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transgenic mouse model (unpublished data). These results
also supported that HSP105 served not as a mediator for
maturation of DCs, but as a cancer antigen eliciting tumor
immunity.

The results of the T cell depletion study showed that the
depletion of either CD4" T cells or CD8™ T cells abrogated
the anfi-tumor immune response induced by the HSP 105-
pulsed BM-DC vaccine, and that both CD4™ and CD8* T
cells play crucial roles in the protective anti-tumor immunity.
CD8* T cells are thought to serve as the dominant effector
cell mediating tumor killing, in contrast, CD4" T cells are
thought to have an indirect role in providing help to CTL
as well as a direct role in tumor refection [33]. It is interesting
that B16-F10 tumor cells that lack MHC class I were killed in
in vivo study. We suppose that CD4™ T cells may have an
important role in this case. Peptides derived from HSP105
bound by MHC class II on the surface of HSP105-pulsed
BM-DCs activate CD4" T cells. The activated CD4™ T cells
can secrete JIFN-y upon stimulation with tumor local DCs
presenting tumor-derived HSP105 peptides, which contrib-
ute not only to activation of CD8™ T cells but also to resto-
ration of MHC class I expression in B16-F10 cells. The
activated HSP105 specific CD8" T cells can recognize the
peptides derived from HSP10S5 in the context of MHC class
I and kill the BI16-F10 cells,

In the field of cancer immunotherapy, most enthusiasm
has been directed toward the use of various cancer vac-
cines; peptide vaccines alone, peptide plus cytokines, vacci-
nation either with recombinant virus or with naked DNA
encoding tumor antigen, and peptide pulsed on DCs [34].
DCs represent the most potent antigen presenting cells
and also play an important role in the induction of specific
T cell response [35). Peptides pulsed on DCs have been
reported to be the most effective vaccine in comparison
to DNA vaccine or peptide-adjuvant mixture [36]. In this
study, 62.5% and 80.0% of the mice immunized with
HSP105-pulsed BM-DC completely rejected B16-F10 cells
and C26 (C20) cells, respectively. On the other hand, only
50.0% of the mice immunized with the HSP105-DNA vac-
cine rejected these tumor cells in our previous study [13].
Although a further comparative analysis of the vaccination
properties of these two strategies is required, our results
suggested that protein-pulsed DCs are a more powerful
vaccine than the DNA vaccine.

In this study, we used BM-DCs pulsed with HSP105 but
not with HSP105-derived peplide as a cancer vaccine. We
think that protein-pulsed DCs thus have an advantage over
peptide-pulsed DCs. DCs are the major cell type known for
its capacity to cross-present antigens [371. In this study,
HSP105-sensitized CD8" T cells responded to HSP105
in vitro by the stimulation of purified CD8" T cells with
HSP105-pulsed DCs. This result strongly suggested that
the HSP105-specific CD8¥ T cells were activated via the
cross-presentation of HSP105 by BM-DCs. Although it
became evident that gp96- and HSP70-chaperoned pep-
tides can be presented to CTLs by DCs in the context of
MHC class I molecules [38,39), we herein provide the first

evidence that HSP itself can be cross-presented to CTLs by
DCs. HSP105-pulsed DC can present peptides derived
from exogenously added HSP105 in the context of not only
MHC class II molecules on the surface of DCs to activate
CD4™ T cells, but also MHC class I molecules by cross-pre-
sentation to activate CD8* T cells. We herein showed the
induction of specific CD4" T cells and CD8* T cells in vivo
by stimulation with HSP105-pulsed DCs. The application
of the peptide-pulsed DC as potential vaccine is limited
to patients with the appropriate HLA alleles, To circum-
vent this limitation, we have used HSP105-pulsed DC to
induce a HSP105 specific T cell response. HSP105-pulsed
DCs offer the advantage of potentially presenting multiple
immunogenic T cell epitopes without the need of prior
knowledge of the individual patient’s HLA type,

The mechanism of action of HSP105-pulsed BM-DCs
injected intraperitoneally is still unclear. We think that
DCs injected in the abdominal cavity might immigrate into
mesenteric lymphatic vessels. Some DCs stay in mesenteric
Iymph nodes, others circulate in the blood via the thoracic
duct and finally reach the spleen and bone marrow. Recent
experimental evidence suggested that peripheral DCs
migrate through the lymphatic vessels to the blood [40].
Although the present study showed that intraperitoneal
injection of DCs induced an effective anti-tumor immunity
in mice, comparison of effectiveness to other routes of
immunization with DCs, such as intravenous, subcutane-
ous, and intranodal, remains to be investigated.

In conclusion, our results indicate that HSP105 itselfis a
tumor rejection antigen which may possibly be useful for
cancer immunotherapy, and that HSP105-pulsed BM-DC
vaccinations can prime HSP105-specific T cells in vivo, to
prevent the subcutaneous growth of B16-F10 and €26 can-
cer cells expressing HSP105, without inducing autoimmune
destruction. Our findings suggest that HSP105-pulsed BM-
DC vaccination is a novel strategy for the prevention of
cancer in patients treated surgically, who are at high risk
for a recurrence of the cancer. Because of the overexpres-
sion of HSP105 in a variety of human tumors [12), clinical
trial of immunotherapy targeted against HSP105 may well
be applicable to various cancers.
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Abstract

