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Glypican-3 (GPC3) is an onco-fetal antigen that is overexpressed in
human hepatocellular carcinoma (HCC), and is only expressed in
the placenta and embryonic liver among normal tissues. Previ-
ously, we identified an HLA-A2-restricted GPC344-152 (FVGEFFTDV)
peptide that can induce GPC3-reactive CTLs without inducing
autoimmunity in HLA-A2 transgenic mice. In this study, we carried
out a phase I clinical trial of HLA-A2-restricted GPC344.15, peptide
vaccine in 14 patients with advanced HCC. Immunological
responses were analyzed by ex vivo y-interferon enzyme-linked
immunospot assay. The frequency of GPC314415, peptide-specific
CTLs after vaccination (mean, 96; range, 5-441) was significantly
larger than that before vaccination (mean, 6.5; range, 0-43)
(P < 0.01). An increase in the GPC3444 15, peptide-specific CTL fre-
quency was observed in 12 (86%) of 14 patients after vaccination.
Additionally, there was a significant correlation between the maxi-
mum value of GPC3444_15; peptide-specific CTLs after vaccination
and the dose of the peptide injected (P = 0.0166, r = 0.665). More-
over, we established several GPC3444.152 peptide-specific CTL
clones from PBMCs of patients vaccinated with GPC3444_15; peptide
by single cell sorting using Dextramer and CD107a antibody. These
CTL clones had high avidity (the recognition efficiency showing
50% cytotoxicity was 107"° or 107" M) and could recognize HCC
cell lines expressing GPC3 in an HLA-class I-restricted manner.
These results suggest that GPC3444.15> peptide vaccine can induce
high avidity CTLs capable of killing HCC cells expressing GPC3. This
trial was registered with University Hospital Medical Information
Network number 000001395. (Cancer Sci 2011; 102: 918-925)

l n peptide-based vaccine ftrials, occasional marked clinical
regressions of melanoma have been observed after peptide
vaccination; however, tumor regressions have not correlated
well w1th T cell responses measured in peripheral blood lym-
phocytes ) This may be because the clinical response to a
vaccine was unrelated to the immune response to that vaccine or
due to inadequate immune response monitoring. Moreover, vac-
cination with synthetic peptides has occasionally mduced inef-
fective CTL responses due to various mechanisms.“> When
evaluating T cell response to peptide vaccines, it is important to
confirm that the peptide is presented naturally on cancer cells
and that responding CTLs lyse human cancer cells.

Glypican-3 (GPC3) is spemﬁcall?/ overexpressed in human
hepatocellular carcinoma (HCC)."'” The expresswn of GPC3
was correlated with a poor prognosis in HCC patients.'” More-
over, GPC3 is useful not only as a novel tumor marker, but also
as a target antigen for immunotherapy in several studies with
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mice. %1 We identified HLA-A*24:02-restricted GPC3,05 306
(EYILSLEEL) and HLA-A*02:01-restricted GPC3144_15, (FVG-
EFFTDV) peptides, both of which can induce GPC3-reactive
CTLs without inducing autoimmunity, "> and reported a preclin-
ical study using a mouse model with a view to designing an opti-
mal schedule for the clinical trials of a GPC3-derived peptide
vaccine and showed dose-dependency in the immunizing effect
of the peptide vaccine.

In this study, we completed the phase I clinical trial of a
GPC3-derived peptide vaccine for 30 patients with advanced
HCC (manuscript in preparation). Among them, 16 patients had
the HLA-A24 gene and 14 had the HLA-A2 gene. Here, we
describe the immunological evaluation of HLA-A2-restricted
GPC3y44.15, peptide vaccine in a phase I trial involving 14
patients. We highlight three important points: (i) HLA-A2-
restricted GPC3144 15, peptide is immunogenic in advanced
HCC patients; (ii) dose-dependent effects of GPC3144 152 pep-
tide vaccine; and (iii) establishment of CTL clones showing not
only high avidity but also natural antigen-specific killing activity
against HCC cells.

Materials and Methods

Patients. Fourteen patients with advanced HCC were injected
with HLA-A2-restricted GPC3144.150 (FVGEFFTDV) peptide
vaccine at the National Cancer Center Hospital East (Kashiwa,
Japan). HLA-A2 gene-positive status was determined by geno-
mic DNA typing tests (Mitsubishi Chemical Medience, Tokyo,
Japan). All patients gave written informed consent before enter-
ing the study. The profiles of the 14 patients are summarized in
Table 1. This study was approved by the Ethics Committee of
the National Cancer Center, and conformed to the ethical guide-
lines of the 1975 Declaration of Helsinki.

Treatment protocol. Vaccinations with GMP grade peptide,
GPC3144_152 (FVGEFFIDV) (American Peptide Co., Sunny-
vale, CA, USA) emulsified with incomplete Freund’s adjuvant
(Montanide ISA-51 VG; Seppic, Paris, France) were carried out
intradermally three times at 14-day intervals. Five incremental
dose levels at 0.3, 1, 3, 10, and 30 mg/body were planned for
the peptide administration.

Preparation of PBMCs. Peripheral blood (30 mL) was
obtained from each patient at times designated in the protocol
(before the first vaccination and 2 weeks after each vaccination)
and centrifuged using a Ficoll-Paque gradient.

4To whom correspondence should be addressed.
E-mail: tnakatsu@east.ncc.go.jp
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Table 1.

Summary of profiles of 14 patients with advanced human hepatocellular carcinoma who participated in this study, with their clinical

and immunological responses before and after vaccination with HLA-A2-restricted GPC3144 15> peptide

bt HLA Age San Stage Dt?se of Clinical GPC3-specific CTLs*
(years) peptide (mg) responset Pre Post Change

A2-1 A*02:06/A*02:07 67 M v 0.3 SD 43 40 -
A2-2 A*02:01 62 M A 0.3 PD 0 18 +
A2-3 A*02:01 55 M A 0.3 SD 1 10 +
A2-4 A*02:01 68 F iC 1.0 SD 16 15 -
A2-5 A*02:01 72 M 1HA 1.0 sD 16 101 +
A2-6 A*02:01/A*02:06 62 M 1l 1.0 PD 0 23 +
A2-7 A*02:01 67 F v 3.0 SD 0 23 +
A2-8 A*02:01 58 M A 3.0 sD 0 101 +
A2-9 A*02:01 52 M v 10.0 SD 1 100 +
A2-10 A*02:01 70 M v 10.0 PD 0 5 +
A2-11 A*02:01 68 M I 10.0 PD 1 125 +
A2-12 A*02:07 75 F v 30.0 PR 11 196 +
A2-13 A*02:06 52 M v 30.0 PD 2 151 +
A2-14 A*02:01 67 M \Y% 30.0 PD 0 441 +

1The clinical response was evaluated according to the Response Evaluation Criteria in Solid Tumors (RECIST) guidelines. $Peripheral blood was
taken from each patient before and after vaccination, and glypican-3 (GPC3)-specific CTLs were measured by ex vivo y-interferon enzyme-linked
immunospot assay. F, female; M, male; PD, progressive disease; PR, partial response; Pt., patient; SD, stable disease; +, increase; —, decrease.

Ex vivo interferon (IFN)-y enzyme-linked immunospot (ELISPOT)
analysis. ELISPOT assay for the detection of antigen-specific
IFN-y producing T cells was carried out using the BD ELISPOT
kit (BD Bioscience, San Jose, CA, USA) according to the
manufacturer s protocols. In brief, non-cultured PBMCs (5 x
10° cells/well) were added to plates in the presence of
10 pg/mL peptide antigens and incubated for 20 h at 37°C, 5%
CO,. The GPC3 antigen was HLA-A2-restricted GPC3144 152
(FVGEFFTDV) peptide. The PBMCs with HLA-A2-restricted
HIVi9_o7 (TLNAWVKVYV) peptide were used as a negative con-
trol. The spots were automatically counted using the Eliphoto
system (Minerva Tech, Tokyo, Japan).

Cell lines, The human liver cancer cell line HepG2 (GPC3",
HLA-A*02:01/A%*24:02), SK-Hep-1 (GPC3~, HLA-A*02:01/
A*24:02), the human melanoma cell line 526mel (GPC3*,
HLA-A*02:01), and the human colon cancer cell line SW620
(GPC3™, HLA-A*02:01/A*24:02) were used as target cells. T2
(HLA-A*02:01, TAP™) was pulsed with GPC3;44.15, peptide or
HIV9_o7 peptide at room temperature for 1 h. They were con-
served in our laboratory.

Induction of GPC3144-152 peptlde-speclflc CTLs from PBMCs.
The PBMCs were cultured (2 x 10° cells/well) with 10 pg/mL
GPC3144 152 peptide in AIM-V medium supplemented with
10% human AB serum, recombinant human interleukin (IL)-2
for 14 days.

