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The present study attempted to identify a target antigen for immunotherapy for cholangiocarcinoma. Forkhead box M1
(FOXM1) was selected as a candidate antigen based on the data of previous cDNA microarray analysis of clinical samples of
cholangiocarcinoma. The level of FOXM1 mRNA was more than 4 times higher in cancer cells in comparison to adjacent
normal epithelial cells, in all of 24 samples of cholangiocarcinoma tissues. An immunohistochemical analysis also detected
FOXM1 protein in the cancer cells but not in the normal cells. Twenty-three human FOXM1-derived peptides predicted to bind
to HLA-A2 were analyzed to determine their ability to induce HLA-A2-restricted T cells in HLA-A2 transgenic mice. FOXM154,.
370 (YLVPIQFPV), FOXM15,3_35, (SLVLQPSVKV), and FOXM149.640 (GLMDLSTTPL) peptides primed HLA-A2-restricted cytotoxic

T lymphocytes (CTLs) in the HLA-A2 transgenic mice. Human CTL lines reactive to these 3 peptides could also be established
from HLA-A2-positive healthy donors and cancer patients. Natural processing of the 3 epitopes from FOXM1 protein was
confirmed by specific killing of HLA-A2-positive FOXM1-transfectants by peptide-induced CTLs. FOXM1 is expressed in various
types of cancers and it is also functionally involved in oncogenic transformation and the survival of cancer cells. Therefore,

FOXM1 may be a suitable target for immunotherapy against various cancers including cholangiocarcinoma.
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Cholangiocarcinoma is a devastating malignancy, which is
difficult to diagnose and treat. Unfortunately, only a few
patients are considered suitable for surgery, and chemother-
apy and radiotherapy have not yielded substantial improve-
ments in the survival rate. The overall survival rate is poor,
with less than 5% of patients surviving upto 5 years. There
has been no significant change in this rate over the past 30
years." Recent studies have identified some therapeutic mo-
lecular targets in cholangiocarcinoma in preclinical studies,
thus supporting the therapeutic potential of selected targeting
strategies against cholangiocarcinoma.”> The results were
encouraging, although they were obtained from in vitro stud-
ies and tumor cell xenograft models. Therefore, novel thera-
peutic strategies for cholangiocarcinoma are urgently needed.

In cancer immunotherapy, effective induction of cytotoxic
T lymphocytes (CTLs) by tumor-associated antigen (TAA)
has shown promising results.” The utilization of CTLs elicited
by TAA is an ideal therapeutic approach, if they specifically
attack tumor cells expressing the antigen and reveal little or
no adverse effects on normal cells. The development of
¢DNA microarray technologies, coupled with genome infor-
mation, has provided comprehensive profiles of the gene
expression of malignant cells, which have been compared to
those of normal cells.*> TAAs should be expressed exces-
sively and preferentially by the tumor cells but not by the
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normal tissues, and gene expression profiling with cDNA
microarray technologies is an effective approach for the iden-
tification of new TAAs.°® Previous studies have identified
several molecular targets useful for the diagnosis and immu-
notherapy by analyzing genome-wide gene expression profiles
of various cancerous tissues with cDNA microarrays.g’14 The
present study identified a candidate TAA, forkhead box M1
(FOXM1), based on the results of previous cDNA microarray
analysis of the tissues from 25 patients with intrahepatic
cholangiocarcinoma.'® Recently, an elevated expression of
FOXMI has been reported in a variety of human can-
cers,'*"*% including lung cancer,”’ which is the most com-
mon causes of cancer-related deaths in Western countries.””
Among normal adult human organs, FOXMI is expressed
only in the testis, thymus, small intestine and colon.*®

The identification of immunodominant epitopes of TAA
has highlighted the utilization of these epitopes as promising
therapeutic tools for cancer immunotherapy. However, the
identification of CTL epitopes remains difficult, because many
TAA-derived peptides must be screened for their immunoge-
nicity by using a large number of peripheral blood mononu-
clear cells (PBMCs) isolated from the patients with cancer.
HLA transgenic mice (Tgm) provides versatile animal models
for the preclinical evaluation of peptide-based immunother-
apy.”* Previous investigations have used HLA-A2 Tgm for the
identification of HLA-A2-restricted antigenic epitopes.'' The
present study identified FOXM1-derived HLA-A2-restricted
epitopes by using HLA-A2 Tgm. CTL lines reactive to these
epitopes were also established from cancer patients and
healthy donors. The data presented herein suggest that
FOXM1 may therefore be a suitable target for immunotherapy
of various cancers, including cholangiocarcinoma.