We have recently established a method to generate dendritic
cells from mouse embryonic stem cells. By introducing
exogenous genes into embryonie stem cells and subsequently
inducing differentiation to dendritic cells (ES-DC), we can
now readily generate transfectant ES-DC expressing the
transgenes, A previous study revealed that the transfer of
genetically modified ES-DC expressing a model antigen,
ovalbumin, protected the recipient mice from a challenge
with an ovalbumin-expressing tumor. In the present study, we
examined the capacity of ES-DC expressing mouse homologue
of human glypican-3, a recently identified oncofetal antigen
expressed in human melanoma and hepatocellular carcinoma,
to elicit protective immunity against glypican-3-expressing
mouse tumors. CTLs specific to multiple glypican-3 epitopes
were primed by the in vive transfer of glypican-3-transfectant
ES-BC (ES-DC-GPC3). The transfer of ES-DC-GPC3 protected
the recipient mice from subsequent challenge with B16-F10
melanoma, naturally expressing glypican-3, and with glypican-
3-transfectant MCA205 sarcoma. The treatment with ES-DC-
GPC3 was also highly effective against i.v. injected B16-F10.
No harmful side elfects, such as autoimmunity, were observed
for these treatments. The depletion experiments and immu-
nohistochemical analyses suggest that both CD3* and CD4*
T cells contributed to the observed antitumor effect. In
conclusion, the usefulness of glypican-3 as a target antigen
for antmelanoma immunotherapy was thus shown in the
mouse model using the ES-DC system. Human dendritic cells
expressing glypican-3 would be a promising means for therapy
of melanoma and hepatocellular earcinoma. (Cancer Res 2006;
66(4): 2414-22)

introduction

To establish effective immunotherapy for cancer, it is absolutely
imperative to identify ideal tumor-specific antigens as targets of
antitumor immunotherapy. In addition, the development of the
methods to direct immune responses toward the antigens is
essential. The manipulation of dendritic cells, specialized antigen-
presenting cells, is one of the promising strategies to improve the
efficacy of immunotherapy for cancer (1). Currently, numerous
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reports have shown that dendritic cells loaded with dead tumor
cells, tumor cell lysates, tumor antigenic proteins, or peptides can
induce immunity and clinical responses (2-5). However, these
vaccines often induce a weak immune response that is insufficient
for clinical therapy because many tumor antigens are self-antigens
against which the immune system has acquired tolerance (6, 7).
For loading tumor antigens to dendritic cells for anticancer
jmmunotherapy, the gene-based antigen expression by dendritic
cells is considered to be superior to loading antigen as a peptide,
protein, or tumor cell lysate (8). For the efficient gene transfer to
dendritic cells, the use of virus-based vectors is required because
dendritic cells is relatively unsuitable for genetic modification.
Clinical trials using dendritic cells genetically modified with virus
vectors (e.g, monocyte-derived dendritic cells introduced with
adenovirus vectors enceding for tumor antigens) are now under
way (9-11). Considering the broader medical applications of this
method, the drawbacks of genetic modification with virus vectors
include the potential risk accompanying the use of virus vectors
and legal restrictions related to it. As a result, the development
of safer and more efficient means is considered to be desirable.

We recently established a novel method for the genetic
madification of dendritic cells (12). In this method, we generated
dendritic cells from mouse embryonic stem cells by in vitro
differentiation. The levels of expression of MHC molecules and
costimulatory molecules, CD80 and CD86, in embryonic stem cell-
derived dendritic cells (ES-DC) were comparable with those of
bone marrow—derived dendritic cells (BM-DC; ref. 12). The capacity
of ES-DC to simulate T cells was comparable with that of dendritic
cells generated i vifro from BM-DC. We can readily generate
genetically modified ES-DC by introducing expression vectors into
embryonic stem cells and the subsequent induction of their
differentiation into ES-DC (13, 14). The transfection of embryonic
stem cells can be dene with electroporation using plasmid vectors,
and the use of virus-based vectors is not necessary. Once a proper
embryonic stem cell transfectant clone is established, it then serves
as an infinite source for genetically modified dendritic cells. In a
previous study, we showed that the /n vivo transfer of ES-DC
expressing a model tumor antigen, ovalbumin, potently primed
ovalbumin-specific CTLs, thereby eliciting a protective effect
against ovalburmin-expressing tumor cells {13).

Many of the genes or gene families encoding many cancer/testis
antigen or oncofetal antigens have thus far been identified and
regarded as ideal targets for anticancer immunotherapy (15-18).
However, only a few tumor-associated antigens have been reported
as the inducer of both CD8* and CD4* T-cell-mediated immune
responges (19-22). Recently, we and other groups found that an
oncofetal protein glypican-3, glycosylphosphatidylinositol (GPI)-
anchored membrane protein, is specifically overexpressed in human
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hepatocellular carcinoma (23, 24). In a subsequent study, we revealed
that glypican-3 is overexpressed also in human melanoma (25). An
immunohistochemical analysis revealed that the tissue distribution of
murine glypican-3 protein was very similar to that in humans. In a
previous study, we showed that the in vivo transfer of glypican-3
peptide-pulsed BM-DC or glypican-3-reactive CTL line had a potent
effect to protect the recipient mice fiom the murine glypican-3-
transfected Colon 26, a colorectal cancer cell line (17).

In the current study, we found that a mouse melanoma cell
line F10, which is a subline of B16, naturally expressed glypican-3.
Using this cell line as a target, we elucidated the antitumor effect
of therapy with ES-DC genetically modified to express murine
glypican-3.