Dextramer staining and flow cytometry analysis. The PBMCs
were stained with HLA-A*02:01 Dextramer-RPE (GPC3144 ;52
[FVGEFFTIDV], HIV9_»7 [TLNAWVKVV]; Immudex, Copen-
hagen, Denmark) for 10 min at room temperature and anti-CD8-
FITC (ProImmune, Oxford, UK) for 20 min at 4°C. Flow
cytometry analysis was carried out using FACSAuria cell sorter
(BD Bioscience).

CD107a staining and flow cytometry analysis. CD8* T cells
were isolated using human CD8 microbeads (Miltenyi Biotec,
Bergisch Gladbach, Germany) from PBMCs stimulated with
GPC344_15, peptide for 14 days. CD8" T cells were incubated
with T2 pulsed with GPC344 15, or HIVig o; peptide and
HepG2 at a 2:1 ratio for 3.5 h at 37°C. CD107a-specific antibod-
ies (BD Bioscience) were included during the incubation period.

Generation of CTL dones. CD8* GPC3 Dextramer” or CD107a"
cells were sorted using a FACSAria cell sorter and seeded in a
96-well plate (1 cell/well) and stimulated by the addition of
irradiated (100 Gy) allogeneic PBMCs (8 x 10* cells/well) as
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feeder cells, in AIM-V medium supplemented with 10% human
AB serum, IL-2 (200 U/mL), and phytohemagglutinin-P (PHA)
(5 pg/mL) for 14-21 days.

Response of CTL clones against cancer cell lines. The CTL
clones were cocultured with each cancer cell line as a target cell
at the indicated effector/target (E/T) ratio, and cytotoxicity
assay or IFN-y ELISPOT assay was carried out. Blocking of
HLA- class I or HLA-A2 was carried out as previously
described.!

Cytotoxicity assay. Cytotoxic activity against target cells
was analyzed using the Terascan VPC system (Minerva Tech).
Target cells were labeled with calcein AM (Dojindo, Kuma-
moto, Japan) solution for 30 min at 37°C. The labeled cells
were then incubated with effector cells for 4-6 h. Fluores-
cence intensity was measured before and after the 4-6 h cul-
ture, and specific cytotoxic activity was calculated using the
following formula: % cytotoxicity = {1— [(average fluores-
cence of the sample wells — average fluorescence of the maxi-
mal release control wells)/(average fluorescence of the
minimal release control wells — average fluorescence of the
maximal release control wells)]} x 100%.

Determination of recognition efficiency. Calcein AM-labeled
T2 target cells were pulsed with a range of peptide concentra-
thl‘lS starting at 107®*M and decreasing by log steps to
10™'* M. The CTL clones were incubated with T2 target cells at
a 10:1 E/T ratio for 4 h. For each CTL clone, % cytotoxicity
was plotted against each peptide concentration. The peptide con-
centration at which the curve crossed 50% cytotoxicity was
defined as the recognition efficiency of that clone.

Cold inhibition assay. Calcein AM-labeled target cells were
cultured with effector cells in a 96-well plate with cold target
cells. T2 target cells, which were prepulsed with either HIV 957
peptide or GPC3 144 15, peptide, were used as cold target cells.

RNA interference. Small interfering RNAs specific for human
GPC3 were chemically synthesized double-strand RNAs (Invitro-
gen, Carlsbad, CA, USA). A non-silencing siRNA, AllStras Neg.
Control siRNA, was obtained from Qiagen (Valencia, CA, USA).
The GPC3-specific siRNA sequence used in this study was: 5’-
GGAGGCUCUGGUGAUGGAAUGAUAA-3’. Synthetic siR-
NA duplexes were transfected using Lipofectamine RNAIMAX
(Invitrogen) according to the manufacturer’s protocols.

Statistical analysis. Student’s r-test was used to determine
statistically significant differences between the two groups.
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Correlation between the frequency of GPC3-specific CTLs and
the dose of the peptide injected was analyzed using Spearman’s
rank correlation coefficient. Data from the ELISPOT assay using
siRNA were statistically analyzed by one-way anova followed
by Tukey’s multiple comparison test. Statistical significance
was set as P < 0.05.

Results

Analysis of GPC3144.152 peptide-specific CTLs in PBMCs of
vaccinated patients. To analyze immune responses in the 14
patients vaccinated with GPC3144_15, peptide, we evaluated
the GPC3144 152 peptide-specific immune responses by ex vivo
IFN-y ELISPOT assay. The representative data of patient A2-12
on changes in the frequency of GPC3,44 15, peptide-specific
CTLs before and after vaccination are shown in Figure 1(a).
The frequencies of GPC3,44 5, peptide-specific CTLs were 11
and 196 of 5 x 10° PBMCs at pre- and post-vaccination, respec-
tively. The results of the comparison of the frequency of
GPC3144-152 peptide-specific CTLs before vaccination and after
vaccination in all patients are shown in Table 1 and Figure 1(b).
GPC3144.15, peptide-specific CTLs were clearly detected in four
and 14 of the 14 patients at pre- and post-vaccination, respec-
tively. The frequency of GPC3144 15, peptide-specific CTLs
after vaccination (mean, 96; range, 5—441) was significantly lar-
ger than that before vaccination (mean, 6.5; range, 0-43)
(P < 0.01). An increase in GPC3144 155 peptide-specific CTLs
was found in 12 (86%) of the 14 patients, except in two cases
(patients A2-1 and A2-4). These results suggest that GPC3144 152
peptide vaccination can induce an increase in GPC3j44_ 152
peptide-specific CTLs in HCC patients. Moreover, we compared
the frequency of GPC3144;5, peptide-specific CTLs after vacci-
nation for each dose of peptide injected. We found that the
maximum value of GPC344 15, peptide-specific CTLs after
vaccination was significantly correlated with the dose of the
peptide injected (P = 0.0166, r = 0.665) (Fig. 1c).

Establishment of GPC3444 15, peptide-specific CTL clones by
three different methods. To further investigate the ability of
GPC3144-152 peptide-specific CTLs induced by peptide vaccina-
tion to recognize an antigen, we established CTL clones from
PBMCs of three vaccinated patients (patients A2-8, A2-9, and
A2-14) by three different methods (Fig. 2). A representative
clone from each patient is shown. In patient A2-9 (Fig. 2a), the
frequency of GPC3144.;15; peptide-specific CTLs was 50 of
5 x 10° PBMCs 1 month after the third vaccination, as deter-
mined by ex vivo ELISPOT assay, and 14 days after the in vitro
stimulation with GPC3144 ;55 peptide, Dextramer assay was car-
ried out. The population of CD8* GPC3 Dextramer® cells was
2.6% of all stimulated cells. These cells were sorted to a single
cell in each well of a 96-well plate. Twenty-one days after cell
sorting, peptide specificity was examined by Dextramer assay.
The established CTL clone was CD8" GPC3 Dextramer™ cells
(99.7%) which did not react with HIV Dextramer as a negative
control (Fig. 2a).

We next attempted to sort from small populations of
GPC3144-152 peptide-specific CTLs without irn vitro culture. In
patient A2-14 (Fig. 2b), the frequency of GPC3;44 15, peptide-
specific CTLs was 329 of 5x 10° PBMCs 2 weeks after the
third vaccination, as determined by ex vivo ELISPOT assay;
CD8* GPC3 Dextramer” cells could be clearly detected in 0.1%
of PBMCs. CD8* GPC3 Dextramer" cells were directly sorted
to a single cell from PBMCs without in vitro stimulation. The
established CTL clone was CD8" GPC3 Dextramer® cells
(99.9%) which did not react with HIV-Dextramer (Fig. 2b).

Finally, to establish high avidity and tumor-reactive CTLs
from a heterogeneous population, we attempted to sort the popu-
lation of CD8" T cells which mobilized CD107a in response to
naturally GPC3-expressing HepG2 cells. In the PBMCs from
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Fig. 1. Changes in the frequency of GPC3144-152 peptide-specific CTLs
before and after vaccination. Direct ex vivo y-interferon enzyme-
linked immunospot assay of PBMCs (5 x 10°) was carried out. The A
spot number indicates the number of GPC3444.15, peptide-specific CTLs
calculated by subtracting the spot number in a well of HIV 9,7 peptide.
(a) Representative result showing the frequency of GPC344.152 peptide-
specific CTLs pre- and post-vaccination. (b) Changes in the frequency
of GPC3444-152 peptide-specific CTLs before and after vaccination in
all patients (A2-1-14). An increase in GPC3q44.15; peptide-specific
CTLs was observed in 12 (86%) of 14 patients. (¢) The maximum
number of GPC3y44-152 peptide-specific CTLs after vaccination was
significantly correlated with the dose of the peptide injected
(P = 0.0166, r = 0.665).
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single cell. (b) CD8* GPC3 Dextramer™ cells were directly sorted to a single cell from PBMCs of patient A2-14 without in vitro stimulation. (c) The
PBMCs of patient A2-8 were stimulated with GPC3444.15; peptide in vitro for 14 days. CD8* CD107a* cells that reacted against HepG2 were
sorted to a single cell. Right panels show Dextramer analysis of the established clones 21 days after cell sorting.