Material and Methods

cDNA microarray analysis

Intrahepatic  cholangiocarcinoma tissue specimens were
obtained from 25 patients who underwent hepatectomy at
Kyoto University Hospital with written informed consents.
All tumors were histologically diagnosed to be cholangiocar-
cinoma by pathologists. The profiling of gene expression by
c¢DNA microarray analysis was carried out, as described
previously.'?

Mice, peptides and cell lines

HLA-A2 transgenic mice described previously were kindly
provided by Dr. F.A. Lemonnier (Department SIDA-Retrovi-
rus, Unite d’ Immunite Cellulaire Antivirale, Institut Pasteur,
France).!" Peptides (purity > 90%) were purchased from
Anygen (Gwangju, South Korea). Three human cholangiocar-
cinoma (TFK, HuCCT-1, MEC), two human hepatocellular
carcinoma (HepG2 and SK-Hepl), and the 23 human lung
cancer cell lines including 7 adenocarcinomas (A427, A549,
LC319, PC-3, PC-9, PC-14 and NCI-H1666), two bron-
chiolo-alveolar carcinomas (NCI-H1373, NCI-H1781), 7
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squamous cell carcinomas (EBC-1, LU61, NCI-H520,
NCI-H1703, NCI-H2170, RERF-LC-AI and SK-MES-1), 2 ade-
nosquamous carcinomas (NCI-H226 and NCI-H647), 1 large-
cell carcinoma (LX1), and 4 small-cell lung cancers (DMS114,
DMS273, SBC-3 and SBC-5) were used. Human SAEC cells
were used as controls. A transporter associated with antigen
processing (TAP)-deficient and HLA-A*0201-positive cell line,
T2, and a colon cancer cell line, Caco-2, were obtained from the
RIKEN Bioresource Center (Tsukuba, Japan). These cells were
maintained in vitro in RPMI 1640 medium or DMEM supple-
mented with 10% heat inactivated fetal calf serum, except for
Caco-2 cells that were cultured in medium supplemented with
20% heat inactivated fetal calf serum. SAEC cells were grown in
optimized medium (SAGM) purchased from Cambrex Bio Sci-
ence (Walkersville, MD).

Blood and tissue samples

The clinical research using PBMCs from the donors was
approved by the Institutional Review Board of Kumamoto
University. Blood samples were obtained from healthy donors
and from patients with either cholangiocarcinoma or lung
cancers who provided their written informed consent. The
expression of HLA-A2 was examined by flowcytometry with
an anti-HLA-A2 monoclonal antibody, BB7.2 (One Lambda,
Canoga Park, CA), to select HLA-A2-positive donors. Can-
cerous tissues were excised from patients during surgery, af-
ter obtaining written informed consent.

RT-PCR and Northern blot analysis

Total RNA was extracted from the cell lines and the tissues
using the RNeasy kit (Qiagen, Dusseldorf, Germany) accord-
ing to the manufacturers’ instructions. Total RNA of human
normal tissues was purchased from Clontech (Palo Alto, CA)
and RT-PCR was done as described previously.”> The primer
sequences were: FOXMI, 5'-CACCCCAGTGCCAACCGC
TACTTG-3' and 5-AAAGAGGAGCTATCCCCTCCTCAG-
3’ (that can detect three splicing variants FOXM1Ila, FOXM1b
and FOXMIc) or 5'-CCCTGACAACATCAACTGGTC-3’ and
5'-GTCCACCTTCGCTTTTATTGAGT-3 (that cannot detect
the variants); GAPDH, 5-CCCATCACCATCTTCCAG-
GAGC-3¥ and  5-CCAGTGAGCTTCCCGTTCAGC-3';
ACTB, 5-GAGGTGATAGCATTGCTTTCG-3 and 5'-
CAAGTCAGTGTACAGGTAAGC-3'. A Northern blot analy-
sis was done as described previously.'"® Gels with 20 pg of
the total RNA of the human normal tissue (Clontech) per
lane were blotted onto nylon membranes. The membranes
were hybridized with **P-labeled FOXMI-specific cDNA as a
probe. The blots were then autoradiographed with intensify-
ing screens at —80°C for 120 hr.

