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Abstract Because of the high frequency of HLA-
DP4 in the Caucasian population, we have selectively
delineated HLA-DP4 restricted T cell epitopes in the
MAGE-A tumor antigens. We identified 12 good
binders to HLA-DP4 and investigated the capacity of
the seven best binders to induce in vitro specific CD4+
T cell lines from HLA-DP4 healthy donors. We found
that the MAGE-A1 90-104 peptide exhibited a high
and constant frequency of CD4+ T cell precursors in
all the six tested donors. The MAGE-A1 268-282
peptide was found immunogenic in only two donors
but with a high precursor frequency. The MAGE-A12
127-141 peptide was T cell stimulating in six different
donors and induced fewer T cell lines. The peptide-
specific T cell lines were stimulated by DC loaded
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with the lysates of cells transfected with MAGE-
Al or MAGE-A12, or loaded with the recombinant
protein. We also show that the immunoreactivity of
CD4+ T cell epitopes restricted to the same HLA II
molecule may vary from one individual to another, as
a result of inter-individual variations in the CD4+ T
cell repertoire.
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Introduction

Immune response induced by vaccination against
tumor cells remains weak and often insufficient to
cure the disease [21]. Tumor regressions have been
observed in clinical studies but in most cases it has not
been clearly demonstrated that these were due to the
immune responses induced by the vaccine [19, 21].
CTL response to tumor antigens has been widely inves-
tigated using various reliable tools and methods to enu-
merate and characterize tumor-specific CD8+ T cells
[6, 31, 32]. Multiple CD4+ T cell epitopes from various
relevant antigens have been identified [5, 8, 11, 16, 18,
23, 34-36, 38, 39]. Most of these epitopes are restricted
to the HLA-DR molecules [5, 8, 11, 16, 18, 34-36, 39],
which are highly polymorphic. In contrast to HLA-A
molecules, no preponderant HLA-DR molecule exists,
each molecule being present at relatively low fre-
quency in the population [4]. Some T cell epitopes
derived from tumor antigen sequences are able to bind
multiple HLA-DR molecules and therefore could facil-
itate clinical investigations [11, 16, 18, 36, 39]. Their
different affinities and binding registers for the HLA-DR
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molecules could, however, bias the understanding of
inter-individual T cell responses.

In contrast to HLA-DR, HLA-DP4 molecules are
advantageously present at a high frequency worldwide
[4]. HLA-DPA1*0103/DPB1*0401 (DP401) and HLA-
DPA1#0103/DPB1*0402 (DP402) differ by only three
amino acids and have a very similar binding motif [3].
In the Caucasian population, HLA-DP401 and HLA-
DP402 gene frequency is approximately 40 and 11%,
respectively. Together, they are found in approxi-
mately 76% of individuals. This high frequency allows
easy recruitment of a population of cancer patients and
healthy donors, who share a common HLA II mole-
cule. T cell epitopes restricted to HLA-DP4 molecules
facilitate the monitoring of the frequency and of the
predominance of antigen-specific CD4+ responses in
cancer patients in a comprehensive way [1, 22, 40].
They also allow the monitoring of vaccine-induced
CD4+ T cell responses raised against defined tumor
antigens. Nevertheless, HLA-DP4 restricted T cell
epitopes have been found in MAGE-A3 [23] and
NY-ESO-1 tumor antigens only [18, 38]. Melanoma
patients have been vaccinated with dendritic cells
loaded with the HLA-DP4-restricted peptide MAGE-
A3 [22]. Recently, functional HLA-DP4 multimers
were produced with the MAGE-A3 peptide and have
been used to evaluate the frequencies of peptide-
specific T cells induced by vaccination [40]. A limited
number of HLA-DP4 restricted CD4+ T cell epitopes
are therefore available to monitor CD4+ T cell
responses specific for tumor antigens.

In this paper, we have tackled the entire MAGE-A
family and report three newly discovered epitopes in
MAGE-A1 and MAGE-A12. Our motivation of ana-
lyzing MAGE-A proteins comes from its broad tumor-
specificity. The MAGE-A family belongs to the class
of tumor-specific antigens, which are silent in normal
tissue, testicular germ cells excepted [13, 31]. These
antigens are encoded by 12 closely related genes and
include the first identified tumor antigen (MAGE-A1)
[32]. Initially found in melanoma cells, MAGE-A1,
-A2,-A3,-A4,-A6 and -A10 are also expressed in vari-
ous tumors, while most of the other MAGE-A proteins
have also been detected in different malignant cells [13,
31]. As shown by the multiple CD4+ and CD8+ T cell
epitopes identified in MAGE-A proteins [5, 6, 8, 16, 20,
23, 32, 38, 39], they appear to be a favored target of
cellular response and are used in multiple vaccination
trials [1, 17, 19, 22, 41]. By combining peptide-binding
prediction that we have recently set up [10], peptide-
binding assays and CD4+ T cell priming experiments,
we successfully found new HLA-DP4-restricted T cell
epitopes in the MAGE-A antigens.
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Materials and methods
Peptides and antigens

Peptides were synthesized by using standard Fmoc
chemistry on a multiple peptide synthesizer APEX 396
(Advanced Chemtech, Louisville, KY) as described
previously [3]. The MAGE-A1 protein was produced
after the infection of insect cells by a recombinant
baculovirus. The protein has six histidine residues at
the C-terminal for the purification by ion metal affinity
chromatography. Bv-PLA2 was produced in E. coli
and purified as described previously [2].

