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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 other normal tissues.
They encode tumor specific antigens that are used in
cancer immunotherapy trials. MAGE-4 antigens repre-
sent promising targets for cancer immunotherapy be-
cause gene MAGE-4 is expressed in more than 50% of
carcinomas of the esophagus, lung, bladder, and head
and neck. To identify new MAGE-4 antigenic peptides,
we have folded HLA–A*2402 soluble molecules with
candidate peptide NYKRCFPVI, which corresponds to
amino acids 143 to151 of the MAGE-4 protein. A24/
MAGE-4 multimers were used to isolate a cytolytic T
cell clone that recognized the MAGE-4 peptide from the
blood cells of a donor without cancer. This clone lysed
specifically A24 carcinoma cells expressing MAGE-4.
The antigenic peptide is processed more efficiently in
tumor cells pre-treated with IFN-c. This MAGE-4
peptide could represent an interesting target for immu-
notherapy because it is presented by HLA–A24 mole-
cules, which are widely expressed in different ethnic
groups.
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Introduction

There is now ample evidence for recognition of cancer
cells by the autologous human host and numerous
antigenic peptides recognized on human tumors by
cytolytic T lymphocytes (CTL) have been identified in

the last 15 years [4, 27]. For the purpose of cancer
immunotherapy, an interesting category of antigenic
peptides are those encoded by cancer germline genes,
comprising members of the MAGE, BAGE, GAGE,
LAGE, and SSX gene families [3, 6, 7, 10, 16, 20, 25, 26,
28]. These genes are expressed in various tumors but not
in normal tissues except male germline cells, and pla-
centa for some of them. Because germline cells are de-
void of MHC molecules, they do not display antigenic
peptides at their surface and, therefore, antigenic pep-
tides encoded by cancer-germline genes are strictly tu-
mor specific [11]. A number of clinical trials of
therapeutic vaccination have been initiated, based on the
use of defined antigens encoded by cancer-germline
genes. In the clinical trials performed with short pep-
tides, a minority of patients showed regression of met-
astatic tumors after vaccination [2, 12, 18, 22, 23]. In
order to improve the efficacy of vaccination, formula-
tions with combinations of selected peptides could be
tested.

The design of vaccines comprising several antigens
will be facilitated by the identification of additional
antigenic peptides presented by HLA molecules ex-
pressed by a large number of patients. We describe here
the identification of such a new antigenic peptide, en-
coded by gene MAGE-4 and presented by HLA–A24
molecules.

Material and methods

Cell lines, media, and reagents

Epstein Barr Virus-transformed B (EBV-B) cell lines and
tumor cell lines were cultured in IMDM (Life Technol-
ogies, Gaithersburg, MD, USA) supplemented with
10% fetal calf serum (Life Technologies). COS-7 cells
were maintained in DMEM (Life Technologies) sup-
plemented with 5% fetal calf serum. All media were
supplemented with 0.24 mM L-asparagine, 0.55 mM
L-arginine, 1.5 mM L-glutamine (AAG), 100 U/ml
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penicillin and 100 lg/ml streptomycin. Human re-
combinant IL-2 was purchased from Eurocetus
(Amsterdam, The Netherlands), IL-6, IL-7, IL-12, and
IFN-c from Peprotech (Rocky Hill, NJ, USA), GM-
CSF (Leucomax) from Schering-Plough (Brinny, Ire-
land), geneticin from Life Technologies, and gentamicin
from ICN (Esxchwege, Germany). IL-4 was produced in
our laboratory.

Dendritic cells

Hemochromatosis patients require regular blood re-
moval to reduce excess iron. Several blood samples can
therefore easily be obtained from the same individual.
Donor LB2348 was typed HLA-A*0201, -A*2402, -B51,
-B55, -Cw3, -Cw15, -DRB1 14, and -DRB1 15, and
peripheral blood was obtained as standard buffy coat
preparation, which was laid down on a 15-ml Lym-
phoprep layer (Axis-Shield PoCAS, Oslo, Norway) in
50-ml LEUCOSEP tubes (Greiner, Frickenhausen,
Germany). 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 to elimi-
nate the remaining platelets. To generate dendritic cells,
PBMC were left to adhere for 1 h at 37�C in culture
flasks (FALCON, Becton Dickinson) at a density of
2·106 cells per cm2 in RPMI 1640 supplemented with
Hepes (2.38 g/l), AAG, antibiotics, and 1% autologous
plasma that was heat inactivated at 56�C for 30 min
(hereafter referred to as complete RPMI medium).
Nonadherent cells were frozen 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 one-third of the
volume and adding fresh medium with cytokines. Cells
were frozen on day 5 and thawed 1 day before being
loaded with peptide and used as stimulator cells.

