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Abstract Many cancer-testis antigen genes have been
identified; however, few human leukocyte antigen (HLA)-
A24-restricted cytotoxic T cell (CTL) epitope peptides are
available for clinical immunotherapy. To solve this prob-
lem, novel tools increasing the efficacy and accuracy of
CTL epitope detection are needed. In the present study, we
utilized a highly active dendritic cell (DC)-culture method
and an in silico HLA-A24 peptide-docking simulation
assay to identify novel CTL epitopes from MAGE-A6
and MAGE-A12 antigens. The highly active DCs, called
a-type-1 DCs, were prepared using a combination of mat-
uration reagents to produce a large amount of interleukin-
12. Meanwhile, our HLA-A24 peptide-docking simulation
assay was previously demonstrated to have an obvious
advantage of accuracy over the conventional prediction
tool, bioinformatics and molecular analysis section. For
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CTL induction assays, peripheral blood mononuclear
cells derived from six cases of HLA-A24" melanoma were
used. Through CTL induction against melanoma cell
lines and peptide-docking simulation assays, two peptides
(IFGDPKKLL from MAGE-A6 and IFSKASEYL from
MAGE-A12) were identified as novel CTL epitope candi-
dates. Finally, we verified that the combination of the
highly active DC-culture method and HLA-A24 peptide-
docking simulation assay might be tools for predicting
CTL epitopes against cancer antigens.
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Abbreviation
HLA Human leukocyte antigen
DC Dendritic cell

CTL Cytotoxic T cell

BIMAS Bioinformatics and molecular analysis section
PBMC  Peripheral blood mononuclear cell

CMV Cytomegalovirus

Introduction

Malignant melanoma is the best known cancer for which
multiple tumor-specific antigens have been identified and
used for vaccination [1, 2]. As human leukocyte antigen
(HLA)-A2 is the dominant type in Caucasians, HLA-A2-
restricted peptide-based cancer immunotherapy has mainly
been performed. However, in Asia, HLA-A24 is more
common, and clinical immunotherapeutic trials using spe-
cific HLA-A24-restricted peptides such as CEA, P53,
melanoma-associated antigen (MAGE)-A3 and VEGFR
have been performed [3-6].
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With regard to cancer-testis antigens, a substantial
amount of research mainly regarding MAGE, GAGE,
BAGE, etc. has been accumulated, and a family of MAGE
antigens and NY-ESO1 are known to be good peptides for
cancer vaccination in clinical trials [7-10]. In the current
study, our DNA microarray demonstrated MAGE-A6 and
MAGE-A12 as specific common antigens in melanomas.
Few studies about MAGE-A6 and MAGE-A12 have been
conducted because the expression of these antigens is not
so common in solid tumors compared with other members
of the MAGE family [11-13]. However, quantitative PCR
analysis revealed that MAGE-A6 and MAGE-A12 were
more frequently expressed in tumors such as melanomas
and gliomas than were other MAGE antigens. Taking this
observation into account, novel epitopes derived from
MAGE-A6 and MAGE-A12 could be good candidates for
peptide-based cancer vaccines.

Unfortunately, few HLA-A24 epitope peptides are
available for clinical immunotherapy. Therefore, new tools
that enhance the efficacy and accuracy of cytotoxic T cell
(CTL) epitope detection are needed. In the present study, we
utilized a highly active dendritic cell (DC)-culture method
and an in silico HLA-A24 peptide-docking simulation assay
to identify novel epitopes from MAGE-A6 and MAGE-A12
antigens. A highly active a-type-1 DC culture was reported
by Kalinski et al. [14, 15] in which mature DCs stimulated
with a combination of maturation reagents were demon-
strated to produce a greater amount of interleukin (IL)-12
than conventional DC cultures. Meanwhile, a computer-
assisted HLA-A24 peptide-docking simulation program,
developed in our laboratory [17], showed an obvious
advantage of accuracy over the conventional prediction tool.

Finally, we verified that the combination of these
methods might be a good tool for detecting CTL epitopes
against cancer antigens.

Materials and methods
Reagents and cell lines

Recombinant human (rh) granulocyte macrophage colony-
stimulating factor (GM-CSF), rh-IL-1f, rhIL-2, rhIL-4,
rhIL-7, and tumor necrosis factor (TNF)-o were purchased
from Pepro Tech Inc. (Rocky Hill, NJ).