HLA-DP4 specific peptide-binding assays

HLA-DP4 molecules were purified by affinity chroma-
tography using B7/21 Mab coupled to Protein A
Sepharose CL 4B gel (Pharmacia Biotech) as previ-
ously described [3]. Binding assays were performed by
competitive ELISA as described previously [3]. Data
were expressed as the peptide concentration that pre-
vented binding of 50% of the labeled peptide (ICs).
1Cs, values of the Oxy 271-287 peptide served as a ref-
erence in each experiment.

Blood samples and HLA-DP genotyping

Blood cells were collected at the Etablissement Frang-
ais du Sang (EFS, Rungis, France) as buffy-coat prepa-
rations from anonymous healthy donors after informed
consent and following EFS guidelines. Peripheral
blood mononuclear cells (PBMC) were isolated by
density centrifugation on Ficoll-Hyperpaque gradients
(Sigma Aldrich, St Quentin Fallavier, France). Geno-
typing was performed using the Olerup SSP DPB1
typing kit (Olerup SSP AB, Saltsjobaden, Sweden)
according to the manufacturer. HLA-DPB genotyping
results were the following: donor 78 (DPB1*0402,
DPB1#1301), donor 121 (DPB1*0402, DPB1%#401),
donor 122 (DPB1*0401), donor 126 (DPB1%*0401),
donor 129 (DPB1#0402, DPB1%¥402), donor 156
(DPB1%#0401), donor 158 (DPB1*0402), donor 164
(DPB1*0401, DPB1*¥1101), donor 172 (DPB1*0401,
DPB1%#301) and donor 177 (DPB1*0401, DPB1%#301).

Induction of CD4+ T cells with peptides

Immature and mature DC were generated from plastic-
adherent PBMC by a 5-day culture in AIM-V medium
supplemented with 1,000 units/ml of rh-GmCSF (R&D
System, Lille, France) and 1,000 units/ml of rh-IL-4
(R&D Systems). LPS (Sigma) (1 pg/ml) was used as
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maturation agent. CD4+ T lymphocytes were isolated
from non-adherent PBMC by positive selection using
an anti-CD4 monoclonal antibody coupled to mag-
netic microbeads (Miltenyi Biotech, Paris, France).
Mature DC were incubated at 37°C, 5% CO,, for
4h in IMDM medium (Invitrogen, Cergy Pontoise,
France) supplemented with 24 mM glutamine, 55 mM
asparagine, 150 mM arginine (all amino acids from
Sigma), 50 U/ml penicillin and 50 pg/ml streptomycin
(Invitrogen), and 10% human serum (hereafter
referred to as complete IMDM medium) with a solu-
tion of the MAGE-A peptide mixture (MAGE-A1
90-104, MAGE-A1 268-282, MAGE-A2 111-125,
MAGE-A2 219-233, MAGE-A9 68-82, MAGE-A9
153-167, MAGE-A12 127-141)(10 pug/ml of each pep-
tide). Pulsed mature DC cells (10* per round-bottom
microwell) were added to 10° autologous CD4+ lym-
phocytes in 200 pl complete IMDM with 1,000 U/ml of
IL-6 (R&D systems, Abingdon, UK) and 10 ng/ml of
1L-12 (R&D systems). The CD4+ T lymphocytes were
re-stimulated on days 7, 14 and 21 with autologous DC
freshly loaded with the MAGE-A peptide mixture,
and were grown in complete IMDM medium supple-
mented with 10 U/ml of IL-2 (R&D systems) and 5 ng/
ml of IL-7 (R&D systems). The stimulated CD4+ T
cells were analyzed for specificity in enzyme-linked
immunospot (ELISpot) assays at least 6 days after the
last stimulation.

Transfection of COS-7 cells and preparation
of cell lysates

cDNA for MAGE-A1 and MAGE-A12 was cloned
into the vector pcDNAI/Amp. COS-7 cells were plated
in 6-well plates (5 x 10° cells/well) 18 h before trans-
fection. The cells were transiently transfected with
4 ng/well of pcDNA1-MAGE1 or pcDNA1-MAGE12
plasmid using Lipofectamine2000 (Invitrogen). Forty-
eight hours later, transfection efficacy was assessed by
flow cytometry. Cells were harvested and lysed in AIM
V medium at a cellular concentration of 10 cells/ml by
five rapid freeze-thaw cycles. Cellular lysates were cen-
trifuged at 14,000 t/min for 10 min. Supernatants were
recovered and stocked at —20°C.