Multimer production and labeling with multimers

Recombinant HLA-A*2402 molecules were folded
in vitro with b1142 -microglobulin and peptide
NYKRCFPVI fromMAGE-4, or peptide LYVDSLFFL
from PRAME [13]. They were purified by gel filtration,
biotinylated, andmixed as described [1]with Streptavidin-
PE (Sigma, St Louis, MI, USA) for the HLA–A24/
MAGE-4 multimer, or streptavidin-APC (BD-Pharmin-
gen, San Diego, CA, USA) for the A24/PRAME control
multimer [13]. Concentrations of the fluorescent HLA–
peptide complexes refer to the concentrations of the
HLA–peptide monomers in the sample. For staining, the
frozen non-adherent fraction of PBMC of donor LB2348
was thawed. After overnight incubation, T cells were
isolated by rosettingwith sheep red blood cells. TheT cells
werewashed, resuspended at 20·106 cells perml inHank’s
solution modified for flow cytometry with 1% human

serum [15], and incubated for 15 min at room temperature
with HLA–A24 multimers loaded with MAGE-4 peptide
(20 nM). To stain the cells of the microcultures on day 26
and the CTL clone 13, cells were stained for 15 min at
room temperature with A24/MAGE-4 andA24/PRAME
multimers and, subsequently, anti-CD8 antibodies cou-
pled to FITC (SK1 at 1/50, BD-Pharmingen) were added
for a further incubation of 15 min.

MACS sorting and culture conditions of the sorted cells

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
AUTOMACS at 0.5 ml/min (Miltenyi Biotec). The
fraction of cells obtained after magnetic sorting was
distributed at 4,700 cells per well in 51 U-bottomed
microwells, and cultured in 200 ll of IMDM supple-
mented with gentamicin (15 lg/ml), AAG, 10% human
serum, IL-2 (10 U/ml), IL-6 (1,000 U/ml), and IL-12
(10 ng/ml). T cells were stimulated with irradiated (100
Gray) autologous peptide-pulsed dendritic cells
(2,000 cells/well). On day 12, 13,000 stimulator cells
were added to each microwell together with IL-2 (10 U/
ml) and IL-7 (5 ng/ml). To prepare the stimulator cells,
monocyte-derived immature dendritic cells were incu-
bated for 6 h with 5 lg/ml of peptide NYKRCFPVI,
IL-4 (200 U/ml), GM-CSF (70 ng/ml), in the presence
of 1 lg/ml of ribomunyl (INAVA, Pierre Fabre Medi-
cament Production, Boulogne, France), and washed. On
day 26, approximately 105 cells from each microculture
were stained in 50 ll with both multimers and anti-
CD8.FITC, and analyzed by flow cytometry.

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

COS-7 cells (1.5·104) were distributed in flat-bottom
microwells. They were cotransfected 1 day later with
pcDNAI/Amp (50 ng) (Invitrogen) containing either a
MAGE-4a cDNA or a MAGE-1 cDNA, and pcDNA3
(50 ng) containing an HLA-A*2402 cDNA. The cells
were always transfected with a total of 100 ng of DNA
and 1 ll of Lipofectamine (Invitrogen, Merelbeke, Bel-
gium). If needed, 50 ng of pcDNA3.1/His-B/LacZ (In-
vitrogen) was added to the DNA coding for a MAGE or
an HLA protein. Transfected cells were incubated for
24 h at 37�C and 8% CO2. In total, 3,000 CTL were
added in the microwells containing the transfected 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 re-
agents from Medgenix Diagnostics-Biosource (Fleurus,
Belgium).
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Cytotoxicity assay

Epstein Barr Virus-B cells and tumor cells were labeled
with 100 lCi of Na(51Cr)O for 1 h, washed and pulsed,
if indicated, for 5 min with peptide NYKRCFPVI. CTL
were then added and chromium release was measured
after incubation at 37�C for 4 h.

