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hypermethylation of the REIC/Dkk-3 promoter was indicated
to be at least partly involved (19). In our previous study, we
noled some discrepancy between the expression jevel of
REIC/Dkk-3 in terms of mRNA and that of protein, ie.,
REIC/Dkk-3 protein was null in some cancer cases in which
REIC/Dkk-3 mRNA was detected (13). This means that we
shounld determine the protein levels of REIC/Dkk-3 for
functionally relevant comparison among different cell types.
Significant decrease in REIC/Dkk-3 protein was observed in
6 of the 7 2nd 13 of the 14 renal clear cell carcinoma cases
analyzed by Western blotting and immunohistochemisery,
respectively {13). For prostate canger, twelve cases analyzed
in a microsrray and 4 cases analyzed in clinically resected
tissues showed reduced expression of REIC/Dkk-3 protein
depending on Gleason scores (16). Together with the resulis
of the present study, it is now clear that the REIC/DkE-3
protein level consistently decreased in most of the cases in 3
representative types of urogenital cancer.

Lack of REIC/IDEE-3 expression in NCCIT cells. For {usther
studies on relevance of REIC/Dkk-3 to human testicular
cancers, we chose a cell line derived from non-seminomatous
germ cell tumor. NCCIT, since the cell line shows hybrid
features of seminoma and embryonal carcinoma and can
differentiate into various cell types of three embryonic germ
tayers (20). At first, we examined the expression of REIQ/
Dkk-3 in NCCIT cells. Quantitative RT-PCR revealed thai the
REIC/Dkk-3 mRNA level in NCCIT cells was negligible when
compared with that in normal human fibroblasts OUMS.24
(Fig. 2A). No REIC/Dkk-3 protein was detected in NCCIT
cells by Western blot analysis {(Fig. 2B). In sccordance with
our previous study (16}, the protein was detected in normal
human fibroblasts as & band of ~62 kDa but not in prostate
cancer cell line PC3, which were used as a positive and
negative control, respectively, Thus, NCCIT cells share the
property lacking REIC/Dkk-3 expression with most testicufur
wmors and therefore were used for further studies,
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Induction of apoptosis in NCCIT cells by overexpression of
REICIDEE-3. Since our previous study showed that over-
expression of REIC/Dkk-3 induced apopiosis in prostawe
cancer cell lines deficient in expression of the gene. we
examined its effect on NCCIT eells. Infection of a replication-
deficient adenovirus vector carrying cither LaeZ {(Ad-LacZ)
or REIC/DRK-3 {Ad-REIC} ro QUMS-24 and NCCIT eells
at 20 MOI resulted in overexpression of the proteins at
comperable Jevels (Fig. 3A). Under these conditions, infection
efficiency was nearly 100% in bath cell types (data not shown),
When the apoptotic gvent was monitored by TUNEL staining
72 h after infection, 315 of NCCIT cells were positive after
infection with Ad-REIC, OUMS-24 cells exhibilad the positive
signal in only 5.3% of the cells infected with AJ-REIC, the rate
being vomparable to those obtuined after Ad-LacZ infection
(Fig. 3B and C). These results ndicute that overexpression
of REIC/Dkk-3 sclectively induces apoptotic ecll death in
NCCIT cells in 2 similar manner for prostate cancer celf lines
as reported previously (16). In the presemt swdy, however,
direct comparison of NCCIT cells und their normal counter-
parts was hampered by unavailability of the Tatter. Although

mechanisims underlying the preferential induction of apoptosis

in NCCIT cells remain to be clarified, our ongoing study
indicates rhat the functional state of proteios involved in
stress-induced apoplosis plays some roles, In this respect, it
is nowewarihy thar the protein level of proapopiotic INK was
higher snd that of anti-apoptotic Bel-2 was lower in NCCIT
cells than in the respective counterpart QUMU-24 (Fig, 4A).

{volvement of INK in apoprotic cell dearft in NCCIT celis by
Ad-REIC. Since our previous study using a prostate cancer
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cell Tine indicated the involvement of ¢-Jun terminal kinase
¢INK) in the induction of apoptosis by Ad-REIC, we examined
the protein levels und phosphorylation state of INK and other
apoplosis-related proteins by Westorn blot analysis. As shown
in Fig. 4A, infection of AA-REIC resulted in phosphorylation
and setivation of INK in NCCIT cells but not in OUMS.24,
The activatton of INK was demonstrated by phosphorylation
af the substrate protein ¢-Jun. Application of an inhibitor of
IXK, SP6OO123, at 100 nM completely abrogared phosphoryl-
ation of c-Jun, SPGUOI2S is known to inhibit the activity of
INKI1,INK2, and JNK3 but not their antophosphorylation {211,

To see whether activation of INK is causally Tinked to the
induction of apoplosis, we examined the effect of SPEOD26
on Ad-REIC-induced apoptosis. As shown in Fig, 4B und C,
addition of SPEO0126 dose-dependently abrogated apopiotic
cell death in NCCIT cells exposed to AJ-REIC. indicating
that activation of JNK is essential to the apoptosis-inducing
function of Ad-REIC.

Inhibition of rmmorigenic growth of NCCIT in nude mice by
Ad-REIC. Finally, we investigated the effect of Ad-REIC on the
growth of NCCIT cells in vive 3s o possible therapeutic model,
NCCIT eelis of 3x10° were subeytaneously tansplanted into
nudde mice and 3 weeks later 2x10° pfu of AD-REIC or Ad-LacZ
in 100 ml was injected intrutumorzliy. In control animals which
received PBS or Ad-lLacZ. the tumors grew progressively to
reach ~1 200 mn?’ in stze a the end of the observation period of
5 weeks (Fig. 5). In contrast. the tumor completely disappeured
in 2 of the 5 mice injected with AA-REIC and the mean wmor
size among the 5 mice remained largely unchanged.

Concluding remarks, In the present study, we examined the
potential utitity of REIC/Dkk-3 as 1 gene-therapentic agent
apainsl testicular cancer. Expression of REIC/DRR-3 was
reduced in all of the human seminoma and NSGCT tissues
examined. Adenovirus-mediated overexpression of REIC/
DER-3 prederentintly induced apopiotic cell deah in 2 westicular
germ celi carginomu cell line, NCCIT, defective in expression
of REIC/DKK3. Furthermore. intratemaral injection of the
adenovirus vector carying REFC/DRE-3 remurkably suppressed
tumorigenic growth of NCCIT cells subcutuneously trans-
planted into nude mice. These results irdicate that adenovirus-
mediated overaxpression of REIC/DER-3 may be u promising
approach for developing more patient-friendly therapeuotic
mieasues aguinst humen esticular cancer,
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Heat shock proteins play a crucial role in tumor-specific
apoptosis by REIC/Dkk-3

FERNANDO ABARZUA!2 MASAKIYO SAKAGUCHIZ, RYUTA TANIMOTO!, HIROYUKI SONEGAWA?,
DAL-WEI LI?, KOHEI EDAMURA!, TOMOKO KOBAYASHI', MASAMI WATANABE',
YUJL KASHIWAKURA!, HARUKI KAKU!, TAKASHI SAIKA!, KEIICHIRO NAKAMURAZ,
YASUTOMO NASU!, HIROMI KUMON! and NAM-HO HUH?

IDepartments of Urology, 2Cell Biology and 30bstetrics and Gynecology, Okayama University
Graduate School of Medicine, Dentistry, and Pharmaceutical Sciences, Shikata-chou, Okayama 700-8558, Japan

Abstract. We recently showed that overexpression of REIC/
Dickkopf-3 (Dkk-3), a tumor suppressor gene, induced
apoptosis in a tumor cell-specific manner. The aim of the
present study was to determine the mechanisms underlying
the selective induction of apoptosis. At first, we found a
mouse renal carcinoma cell line, RENCA, to be extremely
sensitive to an adenovirus carrying REIC/Dkk-3 (Ad-REIC),
and we showed that activation of c-Jun N-terminal kinase
(JNK) was a critical step in cell death, i.e. a process similar
to that in human prostate and testicular cancer observed in
our previous studies. Among the proteins interfering with the
activation of JNK, heat shock protein (Hsp)70/72 was
rednced in expression in RENCA cells compared with that in
NIH3T3 cells. An Hsp70/72 inducer protected RENCA cells
from Ad-REIC-induced apoptosis, while an Hsp70/72
inhibitor sensitized NIH3T3 cells for apoptosis induction.
These results indicate that functionally active Hsp70/72 is a
key factor in tamor cell-specific induction of apoptotic cell
death and that analyses of the expression levels of Hsp70/72
may be essential in determining the significance of Ad-REIC-
based gene therapy against human cancer.