Materials and Methods

Mice. CBA and C57BL/6 mice were obtained from Clea Animal Co.
(Tokyo, Japan} or Charles River (Hamamatsn, Japan) and maintained under
specific pathogen-free conditions. Male CBA and female C57BL/6 mice were
mated to prodace (CBA x C57BL/6) F1 (CBF1) mice and all studies were
done with the F1 mice syngeneic to the mouse embryonic stem cell line TT2
at 6 to 8 weeks of age. The monse experiments met with approval by Animal
Research Committee of Kumamoto University.

Cell lines. The embryonic stem cell line TT2, derived from CBF1
blastocysts (26), was maintained as described previously (12). The method
for induction of differenfiation in vitre of embryonic stem cells into
dendritic celis was done as described previously (12), and ES-DC prepared
from a 14-day cnolture in bactericlogic Petri dishes in the presence of
granulocyte-macrophage colony-stimulating factor (GM-CSF) were used for
in vive and in vitro assays. C57BL/6-derived tumor cell lines, F1 and F10
soblines of B16 melanoma, a fibrosarcoma cell line MCAZ205 (MCA), Lewis
Inng cancer (3LL} and a thymoma cell line EL4, and & homan hepatocellular
carcinoma cell line HepG2 were provided by the Cell Resource Center for
Biomedical Research Institute of Development, Aging, and Cancer, Tohoku
University (Sendai, Japan). The cells were cnltured in RPMI 1640
supplemented with 10% FCS. To produce glypican-3-expressing MCA
(MCA-GPC3), MCA cells were transfected with pCAGGS-GPC3-internal
rhosomal entry site (IRES)-puromycin-resistant {puro-R) by using Lip-
ofect AMINE 2000 reagent (Invitrogen Corp. Carlsbad, CA), selected with
puromycin, and then subjected to cloning by limiting dilution in drug-free
medinm nsing 96-well culture plates (27, 28).

Generation of ES-DC expressing glypican-3. A fulllength murine
glypican-3 ¢cDNA clone was purchased from Invitrogen. A ¢cDNA fragment
encoding total glypican-3 protein was isolated from that and transferred to a
mammalian expression vector pCAGGS-IRES-puro-R, containing the CAG
promoter and an IRES-puro-R N-acetyltransferase gene cassette (29, 30), to
generate an expression vector for glpican-3, pCAGGS-GPC3-IRES-puro-R.
To generate glypican-3-transfected embryonic stem cell clones, TT2
embryonic stem cells were intredunced with pCAGGS-GPC3-IRES-puro-R
by electroporation and selected with puromyein as described previously (12).
Glypican-3-transfectant embryonic stem cell clones were subjected to a
differentiation culture to generate ES-DC as described previously {12-~14). No
maturation stimuli, such as lipopolysaccharide or twmor necrosis factor-c,
were given to ES-DC before iz vivo transfer. The expression of glypican-3 in
transfectant ES-DC was confirmed by reverse transcription-PCR (RT-PCR}).

RT-PCR and Northern blotting. Total cellular RNA was extracted
and RT-PCR was done as described previously {13, 14). Briefly, total RNA
was converted into cDNA and PCR was deone for 33 cycles for the
quantification of glypican-3 mRNA and for 30 cycles for the quantification
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. The primer
sequences were as follows: ghypican-3, sense 5“CTGACTGACCGCGTTAC-
TCCCACA-3 and antisense 5-TAGCAGCATCGCCACCAGCAAGCA-3 and
GAPDH, sense 5-GGAAAGCTGTGGCGTGATG-Y and antisense 5-CTGTT-
GCTGTAGCCGTATTC-3. The sense strand primer used for detection of
transgene-derived mRNA was corresponding to the 5 untranslated region
included in the vector DNA. PCR products were visnalized by ethidivm

bromide staining after separation over a 1% agarose gel. A Northern blot
analysis was done as described previously (31). In brief, RNA samples (20 ug
total RNA per lane) were subjected to electrophoresis in formalin-MOFPS
gels, blotted onto nylon membranes (Hybond N', Amersham, Piscataway,
NJ), and probed with *P-labeled DNA probe. A human ghpican-3 cDNA
fragment {bp 16392139} was used as a probe. Human and murine
glypican-3 have a 90% similarily in nucleotide sequence and human cDNA
probe hybridized to both human and murine glypican-3 mRNA.

Peptides, protein, and cytokines, Eleven kinds of 9- to 10-mer glypican-
2-derived peptides predicted to hind with H2-D" or K” were selected based
on the binding score as calculated by the BIMAS software package
(Biolnformatics and Molecular Analysis Section, Center for Information
Technology, NIH, Bethesda, MD}. The peplides were synthesized by the
F-MOC method on an automatic peptide synthesizer (PSSM8; Shimadzn,
Kyoto, Japan) and subsequently purified by high-performance liquid
chromatography. The synthetic peptides were designated as murine
glypican-3-1 to -11 in ascending order of high binding score, Their amino
acid sequences are as follows: murine glypican-3-1, AMFKNNYPSL; murine
glypican-3-2, LGSDINVDDM; murine glypican-3-3, LTARINMEQL; murine
glypican-3-4, SVLDINECL; murine glypican-3-5, TLCWNGQEE; murine
glypican-3-6, YVQKNGGKL; yurine glypican-3-7, GMVKVKNQL; murine
glypican-3-8, RNGMKNQFNL; murine glypican-3-9, AMLLGLGCL; murine
glypican-3-10, ASMELKFLY; and murine glypican-3-11, LFPVIYTQM. Morine
glypican-3-11 is predicted to be restricted to H2-K” and the others to H2-B"
Recombinant human glypican-3 protein was purchased from R&D Systems
(Minnespolis, MN)., Recombinant murine GM-CSF and IFN-y were
purchased from PeproTech (London, United Kingdom).