IFN-y ELISpot assays

Multiscreen HA plates (Millipore, St Quentin en Yve-
lines, France) were coated with 1 pg/ml of mAb anti-
human IFN-y (1-D1K, Mabtech, Stockholm, Sweden)
in PBS (Invitrogen) for 1 h at 37°C and saturated with
complete IMDM. APC were autologous immature DC
or HLA-DP402 transfected L cells (L-DP4 cells).

MAGETI1 protein (1 uM) and cell lysates (300 pl pro-
duced with 3 x 10° cells) were incubated for 4 h at
37°C with immature DC (10%ml) in the presence of
1 pg/ml of LPS. DC were subsequently washed before
use. Peptides (10 ng/ml) were directly added to the
Multiscreen plates. Immature DC (2 x 10%well) or
murine L cells transfected with the HLA-DP402 gene
(L-DP4)(3 x 10*well) were distributed in Multiscreen
plates together with 5 x 10° T cells. After overnight
incubation at 37°C, captured IFN-y was detected by
subsequent addition of biotinylated MADb anti-hIFNy
(7-B6-1; Mabtech) (0.25 pg/ml), Extravidin-phospha-
tase (Sigma) and NBT/BCIP (Sigma). Spot numbers
were automatically determined by the AID EliSpot
Reader System (AID, Strassberg, Germany). For sta-
tistical evaluation, a t-test was used. Values of P < 0.05
were considered significant.

Results

Twelve good binders to HLA-DP4 molecules
were identified in the MAGE-A antigens

We have recently described a new prediction method
of binding to HLA-DP4 based on quantitative binding
matrices [10]. The prediction matrices were built with
the binding data obtained with analogs of a good
binder to HLA-DP4, substituted by various amino
acids at positions accommodated by the pockets 1, 4, 6
and 9 of the peptide-binding site [3]. To predict the
peptide binders to HLA-DP4, we assigned to all 9-mer
of a sequence, a predicted ICs, by addition of the val-
ues in the P1, P4 P6 and P9 pockets for each corre-
sponding amino acid of the peptide. This method was
successfully used to identify HLA-DP4 restricted pep-
tides in the whole genome of HIV [10]. In the present
paper, we applied the binding prediction to nine pro-
teins of the MAGE-A tumor antigen family, which are
expressed in melanoma cells [25]. Seventeen peptides
exhibited a predicted ICs, below 500 nM for HLA-
DP401 molecules, but only 12 of them were success-
fully synthesized (Table 1). Their binding to HLA-
DP401 and HLA-DP402 molecules was assessed by
ELISA. On the basis of an activity threshold of
1,000 nM [26], they were all found to be good binders
for both HLA-DP4 molecules (Table 1). Two and
three active peptides derived from MAGE-A1 and
MAGE-A2, respectively, displayed very low ICy, val-
ues. Only one peptide was active in the MAGE-A3,
MAGE-A4 and MAGE-A12 proteins, the MAGE-A3
peptide corresponding to the HLA-DP4 restricted
peptide described previously [23]. Finally, two active
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Table 1 Binding capacity of MAGE-A peptides to HLA DP4 molecules

Peptide Sequence 1C5, (DP401) IC5, (DP402)

1 4 6 9 Pred. Obs. Pred. Obs.
MAGE-A1 90-104 T s ¢c 1 L E S L F R AV I T K 120 155 (£7) 120 100 (£0)
MAGE-A1268282 P R A L A E T S Y V K V L E Y 120 13 (£1) 182 16 (£1)
MAGE-A2111-12 R K M V E L V H F L L L K Y R 155 6 (1) 85  4(%1)
MAGE-A2143-157 € Q D F F P v 1 F S K A S E Y 56 335 (£7) 56 50 (+5)
MAGE-A2219-233 E K I W E E L S M L E V F E G 158 43 (£14) 40 37 (+4)
MAGE-A3247-261 T Q H F VvV Q E N Y L E Y R Q V 79 265 (£4) 1,348 400 (£15)
MAGE-A4248-262 T Q D W V Q E N Y L E Y R Q V 79 200 (£0) 1,348 320 (+6)
MAGE-A9 68-82 s 1T §S v Y YT L WS QF D E G 219 15 (+4) 602 30 (£11)
MAGE-A9153-167 A S E F M Q V I F G T D V K E 100 40(£11) 112 21(&7)
MAGE-A10244-258 E V I W E A L N M M G L Y D G 79 245 (£7) 20 64 (£1)
MAGE-A10303-317 H A E I R K M S L L K F L A K 363 730 (£14) 1,000 175 (+14)
MAGE-A12127-144 R E P F T K A E M L G S V I R 363 120(£11) 50 47 (4)