Introduction

The Dickkopf (Dkk) family is composed of 4 members, Dkk-
1-4, that show distinct as well as similar biclogical functions
(1). Dkk-1 and -4 are known to interfere with Wnt signaling
through the common receptor LRP5/6 (1-4). Since the Wat

Correspondence to: Dr N. Huh, Department of Cell Biology,
Okayama University Graduate School of Medicine, Dentistry, and
Pharmaceutical Sciences, 2-5-1 Shikata-cho, Okayama 700-8558,
Japan

E-mail: namu@md.ckayama-u.ac.jp

Key words: REIC, Dickkopf-3, testicular tumor, therapy

signal pathway has been shown to be aggravated in many
types of cancers (5-7), Dkk-1 is thought to behave as a tamor
suppressor gene. Expression of endogenous Dkk-1 was
shown to be reduced in human melanomas (8), and forced
expression of Dkk-1 resulted in increased apoptosis of
various tumor cells (9-11), Unlike Dkk-1 and -4, REIC/Dkk-3
does not bind to LPR5/6 or interfere with Wnt signaling
(12,13). Nevertheless, expression of the REIC/Dkk-3 gene is
suppressed in cells and tissues of many human cancers,
including prostate cancer, renal clear cell carcinoma and non-
small cell lung cancer (14-16). More notably, expression of
REIC/Dkk-3 using an adenovirus vector (Ad-REIC}) selectively
induced apoptosis in human prostate cancer cell lines (16)
and a human testicular cancer cell line (17) with only a
marginal effect on normal counterparts, Furthermore, human
prostate cancer cells transplanted subcutaneously into nude
mice were completely regressed in 4 out of 5 animals by a
single injection of Ad-REIC (16). The selective action of
REIC/Dkk-3 is of profound significance and prompts further
mechanistic study since the selective killing of malignant
cells is the most critical issue for successful treatment of
human cancer.

Our previous study showed that a membrane-permeable
Bax inhibitor V5 completely abrogated the apoptosis induced
in the prostate cancer cell line PC3 by infection with Ad-
REIC (16). Translocation of Bax protein from the cytopltasm
to the mitochondria, a hallmark of the triggering of a Bax-
mediated apoptotic pathway, was completely suppressed by
V5. The Ad-REIC infection activated ¢-Jun N-terminal
kinase (JNK), one of the upstream activators of Bax in PC3
cells but not in normal human fibroblasts. The JNK-specific
inhibitor SP600125 remarkably abrogated the Ad-REIC-
induced apoptosis of PC3 cells in a dose-dependent manner.
These results indicate that overexpression of REIC/Dkk-3
activates INK in a malignant cell-specific manner, induces
mitochondrial translocation of Bax protein, and leads to
apoptotic cell death. In the present study, we analyzed the
mechanism of the cell type-specific activation of INK by Ad-
REIC after identification of & cell line highly sensitive to the
Ad-REIC-induced apoptosis and thus suitable for the
mechanistic study.
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Materials and methods

Cells and reagents. RENCA, a renal cortical adenocarcinoma
cell line of BALB/c mouse origin, was kindly provided by
Dr Masatoshi Eto, Kyushu University. NIH3T3 cells were
purchased from ATCC. RENCA and NIH3T3 ceils were
maintained in Dulbecco's modified Eagle's mediam (MEM)
and RPMI-1640 (Gibco), respectively, supplemented with
10% FBS (Gibeco). A c-Jun N-terminal kinase (JNK)
inhibitor, SP600125, was purchased from BioMol (Plymecuth
Meeting, PA, USA). A heat shock protein (Hsp} 70 inducer,
geranylgeranylacetone, and an Hsp70/72 inhibitor (heat shock
protein inhibitor I) were purchased from Eisai (Tokyo, Japan)
and Calbiochem (La Jolla, CA, USA), respectively.

Immunocytochemistry. Cells were fixed with ethanol or with
4% paraformalidehyde and immunostained with four different
anti-human REIC/Dkk-3 antibodies raised in our laboratory
against full-length REIC/Dkk-3 and the N-terminal and C-
terminal peptides. The specimens were then treated with Alexa
fluor R594-conjugated goat anti-rabbit IgG antibody (Molecular
Probes, Eugene, OR, USA) and mounted in Vectashield R
with DAPI (Vector Laboratories, Burlingame, CA).

Overexpression of REIC/Dkk-3 and monitoring of apoptotic
cells. REIC/Dkk-3 was overexpressed by infecting cells with
an adenovirus vector carrying REIC/Dkk-3 (Ad-REIC) as
described previously (16). A vector carrying LacZ (Ad-LacZ)
was used as a negative control. Thirty-six hours after infection
with the virus vectors at 20 MOI, apoptotic cells were
monitored either by the TUNEL method using an In Situ Cell
Death Detection kit (Roche) or by using a LIVE/DEAD
Viability/Cytotoxicity kit (Invitrogen).

Immunoprecipitation and Western blot analysis. Total cell
lysates were prepared at 36 h after adenovirus vector infection
with a Triton X-100 lysis buffer {150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 10 pg/ml leupeptin, 10 xg/ml
aprotinin and 200 pg/ml phenylmethanesulfony! fluoride,
10 mM Tris, pH 7.3). After saving aliquots of the samples for
direct Western blot analysis, the cell lysates were cleared by
treatment with excess amounts of TrueBlot™ anti-rabbit Ig
1P beads (eBioscience, San Diego, CA) and incubated with
rabbit anti-INK/SAPK antibody (Cell Signaling) at 4°C for
120 min. JNK and its associated proteins were recovered using
TrueBlot anti-rabbit Ig IP beads. Western blot analysis was
performed under conventional conditions. The antibodies
used were as follows: rabbit anti-human REIC/Dkk-3
antibodies raised in our laboratory, 2 rabbit anti-human e-Jun
antibody, a rabbit anti-human phospho-c-Jun {Ser63) antibody,
a rabbit anti-human SAPK/INK antibody, a rabbit anti-
human phospho-SAPK/INK (Thr183/Tyr185) antibody, a
rabbit anti-human Hsp70/72 antibody (Cell Signaling
Technology, Beverly, MA), a mouse moncclonal anti-human
Hsp70/72 antibody (BD Biosciences), a mouse monoclonal
anti-human Hsc70 aniibody (Santa Cruz), and a mouse
monoclonal anti-human B-actin antibody (Sigma).

In vitro binding assay. Human Hsp70/72 ¢cDNA was cloned
and inserted into a pGEX6P3 vector (GE Health Cars
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Figure 1. Expression of REIC/Dkk-3 in a mouse renal cancer cell line
RENCA, and a normal fibroblastic cell line NIH3T3. (A) Immuno-
histochemistry for REIC/Dkk-3 using an antibody against the N-terminal
region of REIC protein (shown in red) and nuclear staining with DAPI.
Scale bars, 20 pm. (B} Western blot analysis for REIC/Dkk-3 in RENCA
and NIH3T3 cells. B-actin was used as a conwol for the applied amount of
protein.

Biosciences). The Hsp70/72 protein was expressed as a GST-
fused protein and purified using glutathione sepharose 4B
{GE Health Care Biosciences). Fifty micromolars gach of
GST-Hsp70/72, INKlal (active, Upstate), and INKlal
(inactive, Upstate) were incubated in PBS for 1 h at room
temperature, recovered using glutathione sepharose 4B, and
analyzed by Western blotting for INK.

Results and discussion

Lack of REIC/Dkk-3 expression in RENCA cells. We first
examined expression of the REIC/Dkk-3 gene in RENCA
cells in comparison with that in NIH3T3 cells. Immuno-
cytochemistry for REIC/Dkk-3 using two antibodies against
full-length REIC/Dkk-3 protein, an antibody against an N-
terminal region, and an antibody against a C-terminal region,
consistently revealed a positive signal in the cytoplasm of
NIH3T3 cells but never in RENCA cells (Fig. 1A). The lack
of expression of REIC/Dkk-3 in RENCA cells was confirmed
by Western blot analysis (Fig. 1B). This observation accords
well with resulis of our previous studies showing that REIC/
Dkk-3 levels were reduced in tumor cells and tissnes derived
from various human organs, including the kidney (15) and
prostate (16).