Results and discussion

HLA–A24 multimers folded with MAGE-4 peptide
NYKRCFPVI

MAGE-1 peptide NYKHCFPEI was reported to be
presented to CTL by HLA–A24 molecules [9]. We
observed that peptide NYKRCFPVI, encoded by the
homologous region of MAGE-4, contains potential an-
chor residues for HLA–A24, namely Y in position 2 and I
at the carboxy terminus [19]. NYKRCFPVI corresponds
to amino acids 143–151 of both the MAGE-4a and the
MAGE-4b protein, which differ by a single amino acid at
position 173. HLA–A2402 molecules and b2-microglob-
ulin, produced in E. coli, were successfully refolded with
the MAGE-4 peptide, demonstrating that the peptide
binds efficiently to HLA–A2402 (data not shown).
The HLA–peptide complexes were biotinylated and

multimerized with avidin conjugated to phycoerythrin
(PE). These multimers will be referred to as A24/MAGE-
4 multimers.

Isolation of a CD8 T cell clone directed against the
MAGE-4 peptide

In total, 180 million T cells obtained from an HLA–
A*2402 blood donor without cancer were incubated
with A24/MAGE-4 multimers conjugated to PE. The
cells were then incubated with an anti-PE antibody
coupled to magnetic beads. The 2.4·105 cells selected by
magnetic sorting were distributed at 4,700 cells per well
and were stimulated on days 0 and 12 with peptide-
pulsed autologous dendritic cells. On day 26, three out
of the 51 microcultures contained A24/MAGE-4 multi-
mer-positive cells, which represented between 0.06 and
80% of the CD8 fraction (Fig. 1). CD8+ cells were
isolated by magnetic sorting from microculture 13 and
stimulated with the antigen. The resulting CTL line
stained with A24/MAGE-4 multimers (Fig. 1) and the
clonality of the CTL line, hereafter referred to as clone
13, was verified by RT-PCR amplification of the b chain
of the T cell receptor (TCR) and sequencing of the PCR
products. Only one Vb chain was identified, encoding

Fig. 1 Labeling with A24/MAGE-4 multimers of T cell lines and a
T cell clone obtained from microculture 13. Cells were labeled for
15 min at room temperature with the A24/MAGE-4 multimer
conjugated to PE. The control multimer is an HLA–A24 multimer
conjugated to APC and containing a PRAME peptide [13]

Fig. 2 Lysis of an HLA–A24 target loaded with MAGE-4 peptide
NYKRCFPVI. a HLA–A24 EBV-B cells from donor LB2348 were
51Cr-labeled for 1 h, incubated for 5 min with 1 lg/ml of one of the
indicated peptides and incubated with CTL at indicated effector-to-
target ratios. The MAGE-4 and the MAGE-1 peptide are very
similar. The amino acid differences are underlined. Chromium
release was measured after 4 h. bHLA–A24 EBV-B cells were 51Cr-
labeled for 1 h, incubated for 15 min with threefold dilutions of
each of the synthetic peptides. CTL was subsequently added at an
effector-to-target ratio of 10. Chromium release was measured 4 h
later. The concentration of peptide indicated in the figure
corresponds to the concentrations during the 4 h of incubation
after addition of the CTL
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the following CDR3 region: Vb20-1*06 (or 07) S
SRGVGSP TGELFFG Jb2-2*01.

CTL 13 was able to lyse HLA–A24 cells loaded with
MAGE-4 peptide NYKRCFPVI (Fig. 2a). Titration of
the peptide revealed that half maximal lysis of target
cells was obtained at a peptide concentration of 3 nM
(Fig. 2b). This is in the range of concentration observed

for the previously identified MAGE antigenic peptides,
for which values ranging from 0.05 to 200 nM were
observed [5, 14, 17, 21, 24, 29]. Longer and shorter
MAGE-4 peptides were much less efficient in sensitizing
target cells to lysis by CTL 13 (data not shown). The
MAGE-1 peptide, NYKHCFPEI, which was shown to
bind to HLA–A24 molecules [9], and the PRAME
peptide, which was used to fold the control multimer,
were not recognized by CTL 13 (Fig. 2).