Immumohistochemical and flow cytometric analysis. An immunoflu-
orescence analysis to detect the expression of glypican-3 was done as
described previously (16). Anti-human glypican-3 polyclonal antibody was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). FITC-labeled
goat anti-rabbit IgG (clone ALI4408; Biosource, Camarillo, CA) was nsed asa
second antibody and propidium iodide for nuclear DNA staining, Stained
samples were subjected to microscopic analysis on a confocal microscope
{Fluoview FV300, Olympus, Tokyo, Japan). Immuonchistochemical analysis of
frozen tissne sections was done as described previously (13, 23) using
monoclonal antibody {mAb) specific to CD4 (L3T4; BD PharMingen, San
Diego, CA) or CB8 (Ly-2; BD PharMingen). In the flow cytometric analysis,
cell samples were stained and analyzed on a flow cytometer (FACScan; BD
Biosciences, Japan) as described previously {12, 14). Antibodies used for
staining were as follows: FITC-conjugated monse anti-mouse H2-D” (clone
CTDb; mouse IgG2a; Caltag, Burlingame, CA), anti-H2-K® (clone CTKb;
monse IgG2a; Caltag) and anti-I-A® (clone 3JP; mouse IgG2a; Caltag),
R-phycoerythrin (R-PE)-conjugated anti-mouse CD11c (clone N148; hamster
IgG; Chemicon, Temecula, CA), R-PE-conjugated anti-mouse CD36 (clone
RMMP-2; rat IgG2a Caltag), FITC-conjugated goat anti-mmouse Ig (BD
PharMingen), mouse IgG2a control (clone G155-178; BD PharMingen), FITC-
conjugated mouse IgG2a control {clone G155-178; BD PharMingen), and
R-PE-conjugated hamster IgG contrel (Immunotech, Marseille, France).

Generation of BM-DC. Generation of dendritic eells from bone marrow
cells was done as described previonsly (17). For loading of synthetic
peptides, BM-DC were incnbated with a mixture of three kinds of glypican-3
peptides, murine glypican-3-2, -8, and -}1 (10 ymol/L each), at 37°C for
2 hours. For loading of recombinant glypican-3 protein, BM-DC were cul-
tured in the presence of glypican-3 protein (2 pg/mL} at 37°C for 12 hours.
No maturation stimuli were given to BM-DC before in vivo transfer.

Induction of glypican-3-specific CTLs and cytotoxicity assay. The
mice were Lp. immunized with 1 X 10° ES-DC twice with a 7-day interval
Seven days after the second immunization, spleen cells were isolated from
the mice and cultared (2.5 X 10" per well) with ES-DC (1 X 10% per well) in
24-well culture plates in RPMI supplemented with 10% horse serum,
recombinant human interlenkin (IL)-2 (100 units/mL), and 2-mercaptoe-
thanol (56 pmol/L). After the culture for 5 days, the cells were recovered and
their cytotoxic activity was analyzed by ®'Cr release assays using MCA,
MCA-GPC3, B16-F1, and B16-F10 as target cells basically by the same
method as described previously (12). B16 cells were pretreated with
recombinant muarine IFN-y (1,000 units/mL) before use as tacget cells as
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reported previously {32). In some experiments, CD8” T cells and natural
killer (NK) cells were isolated from eflector cell preparations by using a
magnetic cell sorting system (Miltenyi, Bergisch Gladbach, Germany).
Positively selected cells were 95% pure as determined by flow cytometry.

ELISPOT analysis. Glypican-3-specific T cells were induced by a cnlture
of splenocytes isclated from mice immunized with ES-DC-GPC3 by the
same way as described above, except that glypican-3-derived peptides
{10 pmol/L) were added to the culture instead of ES-DC-GPC3. After 5 days,
the frequenay of cells producing IFN-y on stimulation with target cells (EL4
or EL4 pulsed with each peptide, MCA or MCA-GPC3) was assessed by an
ELISPOT assay as deseribed previously {33). The spots were automatically
counted and subsequently analyzed using the Eliphoto system (Minerva
Tech, Tokyo, Japan).

Tumor prevention and treatment. ES-DC-GPC3 or BM-DC (1 X 10%)
loaded with glypican-3 peptide or protein were transferred ip. into mice
twice on days —14 and -7, and B16-FI10 or MCA-GPC3 cells were
challenged s.c. into the shaved back region on day 0. The tumor sizes were
determined biweekly in a blinded fashion and survival rate or disease free
rate was monitored. Tumor index was calculated as follows: tumor index
(mm?) = (length % width). For the iv. challenge experiments, tumor cells
(B16-F10) were injected i.v. on day 0, and 1 X 10° ES-DC-GPC3 were injected
ip. twice on days 3 and 10 as described previously {34).

It vive depletion of CD4* and CDE" T cells. The mice were transferred
i.p. twice with 1 % 10° ES-DC-GPC3 on days —14 and —7 and challenged s.c.

