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Abstract ‘‘Cancer-germline’’ genes such as those of the
MAGE family are expressed in many tumors and in male
germline cells, but are silent in normal tissues. They
encode shared tumor-specific antigens that have been
used in therapeutic vaccination trials of cancer patients.
It was previously demonstrated that MAGE-1 peptide
KVLEYVIKV was presented by HLA-A 0201 molecules
on the surface of a human breast carcinoma cell line, but
no human specific CTL had been isolated so far. Here,
we have used HLA-A2/MAGE-1 fluorescent multimers
to isolate from blood cells three human CTL clones that
recognized the MAGE-1 peptide. These clones killed
efficiently HLA-A2 tumor cells expressing MAGE-1,
whether or not they were treated with IFN-c, suggesting
that the MAGE-1 antigen is processed efficiently by both
the standard proteasome and the immunoproteasome.
These results indicate that the MAGE-1.A2 peptide can
be used for antitumoral vaccination.

Keywords CTL Æ HLA-A2 Æ MAGE-1 Æ Peptide Æ
Tumor

Introduction

Cancer-germline genes potentially code for shared tu-
mor-specific antigens recognized by T cells. An impor-
tant subset of these genes is the MAGE gene family,
which comprises 18 functional genes located on chro-
mosome X [6, 8, 19, 22, 38]. These genes are expressed in

many human tumors of different histological types. They
are silent in normal cells with the exception of male
germline cells, which do not express MHC class I mol-
ecules and, therefore, cannot present antigens to cyto-
lytic T lymphocytes (CTL) [12]. It is most likely that the
presently identified tumor antigenic peptides encoded by
cancer-germline genes constitute only a small subset of
those that are encoded by these sequences. The identi-
fication of an additional set of antigenic peptides could
be useful for the development of new vaccines available
for a large set of patients. It will also facilitate the design
of vaccines comprising several antigens, which could
increase the primary anti-tumor efficacy of the vaccine.

We and others have therefore tried to identify antigenic
peptides using the coding sequences as a starting point [27,
31, 40]. One of the approaches to find HLA class I-re-
stricted peptides presented at the surface of tumor cells
involves the screening of a protein sequence for the pres-
ence of peptides bearing consensus anchor residues, i.e.
preferred residues located at the anchoring points of the
peptide in the groove of theHLAmolecule. The affinity of
these peptides is then evaluated and the good HLA
binders are used to stimulate blood lymphocytes from
donors, with the aim of identifying CTL that lyse target
cells pulsedwith the peptide. One of the drawbacks is that,
sometimes, these peptide-specific CTL prove to be inca-
pable of lysing tumor cells that express the encoding gene
because the peptide is processed inefficiently. To reduce
this risk, the group of H.–G. Rammensee has introduced
an improved approach [29]. Potential antigenic peptides
are predicted from the sequences of known proteins and
the corresponding synthetic peptides are tested for bind-
ing. In parallel, natural peptides are extracted from tumor
tissue or tumor cell lines. Candidate antigenic peptides are
selected if they co-elute with a natural peptide in high
performance liquid chromatography and if the co-eluted
natural peptide proves to have the correct sequence as
seen in on-line tandem mass spectrometry. Using this
approach, they demonstrated that peptide KVLEY-
VIKV, corresponding to amino acids 278-286 of the
MAGE–A1 protein, which will be referred to hereafter as
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MAGE-1, was presented on the surface of a human breast
carcinoma cell line by HLA-A 0201 molecules [26]. The
peptide was injected into HLA-A*0201 transgenic mice
and a peptide-specific CTL line was isolated. The murine
CTL produced IFN-c upon contact with MAGE-1
transfected cells and lysed HLA-A2 tumor cells pulsed
with the peptide. But only a low level of lysis was observed
on anHLA-A2 tumor cell line expressingMAGE-1. They
failed to obtain human CTL able to lyse relevant tumor
targets without addition of peptide and suggested that the
human CTL directed against this peptide had a too low
affinity or expressed inhibitory receptors [26].