Immunohistochemical analysis

An immunohistochemical analysis was done as described
previously.”> Sections of paraffin-embedded cholangiocarci-
noma and lung cancer specimens were stained with a mouse
monoclonal anti-human FOXMI1 antibody (clone 3A9,
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Abnova, Taipei, Taiwan) by standard procedure. Staining sig-
nals were visualized using the DakoCytomation EnVision +
System-HRP (DakoCytomation, Carpinteria, CA).

Generation of FOXM1 transfectant

A cDNA encoding for FOXMI1 tagged with Influenza virus
Hemagglutinin (HA) was cloned into a pENTR vector (Invi-
trogen, Carlsbad, CA) and then transferred into a self-inacti-
vating lentivirus expression vector, CSII-EF-RfA,*® by LR
recombination reaction (Invitrogen). Lentivirous-mediated
gene transfer was performed as described previously.”” The
expression of the transgene-derived FOXM1 protein was con-
firmed by Western blot analysis, using horseradish peroxidase
(HRP)-conjugated rat monoclonal anti-HA antibody (clone
3F10, Roche, Mannheim, Germany). -actin was also detected
by using mouse monoclonal anti-B-actin antibody (clone AC-
15, Sigma, St. Louis, MO) and HRP-conjugated rabbit anti-
mouse IgG (Amersham Biosciences, Piscataway, NJ) antibody.
The signals were developed and visualized using a chemilumi-
nescence system (ECL, Amersham Biosciences).

Identification of HLA-A2-restricted CTL epitopes of FOXM1
using HLA-A2 transgenic mice

The immunization of mice with peptide-loaded bone mar-
row-derived DCs (BM-DCs) was done as previously
described.">'> CD4~ spleen cells were isolated from the
immunized mice, and the frequency of cells producing IFN-y
among 5 x 10* cells upon stimulation with syngeneic 1 x
10*/well BM-DCs, pulsed with and without each peptide, was
assayed by an enzyme-linked immunospot (ELISPOT) assay
as previously descibed.”®

HLA-peptide-binding assay

HLA-A*0201-positive and TAP-deficient T2 cells, pre-incu-
bated overnight at 26°C, were cultured in the presence of 50
uM FOXMI peptides and 5 pg/ml B,-microglobulin (Sigma,
St Louis, MO) in serum-free medium at 26°C again for 1.5 hr
and subsequently at 37°C for 18 hr. The level of expression of
cell surface HLA-A2 was analyzed by flow cytometry using
anti-HLA-A2 monoclonal antibody, BB7.2. HLA-A24-re-
stricted human Cytomegalovirus-derived peptide (QYDP-
VAALF) as a negative control and SARS-A2-S-7 peptide
(NLNESLIDL), which is SARS coronavirus-derived CTL epi-
tope peptide with high binding affinity to HLA-A2 (work in
preparation), as a positive control were also used. The fluores-
cence index (FI) was calculated from the mean fluorescence
intensity (MFI) of HLA-A2 expressed on T2 cells determined
by flow cytometry, using the formula; FI = (MFI [T2 cells
with FOXM1 peptide]/MFI [T2 cells with CMV-peptide]) — 1.

Induction of FOXM1-reactive human CTLs

PBMCs were isolated from heparinized blood of HLA-A2-
positive Japanese cancer patients or healthy donors by Ficoll-
Conray density gradient centrifugation. Peripheral monocyte-
derived dendritic cells (DCs) were generated as previously
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Figure 1. cDNA microarray analysis revealed a markedly enhanced
expression of FOXM1 mRNA in intrahepatic cholangiocarcinoma
tissues. (a) A list of up-regulated genes in intrahepatic
cholangiocarcinoma tissue. These genes exhibited greater than
4-fold increased expression in cancer cells in comparison to their
normal counterparts in more than 15 out of 25 intrahepatic
cholangiocarcinoma patients. The expression of FOXM1 mRNA in
intrahepatic cholangiocarcinoma tissue specimens was markedly
enhanced in 24 of 25 patients with intrahepatic
cholangiocarcinoma. (b) The expression levels of FOXM1 in the
normal tissues were far lower than those in non-small cell lung
carcinoma (NSCLC) or esophageal cancer tissues based on the
cDNA microarray analysis.

