restricted to a few HLA
molecules is more likely to be successful. So far, few candi-
date vaccines have used fusion proteins that contain multi-
ple HIV determinants and little is known about the breadth
and the magnitude of responses against such vaccines. This
information is critical as immunodominance may favour
the induction of restricted sets of specificities in vaccinated
individuals. In order to develop strategies overcoming im-
munodominance, it is important to validate mouse model,
such as transgenic mice carrying human MHC class I to
predict human CD8+ T cell responses[20]. In particular, the
HHD mouse, that is H2-Db−/− �2-microglobulin−/− and
transgenic for a chimeric HLA-A2 molecule, was shown to
be a good model for the prediction of HLA-A2-restricted
responses[21].

Within the frame of EuroVacc (http://www.eurovac.net),
a European effort to bring HIV vaccines into clinical tri-
als, candidate vaccines harbouring a fusion of the HIV-1
IIIB gag, pol and nef genes (gpn) have been constructed.
Before entering clinical trials in humans, we sought to ver-
ify that immunisation with Gpn induced CTLs with similar
specificities than found in natural infections. We show here
that MVA and NYVAC expressing Gpn induce strong CTL
and IFN-�-producing T cell responses in conventional mice.
HLA-A2 transgenic mice immunised with MVA expressing
Gpn developed HLA-A2-restricted responses against two
CTL epitopes known to be immunogenic in HIV infected in-
dividuals. In addition, the candidate vaccine specifically trig-
gers the in vitro expansion of human HIV-1-specific CD8+
T cells. Therefore, we provide evidence that these vaccines
tested for safety in mice[22], are immunogenic and elicit
CTL responses against HLA-A2-restricted epitopes recog-
nised by HIV-infected patients.

2. Material and methods

2.1. Construction of the chimeric gpn

The synthetic read-throughgagpolnefpolygene was syn-
thesized and provided by GENEART GmbH (Regensburg,
Germany).Gagpolnefwas generated by back-translating the
amino-acid sequence of the HIV-1IIIB (BH10, GenBank Ac-
cession no. M15654) using a matrix for the most frequently

occurring codons in mammalian cells. By optimising the
gagpolnefsequence, cryptic splice-donor/acceptor sites and
RNA destabilising sequence motifs were eliminated. The
synthetic gagpolnefDNA was designed in fragments of
300–800 nucleotides, assembled via unique restriction sites
and cloned into pCRscript giving rise to pCRscript/gpn.
The gagpolneffusion protein comprises the group-specific
antigen Gag including p7 (aa 1–432; GI: 326388) fused
and in frame to Pol (aa 1–793; GI: 326385) lacking the
integrase domain. Furthermore, the active site of the reverse
transcriptase (RT) was replaced by a scramblednef gene
(aa 1–74 fused to aa 75–123; GI: 326393) resulting in an
artificial budding defective 1326 aa read-throughgagpolnef
fusion protein. The RT sequence overlapping the active site
was translocated in frame to the 3′ end (aa 296–396; GI:
326385) of thegagpolnefpolygene. Accordingly to prevent
myristoylation, the N-terminal glycine was substituted by
alanine (G to A). A point mutation was also introduced into
the active site of the protease domain (aa 93; GI: 326385)
to impair its enzymatic activity.