patient A2-8 (Fig. 2c), the frequency of GPC3144_15, peptide-
specific CTLs was 39 of 5 x 10° PBMCs 1.5 months after the
third vaccination, as determined by ex vivo ELISPOT assay,
which were stimulated with GPC3144_15, peptide in vitro. After
14 days, the population of CD8" GPC3 Dextramer™ cells was
1.4% of all stimulated cells. We incubated CD8* T cells with T2

Yoshikawa et al.

pulsed with GPC3144_150, HIV19_7 peptide, or HepG2. Approxi-
mately 2% and 18.7% of CD8* T cells mobilized CD107a in
response to HepG2 and T2 pulsed with GPC3;44 15, peptide,
respectively, but not in response to T2 pulsed with HIVg 57
peptide. CD107a* CD8" cells that reacted against HepG2 were
sorted to a single cell. The established clone was CD8* GPC3
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Dextramer® CTLs (99.9%) which did not react with HIV Dextr-
amer (Fig. 2c). These results indicate that GPC344_15, peptide-
specific CTL clones were successfully established from PBMCs
of patients injected with GPC3144 ;52 peptide vaccine by three
different methods. Moreover, the result that patient A2-8 CTL
clone that reacted to HepG2 had GPC3,44 5, peptide specificity
verified that GPC3144.15, peptide was present naturally on
HepG2.

Analysis of GPC3444.152 peptide-specific avidity of three CTL
clones. To further characterize the GPC3,44_;5, peptide-specific
avidity of the three CTL clones, we tested for the lysis of T2
cells pulsed with decreasmg concentratlons of GPC3 44 15, OF
HIV,o_,; peptide ranging from 107 to 107 M. The peptide
concentration at which the curve crossed 50% cytotoxicity was
defined as the recognition efficiency of that clone. The recogni-
t10n efﬁc1enc1es of pauent A2-9, A2-14, and A2-8 clones were

1071°, 10719 and 107! M, respectively (Fig. 3). These CTL
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Fig. 3. Analysis of the GPC344.452 peptide specific avidity of the
three CTL clones. The established CTL clones were tested for their
avidities using various concentrations of GPC3444.152 (@) or HIVyg_yy
(O) peptide-loaded T2 targets. The peptide concentration at which
the curve crossed 50% cytotoxicity was defined as the recognition
efficiency of that clone. Effector/target ratio = 10. The recognition
efficiencies of Patlent A2-9 (a), A2-14 (b), and A2-8 (c) CTL clones
were 107'°, 107'°, and 107" M, respectively.

922

clones did not react against T2 cells pulsed with HIV9_7 pep-
tide. These results indicate that the established clones were
GPC3144_;5, peptide-specific and high avidity CTLs.

Reactivity of three CTL clones against cancer cell lines. We
analyzed the IFN-y production and cytotoxicity of the established
CTL clones against cancer cell lines expressing HLA-A*02:01
and GPC3. We used SK-Hep-1 (GPC3™, HLA-A*02:01%) and a
human GPC3 gene transfectant, SK-Hep-1/hGPC3 (GPC3™,
HLA-A*02:01%), as target cells. Production of IFN-v in the three
CTL clones was detected against SK-Hep-1/hGPC3, but not
against SK-Hep-1 (Fig. 4a). Furthermore, these CTL clones
showed specific cytotoxicity against SK-Hep-1/hGPC3 and
HepG2 (GPC3™, HLA-A*02:01%), but not against SK-Hep-1 and
SW620 (GPC3~, HLA-A*02:01%) (Fig. 4b). These results indi-
cate that all three CTL clones show cytotoxicity and the ability
to produce IFN-y against HLA-A*02:01* GPC3* HCC cell
lines. Next, we examined whether these CTL clones respond to
cancer cells weakly expressing GPC3. We used human mela-
noma cell line 526mel (GPC3*, HLA-A*02:01") as a target cell
that expresses GPC3 mRNA and protein at a lower level than
the HCC cell lines (data not shown). Production of IFN-y in
patient A2-8 CTL clone (recognition efficiency: 107! M) were
clearly detected against 526mel, whereas patient A2-9 CTL
clone (recognition efficiency: 107'° M) showed weak response
to 526mel (Fig. 4c). Similarly, patient A2-8 CTL clone showed
specific cytotoxicity against 526mel, whereas patient A2-9 CTL
clone failed to lyse 526mel (Fig. 4d). These results suggest that
higher avidity is essential to react to cancer cells weakly
expressing GPC3.

Analysis of HLA-A2 and GPC3 restriction. In a cold target inhi-
bition assay, cytotoxicity against SK-Hep-1/hGPC3 of patient
A2-9 clone was suppressed by the addition of GPC3144_15, pep-
tide-pulsed T2 cells but not by the addition of HIV¢_; peptide-
pulsed T2 cells (Fig. 5a). In an HLA blocking experiment, the
IFN-y production of patient A2-9 CTL clone was markedly
inhibited by anti-HLA class I mAb and anti-HLA-A2 mAb as
compared with that by IgG2a or IgG2b isotype control
(P < 0.05) (Fig. 5b). Similarly, the cytotoxicity against SK-
Hep-1/hGPC3 of patient A2-9 clone was markedly inhibited by
anti-HLA class I mAb and anti-HLA-A2 mAb compared with
that by IgG2a and IgG2b isotype control (P < 0.05) (Fig. 5¢).
These results clearly indicate that the CTL clone recognized
SK-Hep-1/hGPC3 in an HLA-A2-restricted manner.

Next, to ascertain the GPC3 antigen-specific response of a
CTL clone, we examined GPC3 knockdown using siRNA on
the GPC3" HepG?2 cell line. Representative data are shown in
Figure 5(d—f). The GPC3 expression of HepG2 was clearly
decreased by GPC3 siRNA on RT-PCR (Fig. 5d). Specifically,
the GPC3 expression of HepG2 was decreased from 24 to 72 h
following treatment with GPC3 siRNA on Western blot
(Fig. 5e). We examined the IFN-y production of patient A2-9
CTL clone against HepG2 treated with GPC3 siRNA. The
IFN-y production of the CTL clone was significantly decreased
by GPC3 siRNA (P < 0.05) (Fig. 5f). These results indicate
that HLLA-A2-restricted GPC3144_;15» peptide can be processed
naturally by cancer cells, and the peptides in the context of
HLA-A2 can be expressed on the cell surface of cancer cells in
order to be recognized by a GPC344_ 15, peptide-specific CTL
clone.

Discussion

Salgaller et al."” failed to detect dose dependency between 1
and 10 mg in terms of the capacity of gp100 peptide to enhance
immunogenicity in humans. Previously, we reported that the
peptide emulsified with incomplete Freund’s adjuvant is stable,
although the peptide is easily degraded in serum."® In this
study, as with our previous report using a mouse model,"® we
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Fig. 4. Reactivity of three CTL clones against cancer cell lines. (a) y-Interferon enzyme-linked immunospot assay of established CTL clones
against SK-Hep-1/hGPC3 and SK-Hep-1/vec. Effector/target (E/T) ratio = 0.2. (b) Cytotoxic activities of the three CTL clones against SK-Hep-
1/hGPC3 (@), SK-Hep-1/vec ((0), HepG2 (®), or SW620 (A) analyzed by cytotoxicity assay. (c) y-Interferon enzyme-linked immunospot assay of
established CTL clones against 526mel. E/T ratio = 0.2. (d) Cytotoxic activities of patient A2-8 (@ and A2-9 () CTL clone against 526mel

analyzed by cytotoxicity assay.

found that the effect of GPC3 4415, peptide emulsified with
incomplete Freund’s adjuvant between 0.3 and 30 mg, to induce
specific CTLs, was dose-dependent.

GPC3144.15» (FVGEFFTDYV) peptide was Previously identi-
fied as an HLA-A*02:01-restricted peptide."'” Moreover, we
confirmed by binding assay that the peptide could also bind
HLA-A*02:06 and HLA-A*02:07 molecules (data not shown).
Therefore, we carried out a clinical trial for three types of HLA-
A2 patient. Indeed, similar to HLA-A*02:01 patients, GPC3 144152
peptide-specific CTLs increased after vaccination in both HLA-
A*02:06 and HLA-A*02:07 patients (Fig. 1b). These findings
suggest that GPC3144_15, peptide is useful for not only HLA-
A*02:01 patients but also HLA-A*02:06 and HLA-A*02:07
patients.