Specific induction of apoptosis in RENCA cells by over-
expression of REIC/Dkk-3. Since our previous study showed
that overexpression of REIC/Dkk-3 induced apoptosis in
cancer cells but not in normal cells (16,17), we examined its
effect on RENCA and NIH3T3 cells. We infected the cells
with either Ad-LacZ or AG-REIC at 20 MOI and monitored
apoptotic cells by TUNEL staining 36 h after the infection.
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Figure 2. Induction of apoptotic ceil death of RENCA cells by overexpression of REIC/Dkk-3. The cells were infected with Ad-LacZ or Ad-REIC at 20 MOL
(A) TUNEL staining for monitoring apoptotic cells and DAPT staining for nuclei 36 h after infection. Scale bars, 200 gm. (B) Quantitation of the TUNEL-
positive cells shown in A. Vertical bars, standard deviation,
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Figure 3. Abrogation of Ad-REIC-induced apoptosis of RENCA cells by a INK inhibitor SP600125 (JNKI). RENCA cells were infected with Ad-LacZ or
Ad-REIC at 20 MOL The JNX inhibitor was added to the culture immediately after the infection, and the cells were fixed and stained 36 h after infection.
(A) TUNEL staining for monitoring apoptotic cells and DAPT staining for nuclei. Scale bars, 200 gm. (B) Quantitation of the TUNEL-positive cells shown in
A. Vertical bars, standard deviation.
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Figure 4. INK and heat shock proteins (Hsp) in NIH3T3 and RENCA cells. (A) Expression levels of Hsp70/72 and Hsc70 in NIH3T3 and RENCA celis
determined by Western blot analysis. B-actin was used as a contro] for the applied amounts of protein, (B) Direct binding of INK to Hsp70/72 in vitro. Left
panel: recombinant human Hsp70/72 was produced in a GST-fused form and purified using glutathione sepharose. GST was used as a negative control.
Proteins were recovered, electrophoresed, and visualized on a PVDF membrane by CBB staining. Right panel: GST-Hsp70/72 was mixed with a mixture of
active and inactive JNK proteins (Upstate) and pulled down with glutathione sepharose. The bound fraction of JNK proteins was detected by Western blot
analysis. The experiments were performed in duplicate. (C,3) Analysis of JNK. and heat shock proteins in REIC-overcxpressed cells exposed to Hsp
modulators. NTH3T3 and RENCA cells were infected with Ad-LacZ or AA-REIC at 20 MOI. An Hsp inhibitor (Hsp INHB) (50 pM) was added immediately
after the virus infection. An Hsp inducer (Hsp IND) (10 xM) was added 8 h prior to the infection followed by repeated addition of the same dose every 8 h
over the cultivation period. The cells were harvested at 36 h after the infection. (C) Western blot analysis for indicated proteins, P-c-Jun and phosphorylated
¢-Jun protein. B-actin was used as a control for the applied amount of protein. (D) Proteins were immunoprecipitated with an anti-INK antibody from the

same ceil extracts as in A and then analyzed by Westem blotting. P-TNK, phosphorylated JNK protein.

Similar expression levels of exogenous REIC/Dkk-3 protein
were confirmed in NIH3T3 and RENCA cells (Fig. 4C). As
shown in Fig. 2, however, 67% of Ad-REIC-infected
RENCA cells were positive for TUNEL staining, while only
0.3% of Ad-REIC-infected NIH3T3 cells were positive.
Ad-LacZ exerted a negligible effect on both RENCA and
NIH3T3 cells. The highly sensitive and selective feature of
REIC/Dkk-3-induced apoptosis in RENCA cells provides a
suitable condition for a mechanistic stedy on tumor-specific
induction of apopiosis by overexpression of REIC/Dkk-3
observed in a variety of malignant cells and tissues.

Involvement of JNK in Ad-REIC-induced apoptosis in RENCA
cells. Our previous studies showed that JNK plays a major
role in the induction of apoptosis by overexpression of REIC/
Dkk-3 in human cancer cells (16). To determine whether this
is also the case in RENCA cells, we examined the effect of a
JNK inhibitor on Ad-REIC-induced cell death in RENCA
cells (Fig. 3). The JNK inhibitor SP600125 added to the
cultures immediately after the virus infection dose-dependently
abrogated the Ad-REIC-induced apoptotic cell death in
RENCA cells, i.e. 30 and 100 nM of SP600125 reduced
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apoptotic cell rate in the untreated cells by 56 and 86%,
respectively (Fig. 3B), indicating a critical role of JNK in the
apoptotic process. In accordance with this, JNK was shown
to be activated in RENCA cells by infection with Ad-REIC
but not by infection with Ad-LacZ as demonstrated by
phosphorylation of INK itself and its substrate c-Jun (Fig. 4C).
Neither JNK nor its substrate c-Jun was phosphorylated
by Ad-REIC in NIH3T3 cells, where no induction of cell
death was observed. A criiical question to be addressed for
understanding the mechanisms of the tumor-specific
induction of apoptosis, therefore, is why and how JNK was
activated in RENCA cells but not in NIH3T3 cells despite
the fact that both types of cells were similarly infected with
Ad-REIC.

Activation of JNK was also shown to be a key event in
Dkk-1-induced apoptosis by Lee et al (11). Although Dkk-1
interferes with Wnt signaling, the activation of JNK by Dkk-1
did not involve the canonical Wnt signal pathway since they
used a cell line Iacking both alleles of B-catenin. REIC/Dkk-3
is known not to interfere with Wnt signaling (12,13). We
showed that the protein level and intracellular localization of
B-catenin remained unchanged in PC3 cells when the cells
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were infected with Ad-REIC and were undergoing apoptotic  activation of a stress-sensing mechanism for overload of
cell death (16). An alternative and more likely possibility is  specific proteins known as endoplasmic reticulum (ER)
that Ad-REIC-induced apoptosis may take place through  stress. It is well established that JNK is a key molecule leading
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cells in ER stress to apoptotic cell death, and inhibition of
JNK abrogates the induction of apoptosis (18,19).

Heat shock proteins (Hsps) as a key factor for tumor-specific
apoptosis by Ad-REIC. A number of different proteins are
known to bind to and inhibit the activity of INK, including
Hsp70/72, p21(WAF1), Rb, and GSTp (20-23). Among
these, we focused on Hsp70/72 since the protein level of
Hsp70/72 was reduced in RENCA cells compared with that
in NIH3T3 cells (Fig. 4A). Expression of a constitutively
expressed Hsc70 was also reduced in RENCA cells, though
to a lesser extent. Recombinant Hsp70/72 directly bound to
JNK in vitro (Fig. 4B). Binding of endogenous JNK and
Hsp70/72 or Hsc70 was confirmed by immunoprecipitation
followed by Western blot analysis (Fig. 4D). Hsp%0 and
Hsp27 were expressed at lower levels in NIH3T3 cells than
in RENCA cells, but neither protein interacted with JNK and
hence were not considered to play significant roles in the
present context (data not shown).

If the reduced Hsp70/72 level in RENCA cells is
causatively linked to the sensitivity to Ad-REIC-induced
apoptosis, induction of Hsp70/72 should suppress the
apoptotic death of the cells. When RENCA cells were treated
with the Hsp70/72 inducer geranylgeranylacetone at 10 uM,
Hsp70/72 was induced to a level slightly less than that of
untreated NIH3T3 cells (Fig. 4C). The induction of Hsp70/72
resulted in abrogation of activation of JNK (Fig. 4C) and of
apoptotic cell death (Fig. 5) by Ad-REIC infection. The
apoptotic cell rate determined 36 b after the Ad-REIC
infection was reduced from 66.5% in untreated RENCA cells
to 15.1 and 7.9% in the cells treated with 5 and 10 pM of
geranylgeranylacetate, respectively (Fig. 5B).

On the other hand, ¢xposure of cells to an Hsp70/72
inhibitor sensitized NIH3T3 cells to apoptosis induction by
Ad-REIC in a dose-dependent manner from 10-50 pM
{Fig. 6). The ratios of apoptotic cells were only 1.6% in
NIH3T3 cells simply infected with Ad-REIC and 3%.1% in
the cells treated with 50 uM of an Hsp70/72 inhibitor in
addition to the virus infection {Fig. 6). INK was activated as
assessed by detecting phosphorylated c¢-Jun in Ad-REIC-
infected NIH3T3 cells treated with 50 #M of the inhibitor
but not in the untreated cells (Fig. 4C). Treatment with the
Hsp70/72 inhibitor dose-dependently induced apoptosis even
in non-infected and Ad-LacZ-infected RENCA cells and
reinforced apoptotic cell death in Ad-REIC-infected cells
{Fig. 6). These results indicate that the tumor cell-specific
apoptosis induced by overexpression of REIC/Dkk-3 was
mainly due to the functional difference of Hsp70/72.

Hsp70/72 has been shown to inhibit apoptosis induced by
a broad variety of agents, including stresses (24-28).
Although Park er al (29) demonstrated that Hsp72(70)
inhibited heat-induced activation of JNK through direct
interaction in NIH3T3 cells, many lines of evidence indicate
that the mechanism of anti-apoptotic action of Hsp70/72 is
pleiotropic depending on cell type and apoptotic stimuli,
Hsp70/72 prevented stress-induced apoptosis of a human
T-lymphocyte cell line by acting not only on JNK but also at
some point downstreamn of INK (27). Buzzard et al (28)
showed that constitutively expressed Hsp70/72 inhibited
apoptosis of mouse embryonic fibroblasts by heat, ceramide,
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or TNFa but did not affect INK activity. Hsp70/72 exerted its
anti-apoptotic action not at the stage of JNK but at a down-
stream step of caspase 3-like proteases (29).

In the present study, we obtained evidence that the
functional state of Hsp70/72 correlates well with resistance
to apoptosis induced by overexpression of REIC/Dkk-3. Our
preliminary screening revealed that human cancer cells largely
differ in sensitivity to Ad-REIC-induced apoptosis and that
the sensitivity depends on expression levels of anti-apoptotic
proteins, including Hsp70/72. The results of the present study
may contribute to the establishment of a convenient and
reliable method to distingnish the sensitivity of different
human temors to gene therapy using Ad-REIC.