2.2. Construction of recombinant poxvirus vectors

After digestion with EcoRI and SacI, the DNA frag-
ment containinggagpolnef sequence was isolated from
pCRscript/gpn and cloned into the Vaccinia virus (VV)
insertion vector pJR101. In the resulting plasmid, the ex-
pression of Gpn and the selection marker�-glucuronidase
is regulated by the VV synthetic early/late promoter e/l[23]
and promoter p7.5, respectively. The synthetic e/l promoter
contains 40 bp which largely overlap early and late regula-
tory elements[23]. This construct was further checked by
sequencing and inserted into the VV haemagglutinin gene.
The selection of recombinant MVA viruses (MVAgpn) was
performed as in[11]. The purity of the recombinant virus
was confirmed by PCR analysis. The construction of MVA
delivering the luciferase protein is described elsewhere
(MVAluc [11]). MVA recombinants were grown in CEF,
purified by sucrose-cushion and titrated by immunostain-
ing in CEF [11]. Recombinant NYVAC expressing Gpn
(NYVACgpn) was provided by Dr. Frachette (Aventis Pas-
teur, Lyon). NYVACgpn was grown in CEF and titrated
by immunostaining in CEF or by plaque assay in BSC-40
cells. Both MVAgpn and NYVACgpn recombinants repre-
sent a homogeneous virus population, as established after
PCR analysis. In NYVACgpn, Gpn expression is regulated
by the same synthetic e/l promoter as in MVAgpn except
that the expression cassette is inserted into the thymine
kinase gene. To generate WRgp, the sequences encoding
natural HIV Gag and Pol proteins as well as the selection
marker �-galactosidase were inserted in the thymine ki-
nase gene. The expression of HIV antigens was assessed in
BHK-21 cells infected at a multiplicity of infection (m.o.i.)
of five with either sucrose-purified MVAgpn, NYVACgpn
or WRgp. Cells were collected at various times after in-
fection and extracts (12�g) were run on 10% SDS-PAGE.
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Gpn was visualized after Western blotting using rabbit
polyclonal anti-gag p24 serum (ARP 432, NIBSC, Cen-
tralised Facility for AIDS reagents, UK). Alternatively, the
analysis of Gpn intracellular location was performed at
24 hpi by immunofluorescence and confocal microscopy on
permeabilized BHK-21 cells that were incubated with the
antibody ARP 432 and the nuclei staining reagent To-Pro
(Molecular Probes).

2.3. Mice immunisation

C57BL/6 mice were purchased from Harlan. Transgenic
HHD mice kindly provided by Dr. Lemonnier (Pasteur
Institute, France) are double-knockout for H2-Db and
�2-microglobulin and transgenic for a chimeric HLA-A2
molecule, the only MHC class I, therefore, expressed[24].
For peptide immunisation, 25�mol of each peptide were
mixed with 50�g of tetanus toxin universal helper peptide
P30 in 200�l IFA/PBS 1:1 emulsion and injected at days 0
and 15 at the base of the tail. Recombinant MVA and NY-
VAC were injected intraperitoneally (i.p.) or subcutaneously
(s.c.) at 5× 107 p.f .u. in 200�l PBS.

2.4. IFN-γ ELISPOT and CTL assays

Six peptides chosen from the Los Alamos Database
(http://hiv-web.lanl.gov/immunology/index.html) were syn-
thesised at the Biochemistry Institute facility: Gag (SLYNT-
VATL), Pol1 (VLDVGDAYFSV), Pol2 (ILKEPVHGV),
Pol3 (ALQDSGLEV), Pol4 (VIYQYMDDL) and Prot1
(VLVGPTPVNI). EL4 cells were a gift of Dr. Pedro
Romero (Ludwig Institute, Lausanne branch). RMAS-HHD
cells were obtained from Dr. Lemonnier. EL4gpn are
stable EL4 clones transfected with the syntheticgagpol-
nef coding region inserted into the in pCi/neo expres-
sion vector (Promega) under the transcriptional control of
the immediate-early promoter-enhancer of the human cy-
tomegalovirus. EL4gpn cells thus constitutive express Gag-
polnef. Cell cultures were performed in RPMI 1640 contain-
ing 2 mMl-glutamine, 20 mM HEPES, 1 mM sodium pyru-
vate, 1% penicillin-streptomycin and 2-�-mercaptoethanol
(Gibco BRL), and 10% foetal calf serum (FCS, Myoclone
Superplus). Ten days after the last immunisation, spleens
from immunised animals were removed and pooled. Fresh
IFN-� ELISPOT analysis was performed as described[25].
Briefly, 105–106 splenocytes were incubated with either
medium containing 10�M specific peptide (for HHD ani-
mals), 105 MVA-infected splenocytes, EL4 or EL4gpn (for
C57BL/6) depending on the experiments. MVA-infected
splenocytes were prepared from naı̈ve splenocytes infected
at a m.o.i. of five in FCS-free medium for 1 h. The cells
were further incubated for 5 h in medium containing 2%
FCS to allow expression of the viral antigens and used in
the ELISPOT assay after extensive washing.