described.” CD8" T cells were isolated, using anti-CD8
microbeads (Miltenyl Biotec, Bergisch Gladbach, Germany)
from PBMCs of the same donors, and thereafter, peptide-
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Table 1. Human FOXM1-derived peptides predicted to bind to HLA-
A2 (A*0201)

Predicted binding score

No. Position Sequence’ BIMAS? SYFPEITHI?
1 42-50 NQAEASKEV 29 15
2 241-249 YMAMIQFAI 201 21
3 256-264 RMTLKDIYT 30 12
4 288-296 NLSLHDMFV 383 20
5 290-299 SLHDMFVRET 53 23
6 355-363 LLPRVSSYL 200 22
7 355-364 LLPRVSSYLV 118 23
8 362-370 YLVPIQFPV 1856 24
9 366-375 IQFPVNQSLY 44 15

10 373-382 SLVLQPSVKV 70 26

11 374-382 LVLQPSVKV 38 23

12 409-418 LLAEEGIAPL 342 32

13 429-438 LLFGEGFSPL 255 25

14 545-553 LLFSEGPST 47 20

15 571-579 SQLSYSQEV 26 17

16 616-625 KVGGIDFSPV 40 17

17 640-649 GLMDLSTTPL 324 23

18 660-669 RLLSSEPLDL 79 23

19 661-669 LLSSEPLDL 36 23

20 702-711 SLTEGLVLDT 70 22

21 711-719 TMNDSLSKI 71 24

22 719-728 ILLDISFPGL 1047 27

23 720-728 LLDISFPGL 28 24

*Underlined amino acids are not conserved between human and
mouse FOXM1. 2http://bimas.dcrt.nih.gov/cgi-bin/molbio/ken_parker_
comboform. 3http://www.syfpeithi.de/home.htm.

reactive CD8" CTLs were generated as described.’® Six days
after the last stimulation, antigen-specific responses of the
CTLs were analyzed by IFN-y ELISPOT assay as described
above and also by 4 h->'Cr release assay as described previ-
ously.”" Briefly, >'Cr labeled target cells (5 x 10°) suspended
in 100 pl of assay medium were seeded into wells of 96-well
plates. Various numbers of effector cells suspended in 100 pl
of assay medium were added into the wells and were incu-
bated for 4 hr, and the supernatant was collected from each
well to measure the >'Cr radioactivity.

Statistical analysis

The statistical significance of the differential findings among
the experimental groups was determined by Student’s t-test.
Avalue of p < 0.05 was considered to be statistically significant.

Results

Markedly enhanced expression of FOXM1 in intrahepatic
cholangiocarcinoma tissues

A laser microdissection-based ¢cDNA microarray analysis of
25 cases of intrahepatic cholangiocarcinoma has been
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reported previously.'” These data were used to search for
genes showing a high relative expression ratio between cancer
cells and normal epithelial cells of intrahepatic bile duct. This
process identified 8 genes with greater that 4-fold increased
expression in cancer cells in more than 15 out of 25 tissue
samples (Fig. 1a). Among the 8 up-regulated genes, the
expression of FOXM1 exhibited the greatest increase in the
expression in cancer cells in comparison to the normal cells
(Fig. la). Therefore, FOXM1 was evaluated as a candidate
antigen for immunotherapy.

The expression of FOXM]I was analyzed in 16 kinds of
normal tissues including fetal kidney and liver and also non-
small cell lung cancer and esophageal cancer, using cDNA
microarray (Fig. 1b). FOXMI was expressed in the testis,
bone marrow, small intestine, thymus, and fetal liver among
normal tissues. However, the levels of expression in these
normal tissues were far lower than those in non-small cell
lung carcinoma and esophageal cancer tissues (Fig. 1b).

cDNA microarray analysis of expression of FOXM1

in various cancer tissues

The previously reported data of cDNA microarray analysis of
various kinds of cancerous tissues'>>' were used to analyze
the expression of FOXMI in 21 different types of cancer tis-
sues. Supporting Information Table 1 shows the expression
of FOXM1 to be elevated in various cancer tissues. A particu-
larly enhanced expression was recognized in bladder cancer,
lung cancer (both small cell carcinoma and non-small cell
carcinoma) and pancreatic cancer.