Peptides were investigated for their capacity to bind HLA-DP401 and HLA-DP402 by competitive ELISA. Predicted (Pred.) and ob-
served (Obs.) ICy, are expressed in nM. ICs, means and SD are calculated from two to three independent experiments. The reference
peptide used in these assays is Oxy 271-287 (EKKYFAATQFEPLAARL). Its IC5, was 8 and 6 nM for HLA-DP401 and HLA-DP402
molecules, respectively. The P1, P4, P6 and P9 positions are indicated in bold

peptides were found in the MAGE-A9 and MAGE-
A10 proteins. As a result, besides the MAGE-A3
peptide, we found 11 new peptide sequences, which
are able to bind to HLA-DP4 molecules. The seven
best peptides (MAGE-A1 90-104, MAGE-A1 268-282,
MAGE-A2 111-125, MAGE-A2 219-233, MAGE-A9
68-82, MAGE-AY9 153-167, MAGE-A12 127-141)
were retained for T cell priming experiments.

Six HLA-DP4 restricted MAGE-A peptides are able
to prime in vitro human CD4+ T lymphocytes

The CD4+ T cell priming ability of the peptides were
investigated based on previously published protocols
[8, 35]. Healthy T CD4+ cells were harvested from ten
different HLA-DP4+ normal donors and were stimu-
lated by mature DCs loaded with a mixture of the pep-
tides or with the individual peptides. Specificity of the
growing T cell lines was assessed by IFN-y Elispot
using L cells transfected by HLA-DP4 molecules
as APC. As shown in Table 2, 28 specific T cell lines
were derived from four different healthy donors. Their
activation by the peptides was HLA-DP4 restricted, as
the omission of the HLA-DP4 transfected L cells
completely abolished the T cell activation. Assays
performed with individual peptides showed that most
of the T cell lines were specific for only one peptide,
namely MAGE-A1 90-104. Only four T cell lines were
specific for other two peptides (MAGE-A2 111-125
and MAGE-A12 127-141). We also derived peptide
specific T cell lines from six other healthy donors.
Together, we obtained 35 HLA-DP4 restricted T cell
lines specific for MAGE-A1 90-104, 12 for MAGE-A1
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268-282, 9 for MAGE-A12 127-141, one for MAGE-
A2 111-125, MAGE-A9 153-167 and MAGE-A9 68-
82 but none for MAGE-A2 219-233. Based on these
results, we evaluated the frequency of peptide-specific
CD4+ T cell precursors as proposed previously [7, 30]
(Table 3). In the conditions of cell distribution we used
(10° CD4+ T lymphocytes per well), a minimum of
70% of the wells did not contain T cells specific for
MAGE-A peptides, suggesting that no specific T cells
precursors were seeded in these wells during the distri-
bution of the CD4+ T cells. As the distribution of cells
followed a Poisson distribution, where most of the
wells were free of specific T cells, wells that contained
specific T cells mostly derived from only one precursor.
Accordingly, we observed that the T cell lines were
mainly specific for one peptide only. The precursor
frequency was estimated on the basis of a Poisson
distribution (see legend of Table 3) [7, 30]. The MAGE-
A1 90-104 peptide was immunogenic for all the donors
and its CD4+ precursor frequency is approximately of
107° (Table 3). A lower number of responders or a lower
frequency of precursors was observed for the other
peptides (Table 3). As a result, we demonstrated that six
out of the seven peptides we investigated for T cell stim-
ulating activity were able to prime peptide-specific and
HLA-DP4 restricted human T cell lines.

The T cell lines specific for MAGE-A1 90-104,
MAGE-A1 268-282 and MAGE-A12 127-142
are specific for the native antigen

