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Abstract Wilms’ tumor gene (WT1), which is expressed
in human pancreatic cancer (PC), is a unique tumor antigen
recognized by T-cell-mediated antitumor immune response.
Gemcitabine (GEM), a standard therapeutic drug for PC,
was examined for the regulation of WT1 expression and the
sensitizing effect on PC cells with WT1-specific antitumor
immune response. Expression of WT1 was examined by
quantitative PCR, immunoblot analysis, and confocal
microscopy. Antigenic peptide of WT1 presented on HLA
class I molecules was detected by mass spectrometry.
WT1-specific T-cell receptor gene—transduced human T
cells were used as effecter T cells for the analysis of cyto-
toxic activity. GEM treatment of human MIAPaCa2 PC
cells enhanced WT1 mRNA levels, and this increase is
associated with nuclear factor kappa B activation. Tumor
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tissue from GEM-treated MIAPaCa2-bearing SCID mice
also showed an increase in WT1 mRNA. Some human PC
cell lines other than MIAPaCa2 showed up-regulation of
WTI1 mRNA levels following GEM treatment. GEM treat-
ment shifted WT1 protein from the nucleus to the cyto-
plasm, which may promote proteasomal processing of WT1
protein and generation of antigenic peptide. In fact, presen-
tation of HLA-A*2402-restricted antigenic peptide of WT1
(CMTWNQMNL) increased in GEM-treated MIAPaCa2
cells relative to untreated cells. WT1-specific cytotoxic T
cells killed MIAPaCaz2 cells treated with an optimal dose of
GEM more efficiently than untreated MIAPaCa2 cells.
GEM enhanced WT1 expression in human PC cells and
sensitized PC cells with WT1-specific T-cell-mediated anti-
tumor immune response.

Keywords Pancreatic cancer - WT1 - Gemcitabine -
NF kappa B - T-cell response

T. Ochi - H. Fujiwara - M. Yasukawa
Department of Bioregulatory Medicine,
Ehime University Graduate School of Medicine, Toon, Japan

J. Mineno
Center for Cell and Gene Therapy, Takara Bio, Inc., Otsu, Japan

H. Shiku
Department of Cancer Vaccine,
Mie University Graduate School of Medicine, Tsu, Japan

S. Nishida
Department of Cancer Immunotherapy,
Osaka University Graduate School of Medicine, Suita, Japan

H. Sugiyama

Department of Functional Diagnostic Science,
Osaka University Graduate School of Medicine, Suita, Japan

@ Springer


http://dx.doi.org/10.1007/s00262-011-1033-3

1290

Cancer Immunol Immunother (2011) 60:1289-1297

Introduction

Pancreatic cancer (PC) is a devastating disease with a 5%
overall 5-year survival rate [1, 2]. This high mortality
rate is due to a combination of factors that include a high
incidence of metastatic disease at initial diagnosis, an
aggressive clinical course, and the failure of systemic thera-
pies used for treatment. Despite the fact that advanced
loco-regional disease is found in 40% of patients [3],
only 5-25% of patients with pancreatic cancer are treated
surgically [4]. Even in cases where pancreatic cancer is
discovered at a resectable stage, only 10-20% of patients
are expected to survive for more than 5 years after curative
resection [5].

Gemcitabine (GEM) is currently the most commonly
used therapeutic drug prescribed in cases of advanced PC [6,
7]. Numerous phase III trials testing gemcitabine in combi-
nation with other cytotoxic drugs have failed to reveal any
additional benefit compared with gemcitabine alone [8]. Erl-
otinib, a small molecule inhibitor of the epidermal growth
factor receptor tyrosine kinase, is a notable exception in that
it is the only drug reported to confer a significant improve-
ment in survival over gemcitabine alone [9]. Recently,
Folfirinox was reported to be a more efficient, but more
toxic, regimen for pancreatic cancer and might be promising
for the patients with good performance status [10]. Ulti-
mately, improved treatment of advanced PC will likely
require additional selected and targeted agents that provide
the benefit of prolonged survival with minimum risk.