In conclusion, through the present study we anatyzed the
mechanism of tumor cell-specific induction of apoptosis by
Ad-REIC using a cell line highly sensitive to apoptosis
induction. Among the proteins interfering with the activation
of JNK, a critical event for Ad-REIC-induced apoptosis was
the reduced expression of Hsp 70/72 in RENCA cells
compared with that in NIFH3T3 cells. An Hsp70/72 inducer
protected RENCA cells from Ad-REIC-induced apoptosis,
while an Hsp70/72 inhibitor sensitized NIH3T3 cells for
apoptosis induction. These results indicate that functionally
active Hsp70/72 is a determining factor for tumor cell-
specific induction of apoptetic cell death and that analyses
of the expression levels of Hsp70/72 may contribute to the
identification of human cancers sensitive to gene therapy using
Ad-REIC.
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Heat shock protein 105 is overexpressed in squamous cell
carcinoma and extramammary Paget disease but not in
basal cell carcinoma
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Buckgeound Heat shock protein (FSP) 105 is a 105-kDa protein, recenily discovered
by serclogical analysis of recombinamt ¢cDNA expression libraries prepared from
Bemait: femuchemmsagy oo, .k mmour cells (SEREX}. and is sull undergoing inensive research. SEREX can
define srrongly immunegenic tumour antigens that elicit both cellular and
Inimoral fmmunity. Previcus studies have shown that HSPIGS is a cancer testis
antigen and is overexpressed in varions internal malignancies. The expression of

HSP10S5 has not been siudied in skin cancers.
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basal ccll concinomia, cstromemmary Payel discose,  Obeetives To assess the expression of HSPI0S in skin cancers including extramam-
mary Paget disease {EMPD}, cutaneocus squamous cell carcinoma (8CC) and hasal
cell carcinoma (BCC).

Methods Samples of EMPD {r = 25), SCC (n = 23, of which three were metastatic

lesions) and BCC (n = 23) were collected from patients trealed in our department

hizat shock protein 108, squamous cell corcinomo
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between January 2001 and December 2004. Western blor and innnunohisto-
chemical staining methods were used to investigate the expression of HSP105.
Resulis Results of Western blot analysis showed overexpression of HSP105 in
EMPD and SCC, and minimal expression in BCC. Immunchistochemistry resuhs
showed that 56% of EMPD, 60% of primary and 100% of metastatic SCC highly
expressed HSPI0S while only 13% of BCC lesions showed increased staining.
Conclusions EMPD and SCC overexpress HSPI0S5 while BCC does not. Tumours
overexpressing HSP105 presemt ideal candidares for vaccination by HSP105-
derived peplides or DNA.

Heat shock proein (HSP) 105 is a mammnalian swress protein
that befongs 1o the HSPL D family.' T is released by ussues in
response w0 a wide variety of siresses inchiding infection, isch-
aemia, heat swess and tmowrs.”™ Studies have shown that the
molecule s involved as 2 biochemical mediator of heat-
indueed apoplosis by binding to pS3 al scrotal temperatures
and dissociating from it at suprascrotal temperatares in testicu-
lar germ cells. HSP105 consists of ¢ and f§ components. The
d-component is 105 kDza and the B-component is a2 truncated
form, 90 kDa in size, and is specifically induced by heat stress
at 42 °C F I i ilporiant o nvestigate and isolale tumours
which overexpress HSP103 in order to targel them for immnu-
notherapy. Studies on colorectal carcinoma and melanoma cell
lines in mouse hosts showed that HSPEOS DNA vaccination
could stimulale HSPLOS specific wmour inununity leading 1o
Lumnour Tf_'gl'ﬂSSi('}l‘J.;

Eai t ol." showed that HSPL0S is overexpressed in a variety

of intra-abdominal carcinomas such as vesophageal squamous

cell carcinoma (SCC), colen and pancreatic adenocarcinoma,
and others, No sidies have been done to investigate the
expression of HSP105 in cutanecus malignancics. We there-
fore aimed to evaluate the expression of HSP105 in extramam-
mary Page: disease (EMPD), SCC and basal cell carcinoma
(BCCY. This is the first study to investigate the expression of
HSPEOS in human skin cancers.

Materials and methods

Tissue specimens

Tissue samples for Western blot analysis were frozen in liguid
nittogen soon: afier excision and kept at —80 °C. The spedi
mens consisted of one of EMPD, two of 8CC, one of BCC and
two of normal skin.

Archival formalin-fived, paraffin-embedded tissies were used
for immunehistochemical analysis; the cinical characteristes of
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the patients are as follows. Twenty-five specimens of EMPD
were obtained from [0 women and 15 men, age range
51-87 years (mean 74). Twemy-three specimens of 5CC, of
which three were melastatic lymph nodes, were analysed. The
SCC population comprised 13 women and 10 men, age range
55-95 years (mear 78-9). Nine women and 14 men with a
diagnosis of BCC had age range 51-83 years (mean 70-6}.

The specimens were obtained from patients who underwent
surgery between January 2002 and December 2004 in the
Departments of Dermatology and Plastic and Reconstructive
Surgery at Kumameto University Hospital, from whom
informed consent was obtained before surgery. Haematoxylin
and cosin-siained sections were used for the initial light micro-
scOpy assessment.

Woestern blot

The frozen tissues were homogenized and 20 UL of the super-
natant subjected w 10% sodinm dodecyl sulphate—polyacryla-
mide gel elecrrophoresis before transfer o 2 nitrocellulose
membrane. Blocking was achieved by incubating the mem-
brane in 5% skimwmed milk/Tris-buffered saline~Tween 20
(TBST) overnight at 4 °C. HSPI0S rabbit polyclonal antibody
{(Santa Cruz Biotedhmology, Santa Cruz, CA, U.S.A) was used
at a concentration of 1 : 500 and incubated with the mem-
brane for 90 min at room temperature. The membrane was
then washed and incubated with horseradish peroxidase-con-
jugated antirabbit actibody (1 : 3000) for 30 min. Mem-
Bbranes were thoroughly washed with | mol L™ NaCl/TBST.
Signals were detected using the ECL (enbanced chemilumines-

cence) system (Amersham  Biosciences, Piscataway, NI,
US.A).
Immunchistochemistry

Paraffin sections {4 pm} were used for immunohistochemicat
examination after deparaffinization in xylene and reliydration
hrough graded alcohols. Antigen rewrieval was achieved by
for 10 min  in
(0-0F mmal L7, pH 6-0), followed by cocling at room tem-
perature for 60 min. Nonspecific staining was blocked with
5% normal hosse serum, HSPIOS antibody (Santa Cruz Bio-
technology) was used al a concentration of 1 : 180 and incu-

ITICIOWave Ireatment citric  acid

bated with the specimens ovemiglt in a humidifying
chamber. Endogenous peroxidase was blocked by immersing
the sections into 1-5% hydrogen peroxide diluted with meth-
anol for | min. Using the Envision method, antirabhit poly-

clonal amibody (EoVision+; DakoCytomation, Carpinteria,
CA, US.A) was used near and incubated for 60 min at
room temperare. Colour signalling was dowe using the
3, 3'-diaminobenzidine tewrahydrochloride (Dojindo, Kuma-
molo, Japan)-based detection meihod. Haematoxylin was used
as a counterstain.

Immunohistochemical evaluation incorporated the percent-
age of stained cells per specimen and the staining intensity,
compared with that of adjacent normal tssues as an internal
control. The bistachemical score (HSCORE)® was used to stan-
dardize the results of all three malignancies w allow for com-
parisen. The HSCORE was calculated as follows: HSCORE = Py
(i+ 1), where i =0, 1, 2 and P; (estimated percemiage of
stained tumour cells) varies from 0 to 100%. Staining intensity
of tumour cells was graded according 1o the following three
grades: 0, weak/negative; |, distinct slaining: 2 strong stain-
ing. A mean HSCORE of 100 was considered as overexpres-
sion of HSP1035.

Statistical analysis

HSP105 expression was analysed using the nomparametic
Mann—Whimey Llest, StatView version 5.0 for Windows (SAS
Instjtute, Cary, NC, USAY. P < 0:05 was considered signifi-
cant.

Results

Waestern blot

Western blot analysis showed overexpression of HSPLOS in
EMPD and SCC, and low expressien in BCC and normal skin
(Fig. 1). HSP105 is constitulively expressed by normal skin in
small amounts as evidenced by a visible but light band of
HSP105.

Immunchistochemistry

Two investigators (F.CM., T.K.) viewed all ussue sections.
Figure 2 shows the staining patern of EMPD, SCC and BCC.
EMPD showed pesitive staining of both the nuclevs and
cytoplasm, with a lheterogencous slaining intensity; however,
the sialomucin (mucous) component of the large Paget cells
stained negative. Adjacent normal apocrine and eccrine glands
were negalive. The heterogeneily of slaining necessitated the
use of the HSCORE, which incorporates both intensity and
distribution of staining, for data analysis. The HSCORE for

HSP105

. scc

|
| Beta actin

_EMPD SCC

BCC

N, skin N. skin

fig 1. Western blot analysis of heat shock protein (1HSP) 105 expression in squamous cell carcinoma (SCC), extamammary Paget discase

(EMPID), basal cell carcinoma (BCC} and normeal skin. The B-actin band was used as a control.
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Fig 2. Immunohistochemical staining of hear
shock protein (HSP) 105 in squamous cel)
carcinoma {SCC), extramammary Pager disease
(EMPD) and basal cell carcinoma (BCC), The
photomicrographs show fow and high power
views, respectively, SCC and EMPD highly
express HEPLOS while BCC is negative. Scale
bar == 200 pm.