We analyzed the specificity of four T cell lines from
two different healthy donors, which were specific for
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Table 2 Peptide specificity of T cell lines induced by a mixture of seven HLA-DP4 restricted peptides
IFN-y spots/5,000 cells
Donor T cell lines Control Peptide MAGE-A2 MAGE-A1 MAGE-A12 No APC
mixture 111-125 90-104 127-141
78 78-13 5(£1) 98 (+4) 49 (£3) 92 (+9) 10 (£1) 6 (£1)
78-22 27 (+4) 162 (£13) 65 (+6) 177 (£1) 35 (£2) 10 (£3)
78-32 1(£1) 117 (£11) 0 (£0) 185 (£11) 0 (£0) 4 (£1)
121 121-6 2 (£1) 92 (£13) 9 (£4) 123 (£15) 3 (£0) 0 (£0)
121-9 3 (1) 392 (£19) 2(0) 366 (+8) 4 (£1) 0 (£0)
121-19 4 (£3) 216 (£1) 5(£2) 153 (+6) 280 (£+20) 0 (£0)
121-21 2 (£1) 106 (+21) 4 (£6) 147 (£17) 1(£1) 0 (£0)
121-24 19 (+£0) 140 (£3) 23 (+6) 208 (+3) 15 (£13) 1(£1)
121-30 5(+0) 171 (£1) 4 (£1) 329 (£1) 7 (£4) 2 (1)
121-34 5(£5) 86 (+6) 23 (£9) 83 (£1) 4 (£1) 1(£1)
121-38 18 (£10) 108 (£1) 15 (£2) 104 (£1) 8 (£3) 0 (£3)
121-40 1(£1) 208 (+0) 4 (£0) 250 (£9) 6 (£4) 0 (£0)
121-44 5(+0) 102 (£3) 15 (£5) 98 (£8) 110 (£14) 1(£1)
121-48 6 (£0) 225 (+16) 6 (£2) 253 (+1) 8 (£7) 0 (£0)
121-49 2 (£1) 87 (+9) 5(£1) 122 (+8) 3(£4) 0 (+0)
122 122-12 9 (+4) 173 (+18) 2 (£10) 178 (£20) 12 (£6) 4 (1)
122-26 1(£1) 120 (£0) 11 (£1) 110 (£11) 8 (+4) 3 (+0)
122-27 5(£7) 97 (£1) 4 (£1) 105 (£7) 1(£1) 0 (£0)
122-28 1(£1) 101 (£8) 4 (£4) 110 (£7) 0 (£0) 0 (+0)
122-29 3(£2) 185 (£3) 7 (£1) 196 (£15) 2 (£1) 1(+0)
129 129-7 5 (£0) 197 (£20) 3(£3) 1(£1) 307 (£17) 1(£1)
129-12 1(£1) 110 (+10) 2(£1) 112 (£13) 2 (£1) 1(£1)
129-14 0 (£0) 93 (+10) 1(£0) 97 (+19) 3(£2) 1(£1)
129-24 2 (£3) 106 (£6) 21 (+9) 120 (£4) 4 (£2) 0 (£0)
129-30 0 (£0) 92 (£3) 0(£1) 86 (£17) 6 (£1) 1 (1)
129-34 3(£3) 122 (£6) 115 (£5) 5(£3) 3 (+0) 2 (£1)
129-37 4 (£1) 82 (+4) 1(£1) 91 (+0) 3 (+0) 0 (£0)
129-39 7 (£2) 84 (+4) 4 (£4) 93 (£18) 5(£1) 1(£1)

CD4+ T cell lines from four tumor-free donors (78, 121, 122 and 129) were obtained after 3 weekly stimulations by autologous mature
dendritic cells loaded with a mixture of seven selected peptides (MAGE-A1 90-104, MAGE-A1268-282, MAGE-A2 111-125, MAGE-
A2 219-233, MAGE-A9 68-82, MAGE-A9 153-167, MAGE-A12 127-141). The specificity of the T cell lines was assessed by IFN-y
Elispot. L-DP4 were used as APC. The negative control corresponds to the wells containing no peptides. The positive values are at least
three times higher than the negative control with a minimal number of 30 spots (bold)

MAGE-A1 90-104 (Fig. 1). These CD4+ T cell lines
specifically recognized MAGE-A1 90-104 presented
by autologous DC and reacted to autologous DC previ-
ously loaded with the recombinant MAGE-A1 protein
(Fig. 1 left panels). They were not, however, stimulated
by unloaded DC and by DC fed with the recombinant
bv-PLA?2 (control protein), which was previously used
to investigate the T cell response of mice [2] and
patients allergic to bee venom [29]. Moreover, T cell
lines were activated by DC fed with a lysate of COS-7
cells transfected with the MAGE-AT1 gene, but not by
DC fed with a lysate of untransfected COS-7 cells or
pulsed with a lysate of COS-7 cells transfected with the
MAGE-A12 gene. Expression of transfected MAGE-
Al in Cos-7 cells was at a similar level to its natural
expression in melanoma cells (Data not shown). Pep-
tide concentration response of three cell lines demon-
strated their efficient stimulation by the MAGE-A1
90-104 peptide (Fig. 1, right panels). We also charac-
terized two T cell lines which were specifically stimu-

lated by MAGE-A1 268-282 presented by L-DP4 cells
or by autologous DC (Fig. 2). In contrast to the control
protein, the recombinant MAGE-A1 protein stimu-
lated the two T cell lines after being captured by auto-
logous DC, while unloaded DC served as baseline
control (Fig. 2, left panels). The T cell lines were also
activated by a lysate of COS-7 cells transfected with
the MAGE-A1 gene but not by a lysate of untrans-
fected COS-7 cells. The peptide concentration
response of the T cell lines showed that the activation
occurred at a high peptide concentration only, suggest-
ing that the corresponding Tcr had a moderate affinity
for the MAGE-A1 268-282 peptide (Fig. 2, right pan-
els). Two T cell lines specific for the MAGE-A12 127-
141 peptide exhibited an intense peptide response
when L-DP4 was used as APC, although it was of
lower intensity on autologous DC (Fig.3). A signifi-
cant response was observed for both T cell lines when
DC were fed with a lysate of COS-7 cells transfected
with the MAGE-A12 gene. It was equivalent to that
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Table 3 Estimate of the number of CD4+ T cell precursors spe-
cific for the HLA-DP4 restricted MAGE-A peptides

