
Abstract. Background/Aim: γδ T cells mediate cytotoxicity
against prostate cancer (PCa) cells in vitro; however, the
clinical efficacy of γδ T cell-targeted immunotherapy for
recurrent and metastatic PCa is unsatisfactory. We
hypothesized that the resistance of recurrent and metastatic
PCa to γδ T cells is related to the presence of prostate
cancer stem cells (PCSCs), and we examined their
relationship. Materials and Methods: PCa spheres
(prostaspheres) were generated from five PCa cell lines, and
their susceptibility to cytotoxicity by γδ T cells was
investigated. Expression of stemness-related markers was
evaluated by qRT-PCR. Results: Prostasphere-derived cancer
cells were resistant to lysis by γδ T cells and expressed
higher levels of several stemness markers, including CD133,
NANOG, SOX2, and OCT4, than the parental PCa cell lines.
Conclusion: Ex vivo-expanded γδ T cells are not effective
against PCSCs.

Prostate cancer (PCa) is one of the most common cancers
in men worldwide (1). Although patients with localized
PCa are expected to be cured by surgery, radiotherapy, or
androgen deprivation therapy (ADT), it is difficult to
achieve complete tumor regression in patients with
recurrent or metastatic PCa. ADT, the main treatment for
these patients, often leads to initial tumor regression, but
most patients eventually become resistant and the tumor
recurs (2, 3). New chemotherapy regimens and second-
generation ADT have been developed over the past decade,
but even responder patients eventually become resistant to
these therapies (4-6). Therefore, new therapeutic strategies
for advanced PCa are needed.

Human γδ T cells constitute only a small percentage of
circulating lymphocytes, but several methods for their
expansion and stimulation have been developed. Although
human γδ T cells mediate cytotoxicity against various tumor
types, including PCa, in vitro and in mouse models in vivo
(7-11), the clinical efficacy of γδ T cell immunotherapy for
metastatic PCa is unsatisfactory (12). Recent studies have
indicated that cancer stem cells (CSCs) play an important
role in tumor resistance to conventional ADT, radiotherapy,
and chemotherapy in various solid tumors, including PCa
(13-15). CSCs are a rare cell population within the tumor,
but are spared even after conventional therapy because of
their resistance and their capacity to self-renew, ultimately
causing tumor relapse and metastasis. We hypothesized that
the resistance of recurrent and metastatic PCa to γδ T cells
was associated with the presence of CSCs. The cytotoxic
activity of human γδ T cells against prostate CSCs (PCSCs)
has not been reported. The present study aimed to investigate
the relationship between resistance of recurrent and
metastatic PCa to γδ T cells and PCSCs. 

Materials and Methods

Cell lines and culture. The androgen receptor (AR)-positive PCa cell
lines LNCaP, C4-2, C4-2B, and 22Rv1, and the AR-negative PCa cell
lines DU145 and PC3, were purchased from American Type Culture
Collection (Manassas, VA, USA). All cancer cell lines were cultured
in RPMI1640 (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan) supplemented with 10% heat-inactivated fetal bovine serum
(FBS; Sigma-Aldrich, St. Louis, MO, USA) and 1% penicillin and
streptomycin (PC/SM; FUJIFILM Wako Pure Chemical Corporation).
Cells were kept at 37˚C in a 5% CO2 atmosphere 

Ex vivo expansion of human γδ T cells. All healthy donors provided
written, informed consent in accordance with Declaration of
Helsinki for the use of their peripheral blood for research purposes,
and the study was approved by the Kyoto Pharmaceutical University
Review Board. Human γδ T cells were expanded as previously
described (11). Briefly, peripheral blood mononuclear cells
(PBMCs) were isolated from whole blood using Ficoll-Paque
(Cytvia/GE Healthcare, Marlborough, MA, USA). PBMCs were
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stimulated with 5 μM zoledronic acid (ZOL; Novartis, Basel,
Switzerland) and cultured in AlyS505N medium (Funakoshi, Tokyo,
Japan) supplemented with 10% heat-inactivated blood group AB
human serum for 11 days. Recombinant human interleukin-2 (rhIL-
2; 100 U/ml; FUJIFILM Wako Pure Chemical Corporation) was
added every day during the culture period, and the amount of
culture media was appropriately scaled up as the cells expanded.
Cells were analyzed by flow cytometry on day 11, and CD3+/TCR
γδ+ cells were considered γδ T cells.