Notably, previous reports have shown that vaccination with
synthetic peptides occassionally induced ineffective CTL
responses due to various underlying mechanisms.“~ A possible
mechanism is that responding T cells may have a very low affin-
ity such that they recognize only target cells pulsed with high
concentrations of the peptide and not tumor cells expressing the
relevant epitopes at lower copy numbers. Alternatively, some
antigen epitopes were not expressed on the surface of tumor
cells."®1% When evaluating T-cell response to peptide vaccines,
it is important to confirm that responding CTLs lyse human can-
cer cells. In the present study, although CTL clones established
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by Dextramer assay could react to HLA-A*02:01" GPC3* HCC
cell lines, these clones failed to react to the HLA-A*02:01"
GPC3* melanoma cell line 526mel expressing GPC3 mRNA
and protein at a lower level than the HCC cell lines. Therefore,
we attempted to establish CTL clones that are more tumor-reac-
tive and with higher avidity than CTL clones established by
Dextramer assay. Rubio et al. @0 showed that the surface mobi-
lization of CD107a was useful for identifying and isolating func-
tional tumor-reactive T cells with high recognition efficiency
directly from PBMCs of cancer patients after vaccination. In the
present study, the CTL clone showing the highest avidity
(107" M) and tumor reactivity was established by CD107a
mobilization assay. Moreover, this clone could also react to
526mel. -

For patients with metastatic melanoma, adoptive cell therapy
has emerged as the most effective treatment. ®" However,
tumor-infiltrating lymphocytes with high avidity for tumor anti-
gens can only be generated from some patients with mela-
noma.®? Recent studies have shown that genes encoding T-cell
receptors (TCRs) can be isolated from high avidity T cells that
recognize cancer antigens, and retroviral or lentiviral vectors
can be uged to redirect lymphocyte specificity to these cancer
antigens.®>29 In the present study, we were able to successfully
establish some high avidity CTL clones. We analyzed the TCR
B-chain variable region gene families of these clones by
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Fig. 5. Analysis of HLA-A2 and glypican-3 (GPC3) restriction. (a) Cold target inhibition assay of patient A2-9 CTL clone against SK-Hep-1/hGPC3.
Effector/target (E/T) ratio = 30. T2 was prepulsed with either HIV;9_5; peptide or GPC3144-152 peptide, then used as cold target cells. Cold/hot
target ratio = 10. The cytotoxicity of the CTL clone was inhibited by T2 pulsed with GPC3144-15> peptide but not by T2 pulsed with HIVqg_27
peptide. (b) Inhibition of interferon (IFN)-y production by anti-HLA class | mAb and anti-HLA A2 mAb. SK-Hep-1/hGPC3 used as target cells. E/T
ratio = 0.02. The IFN=y production of the CTL clone was markedly inhibited by anti-HLA class I mAb and anti-HLA-A2 mAb as compared with that
by lgG2a and IgG2b isotype control (P < 0.05). Data are expressed as the mean = SD. (c) Inhibition of cytotoxicity by anti-HLA class | mAb and
anti-HLA A2 mAb. SK-Hep-1/hGPC3 used as target cells. E/T ratio = 30. The cytotoxicity of the CTL clone was markedly inhibited by anti-HLA
class | mAb and anti-HLA-A2 mAb compared with that by IgG2a and IgG2b isotype control (P < 0.05). (d) The GPC3 expression on HepG2 treated
with GPC3-siRNA or negative (neg)-siRNA for 24 h as determined by RT-PCR. (e) The GPC3 expression on HepG2 treated with GPC3-siRNA or neg-
siRNA from 24 to 72 h as determined by Western blot analysis. The GPC3 expression of HepG2 was decreased from 24 to 72 h after treatment
with GPC3 siRNA. (f) The IFN-y production of the CTL clone against HepG2 treated with GPC3 siRNA. E/T ratio = 0.02. The IFN-y production of
the CTL clone was decreased by GPC3 siRNA (P < 0.05). Data are expressed as the mean % SD.

RT-PCR and carried out gene sequencing (data not shown). Acknowledgments
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In conclusion, we proved in this study the dose-dependent
effects of highly immunogenic GPC344 15, peptide. Further-
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only high avidity but also natural antigen-specific killing activity
against HCC cells could be induced in HCC patients by peptide
vaccine.
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Glypican-3 (GPC3) is useful not only as a novel tumor marker, but
also as an oncofetal antigen for immunotherapy. We recently
established HLA-A2-restricted GPC3444.15; peptide-specific CTL
clones from hepatocellular carcinoma patients after GPC3444.152
peptide vaccination. The present study was designed to evaluate
the tumor reactivity of a HLA-A2-restricted GPC3144.15, peptide-
specific CTL clone against ovarian clear cell carcinoma (CCC) cell
lines. The GPC3444.152 peptide-specific CTL clone could recognize
HLA-A2-positive and GPC3-positive ovarian CCC cell lines on inter-
feron (IFN)-y enzyme-linked immunospot assay and showed cyto-
toxicity against KOC-7c cells. The CTL clone recognized naturally
processed GPC3-derived peptide on ovarian CCC cells in a HLA class
I-restricted manner. Moreover, we confirmed that the level of
GPC3 expression was responsible for CTL recognition and that sub-
toxic-dose chemotherapy made tumor cells more susceptibie to
the cytotoxic effect of CTL. Thus, it might be possible to treat ovar-
ian CCC patients by combining chemotherapy with immunother-
apy. Our data suggest that GPC3 could be an effective target for
immunotherapy against ovarian CCC. (Cancer Sci 2011; 102: 1622-
1629)

E pithelial ovarian carcinoma (EOC) is the leading cause of
death from gynecological malignancy. Cytoreductive sur-
gery and systemic combination chemotherapy with a platinum
drug and a taxane represent the standard of care for EOC
patients. Ovarian clear cell carcinoma (CCC) is the second most
frequent subtype of EOC in Japan, although CCC represents 8-
10% of all EOC in the United States.""” Compared with other
EOC subtypes, ovarian CCC is associated with a poorer progno-
sis and increased chemoresistance.""> More efficient conven-
tional therapies and novel strategies for effectively treating
ovarian CCC are required.

Glypican-3 (GPC3) is a member of the glypican family of
heparan sulfate proteoglycans that are attached to the cell sur-
face via the glycosylphosphatidylinositol (GPT) anchor.® It is
known as an oncofetal antigen specifically overexpressed in
hepatocellular carcinoma (HCC).® Previous studies have shown
that GPC3 was also overexpressed in other malignant tumors,
such as melanoma, Wilms’ tumor, hepatoblastoma, yolk sac
tumor, ovarian CCC and lung squamous cell carcinoma.¢1°

We previously identified the HLA-A24-restricted GPC359g.306
(EYILSLEEL) and HLA-A2-restricted GPC3144.152
(FVGEFFTDV) peptides, both of which can induce GPC3-reac-
tive cytotoxic T cells (CTL).""? Recently, HLA-A2-restricted
GPC3144.152 peptide-specific CTL clones were established from
HCC patients after GPC3,44.15, peptide vaccination in our labo-
ratory.'? Although CTL reactivity against HCC cell lines was
analyzed using these CTL clones, other GPC3-positive tumor
cell lines have not been studied. Therefore, we examined the

Cancer Sci | September 2011 | vol. 102 | no.9 | 1622-1629

reactivity of a HLA-A2-restricted GPC3144 15, peptide-specific
CTL clone against ovarian CCC cell lines, and whether subtox-
ic-dose chemotherapy sensitizes ovarian CCC cells to lysis of
GPC3144.15> peptide-specific CTL.

Materials and Methods

GPC3144.152 peptide-specific CTL clone and cell lines. We estab-
lished the HLA-A2-restricted GPC3144.15, peptide-specific CTL
clone from the PBMC of HCC patients vaccinated with
GPC344.152 (FVGEFFTDV) peptide by single-cell sorting using
CD107a antibody. The established CTL clone was tested for

avidity by using GPC3144.15, peptide-pulsed T2 targets with a

range of peptide concentrations, starting at 107 M and decreas-
ing by log steps to 10™** M. The peptide concentration at which
the curve crossed 50% cytotoxicity was defined as the avidity of
the CTL clone and was rounded to the nearest log. This CTL
clone had high avidity CTL (10™"' M) and could recognize
HCC cell lines expressing GPC3 in a HLA-class-I-restricted
manner." Two human ovarian CCC cell lines, KOC-7¢ (HLA-
A*0201/A*3101) and TOV-21G (HLA-A*1101/A*2601), and
two human HCC cell lines, HepG2 (HLA-A*0201/A*2402) and
SK-Hep-1 (HLA-A*0201/A*2402), were used in the present
study. They were conserved in our laboratory. TOV-21G.A2
acquires expression of HLA-A2 following transfection with an
HLA-A2 expression plasmid."> TOV-21G.A24 was similarly
transfected with an HLA-A24 expression plasmid. SK-Hep-
1.hG acquires expression of human GPC3 following transfection
with a human GPC3 expression plasmid. SK-Hep-1.vec cell line
transfected with an empty vector was used as a control. To study
the effect of silencing GPC3, KOC-7c GPC3-shRNA and Neg-
shRNA (control shRNA) were established by short hairpin RNA
knockdown technology as described previously."'* These cells
were maintained in RPMI 1640 or DMEM medium (Sigma, St
Louis, MO, USA) supplemented with 10% FCS, penicillin
(100 U/ml) and streptomycin (100 pg/mL) at 37°C in a humidi-
fied atmosphere containing 5% CO,.