Expression of FOXM1 in various cancer

cell lines and tissues

Further investigation of FOXM1 was conducted not only in
cholangiocarcinoma but also in lung cancer, because lung
cancer is the most common cause of cancer death in Western
countries.”?

The expression of the FOXMI gene in cholangiocarci-
noma, hepatocellular carcinoma and lung cancer cell lines
(adenocarcinoma, bronchiolo-alveolar carcinoma, squamous
cell carcinoma, adenosquamous carcinoma, large cell carci-
noma and small cell carcinoma), and lung cancer tissues was
analyzed by RT-PCR.

The FOXMI1 gene contains 10 exons, 2 of which are alter-
natively expressed, giving rise to 3 differentially expressed
mRNA isoforms.?? Cholangiocarcinoma cell lines, TFK,
HuCCT-1, and MEC, and hepatocellular carcinoma cell lines,
HepG2 and SK-Hepl strongly expressed FOXMIb and
FOXMIc (FOXMIb < FOXMIc) mRNA (Fig. 2).

FOXM1 was expressed in all the lung cancer cell lines
examined (Supporting Information Fig. 1). In addition, all of
the tissue samples of lung adenocarcinoma, squamous cell
carcinoma, and small cell carcinoma also expressed FOXM]1
mRNA, whereas normal lung epithelium did not (Supporting
Information Fig. 1). FOXMI was strongly expressed in all
cancer cell lines examined, except for Caco-2, which is a
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Hepatocellular Cholangio-
carcinoma carcinoma

Figure 2. The expression of FOXM1 mRNA in cancer cell lines.
RT-PCR analysis was done to detect FOXM1 mRNA expression in
cholangiocarcinoma and hepatocellular carcinoma cell lines. The
same cDNA samples were tested for GAPDH for control.
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Figure 3. FOXM1 expression in various normal tissues analyzed by
RT-PCR and Northern blot analysis. The same Northern blot
membrane was stripped and rehybridized with a B-actin probe to

prove the RNA integrity and to assess the loading of equal
amounts of RNA.

colon cancer cell line expressing a trace amount of FOXM]I
mRNA (data not shown).

Among the normal tissue specimens, FOXM1 mRNA was
expressed in the testis, fetal liver and thymus (FOXMI1b >
FOXMIc), stomach, small intestine and colon (FOXMIb <
FOXMIc) (Fig. 3). A Northern blot analysis revealed rela-
tively strong expression of FOXM1 mRNA in testis and weak
expression in the fetal liver, thymus and gastrointestinal
tracts (Fig. 3). These RT-PCR and Northern blot analyses
were consistent with the results of the ¢cDNA microarray
analysis (Fig. 1b).

Tissue samples of cholangiocarcinoma and lung cancer
were analyzed immunohistochemically to determine the
expression of FOXM1 protein in cancer cells (Fig. 4). An
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Figure 4. Immunohistochemical staining of FOXM1 protein in the

intrahepatic cholangiocarcinoma (a), lung adenocarcinoma (b, ¢),
cholangiocarcinoma (d), non-cancerous lesion (pancreas) of d (e).
The sections were stained with monoclonal anti-FOXM1 antibody.
Objective magnification was 200x.
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Figure 5. The identification of HLA-A2-restricted CTL epitopes of FOXM1 by using HLA-A2 Tgm. HLA-A2 Tgm were primed by injection of BM-
DCs (5 x 10°) pulsed with the mixture of FOXM1-derived peptides carrying HLA-A2 (A*0201) binding motif into the peritoneal cavity of the

Tgm twice with a 1 week interval. Seven days after the 2nd vaccination,

spleens were isolated and CD4~ spleen cells (5 x 10%/well) were

stimulated with syngeneic irradiated BM-DCs (5 x 10°/well) pulsed with each peptide for 6 days. Cultured CD4~ spleen cells were
subjected to ELISPOT assay to count IFN-y-producing cells/5 x 10* CD4~ spleen cells upon stimulation with 1 x 10* BM-DCs with (black)
or without (white) peptide loading. The columns and bars indicate mean of triplicate assays and SE, respectively. The data are each

representative of 3 independent experiments. The underlines indicate the peptides that induced peptide-specific responses (p < 0.05).

increased expression of FOXMI protein was observed in the
cancerous tissues, but not in the adjacent normal tissues.