EMPD ranged from § to 300 with 2 mean of i03. Invasive
EMPE, willy dermal invasion of Pager cells, showed a high-
level expression of HSP105 compared with intraepidermal
lesions,

SCC highly expressed HSP105 with very strong nuclear and
cyteplasmic staining. The HSCORE for primary SCC ranged
from 5 w 300 {mean 132). The mean HSCORE for metastatic
SCC was 270, indicating a very high level of expression of
HSP105.

BCC failed o express HSPIOS. Even though the overlying
epidermis minimally expressed HSP103, the mmour nests
exhibited negalive expressien of the protein (Fig. 2). The
HSCORE for BCC ranged from 5 to 60 (mean 17).

Immunchistochemisry resuits showed thar 56% of EMPD,
60% of primary and 100% of metastalic SCC highly expressed
HSP10S5 while only 13% of BCC lesions showed increased
slaining.

We also investigated by immunohistochemisiry the expres-
son of HSPI0S in sun-damaged lesions of aciinic keratosis;
results showed hat most specimens exhibited increased stain-
ing w HSPI0S (data not shown),

Discussion

Although surgical excision is the most common method for
reatment of EMPD, SCC and BCC, dermaologists ofien meet
challenging cases. EMPD is an uncommeon malignancy arising
wilhin the epidermis from native siem cells that differentiaze
towards glandular eells'® The common sites for EMPD are
mainly the vulval, penile, scrotal and perianal regions, Often

HSP105 is overexpressed in skin cancers, F.C. Muchemwa et al. 3

X100

the lesion is so extensive that radical excisions somerimes
result in a stroctural and functional compromise of the adja-
cent vilal sunctares. Up 10 60% of the cases recur'! and often
the tumour extends 2-5 em beyond that visible under light
microscopy; this necessitates repeated excisions, further com-
promising the integrity of the local struciures. We have shown
in this study that EMPD and SCC, especially the metastatic
lesions, overexpress HSP105, and these wimounrs present ideal
candidates for HSPHOS-based immunetherapy.

HSPs are present in cells at normal temperatures and act as
molecular chaperones, assisting in the folding, unfolding and
wansport of various proteins, HSP105 is localized in the cyto-
plasny and muclens of both siressed and nouswressed cells and
it is believed 10 be wranslocated from the eytoplasm into the
mucleus afier heat siress.'?

In this study we demonstrated by immunchistochemistry
and Western blot analysis that HSPIO5 is overexpressed in
EMPD and SCC but not in BCC. Some investigators have impli-
cated HSP10S o be sndapoptotic by binding o p33, the anti-
tumour gene product.” This study supports the hypothesis that
BCC s a stable wumour as it failed 1o express the HSP1035 pro-
tein. Some reports have shown that BCC is a relatively benign
and slowly progressing wumour, rarely, if ever, melasiasizing.
IL expresses HSP27, a marker of differentialion and prolifer-
atiem, expressed in keratinocytes, which helps the cell in
repair processes.'> On the other hand, FSP27 is nat expressed
hy SCC, showing the relative aggressiveness of scC.t

Our sindy has shown that even though surrounding norimal
tissues in BCC show minimal expression of HSPI0S, the BCC
nesis 1hemselves are negative. Kai o el reported negative
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staining of the adjacent normal epithelium in the colorectal
region;” we have found that normal epidermis of skin was
slightly reactive to HSP105, However, in grading positivity, a
score of 1 was allocated 1o tumour cells whose staining was
mare intense than the adjacent normal epidermis.

The skin is the basis of protection from environmental fac-
tors and sunlight is a major contributor 1o skin damage. Sun-
light is noted to be an aetiological feature in hoth SCC and
BCC. In our patients, BCC was found mainly on the face. The
adjacent epidennis of BCC sections, as noted above, stained
slightly more than the rumour nests; we therefore queried
whether or not sunburn may have a significant role 1o play in
the expression of HSPI05 in photodamaged lesions. Actinic
keratosis is a premalignant condition 1o 5CC; if left untreated
2-5% of these cases progress to sCC.'S Cells that highly
express HSP105 have an increased thermotolerance; in malig-
nant cells this phenomenen increases the stability of abnormal
cells, leading to progression of the diseases.

The detection of HSPL0S by serological analysis of recom-
binant ¢DNA expression libraries prepared from tumour cells
(SEREX) is of great importance as this method detects muinour
antigens that elicit strong hwmoral and cellular immunity.'®
The task is now for immunologists 1o engineer an HSP10S-
based vacciize for testing on tamours thai have proved to
overexpress it. Devefopment of a specific imnnunotherapeutic
agent that can: identify microscopic satelfite tumours would be
a great leap in the management of EMPD. Tamura et o'’
showed that immunotherapy of mice with pre-existing cancers
with HSP preparations derived from autologous cancer cells
resulted in retarded progression of the primary cancer,
reduced metastatic load and prolongation of life span. The
effectiveness of anti-HSP90 drugs in the treaument of paediat-
ric neuroblastoma and osteosarcama was recently lested. Tt
was found that there was a significant reduction in cell survi-
val after expesure to the drugs, alone or in combination with
others.,'® HSP105, by virwe of being discovered by SEREX, is
highly immunogenic. Recen: studies by Miyazaki a al.? suc-
cessfully demonstrated that HSP10S DNA vaccinarion of mice
which were challenged with colorectal and melanoma cell
lines could elicit wmour rejection through activation of both
cellutar and himoral immunity. Therefore, advanced or meta-
static EMPD and SCC could be good targets for HSP105 immu-
noiherapy. HSP105 DNA vaccination studies for SCC in mice
are under way in our laboratory.
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identification of HLA-A2- or HLA-A24-Restricted CTL Epitopes
Possibly Useful for Glypican-3-Specific Immunotherapy of

Hepatocellular Carcinoma

Hiroyuki Komori,"? Tetsuya Nakatsura,’ Satoru Senju,’ Yoshihiro Yoshitake,' Yutaka Motomura, 2
Yoshiaki Ikuta,? Daiki Fukuma,' Kazunori Yokomine,' Michiko Harao,"? Toru Beppu,? Masanori Matsui,®
Toshihiko Torigoe, Noriyuki Sato,? Hideo Baba,? and Yasuharu Nishimura'

Abstract Purpose and Experimental Design: We previously reported that glypican-3 (GPC3) was

overexpressed, specifically in hepatocellular carcinoma {HCC} and melanoma in humans, and
it was useful as a novel tumor marker. We also reported that the preimmunization of BALB/c
mice with dendritic cells pulsed with the H-2K%-restricted mouse GPC335.305 (EYILSLEEL)
peptide prevented the growth of tumor-expressing mouse GPC3. Because of similarities in
the peptide binding motifs between H-2K% and HLA-A24 (4*2402), the GPC3,95_30s paptide
therefore seemed to be useful for the immunotherapy of HLA-A24* patients with HCC and
melanoma. In this report, we investigated whether the GPC3.94.305 peptide could induce
GPC3-reactive CTLs from the peripheral blood mononuclear cells (PBMC) of HLA-A24
{A*2402)* HCC patients. In addition, we used HLA-A21 (HHD) transgenic mice o identify
the HLA-AZ (A"0207) —restricted GPC3 epitopes to expand the applications of GPC3-based
immunotherapy to the HLA-A2™ HCC patients.

Results: We found that the GPC3444.152 (FVGEFFTDV) peptide could induce peptide-reactive
CTLs in HLA-A21 (HHD) fransgenic mice without inducing autoimmunity. In five out of eight
HLA-A2* GPC3" HCC patients, the GPC3144.152 peptide-reactive CTLs were generated from
PBMCs by in vitro stimulation with the peptide and the GPC334g.205 peptide-reactive CTls
were also generated from PBMCs in four of six HLA-A24™ GPC3* HCC patients. The inocula-
tion of these CTLs reduced the human HCC tumor mass implanted into nonobese diabetic/
severe combined immunodeficiency mice.

Conclusion: Our study raises the possibility that these GPC32 peptides may therefore be

applicable to cancer immunotherapy for a large number of HCC patients,

Hepatocellular carcinoma (HCC) is now spreading rapidly,
especially in Asian and Western countries. it is clear that
patients with hepatitis B or C—based liver cirthosis are at high
risk for developing HCC (1), and patients with hepatitis
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treated surgically or by other therapies are also at high risk
for recurrence (2). Furthermore, the liver function of these
patients is often very poor, so further treatment for recurrence
is often restricted. As a result, the prognosis of HCC remains
poor, and new therapies for the prevention of cancer deve-
lopment and recurrence, i.e., adjuvant therapy, is urgently
needed. As for melanoma, the age-adjusted incidence rates
have been inceasing in most fair-skinned populations in
recent decades (3). In 2005, it is estimated that 59,580 Ame-
ricans will be diagnosed to have melanoma, and 7,770 will
die from the disease (4).