Peptides Positive CD4+ precursor frequency

Donors Min. Max. Mean

41x1077 27x107% 1.4 x 1076
6.9 x 1077 31 x107° 1.9 x 10°°
1.7 %1077 6.9 x 1077 3.1 x 1077

MAGE-A190-104 6/6
MAGE-A1268-282 2/6
MAGE-A12 127-141 6/10

MAGE-A2 111-125 1/5 - - 2.5 x 1077
MAGE-A9 68-82 1/5 - - 1.7 x 1077
MAGE-A9 153-167 1/5 - - 1.7 x 1077

CD4+ T cell precursor frequency was estimated using the Poisson
distribution according to the following formula: frequency = —Ln
[(number of negative wells/total number of wells tested)]/(num-
ber of CD4+ T cells seeded per well). Minima, maxima and means
are given for the positive donors only. The number of CD4+ T
cells seeded per well were 100,000 cells for all the donors. As an
example, the calculations of the precursor frequency for the pep-
tide MAGE-A1 90-104 based on the data presented in Table 1
were the following: donor 78, 3 positive wells for 40 wells seeded
(the frequency was —Ln(37/40)/10° =7.8 x 1077); donor 121,
12 positive wells for 50 wells seeded (2.7 x 107%); donor 122, 5
positive wells for 30 wells seeded (1.8 x 107°) and donor 129, 6
positive wells for 40 wells seeded (1.6 x 107°). For the peptide
MAGE-A12 127-141: donor 121, 2 positive wells for 50 wells
seeded (4.1 x 1077); donor 129, 1 positive well for 40 wells seeded
(2.5 x 1077)

provoked by the MAGE-A12 127-141 peptide. In con-
trast, the lysate of untransfected COS-7 cells exhibited
a lower, if any, T cell stimulating capacity. The low
number of harvested T cells did not allow us to evalu-
ate the peptide concentration response. We concluded
from these experiments that the peptides MAGE-A1
90-104, MAGE-A1 268-282 and MAGE-A12 127-141
elicited specific T cell lines, which were also specific for
the native protein presented by autologous DC.

MAGE-A12 127-141 specific T cell lines recognize
other MAGE-A sequences besides the native one

Among immunogenic peptides we identified in this
study, MAGE-A2 111-125 and MAGE-A12 127-141
exhibited a good level of conservation with homo-
logous peptides encoded by the other MAGE-A genes.
We therefore investigated the peptide-binding activity
(Table 4) and T cell reactivity of corresponding ana-
logs (Fig. 4). Two natural analogs of MAGE-A2 111-
125, namely MAGE 3 111-125 and MAGE 12 111-125,
bound well to both HLA-DP4 molecules (Table 4).
However, they were not antigenic for the MAGE-A2
111-125 specific T cell line 129.34 (Fig. 4). Among the
natural analogs of MAGE-A12 127-141, MAGE-A11
130-144 bound to both HLA-DP4 molecules, while the
six other bound to HLA-DP402 only (Table 4).
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MAGE-A11 130-144 stimulated three T cell lines
specific for MAGE-A12 127-141, while MAGE-A3
127-141 stimulated the 172.10 and 177.16 T cell lines
only (Fig. 4).

Discussion

The high frequency of HLA-DP4 in the population
facilitates the recruitment of patients for clinical trials
and the development of new approaches of cancer
immunotherapy. As an example, HLA-DP4 restricted
T cell epitopes discovered in MAGE-A3 [23] and NY-
ESO-1 tumor antigens [18, 38] have been proposed as
vaccine candidates [22, 24, 37] and immunomonitoring
reagents [1, 40]. However, these epitopes were discov-
ered by chance, since no reliable methods existed to
selectively identify HLA-DP4 restricted T cell epi-
topes. We have therefore recently set up a binding
prediction method to selectively identify HLA-DP4-
restricted T cell epitopes in any kind of antigens [10].
Considering the interest of targeting the MAGE-A
family for cancer immunotherapy, this approach has
been applied to this tumor-specific gene family. We
identified 12 peptides, which were good binders to
HLA-DP401, ranked six different peptides for their T
cell stimulating properties, and identified two peptides
from MAGE-A1 and one peptide from MAGE-A12,
which were demonstrated to be naturally processed
epitopes of the native antigens.

