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ABSTRACT
Human gdT cell immunotherapy is well tolerated and has shown promising results in clinical trials;
however, its antitumor efficacy is limited, including results in solid tumors. Ex-vivo expanded gdT cell
stimulated by zoledronic acid (ZOL) activates the gdT cell subpopulation of so called Vg9Vd2 T cells. To
improve the clinical outcomes of Vg9Vd2 T cell (abbreviated as gdT cell here) immunotherapy, we aimed
to increase the cytotoxicity of gdT cells by focusing on two issues: recognition of tumor cells by gdT cells
and the effector (gdT cell)-to-target (tumor cell) (E/T) ratio. Ex vivo-expanded gdT cells showed potent
cytotoxicity against urinary bladder cancer (UBC) cells in in vitro assays. Combination treatment with
standard anticancer agents showed that low dose gemcitabine pretreatment significantly enhanced the
cytotoxicity of gdT cells by upregulating the expression of MICA and MICB (MICA/B), which are tumor-
associated antigens recognized by gdT cells. These effects were abrogated by small interfering RNA-
mediated knockdown of MICA/B in UBC cells, suggesting that pre-exposing cancer cells to anticancer
agents could be a promising strategy. A bladder instillation approach was used to increase the E/T ratio.
The efficacy of ex vivo-expanded gdT cell immunotherapy was examined in an orthotopic xenograft
model. In Vivo Imaging System analysis revealed the potent cytotoxicity of weekly intravesical
administration of gdT cells, and weekly gemcitabine pretreatment enhanced the cytotoxicity of gdT cells in
vivo. In conclusion, intravesical gdT cell immunotherapy and combination therapy with low dose
gemcitabine may be a promising strategy in UBC.
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Introduction

Urinary bladder cancer (UBC) is a common malignancy world-
wide. Approximately 70% of UBC patients are diagnosed with
non-muscle invasive UBC (NMIUC) by transurethral resection
of bladder tumors (TUR-Bt).1,2 Morales et al. reported the first
clinical use of intravesical Bacillus Calmette-Guerin (BCG) for
the treatment of NMIUC in 1976. Intravesical BCG treatment
reduces the risk of recurrence and progression to a greater extent
than other treatments and therefore continues to play a central
role in the treatment of NMIUC.3 There is currently no gold
standard for salvage intravesical therapy after BCG treatment
failure. In many cases, these tumors have the potential to prog-
ress to muscle invasive cancer, leading to systemic metastasis.4-6

Radical cystectomy remains the treatment of choice after BCG
failure, which inevitably impairs the quality of life of patients.3,4

Human Vg9Vd2 T cell immunotherapy may be a unique
potential therapeutic option. The activation of Vg9Vd2 T cells by
aminobisphosphonates in vitro and in vivo has been described first
by Wilheim and Kunzmann.7-9 gdT cells are T cells that express
TCRgd and consist of a small proportion of T cells in the periph-
eral blood.10-12 gdT cells recognize and are activated by non-pep-
tide phosphorylated antigens. Zoledronic acid (ZOL) is one of the
best studied nitrogen-containing aminobisphosphonates in the

field of gdT cell research. ZOL inhibits farnesyl pyrophosphonate
(FPP) synthase in the mevalonate pathway in target cells, leading
to the accumulation of isopentenyl pyrophosphate (IPP), which
stimulates and activates TCRgd.7-9,13,14

Ex-vivo expanded Vg9Vd2 T cells show potent cytotoxicity
against various types of cancer cells in a major histocompatibil-
ity complex (MHC)-unrestricted manner.7-9,15-18 Although sev-
eral clinical trials of systemic cancer immunotherapy using ex
vivo-expanded Vg9Vd2 T cells have been conducted, the results
are unsatisfactory. The effector (gdT cell)-to-target (tumor cell)
(E/T) ratio is an important factor determining cytotoxicity. We
hypothesized that the E/T ratio may be insufficient in the sys-
temic administration of ex vivo-expanded gdT cells, and that
effector cell administration into a localized body cavity such as
the urinary bladder may improve the E/T ratio to achieve a
maximum cytotoxic effect.

Anticancer agents have long been believed to suppress
immune functions in cancer patients because of bone marrow
suppression.19 However, recent studies show that some agents
integrate the cytotoxicity of immune cells against cancer cells.20,21

Therefore, we asked whether pretreatment of cancer cells
with standard chemotherapeutic agents would increase the
cytotoxicity of gdT cells.
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Pretreatment with gemcitabine at a low dose, which did not
induce cell death, increased the cytotoxicity of gdT cells by
upregulating the expression of MHC class I-related chain pro-
tein A/B (MICA/B), which gdT cells use to recognize cancer
cells. The safety and manageable toxicity of gemcitabine in the
clinical setting have been demonstrated, supporting that the
combination of gemcitabine and gdT cell therapy is a promis-
ing treatment strategy. The aim of the present study was to
investigate the cytotoxicity of ex vivo-expanded gdT cell-based
chemo-immunotherapy in vitro using cytotoxicity assays and
in vivo in an orthotopic xenograft model.