The Wilms’ tumor gene WT1 encodes a zinc finger tran-
scription factor. Although the WT1 gene was originally
defined as a tumor suppressor gene [11-13], additional
reports demonstrate that it is highly expressed in leukemia
and various types of malignant tumors [14] and can confer
oncogenic functions [15]. WT1-specific cytotoxic T lym-
phocytes (CTLs) and WTI1 antibodies have both been
shown to be induced spontaneously in tumor-bearing leuke-
mia patients [16]. These results indicate that WT1 protein is
highly immunogenic and establish it as a promising tumor
antigen for recognition by specific CTLs [17]. The safety
and clinical efficacy of major histocompatibility complex
(MHC) class I-restricted WT1 epitope peptides against var-
ious malignancies have been confirmed in clinical immuno-
therapy trials [14, 15].

Reports indicate that WT1 is frequently overexpressed in
human pancreatic cancer cells [18]. Recent clinical reports
on treatments combining GEM drug therapy with peptide
vaccine immunotherapy have demonstrated safe and prom-
ising results in cases of advanced PC [19, 20]. In our recent
phase I clinical trial that tested a combination of WT1 pep-
tide vaccine and GEM in treatment of advanced PC, several
cases showed marked tumor regression (manuscript in
preparation). These results suggest that the actions of WT1-
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targeted antitumor immunity and GEM can function syner-
gistically against PC cells. In the present study, we demon-
strate that GEM treatment up-regulates WT1 expression in
PC cell lines, and that antitumor immune activity against
PC cells via a WT1-specific T-cell response is augmented
by GEM treatment.

Materials and methods
Cell lines, antibodies, and mice

Human pancreatic cancer cell lines (MIAPaCa2, PANC-1,
AsPC-1, BxPC-3, Capan-1 and Capan-2) were obtained
from the American Type Culture Collection (Manassas,
VA, USA) [21]. A rabbit polyclonal antibody against WT1
(C-19) and a goat polyclonal antibody against Lamin B
(C-20) were purchased from Santa Cruz Biotechnology, Inc
(Santa Cruz, CA, USA). Eight- to ten-week-old SCID mice
were supplied by Nihon SCL Co., Ltd. (Hamamatsu, Japan)
and were maintained in our specific pathogen-free facilities.
Mice received humane care according to the criteria out-
lined in the “Guide for the Care and Use of Laboratory Ani-
mals” prepared by the National Academy of Sciences and
published by the National Institute of Health (NIH publica-
tion 86-23 revised 1985).

Quantitative reverse transcription polymerase chain
reaction (QRT-PCR)

Tissue or cell samples were lysed directly in Buffer RLT Plus
(Qiagen, Hilden, Germany) and homogenized. Reverse tran-
scription (RT) was performed using a High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems, Foster City,
CA, USA). TagMan primers and non-fluorescent quencher
probes complementary to WT1 (Assay ID:Hs00240913_m1)
and 18S ribosomal RNA (rRNA, Assay ID:Hs99999901_s1)
genes were purchased from Applied Biosystems. qRT-PCR
was performed using the 7300 Fast Real-Time PCR System
(Applied Biosystems, Foster City, CA). WT1 expression lev-
els were normalized relative to those of 18S rRNA.

Inhibition of nuclear factor kappa B (NF-kB)

Inhibition of NF-kB activity in human PC cells was
achieved using an NF-kB p65 (Ser276) inhibitory peptide
kit IMGENEX, San Diego, CA, USA). Briefly, MIAPaCa2
cells (6 x 10%/well) were seeded in 24-well culture plates
and incubated for 24 h. Growth medium was then changed
to medium containing GEM (0 or 30 ng/ml) with NF-kB
blocking peptide (50 M) or control peptide (50 uM). After
24-h incubation, cellular expression of NK-kB was deter-
mined using qRT-PCR.
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Immunoblot analysis

The nuclear fraction of MIAPaCa2 cells used for the detec-
tion of WT1 protein was isolated using an Active Motif
extraction kit (Carlsbad, CA, USA). Protein samples
(30 pg/well) separated by electrophoresis in 15% sodium
dodecyl sulfate-polyacrylamide gels were then transferred
to polyvinylidene difluoride membranes (Bio-Rad Labora-
tories, Hercules, CA). After blocking in 5% nonfat milk for
1 h, membranes were exposed to antibodies specific to
WTI1 (1:100) and beta-actin (1:10,000; Sigma—Aldrich, St.
Louis, MO, USA) and then to horseradish peroxidase-con-
jugated secondary antibodies. The ECL-PLUS Detection
System (GE Healthcare, Buckinghamshire, UK) was used
for chemiluminescent detection of secondary antibodies.

