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Abstract. Specific cellular immunotherapy for cancer requires
efficient generation and expansion of cytotoxic T lymphocytes
(CTLs) that recognize tumor-associated antigens. However,
it is difficult to isolate and expand functionally active
T-cells ex vivo. In this study, we investigated the efficacy of
a new method to induce expansion of antigen-specific CTLs
for adoptive immunotherapy. We used tumor-associated
antigen glypican-3 (GPC3)-derived peptide and cytomegalo-
virus (CMV)-derived peptide as antigens. Treatment of human
peripheral blood mononuclear cells (PBMCs) with zoledronate
is a method that enables large-scale vd T-cell expansion. To
induce expansion of yd T cells and antigen-specific CTLs,
the PBMCs of healthy volunteers or patients vaccinated with
GPC3 peptide were cultured with both peptide and zoledronate
for 14 days. The expansion of yd T cells and peptide-specific
CTLs from a few PBMCs using zoledronate yields cell
numbers sufficient for adoptive transfer. The rate of increase of
GPC3-specific CTLs was approximately 24- to 170,000-fold.
These CD8* cells, including CTLs, showed GPC3-specific
cytotoxicity against SK-Hep-1/hGPC3 and T2 pulsed with
GPC3 peptide, but not against SK-Hep-1/vec and T2 pulsed
with human immunodeficiency virus peptide. On the other
hand, CD8 cells, including vd T cells, showed cytotoxicity
against SK-Hep-1/hGPC3 and SK-Hep-1/vec, but did not show
GPC3 specificity. Furthermore, adoptive cell transfer of CD8*
cells, CD§" cells, and total cells after expansion significantly
inhibited tumor growth in an NOD/SCID mouse model. This
study indicates that simultaneous expansion of yd T cells and
peptide-specific CTLs using zoledronate is useful for adoptive
immunotherapy.
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Introduction

Current therapeutic options for cancer treatment, including
surgery, radiotherapy and chemotherapy, have made advance-
ments in recent years and the survival rate of patients with
cancer has gradually improved. However, these therapies
remain far from satisfactory in most cancers (1,2). Therefore,
the development of novel treatment modalities, including
antigen-specific cancer immunotherapies with peptide
vaccines, dendritic cell vaccines and adoptive cell transfer
therapies, is critical for the further advancement of effective
cancer treatments (3-5).

We found that glypican-3 (GPC3), which is an oncofetal
antigen that is overexpressed in human hepatocellular carci-
noma (HCC), was shown to be a useful target antigen for
immunotherapy in several studies (6-10). Based on results
obtained from preclinical studies, we conducted a phase I clin-
ical trial using a GPC3-derived peptide vaccine in 33 patients
with advanced HCC. In almost all vaccinated patients, the
frequency of GPC3 peptide-specific CTLs increased after
vaccination. Furthermore, this was the first study to show
that the frequency of peptide-specific CTLs was correlated
with overall survival in patients with HCC receiving peptide
vaccines (11,12). Although the peptide vaccine is a poten-
tially attractive treatment modality, the antitumor effects of
the peptide vaccine alone are not dramatic in patients with
advanced HCC. Therefore, the establishment of an innova-
tive strategy to enhance the power of antigen-specific cancer
immunotherapy is urgently required.

Cellular immunotherapy of solid and hematopoietic malig-
nancies is regarded as a promising approach to treat relapse
after or resistance to conventional treatments. The adoptive
transfer of autologous tumor-infiltrating lymphocytes (TILs)
results in objective cancer regression in 49 to 72% of patients
with metastatic melanoma (13). However, due to the scarcity
of TILs, this therapy is only possible for a limited number of
patients. It is difficult to isolate and expand functionally active
T cells. Development of a new method of CTL expansion may
be useful in addressing this problem.

It was recently reported that yd T cells are attractive
mediators of cancer immunotherapy (14). Several clinical
studies that included manipulation of yd T cells by amino-
bisphosphonate administration or adoptive transfer of yo
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T cells were performed (15-17). yd T cells recognize their
targets independently of major histocompatibility complex
(MHC)-mediated antigen presentation (18-21). Human y0 T
cells kill a vast repertoire of tumor cell lines and primary
samples in vitro, including leukemia, lymphoma, melanoma,
neuroblastoma and multiple types of carcinomas (22-25). In
addition, human yo T cells mediate antibody-dependent cellular
cytotoxicity (26,27). On the other hand, activated human yo T
cells produce large amounts of interferon-y (28,29), a central
cytokine in antitumor immune responses. Moreover, it has
been reported that zoledronate stimulates proliferation of v
T cells, which then stimulate CTLs as antigen-presenting cells
(APCs) (30-33). Therefore, we have attempted to use yo T cells
as both effector cells and APCs.