Based on the frequency of responders and on the
frequency of peptide-specific precursors, the six T cell
stimulating peptides we identified may be classified
into three different categories. The peptide MAGE-A1
90-104 was stimulating for all six healthy donors
tested. The frequency of precursors ranged from 0.4 to
2.7 per million CD4+ T cells (Table 3). Tcr capable of
reacting with this peptide were present in all the indi-
viduals and at a high frequency in comparison to previ-
ous studies [12, 17, 30, 40]. In particular, its precursor
frequency was similar to that of the MAGE-A3/DP4
epitope found in melanoma patients before vaccination
[40]. The second category is described by the peptide
MAGE-A1 268-282. T cell reactivity against this pep-
tide was found in two of the six donors at a frequency
of precursors of 0.7 to 3.1 per million CD4+ T cells
(Table 3). Therefore, it was present probably in a lim-
ited number of the donors but at a comparable precur-
sor frequency to MAGE-A1 90-104. In congenic mice,
it has been shown that a T cell response raised against
an antigen involves a “public” V3 repertoire found in
all animals and a “private” one, which is specific to
each individual [9]. According to these experiments
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Fig. 1 Characterization of
MAGE-A1 90-104 specific T
cell lines. Left panels MAGE-
A1 90-104 specific T cell lines
(156.46, 158.28, 158.48 and
156.50) were incubated

(5 x 10 cells/well) in an
Elispot assay using L-DP4

or immature DC as APC

(2 x 10%well). DCs were pre-
viously loaded with a lysate of
transfected or untransfected
COS-7 cells or proteins

(1 uM). Right panels T cell
lines were incubated in the
presence of L-DP4 cells

(3 x 10%well) with a concen-
tration range of the peptide
(closed squares) or without
any peptide (open circle).
Each value represents the
average spot number of the
duplicates. Double asterisk
and asterisk indicate P < 0.01
and P < 0.05, respectively
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Fig. 2 Characterization of APC Antigen
MAGE-A1 268-282 specific
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MAGE-A1 268-282 seemed to be recognized by Tecr
belonging to the private repertoire, while MAGE-A1
90-104 recruited Tcr from the public repertoire. The
third category is composed by the peptides that elicited
a T cell response in some donors only because of their
low precursor frequencies. They are close to the detec-
tion threshold of the method (0.1 per million CD4+ T
cells) (Table 3). This category comprises the MAGE-
A2 111-125, MAGE-A9 68-82, MAGE-A9 153-167
and MAGE-A12 127-141 peptides. The latter was
active in six out of ten donors tested and its precursor
frequency ranged from 0.2 to 0.7 per million CD4+ T
cells. Interestingly, we observed that the most T cell
stimulating peptides are not the best binders to HLA-
DP4. MAGE-A1 90-104 was less efficient to bind
HLA-DP4 molecules than MAGE-A2 111-125,
MAGE-A1 268-282 and MAGE-A9 153-167. In many
studies [14, 27], including ours [28], affinity for MHC
molecules appeared to be a limiting factor for foreign
antigens to elicit CD4+ T cell response. In this paper,
we compared T cell stimulating efficiency of peptides
that displayed a good affinity and did not submit low
binders to T cell stimulation assays. Our data strongly
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suggest that good binders recruit CD4+ T cells at
different levels of efficacy and that in these conditions
affinity does not constitute a limiting factor. We also
showed that the capacity of peptides to stimulate T
cells could vary greatly from one individual to another,
even in HLA class II controlled conditions. Thus, this
sustains the interest in investigating the T cell response
in multiple donors.

Two of the peptides we identified as HLA-DP4
restricted T cell epitopes derive from the MAGE-A1
gene. MAGE-A1 was initially identified in a human
melanoma cell line [32]. It is expressed in approxi-
mately half of metastatic melanomas, esophageal car-
cinomas and non-small cell lung carcinomas and in
80% of hepatocellular carcinomas [13, 31]. To our
knowledge, only two MAGE-1 specific CD4+ T cell
epitopes have been previously described [5, 6], namely
MAGE-A1 281-292 and MAGE-A1 121-134. These
two peptides are restricted to HLA-DR15 [5] and
HLA-DR13 [6], respectively. Moreover, MAGE-A3
267-282 is restricted to HLA-DR1 and induces T cells,
which recognize MAGE-A1 260-275 [39]. Two of
these epitopes are closed to the MAGE-A1 268-282
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Fig. 3 Characterization of MAGE-A12 128-142 specific T cell
lines. Two MAGE-A12 127-141 specific T cell lines (172.10 and
177.16) were submitted to an IFN-y EliSpot assay as described for
Fig. 1

peptide we identified, suggesting that this sequence
region comprises multiple CD4+ T cell epitopes. Like
MAGE-A3 267-282, the MAGE-A1 268-282 peptide
is only slightly different from the homologous
sequences of MAGE-A2, -A3, -A4, -A6, -Al2, sug-
gesting that these sequences may also contain HLA-
DP4 restricted peptides. However, we did not assess
their cross-reactivity. In contrast, MAGE-A1 90-104
we identified as an HLA-DP4 restricted T cell epitope

is not a conserved sequence. In particular, the 194,
which is accommodated in the P1 pocket of HLA-
DP4, is substituted by a D94 in most of the MAGE-A
gene family. This substitution is not expected to favor
the binding of the peptides to HLA-DP4 according to
the HLA-DP4 binding motif [3]. It is noteworthy that
the 90-104 encompasses the 96-104 sequence which is
an HLA-A3 restricted T cell epitope [6]. This is remi-
niscent of the observations made on the NY-ESO-1
157-170 peptide which contains HLA-DP4 and HLA-
A2 restricted T cell epitopes [37]. It therefore suggests
that MAGE-A1 90-104 could be able to induce both
CD4+ and CDS8+ responses, as shown for the NY-
ESO-1 157-170 peptide [37].