Flow cytometric analysis. Expanded γδ T cells (1.0×106 cells in 100
μl PBS) were stained with the following fluorochrome-conjugated
monoclonal antibodies (mAbs): FITC-conjugated anti-CD3 (clone
UCHT1; BD Biosciences, Franklin Lakes, NJ, USA), PE-conjugated
anti-T cell receptor (TCR) αβ (clone IP26, BD Biosciences), and
APC-conjugated anti-TCR γδ (clone B1, BD Biosciences). After 30
min on ice in the dark, cells were washed twice and the pellet was
resuspended in 500 μl PBS and examined by flow cytometry on an
LSR Fortessa (BD Biosciences). Data were analyzed using Flowjo
software (BD Biosciences).

Prostate cancer sphere (prostasphere) culture. LNCaP, C4-2, C4-
2B, 22Rv1, DU145, and PC3 cells were seeded in non-coated 90
mm dishes (Ina Optika, Osaka, Japan) at a density of 1.0×105
cells/ml in 10 ml serum-free DMEM/F12 (FUJIFILM Wako Pure
Chemical Corporation) supplemented with B-27 (Thermo Fisher
Scientific, Waltham, MA, USA), 20 ng/ml basic fibroblast growth
factor (b-FGF; PeproTech, Rocky Hill, NJ, USA), 20 ng/ml
epidermal growth factor (EGF; PeproTech), and 1% PC/SM. The
culture media was fully replaced on day 4 and scaled up on day 7,
and prostaspheres were harvested on day 10.

Quantitative real-time polymerase chain reaction (qRT-PCR). Total
RNA was extracted from PCa cells grown in monolayers and from
PCa prostaspheres with the NucleoSpin RNA kit (Macherey-Nagel,
Dürer, Germany) according to the manufacturer’s protocol. RNA
was quantified on a NanoDrop 2000 (Thermo Fisher Scientific).
Complementary DNA (cDNA) was synthesized using the Revertra
Ace qPCR RT kit (Toyobo, Osaka, Japan), and qRT-PCR was
performed on the Thermal Cycler Dice Real Time SystemⅡ(Takara,
Shiga, Japan). PCR amplification was performed as follows:
denaturation at 95˚C for 5 s, and annealing and extension at 60˚C
for 30 s. PCR was terminated after 40 cycles. The primer sequences
and probes were designed using the Universal Probe Library (UPL).
The primers used in this study were as follows:
CD133, forward: 5’-GGAAACTAAGAAGTATGGGAGAACA-3’;
reverse: 5’-CGATGCCACTTTCTCACTGAT-3’. NANOG, forward:
5’-ATGCCTCACACGGAGACTGT-3’; reverse 5’-CAGGGCTG
TCCTGAATAAGC-3’. SOX2, forward: 5’-GGGGGAATGGAC
CTTGTATAG-3’; reverse 5’-GCAAAGCTCCTACCGTACCA-3’.
OCT4, forward: 5’-GAAACCCACACTGCAGATCA-3’; reverse 5’-
CGGTTACAGAACCACACTCG-3’. 18S rRNA, forward: 5’-
GCAATTATTCCCCATGAACG-3’; reverse 5’-GGGACTTAATCA
ACGCAAGC-3’. The relative expression of CSC markers in each
sample was normalized to that of 18S rRNA (internal control). 

Cytotoxicity assays. Cytotoxicity was measured by flow cytometry
using carboxyfluorescein succinimidyl ester (CFSE; Dojindo
Corporation, Kumamoto, Japan) and propidium iodide (PI; FUJIFILM
Wako Pure Chemical Corporation). Target prostaspheres were

dissociated into single cells using Accutase (Innovative Cell
Technologies, San Diego, CA, USA). Then, the prostasphere-derived
single cells and parental PCa cells were labeled with 0.5 μM CFSE
for 30 min. CFSE-labeled cancer cells were centrifuged, washed,
resuspended in culture medium, and seeded in 24-well plates at
1.0×105 cells per well in 500 μl medium containing 5 μM ZOL. After
24 h, ex vivo-expanded γδT cells were added to each well. Following
4 h of co-culture, samples were collected, washed, and resuspended in
500 μl PBS containing 5 μl PI (1 mg/ml) for flow cytometric analysis.
Samples were read on an LSR Fortessa and the PI+/CFSE+ cells were
counted as apoptotic target cells. 

Statistical analysis. Statistical analyses were performed using
GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA).
Continuous variables were analyzed using Student’s t-tests. Multiple
comparisons between groups were performed using Bonferroni/Dunn’s
tests. p-Values <0.05 were considered statistically significant.