Confocal microscopy

MIAPaCa2 cells cultured on glass coverslips were incubated
with or without GEM (30 ng/ml) for 24 h. Cells were then
washed and fixed in 4% paraformaldehyde. Immunofluores-
cent visualization of cells expressing WT-1 was achieved by
incubating slides in rabbit anti-WT1 antibody (1/200), fol-
lowed by Amaxa488-conjugated donkey anti-rabbit IgG anti-
body (Molecular probes, Eugene, OR, USA). Cell nuclei were
stained with TO-PRO-3 iodide (Molecular Probes), and a laser
scanning confocal microscope (LSMS510, CarlZeiss, Thorn-
wood, NY, USA) was used to obtain fluorescence images.

Positive ion ESI LC-MS/MS analysis of MHC class I
binding peptides from MIAPaCa2 cells

MIAPaCa2-bearing mice were injected intraperitoneally with
PBS or GEM (3.75 mg/mouse). After 48 h, tumors were
resected and digested using collagenase to obtain single cells.
MHC class I binding peptides were isolated from 10® cells
using the method described by Storkus et al. [22]. Isolated
peptides were dissolved in 50% methanol and analyzed via
electrospray ionization (ESI) liquid chromatography (LC)-tan-
dem mass spectrometry (MS/MS) using a triple quadrupole
mass spectrometer (Q TRAP) (Applied Biosystems, Foster
City, CA, USA). The mass spectrometer interfaced with an
Agilent 1100 liquid chromatography (Agilent Technologies,
Wilmington, DE, USA) was employed. The WT1 antigenic
peptide (aa 235-243 CMTWNQMNL; MW = 1,139.5 Da) in
50% methanol was easily produced m/z 1171.5 as a methanol
adduct ion (M + MeOH)*. The multiple reaction monitoring
(MRM) transition monitored for the detection of this peptide
was m/z 1,171.5/1,154.5. This peptide was eluted at a flow
rate 0.2 mL/min from an Intersil C8-3 column [50 x 2.1 mm,
3 um particle size] (GL Science Inc., Tokyo Japan) using a
linear gradient of 9.5% min~" of 5-100% acetonitrile contain-
ing 1% formic acid. To estimate cellular peptide concentra-

tions, a standard curve was prepared by increasing
concentrations (0-1,000 pmol) with chemically synthesized
WT-1 antigenic peptide. The response was considered to be
linear if the correlation coefficient (+°) was greater than 0.99,
calculated by least-squares linear regression analysis.

Cytotoxicity assay

WT1-specific cytotoxic effector cells were generated as
described below. Full-length WT1-specific T-cell receptor
(TCR) a/b genes (Va20/J33/Ca for TCR-a and Vb5.1/J2.1/
Cb2 for TCR-b, respectively) isolated from the HLA-
A*2402-restricted WT1 35 ,43-specific CD8" CTL clone
TAK-1 [23] were cloned into a pMEI-5 retroviral vector
(Takara Bio, Shiga, Japan). WT1-specific TCR genes were
then transduced into normal CD8" lymphocytes as
described previously [24]. Cytotoxicity assays were per-
formed using a standard 4-h culture Slchromium (Cr)
release assay described elsewhere [25].

Statistical analysis

The significance of differences between groups was ana-
lyzed using Student’s ¢ test for two independent groups and
with Tukey’s test for multiple-group comparisons. Values
that did not fit a Gaussian distribution were analyzed with
the Bonferroni method for multiple-group comparisons.