The cells were incubated 18 h in 96 well plates coated
with IFN-� antibodies (clone R4-6A2, Caltag). The spots

were revealed using biotinylated secondary anti-IFN-�
antibodies (clone XMG1.2, Pharmingen) and extravidin
conjugated to the Alkaline Phosphatase (Sigma). The spots
were counted using a ProgRes microscope (Zeiss). For CTL
assay or expanded IFN-� ELISPOT assay, effector cells
(5 × 106 splenocytes) were stimulated in vitro in 10 ml
complete medium for 6 days once or twice. For C57BL/6
effectors, Gpn-specific stimulation was achieved by adding
5 × 105 EL4gpn and 5× 106 irradiated näıve C57BL/6
splenocytes. For HHD effectors, incubation was performed
with 5 × 105 LPS blasts derived from HHD mice and in-
dependently loaded with each peptide[26]. Target cells for
CTL assays were EL4gpn effector cells and RMA-S/HHD
loaded with individual HLA-A2-restricted peptide, respec-
tively for C57BL/6- and HHD-stimulated effector cells
[24].

2.5. Stimulation of HIV-1-specific human CD8+ T cells
with MVAgpn

The expansion of Pol2- and Gag-specific CD8+ T cells
induced by MVAgpn was studied as described in[27] using
cryo-preserved peripheral blood mononuclear cells (PBMC)
from an HIV-1-infected patient. Patient CNA 2099 is part of
a cohort of HIV-1 infected patients with progressive disease
enrolled in therapeutic clinical trials with anti-retroviral
regimens[28,29]. These studies were approved by the local
Institutional Review Board and the subject gave written
informed consent. PBMCs from an HIV-seronegative sub-
ject (LDH 197) were included in the study as negative
control.

PBMCs were cultured at 1× 106 cells per ml with a son-
icated preparation of MVAgpn or MVAluc at the indicated
m.o.i. Fresh culture medium supplemented with recombi-
nant human IL-2 (0.02 U/ml, Roche Diagnostics) was added
every 2–3 days to the PBMC cultures. On day 10, the ex-
pansion of Pol2- and Gag-specific CD8+ T cells was mon-
itored by staining with APC-conjugated anti-CD8 antibod-
ies (clone SK1) and PE-labelled tetramers. Class I-peptide
tetramers were produced as previously described[30]. Data
were acquired on a FACSCaliburTM system and analysed
using CellQuestTM software (Becton Dickinson).

3. Results

3.1. Construction of the attenuated poxviruses candidate
vaccines

3.1.1. Characteristics of the chimeric Gagpolnef
Gagpolnef is a fusion protein of 1326 amino acids com-

posed of Gag, Pol and Nef from the HIV-1 clade B clone
IIIB [31] that has been modified to enhance its immuno-
genicity and for safety reasons (Fig. 1). The gag sequence
was fused in frame to thepolnefpart by creating a 1 frame
shift in the natural slippery sequence. A glycine to alanine

http://hiv-web.lanl.gov/immunology/index.html


3398 A. Didierlaurent et al. / Vaccine 22 (2004) 3395–3403

Fig. 1. Schematic drawing of the synthetic HIV IIIB fusion protein Gag-
polnef. The Gag derived-domains are constituted of the matrix (p17MA),
the capsid (p24CA), p2 and the nucleocapsid (p7Nc). The Pol and Nef
derived domains, i.e. Protease (PR), N-terminal (N-RT) and C-terminal
(RT-C) portion of the reverse transcriptase (RT), the active site of the
RT (RT-A) and a scrambled Nef (SC-NEF) are also depicted. Modifica-
tions include the G to A amino acid substitution abolishing N-terminal
myristilation (�Myr) of Gag, the in frame fusion (FS) of the Gag and
Polnef domains and the D to N amino acid substitution inactivating
the PR.

substitution in Gag was introduced to prevent formation of
virus-like particles[32]. The active sites of protease (PR)
and integrase were inactivated by mutagenesis and deletion,
respectively. The active site of the RT was translocated at
the C-terminus of the fusion protein. Thenefgene was par-
tially deleted, mixed up to generate a fusion between the
C-terminal and N-terminal parts of the protein, and inserted
into the fragment coding the RT. In addition, the codon usage
was adapted to highly expressed human genes (GENEART
GmbH, Germany) based on a previous study showing that
such optimisation of an HIV Gag DNA vaccine increases its
expression and its immunogenicity[33].

3.1.2. Expression of Gagpolnef
The syntheticgagpolnefgene was introduced into the

MVA or NYVAC genome, referred to as MVAgpn and NY-

Fig. 2. Gagpolnef expression in MVAgpn and NYVACgpn infected cells. BHK-21 cells were infected either with MVAgpn, MVAluc, NYVACgpn or
with recombinant Vaccinia virus WR expressing the HIV IIIBgag and pol (WRgp) as indicated. Cell extracts were analysed after 24 h (A) or various
hpi (B) by SDS-PAGE followed by immunoblotting using anti-Gag serum (A,B) or immunofluorescence (C). Fluorescence analysis was performed at
24 hpi on BHK-21 permeabilized cells for detection of Gagpolnef fusion protein (anti-Gag serum, white) and cell nuclei (grey).