Interferon (IFN)-o and IFN-y were purchased from
Sumitomo and Shionogi Pharmaceutical Co, Ltd, Japan,
respectively. Poly I/C was obtained from Amersham
Biosciences Corp. (Piscateway, NJ). TISI and T2-A24 cells
were used for the IFN-y production assay and in vitro CTL
stimulation, respectively, as described previously. Mela-
noma cell lines and human melanocytes [16] were main-
tained at 37 °C in a humidified atmosphere of 5 % CO2 in
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RPMI1640 medium (SIGMA, St. Louis, MO) supple-
mented with 10 % fetal bovine serum, penicillin, and
streptomycin. Human melanoma cell lines and melanocyte-
derived mRNAs were used for the gene chip microarray
analysis. Mouse monoclonal antibodies (MoAbs) to human
HLA-ABC (class I), HLA-DR, DP, DQ (class II), CD4,
CD8, and CD56 were all purchased from Pharmingen (San
Diego, CA, USA). Mouse MoAbs to human HLA-A24
were obtained from One Lambda, Inc. (Canoga Park, CA,
USA). For immunostaining, rabbit anti-human MAGE-A6
and MAGE-A12 polyclonal antibodies were purchased
from Abcam Co. Ltd (Cambridge, UK).

DNA microarray analysis

Total RNA from melanoma cell lines was extracted using
the NucleoSpin RNAII kit (TakaRa Bio Inc., Shiga, Japan)
according to the manufacturer’s instructions. Ten micro-
grams of total RNA, qualified using the Agilent 2100
Bioanalyzer (Agilent, Santa Clara, CA, USA), was ampli-
fied to 100 png of cRNA and hybridized to the high-density
oligonucleotide array (GeneChip Human Genome U133
plus 2.0 array; Affymetrix, Santa Clara, CA, USA). The
intensity for each feature of the array was calculated using
GeneSpringGX verll (Agilent) software. For calculating
the change of average intensity difference, normalization
for all probe sets was performed.

Quantitative PCR analysis

The real-time PCR analysis of MAGE-A3, MAGE-A®6, and
MAGE-A12 antigens in human melanoma cell lines using
the 7500 Real-Time PCR System (Applied Biosystems,
Foster, CA, USA) was done as described previously.
Briefly, all PCR primers and TagMan probes were pur-
chased from Applied Biosystems. Complementary DNA
was synthesized from 100 ng of the total RNA, and
quantitative PCRs were carried out using a TagMan RNA-
to-Ct 1-Step kit (Applied Biosystems). As to the expression
of MAGE-A3, MAGE-A6, and MAGE-A12 antigens in
melanoma tumor tissue, the regular non-quantitative
RT-PCR method was utilized as described before [17].

Synthetic peptides

MAGE-A6 and MAGE-A12 peptide sequences with the
HLA-A24-binding motif were searched for at the web
site of the bioinformatics and molecular analysis section
(BIMAS), HLA-peptide binding predictions. The top six
peptides (Table 1) were selected and synthesized using the
method reported by Knorr et al. [18]. MAGE-A6-3 and
MAGE-A12-3 showed the same sequence, and thus
MAGE-A12-3 was deleted from the list. The other
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with HLA-A24-binding motif seq & ‘ assay
MAGE-A6-1 QYFVQENYL 248-256 9 240 2.26
MAGE-A6-2 SYVKVLHHM 282-290 9 53 2.71
MAGE-A6-3 EFLWGPRAL 270-278 9 30 1.15
MAGE-A6-4 IFGDPKKLL 238-246 9 24 2.14
MAGE-A6-5 TFPDLESEF 97-105 9 24 1.33
MAGE-A6-6 IFSKASDSL 150-158 9 20 1.47
MAGE-A12-1 SYVKVLHHL 282-290 9 420 1.19
MAGE-A12-2 EYLQLVFGI 156-164 9 90 2.49
MAGE-A12-4 TFPDLETSF 97-105 9 22 1.96
MAGE-A12-5 IFSKASEYL 150-158 9 20 2.79
MAGE-A12-6 VFAHPRKLL 238-246 9 20 1.93
CMVpp65 QYDPVAALF 341-349 9 168 3.04
gpl100 VWKTWGQYW 152-160 9 0.1 0.75

synthetic peptides used in the present study are  Japan. All patients gave written informed consent). The

CMVppb65341-349
(VWKTWGQYW).