RNA preparation and quantitative real-time PCR (qRT-PCR).
Total RNA was isolated using TRIzol Reagent (Invitrogen, Carls-
bad, CA, USA) following the manufacturer’s instructions. GPC3
gene expression levels were analyzed by qRT-PCR assays using
the following primers generated according to the indicated refer-
ence sequences: sense, 5'-GAGCCAGTGGTCAGTCAAAT-3’
and antisense, 5-CTTCATCATCACCGCAGTC-3’. Amplifi-
cation reactions were carried out in 96-well plates in 25 pL reac-
tion volume using the Power SYBR Green PCR Master Mix
(Applied Biosystems, Foster City, CA, USA). All reactions were
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performed in technical triplicate using an ABI.7500 Fast Real-
Time PCR System. Relative expression of the GPC3 gene to
the endogenous control gene, P-actin, was calculated using the
comparative Ct method. B-actin. qRT-PCR primer sequences
were: sense, 5-TCCATCATGAAGTGTGACGT-3’ and anti-
sense, 5-GAGCAATGATCTTGATCTTCAT-3".

Flow cytometry analysis and cell sorting. Flow cytometry
(FCM) was performed to quantify the expression of GPC3 and
Fas on the cell surface using the following antibodies: primary
anti-GPC3 (clone 1G12; BioMosaics, Burlington, VT, USA);
Alexa Fluor 488 conjugated second Ab (Invitrogen); phycoery-
thrin (PE)-conjugated anti-Fas (clone DX2; BioLegend, San
Diego, CA, USA); FITC-conjugated anti-HLA-A2 (clone
BB7.2; MBL, Nagoya, Japan); and FITC-conjugated mouse
IgG2b isotype control (clone 3D12; MBL).

The FCM data was acquired using the FACSCanto II system
(BD Biosciences, San Jose, CA, USA) and analyzed using Flow-
Jo software (Tree Star, Ashland, OR, USA). Mean fluorescence
intensity (MFI) of GPC3 staining was calculated as follows: MFI
ratio = MFI with the anti-GPC3 Ab/MFI with the secondary Ab.
MFI of HLA-A?2 staining was similarly calculated (MFI ratio =
MFI with the anti-HLLA-A2 Ab/MFI with isotype control Ab).

Cell sorting was performed using the FACSAria II cell sorter
(BD Biosciences) to isolate GPC3* and GPC3~ cells from KOC-
7c cells. We purified KOC-7c¢ GPC3 high or low cells with the
top or bottom 10% of GPC3 expression, respectively.

Response of GPC3q44.152 peptide-specific CTL clone against
cancer cell lines. GPC3,44.15, peptide-specific CTL clone cells
were co-cultured with each cancer cell line as target cells at the
indicated effector/target (E/T) ratio and cytotoxicity assay or
IFN-y enzyme-linked immunospot (ELISPOT) assay was per-
formed. Blocking of HLLA class I was done as follows. Before
coculturing the CTL clone with a cancer cell line in an assay,
the target cancer cells were incubated for 1 h with anti-HLA
class I mAb (clone W6/32; BioLegend), or isotype control
IgG2a mAD, and then the effects of Ab on CTL clone activity
was examined.

IFN-y ELISPOT analysis. ELISPOT assay for detecting antigen-
specific IFN-y-producing T cells was performed using the ELI-
SPOT kit (BD Biosciences). The spots were automatically
counted and analyzed with the Eliphoto system (Minerva Tech,
Tokyo, Japan).

Cytotoxicity assay. The cytotoxic capacity was analyzed with
the Terascan VPC system (Minerva Tech). The CTL clone was
used for effector cells. Target cells were labeled in calcein-AM
solution for 30 min at 37°C. The labeled cells were then co-cul-
tured with effector cells for 4-6 h. Fluorescence intensity was
measured before and after the 4-6 h culture, and specific cyto-
toxic activity was calculated as previously described.®

Cold inhibition assay. Calcein AM-labeled target cells were
cultured with effector cells in a 96-well plate with cold tar-
get cells. T2 target cells, which were prepulsed with either
HIV 97 peptide or GPC3144.150 peptide, were used as cold
target cells.

CD107a degranulation assay. GPC3144.150 peptide-specific
CTL clone cells were incubated with cancer cell lines at a 2:1
ratio for 4 h at 37°C. APC-conjugated CD107a-specific mAb
(clone H4A3; BD Biosciences) were present during the incuba-
tion period; after incubation, cells were stained with additional
PE-conjugated anti-CD8 mAb (clone HIT8a; BioLegend) and
analyzed by FCM.

Growth inhibition assay. Growth inhibition was evaluated by
a 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo-
phenyl)-2H-tetrazolium, monosodium salt (WST-8) colorimetric
assay using a Cell Counting Kit (Dojindo, Kumamoto, Japan).
Cells (5 x 10% were seeded into 96-well plates in 100 pL of
culture medium for 24 h prior to drug exposure, and then treated
with various concentrations of paclitaxel (PTX) or cisplatin

Suzuki et al.

(CDDP) for 18 or 48 h. Cell viability was determined colori-
metrically by optical density at 450 nm wavelength using a
microplate reader (Bio-Rad, Hercules, CA, USA). The percent-
age of cell survival for each drug concentration was calculated
as: (absorbance of test wells/absorbance of control wells) X
100.

Apoptosis analysis. The Annexin V-FITC Apoptosis Detec-
tion Kit (BioVision, Mountain View, CA, USA) was used to
determine apoptosis after treatment with PTX or CDDP. After
treatment with the chemodrug, floating and adhering cells were
collected via trypsinization and centrifuged. The supernatant
was removed and resuspended in 500 pL of binding buffer to
which 5 pL. of Annexin-V-FITC and propidium iodido (PI) was
added. The cells were incubated at room temperature for 5 min
in the dark and assessed by FCM. :

Statistical analysis. Univariate regression analysis was used
to evaluate the correlation between GPC3 expression and
GPC3-specific CTL recognition. Mann—Whitney U-test and
Kruskal-Wallis test followed by Scheffe’s post hoc test were
used to detect differences between groups. For all statistical
tests, differences were considered significant at P < 0.05.

Results

HLA-A2-restricted GPC3444.152 peptide-specific CTL clone
recognizes ovarian CCC cell lines. To ascertain whether the
HLA-A2-restricted GPC3144.15, peptide-specific CTL clone rec-
ognizes ovarian CCC cell lines expressing HLA-A2 and GPC3,
we first evaluated the expression of GPC3 on cancer cell lines.
We used KOC-7c¢ and HLLA-A0201 gene stable transfectant
TOV-21G.A2 and two human HCC cell lines for the target cells.
As positive controls, we used two HCC cell lines. SK-Hep-1.hG
cells were an established stable GPC3-expressing cell line.
As we performed gRT-PCR and FCM of GPC3 in these cell
lines, GPC3 expression in ovarian CCC cell lines was less than
that in HCC cell lines. Representative data of relative mRNA
expression (ratio to KOC-7c) and MFI ratio are shown
(Fig. 1A). The CTL response generally correlates with the num-
bers and density of MHC/antigen peptide complex on the target
cells. Accordingly, we also evaluated HLA-A2 expression on
the cell surface in cancer cell lines with FCM analysis (Fig. 1B).
IFN-y production of the CTL clone was detected against two
ovarian CCC cell lines (Fig. 1C). In Figure 1C, we used TOV-
21G.A24 as a negative control. Furthermore, we determined
whether efficient GPC344.15, peptide-specific CTL clone recog-
nition was correlated with GPC3 expression levels. We found
that CTL clone recognition was correlated with the relative
GPC3 mRNA expression and GPC3 MFI ratio in the cell lines
(r* = 0.995 and 0.935, respectively) (Fig. 1D,E). In addition, we
also analyzed whether CTL reactivity is correlated with not only
GPC3 expression but also the expression of HLA-A2. The corre-
lation between HLA-A2 expression levels on FCM analysis and
CTL clone recognition (IFN-y production or CD107a degranula-
tion) was insufficient in the cell lines (data not shown).
Although HLA-A2 expression on the cell surface in TOV-
21G.A2 was moderately low, that in three other cell lines was
sufficient on FCM analysis. TOV-21G.A2 cells have low
expression of not only HLA-A2 but also GPC3. Therefore the
GPC3 expression level is more important than the HLA-A2
expression level on GPC3y4415» peptide-specific CTL clone
reactivity.