We and others previously reported that glypican-3 (GPC3)
was overexpressed in most types of HCC (5-9) and melanoma
in humans (8}, and we also previously reported that an H-2K%-
restricted antigenic peptide, the mouse GPC3,95.305 (EYIL-
SLEBL) peptide, could be recognized by mouse CD8" CTLs, In
addition, these CTLs rejected tumor expressing mouse GPC3
both in vitre and in vive {10). Because the structural motifs of
peptides bound to HLA-A24 (A*2402) and mouse H-2K? are
similar, we investigated whether the GPC3 peptide was also
useful as a cancer immunotherapy modality for HLA-A24* HCC
patients. The gene frequency of HLA-AZ4 (A*2402) is relatively
high in Asian populations, especially in the Japanese, whereas it
is low in Caucasians. On the other hand, The gene frequency of
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HLA-A2 {A*0201) is high among various ethic groups,
induding both Asians and Caucasians (11). Therefore, it is
suggested that the HLA-AZ-restricted and GPC3-derived CTL
epitopes might be very useful for the immunotherapy of many
patients with HCC and melanoma all over the world. In the
present study, we identified human GPC3-derived CIL epitopes
restricted by HLA-AZ using HEA-A2.1 (HHD) transgenic mice
{Tgm) and examined whether these HLA-A2 or HLA-A24-
restricted epitope peptides could induce GPC3-reactive CTLs
from peripheral blood mononudear cells {PBMC) of patients
with HCC.

Materials and Methods

Mouse. HLA-A2.1 (HHD) Tgm; H-2DP~/~2m™~ double lmockout
mice introduced with human B2m-HLA-A2.1 (ol «2}-H-2D° {3
transmembrane cytoplasmic) (HHD) monochain construct gene were
generated in the Department SIDA-Retrovirus, Unite d’' Immunite
Cellulaire Antivieale, Institut Pasteur, France (12, 13) and kindly
provided by Dr. FA. Lemonnier. Nonobese diabetic (NOD)fsevere
combined immunodeficiency (SCID) female mice at 6 weeks of age
were purchased from CLEA Japan {Tokyo, Japan).

Patients, blood samples, and cell lines. Blood samples from patients
with HCC were obtained during routine diagnostic procedures after
obtaining a formal agreement signed by the patierts in Kumamoto
University Hospital from April to Septermber 2005. Human liver cancer
cell lines, SK-Hep-1 and T2-A0201 (a TAP-deficient and HLA-A*0201-
positive cell line; refs. 14, 15), were provided by Kyogo Ito of Kurume
University. Human liver cancer cell lines HepG2 and HuH-7
endogenously expressing GPC3, and GPC3™ colon cancer cell line
SW620, were kindly provided by the Cell Resource Center for
Biomedical Research Institute of Development, Aging, and Cancer
(Tohoku University, Sendai, Japan). C1R-A*2402 (an HLA-A*2402
transfectant of CIR cells expressing a trace amount of HLA cdass I
molecule; 1ef, 15) were generous gifts from Dr. Masafumi Takiguchi.
The expression of HLA-AZ and HLA-A24 in these cell lines were
examined using flow cytometry with an anti-HLA-A2 monodonal
antibody {mAb), BB7.2 and anti-HLA-A24 mAb (One Lambda, Inc,
Canoga Park, CA), respectively, in order to select target cell lines for CTL
assays. The origins and HLA genotypes of these cell lines have been
described elsewhere (16, 17). These cells were maintained in vitro in
RPMI 1640 or DMEM supplemented with 10% FCS.

Induction of GPC3-reactive mouse CILs and IEN-vy enzyme-linked
immunospot assay. Human GPC3-derived peptides (purity >90%)
sharing the amino acid sequences with mouse GPC3 and carrying

binding motifs for HLA-A*0201-encoded molecules, were identified
using BIMAS software (Biolnformatics and Molecular Analysis
Section, Center for Infommation Technology, NIH, Bethesda, MD)
and we purchased a total of nine peptides carrying HLA-A2
(A*0201) binding motifs {Table 1) from Biologica (Tokye, Japan).
The immunizations of mice with peptides were done as previously
described (7). In brief, bone marrow (BM) cells (2 % 10%) from
HLA-A2.1 (HHD) Tgm were cultured in RPMI 1640 supplemented
with 10% FCS, together with granulocyte macrophage colony-
stimulating factor (5 ng/mL) and 2ME (0.8 ng/mL) for 7 days in
10-cm plastic dishes, and these BM-dendritic cells (DC) were pulsed
with the mixture of GPC3 peptides carrying HLA-AZ binding motifs
{1 umol/L for each peptde} at 37°C for 2 hours. We primed the
HLA-A2.1 (HHR) Tgm with this syngeneic BM-DC vaccine (5 x 105/
mouse) into the peritoneal cavity once a week for two weeks. Seven
days after the last immunization, the spleens were collected and
CD4~ spleen cells were isolated by negative selection with and-CD4
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) to
exclude any nonspecific IFN«y production by CD4” spleen cells
cocultured with the BM-DC. The CD4~ spleen cells (2 x 10%/well)
were stimulated with syngeneic BM-DC (2 x 10%fwell} pulsed with
each peptide in viro. Then, 6 days later, the frequency of cells
producing JEN-v/2 x 10% CD4™ spleen cells upon stimulation with
syngeneic BM-DC (1 X 10%well), pulsed with or without each
peptide, was assayed in an enzyme-linked immunospot (ELISPOT)
assay as previously desciibed (18).

Induction of GPC3-reactive hntman CILs. We isolated PBMCs from
the heparinized blood of HLA-A24* and/or HLA-A2" Japanese patients
with HCC or healthy donors by means of Ficoll-Conray density
gradient centrifugation, and peripheral monocyte-derived DCs were
generated as descibed previcusly (19, 20). CD8* T cells were isolated
using CD8 microbeads (Miltenyi Biotec) from the PBMC of the same
donors, and thereafter, peptide-reactive CD8* CILs were generated
(19, 20). Five days after the last stimulation, the cytotoxic activities of
the CTLs were measured by a 3'Cr release assay.

CTL responses against cancer cell lines. CILs were coadtured with
each cancer cell line as a target cefl (5 X 10%/well) at the indicated
effectorftarget ratio and *'Cr release assay was done as described (21).
The blocking of HLA-dass I or HLA-DR, was done as follows. Before the
coculture of CTLs with a cancer cell line in a *'Cr release assay or
ELISPOT assay, target cancer cells were incubated for 1 hour with 10 pg/f
ml anti-dass T mAb W6/32 or 10 pg/fml anti- HLA-DR mab, H-DR-1,
and then the effects of mAbs on either the cylotoxic activity or production
of ITFN-y by CTLs were examined as reported previously (22).

Histologic and immunohistochemical analysis. Immunohistochemi-
cal staining of CD8 or CD4 in tissue specimens of HLA-A2.1 (HHD)
Tgm immunized with the GPC3y44.152 peptides and the staining of

Table 1. GPC3-derived peptides conserved between human and mouse GPC3 and predicted to be bound to HLA-AZ

{A"0207)

A2-binding peptide Position Subsequence residue listing HLA-A2 binding score*®
GPC3A2-1 44-52 RLOPGLKWY 879
GPC3A2-2 102-110 FLIONAAY 319
GPC3A2-3 144152 FVGEFFTDV 828
GPC3A2-4 1565-163 YILGSDINY 162
GPC3A2-5 169177 ELFDSLFPV 1055
GPC3A2-6 254-268 RMLTRMWYC 1259
GPC3A2-7 281-289 VMOGCMAGY 196
GPC3A2-8 326-334 THDSIQYV 496
GPC3A2-9 522-560 FLAELAYDL 402

*Binding scores were estimated by using BIMAS software (http://bimas.dcrt.nih.gov/cgi-bin/molbio/ken_ parker comboform).
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apoptotic cells with terminal deoxynucleotidyl transferase - mediated
nick end labeling methods (ApopTag fluorescein in situ apoptosis
detection Kits; Serologicals Corporation, Norcross, GA) in tumeor
specimens of patients with HCC were done as described previously
(23, 24). In addition, immunchistocheimnical staining of HLA-dass T in
HCC tumor tissue specimens were done by using anti-HLA-class I mAb,
EMR 8-5.°

Detection by ELISA of the serum-soluble GPC3 protein. Detection of
the serum-soluble GPC3 protein was done by an indirect ELISA using
the rabbit anti-GPC3 polydonal antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) as described previously (7). We used recombinant
human GPC3 protein (R&D Systems Inc, Minneapolis, MN) as a
standard, and the presence of »106 ng/mL of serum GPC3 protein was
considered to be positive.