We believed that, before using the MAGE-1.A2 pep-
tide in clinical trials, it remained to be proven that CTL
specific for theMAGE-1.A2 peptide exist in the human T
cell repertoire, and that these CTL have sufficient avidity
to lyse relevant tumor cells. Firstly, it cannot be excluded a
priori that the MAGE-1.A2 antigen mimics an ubiqui-
tously expressed antigen, for which high affinity CTL
precursors have been purged from the T cell repertoire, or
that a certain degree of tolerance for some MAGE pro-
teins exists because the encoding gene is expressed in the
thymus [11]. Experiments inmice demonstrated that P1A-
transgenic animals were not protected after immunization
with P1A-expressing tumors whereas the wild type ani-
mals were protected [2]. In p53 transgenic animals also, a
considerable degree of tolerance for p53 exists at the CTL
level andonly lowavidityCTLcanbe found against p53 in
the periphery. Several efforts to raise the CTL response,
using CTLA-4 blockade or CD40 activation, did result in
higher cell numbers, but not in higher avidity [14]. Sec-
ondly, a hole in the T cell repertoire could result from the
absence of a positive selection in the thymus. The absence
of an appropriate self peptide, which is different from the
peptide recognized by themature T cells, could impede the
positive selection. It was shown that the inability of bm8
mice to make an H-2K-restricted response to ovalbumin
was due to a lack of positive selection of ovalbumin-spe-
cific CTL precursors. Stefanski et al. screened a peptide
library with ovalbumin-specific CTL and identified can-
didate peptides recognized by the CTL. The culture of
thymic lobes in the presence of one of these candidate
peptides restored positive selection of functional anti-
ovalbumin CTL [32].

We set out to isolate MAGE-1-specific HLA-A2-re-
stricted CTL in blood cells of an individual without
cancer using fluorescent multimers of HLA-A 0201
molecules folded with MAGE-1 peptide KVLEYVIKV.
We describe here three human CTL clones that show a
high degree of lysis on HLA-A2 tumor cells that express
MAGE-1.

Material and methods

Cell lines, media, and reagents

The Epstein Barr Virus-transformed B (EBV-B) cell
lines and the tumor cell lines were cultured in IMDM

(Life Technologies, Gaithersburg, MD, USA) supple-
mented with 10% fetal calf serum (Life Technologies).
COS-7 cells were maintained in DMEM (Life Technol-
ogies) supplemented with 5% fetal calf serum. All the
media were supplemented with 0.24 mM L-asparagine,
0.55 mM L-arginine, 1.5 mM L-glutamine (AAG), 100
U/ml penicillin and 100 lg/ml streptomycin. Human
recombinant IL-2 was purchased from Chiron (Emery-
ville, CA, USA), IL–6 and IL–7 from Peprotech (Rocky
Hill, NJ, USA), and GM-CSF (Leucomax) from
Schering-Plough (Brinny, Ireland). Human recombinant
IL-12 was received from Wyeth Research (Gosport,
United Kingdom). LB1118-EBV.retro-MAGE-1 was
obtained by transduction of parental LB1118–EBV-B
cells with retroviral vector M1-CSM that encodes the
full length MAGE-A1 protein and the truncated form of
the human low affinity nerve growth factor receptor
(DLNGFr). It was produced as previously reported [24].
EBV-B cells were transduced by co-culture with irradi-
ated packaging cell lines producing the M1-CSM vector
in the presence of polybrene (8 lg/ml). After 72 h,
lymphocytes were harvested and seeded in fresh med-
ium. The percentage of infected cells was evaluated 48 h
later by flow cytometry for LNGFr expression with the
mAb 20.4 (ATCC, Rockville, MD, USA). The LNGFr
positive cells were purified by magnetic cell sorting using
rat anti-mouse IgG1-coated beads (Dynabeads M-450,
DYNAL A.S. N012, Oslo, Norway).