(QYDPVAALF) , and gp 100 152—160

Alpha-type-1 DC culture

Highly active a-type-1 DCs were prepared using adherent
monocyte-enriched cell cultures. The cytokines added on
day 5 were GM-CSF (40 ng/ml) and IL-4 (40 ng/ml) in
combination with TNF-« (50 ng/ml), IL-1f (25 ng/ml),
IFN-o0 (3000 U/ml), IFN-y (1,000 U/ml), and polyl/C
(20 pg/ml).

MHC stabilization assay

The protocol of the MHC stabilization assay was described
previously [16]. Briefly, 2 x 10°> T2-A24 cells suspended
in 200 pl of Iscove’s modified Dulbecco’s medium
(IMDM) (Gibco, Paisley, UK) containing 0.1 % fetal
bovine serum (FBS) were incubated with each peptide at
10 uM at 26 °C for 16 h and at 37 °C for 3 h. The cells
were stained with mouse anti-HLA-A24 MoAb and FITC-
labeled anti-mouse IgG, and analyzed on a flow cytometer.
The mean fluorescence intensity (MFI) increase was cal-
culated as follows: MFI increase = (MFI with the given
peptide—MFI without peptide)/(MFI without peptide).

CTL induction cultures

Cultures of PBMCs from six HLA-A*2402% malignant
melanoma patients were used for in vitro CTL induction
(The clinical research using PBMCs and tumor tissues from
melanoma patients was approved by the Institutional
Review Board of Shizuoka Cancer Center, Shizuoka,

melanoma patients consisted of four males and two
females, and mean age was 58 £ 17. All patients were
metastatic, clinical stage IV. CTL induction cultures were
described previously [17]. PBMCs from MEL-001 were
used for CTL induction assays against melanoma cell lines.
MEL-003-derived CTLs given two rounds of DC stimu-
lation using MAGE-A6-4 were utilized in the Abs-blocking
experiment.

IFN-y production assay

TISI cells were incubated overnight with the HLA-A24
peptide at 20 pg/ml suspended in PBS (+4) containing 1 %
HSA and used as target cells. When melanoma cell lines
were used as target cells, they were stimulated with human
IFN-y at 50 ng/ml overnight and then subjected to the
co-culture with CTLs. Melanoma cell lines used as target cells
are as follows: TDMM1 (HLA-A24", MAGE A6", MAGE
A12"), A375 (HLA-A2", MAGE A6", MAGE A12%), and
MMG-1 (HLA-A24%, MAGE A6~ MAGE A12"). Cul-
tured CTLs (1 x 10°) and HLA-A24 peptide-pulsed TISI
cells (1 x 10%) were co-incubated in a round-bottomed
96-well microculture plate for 24 h. Finally, supernatants
were collected, and IFN-y levels were measured using an
ELISA kit specific for human IFN-y (Biosource, Camallilo,
CA, USA).

Effect of various antibodies on IFN-y production
by MAGE-A6-4 peptide-specific CTLs

Blocking of the MEL-003-derived MAGE-A6-4 peptide-

specific CTL activity against peptide-pulsed TISI cells was
achieved by incubating target cells with anti-HLA-A24 and
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anti-HLA-class II antibodies or effector cells with anti-
CD4, anti-CD8, and anti-CD56 antibodies at a dose of
10 pg/ml, respectively, for 1 h at 37 °C before the start of
co-culture. After washing, Ab-treated CTLs and target cells
were co-cultured for 24 h at 37 °C, and IFN-y levels in the
supernatant were measured.

Immunohistochemistry (IHC)

The tissue specimen from MEL-T5 tumor was used for the
IHC analysis. For immunostaining, anti-human MAGE-A6
and MAGE-A12 polyclonal antibodies as primary antibody
and goat anti-rabbit IgG antibody as secondary antibody
were used. Horseradish peroxidase (HRP) and hydrogen
peroxide were utilized for color development according to
the manufacturer’s instructions (Vectastatin kit, Vector
Lab., CA, USA).