VACgpn, respectively. After infection of permissive BHK21
cells with MVAgpn, a band corresponding to the full length
Gagpolnef protein (∼150 kDa) was revealed on immunoblot
with anti-Gag polyclonal antibodies (Fig. 2A). Pol- and
Nef-specific antibodies recognised the same band (data not
shown). BHK-21 infection by WR harbouring wild type HIV
IIIB gag and pol genes (WRgp) resulted in PR-mediated
Gag processing as shown by the presence of p55 and p24.
In contrast, native HIV proteins resulting from PR activity
were not observed in cells infected with MVAgpn. There-
fore, according to the construct design, MVAgpn-infected
cells produce a Gagpolnef fusion protein that cannot be pro-
cessed by PR into native and potentially harmful HIV pro-
teins. As compared to MVAgpn, the full length Gpn fusion
protein was produced in NYVACgpn infected cells but at
different levels depending on the time point after infection
(Fig. 2B). In these cells, expression of Gpn was higher at
6 h post infection (hpi) in NYVAC-gpn when compared to
MVAgpn-infected cells. We have consistently found that in
permissive (CEF, BHK-21) and non-permissive (TK-143,
HeLa) cells infected with NYVACgpn, the levels of Gpn at
6 hpi are somewhat higher or similar to those found in cells
infected with MVAgpn depending on the cell lines (Fig. 2B
and data not shown). This observation rules out the possibil-
ity that putative mutations in the early/late promoter of NY-
VACgpn influences expression. With time (18 and 24 hpi),
the Gpn expression level decreases in NYVACgpn versus
MVAgpn-infected cells. This results from differences of cy-
topathic effect and inhibition of virus-induced protein syn-
thesis between both poxviruses (Najera et al, manuscript in
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Fig. 3. Immunogenicity of Gagpolnef carried by MVAgpn and NY-
VACgpn. (A) C57BL/6 mice (n = 3) were injected i.p. with MVAgpn
or MVAluc as control. Ten days later, splenocytes from immunised an-
imals were stimulated in vitro for 6 days and tested for their ability to
kill target cells in a chromium release assay. Target cells were EL4 for
non-specific response (dashed line and open symbols) and EL4gpn for
Gagpolnef-specific response (filed symbols). E:T stands for effector/target.
Data are representative of three experiments. (B) C57BL/6 mice (n = 3)
were injected i.p. or s.c. with MVAgpn or NYVACgpn. Ten days later,
splenocytes from immunised animals were tested in fresh IFN-� ELISPOT
assay. Target cells were EL4 for non-specific response (hatched bars) and
EL4gpn for Gagpolnef-specific response (black bars). SFC stands for spot
forming cells. Data are representative of two experiments.

preparation). Immunofluorescence analysis by confocal mi-
croscopy in infected BHK-21 cells at 24 hpi, revealed that
Gpn is localised in the cytoplasm of cells infected by both
recombinant viruses but not by a control virus delivering
luciferase (MVAluc,Fig. 2C) [11].

3.2. Recombinant MVA and NYVAC induce
Gagpolnef-specific CTL response

To assess the immunogenicity of Gpn, C57BL/6 mice
(H-2b) were immunised with MVAgpn and NYVACgpn and
the response against the whole fusion protein was assessed
using EL4 cells (H-2b) expressing Gpn (EL4gpn). As shown
in Fig. 3A, a significant CTL activity against EL4gpn was
detected in mice immunised with MVAgpn but not in an-
imals treated with MVAluc. These results indicate that the
fusion protein delivered by MVAgpn is efficiently processed

and presented in a MHC class I-restricted pathway to CD8+
T cells.

To allow a direct comparison between immunisation
protocols, Gpn-specific T-cell response was analysed by
measuring the frequency of IFN-�-secreting cells us-
ing ELISPOT [25]. Gagpolnef-specific IFN-�-producing
splenocytes were found directly ex-vivo after immunisation
with MVAgpn (Fig. 3B). This corresponds to a frequency
of 0.4% Gagpolnef-specific CD8+ T cells. This response
correlates with the CTL activity described inFig. 3A, con-
firming that Gagpolnef is an immunogenic protein when
expressed in cells infected with MVA. NYVACgpn also
induced the development of Gpn-specific IFN-�-producing
cells similar than the one observed with MVA. Specific
responses were also monitored after subcutaneous immuni-
sation with both vectors. Altogether, these results indicate
that Gpn delivered by recombinant poxvirus vectors induce
a robust HIV-specific CTL response.