Results

Ex vivo culture of human PBMCs with ZOL and rhIL-2
expanded human γδ T cells. ZOL and rhIL-2 are known to
induce the expansion of human γδ T cells (10, 11). Human
PBMCs were cultured in AlyS505N medium supplemented
with 10% human AB serum and 5 μM ZOL. Cells were
serially re-stimulated by the addition of rhIL-2 (100 U/ml)
every day and scaled up by increasing the volume of the
medium. On day 11, mature, expanded γδ T cells were
harvested and viably frozen. Flow cytometric analysis showed
that on day 11, the cell cultures were highly enriched in
CD3+/TCR γδ+ cells (γδ T cells) (Figure 1A). Moreover, the
absolute cell number of γδ T cells increased approximately
2000-fold (Figure 1B). Therefore, this ex vivo expansion
protocol using ZOL and rhIL-2 might yield sufficient numbers
of human γδ T cells for adoptive immunotherapy.

Human γδ T cells exhibited cytotoxicity against various PCa
cell lines. The cytotoxicity of human γδ T cells against six PCa
cell lines (LNCaP, C4-2, C4-2B, PC3, DU145, and 22Rv1) was
evaluated by flow cytometry using CFSE/PI double staining.
First, PCa cells were labeled with CFSE, pretreated with ZOL,
and seeded in culture plates. On the following day, γδ T cells
were added at the indicated effector/target (E/T) ratios. After 4
h of co-culture, PI uptake was used to distinguish living cells
from dead cells. In all of the PCa cell lines, ZOL treatment
increased the percentage of PI+ cells after co-culture with γδ
T cells (Figure 2). Thus, the expanded human γδ T cells
exerted potent cytotoxicity against PCa cells.

Prostasphere-derived cancer cells were resistant to lysis by
human γδ T cells. We were able to generate prostaspheres
from five of the six PCa cell lines (LNCaP, C4-2, C4-2B,
DU145, and 22Rv1) by culturing them in suspension in
serum-free medium supplemented with b-FGF, EGF, and B-
27 for 10 days (Figure 3A). Prostaspheres could not be
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generated from PC3 cells using this culture method because
they adhere to the non-coating dishes. To investigate the
cytotoxicity of human γδ T cells against prostasphere-
derived cancer cells, prostaspheres were digested into single
cells, and the cytotoxicity of γδ T cells against the cancer
cells was analyzed by flow cytometry, as described above for
PCa cells grown in monolayers. The percentages of PI+
prostasphere-derived cancer cells were significantly less than
those of the respective parental PCa cell lines (Figure 3B).
These results demonstrate that human γδ T cell-resistant PCa
cells were generated under sphere-forming conditions. 

Expression of stemness-related markers were increased in γδ
T cell-resistant PCa cells. The expression of stemness-
related markers in γδ T cell-resistant PCa prostaspheres and
PCa cell lines was evaluated by qRT-PCR. Several stemness
markers, including CD133, NANOG, SOX2, and OCT4,
were expressed at higher levels in the γδ T cell-resistant PCa
prostaspheres than in the γδ T cell-sensitive parental PCa

cells in the C4-2, DU145, and 22Rv1 cell lines (Figure 4) as
well as in the LNCaP and C4-2B cell lines (data not shown). 

Discussion

The main objective of this study was to generate γδ T cell-
resistant PCa cells and examine the expression of stemness-
related markers to investigate the relationship between
resistance of recurrent and metastatic PCa to γδ T cells and
PCSCs. For this purpose, we first expanded human γδ T cells
from human PBMCs ex vivo and confirmed their ability to kill
PCa cell lines. ZOL inhibits farnesyl pyrophosphate synthase
(FPPS) in peripheral blood monocytes, resulting in the
accumulation of isopentenyl pyrophosphate (IPP), which
stimulates the activation and expansion of γδ T cells (16, 17).
ZOL also causes IPP accumulation in cancer cells. Human γδ
T cells recognize this accumulated IPP through the Vγ9Vδ2
T cell receptor and kill the cancer cells (18, 19). In the present
study, our culture method using ZOL and rhIL-2 induced
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Figure 1. Ex vivo expansion of human γδ T cells from PBMCs. (A) Representative flow cytometry data of isolated PBMCs from one healthy volunteer,
gated on lymphocytes by forward scatter (FSC) and side scatter (SSC). A major subset of CD3+/TCR αβ+ cells (αβ T cells) and a minor subset of
CD3+/TCR γδ+ cells (γδ T cells) were observed on day 0 (upper panels). Expansion for 11 days resulted in highly enriched CD3+/TCR γδ+
populations (lower panels). (B) The increase in γδ T cells is expressed as the fold change, relative to the absolute cell number on day 0 (a white
bar). Expansion for 11 days resulted in an approximately 2000-fold increase in the number of γδ T cells (a black bar).