Identification of HLA-A2-restricted FOXM1 epitopes
by using HLA-A2.1 Tgm
Human FOXMI1-derived peptides, carrying binding motifs
for HLA-A2 (HLA-A*0201) were searched using the BIMAS
software package (BioInformatics and Molecular Analysis
Section, Center for Information Technology, NIH, Bethesda,
MD, http://www-bimas.cit.nih.gov/) and SYFPEITHI (Bio-
medical Informatics, http://www.syfpeithi.de/). We selected
23 peptides predicted to bind to HLA-A2 from the amino
acid sequence conserved among human FOXMla, FOXMI1b
and FOXMIc isoforms. The scores of the selected peptides
calculated based on BIMAS and SYFPEITHI algorithms pre-
dicting HLA-A2-binding affinity are shown in Table 1.
Further investigations were conducted to identify HLA-
A2-restricted epitopes from the selected 23 peptides, using
HLA-A2 Tgm. The 23 peptides were loaded onto BM-DCs of
HLA-A2 Tgm and injected intraperitoneally twice into the
mice with a 7-day interval. Spleen cells were isolated from
the mice 7 days after the second injection and cultured with
BM-DCs pulsed with the peptides. Subsequently, the cultured
cells were subjected to an ELISPOT assay to analyze produc-
tion of IFN-y upon stimulation with the same peptides. A se-
ries of repeated experiments revealed a reproducible response
to FOXMl36; 370, FOXM1375.38, and FOXMlggo. 640 (desig-
nated as FOXM1-8, FOXM1-10 and FOXM1-17, respectively;

Table 1: Fig. 5). On the other hand, the peptide-reactive CTL
lines did not respond to the peptides pulsed onto non-trans-
genic C57BL/6 mice-derived BM-DCs, thus verifying that the
responses to these peptides were restricted by HLA-A2.

The amino acid sequences of FOXM1-8 and FOXMI1-10
are conserved between human and mouse, whereas that of
FOXM1-17 is not conserved; human GLMDLSTTPL vs.
mouse GLM ELNTTPL. To determine whether the immuni-
zation of the mice with the FOXM1 peptides caused autoim-
munity, a histological analysis was done on various organs
isolated from HLA-A2 Tgm immunized with FOXMI1-8 or
FOXM1-10 peptides. We observe no pathological changes,
such as lymphocyte infiltration or tissue destruction and
repair in the brain, heart, lung, liver, small intestine, kidney,
or testis of the immunized Tgm (data not shown). These
results suggest that the CTL response elicited by immuniza-
tion with FOXM1-8 or FOXM1-10 peptide may not cause
damage to normal tissues.

Induction of FOXM1-reactive human CTLs from
HLA-A2-positive donors

To know whether or not the identified 3 FOXM1-derived
peptides actually bind to HLA-A2, we analyzed the binding
of the peptides to HLA-A2 by using TAP-deficient and HLA-
A2-positive T2 cells. As shown in Figure 6, stabilization of
cell surface HLA-A2 by addition of FOXM1 peptides was
observed, thus confirming the actual binding of the peptides
to HLA-A2.

Int. J. Cancer: 126, 2153-2163 (2010) © 2009 UICC
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Figure 6. >Binding of the FOXM1-derived peptides to HLA-A2. Three
FOXM-1 derived peptides were examined on the actual binding to
HLA-A2 by using a TAP-deficient, HLA-A*0201-positive cell line T2. T2
cells, pre-incubated overnight at 26°C, were cultured in the presence
of 50 uM peptide and 5 pg/ml B,-microglobulin in serum-free
medium at 26°C for 1.5 hrand subsequently at 37°C for 18 hr. After
the culture, HLA-A2 expression on the cell surface was measured by
flow cytometry with anti-HLA-A2 monoclonal antibody BB7.2. A
human cytomegalovirus-derived peptide (QYDPVAALF) and a SARS-
A2-S-7 peptide (NLNESLIDL) were used as a negative and a positive
control, respectively. The fluorescence index (FI) was calculated from
the mean fluorescence intensity (MFI) of HLA-A2 expressed on T2
cells determined by flow cytometry, using the formula FI = (MFI [T2
cells with FOXM1 peptide]/MFI [T2 cells with CMV peptide]) — 1.
BIMAS score predicting HLA-A2-binding affinity of the peptides are
also indicated.
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Figure 7. CTL induction from PBMCs of HLA-A2-positive healthy
donors. FOXM1 peptide-reactive CTLs were generated from CD8" T
cells of HLA-A2™ healthy donors. After 3 or 4 times of stimuli with
autologous monocyte-derived DCs pulsed with the FOXM1-8,
FOXM1-10, or FOXM1-17 peptide, the CTLs were subjected to IFN-y
ELISPOT assay, using T2 cells pulsed with the same FOXM1
peptide as stimulators. The number of specific spots was
determined by subtracting the mean number of spots in the
absence of an antigen from that in the presence of the antigen:
(ELISPOT number stimulated with T2 cells + peptide) — (ELISPOT
number stimulated with T2 cells alone).