In silico docking simulation assay for epitope peptide
binding to HLA-A24 protein

Briefly, to build the initial 3D structure of any given A24-
restricted epitope candidate peptide, we used homology-
modeling software, MODELLER (version 9v5), with the
structure of the hTERT epitope as a template from the
Protein Data Bank (PDB). Then, we predicted the affinity
between HLA-A24 and synthesized MAGE-A6 and
MAGE-A12 peptides by a receptor-ligand docking simu-
lation based on a Lamarckian genetic algorithm, AutoDock
(version 4.0). In AutoDock, the affinity between a receptor
and ligand is calculated as the Gibbs free energy of binding
(AG). For each of the epitope candidate peptides, after
Kollman charges are added, the docking simulation for
HLA-A24 was run 50 times, in each of which one million
energy evaluations were performed based on the genetic
algorithm. Finally, we obtained the mean of the top three
values (the three lowest AGs) among the 50 runs as the
affinity value for peptide binding.

Statistical analysis

Statistical difference was analyzed using Student’s ¢ test.
Values of P < 0.05 were considered statistically significant.
Results

Gene chip microarray analysis

MAGE-A2, MAGE-A3, MAGE-A6, and MAGE-A12
antigen genes were all detected within the top 30 genes

specifically expressed in melanoma cell lines, not in mel-
anocytes (Supplementary Fig. 1). The magnitude of gene
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expression was normalized by the gene expression relative
to melanocytes (intensity of melanocytes rated as 1). The
MAGE-A6 and MAGE-A12 genes were identified in eight
of 10 melanoma cell lines, and the intensity of their
expression was more than 100-fold higher than that in
melanocytes.

Quantitative PCR analysis of MAGE-A6
and MAGE-A12 genes in melanoma tissue

MAGE-A6 and MAGE-A12 mRNA were frequently
identified in melanoma cell lines, but not in melanocytes as
shown in Fig. l1a. These antigen genes were also verified
frequently like MAGE-A2 and MAGE-A3 antigens in the
tumor tissue from advanced metastatic melanoma patients
using non-quantitative PCR (Fig. 1b).

IHC analysis

The MEL-TS tumor was shown to be positive for both
MAGE-A6 and MAGE-A12 protein expression. The
staining pattern was homogeneous in the tumor area
(Fig. 1c¢).

MHC stabilization assay

Stabilization assays demonstrated that the MAGE-AG6-1,
MAGE-A6-2, MAGE-A6-4, MAGE-A12-2 and MAGE-
A12-5 A24 peptides had moderate affinity; however, the
others had low affinity, which was not similar to the BI-
MAS prediction. Meanwhile, CMVpp65 HLA-A24 with a
high BIMAS score also showed a high affinity score in the
MHC stabilization assay (Table 1).

In silico docking simulation assay for MAGE-A6
and MAGE-A12 HLA-A24 peptides

Our docking simulation revealed that four peptides,
MAGE-A6-4, MAGE-A12-5, MAGE-A12-6, and CMVpp65,
showed high affinity with a AG of more than 5 (Fig. 2).
MAGE-A6-4 showed the highest affinity among the dock-
ing-positive peptides. MAGE-A6-1, MAGE-A6-5, MAGE-
Al12-2, and MAGE-A12-4 were docking-negative like
gpl00 A24.

Alpha-type-1 DC culture and CTL induction assay

In order to confirm the a-type-1 DC’s strong activity for
CTL induction, we performed melanoma peptide-specific
CTL induction cultures based on various types of activated
mature DCs from MEL-001 in an early experiment, where
a-type-1 DCs stimulated by TNF-o, IL-1f, IFN-«, IFN-y,
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Fig. 1 MAGE-A6 and MAGE-A12 gene expression in melanoma
cell lines and tumor tissues. a Quantitative PCR analysis of MAGE-
A6 and MAGE-A12 gene expression in melanoma cell lines. The
level of target mRNA expression was normalized to the expression of
the beta-actin gene. b MAGE antigen gene expression in melanoma
tumor tissues. The G-361 cell line was used as a positive control for
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PCR experiments. The sizes of PCR gene products are shown at the
right. DNA sequences of MAGE-specific primers were described
previously [16]. ¢ MAGE-A6 and MAGE-A12 protein expression
in melanoma tumor tissue (MEL-TS). H-E; hematoxylin—eosin,
magnification; x 100
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Fig. 2 Characterization of MAGE-A6 and MAGE-A12 HLA-A24-
restricted peptides using the peptide-HLA-docking simulation assay.
The affinity between a receptor and ligand is calculated as the Gibbs
free energy of binding (AG). For every epitope candidate peptide, the

and poly I/C demonstrated greater CTL-inducing activity
than any other type of DC (data not shown).