significant expansion of γδ T cells from human PBMCs.
Furthermore, these γδ T cells were cytotoxic against all six
PCa cell lines when the PCa cells were pretreated with 5 μM
ZOL. Several studies have reported the cytotoxicity of γδ T
cells against PCa cells in vitro. Nicol and colleagues reported
that ex vivo-expanded γδ T cells had little cytotoxicity against
DU145 cells (20). However, Mattarollo and colleagues
reported that ex vivo-expanded γδ T cells could exert
cytotoxicity against DU145 cells, and the cytotoxicity reported
in that study was higher than that observed here (9). In the
Nicol study, the cancer cells were not pretreated with ZOL,
while in the Mattarollo study, the cancer cells were pretreated
with a 10-fold higher concentration of ZOL (50 μM)
compared to our study (5 μM). These studies suggest that
pretreatment of tumor cells with ZOL is important for γδ T
cell cytotoxicity, and that the amount of cytotoxicity is related
to the ZOL concentration. We chose to pretreat cancer cells

with 5 μM ZOL because ZOL was not toxic to PCa cells at
this concentration (Figure 2), which enabled us to specifically
evaluate the cytotoxicity of the γδ T cells. Our data confirm
that ex vivo-expanded γδ T cells can exert cytotoxicity against
PCa cells. 

We next generated prostaspheres and evaluated the
cytotoxicity of ex vivo-expanded γδ T cells against
prostasphere-derived PCa cells. Sphere-forming cultures expose
cancer cells to suboptimal conditions, including hypoxia and
low nutrient levels, and influence cell-cell contact. These
suboptimal conditions capture the biological characteristics of
tumors better than conventional adherent culture conditions, and
sphere-derived cell cultures show clinically relevant
chemoresistance and radioresistance (21, 22). In the present
study, prostasphere-derived PCa cells were resistant to ex vivo-
expanded γδ T cells, even though these cells exhibited cytotoxic
activity against the parental PCa cell lines.
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Figure 2. Human γδT cells exhibit cytotoxicity against six PCa cell lines pretreated with ZOL in vitro. The results are expressed as the percentage
of PI+ cancer cells (mean±SD; n=3) after 4 h of co-culture with human γδT cells at various effector:target (E/T) ratios. Dotted lines represent
cytotoxicity against cancer cells without ZOL treatment (–). Solid lines represent cytotoxicity against ZOL-treated cancer cell lines (+). *p<0.05;
**p<0.01; ***p<0.001; ns, not significant.



Finally, we confirmed that the expression of several CSC
markers, including CD133, NANOG, SOX2, and OCT4, was
increased on prostaspheres compared to parental PCa cells.
Expression of these markers by PCa cells is related to CSC
characteristics and resistance to ADT and chemotherapy (23-
28). ADT and stem cell-related signaling inhibitors have
been reported to have synergistic anti-tumor effects against
ADT-resistant PCa in vitro and in vivo (29, 30). It may
therefore be possible to achieve synergistic anti-tumor effects
by combining γδ T cell-directed immunotherapy with
inhibitors of stem cell-related signaling.

Taken together, we showed that prostasphere-derived PCa
cells had increased expression of stemness-related markers
and were resistant to lysis by human γδ T cells. These results
suggest that ex vivo-expanded γδ T cells will not be effective
against PCSCs. Further research is needed to clarify the
mechanisms of PCSCs resistance to human γδ T cells.

Future studies in our laboratory will investigate the
activation of stem cell signaling in PCSCs for developing
combination therapies targeting these mechanisms.
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Figure 3. Prostasphere-derived cancer cells are resistant to lysis by human γδT cells. (A) Microscopic images of parental PCa cell monolayers
(day 0, left panels) and prostaspheres (day 10, right panels). (B) Results are expressed as the percentage of PI+ cancer cells (means±SD; n=3)
after 4 h of co-culture with human γδ T cells. All PCSCs were pretreated with 5 μM ZOL prior to use in cytotoxicity assays. Comparison of the
cytotoxicity against parental PCa cells grown under traditional adherent culture conditions (white bars) and prostasphere-derived cancer cells
(black bars). **p<0.01. (C) Representative flow cytometry data from LNCaP cells, as summarized in (B). PI+ cells among CFSE+ tumor cells were
counted as apoptotic target cells.
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