Dendritic cells

Peripheral blood was obtained from hemochromatosis
patient LB2369 as standard buffy coat preparations,
which were laid down on a 15-ml Lymphoprep layer
(Axis-Shield PoCAS, Oslo, Norway) in 50-ml tubes. The
tubes were centrifuged at 2,200 rpm for 20 min at room
temperature. The interphase containing the PBMC was
harvested and washed three times in cold phosphate
buffer solution with 2 mM EDTA in order to eliminate
the remaining platelets. To generate autologous dendritic
cells, PBMC were left to adhere for 1 h at 37�C in culture
flasks (FALCON, BD Biosciences, Erembodegem, Bel-
gium) at a density of 2 · 106 cells per cm2 in RPMI 1640
supplemented with Hepes (2.38 g/liter), AAG, antibiot-
ics, and 1% autologous plasma (hereafter referred to as
complete RPMI medium). Non-adherent cells were dis-
carded and adherent cells were cultured in the presence of
IL-4 (200 U/ml) and GM-CSF (70 ng/ml) in complete
RPMI medium. Cultures were fed on days 2 and 4 by
removing 1/3 of the volume and adding fresh medium
with cytokines. They were frozen on day 5.

Multimer production and labeling with multimers

Recombinant HLA-A*0201 molecules were folded in
vitro with b2-microglobulin and peptide KVLEYVIKV
from MAGE-1, or peptide VSDGGPNLY from the
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EBV lytic cycle antigen BMLF1. They were purified by
gel filtration, biotinylated, and mixed as described [1]
with Extravidin-PE (Sigma, St Louis, MT, USA) for the
HLA-A2/MAGE-1 multimer, or streptavidin-APC
(Molecular Probes, Eugene, OR, USA) for the EBV
control multimer. For staining and sorting, cells were
washed, resuspended at 25 · 106 cells per ml in Hank’s
solution modified for flow cytometry [17] with 1% HS
and incubated for 15 min at room temperature with
HLA-A2 multimers loaded with MAGE-1 peptide
(20 nM) or influenza peptide (5 nM). Anti-CD8 anti-
body coupled to FITC (IQ products, Groningen, The
Netherlands) was added and after a further incubation
for 15 min, cells were washed. To select the CD4� cells,
we have used an anti-CD4 antibody coupled to FITC
(SK3, BD Biosciences).

Magnetic sorting and flow cytometry analysis

Multimer-labeled cells (25 · 106 cells/80 ll) were incu-
bated at 4�C with anti-PE microbeads (20 ll) according
to the instructions of the manufacturer (Miltenyi Biotec,
Bergisch Gladbach, Germany), washed, and sorted
through a separation column inserted to a magnet in an
AUTOMACSTM at 0.5 ml/min (Miltenyi Biotec).
FACSCaliburTM (BD Biosciences) was used for analysis
of the T cell clones, using the CellquestTM software (BD
Biosciences).

Culture conditions of cells sorted by flow cytometry

Sorted cells were distributed at 7,900 cells per well in U-
bottomed microwells and cultured in 200 ll of IMDM
supplemented with AAG, 10% human serum, IL-2
(100 U/ml), and IL-7 (5 ng/ml). They were stimulated on
days 0 and 7 with irradiated (100 Gray) peptide pulsed

autologous dendritic cells. To prepare the stimulator
cells, monocyte-derived immature dendritic cells were
incubated for 6 h with 5 lg/ml of peptide KVLEYVIKV,
IL-4 (200 U/ml), GM-CSF (70 ng/ml), in the presence of
1 lg/ml of ribomunyl (INAVA, Pierre Fabre Medica-
ment Production, Boulogne, France) and 500 U/ml of
IFN-c (Peprotech) in order to induce their maturation,
and washed. Approximately 105 cells from each micro-
culture were stained with multimer and analyzed by flow
cytometry. Positive microcultures were either sorted for
CD8 positive cells or enriched for multimer-postive cells
and selected cells were restimulated every 7-12 days, in
the presence of IL-2 (50 U/ml), and IL-7 (5 ng/ml).