We demonstrated that MAGE-A12 127-141 is an
HLA-DP4 restricted T cell epitope of the MAGE-A12
antigen. Moreover, T cells primed by this peptide
recognized homologous sequences as MAGE-A11l
130-144 and MAGE-A3 127-141. MAGE-A12 is
frequently expressed in melanomas [13, 25] and could
be the target of tumor-specific CTL [20]. Only the
HLA-DRI1 restricted MAGE-A3/12 267-282 peptide
has been previously described as a CD4 T cell epitope
of MAGE-A12 [39].

Finally, we describe in this paper potential HLA-
DP4 restricted CD4+ T cell epitopes which require fur-
ther investigations. We show that MAGE-A2 111-125,
MAGE-A9 68-82 and MAGE-A9 153-167 were able
to elicit peptide-specific T cell lines. Particularly,
MAGE-A2 111-125 is worthy of investigation as it
encompasses the sequence 112-120, which is an HLA-
A*0201 restricted epitope in HLA-A2 transgenic
mouse [33]. This peptide is homologous to the HLA-
DR restricted T cell epitope MAGE-A3 111-125 [11].
We also show that the MAGE-A2 143-157, MAGE-
A4 248-262, MAGE-A10 244-258 and MAGE-A10
303-317 peptides had a good affinity for HLA-DP4

Table 4 Capacity of MAGE-A analogs of MAGE-A2 111-125 and MAGE-12 127-141 to bind to HLA DP4 molecules

Peptide Sequence IC5, (DP401) IC5, (DP402)

1 4 6 9 Pred. Obs. Pred. Obs.
MAGE-A3111-125* R K V A E L V HF LL L K YR 562 100 (+0) 100 35 (£2)
MAGE-A12111-1258* R K M A E L V HF LL L K YR 562 32 (£14) 100 18 (£2)
MAGE-A11130-144> K G L I T K A E ML G S VI K 1071 260 (+0) 100 184 (£21)
MAGE-A1120-134® R E P V T K A E M L E S V I K 3981 3800 (£424) 302 424 (435)
MAGE-A2130-144® R E P V T K A E M L E S V I R 398 2850(£778) 302 310(*14)
MAGE-A3127-141> R E P V T K A E M L G S V I G 398 26500 (42121) 302 4250 (£354)
MAGE-A4128-142° K E L V T K A E M L E R V I K 21877 2400 (£566) 2398 414 (4+49)
MAGE-A9126-140° K E P V T K A E M L E § V I K 391 2900 (£707) 302 639 (435)
MAGE-A10152-166> K E P I T K A E I L E S V I K 1905 1,500(%0) 602 570 (£35)

2 The MAGE-A analogs of MAGE-A2 111-125 and ® MAGE-12 127-141 were submitted to HLA-DP4 competitive ELISA under the
same conditions as described in Table 1. Predicted (Pred.) and observed (Obs.) ICy, are expressed in nM. Experimental values are the
means of two to three experiments. The P1, P4, P6 and P9 positions are indicated in bold
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Fig. 4 Recognition of homologous MAGE peptides by MAGE2
111-125 and MAGE-A12 127-141 T cell lines. T cell lines specific
for MAGE-A2 111-125 (129.34) or MAGE-A12 127-141 (129.7,
172.10 and 177.16) were incubated in an Elispot assay using
L-DP4 as APC (2 x 10%well). Peptides were added to the culture
at a concentration of 10 ng/ml. Each value represents the average
spot number of the duplicates. Double asterisk and asterisk indi-
cate P < 0.01 and P < 0.05, respectively

molecules. This might be especially interesting for the
MAGE-A10 244-258 peptide as it overlaps an HLA-
A2 restricted CD8+ epitope [15]. The T cell priming
ability of these peptides has not been investigated but
their capacity to bind HLA-DP4 does not preclude the
possibility that they are immunogenic.

In conclusion, we present in this paper the first selec-
tive identification of HLA-DP4 restricted T cell epi-
topes performed on the MAGE-A gene family. We
mainly identified new epitopes in the MAGE-A1 anti-
gen, one of them being stimulating for all the tested
donors. The other sequences were also identified in
multiple MAGE-A antigens, including MAGE-A12.
Considering the high frequency of HLA-DP4 in the

@ Springer

population, these peptide sequences are of major inter-
est for vaccine trials and immunomonitoring of the
CD4+ T cell response raised against this major family
of tumor-specific antigens.
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