We report on the development of a more effective adop-
tive immunotherapy. We investigated a new method to induce
expansion of y0 T cells and peptide-specific CTLs using
zoledronate.

Materials and methods

Patient samples. Patient blood samples were obtained during
the performance of clinical trials at National Cancer Center
Hospital East. We carried out two clinical trials involving
GPC3-derived peptide vaccine. The phase I trial was carried
out among 33 patients with advanced or metastatic HCC from
February, 2007 to November, 2009 (11,12). The trial was
registered with the University Hospital Medical Information
Network Clinical Trials Registry (UMIN-CTR no.000001395).
We subsequently conducted a phase II trial involving the
GPC3-derived peptide vaccine as an adjuvant therapy for
patients with HCC. Forty patients with initial HCC who had
undergone surgery or radiofrequency ablation were enrolled in
this phase II trial (UMIN-CTR no. 000002614). These patients
were enrolled after providing a written informed consent.
Patients were intradermally injected with HLA-A24-restricted
GPC3,05 306 (EYILSLEEL) or HLA-A2-restricted GPC3,,,.,5,
(FVGEFFTDV) peptide vaccine emulsified with incomplete
Freund's adjuvant (IFA, Montanide ISA-51VG; SEPPIC, Paris,
France). This study was approved by the Ethics Committee
of the National Cancer Center and conformed to the ethical
guidelines of the 1975 Declaration of Helsinki.

PBM(Cs. Peripheral blood (30 ml) was obtained from healthy
volunteers or patients at the times designated in the protocol
(before the first vaccination and 2 weeks after each vaccina-
tion). Peripheral blood mononuclear cells (PBMCs) were
isolated by standard Ficoll density gradient centrifugation
from buffy coats. In this study, we used the remaining PBMCs
after immunological monitoring in the clinical trials.

Cell lines. The human liver cancer cell lines SK-Hep-1
(GPC3-, HLA-A*02:01/A*24:02) and SK-Hep-1/hGPC3
(GPC3*, HLA-A*02:01/A%24:02) were used as target cells.
SK-Hep-1/hGPC3 isanestablished stable GPC3-expressing cell
line transfected with a human GPC3 gene, and SK-Hep-1/vec
is an established counterpart cell line in which an empty
vector was transfected. T2 (HLA-A*02:01, TAP) and T2A24
(HLA-A*02:01/A*24:02, TAP) cells were pulsed with GPC3
peptide or human immunodeficiency (HIV) peptide at room
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temperature for 1 h. They were conserved in our laboratory.
Cells were cultured at 37°C in RPMI-1640 or DMEM medium
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with
10% fetal bovine serum, 100 U/m! penicillin, and 100 pg/ml
streptomycin in a humidified atmosphere containing 5% CO..

Synthetic peptides. The peptides used in this study were as
follows: HLA-A*02:01-restricted GPC3,,,.,5, (FVGEFFTDV)
peptide (American Peptide Company, Sunnyvale, CA),
HLA-A*24:02-restricted GPC3,44.50 (EYILSLEEL) peptide
(American Peptide Company), HLA-A*02:01-restricted cyto-
megalovirus (CMV),5.s0; NLVPMVATYV) peptide (Prolmmune,
Rhinebeck, NY, USA), HLA-A*24:02-restricted CM V540
(QYDPVAALF) peptide (Prolmmune), and HLA-A*02:01-
restricted HIV;,45 (SLYNTYATL) peptide (Prolmmune). The
peptides were dissolved and diluted in 7% NaHCO, or dimethyl
sulfoxide.

Large-scale expansion using zoledronate. PBMCs were cultured
(2x10° cells/well) with zoledronate (5 uM) (Novartis Pharma,
Basel, Switzerland) and CMV or GPC3 peptide (10 yM) in
AIM-V medium (Gibco) supplemented with 10% human AB
serum (Sigma) and recombinant human interleukin (IL)-2
(1,000 IU/ml) (Novartis Pharma) for 14 days. The stimulation
procedure was performed at 37°C and 5% CO,. Scale-up of
cells was performed in accordance with their growth.

Expansion of peptide-specific CTLs in the absence of zoledro-
nate. To obtain zoledronate-activated yd T cells, PBMCs were
stimulated with zoledronate and IL-2 for 7 days. On day 7, zole-
dronate-activated y0 T cells were sorted using FACSAria II.
CD8* cells and y0 T cells without zoledronate activation
were sorted from non-cultured PBMCs using microbeads and
FACSAria 11, respectively. Dendritic cells (DCs) were induced
from CD14* cells using GM-CSF and IL-4. On day 5, DCs
were stimulated with TNF-a for 2 days. We used y& T cells
with or without zoledronate activation and TNF-a-stimulated
DCs as stimulator cells. Stimulator cells were pulsed with
CMV peptide (10 M) for 1 h at room temperature. After
washing out the peptide, stimulator cells were co-cultured for
2 weeks with responder CD8* cells and the addition of IL-2
in the absence of zoledronate. We compared the percentages
of CMV peptide-specific CTLs in responder CD8* cells using
dextramer assays.