Transfection of COS cells and recognition assay based
on IFN-c production

COS-7 cells (1.5 · 104) were distributed in flat-bottomed
microwells and cotransfected using 1 ll of Lipofectamine
(Invitrogen, Merelbeke, Belgium) with pcDNAI/Amp
(50 ng) (Invitrogen) containing either a MAGE-1 cDNA
and pcDNA3 (50 ng) containing an HLA-A*0201
cDNA. Transfected cells were incubated for 24 h at 37�C
and 8% CO2. The transfectants were then tested for their
ability to stimulate the production of IFN-c by the CTL
clone. In total, 5,000 CTL were added in the microwells
containing either the COS-7 transfectants or tumor cells,
in a total volume of 150 ll of complete IMDM supple-
mented with 25 U/ml of IL-2. After 24 h, IFN-c released
in the supernatant was measured by ELISA using
reagents from Medgenix Diagnostics-Biosource (Fleu-
rus, Belgium).

Cytotoxicity assay

EBV-B cells and tumor cells were labeled with 200 lCi of
Na(51Cr)O for 1 h,washed and, if indicated, incubated for

Fig. 1 Overview of the procedure used to isolate anti-MAGE-1 CTL clones (A) and examples of positive microcultures (B). The control
multimer is an HLA-A2 multimer containing an EBV peptide. The cells represented in the figure (B) are CD4� cells
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15 minwith peptide.CTLwere then added and chromium
release was measured after incubation at 37�C for 4 h.

Lactacystin treatment

To elute the peptides presented at the surface of tumor
cells, cells were treated for 10 sec with 500 ll of PBS
glycine 300 mM/pH3/1% BSA at room temperature,
washed and further treated with 10 lM of lactacystin
(Calbiochem, Merck Biosciences, Nottingham, UK)
during 1 h at 37�C, and washed. Tumor cells (30,000)
were distributed in flat-bottomed microwells and incu-
bated for 1 h with 1 lM lactacystin, with or without
2 lg/ml of peptide KVLEYVIKV, and washed. CTL
(5,000) were added to the tumor cells and after 8 h of co-
culture, the TNF released in the supernatant was mea-
sured by testing its cytotoxic effect on WEHI-164 clone
13 cells in a colorimetric assay [10, 13, 36].

Results

Isolation of CTL clones with HLA-A2 multimers folded
with a MAGE-1 peptide

We have developed an approach aimed at obtaining
CTL clones from very low frequency precursors: T cells
are incubated with HLA/peptide multimers conjugated
to phycoerythrin (PE), and with anti-PE antibodies
coupled to magnetic beads. The multimer-positive cells
are first enriched by magnetic sorting. In our first ap-
proach [15, 18], the selected fraction was passed directly
through a flow cytometer to further enrich the multimer-
positive cells among the CD8 cells. The selected cells
were then amplified in clonal conditions. With this ap-
proach and an HLA-A1/MAGE-3 multimer, only a
fraction of the growing T cell clones proved to be tet-
ramer-positive and a significant fraction of the tetramer-

Fig. 2 Effector functions of the anti-MAGE-1 CTL clones. (A)
Labeling of T cell clones with A2/MAGE-1 multimers. The VbJb
usage and the amino-acid sequence of the CDR3 region is indicated
for each clone. Cells were labeled for 15 min at room temperature
with the A2/MAGE-1 multimer (20 nM) conjugated to PE and the
control multimer (5 nM) conjugated to APC. Anti-CD8 antibodies
were then added for 15 min. (B) Recognition of cells transiently
transfected with MAGE-1. COS-7 cells were transiently transfected
using lipofectamine with a MAGE-1 and an HLA-A*0201 coding
sequence. One day after transfection, 5,000 CTL were added to the
transfected cells. IFN-c production was measured by ELISA after
overnight co-culture. (C) Lysis of HLA-A2 targets loaded with