3.3. MVAgpn induces HIV-specific HLA-A2-restricted
CTL in HHD mice

3.3.1. Immunogenicity of selected HLA-A2-restricted
peptides

To test whether Gagpolnef expressed by MVAgpn was
recognised by human MHC class I molecules, we im-
munised transgenic HHD mice that exclusively display
a chimeric human HLA-A2.1 as MHC class I molecule
[24]. Six HLA-A2-restricted peptides recognised by CTLs
from HIV-infected individuals were selected throughout the
fusion protein (Fig. 4A) and tested for their intrinsic im-
munogenicity in HHD mice. Seven days after immunisation
with a mixture of the peptides, splenocytes were stimu-
lated in vitro with LPS blasts loaded with each peptide.
All peptides except Pol4 induced an HLA-A2-restricted
IFN-�-producing (Fig. 4B) and CTL (Fig. 4C) responses
against RMAS-HHD cells loaded with each peptide. The
magnitude of the response varied among the peptides, Gag,
Pol2 and Pol3 being more immunogenic than Prot and
Pol1. These results show that the selected HIV-specific
CD8 epitopes found to be immunodominant in humans are
immunogenic in HHD mice.

3.3.2. MVAgpn triggers CTLs specific for peptides
immunogenic in HLA-A2+ HIV-infected individuals

To assess whether HHD mice could respond to MVAgpn
immunisation, an IFN-� ELISPOT assay specific for MVA
antigens was first performed using naı̈ve splenocytes in-
fected with MVAluc as MVA-specific antigen presenting
cells (Fig. 5A). The frequency of IFN-�-producing cells was
lower in HHD mice than in C57BL/6 animals, which cor-
relates with the lower proportion of total splenic CD8+ T
cells in HHD mice (on average 3% of total splenocytes).
The response against the different HLA-A2 restricted epi-
topes spanning Gpn was next investigated after i.p. injec-
tion of MVAgpn. After 6 days in vitro expansion with each
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Fig. 4. HLA-A2-restricted peptides from Gagpolnef stimulate CTL responses in HHD mice. (A) The position on Gagpolnef of six HLA-A2-restricted
peptides (Gag, Prot, Pol1, Pol2, Pol3 and Pol4) recognised by HIV infected individuals is depicted. (B, C) HHD mice (n = 5) were immunised with a
mixture of the HLA-A2 peptides with helper peptide P30 in IFA. One week later, splenocytes of immunised animals were collected and stimulated in
vitro for 1 (B) or 2 (C) weeks with LPS blasts loaded independently with each peptide. An IFN-� ELISPOT assay (B) and a chromium release assay
(C) were then performed using RMAS-HHD loaded with each peptide as target cells. Values obtained with non-loaded RMAS-HHD as target cells were
subtracted from values obtained with peptide-loaded RMAS-HHD. This experiment was reproduced twice. SFC, asterisk and E:T mean spot forming
cells, no detectable response, and effector/target, respectively.

peptide, IFN-�-producing cells specific for Prot (VLVGPT-
PVNI) and Pol2 (ILKEPVHGV) peptides were only detected
(Fig. 5B). These cells were shown to be CTLs since they
were able to kill RMAS-HHD cells loaded with Prot and
Pol2, respectively (Fig. 5C). No CTL nor IFN-�-producing
cell responses were observed under similar conditions fol-
lowing immunisation with MVAluc. Moreover, two succes-
sive injections of MVAgpn did not alter the broadness of
Gpn-specific T cell responses (data not shown). Altogether,
these data show that MVAgpn induces HLA-A2-restricted
CTL responses directed against peptides generated during
natural HIV infection.