In vitro stimulation of GPC3 peptide-specific CTL clones.
GPC3 peptide-specific CTL clones were previously generated
by single cell sorting using a GPC3-dextramer or CD107a
antibody. CTL clones were stimulated as described previ-
ously (34).

Dextramer staining and flow cytometry analysis.
The PBMCs were stained with CMV, GPC3 or HIV
Dextramer-RPE (Immudex, Copenhagen, Denmark) for
10 min at room temperature and with anti-CD§-FITC
(Prolmmune) or anti-CD8-APC (BioLegend, San Diego,
CA), anti-CD45RA-FITC (BD Biosciences, San Jose, CA,
USA), and anti-CCR7-PerCP/Cy5.5 (BioLegend) for 20 min
at 4°C. To detect y0 T cells, PBMCs were stained with
anti-TCR-Vy9-FITC (Beckman Coulter, Erembodegem,
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Table I. Rate of increase in the number of cells in 16 patients with HCC.
Total v GPC3 specific CTLs
The rate The rate The rate

Sample HLA-A  Day0 Day 14 ofincrease DayO0 Day 14  of increase Day 0* Day 14° of increase

1 02:01 2.0x10°  1.7x10® 85 1.2x10*  2.8x107 2.3x10° 20x10°  6.1x107 3.1x10*

2 02:01 2.0x10°  5.4x108 2.7x107 2.8x10*  3.1x108 1.1x10* 1.6x10*  2.7x107 1.7x10°

3 02:01 2.0x10°  1.7x108 85 8.8x10°  7.8x107 8.9x10° 92 1.0x10° 1.1x10*

4 02:01 2.0x10° 1.7x10® 85 24x10*  9.5x107 4.0x10° 1.3x10°  1.9x107 1.5x10*

5 02:01 2.0x10°  7.4x107 37 94x10*° 5.2x107 5.5x10° 92 1.8x10° 2.0x10°

6 02:01 2.0x10°  2.5x107 13 2.0x10*  1.2x107 6.0x107 1.0x10°  1.9x10° 1.9x10°

7 02:01 2.0x10°  1.6x108 30 1.1x10*  7.4x107 6.7x10° 2.1x107  4.4x10° 2.1x10*

8 02:01 20x10°  4.0x10° 2.0x107 1.2x10*  1.3x10® 1.1x10* 4.0x10*  2.6x107 6.5x10*

9 02:01 2.0x10°  4.0x107 20 8.0x10°  4.4x10° 5.5x10% 8.4x10>  5.9x10° 7.0x10°
10 02:01 2.0x10°  2.2x10° 1.1 2.0x10°  4.5x10* 23 92 2.2x10° 24
11 02:01 20x10°  1.5x10° 75 60x10°  4.8x107 8.0x10° 3.0x102  2.0x107 6.7x10*
12 02:01 2.0x10°  1.1x10® 55 6.0x10*  1.2x107 2.0x10° 1.2x10°  3.5x107 2.9x10*
13 24:02  2.0x10° 5.8x10° 29 1.8x10*  3.8x10° 2.1x10? 1.3x10*>  6.3x10* 4.9x10?
14 24:02  2.0x10° 4.0x10° 2 2.2x10%  2.6x10° 1.2x10? 1.0x10*>  3.1x10* 3.1x10?
15 24:02  2.0x10°  9.9x107 50 3.8x10°  3.8x107 1.0x10* 1.8x10%  1.2x10° 6.7x10°
16 24:02  2.0x10° 4.0x107 20 9.8x10°  5.6x10° 5.7x107 14x107  1.4x10° 1.0x10°

“Frequency of GPC3-specific CTLs of 2x10° PBMCs was measured by ex vivo [FN-y ELISPOT assay. "GPC3-specific CTLs after cell culture

were measured by flow cytometry.

Belgium) and anti-CD3-PC5 (BioLegend) for 20 min at
4°C. yd T cells, with or without zoledronate activation, and
TNE-DCs were stained with anti-HLA-class I-FITC, anti-CD80-
FITC, anti-CD83-FITC and anti-CD86-PE (BD Biosciences)
antibodies for 20 min at 4°C. Flow cytometry analysis was
carried out using FACSCanto II (BD Biosciences).

Cytotoxicity assay. Cytotoxic activity against target cells was
analyzed using the Terascan VPC system (Minerva Tech,
Tokyo, Japan) as described previously (34). Target cells were
labeled with calcein AM (Dojindo, Kumamoto, Japan) solu-
tion for 30 min at 37°C. The labeled cells were then incubated
with effector cells for 4 to 6 h. As effector cells, CD8* and
CD8 T cells were isolated using human CD8 microbeads
(BD Bioscience) from PBMCs stimulated for 14 days. Assays
were conducted in duplicate.