GPC3144.152 peptide-specific CTL clone lyses ovarian CCC cell
lines. We detected GPC3-specific CTL responses by a CD107a
degranulation assay. GPC3-specific CTL responses against
TOV-21G.A2 and KOC-7c cells exhibited 2.79% and 5.42%
CD107a staining, respectively, approximately 1.8- and 3.4-fold
increases compared with the SK-Hep-1.vec as a negative control
(Fig. 2A). CD107a degranulation was also correlated with the
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HLA-A2-restricted GPC3444.152 peptide-specific CTL clone recognizes ovarian clear cell carcinoma (CCC) cell lines. (A) Expression of GPC3

on cancer cell lines. We used two human ovarian CCC cell lines (TOV-21G.A2 and KOC-7¢) and two human HCC cell lines. We performed qRT-PCR

and flow cytometry analysis (dashed line, secondary Ab stained control;

gray-filled area, GPC3 staining). Numbers in the histograms correspond

to the ratio of mean fluorescence intensity (MFl) of GPC3 staining, calculated as: MFI ratio = (MFl with the anti-GPC3 Ab)/(MFl with the

secondary Ab). Representative data of relative GPC3 mRNA expression
ovarian CCC cell lines was less than in HCC cell lines. (B) Expression of

(ratio to KOC-7¢) and GPC3 MFI ratio are shown. GPC3 expression in
HLA-A2 on cancer cell lines. Numbers in histograms correspond to the

ratio of MFI of HLA-A2 staining, calculated as: MFI ratio = (MFI with the anti-HLA-A2 Ab)/(MFI with isotype control Ab). (C) Representative
results of IFN-y ELISPOT analysis are shown. Effector/target ratio = 2. TOV-21G.A24 cells were used as a negative control. (D) IFN-y production of
a GPC3144.152 peptide-specific CTL clone was correlated with relative GPC3 mRNA expression (2 = 0.995). (E) Similarly, GPC3144.152 peptide-specific
CTL clone recognition was correlated with the GPC3 MFI ratio (r* = 0.935).

relative GPC3 mRNA expression and GPC3 MFI ratio in
the cell lines (#* = 0.978 and 0.865, respectively) (Fig. 2B). The
GPC3144.152 peptide-specific CTL clone was further tested for
its capacity to kill ovarian CCC cell lines, by a calcein-AM-
based cytotoxicity assay. SK-Hep-1.vec cells were used for a
negative control. The CTL clone displayed mild, but clear, spe-
cific cytotoxicity against KOC-7c cells (Fig. 2C). However,
GPC3-specific cytotoxicity was insufficient against TOV-
21G.A2 cells compared with TOV-21G.A24 cells (data not
shown). In both ovarian CCC cell lines, Fas expression on the
cell surface was sufficiently similarly to that of the HCC cell
lines on FCM analysis (Fig. 2D).

HLA class | specificity was confirmed by the blockade of
reactivity against ovarian CCC cell line KOC-7c. HLA class I-
restricted activity was demonstrated by blocking of IFN-y

1624

release and lysis of the GPC3144.15, peptide-specific CTL clone
against KOC-7c after pretreatment with a HLA class I-specific
mAb (W6/32) or mouse IgG2a isotype control, respectively, for
1 h. This reactivity could be inhibited by anti-HLA class I mAb
but not by isotype control (Fig. 3). These results clearly indicate
that the CTL clone recognized KOC-7c in a HLA class
I-restricted manner.

Effect of GPC3 silencing using shRNA on the response of
GPC3144.152 peptide-specific CTL clone against KOC-7c¢ cells. To
verify the GPC3 antigen-specific response of the CTL clone
against ovarian CCC cell lines, we examined GPC3 knockdown
on the GPC3-positive cell line KOC-7c. KOC-7¢c GPC3-shRNA
was established using shRNA knockdown technology. The
GPC3 expression of KOC-7¢ was obviously decreased by GPC3
shRNA on gRT-PCR. We examined the IFN-y production and
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Fig. 2. GPC3144.152 peptide-specific CTL clone lyses ovarian clear cell carcinoma (CCC) cell lines. (A) CD107a degranulation assay. Representative
data are shown. GPC3-specific CTL responses against TOV-21G.A2 and KOC-7c cells exhibited 2.79% and 5.42% CD107a staining, respectively. (B)
CD107a degranulation was correlated with relative GPC3 mRNA expression and GPC3 mean fluorescence intensity (MFI) ratio in cell lines
(~* = 0.978 and 0.865, respectively). (C) Cytotoxicity (4 h) assay was performed at three effector/target ratios. We used SK-Hep-1.hG as a positive
control. SK-Hep-1.vec cells were used as a negative control. The CTL clone showed specific cytotoxicity against KOC-7c cells. Data represent the

mean = SD. (D) Flow cytometry analysis of Fas expression on cancer cell Imes ln all ceII hnes Fas expressuon was sufficient (dashed line,

unlabelled control; gray-filled area, PE-Fas staining).

lysis of the CTL clone against KOC-7¢c GPC3-shRNA and
KOC-7c GPC3 Neg-shRNA cells. IFN-y production was signifi-
cantly decreased by GPC3 shRNA (P =0.004) (Fig. 4A).
GPC3-specific cytotoxicity was reduced against KOC-7c GPC3-
shRNA cells compared with KOC-7¢ Neg-shRNA cells
(Fig. 4B). These results indicate that HLA-A2-restricted
GPC3144.15> peptide could be processed naturally by ovarian
CCC cells, and the peptides in the context of HLA-A2 could be
expressed on the surface of ovarian CCC cells.

Level of GPC3 expression on the cell surface is related to
GPC3444.152 peptide-specific CTL clone recognition. To confirm
that the level of GPC3 expression on the cell surface is responsi-
ble for CTL recognition, KOC-7¢ GPC3 high and low cells were
sorted by FACSAria IT (Fig. 5A). As shown in Figure 5B, KOC-
7c¢c GPC3 high cells expressed higher mRNA of GPC3 than
GPC3 low cells. Figure 5C shows the IFN-y release of
GPC3144.152 peptide-specific CTL clone against KOC-7¢ wild
type, GPC3 high and GPC3 low cells. There were significant
differences in IFN-y production between the three populations
(P < 0.001). GPC3-specific cytotoxicity was increased against
KOC-7c¢ GPC3 high cells compared with GPC3 low cells in a
cytotoxicity assay without cold target cells. In a cold target inhi-
bition assay, cytotoxicity against KOC-7c GPC3 high cells was
suppressed by the addition of GPC3144 15, peptide-pulsed T2

Suzuki et al.

cells but not by the addition of HIV4_,7 peptide-pulsed T2 cells,
even though cytotoxicity against KOC-7c GPC3 low cells was
not changed by T2 pulsed Wlth either GPC3144 15 or HIV 957
peptide (Fig. 5D).

Chemotherapy senS|t|zes KOC-7c cells to the cytotoxic effect of
GPC3142.952 peptlde-specuflc CTL clone. Taxane plus platinum
combination chemotherapy is generally considered to be the
“‘gold standard’’ regimen for treatment of EOC. As PTX and
CDDP have different mechanisms of action, we chose these two
agents to investigate whether they sensitize ovarian CCC cells
to GPC3-specific. lysis. To evaluate the subtoxic dose of each
drug, we assessed growth inhibition and apoptosis assays by
FCM using Annexin V and PI staining. Growth-inhibitory
effects were observed for treatment with either PTX or CDDP
alone in a time- and dose-dependent manner. We calculated the
25% inhibitory concentration (IC25) of each drug as the mini-
mum cytotoxic condition and regarded lower values as the sub-
toxic dose. The IC25 values of PTX and CDDP for 18 h were
22.8 ng/mL and 6.2 pg/mlL, respectively (Fig. 6A). Exposure
of CTL clone or KOC-7c¢ cells to PTX (10 ng/mlL) or CDDP
(1 pg/mL) for 18 h had no significant cytotoxic effect, as deter-
mined by apoptosis assay. In other words, cell viability in
untreated and PTX- and CDDP-treated groups of CTL clone
or KOC-7¢ cells exceeded 95% in all cases (Fig. 6B). These
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conditions excluded direct cytoxic effects of the compounds and
effects as a subtoxic dose. In contrast, PTX (10 ng/mL) or
CDDP (1 pg/mL) for 48 h showed mild cytotoxicity (basal
levels of apoptosis >5%), and PTX (1 pg/mL) or CDDP
(10 pg/mL) for 18 h induced substantial cell death (data not
shown). KOC-7c cells were exposed to the subtoxic dose of each
drug for 18 h and then examined by cytotoxicity assay. Pretreat-
ment of KOC-7c cells with PTX (10 ng/mL) or CDDP
(1 pg/mL) significantly increased CTL-mediated cytotoxicity of
target cells (Fig. 6C). In all experiments, the level of spontane-
ous calcein release of target cells treated with chemotherapeutic
agents was similar to that of untreated cells.