Results

Up-regulation of WT1 mRNA in human PC cells by in
vitro treatment with GEM

Proliferation of MIAPaCa2 cells was inhibited for 48 h with
stable numbers of viable cells following treatment with 30
and 100 ng/ml of GEM (Fig. 1a). Growth of MIAPaCaz2 cells
was also impaired by treatment with 10 ng/ml of GEM for
72 h. Levels of WT1 mRNA were enhanced significantly by
treatment of MIAPaCa2 cells with 10, 30, and 100 ng/ml of
GEM for 24, 48 and, 72 h, respectively (Fig. 1b). Enhance-
ment of WT'1 mRNA was also observed after 2-h treatment
with GEM (100 ng/ml) in following 72 h (Fig. 1c). This
GEM-mediated enhancement was suppressed by the addition
of NF-kB blocking peptide in the culture (Fig. 1d).
GEM-mediated up-regulation of WT1 mRNA expression
was examined in various human pancreatic cancer cell lines.
GEM-treated Capan-2 cells showed a significant enhance-
ment of WT1 mRNA expression (Fig. 2a). Low steady-state
levels of WT1 mRNA expression in AsPC-1 and BxPC-3
cells were also enhanced by GEM treatment (Fig. 2b). In
contrast, expression of WT1 mRNA in Capan-1 and PANC-1
cells was not up-regulated by GEM treatment (Fig. 2b, c).
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Fig. 1 a Proliferation of MIAPaCa2 cells in medium containing vari-
ous concentrations of GEM. MIAPaCa2 cells (3 x 10°/well) were
seeded in 6-well culture plates in regular culture medium, which was
then exchanged for GEM-containing medium after 24 h. At 24-h inter-
vals, cells were detached using trypsin, and cell numbers were counted
using a hemocytometer (n = 3). b Up-regulation of WT1 mRNA in
MIAPaCa2 cells by GEM treatment. Twenty-four hours after plating,
culture medium was exchanged to media containing GEM at indicated
concentrations (0, 10, 30 and 100 ng/ml). MIAPaCa2 cells were har-
vested at 24-h intervals, and WT1 mRNA in cell homogenates was
analyzed using qRT-PCR. WTImRNA levels were normalized relative
to those of 18S ribosomal RNA (18S). ¢ Up-regulation of WT1 mRNA
in MIAPaCa2 cells after short treatment with GEM. Twenty-four hours

Changes in WT1 mRNA expression levels were also
examined in MIAPaCa2 cells following in vitro treatment
with various other chemotherapeutic agents. Oxaliplatin,
Doxorubicin, and five-fluorouracil showed significant
enhancement of WT1 mRNA expression, but cisplatin and
irinotecan did not (Suppl. 1). Because GEM is the standard
drug used to treat human PC, its effect on human PC cells
was studied thereafter.

In vivo up-regulation of WT1 mRNA in tumor tissue
by treatment of MIAPaCa2-bearing SCID mice with GEM

In order to clarify whether in vivo treatment of tumor cells
with GEM induces an enhancement of WT1 mRNA expres-
sion, SCID mice implanted subcutaneously with MIA-
PaCa2 cells were treated with a clinical dosage of GEM.
We observed a significant increase in the levels of WT1
mRNA 48 h after injection of GEM (Fig. 3).
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after plating, MIAPaCa?2 cells were untreated or treated with 100 ng/
ml of GEM for 2 h. MIAPaCa2 cells did not proliferate but kept alive
for following 72 h by this treatment with GEM. After GEM treatment,
cells were washed well, cultured in regular culture medium, and har-
vested at 24-h intervals. WT1 mRNA in cell homogenates was ana-
lyzed using qRT-PCR, and WTImRNA levels were normalized
relative to those of 18S ribosomal RNA (18S). d NF-kB suppresses
GEM-induced up-regulation of WTI mRNA. MIAPaCa2 cells
(6 x 104/we11) were seeded in 24-well culture plates. After 24 h, medi-
um was exchanged for media containing GEM (0 or 30 ng/ml) and/or
NF-kB blocking peptide (50 uM) or control peptide (50 uM). WT1
mRNA levels were quantified after 24-h incubation using qRT-PCR.
*P <0.01

GEM treatment shifts localization of WT1 from the nucleus
to the cytoplasm

We used immunoblot analysis to examine the levels of
WT1 protein in MIAPaCa2 cells cultured in the absence or
presence of GEM. Relative to untreated cells, WT1 protein
levels in GEM-treated MIAPaCa2 cells were augmented;
however, after 36 h of cell culture, levels of WT1 protein
diminished in both untreated and GEM-treated cells
(Fig. 4a). This decline in WT1 protein levels was rescued
by treatment with the proteasome inhibitor MG-132, indi-
cating that WT1 protein is susceptible to proteasomal deg-
radation (Fig. 4b).