Thereafter, we investigated human CTL response to
FOXM1. We tried to establish FOXMI-reactive CTL lines
from PBMCs of HLA-A2-positive healthy individuals by
stimulation with the FOXM1-8, FOXM1-10 or FOXM1-17
peptides. CD8" T cells sorted from the PBMCs were co-cul-
tured with autologous monocyte-derived DCs pulsed with the
peptides as described in the material and methods. CTL lines
generated from HLA-A2 positive healthy donors produced
IFN-vy specifically in response to re-stimulation with T2 cells
pulsed with the peptides (Fig. 7).

Further investigation examined whether the identified
peptides were produced from FOXMI1 protein by intracellular
natural processing. FOXMI-specific killing activity of CTLs
induced with these peptides from HLA-A2-positive cancer
patients were analyzed by >'Cr release assay. RT-PCR analy-
ses revealed that all of the HLA-A2 positive cell lines that we
examined expressed FOXM1 (Fig. 2, Supporting Information
Fig. 1, and data not shown), except for Caco-2 cells. Thus,
we introduced Caco-2 cells with an expression vector for
FOXMI by using lentivirus and used as target cells (Caco-2-
FOXM1). Caco-2 cells infected with lentiviruses without
FOXM]I-gene were also used as negative control target cells
(Caco-2-mock). The expression of transgene-derived protein
in the transfectants was confirmed as shown in Figure 8a.
The peptide-induced CTL lines exhibited significantly higher
cytotoxicity against Caco-2-FOXM1 cells than against Caco-
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Figure 8. Natural processing of FOXM1 peptides. (a) Total cell
lysate from Caco-2 cells infected with Lentiviruses without FOXM1-
gene (Caco-2-mock) or those introduced with HA-tagged human
FOXM1-gene (Caco-2-FOXM1) was analyzed by Western blot
analysis for transgene-derived FOXM1expression, using anti-HA
antibody. As a loading control, the same membrane was blotted
with an anti-B-actin antibody. (b) Cytotoxic activity of the CTL lines
established from HLA-A*0201-positive healthy donors and patients
with cancer by stimulation with the 3 FOXM1-derived peptides
against Caco-2-mock and Caco-2-FOXM1 (FOXM1™", HLA-A*0201")
was examined by >*Cr release assay. The percentage of specific
lysis was calculated from the mean values of duplicate or triplicate
assays.

2-mock cells. These results clearly indicate that these peptides
were naturally processed from FOXM1 protein and presented
in the context of HLA-A2 to be recognized by peptide-
induced CTLs.

FOXM1—immunotherapeutic tumor-associated antigen

Discussion

The identification of adequate target antigens which induce
a potent and specific anti-tumor immune response is im-
portant for the development of cancer immunotherapy.
Although many TAAs in various cancers have been identi-
fied,>** only a few antigens specifically expressed in chol-
angiocarcinoma have been reported®*?> A previous cDNA
microarray analysis identified multiple gene transcripts that
are up- or down-regulated in cholangiocarcinoma.'> The
current study searched for TAA by using the cDNA micro-
array data and identified FOXMI1 as a candidate for target
antigen.

FOXM1 is over-expressed in a number of aggressive
human carcinomas.">' An enhanced expression of
FOXM1 was also observed in various cancer tissues in cDNA
microarray analysis (Supporting Information Table 1). The
expression of FOXMI is significantly associated with poor
overall survival of non-small cell lung cancer and glioblas-
toma patients.’®*” Therefore, FOXM1 may have the potential
to serve as a good target of cancer immunotherapy for vari-
ous types of cancers. To evaluate FOXM1 as a target for can-
cer immunotherapy, the present study examined the immu-
nogenicity of FOXM1 in human immune system.