1626

Discussion

Ovarian CCC has a poorg ognosis due to low sensitivity to con-
ventional chemotherapy.'"> To improve the prognosis, strate-
gies are needed to efficiently kill all cancer cells by surgery and
chemotherapy, as well as to stimulate the immune response to
keep residual tumor cells in check. Thus, effective novel treat-
ment strategies combined with surgery and chemotherapy are
needed for treating ovarian CCC. Cancer vaccines are an attrac-
tive approach because of their low toxicity.

In previous studies, GPC3 was overexpressed in several
malignant tumors, including ovarian CCC.“™'? GPC3 is useful
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as a novel biomarker and oncofetal antigen for immuno-
therapy.">2? However, association of ovarian CCC with
CTL recognition has not been performed, hindering the selec-
tion of appropriate candidates for GPC3-specific immunother-
apy. We recently established HLA A2-restricted GPC3144.152
peptide-specific CTL clones.'® In the present study, we ana-
lyzed the IFN-y production and cytotoxicity of an established
CTL clone against ovarian CCC cell lines expressing HLA-
A0201 and GPC3. The GPC3y44.15, peptide-specific CTL
clone could recognize HLA-A2-positive and GPC3-positive
ovarian CCC cell lines, suggesting that ovarian CCC present
endogenously processed GPC3144.15, peptide. Even though the
CTL clones recognized two ovarian CCC cell lines on the
IFN-y ELISPOT assay, they showed inefficient lysis against
TOV-21G.A2 cells. This was not due to a low expression
level of HLA-A2 molecules on the cell surface, because the
tumor cells were lysed after being pulsed with the antigenic
peptide (data not shown). We also confirmed that the level of
antigen expression is important in GPC3-specific CTL recog-
nition of malignant cells. Therefore, low-level expression of
GPC3 on tumor cells might be insufficient for triggering
CTL-mediated killing.

Recent clinical studies have reported high rates of objective
clinical response when cancer vaccines are combined with
chemotherapy in patients with various cancers. 232D To evalu-
ate the feasibility of chemoimmunotherapy for ovarian CCC,
we investigated the cytotoxic effect of subtoxic-dose PTX or
CDDP combined with GPC344.15, peptide-specific CTL clone
in the human ovarian CCC cell line KOC-7c. We found that
chemotherapy made ovarian CCC cells more susceptible to the
cytotoxic effect of the GPC3y44.1s» peptide-specific CTL
clone. Chemotherapeutic drugs generally suppress the immune
function, and each drug has a different level of immune sup-
pression. Therefore, combination therapy requires an optimal
dose that does not suppress peptide-induced immune activa-
tion. Importantly, the synergistic cytotoxic effect remained
when both CTL and tumor cells were pretreated with PTX or
CDDP under identical conditions (data not shown). However,
high-dose chemotherapy has been shown to be toxic and the
synergistic effect increased slightly more compared with the
subtoxic dose, therefore limiting its potential therapeutic use-
fulness in vitro. The mechanism of improvement in immuno-
therapy with chemotherapy remains unclear, but the two
possible types of mechanism are: systemic factors and local
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Radiofrequency ablation for hepatocellular carcinoma induces
glypican-3 peptide-specific cytotoxic T lymphocytes
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Abstract. Glypican-3 (GPC3), a carcinoembryonic antigen,
is an ideal target for anticancer immunotherapy against hepa-
tocellular carcinoma (HCC). In this study, we attempted to
compare the induction of the GPC3-specific T-cell-mediated
immune response after locoregional therapies in HCC patients
and tumor-bearing mice. Twenty-seven HCC patients treated
with locoregional therapies, including radiofrequency ablation
(RFA), surgical resection and transcatheter arterial chemo-
embolization (TACE), were prospectively enrolled in this study.
Additionally, we performed RFA experiments using a mouse
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model. GPC3-specific T-cell response was investigated pre-
treatment and post-treatment by an interferon-y enzyme-linked
immunospot assay using peripheral blood mononuclear cells
from HCC patients and lymph node cells from tumor-bearing
mice. Circulating GPC3-specific cytotoxic T lymphocytes
(CTLs) were increased in 5 of 9 patients after RFA and in
4 of 9 patients after TACE, but in only 1 of 9 patients after
surgical resection. All 7 patients with GPC3-expressing HCCs
exhibited an increase in GPC3-specific CTLs after RFA
or TACE, whereas none of the 7 patients did after surgical
resection. The number of increased GPC3-specific CTLs after
RFA was significantly larger than that after surgical resection
(P=0.023). Similarly, the frequency of GPC3-specific CTLs
after RFA was significantly greater than that after surgical
resection in the mouse model (P=0.049). We validated for the
first time the stronger effect on the immune system brought
by RFA compared with surgical resection for HCC patients
and tumor-bearing mice. Combined treatment of RFA and
immunotherapy is a reasonable strategy against HCC.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common
and most serious cancers worldwide (1). Locoregional therapies,
including radiofrequency ablation (RFA), surgical resection,
and transcatheter arterial chemoembolization (TACE), are
recognized as the gold-standard therapies for HCC patients
whose cancer lesions are limited to the liver (2). However, the
recurrence rate remains quite high despite potentially curative
treatment (3,4). The reasons for this are as follows: first, a multi-
centric new tumor frequently occurs from underlying active
hepatitis or cirrhosis and, second, a small tumor undetectable by
imaging modalities frequently exists before treatment and would
be left untreated (5). Therefore, the establishment of effective
adjuvant therapy to prevent recurrence is urgently required, and
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clinical trials are ongoing throughout the world (6). However,
at the present time, there is no universal consensus (2,7,8).

Previous studies have reported that local tumor ablation
treatments, such as RFA and cryoablation, not only destroy
tumor tissue but also induce a marked inflammatory response
both locally and systemically (9,10). Unlike surgical resection,
tumor ablation treatment generates tumor cell necrosis (11),
followed by the release of tumor-associated antigens (12).
These antigens can be uptaken, processed, and presented by
dendritic cells (10,13), and then an antigen-specific T-cell-
mediated immune response can be induced (9). If this induction
is sufficiently steady and reliable, it may provide the basis for
adjuvant immunotherapy, which is an attractive strategy.

Glypican-3 (GPC3) belongs to the glypican family of
heparan sulfate proteoglycans that are linked to the outer
surface of the cell membrane through a glycosylphosphati-
dylinositol anchor (14). GPC3 is one of the carcinoembryonic
antigens overexpressed in HCC (15-17). We have shown that
GPC3 is an ideal target for anticancer immunotherapy because
its expression is specifically detected in ~80% of HCCs even in
the early stages and is correlated with a poor prognosis (18-21).
Moreover, GPC3-specific cytotoxic T lymphocytes (CTLs)
have a high level of killing activity against HCC tumor cells
(22). We have finished the phase I clinical trial of a GPC3-
derived peptide vaccine for patients with advanced HCC
(unpublished data), and just started the phase II clinical trial
for adjuvant therapy after curative resection or RFA.

In this study, our aim was to determine if the GPC3-
specific T-cell-mediated immune response is strengthened
after locoregional therapies in HCC patients and tumor-
bearing mice. Moreover, we evaluated the hypothesis that the
post-treatment immune response may provide the basis for
adjuvant immunotherapy.

Materials and methods

Patient population and treatment of HCC. Twenty-seven
patients with primary HCC were prospectively enrolled in
this study from January to November 2007 at the National
Cancer Center Hospital East, in Japan. The eligibility criteria
included primary HCC, which would undergo locoregional
therapies with curative intent. Three treatment groups of
nine patients each would undergo RFA, surgical resection, or
TACE, respectively. Treatment selection in each patient was
in accordance with the Japanese HCC treatment guidelines
(2). Other inclusion criteria included HLA-A24 or HLA-A2
gene-positive status, as determined by commercially-available
genomic DNA typing tests (Mitsubishi Chemical Medience,
Tokyo, Japan), and no other active malignancy. HCC was
diagnosed using dynamic computed tomography (CT). Tumor
stage was assigned according to the tumor-node-metastasis
(TNM) classification of the Union for International Cancer
Control (UICC) (23). All RFA procedures were performed
percutaneously under ultrasound guidance. Curative treat-
ment was defined as complete necrosis of the tumor lesion
confirmed by dynamic CT after RFA, a negative surgical
margin confirmed histopathologically after resection, and
complete lipiodol deposition after TACE.

All patients gave written informed consent before entering
the study and this study was approved by the Ethics Committee

of the National Cancer Center, conforming to the ethical
guidelines of the 1975 Declaration of Helsinki.

Collection of blood samples and preparation of peripheral
blood mononuclear cells. Venous blood (20-30 ml) from each
patient was collected both before treatment and one month
after treatment. Peripheral blood mononuclear cells (PBMCs)
were separated from whole blood using LeucoSep® tubes
(Greiner Bio-One, Frickenhausen, Germany) by means of
density gradient centrifugation.