MAGE-1 peptide or transduced with a retrovirus containing the
coding sequence of MAGE-1. Target cells were 51 Cr-labeled and, as
indicated, pulsed or not for 15 min with 1 lg/ml of peptide
KVLEYVIKV. (D) Lysis of HLA-A2 tumor cell lines expressing
MAGE-1. Cell line K562 is a target for natural killer cells. Target
cells were 51Cr-labeled and incubated for 4 h with CTL at the
indicated effector-to-target ratios. Chromium release was measured
after 4 h. As indicated, cells were incubated or not with 1 lM of
peptide before being put into contact with CTL. (E) Titration of
the MAGE-1 peptide. Cells were 51Cr-labeled and incubated for
15 min with threefold dilutions of the synthetic peptide. CTL were
subsequently added at an effector-to-target ratio of 10:1. Chro-
mium release was measured after 4 h. The concentrations indicated
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positive clones showed neither lytic activity nor specific
cytokine production upon contact with cells pulsed with
the peptide or expressing the relevant gene [18]. Pre-
sumably, the multimeric nature of the HLA-peptide
complexes permitted stable binding on a number of T
lymphocytes that have a too low affinity for effective
function or proliferation. We have therefore modified
our procedure and added a stimulation step in order to
amplify only the tetramer-positive cells that proliferate
upon stimulation with the peptide. In total, 170 million
T cells were labeled with A2/MAGE-1 multimers and
the 7.6 · 105 cells selected by magnetic sorting were
distributed in microwells at 7,900 cells/well (Fig.1A).
Peptide-pulsed autologous mature dendritic cells were
used as stimulator cells on days 0 and 7. The microcul-
tures were screened on day 19 for the presence of cells
specifically labeled with multimers.

Eleven of the 96 microcultures were considered as
strongly positive because they contained from 4 to 61%
of multimer-positive cells in the CD8 fraction. Data

obtained with three representative microcultures are
shown in Figure 1B. From each of the three microcul-
tures, multimer-positive cells were sorted by flow
cytometry or magnetic sorting and stimulated with the
antigen. The clonality of each CTL line was verified after
a few weeks by sequencing the b chain of the T cell
receptor (TCR). The three multimer-positive clones,
LB2369-CTL 736/14, 736/27 and 736/89, expressed each
a different TCR (Fig.2A). These clones will be referred
to hereafter as clones 14, 27 and 89.

Effector functions of the anti-MAGE-1 CTL clones

COS-7 cells transfected with both a MAGE-1 and an
HLA-A*0201 cDNA construct stimulated the three
clones to produce IFN-c, indicating that the MAGE-1
antigen could be processed in these cells (Fig.2B). The
three clones were able to lyse HLA-A2 EBV-B cells
loaded with MAGE-1 peptide KVLEYVIKV or trans-
duced with a retrovirus containing the coding sequence
of MAGE–1 (Fig.2C). Titration of the peptide revealed
that half maximal lysis of A2 target cells was obtained at
a peptide concentration of 10-100 nM, depending on the
CTL clone (Fig.2E). There was no strict correlation
between the intensity of the multimer staining and the
avidity of the CTL clone, as estimated by the amount of
peptide necessary to induce half-maximal lysis. Two
HLA-A2 melanoma cell lines expressing MAGE-1 were
lysed by each of the three CTL clones, indicating that
the three CTL have enough avidity to lyse tumor targets
expressing a physiological level of HLA-A2 molecules
and MAGE-1 protein (Fig.2D).

Processing of the antigenic peptide by the two types
of proteasome

Peptides presented by MHC class I molecules usually
derive from intracellular proteins that are degraded by
the proteasome, a proteolytic complex [28]. Most non-
lymphoid cells, be they normal or tumoral, constitu-
tively express standard proteasomes, and switch to im-
munoproteasomes when exposed to IFN-c. The
immunoproteasome, compared to the standard protea-
some, contains three different catalytic subunits, and
therefore has different cleavage specificities [9, 16, 34].
Therefore, a number of antigenic peptides are not pro-
cessed with the same efficiency by the immunoprotea-
some and by the standard proteasome [37]. The
recognition by CTL 89 of an A2 melanoma line
expressing MAGE-1 was abolished after treatment with
lactacystin, indicating that the processing of the antigen
is dependent on the proteasome (Fig.3). Lysis by CTL 89
of LB373-MEL tumor cells remained unchanged when
targets were incubated for 2 or 7 days with IFN–c,
suggesting that the processing of the MAGE-1 antigen
can be done efficiently by both the standard and the
immunoproteasome (Fig.4).