Transfer of CTLs to the NODJSCID mice implanted with a human HCC
cell line. The transfer of GPC3-reactive CILs to the immunodeficient
mice implanted with a human HCC cell line was done as desciibed
previously (7). Briefly, we s.c. inoculated SK-Hepl/GPC3 cells (1 % 107)
positive for both HLA-A2? and HLA-A24 at the right flank of NOD/SCID
mice. When the diameter of these tumors reached 5 X 5 mrm on day 9
after tumor inoculation into mice, we intravenously injected the
mixture of GPC3 peptide-reactive CIL lines or irrelevant HIV peptides;
HLA-A2-restricted SLYNTYATL peptide and HLA-A24-restricted
RYLRDQQLL peptide, stimulated CD8* T cells (3 X 10°) established
from four HLA-A24-positive or two HLA-A2-positive HCC patients, or
saline alone. T cells were i.v. injected one more times on day 14. The
CD8* T cells stimulated with HLA-A24-restricted GPC3305.305 peptide
or HIV [RYLRDQQLL) peptide and derived from two independent
HIA-A24* HCC patients were mixed, and injected into three NOD/
SCID mice on day 9, and the mixture of peptide-stimulated CD8* T
cells from two other HLA-A24* HCC patients distinct from the T cell
donors at the first injection, were injected into the mice on day 14. The
HLA-A?-restricted peptide-stimulated CD8" T cells from one HLA-A2*
HCC patient were also injected into a NOD/SCID mouse on day 9,
followed by the injection on day 14 with the peptide-stimulated CD8* T
cells derived from another HLA-A2* HCC patient.

Statistical analpsis. The two-tailed Student’s t test was used to
evaluate the statistical significance of differences in the data obtained by
ELISPOT assay. The statistical significance of the differences in several
factors between patients showing a successful CTL induetion and other
patients was assessed by a x® test P < 0.05 was considered to be
significant. Statistical analyses were made using the StatView 5.0
software package {Abacus Concepts, Calabasas, CA).

Results

Identification of HLA-A2-restricted CTL epitopes by using HLA-
A2.1 (HHD} Tgm. To identify HLA-A2-restricted epitopes by
using HLA-A2.1 (HHD} Tgm, we selected nine kinds of
peptides having amino acid sequences conserved between
human and mouse GPC3 and having high predicted binding
scores to HLA-A2 (A*0201; Table 1). CD4™ spleen cells from
HiA-A2.1 (HHD) Tgm immunized Lp. twice with BM-DCs
pulsed with the mixture of these nine peptides were again
stimulated in vitro with BM-DCs pulsed with each peptide, and
we found that CD4~ spleen cells stimulated in vitre with the
GPC3144.152 peptide produced the latgest amount of IFN-v in a
peptide-specific manner in BLISPOT assays. These CD4™ spleen
cells (2 x 10% well), showed 36 + 2.85 spot counts/well, in
response to the BM-DCs pulsed with the GPC3, 4455, peptide,

5 T Torigoe, et al. Inmunohistochemical analysis of HLA class | expression in tumor
tissues revealed unusually high frequency of down-regulation in breast cancer
tissues submitted.
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whereas they showed 23 =+ 1.84 spot counts/well in the
presence of BM-DCs without peptide loading (P < 0.005)
indicating that about (36-23) / 2 % 10 = 0.065% of CD4~
spleen cells were reactive to the GPC3 peptide. When we used
syngeneic BM-DCs pulsed with a HLA-A2-binding HIV-derived
peptide; SLYNTYATL as a control, no significant response (8.84
+ 1.73) was observed. The summation of the diameter of the
IFN-y BLISPOT observed in CD4~ spleen cells stimulated with
the GPC3144.152 peptide pulsed BM-DCs was 1,878 + 131 um,
that stimulated with the HIV-derived SEYNTYATIL peptide
pulsed BM-DCs was 437 £ 77 pm, and that observed in the
presence of BM-DC without peptide loading was 762 + 131 pm
{P < 0.001). These assays were done thrice with similar results.
As shown in Fig. 1B, the differences in the spot counts {left) or
spot diameters (right) between stimulations with peptide
pulsed BM-DC and BM-DC without peptide loading deartly
revealed the GPC3y44.15; peptide-specific response of CD4~
spleen cells. As for other peptides, no significant peptide-
specific response was observed. These results suggest that the
GPC3144.152 peptide could be a CTL epitope peptide in HLA-
A2.1 {(HHD) Tgm, and we also expected this GPC3q44.152
peptide to be an epitope for human CTLs.

The immunization of the HLA-A2-restricted peptide,
GPC3144.152. did not induce autoimmunity in HLA-A2.1
(HHD} Tgm. It is well known that melanocyte-differentiation
antigens such as MART-1 or gpl00 are very useful for
immunotherapy of melanoma patients, but they sometimes
cause autoimmunity, such as vitiligo or uveitis, following
vaccination. We previously reported that the immunization of
the GPC3;95.305 peptide did not cause autoimmunity in BALB/c
mouse (9). To investigate whether the immunization of mice
with HLA-A2-restricted GPC3-derived peptides causes autoim-
munity, the immunohistochemical staining of several organs
with anti-CD4 and anti-CD8 mAb was done in HLA-A2.1
{HHD) Tgm immunized with a mixture of nine GPC3 peptides
7 days before the analysis. As shown in Fig. 2, we could not find
any pathologic changes, such as lymphocyte infiltration or
tissue destruction and repair in skin, lung, brain, heart, liver,
and kidney of HLA-A2.1 (HHD} Tgm. The same result was also
observed when mice were vaccinated with the GPC3y44.120
peptide alone {n = 3; data not shown). These results indicate
that the GPC344.15; peptide-reactive CD&* CT'Ls do not attack
the normal tissue specimens that we investigated.

Induction of GPC3-reactive CYLs from PBMCs of HLA-A2- or
HILA-A24-positive FICC patients. We evaluated the cytotoxic
activity of CILs that were induced with the GPC3305.30¢ OF
GPC3144.152 peptide from PBMCs isolated from HCC patients.
PBMCs were isolated from HCC patients positive for HLA-A24
and/or HLA-A2, and CD8" T cells sorted from the PEMCs were
cocultured with autologous monocyte-derived DCs pulsed with
each peptide as described in Materials and Methods. CTLs
from PBMCs of HLA-A2" HCC patients stimulated with the
GPC3144.152 peptide or CILs from PBMCs of HLA-AZ4* HCC
patients stimulated with the GPC3394.105 peptide exhibited
¢ytotoxicity against peptide-pulsed target cells. The representa-
tive data of CTLs restricted by HLA-A2 or HLA-A24 were shown
in Fig. 3A. The CTLs induced from PBMCs of patient A2-
8 showed cytotoxic activity to T2-A0201 cells {(HLA-A2+) pulsed
with the GPC3y44.45; peptide, but not to T2-A0201 cells
without peptide loading by *'Cr release assay. The CILs
induced from PBMCs of patient A24-12 exhibited cytotoxic
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g GPC " Columns, mean of triplicate assays; bars,
GPG3A2-6 3A2-6 SE. All assays wera done thrice with
GPC3AZ-7 GPC3A2Z-T simifar results,

GPCIAZ-S GPC3A2-8
GPC3A2-9 GPG3A2-9

activity to the CIR-A*2402 cells (HLA-A24+) pulsed with the
GPC3,05.306 peptide, but not to C1R-A*2402 cells without
peptide loading, These results indicate that these CTLs had
peptide-specific cytotoxicity. Other CTLs induced from the nine
patients A2-1, A2-2, A2-3, A2-4, A24-1, A24-3, A24-4, A24-6,
and A24-7 similatly exhibited peptide-specific cytotoxicity
against peptide-pulsed target cells (data not shown)}.
Furthermore, we used GPC3 transfectants, SK-Hepl/GPC3
(GPC3+, HLA-A2+, HLA-A24+) or SW620/GPC3 (GPC3+, HLA-
A2+, HLA-A244+) as target cells and examined whether we could
find GPC3-specific cytotoxic activity of CTLs. As shown in Fig,
3B, the CILs induced from PBMCs of patient A2-3 by
stimulation with the GPC3144.152 peptide showed specific
cytotoxicity against SK-Hepl/GPC3, but not against GPC3-
negative SK-Hep1. Similarly, the GPC330g 305 peptide~induced
CTLs showed specific cytotoxicity against SWe20/GPC3 in

patient A24-7 or against SK-Hepl/GPC3 in patient A24-12,
but not against SK-Hepl or SW620, respectively, which did
not endogenously express GPC3. These findings indicate that
these peptides can be processed naturally in cancer cells, and
the peptides in the context of HLA-A2 or HLA-A24 can be
expressed on the cell surface of cancer cells to be recognized
by the CTLs.