Identification of GPC3-specific CTLs in HCC patients. In
order to identify GPC3-specific CTLs, the proportion of cells
producing interferon (IFN)-y upon stimulation with GPC3
peptide was assessed by an ex vivo IFN-y enzyme-linked
immunospot (ELISPOT) assay using pooled PBMCs from HCC
patients. Defrosted PBMCs (1x10° cells/well) were cultured in
duplicate using 96-well flat-bottomed plates (BD Biosciences,
San Jose, CA) with HLA-A24-restricted GPC3,44 3, peptide
(EYILSLEEL) or HLA-A2-restricted GPC3,,,s, peptide
(FVGEFFTDV) (10 gzmol/1) with 100 U/ml recombinant human
interleukin-2 (IL-2) for 20 h. The negative control consisted of
medium alone or HLA-A24- or HLA-A2-restricted heat shock
protein 105 (HSP105) peptide, and the positive control included
the HLLA-A24- or HLA-A2-restricted cytomegalovirus (CMV)
peptide. The number of spots, which indicated the presence
of IFN-vy secreting cells, was automatically counted using
the Eliphoto system (Minerva Tech, Tokyo, Japan). For an
exact comparison of the frequency of GPC3-specific CTLs
existing at pre- and post-treatment, the obtained mean values
of the number of spots with non-peptide-pulsed samples (1x10°
PBMCs) at pre- and post-treatment were equalized and set to
zero, and then the actual number of GPC3-, CMV-, or HSP105-
specific spots was calculated. The Aspot was defined as the
difference in the number of spots with each antigen between
pre- and post-treatment.

Mice. Female BALB/c mice (H-29), 6-8 weeks of age, were
obtained from Charles River Laboratories Japan (Yokohama,
Japan). The mice were maintained under specific-pathogen-
free conditions. All animal procedures were performed in
compliance with the guidelines by the Animal Research
Committee of the National Cancer Center, Japan.

Tumor cell lines. A subline of the BALB/c-derived GPC3-
negative colorectal adenocarcinoma cell line, Colon 26 (24),
was provided by Dr Kyoichi Shimomura (Astellas Pharma,
Tokyo, Japan). Colon 26/GPC3 is an established stable GPC3-
expressing cell line (18). The cells were cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum, 100 U/ml
penicillin, and 100 pg/ml streptomycin in humidified 5% CO,
at 37°C.

RFA experiment using a mouse model. The mice were shaved
at the tumor area and the contralateral flank. After attachment
of the electricity-conducting pad (ground pad) onto the contra-
lateral side, an RFA needle with 5-mm active tip (Cool-tip™,
Valleylab, Boulder, CO) was inserted into the middle of the
tumor. Impedance could be evaluated on the RFA lesion
generator system (RFG-3B model, Radionics, Burlington, MA).
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Treatment was started by delivering RFA energy. During two
treatment cycles of 10 sec, the temperature could be monitored
using the thermistor and thermocouple in the tip of the probe.
Treatment was considered successful if a tip temperature of
60-70°C was reached.

Identification of GPC3-specific CTLs in mice. BALB/c mice
were immunized beforehand by peptide vaccination with
K4-restricted GPC3,44 506 peptide (50 ug/mouse) emulsified
with incomplete Freund’s adjuvant twice at a 7-day interval as
described previously (20). The day after the second vaccina-
tion, the mice were challenged subcutaneously with Colon 26/
GPC3 tumor cells (1x10° cells/100 pl) on their shaved back and,
5 days later, the mice underwent therapeutic RFA or surgical
resection for the established tumor. After the next 5 days, the
mice were sacrificed and bilateral inguinal lymph nodes were
obtained. CD8* T cells were isolated from lymph node cells
using anti-mouse CD8a (Ly-2) microbeads (Miltenyi Biotec,
Bergisch Gladbach, Germany) and an IFN-y ELISPOT assay
was performed without prior in vitro stimulation. For the
IFN-y ELISPOT assay, CD8* lymph node cells (3x10° cells/
well) were used as effector cells, and Colon 26 and Colon 26/
GPC3 cells (3x10* cells/well) as target cells. These cells were
cultured in duplicate using 96-well flat-bottomed plates (BD
Biosciences) with 100 U/ml recombinant murine IL-2 for
20 h. The number of spots after RFA or surgical resection was
compared with that without treatment.

Immunohistochemical analysis. To investigate GPC3 expression
in HCC tissues, we performed immunohistochemical staining
of GPC3 in biopsy specimens or resected specimens from HCC
patients. The paraffin-embedded blocks were analyzed using
monoclonal anti-GPC3 antibody (dilution 1:300, BioMosaics,
Burlington, VT) as described previously (17,21). The results
were classified into two groups according to the area of GPC3-
positive staining cells as follows: -, negative (<10%) and +,
positive (=10%).

To investigate tumor-infiltrating lymphocytes, we performed
immunohistochemical staining of CD4 and CD8 in resected
specimens from an HCC patient using monoclonal anti-CD4
or CDS antibody (dilution 1:20, Novocastra, Newcastle upon
Tyne, UK).

Statistical analysis. Statistical analyses were performed using
x? test, Mann-Whitney U test, or Kruskal-Wallis rank test.
Differences were considered significant at P<0.05. Data were
analyzed with the StatView 5.0 software package (Abacus
Concepts, Calabasas, CA).

Results

Demographics and clinical characteristics. The characteristics
of all 27 patients are represented in Table I. The three groups of
9 patients received RFA (RFA1-9), surgical resection (RES1-9),
or TACE (TAE1-9), respectively. Among them, 21 patients had
the HLLA-A24 gene and 7 had the HLA-A2 gene. One patient
had both HLA-A24 and -A2, and the HLA-A2-restricted
GPC3,,,.15, peptide was used for the IFN-y ELISPOT assay in
this patient. Among the three treatment groups, tumor size in
the RFA group (mean: 16.4 mm) was significantly smaller than

that in the resection group (mean: 43.2 mm) (P=0.001) and
the TACE group (mean: 44.1 mm) (P=0.001). Similarly, tumor
stage in the RFA group was less advanced than that in the
resection group (P=0.018) and TACE group (P=0.005). There
was no statistically significant difference in Child-Pugh classi-
fication grade among the three groups (P=0.128). In this study,
all treatments were considered to be curative according to the
definitions described in Materials and methods. Moreover, all
groups reduced the levels of a-fetoprotein (AFP) and protein
induced by vitamin K absence or antagonist II (PIVKA-II)
in most of HCC patients after treatment (data not shown).
The diagnosis of HCC was histopathologically confirmed by
biopsy specimens or resected specimens from 21 patients.
GPC3 expression was detected by immunohistochemical
staining in 14 of 21 patients.

Analysis of GPC3-specific CTLs in HCC patients. As shown
in Table I, GPC3-specific CTLs were detected in 11 and 15 of
27 patients at pre- and post-treatment, respectively. In total,
19 patients had GPC3-specific CTLs at either pre- or post-
treatment. There was no statistically significant correlation
between the presence of GPC3-specific CTLs and clinical
features, including HLA-A type (P=0.126), age (P=0.750),
gender (P=0.764), HCV infection (P=0.674), HBV infection
(P=0.764), Child-Pugh classification grade (P=0.404), tumor
multiplicity (P=0.674), tumor size (P=0.650), HCC staging
(P=0.155), serum AFP level (P=0.288), and serum PIVKA-II
level (P=0.094). Among the 21 patients who had the infor-
mation about GPC3 expression in their HCC tissue, patients
with GPC3-expressing HCCs had GPC3-specific CTLs more
frequently than those with GPC3-negative HCCs, but the
difference was not statistically significant (P=0.053).

Changes in GPC3-specific CTLs between before and after
treatment. In order to analyze the effect of anticancer treatment
on GPC3-specific T-cell response, we compared the frequency
of GPC3-specific CTLs in PBMCs before treatment with that
after treatment. As shown in Table I and Fig. 1, an increase in
GPC3-specific CTLs was found in 5 of 9 patients after RFA
and in 4 of 9 after TACE, but in only 1 of 9 patients after
resection. Of note, all of the 7 patients with GPC3-expressing
HCCs exhibited an increase in GPC3-specific CTLs after
RFA or TACE, whereas none of the 7 patients with GPC3-
expressing HCCs did after surgical resection. The Aspot of
GPC3 in the RFA group (mean: 24.4 spots) was larger than
that in the resection group (mean: -7.2 spots) (P=0.023). The
Aspot of GPC3 in the TACE group (mean, 36.9 spots) was also
larger than that in the resection group, but the difference was
not statistically significant (P=0.096). In contrast, the Aspot of
CMYV showed no difference among the three groups (P=0.498).
Neither the existence of GPC3-specific CTLs before or after
treatment, nor the changes between before and after treatment
had statistically significant correlation with patient survival
according to the log-rank test in each treatment group (neither
disease-free nor overall), with the 27-month mean follow-up
period (data not shown).

The representative data on changes in CT images and
serum levels of tumor markers between before and after treat-
ment is shown in Fig. 2. All three patients (RFA3, RES6, and
TAES) had GPC3-expressing HCCs. Both the CT images and
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