Using o-type-1 DC-based CTL induction cultures
for MAGE-A6 and MAGE-A12 A24-binding peptides,
MAGE-A6-1, MAGE-A6-4, and MAGE-A12-5 were
found to be moderate-to-strong CTL-inducing peptides.
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docking simulation for HLA-A24 was run 50 times, each time with
one million energy evaluations based on the genetic algorithm.
Finally, the mean of the top three values (the three lowest AGs)
among the 50 runs was taken as the affinity value for peptide binding

MAGE-AG6-1 induced a positive CTL reaction in two cases,
and the other two peptides induced a response in four and
three of six HLA-A24" melanomas, respectively (Fig. 3,
Table 2). Conversely, the positive response rate against the
CMVpp65 peptide as a positive control was very high,
83 % (five of six cases).
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Fig. 3 CTL-inducing activity
of MAGE-A6 and MAGE-A12

MAGE6-1 MAGEG6-4

HLA-A24-binding peptides. 400 200
A + —
HLA A*2402 PBMCS from S 30| — 150
six melanoma patients were - o
used for CTL induction. Each S 00 | c
column shows the mean IFN-y 2 00 - 4y 8 100
level in supernatant from o ]
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Table 2 CTL-inducing activity of MAGE-A6- and MAGE-A12
A24-binding peptides in six melanoma patients

Peptide  Positive cases (%) Peptide Positive cases (%)
6-1 2/6 (33) 12-1 1/6 (0)

6-2 1/6 (17) 12-2 1/6 (17)

6-3 0/6 (0) 12-4 0/6 (0)

6-4 4/6 (67) 12-5 3/6 (50)

6-5 0/6 (0) 12-6 0/6 (0)

6-6 1/6 (17) CMVpp65 A24  5/6 (83)

Antibody-mediated inhibitory effect on IFN-y
production by MAGE-A6-4-specific CTLs

Anti-HLA-class I and anti-CD8 antibodies exhibited a sig-
nificant inhibitory effect on IFN-y production by MAGE-
A6-4 peptide-specific CTLs. Meanwhile, anti-HLA-class II,
anti-CD4, and anti-CD56 antibodies had no inhibitory effect
on IFN-y production by CTLs (Fig. 4).

MAGE-A6-4 and MAGE-A12-5 peptide-specific CTL
activity against melanoma cell lines

MELO001 PBMC-derived CTLs stimulated with MAGE-A6
or MAGE-A12 alone responded to TISI cells treated with
each peptide. CTLs stimulated simultaneously with both
peptides responded moderately to TISI cells treated with
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Fig. 4 Antibody-mediated inhibition of IFN-y production by MAGE-
A6-4 peptide-specific CTLs. CTLs given two rounds of a-type-1 DC
stimulation derived from MEL-003 PMBCs were used for various
antibody-mediated inhibition experiments using MAGE-A6-4 pep-
tide-pulsed TISI cells as target cells. +*; TISI cells without peptide;
cont., isotype control antibody. * P < 0.05, statistically significant

both peptides (Fig. 5a). Both MAGE-A6-4 and MAGE-
A12-5 peptide-specific CTLs also demonstrated specific
IFN-y production against TDMMI1 cells (HLA-A247,
MAGE A6", MAGE A12"), not A375 cells (HLA-A2™,
MAGE A6, MAGE A121), which was shown to be HLA-
class I-restricted (Fig. 5Sb, c¢). IFN-y production against
MMG-1 (HLA-A24", MAGE A6~ MAGE Al12") was
moderate, but there was a tendency for higher production
in MAGE-A12-5 peptide-specific CTLs.
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Discussion

Few studies about MAGE-A6 and MAGE-A12 have been
conducted because these antigens are not as common in
solid tumors as other members of the MAGE family.
However, our quantitative PCR analysis revealed that
MAGE-A6 and MAGE-A12 were more frequently
expressed in tumors such as melanomas and gliomas, etc.
than other MAGE antigens. These results suggested
MAGE-A6 and MAGE-A12 to be potential cancer target
antigens and that the investigation of specific CTL epitope
peptides should contribute to the development of a novel
HLA-A24 peptide-based immunotherapy.