CAG promoter

&>
&

Mouse GPC3
33 cycles

GAPDH
30 cycles

H2-Db H2-Kb I-Ab

Figure 1. Establishment of ES-DC genelically modified to express murine
glyplcan-3. A, structure of pCAGGS-GPC3-IRES-puro-R vector. To ebtain
pCAGGS-GPC3-IRES-pute-R, a cDNA fragment, including a full-length

cDNA of murine glypican-3, was Inserted into a mammallan expression veclor
pCAGGS-IRES-puro-A containing the CAG promoter and an IRES-puromycin
N-acetyltiransferase gene cassetie. B, expression of glypican-3 mANA detecled
by RT-PCR analysls In transfectant ES-DC (ES-DC-GPC3). Primer sels
{arrows in A) were designed to span the intron (317 bp} In the CAG promoter
sequence to distingtish PCR products of mBNA origin (249 bp) from the
genome-integrated vector DNA origin (1,166 bp). Biack boxes in (A) Indicate the
S.untranslated region of the rabbit -actin gene Included in the CAG promoler.
PCR was done at the cycles indicated for quantification of glypican-3 mANA
and GAPDH mRBNA, C, surlace phenclype of genetically modified ES-DC.
The expression of the celf suface H2-D°, H2-K®, 1-A%, CD11c, and CD86 on
transfectant ES-DC was analyzed by a flow cytometric analysls. The staining
patterns of ES-DC-GPC2 (thick line} closely coinclded with those of parental
ES-DC (thin fine). Dotted lines, findings for isolype-malched control staining.

B16.F10

B16.F1

MCAGPC3

MCAZIS

Figure 2. Expression of glypican-3 In cancer cell lines. A, Northern biot analysis
of giyplean-3 mRNA in a human hepatocellular carcinoma cell line HepG2
{positive contrel} and various cancer cel! ines of C57BL/6 origin. The same
filters were stripped and rehybridized with GAPDH cDNA to assess the loading
of equal amounts of RNA. B, immunofiuorescence staining analysis of

murine giypican-3 protein expressed In B16 variants 1, F10, MCA205, and
MCA-GPC3. These cells were stained with rabblt antl-human glypican-3
polyclona) antibody cross-reactive to murine glyplcan-3 {green). Chromosome
DNA was visualized by propidium ledide stalning {red).

with 5 X 10° B16-F10 cells on day 0. For the depletion of
T-cell subsets in vivo, mice were given a total of six Lp. transfers of the
ascites {0.1 mL/monse/transfer) from hybridoma-bearing node mice or
anti~asialo GM1 on days —18, —15, —11, —8, —4, and —1. Antibodies nsed
were rat anti-mouse CD4 mAb (clone GK1.5), rat anti-mouse CD8 mAb
{clone 2.43), and rabbit anti~asialo GM!I polyclonal antibody (Wako Japan;
20 pL/mouse/transfer). Normal rat 1gG (Sigma-Aldrich, 5t. Louis, MO; 200
ug/mouse/transfer) was used as a control. The depletion of T-cell subsets
by treatment with antibodies was confirmed by a flow cytometric analysis
of spleen cells, which showed a >30% specific depletion.

Statistical analysis. The two-tailed Student's ¢ test was used to
determine the statistical significance of differences in the cytolytic activity
and tumor growth between the treatment gronps. P < 0.05 was considered
to be significant. The Keplan-Meler plot for survival was assessed for
significance in the tumor challenge experiments using the Breslow-Gehan-
Wilcoxon test, Statistical analyses were made using the StatView 5.0
software package {Abacus Concepts, Calabasas, CA).

Results

Generation of ES-DC expressing glypican-3. TT2 embryonic
stem cells were introduced with a murine glypican-3 expression
vector, pCAGGS-GPC3-1P, driven by the CAG promoter and
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containing the IRES-puro-R marker gene (Fig. 14), and several
transfectant clones were isolated. The traunsfectant embryonic
stem cell clones were subjected to differentiation to ES-DC, and
a transfectant clone 12 expressing the highest level of glypican-3
was selected based on the RT-PCR analysis (Fig 18). ES-DC
differentiated from parental embryonic stem cell line TT2
without transfection were designated as ES-DC-TT2, and ES-DC
differentiated from glypican-3-transfectant embryonic stem cells
were designated as ES-DC-GPC3. No significant difference was
observed in the morphology and levels of the surface expression
of H2-D®, H2K" [-A°, CDllc, and CD86 between ES-DC-TT2
and ES-DC-GPC3 (Fig. 1C). As a result, the iransfection of the
glypican-3 gene has little influence on the differentiation of
ES-DC.

Expression of glypican-3 in a F10 subline of B16 melanoma.
We recently revealed that the oncofetal protein glypican-3 is
specifically overexpressed in hwmnan hepatocellular carcinomas
and melanomas (23, 25). To establish a mouse mode! system to

evaluate the glypican-3 as a target antigen for anticancer immu-
notherapy, we searched for a transplantable mouse tumor cell line
naturally expressing glypican-3. We examined the expression of
glypican-3 in several mouse cell lines and found that B16-FI0, a
subline of B16 melanaoma, expressed glypican-3. In a Northern blot
analysis, as shown in Fig. 24, where a human hepatocellular
carcinoma cell line HepG2 was used as a positive control, glypican-
3 mBNA was evidently detected in a mouse melanoma cell line
B16-F10 but not in B16-W.T., B16-F1, 3LL, MCA205, or EL4. The
expression of glypican-3 mRNA was also detected in a glypican-3-
transfected MCA, MCA-GPC3. Figure 2B shows an immunofluo-
rescence analysis to detect expression of glypican-3 protein. In
accordance with the result of the Northern blot analysis, evident
expression of glypican-3 protein was detected in B16-F10 and
MCA-GPC3. On the other hand, MCA205 and B16-F1 cells did not
express glypican-3 protein. Glypican-3 is a GPl-anchored mem-
brane protein, and the results shown in Fig. 2B indicated that
glypican-3 protein localized at or around cell membrane is

A B
o ® P
4 50 Y
g I RNTEITE B “R-MCAGPC3
=) —O— B16.E1 5 —o—MCAZ03
F &4 Q___Q/—Q
R ] = H
. . 0+ T T ] n
Figure 3. Priming of antigen-specific CTLs with H n N £ 0 20
ES-DC-GPC3. The mice were transferred ip. twice with E-T ratio E:T ratie fmmuslzatin
1 x 10° ES-DC-GPC3 on days —14 and -7, On day 0, O ES.0ETT2
spleen cells from immunized mice were isolated and = ES DCGPC3
cultured with 1 x 10° ES-DC-GPC3 per well In the C D -
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consistent with this, although some differences in the staining
patterns among the cells were abserved.