The FOXM1-derived peptides predicted to bind to HLA-
A2 were analyzed for their capacity to induce CTLs. Stimula-
tion of PBMCs obtained from healthy donors with FOXM1-8
(YLVPIQFPV), FOXM1-10 (SLVLQPSVKV) and FOXM1-17
(GLMDLSTTPL) peptides resulted in the generation of pep-
tide-reactive CTL lines. Furthermore, CTLs reactive to the
peptides generated from cancer patients exhibited specific
cytotoxicity against HLA-A*0201-positive Caco-2 cells intro-
duced with an expression vector for FOXM1, but not against
mock-introduced Caco-2 cells, thus verifying the natural
processing of these peptides from FOXM1 protein in cancer
cells. These results suggest that FOXMI1 is a promising target
for various types of cancers, and that the 3 peptides derived
from FOXMI1 are effective tools for the clinical application of
peptide-based immunotherapy for HLA-A*0201-positive can-
cer patients.

The human FOXMI gene has a 10-exon structure. Two
exons, Va and VIla, are alternatively spliced.’® Differential
splicing of exons Va and VIIa in human FOXM] yields 3 iso-
forms, FOXM1Ia, FOXMI1b and FOXMIc. FOXMIla contains
both alternative exons, FOXMIb contains none of the alter-
native exons and FOXMIc only retains exon Va.* FOXMIb
and FOXMIc exhibit transactivating activity because of the
absence of VIIa, which is the inhibitory sequence. The pres-
ence of VIla in FOXMIla renders it transcriptionally inac-
tive”> In the present study, FOXMI was found to be
expressed in various cancer cell samples, with a differential
pattern of expression in normal testis and thymus. The
FOXMIc isoform was more abundant in cultured cells,
including those from the normal gastrointestinal tract and
these results were consistent with the findings of other
studies.***
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FOXM], a transcription factor, plays an important role in
regulating the expression of genes involved in cell growth,
proliferation, differentiation, longevity and transformation.
Expression profiling has identified a FOXMI-regulated cluster
of genes, including many G2/M-specific genes (Cyclin B,
CENP-F, Nek-2, efc).!”*!' The loss of FOXM]I expression in
cancer cell lines results in mitotic spindle defects, delays cells
in mitosis, and induces mitotic catastrophe."”*! These find-
ings suggest that FOXM]I expression is essential for cancer
cell growth and survival. Indeed, evident expression of
FOXMI1 mRNA was detected in most of the cell lines exam-
ined by RT-PCR in the present study. If a molecule expressed
by cancer cells plays an essential role in their survival, then
cancer cells cannot escape from the immune cell attack
directed to this molecule by losing expression of this mole-
cule.*” In this regard, FOXMI1 is thus considered to be a suit-
able target for anti-cancer immunotherapy.

HLA Tgm is not only useful for the identification of
HLA-restricted antigenic epitopes but also for the evaluation
of autoimmunity caused by immunization of peptides that
are conserved between human and mouse FOXMI1. The
amino acid sequences of the FOXMI1-8 and FOXMI1-10
peptides are conserved between human and mouse. In
the present study, vaccination with these peptides did
not induce autoimmunity in HLA-A2 Tgm. These results
suggest that the use of these peptides for the HLA-A*0201-
positive humans would be safe, although low levels of expres-
sion of FOXM1 was detected in some normal organs (Figs. 1
and 3).

A number of clinical trials have evaluated peptides derived
from TAAs. However, tumor regression has not so far been
observed as expected.*> The possible reasons for the lack of
clinical efficacy could be an entry of advanced cancer patients
in immunotherapy trials, and loss or down-regulation of
HLA class I molecules, co-stimulatory molecules, and pro-
teins associated with antigen presentation (such as TAP, low-
molecular-weight protein (LMP) and [,-microglobulin) in
the tumor cells.** Consequently, a significant portion of tu-
mor cells could escape from CTLs specific to the TAA-
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was an effective anticancer therapy. One is a peptide contain-
ing an amino acid sequence of p19*%*24-49, which interacts
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Clinical trials of the epitope-peptide vaccines derived from
the TAAs identified by genome-wide cDNA microarray anal-
yses in different cancers are currently underway. The HLA-
A2-restricted epitopes of FOXM1 identified in the present
study may well be clinically tested in the near future.
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