Transfer of effector cells to NOD/SCID mice implanted
with the GPC3* or GPC3 cell line. Female NOD/SCID
(6-8 weeks old) were purchased from Japan Charles River
Laboratories (Yokohama, Japan). All animal procedures
were performed according to the guidelines for the Animal
Research Committee of the National Cancer Center, Japan.
We inoculated SK-Hep-1/hGPC3 or SK-Hep-1/vec cells
subcutaneously into the right flank of NOD/SCID mice. We
intravenously injected the CD8* cells, CD8" cells, or both,
as effector cells. We injected PBS as a negative control.
Before adoptive transfer, we examined the percentage of
CD8* cells in expanded cells using flow cytometry. The
percentage of CD8* cells after expansion was ~25% of all

cells. We injected immune cells at this ratio. We injected
5x10¢ cells per mouse for the CD8*-cell-treatment group.
We injected 1.5x107 cells per mouse for the CD8" cell treat-
ment group and 2.0x107 cells per mouse for the all cells
treatment group. We performed adoptive cell transfer of
expanded cells using five mice per group. The tumor volume
was monitored and calculated using the following formula:
tumor volume (mm?®) = a x b*> x 0.5, where a is the longest
diameter, b is the shortest diameter, and 0.5 is a constant to
calculate the volume of an ellipsoid.

Statistical analysis. The correlation between the number
of GPC3-specific CTLs and yd T cells at days O and 14 was
analyzed using the Spearman's rank correlation coefficient.
Comparisons of tumor volume at the last time point were
performed using the Mann-Whitney U test. Differences were
considered significant at P<0.05.

Results

Zoledronate induces expansion of yd T cells and
peptide-specific CTLs from PBMCs. To assess whether this
new culture method can induce the expansion of vy T cells
and peptide-specific CTLs, PBMCs were stimulated once with
zoledronate and an antigen-derived peptide. Fig. 1A shows the
representative data using PBMCs from a healthy volunteer.
The number of total cells increased 3.2x10*-fold after 14 days
(from 2.0x10° to 6.4x10%). In flow cytometry analysis, y& T
cells increased 8.0x10%-fold after 14 days [from 5.6x10* (2.8%)
to 4.5x10% (70%)]. Simultaneously with v& T cells, CMV
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Figure 1. Zoledronate induces expansion of yd T cells and peptide-specific CTLs. We performed flow cytometry analysis before (day 0) and after (day 14)
cell culture. Representative data are shown. (A) PBMCs from a healthy volunteer were stimulated with CMV-derived peptide and zoledronate. (B) PBMCs
from a patient vaccinated with GPC3 peptide were stimulated with GPC3-derived peptide and zoledronate. The number indicates the number of cells. The
presence of TCR-Vy9*, CD3* cells indicated yd T cells. The presence of CD8*, dextramer* cells indicated antigen-specific CTLs. HIV-dextramer was used
as a negative control. (C) Analysis of the phenotype of CD8*, GPC3-dextramer* cells at day 14, The CD45RA", CCR7 phenotype indicated the effector

memory phenotype.

peptide-specific CTLs increased 1.9x10%-fold after 14 days
[from 5.0x10° (0.25%) to 9.6x107 (15%)]. Similar results were
obtained from three healthy subjects (data not shown).

Next, we investigated the capacity of this culture method
to induce expansion of CTLs specific for peptides derived
from the weakly immunogenic tumor-associated self-antigen
GPC3. PBMCs from vaccinated patients were stimulated once
with zoledronate and a GPC3-derived peptide. In Fig. 1B,
the number of total cells increased 84-fold after 14 days
(from 2.0x10° to 1.7x10®). y& T cells increased 4.0x10%-fold
after 14 days [from 2.4x10* (1.2%) to 9.5x107 (56%)]. GPC3
peptide-specific CTLs increased 4.2x10°-fold after 14 days

[from 4.4x10° (0.22%) to 1.9x107 (11%)]. In addition, during
expansion, GPC3 peptide-specific CTLs acquired mainly an
effector memory phenotype (CD45RA", CCR7Y) (Fig. 1C).
One of the features of this culture method is the rate of
increase in the number of cells. Table I shows the rate of
increase in the number of cells in 16 patients with HCC. We
found that the total cell number increased (range, 1.1-270-
fold), y6 T cells increased (range, 23-1.1x10-fold), and GPC3
peptide-specific CTLs increased (range, 24-1.7x10°-fold)
after 14 days. These results suggest that peptide-specific
CTLs were successfully expanded with the proliferation of
vd T cells from PBMCs by this new culture method.