Priming of antigen-specific cytotoxic T cells with genetically
modified ES-DC-GPC3. We analyzed the capacity of ES-DC-GPC3
to prime glypican-3-specific CTLs. The mice were immunized
i.p. twice with ES-DC-GPCS3 or ES-DC-TT2 on days —14 and —7. On
day 0, the spleen cells were isolated and restimulated in vifro with
ES-DC-GPC3 in the presence of exogenous recombinant human
1L-2 (100 units/mL). After 5 days, the cells were recovered and
their killing activity against target cells with or without expression
of glypican-3 was analyzed. As shown in Fig, 34 and B, the effector
cells primed by ES-DC-GPC3 showed a significantly higher killing
activity against BI16-F10 than against B16-Fl, and also against
MCA-GPC3 than nontransfectant MCA cells. These resulfs suggest
that the effector cells included CTLs recognizing glypican-3. In the
experiments shown in Fig. 3C, we separaied the effector cells into
CD8* T cells and NK cells before the killing assay. NK cells showed
activity to kill MCA and MCA-GPC3 in a similar magnitude and
to kill B16-F1 and F10 in & similar magnitude, indicating that they
killed target cells regardless of glypican-3 expression. On the other

hand, for the CD8" fraction, the cytotoxic activity against B16-F10
was higher than that against B16-F1, and the cytotoxic activity
against MCA-GPC3 was higher than that sgainst MCA. On the
contrary, spleen cells isolated from mice transferred with ES-DXC-
TT2 and cocultured in vitro with ES-DC-GPC3 exhibited the similax
basal levels of killing activities directed against both B16-F1 and
F10 as well as MCA and MCA-GPC3 (data not shown),

We next compared the efficiency of the induction of glypican-3-
specific and JFN-y-producing T cells primed by ES-DC-GPC3 with
that primed by ES-DC-TT2. The mice were immunized twice with
ES-DC-TT2 or ES-DC-GPC3 based on the above described schedule,
and the splenocytes isolated from both group of mice were
cocultured with ES-DC-GPC3 for 5 days. Thereafter, the frequency
of glypican-3-specific T cells was analyzed by an ELISPOT analysis
to detect cells producing IFN-y. As shown in Fig. 3D, in vivo
priming with ES-DC-GPC3 and ES-DC-TT2 resulted in the
induction of similar frequency of cells producing IEN-y on stim-
ulation with cells with no expression of glypican-3, MCA or B16-F1.
On the other hand, iz vive priming with. ES-DC-GPC3 led to the
induction of significantly larger number of T cells producing TFN~y
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on stimulation with cells expressing glypican-3, MCA-GPC3 or Bl6-
F10, compared with priming with ES-DC-TT2. Collectively, these
results showed that glypican-3-specific CTLs were primed in vivo
only when mice were transferred with ES-DC-GPC3, further con-
firming that ES-DC-GPC3 have the eapacity to prime the glypican-
3-specific CTLs in vivo. '

Identification of glypican-3-derived and H2-DP- or K"
restricted CTL epitopes. To identify the H-2"restricted CTL
epitopes of glypican-3, we synthesized 11 glypican-3-derived
peptides carrying the binding peptide motifs for H2-D® or K” and
designated as murine glypican-3-1 to -11 in turn. Spleen cells of the
mice immunized with ES-DC-GPC3 by the same procedure as
described above were stimulated ir vitro with each of the peptides
instead of ES-DC-GPC3 for 5 days. Subsequently, the frequency of
glypican-3-specific CTLs was analyzed by IEN-y ELISPOT assays. As
shown in Fig. 3E, cells stimulated in vitro with murine glypican-3-2,
-8, or -11 showed specific IFN-y production on restimulation with
El4 cells prepulsed with the same peptide or MCA-GPC3. These
results indicate that glypicen-3-specific CTLs primed in vivo with
ES-DC-GPC3 included those recognizing multiple glypican-3 epitopes.

Tumor preventive effects of immunization with ES-DC-
GPC3. We next asked whether ES-DC-GPC3 could induce a
protective immunity against tumor cells expressing glypican-3
in vivo. We immunized mice by the ip. transfer of E3-DC on days
—14 and ~7, and the mice were challenged s.c. with 5 x 10° B16-

F10 cells or 1 x 10° MCA-GPC3 on day 0. We then monitored the
growth of tumors and survival of the mice. As shown in Fig. 4,
immunizations with ES-DC-GPC3 provided a significant degree of
protection against both B16-F10 and MCA-GPC3. On the other
hand, the transfer of ES-DC-TT2 gave no significant protection
compared with mice without dendritic cell transfer. Immunization
with ES-DC-GPC3 did not show a protective effect against MCA or
B16-F1 with no glypican-3 expression (data not shown). Collec-
tively, the in vivo administration of ES-DC-GPC3 induced anti-
tumor immunity against glypican-3-expressing tumor cells, thus
resulting in a significant inhibition of the growth of tumer and
prolongation of the survival time of the treated mice.