Recognition of HLA–A24 cells expressing MAGE-4

COS-7 cells transfected with both a MAGE-4a and an
HLA-A*2402 cDNA construct stimulated clone 13 to
produce IFN-c, indicating that the MAGE-4 antigen can
be processed in these cells (Fig. 3).MAGE-4 belongs to a
family of genes and some other MAGE genes code for
peptides that differ slightly from the MAGE-4 peptide
NYKRCFPVI. We have therefore tested if other MAGE
family members can generate a peptide recognized by
CTL 13 on HLA–A24 molecules. However, cells trans-
fected with an HLA-A*2402 cDNA and either MAGE-1
(Fig. 3) or MAGE-2, -3, -6, -8, -9, -10, -11, -12, -C1, -C2,
-D1, or MAGE–D2 cDNA were not recognized by the
CTL (data not shown).

Fig. 3 Recognition of cells transfected with MAGE-4.COS-7 cells
were transiently transfected with a MAGE-4a or a MAGE-1
coding sequence inserted in expression vector pcDNAI/Amp and
an HLA–A24 coding sequence inserted in expression vector
pcDNA3. Transfections were performed with 15,000 COS-7 cells,
50 ng of each cDNA and 1 ll of Lipofectamine. One day after
transfection, 3,000 CTL 13 were added to the transfected cells.
IFN-c production was measured by ELISA after overnight co-
culture

Fig. 4 Lysis of HLA–A24
tumor cells expressing MAGE-
4. a LB831-RCC is an A*2403
renal cell carcinoma cell line
and LB017-HNSCC an A*2402
squamous cell carcinoma of the
head and neck. K562 is a target
for natural killer cells. The
tumor cell lines were treated for
6 days with 50 U/ml IFN-c.
Targets were 51Cr-labeled and,
if indicated, pulsed for 5 min
with 1 lg/ml of MAGE-4
peptide NYKRCFPVI. CTL
clone 13 was added at the
indicated effector-to-target
ratios and chromium release
was measured after 4 h. b
Unlabeled LG2-EBV
competitor cells were added to
1,000 51Cr-labeled targets
before adding CTL 13 at an
effector-to-target ratio of 10. If
indicated, LG2-EBV were
pulsed for 30 min at room
temperature with 5 lg/ml of
peptide NYKRCFPVI, and
washed
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Two HLA–A24 tumor cell lines expressing MAGE-4,
a renal cell carcinoma, and a head and neck squamous
cell carcinoma, were tested for recognition by CTL 13
(Fig. 4a). They were efficiently lysed only after a 6-day
IFN-c treatment. Lysis of the IFN-c-treated renal cell
carcinoma line was quenched in the presence of an ex-
cess of unlabeled A24 EBV-B cells pulsed with the
MAGE-4 peptide, further demonstrating that the anti-
gen recognized on the tumor cells was peptide NY-
KRCFPVI (Fig. 4b). Peptide-loaded targets were more
efficiently lysed after treatment with IFN-c, most prob-
ably because of the IFN-c-induced upregulation of HLA
expression. The increased sensitivity to lysis after IFN-c
treatment of the tumor cells that were not pulsed with
the peptide is partly due to a higher expression of HLA
molecules. However, our results are also compatible
with a better processing of the MAGE-4 antigen by the
immunoproteasome compared to the standard protea-
some. A definitive conclusion will require further
experiments, such as the transfection of MAGE-4 in cells
expressing exclusively the standard proteasome or the
immunoprotaseome, and digestions of a precursor pep-
tide by each type of the proteasome, followed by rec-
ognition assays of the digests with CTL 13. We believe
that vaccination strategies against cancer should take
into account the differential processing of tumor anti-
gens by the two proteasome types. Optimal vaccine
formulations could consist of a mixture of peptides
efficiently produced by one or the other proteasome
type.

A large number of tumors express MAGE-4, in par-
ticular squamous-cell carcinomas of the esophagus
(74%), lung (59%), head and neck (53%), and infil-
trating bladder carcinoma (45%) [30]. We had previ-
ously identified three MAGE-4 antigenic peptides
recognized by CTL on HLA-A1, -A2, and -B37 mole-
cules [8, 14, 31]. The antigenic peptide described here
represents a new interesting target for cancer immuno-
therapy, considering that 42% of Orientals and 20% of
Caucasoids express HLA–A24 molecules [19].
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