3.4. MVAgpn stimulates human Pol2-specific CD8+ T cells

To define the relevance of our observations in a human
model, we investigated whether MVAgpn could stimulate
Pol2-specific human CD8+ T cells. To this aim, we used
the in vitro assay developed by Dorrell and co-workers to
show that recombinant MVA efficiently stimulates human
CTLs [27]. PBMCs from an HLA-A2+ HIV-1-infected pa-
tient (CNA 2099) were found to contain Pol2-specific CD8+
T cells as shown by staining with Pol2 HLA-A2 tetramer
(Fig. 6). The cells were then stimulated with MVAgpn at
increasing m.o.i. or with MVAluc as control. Pol2-specific
CD8+ T cells were specifically expanded in the presence of
MVAgpn but not in the presence of MVAluc. Moreover, the
expansion of Pol2-specific CD8+ cells, ranging from a 5.2-
to 16.7-fold increase in cell number, was proportional to the
m.o.i. No Pol2-specific T cells were detected in PBMCs from

seronegative donors (LHD 197) stimulated with MVAgpn.
Thus, these data show that the Pol2 epitope is generated in
MVAgpn-infected human cells, loaded onto HLA-A2 and
presented to human CD8+ T cells, confirming the results
obtained in the HHD mice. Gag-specific CD8+ T cells were
also specifically expanded upon stimulation with MVAgpn
(13.5-fold increase compared to baseline, at a m.o.i. of 1).
This observation suggests that some epitopes found to be
cryptic upon immunisation of the HHD mice are however
generated in human cells.

4. Discussion

Here we report the construction of a novel antigen con-
taining multiple HIV proteins and its immunogenicity when
expressed in poxvirus vectors. The antigen reported in this
study has several advantages. First, it is constituted of the
major proteins targeted by CTLs in a natural infection and
gathered in a single expression cassette. In particular, the
Pol protein is often seen by the immune system but its ex-
pression level is low during a natural infection. Here, the re-
moval of the frameshift betweengagandpol results in sim-
ilar expression level of Gag and Pol proteins, i.e. Gag- and
Pol-specific epitopes. Second, it has been designed for op-
timal safety as it does not produce functional proteins and,
therefore, no potential virus-like particles (Fig. 1). Third,
it has been engineered for human codon usage, which is
known to increase both antigen expression and immuno-
genicity [34–36]. Gpn has been inserted into several vac-
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Fig. 5. MVAgpn induces Gagpolnef-specific HLA-A2-restricted CTLs in
HHD mice. Mice were immunised i.p. with a single injection of MVAgpn.
Ten days later, spleens of treated animals were sampled and assayed
for CD8+ T cell responses. (A) An IFN-� ELISPOT assay specific for
MVA antigens (with MVAluc-infected irradiated splenocytes as antigen
presenting cells) was performed on pooled splenocytes from three mice.
Number of spots per 106 cells against non-infected APC is<20. (B, C)
Splenocytes were also stimulatedin vitro for 6 days with LPS blasts loaded
independently with each peptide. An IFN-� ELISPOT assay (B) and a
chromium release assay (C) were then performed using RMAS-HHD as
target cells. In panel C, squares and triangles represent specific lysis of
Pol2- and Prot1-loaded RMAS-HHD cells by Pol2- and Prot1-stimulated
effectors, respectively. Dashed line is background lysis of non loaded
RMAS-HHD. The difference in the magnitude of the response against the
Pol2 and Prot1 epitopes was not significant. SFC, asterisks and E:T mean
spot forming cells, no detectable response, and effector/target, respectively.
Data are representative of three experiments.

cine candidates which will be tested in a near future in
phase I clinical trials within the EuroVacc program. We
show that Gpn induces T cell response with peptide speci-
ficity similar to that found in HLA-A2+ HIV-infected indi-
viduals. Importantly, the dominance towards the Pol2 epi-
tope was further extended to humans since MVAgpn but
not a control MVA stimulated pre-existing Pol2-specific hu-
man CD8+ T cells in vitro. Moreover, Gpn was immuno-
genic when expressed either from NYVAC or MVA. Al-
together, these results indicate that Gpn delivered by re-
combinant poxviruses is a suitable antigen to use in human
vaccination.

Recently, Belyakov and colleagues have reported that
MVA and NYVAC induce similar levels of protection against
virulent Vaccinia virus challenge in mice[37]. However, no
studies have thoroughly compared the immunogenicity of
both vectors when carrying an heterologous antigen. Our
study indicates that Gpn-specific immune responses are
similar when induced by NYVACgpn and MVAgpn using
two different routes of inoculation. This also indicates that
the different insertion sites for the heterologous antigen
(TK or HA) have no apparent effect on the strength of the
immune response.