Confocal microscopy images demonstrate that WT1 pro-
tein is primarily located in nuclei of untreated cells (Fig. 5a).
However, in MIAPaCA2 cells treated with GEM, localiza-
tion of WT1 protein shifted to the cytoplasm and the inten-
sity of WT1 immunofluorescence in the nucleus decreased
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Fig. 2 a Up-regulation of WT1 mRNA levels in various human PC
cell lines following GEM treatment. Human PC cells (1 x 10° MIA-
PaCa2, AsPC-1, BxPC-3, Capan-1 or Capan-2) were seeded in 10-cm
culture plates. After 24-h incubation, medium was changed to media
containing GEM (10, 30 or 100 ng/ml). After 48 h, we used qRT-PCR
to quantify the relative ratio of WT1 to 18S mRNA levels in each cell
line (n = 3). b GEM-induced up-regulation of WT1 mRNA in human
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Fig. 3 Tumors in PC-bearing SCID mice treated with GEM show in-
creased WT1 mRNA levels. Ten days after subcutaneous inoculation
of SCID mice with 5 x 10® MIAPaCa2 cells (formation of approxi-
mately 1-cm diameter tumors), mice were injected intraperitoneally
with GEM (0, 0.42, 1.25 and 3.75 mg/mouse). Tumors were resected
every 24 h thereafter, and relative levels of WT1 mRNA were quanti-
fied using qRT-PCR (n = 3). Duplicate trials of the same protocol
showed similar results. *P < 0.01

(Fig. 5a). Decline in WT1 protein levels following GEM
treatment was also observed in immunoblot analyses of the
nuclear fraction of treated MIAPaCa?2 cells (Fig. 5b).

PC cells with low basal levels of WT1 mRNA (MIAPaCa2, AsPC-1,
BxPC-3 and Capan-1). To illustrate these results, we replotted data
from (a) to represent a considerably narrower range of mRNA level ra-
tios (0—14) on the y-axis. (¢) Expression of WT1 mRNA in human PC
cells with high basal levels of WT1 mRNA (PANC-1). To illustrate the
results, we plotted data to represent a considerably wider range of
mRNA level ratios (0-18,000) on the y-axis

Enhanced presentation of HLA-A*2402-restricted WT1
antigenic peptide following GEM treatment

Figure 6a shows typical standard curve obtained with
increasing quantities of WT1 antigenic peptide. The data
indicate a linear relation over a wide range (0-1,000 pmol) of
analyte amount with correlation coefficients greater than
0.99. The data in the Fig. 6b demonstrate the sensitivity as
well as the noise background of the LC-MS/MS. The
noise background is less than 1 cps. The signal from
injection of 10 pmol of this peptide spiked to MIAPaCa2
cells is approximately 16 cps, giving an S/N ratio of
approximately 16. The low noise background and signal
of 10 pmol of this peptide indicated the extrapolated
limit of detection is less than 0.8 pmol on column under
S/N =2.

The level of the WT1 antigenic peptide was estimated
among MHC class I binding peptides from MIAPaCaz2 cells
treated with either PBS or GEM to 6.49 pmol/103cell or
8.78 pmol/108cell, respectively. GEM treatment increased
the presentation of HLA-A*2402-restricted WT1 antigenic
peptide on MIAPaCa?2 cells.
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Fig. 4 a WT1 protein is degraded by proteasomal enzymes. Twenty-
four hours after 3 x 10° MIAPaCa2 cells/well were seeded in 6-well
culture plates, medium was exchanged from untreated to media con-
taining GEM (0 or 30 ng/ml). Expression of WT1 protein in the cells
was analyzed every 12 h thereafter from immunoblots described in
Sect. “Materials and methods”. b Protease inhibitors block WT1 deg-
radation. Twenty-four hours after incubating MIAPaCa2 cells with
GEM (0 or 30 ng/ml), MG-132 in DMSO or DMSO alone was added
to each well at a concentration of 5 uM and 0.05%, respectively.
Treated and control cells (in 0.05% DMSO alone) were incubated for
12 h before harvesting cells for immunoblot analysis of WT1 and beta-
actin proteins
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Fig. 5 a GEM treatment shifts WT1 protein localization from nucleus
to cytoplasm. Twenty-four hours after seeding 3 x 10> MIAPaCa2
cells/well in 6-well culture plates, untreated medium was exchanged
for fresh medium with or without GEM (0 or 30 ng/ml). After 24-h
incubation, cells were fixed with paraformaldehyde, followed by nu-
clear staining with TO-PRO-3 iodide (blue color) and detection of
WT1 with rabbit anti-WT1 polyclonal antibody and anti-rabbit IgG
conjugated with fluorescein isothiocyanate (green color). Stained cells