When we think about the application of GPC3 to cancer
immunotherapy, the most important point is that these GPC3-
reactive CTLs can exhibit specific cytotoxicity to the tumors
endogenously expressing GPC3. We thus investigated whether
these CTLs could kill human HCC cell lines expressing both
endogenous GPC3 and the restriction HLA class | molecules. As
shown in Fig. 3C, we could generate GPC3-reactive CTLs by
stimulation with the GPC3j444s2 peptide and these CTLs
exhibited cytotoxic activity to HepG2 (GPC3+, HLA-A2+, and

brain heart
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Fig. 3. CTL induction from PBMCs of HLA-A2- or HLA-A24-positive HCC patients. A and 8, GPC3 peptide-reactive CTLs were generated from CD8* Tcells of HLA-A2*
and/or HLA-A24* HCC patients. After three or four stimulations with autologous monocyte-derived DCs pulsed with the GPC3444.152 0r GPC320z.3006 peptide, the CTLs were
subjected to a standard *'Cr release assay at the indicated effector/target ratio. Their cytotoxicity against the GPC3,gs.505 peptide pulsed C1R-A2402 cells orT2-A0201 cells,
and each unpulsed cells (4), or GPC3~ HLA-A2*, HLA-A24* HCC cell line SK-Hep-1, GPC3™ HLA-A2*, HLA-A24"colon cancer cell ine SWE20, and those cell lines
transfected with the human GPC3 gene; SK-Hep-1/GPC3 or SWE20/GPC3 (B) were examined by a *'Cr relaase assay. € and D, GPC3* HLA-A2*, HLA-A24* HCC cell fine
HepG2, GPC3" HLA-AZ™, HLA-A24™ HCC cellline HuH-7, and GPC3~ tumor cell lines SW620 and SK-Heplwere used as target cells (feft). Points, percentage of specific lysis
calculated based on the mean values of a triplicate assay. D, inhibition of cytotoxicity by anti-HLA class | mAb (vght), After the target HepG2 cells were incubated with
anti-HLA class imAb (WE/32, IgG2a) or anti-HLA DR mAb {H-DR-1, IgGz2,), respectively, for 1 hour, the CTLs generated from PBMCs of patient A2-8 by stimulation with
GPC3144-152 peptide {top} or CTLs generated from patient A24-6 using the GPC3z0s.306 Peptide {(bottom) were added. IFN-y production (fop; IFN-y ELISPOTassay) and

cytotoxicity (bottom; 'Cr releasa assay) ware markedly inhibked by WE/32, but not by H-DR-1.

HLA-AZ4+), but not to HuH-7 (GPC3+, HLA-A2—, and HLA-
A24-) or SW620 (GPC3~, HLA-A2+, and HLA-A24+) in
patients A2-1, A2-3, and A2-4. Similatly, we could generate
GPC3-reactive CTLs by stimulation of PBMCs with the
GPC3,45-305 Peptide and these CILs exhibited cytotoxic activity
to HepG2, but not to HuH-7 or SK-Hep-1 (GPC3~, HLA-A2+,
HLA-A24+) in patients A24-4, A24-7, and A24-12.

In an HLA-class I blocking experiment, anti-HLA class | maAb
W6/32 markedly inhibited the IFN-y production stimulated
with HepG2 cells in ELISPOT assay of CTLs generated from
patient A2-8 by stimulation with the GPC3 445, peptide (Fig.
3D, top}, and inhibited cytotoxic activity against HepG2 cells in
3ICr release assay of CTLs generated from patient A24-6 by
stimulation with the GPC3.95.30¢ peptide (Fig. 3D, bottom),
but anti-HEA-DR mAb, H-DR-1 did not inhibit the response of
CTILs. These results dearly indicate that these CTLs recognized
HepG2 in a HLA-class [ ~restricted manner.
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As shown in Table 2, we could induce GPC3-reactive CILs
fiom PBMCs in ~50% of either the HLA-A2— or HLA-A24-
positive HCC patients. In patients A2-6, A24-5, A24-9, and A24-
11 who did not express GPC3 in tumor tissues, GPC3-reactive
CTLs could not be induced from their PBMCs. Among eight
HLA-A2-positive HCC patients who expressed GPC3 in HCC
tissue or produced soluble GPC3 in sera, patients A2-1, A2-2,
A2-3, A2-4, A2-6, A2-7, A2-9, and A2-10, GPC3-teactive CTLs
could be generated from the PBMCs of only four patients
(50%). In patient A2-6, GPC3 was detected only in the serum
but not in HCC tumor tissue. It was thought to be possible that
the majority of GPC3 protein was secreted away in this type of
HCC cell as described previously (7). Among six HLA-A24-
positive patients who expressed GPC3 in tumor tissue, patients
A24-1, A24-2, A24-3, A24-6, A24-10, and A24-12, GPC3.
reactive CTLs could be generated from the PBMCs of only four
patients (67%5). We also examined whether it was possible to
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induce GPC3-specific CTLs from PBMCs isolated from healthy
donors (each HLA type, n = 3}, but we failed to generate GPC3-
specific and HLA-A2- or HLA-A24-restricted CTLs even though
PBMCs were stimulated with the peptides thrice in vitro (data
not shown). These results suggest that GPC3-reactive CILs
could only be induced in patients who expressed GPC3 in
tumor tissue, thus, indicating the existence of GPC3-reactive
CTL precursors in patients with GPC3* HCC, We also examined
whether GPC3-reactive CTLs could be generated more fre-
quenty from PBMCs isolated from HCC patients positive for
serurn-soluble GPC3. As shown in Table 2, the presence of
serum-soluble GPC3 did not comrelate statistically with the
successful induction of GPC3-reactive CILs. As a tesult, we
could not observe the enhancement of CTL induction efficiency
via possible antigen presentation of soluble serum GPC3
through HLA-class 11 pathways to CD4" T cells or cross-
presentation through the HLA class [ pathway to CD8* T cells
{25, 26) in patients positive for serum GPC3.

Incculation of the GPC3 peptide-induced CTLs reduced growth
of a GPC3* human HCC tumor cell line implanted inta NOD/f
SCID mouse. To investigate the effects of GPC3 peptide-
reactive CTL inoculation into the mice implanted with the
GPC3* human HCC cell line, we s.c. inoculated SK-Hep1/GPC3

cell lines positive for both HLA-A2 and HLA-A24 into NOD/
SCID mice, and i.v. injected the mixture of CTLs generated from
several HCC patients positive for HLA-A2 or HLA-AZ4 into
mice implanted with SX-Hepl/GPC3 when the diameter of
these tumors reached 5 X 5 mm in size as described in
Materials and Methods, The CTLs injected into mice were
prepared by stimulating peripheral blood CD8" T cells with
HLA-A2- or HLA-A24-restricted GPC3-epitope peptides or
control-irrelevant HIV peptides as desaibed in Materials and
Methods. The tumor sizes of four individual mice in each group
(Fig. 4A) and mean # SD of tumor sizes in each group (Fig. 4B)
were evaluated. After 5 days from the second inoculation of
GPC3 peptide-reactive CI'Ls, the tumor size of SK-Hepl/GPC3
was apparently reduced in comparison to the size of tumor
mass implanted into NOD/SCID mice injected with control T
cells or saline alone (P < 0.01). These results clearly indicate the
efficacy of adoptive GPC3 peptide-reactive CTL transfer therapy
for GPC3* tumnor in mice.

Discussion

In this article, we identified HLA-A24-restricted or HLA-
A2-restricted GPC3 CTL epitope peptides, and found that

in HCC patients

Table 2. Expression of GPC3 in HCC tissue, quantification of serum-soluble GPC3, and GPC3-specific CTL induction

Age Gender Stateof tumor® GPC3expression’  Serum GPC3’ HLA expression!  CTL induction!
HLA-A2 (A*0207} - positive patients
Pt-A2-1 80 F illa + + + +
Pt-A2-2 72 M I + + + +
Pt-A2-3 67 F Il ND 4 ND +
Pt-A2-4 54 M I + - + +
Pt-A2-5 657 M | ND - ND -
Pt-A2-6 66 M | - + - -
Pr-A2-7 54 M lila + - + -
Pr-A2-8 73 M i ND - ND +
Pt-A2-9 68 E Iita + - + -
Pt-A2-10 54 M 1] + + + -
HLA-A24 (A" 2402)-positive patients
Pt-A24-1 60 M Va + + + +
Pt-A24.2 57 M Va + + + —
Pt-A24-3 75 F lla + + + +
Pt-A24-4 59 M lla ND - ND +
Pr-A24-5 52 M Wb - - + -
Pt-A24-6 65 M 1 ND + ND +
Pt-A24.7 61 M i ND - NG +
Pt-A24-8 74 M [ ND - ND -
Pt-A24-9 59 M Vb - - - -
Pt-A24-10 69 M Va + + + -
Pt-A24-1 72 M i} - - + -
Pr-A24-12 &1 M lla + + + +

Abbreviations: F, female; M, male; ND, not determined.
*Tumor-node-metastasis classification.

1Sarum levels »106 ng/mL wete evaluated as positive,

tPositive {+) or negative () staining of tumor cells in contrast with peritumor normal tissue as background staining.

s mmunohistochemical staining of the membrane of tumor cells was evaluated as positive.
ISpecific lytic activity (220%) at ETratio = 20 against HepG2 target cefls was evaluated as positive by 510y release assay.
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