Mice transgenic for human HLA molecules are important
models to study the immunogenicity of vaccines dedicated
to human trials. Our results support the use of HHD mice
to study HIV-specific HLA-A2-restricted responses since
selected HIV-specific CD8 epitopes found to be immun-
odominant in humans are immunogenic in HHD mice.
Moreover, we provide strong evidence that an immunodom-
inant epitope found after immunisation in the HHD mice is
similarly processed in humans cells, thereby reinforcing the
relevance of this mouse model in the prediction of vaccine
trials.

When the peptides were tested individually for their
intrinsic immunogenicity, the magnitude of the response
was found to be different between peptides: Gag, Pol2 and
Pol3 were more immunogenic than Prot and Pol1. This
observation could reflect a variation in HLA-A2 binding
affinity within these epitopes. Pol4 for instance is not im-
munogenic in HHD mice and has indeed a poor binding
and stabilising capacity for HLA-A2[38]. Gagpolnef fu-
sion protein delivered upon infection of mammalian cells
with MVAgpn is processed into HLA-A2-restricted epi-
topes. Among the selected epitopes, Prot and Pol2 are
immunodominant. The response against Pol2, also called
I9V, is particularly interesting since this peptide has been
reported in most HLA-A2 infected patients and is well con-
served among HIV isolates, in particular B and C clades
(http://hiv-web.lanl.gov/immunology/index.html). This in-
dicates that the CTL response induced by MVAgpn could
be cross-reactive in humans. The magnitude of the CTL
response observed against Pol2 and Prot was weaker than
the level of the Gagpolnef-specific response in conventional
mice. The difference could be due to the immunological
limitation of the HHD mice, i.e. low CD8+ T cell number
and limited CD8+ T-cell repertoire[39]. In addition, the
response in conventional mice is assumed to be directed
against the three antigenic determinants including Gag, Pol
and Nef and to be polyclonal, i.e. specific for various epi-
topes on each determinant. The strong Gagpolnef-specific
response in C57BL/6 supports this hypothesis. Therefore,
many HLA-A2-restricted epitopes different from those se-
lected in this study are likely to stimulate CTL responses in
the HHD mice.

The Gag peptide (known also as S9L) combined to an ad-
juvant elicit strong CD8 responses in the HHD mice whereas
it is cryptic in the context of the fusion protein delivered

http://hiv-web.lanl.gov/immunology/index.html
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Fig. 6. MVAgpn specifically stimulates Pol2-specific human CD8+ T cells. Diagrams represent flow cytometry analysis of PBMCs from HIV-seropositive
(CNA 2099) and seronegative (LHD 197) patients stimulated or not with recombinant MVA for 10 days at indicated m.o.i. The number of Pol2-specific
CD8+ T cells was evaluated by staining with anti-human CD8 antibodies and Pol2-specific tetramer before (baseline) and after stimulation. Diagrams
represent cells gated on lymphocytes and numbers indicate the percentage of Pol2-specific cells among total lymphocytes.

by MVA. Therefore, the lack of Gag-specific response upon
immunisation with MVAgpn can not be explained by the
absence of specific naı̈ve cells in the HHD mice. In hu-
mans, the Gag epitope emerges only after chronic HIV in-
fection and has been, therefore, referred as subdominant
peptide[40]. However, we found that Gag-specific human
CD8+ T cells are stimulated by MVAgpn in vitro. The dif-
ference between human and mouse could mirror some dif-
ferences in the respective processing machineries. Overlap-
ping peptide pools spanning the entire Gpn molecule should
be useful to address this point. This observation also means
that human vaccination with MVAgpn could induce CTL
specificities even broader than anticipated using the HHD
model.

The induction of a restricted set of CTLs might favour
the emergence of viral escape mutants, accelerating disease
progression[41]. It is therefore crucial for a successful vac-
cine to induce the greatest breadth of CTL responses. As it
was also shown for hepatitis B DNA vaccination[42], we
demonstrate here that a novel complex multi-determinant
HIV antigen is efficiently processed and is likely to induce
multiepitopic T-cell response in humans. As antibodies may
also play an important role in neutralising free viruses, the
Gp120 membrane protein will be included in the vaccine
to be used in clinical trials. The use of mouse model could
be valuable in comparing various vaccines and vaccination
protocols. The clinical trials that will be conducted by the
EuroVacc consortium are going to establish whether CTL
responses in HHD mice are predictive of those that the vac-
cines will elicit in humans.
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