@ Springer

GEM-treated PC cells are killed efficiently by effector cells
transduced with genes encoding a WT1-specific T-cell
receptor

The susceptibilities of untreated and GEM-treated MIA-
PaCa?2 cells to WT1-specific cytotoxic effector T cells were
compared. The cytotoxic effect of WT1-specific effector
cells on MIAPaCa2 cells was enhanced significantly when
PC cells were treated with either 10 or 30 ng/ml of GEM
for 48 h (Fig. 7). Notably, effector cell cytotoxicity was not
enhanced by treatment of PC cells with 100 ng/ml of GEM,
although this high dose of GEM was more toxic to PC cells
than 10 or 30 ng/ml. Up-regulation of MHC class I in MIA-
PaCa2 cells by GEM treatment that possibly provides the
similar results was not observed (data not shown).

Discussion

In the present study, we demonstrate that expression of
WT1 mRNA in human PC cells is enhanced by treatment

TOPRO3 WT1

GEM 30ng/ml

w1 .

Ny ' and

Lamin B[S S .

12hr 24hr  36hr

GEM 30ng/ml

48hr

were observed using confocal microscopy (original magnification
x1,000). b GEM treatment diminishes nuclear localization of WT1
protein. Twenty-four hours after seeding 3 x 10° MIAPaCa2 cells/
well in 6-well culture plates, medium was exchanged for fresh medium
with or without GEM (0 or 30 ng/ml). At 12-hour intervals thereafter,
nuclei were isolated and WT1 protein levels of nuclear extracts were
analyzed on immunoblots as described in Sect. “Materials and meth-
ods”
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peptide. b Trace of MRM signal during LC-MS/MS analysis of spiked
HLA-A*2402-restricted WT-1 antigenic standard peptide (10 pmol) in
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with GEM. MIAPaCa?2 cells demonstrating GEM-mediated
enhancement of WT1 mRNA levels did not proliferate but
maintained stable numbers of viable cells with impaired
growth by continuous treatment with low-dose GEM as
well as short treatment with high-dose GEM. WT1 is a
transcription factor with oncogenic potential, in that it can
induce malignant cellular phenotypes, suppress apoptosis,
and promote cell proliferation [15]. We hypothesize that
up-regulation of WT1 levels in PC cells aids cell survival
by conferring chemoresistance against GEM’s toxic effects.

Based on the fact that GEM-mediated augmentation of
WTI1 mRNA expression was attenuated by addition of an
NF-kB blocking peptide in the culture, activation of NF-kB
also appears to play a significant role in WT1 enhancement.
NF-kB is known to be active in many malignant tumors and
has been implicated in cellular resistance to cytotoxic
agents and escape from apoptosis [26]. Previous reports
demonstrate that GEM activates NF-kB [27] and that the
ensuing regulatory cascade activates the WT1 gene down-
stream [28]. Human PC cell lines with high NF-kB activity
are resistant to GEM [27], and that silencing or suppression
of NF-kB increases the sensitivity of PC cells to GEM and
induces apoptosis [29-31].
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Fig. 7 WTl-specific CTLs kill GEM-treated MIAPaCa2 cells effi-
ciently. MIAPaCa2 cells pretreated with 0, 10, 30, or 100 ng/ml GEM
for 48 h were labeled with 5'Cr. 3'Cr release assays were used to mea-
sure the cytotoxic activity of WT1-specific effector cells against un-
treated or GEM-pretreated MIAPaCa2 cells. *P < 0.05; **P < 0.01;
**%P <0.001

It is of note and interest that some chemotherapeutic
agents other than GEM showed capability on up-regulation
of WTImRNA expression. Especially, treatment with oxa-
liplatin (L-OHP) induced marked enhancement of
WTImRNA expression. Folfirinox including L-OHP was
recently reported to be a more efficient regimen for meta-
static pancreatic cancer (10). However, combined treatment
with Folfirinox and WT1 targeting immunotherapy might
be unsuccessful because of severe leukopenia by Folfirinox.
GEM has relatively low hematologic toxicity and thus
seems to be preferable for combination therapy with WT1
targeting immunotherapy.