Fig. 3 Loss of recognition by CTL clone 89 of a tumor cell line
treated by lactacystin. HLA-A2 tumor cell line CP50-MEL
expresses MAGE-1. Cells were first treated at pH3 for 10 sec to
remove peptides bound to HLA molecules on the surface. Cells
were then incubated for 1 h with 10 lM of lactacystin, followed by
overnight incubation with 1 lM of lactacystin. In total, 30,000
tumor cells were co-cultured for 8 h with 5,000 CTL of the clone
89. To establish the viability of the cells, they were also pulsed with
2 lg/ml of peptide and tested for recognition by the CTL

Fig. 4 Lysis by CTL clone 89 of a tumor cell line treated with IFN-
c. The tumor cell line LB1017-SCCHN is a squamous cell
carcinoma of the head and neck. The cell line was treated with
50 U/ml of IFN-c for either 2 or 7 days. Targets were 51Cr-labeled
and chromium release was measured after 4 h
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Discussion

We demonstrate here that several CTL against the
MAGE-1.A2 complex exist in the human T cell reper-
toire and that these CTL have enough avidity to kill
efficiently human A2-positive tumor cells expressing
MAGE-1. If we consider that 1/3 of the 170 million T
cells that were labeled with the multimers are CD8 T
cells (57 million) and that the eleven positive microcul-
tures all contained anti-MAGE-1.A2 CTL that lyse
relevant tumor targets, the frequency of naive precursors
can be estimated at 2 · 10�7 of the CD8 T cells (1 pre-
cursor for 5 million CD8 T cells). This frequency is close
to the frequency of 4 · 10�7 estimation for the anti-
MAGE-3.A1 CTL [18].

MAGE-1 is expressed in 53% of esophageal carci-
nomas, 49% of non-small lung carcinomas, 46% of
metastatic melanomas, 32% of infiltrating bladder car-
cinomas, and 31% of head and neck tumors [40]. Several
MAGE-1 peptides that are recognized by CD8 or CD4
T cells have already been identified [3–5, 7, 20, 21, 33, 35,
39]. They are presented by HLA class I molecules
A1, A3, A68, B7, B35, B37, B53, B57, Cw2, Cw3 and
Cw16, and class II molecules DR13 and DR15. The
MAGE-1 antigenic peptide described here is an inter-
esting target for cancer immunotherapy because it is
presented by HLA-A2 molecules, which are widely
expressed in the different major ethnic groups: Oriental
(47%), Caucasoid (44%), Amerindian (44%), Black
(34%) [23].

In trials of cancer vaccination with defined antigens,
we have to consider three stages where antigen needs to
be expressed. At the vaccine site or in the draining lymph
node the antigenic peptide should be expressed by ma-
ture dendritic cells in order to stimulate efficiently the
CTL precursors. Once activated, those CTL should
migrate to the tumor site and attack malignant cells,
which should also present the peptide. The tumor cells
are normally equipped with standard proteasomes, as it
is suggested by tumor cell lines analyzed in vitro for their
ability to present antigenic peptides that are destroyed
by either the immunoproteasome or the standard pro-
teasome [25, 30]. Finally, once a response has been ini-
tiated at the tumor site, IFN-c may be released and
induce expression of immunoproteasomes in the tumor
cells. Antigenic peptides that are produced by the two
proteasome types, such as the MAGE-1.A2 peptide de-
scribed here, will be presented at all three stages and may
therefore be preferred as candidate antigens for vacci-
nation.
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