Next, we compared ES-DC-GPC3 with BM-DC preloaded with
glypican-3 peptide or protein in their capacity to induce antitumor
effect. We generated BM-DC from bone marmrow cells of CBF1 mice
and loaded them with mixture of the three major H2-DP-restricted
epitopes, murine glypican-3-2, -8, and -11 (Fig. 3E), or recombinant
glypican-3 protein. As shown in Fig, 4E, ES-DC-GPC3 and peptide
or protein antigen-loaded BM-DC elicited similar magnitude of
protective effect against challenge with B16-F10.

Protective effect of ES-DC-GPC3 against i.v. challenge with
tumor cells. We next examined the antitumor effect of ES-
DC-GPC3 against iv. challenge with B16-F10. As shown in
Fig. 54, the mice were iv. inoculated with B16-F10 cells on day 0,
and the mice were treated with ES-DC-TT2 or ES-DC-GPC3
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twice on days 3 and 10. On day 30, mice were sacrificed and
macroscopically analyzed. As shown in Fig. 58 and (, treatment
with ES-DC-GPC3 significantly reduced the pulmonary and liver
metastases in comparison with the treatment with ES-DC-TT2
(P < 005). Some of the mice treated with ES-DC-TT2, but not
those treated with ES-DC-GPC3, died before they were scheduled
to be sacrificed. Thus, the survival time of the mice treated with
ES-DC-GPC3 was prolonged in comparison with those treated
with ES-DC-TT2.

Identification of effector cells invelved in the protection
against F10 and MCA-GPC3 induced by ES-DC-GPC3. To
determine the subsets of the effector cells involved in the observed
protective effect against tumor cells induced by ES-DC-GPC3, we
depleted CD4* or CD8* T cells in the mice by treatments with
either anti-CD4 or anti-CD8 mAb. By this treatment, >90% of CD4*
or CD8" T cells were depleted (data not shown). The NK cells
were depleted by the treatment with anti-asialo GM1 antibody.
During this procedure, the mice were immunized with ES-DC-
GPC3 and challenged s.c. with B16-F10 cells. As shown in Fig. 6,
depletion of CD4* T cells, CD8" T cells, or NK cells almost totally
abrogated the protective immunity induced by ES-DC-GPC3, sug-
gesting that all of three effectar cell subsets were essential for the
protective effect.

In a histolegic analysis of the tumor tissue specimens, we
observed more intense infiltration of inflammatory cells into and/
or around tumor tissues of mice immunized with ES-DC-GPC3
than those of mice immunized with ES-DC-TT2. In the
metastatic B16-F10 tumor tissue specimens, the infiltrating cells

were found to consist of both CD4* and CD8* T cells (Fig. 6).
These results also suggest that both CD4* and CD8" T cells were
involved in the antitumor effect against the B16-F10 induced by
ES-DC-GPC3.

Discussion

We investigated the antitumor effect of immunization with
ES-DC genetically engineered to express a mouse oncofetal antigen
glypican-3 against mouse tumor cells naturally expressing GPC3-
F10, a subline of B16 melanoma. In vive transfer of ES-DC-GPC3
primed CTL reactive to multiple glypican-3-derived epitopes.
The treatment of mice with ES-DC-GPC3 elicited potent protective
effect against B16-F10 in both preventive and therapeutic conditions
with no evidence of any side effects, such as autoimmunity. The
antitumor effect induced by ES-DC-GPC3 was specific to the tumor
cells expressing glypican-3, because this treatment was not effective
against B16-F1, another subline of B16 with no glypican-3 expres-
sion. The glypican-3 specificity of the antitumor effect induced by
ES-DC-GPC3 was further confirmed by the observation that the
treatment was effective against glypican-3-transfectant MCA205
sarcoma but not against parental MCA 205 cells. The depletion
experiments and immunohistochemical analyses showed that CD8*
T cells, CD4" T cells, and NK cells contributed ta the observed
antitumor effect.

The tumor cell lines used in this study, MCA205 and B16-F10,
were derived from C57BL/6 mice and may be recognized by some
fraction of NK cells of CBF1 mice. Thus, the tumor cells must he
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more immunogenic to CBF1 mice, used as the recipient mice in
the present experiments, than to C57BL/6 mice. However, under
the current experimental condition, all of the CBFl mice
challenged with B16-F10 or MCA-GPC3 died unless the recipient
mice were treated with ES-DC-GPC3 (Fig. 48 and D), indicating
that these tumnor cells are invasive enough also to CBF1 mice.

In the *Cr release assay shown in Fig. 34 to ¢, CTL primed with
ES-DC-GPC3 or ES-DC-TT2 (data not shown) exhibited weak
killing activity against MCA or B16-F1 cells. Similar weak responses
of spleen cells primed with ES-DC-GPC3 or ES-DC-TT2 to MCA or
B16-F1 cells were also observed in the ELISPOT assay shown in
Fig. 3D. At present, we have not yet clarified the effector cells and
the target antigens that cause these “background” responses. How-
ever, such responses observed in vitro did not contribute to the
in vivo antitumor effect, because the treatment with ES-DC-TT2
had no antitumor effects as shown in Fig. 4.