We also observed up-regulation of WT1 mRNA by
GEM treatment in vivo. Within 48 h of treating MIA-
PaCa2-bearing SCID mice with a clinical dose of GEM,
steady-state levels of WT1 mRNA in the tumor increased.
Despite its rapid disappearance after intraperitoneal injec-
tion, the enhancement of WT1 mRNA expression in tumor
tissue was significant. Enhancement of WT1 mRNA
expression was also observed after in vitro short treatment
with GEM. These results suggest strongly that GEM treat-
ment of human PC in a clinical setting might induce up-reg-
ulation of WT1 in PC cells.

In the present study, we found that the localization of
WT1 protein shifted from nucleus to cytoplasm following
GEM treatment. WT1 protein has been shown to undergo
nucleocytoplasmic shuttling [32], and the function of WT1
has been suggested to correlate with its cellular location:
Siberstein et al. [33] described that WT1 was localized to
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the cytoplasm and not to nuclei in some human breast can-
cers and suggested that such localization may be regulated
by alternative splicing of WT1 mRNA. On the other hand,
immunohistochemical studies of Nakatsuka et al. [34] dem-
onstrate a majority of WT1-positive tumors with diffuse or
granular staining in the cytoplasm. Ye et al. [35] report that
phosphorylation of WT1 protein resulted in cytoplasmic
retention of WTI, thereby inhibiting DNA binding and
altering transcriptional activity. Through the activation of
NF-kB, GEM treatment may mediate a similar phosphory-
lation and translocation of WT1 protein from nucleus to
cytoplasm.

In order for MHC class I-restricted antigen to be pre-
sented and recognized by antigen-specific CTLs, tumor
antigen must be degraded by proteasomal enzymes located
in the cytoplasm [36]. Retention of an intra-nuclear tumor
antigen such as WT1 in the cytoplasm should favor tumor
antigen processing, and in fact, we observed enhanced pre-
sentation of HLA-A*2402-restricted WT1 antigenic pep-
tide using ESI LC-MS/MS analyses. GEM-treated
MIAPaCa2 cells showed greater susceptibility than
untreated cells to the cytotoxic effects of WTI-specific
CTLs generated by transduction of a gene encoding a
WT1-specific T-cell receptor. Importantly, treatment with
10-30 ng/ml of GEM enhanced the susceptibility of MIA-
PaCa2 cells to CTL, but treatment with 100 ng/ml did not.
This phenomenon indicates that the enhanced susceptibility
of GEM-treated MIAPaCa2 cells to CTLs is not due to
GEM toxicity, but to augmented expression of the WT1 tar-
get antigen.

GEM is a nucleoside analog with clinical relevance to
the treatment of several solid tumors, including PC; none-
theless, its antitumor effect is limited. We observed signifi-
cant clinical response in a phase I clinical study of
combined treatment against advanced PC using a WT1 pep-
tide vaccine and GEM (manuscript in preparation). The
presumed actions of GEM up-regulating WT1 expression
in vivo and WT1-specific CTLs killing GEM-treated tumor
cells efficiently may prove valuable for the treatment of
human PC. It has been reported that GEM may suppress the
activity of myeloid-derived suppressor cells that inhibit
antitumor immunity [37]. In addition, GEM has been
shown to increase the number of dendritic cells in blood
without affecting T-cell activity in patients with PC [38].
We propose that combining GEM’s proven role as an
immunopotentiator with its ability to up-regulate target
WT1 expression of PC cells will enhance the susceptibility
of PC cells to WT1-specific CTLs. Furthermore, PC cells
already acquired GEM resistance by the activation of NF-
kB might be injured by WT1-specific CTLs. Assessment of
the clinical response to combined therapy with WT1 pep-
tide vaccine and GEM is presently underway.
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