Many MAGE antigen-derived HLA-A24-binding CTL
epitopes have been reported, and several HLA-A24 binders
have actually been utilized in clinical trials against solid
cancers [19-21]. Notably, MAGE-A4- and MAGE-A10-
derived CTL epitopes, novel peptides among MAGE
antigen-derived HLA-A24 binders, were demonstrated to
be a good CTL inducer by Jia et al. and other researchers
[22, 23]. Interestingly, Graff-Dubois et al. [24] reported
that HLA-A*0201-restricted epitopes were shared by
MAGE-A1, MAGE-A2, MAGE-A3, MAGE-A4, MAGE-
A6, MAGE-A10, and MAGE-A12 tumor antigens and
induced CTL by the epitope peptides recognized human

~
<] S /(" (9"\’
S m
s S < 5
MAGE12-5 MAGEG6-4+12-
CTL CTL

5

HLA-A0201"™MAGE-A" tumor cells of various histologi-
cal origins. However, our MAGE-A6 and MAGE-A12 A24
peptide sequences were different from theirs. Importantly,
the MAGE-A6-4 and MAGE-A12-5 peptides identified as
CTL epitopes in the present study were demonstrated to
have CTL-inducing activity against a HLA-A24" MAGE-
A6" MAGE-A12" melanoma cell line as well as a HLA-
A24" human B-lymphoblastoid cell line, TISI cells.

Here, based on a highly active DC culture method and
docking simulation assay, specific MAGE-A6 and MAGE-
A12 HLA-A24 epitopes were identified, making it the first
MAGE cancer antigen-related study. The highly active
DCs, called a-type-1, were obtained from 7-day cultures of
monocyte-enriched cells stimulated with a cocktail of
reagents (GM-CSF, IL-4, TNF-qo, IL-1, IFN-o, IFN-y, and
poly I/C). The culture of a-type-1 DCs was described by
Kalinski et al. [14], in which o-type-1 DCs showed
remarkably higher IL-12 production and greater CTL-
inducing activity than the standard DC culture. In our
experiments using melanoma-associated HLA-A24 pep-
tides, o-type-1 DCs also demonstrated strong CTL-induc-
ing activity even in serum-free cultures. The current results
regarding MAGE-A6 and MAGE-A12 CTL epitope
detection suggest that o-type-1 DCs may strengthen the
weak CTL-inducing activity of HLA-A24 peptides.
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In the present study, using a docking simulation assay,
the peptides including MAGE-A6-4, MAGE-A12-5,
MAGE-A12-6, and CMVpp65 showed high affinity of
docking with a AG of more than 5 as shown in Fig. 2.
Meanwhile, CTL induction assays revealed that MAGE-
A6-1, MAGE-A6-4, and MAGE-A12-5 were positive CTL
inducers. MAGE-A6-4 and MAGE-A12-5 were efficiently
recognized as positive in both assays. Considering that
positive MAGE-A6 and MAGE-A12 peptides with CTL-
inducing activity and docking affinity showed moderate
affinity in MHC stabilization and BIMAS, conventional
approaches do not necessarily indicate genuine HLA-
binding epitopes. Therefore, docking simulation assays
might serve as a novel prediction tool supporting conven-
tional methods.

Unfortunately, some discrepancies in affinity between
CTL induction or MHC stabilization and docking assays are
sometimes found. The reason for the discrepancy has yet to
be elucidated; however, the rigid pocket simulated for the
HLA protein may have affected the docking conformation
and affinity. Docking simulation, which allows a pocket to
be flexible, is a challenge for future computer technology. In
summary, two HLA-A24 peptides having strong CTL-
inducing activity were successfully recognized as positive
binders in peptide-docking simulation assays, which indi-
cates our docking assay is gradually improving in accuracy
compared with previous studies regarding CEA epitopes.

Finally, in the present study, we demonstrated that the
combination of a highly active DC culture and in silico
peptide-docking assay might improve the detection of CTL
epitopes against cancer antigens. Using this new tool, the
detection of more novel CTL epitopes regarding cancer-
testis antigens can be expected in the near future.
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