There was a considerable difference in the effect of treatment
with ES-DC-GPC3 between the challenge with B16-F10 and that
with MCA-GPC3 cells. This may be partly due to the lower
expression of MHEC class I on B16 compared with MCA205. B16
does not express MHC class I unless they are stimulated with
IFN-y. The indispensable role of NK cells in the antitumor effect
(Fig. 64) suggests that NK cells recognized B16 cells expressing
a very low level of MHC class I; subsequently, NK cells produced
IFN-y to up-regulate MHC class I molecules on B16-F10 cells and
to make B16-F10 cells sensitive to an attack by glypican-3-specific
CTLs (35, 36).

As shown in Fig. 4, the protection against B16-F10 elicited by
ES-DC-GPC3 was not complete. Treatment of the ES-DC with some
maturation stimuli or loading of o-galactosylceramide, a ligand
for NKT cells, to ES-DC before in vivo administration may have
some effect to enhance the antitumor effect (37). As a future
project, we are planning to generate ES-DC genetically engineered
to produce cytokines, such as IL-15 or IL-21, along with glypican-3
to improve the antitumor effect.

‘We reported previously that the induction of immune response
to glypican-3 protected the mice from a challenge with Colon 26
colon tumor cells genetically modified to overexpress glypican-3
(17). In the present study, we found the natural overexpression
of glypican-3 in B16-F10 and showed that the immunization of

mice with glypican-3 protected the mice from the challenge with
B16-F10. Glypican-3 s one of th'e oncofetal proteins and the expres-
sion in normal human tissues is limited to the placenta and fetal
liver (17). In addition, the tissue distribution of glypican-3 expres-
sion is very similar in mice and humans (17). As 4 result, our results
strongly suggest that anti-melanoma and anti-hepatocellular
carcinoma immunotherapy with glypican-3 seems to be an
effective and safe method, and it should therefore be tested
clinically.

To enable to the future clinical application of ES-DC, we recently
established a method for generating ES-DC from embryonic stem
cells of nonhuman primate, cynomolgus monkey, and also for ge-
netic modification of them.”® Considering the future clinical applica-
tion of ES-DC technology, allogenicity (i.e., differences in the genetic
background between the patients to be treated and the embryonic
stem cells as the source for dendritic cells), we expected to cause
problems. However, it s expected that human embryonic stem cells
sharing some of HLA alleles with patients are available in most
cases. We recently found that antigen-expressing ES-DC could
potently prime antigen-specific CTL on the adoptive transfer to
semiatlogeneic mice, thus sharing some MHC alleles with the ES-DC
and also protecting the recipient mice from subsequent challenge
with tumor cells bearing the antigen (38). Immunotherapy with hu-
man ES-DC expressing glypican-3 may therefore be clinically useful
a8 an immunotherapy of melanoma and hepatocellular carcinoma.
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(Biotherapy 21 (1) :62-68, January, 2007)
Identification of CTL Epitopes of Glypican-3 Useful for Cancer Immunotherapy

Hiroyuki Komori*?, Tetsuya Nakatsura*®®, Yutaka Motomura*'-2,
Toru Beppu**, Yasuharu Nishimura*® and Hiden Baba™'

*'Department of Gastroenterological Surgery, Graduate Schoo! of Medical Sciences, Kumamoto
Uiniversity, *”Immunotherapy Section, Investigative Treatment Division, Center for Innovative
Medicine, National Cancer Center East, **Department of Immunogenetics,

Graduate School of Medical Sciences, Kumamotoe University

Summary .

We previously reported that Glypican-3 (GPC3} was overexpressed specifically in hepatocellular carci-
noma {HCC} in humans, and it was useful as a novel tumor marker for HCC. We also reported that the
pre~immunization of BALB/c mice with bone-marrow-derived dendritic cells pulsed with the H-2K%-
restricted mouse GPC3zs-30s (EYILSLEEL) peptide prevented the growth of turmor EXPressing mouse
GPC3,

Because of similasities in the binding peptide motifs between H-2K® and HLA~A24 (A*2402), the
GPC3296-306 peptide thus seemed to be useful for the immunotherapy of HLA-A24* patients with HCC.
Therefore, we investigated whether or not the GPC3298-305 peptide could induce GPC3-spacific CTLs from
the peripheral blood mononuclear cells (PBMCs) of HLA-A24 (A™*2402) T HCC patients. In addition, we
used HLA-A2.1 (HHD) transgenic mice (Tem) to identify the HLA-A2 {A*0201)-restricted GPC3 epitopes
io expand the applications of GPC3-hased immunotherapy to the HLA-A2T HCC patients. We found that
the GPClim-isz (FYGEFFTDV) peptide could induce peptide-specific CTLs in HLA-AZ.1 (HHD) Tem
without inducing autoimmunity. In 5 out of 8 HLA-A2Y GPC3* HCC patients, the GPC3144-152 peptide-
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specific CTLs were generated from PBMCs by in vitro stimulation with the peptide. The GPC3208-306
peptide-specific CTLs were also generated from PBMCs in 4 of 6 HLA-A241 GPC3Y HCC patients, and
the inoculated CTLs could attack the human HCC tumor mass implanted into NOD/SCID mice.

Our study raises the possibility that these GPC3 peptides may therefore be applicable to cancer immuno-

therapy for a large number of HCC patients.

Key words : Cancer immunotherapy, CTL, HCC, Glypican-3 (GPC3)
Address request for reprints to : Dr. Hiroyuki Komeri or Hideo Baba, Department of Gastroenterological
Surgery, Graduate School of Medical Sciences, Kumamoto University, 1-1-1 Honjo, Kumamoto B860-8558,
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