Results

Cell expansion using rhIL2 and ZOL gave rise to ex vivo-
expanded human Vg9Vd2 T cells with a well-differentiated
TCRgd positive phenotype

ZOL and recombinant human IL2 (rhIL2) play crucial roles in
the expansion of human gdT cells.22,23 ZOL at a dose of 5 mM
was added to AlyS505N medium supplemented with 10%

human AB serum on day 0 based on previous results showing
that the optimal ZOL concentration for stimulating human
gdT cells was 0.5–5 mM.24 In addition, cells were serially stimu-
lated with rhIL2 (100 U/ml) daily with a change to fresh
medium until the culture endpoint. After the expansion of gdT
cells, clusters and aggregates were observed starting on day 3.
On day 11, mature expanded gdT cells were harvested and fro-
zen under liquid nitrogen until use.

gdT cells were defined as CD3C/TCRgdC, and this popula-
tion was achieved in >80% of cultured cells on day 11 as shown
by flow cytometry (Fig. 1A). The absolute number of gdT cells
reached a maximum at 1600-fold expansion and the proportion
for Vg9Vd2 T cells among total T cells (CD3 positive cells) and
total gdT cells (TCRgd positive cells) was 73.6% and 92.0%
respectively on day 11 (Fig. 1B). The surface expression of
NKG2D, TCRVg9, and TCRVd2 in cultured gdT cells and the
intracellular levels of perforin and Granzyme B were deter-
mined on days 0 and 11. The results showed that ex vivo cul-
tured gdT cells expressed the NKG2D receptor on the cell
surface (Fig. 1C), and both the TCRVg9-positive lineage and
the TCRVd2-positive lineage were expanded by stimulation

Figure 1. Ex vivomature human gdT cells were expanded from PBMCs stimulated by ZOL and rhIL2. (A) Representative data from healthy volunteer-derived gdT cells. Iso-
lated PBMCs showed a minor subset of TCRgd-positive (gated on lymphocytes by FSC/SSC) cells on day 0. Representative flow cytometric analysis showing the profiles of
gdT cells in which>80% achieved a CD3C/TCRgdC population (red squares) on day 11. (B) The absolute cell number of gdT cells during 11 days of culture showed a max-
imum 1600-fold increase. Black bars: total cells; gray bars: gdT cells (upper graph). Proportion for Vg9Vd2 T cells among total T cells (CD3 positive cells) and total gdT cells
(TCRgd positive cells) was 73.6% and 92.0% respectively on day 11 (lower graph). (C) Expression of NKG2D on gdT cells. Representative flow cytometric profiles are shown
as histograms. Blue line: expression of NKG2D on gdT cells (gated on TCRgdC) on day 11; red line: background control. (D) Phenotypic analysis of gdT cells. Representative
flow cytometric profiles are shown as histograms (gated on TCRgdC). Lineage expressing Vg9Vd2 can be expanded by ZOL. Blue line: expression of TCRVg9 or TCRVd2 on
gdT cells (gated on TCRgdC) on day 11; red line: background control. (E) Intracellular granule (perforin, Granzyme B) staining was performed. Red line: day 0. Blue line:
day 11. Orange line: PBMCs stimulated with Cell Stimulation cocktail 500X (2 ml/ml) were used as positive controls. Representative images of histograms are shown.
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with ZOL and rhIL2 (Fig. 1D). Activation of ex vivo cultured
gdT cells was confirmed by the intracellular staining of granules
containing perforin and Granzyme B, which are important for
cancer cell apoptosis and could be detected at the culture end-
point compared with the beginning point. PBMCs on day 0
stimulated with the Cell Stimulation cocktail at 500 £ for 4 h
were also used as positive controls (Fig. 1E).

Human Vg9Vd2 T cells showed strong cytotoxicity against
UBC cells in in vitro cytotoxicity assays

UBC cells pretreated with 5 mM ZOL for 24 h showed
markedly increased sensitivity to human gdT cell-mediated
lysis after a 4 h co-culture (Fig. 2 and S1), consistent with previ-
ous reports showing that pretreatment of cancer cells with ZOL
is a promising approach to enhance the cytotoxicity of gdT
cells. The cytotoxicity of gdT cells was assessed by flow cytome-
try with CFSE/propidium iodide (PI) double staining. First,
UBC cells and UB cells were labeled with CFSE and seeded in
6-well plates. The next day, gdT cells were added to the plate at
the indicated E/T ratio. After 4 h of co-culture, PI was used to
distinguish living cells from those that had undergone cell
death. The percentage of PI-positive UBC cells markedly

increased according to the E/T ratio and ZOL pretreatment of
the target UBC cells (Fig. 2A, Fig. 2B, and S1). By contrast, gdT
cells showed little cytotoxicity against normal UB cells, consis-
tent with previous reports.19,25,26 Confocal microscopy scan-
ning revealed that CFSE-labeled gdT cells attached to PKH26-
labeled UBC cells, leading to apoptosis within 4 h of co-culture.
Representative images are shown (Fig. 2C), which indicate that
gdT cells may kill UBC cells in a contact-dependent manner.
Taken together, these results indicated that gdT cells exerted
potent cytotoxic effects against UBC cells.

Pretreatment with anticancer agents enhanced the
cytotoxicity of human Vg9Vd2 T cells against UBC cells

Pretreatment with 5 mM ZOL for 24 h increased the cytotoxic-
ity of gd T cells compared with that in the absence of ZOL pre-
treatment (Fig. 2A, Fig. 2B, and S1). We hypothesized that
pretreatment of cells with anticancer agents in combination
with ZOL may increase the cytotoxicity of gdT cells via an
immunomodulatory mechanism. To rule out potential bias
introduced by the cytotoxicity of the anticancer agents them-
selves, UBC cells were treated with gemcitabine (GEM) and cis-
platin (CDDP) for 24 and 72 h, and the growth inhibitory

Figure 2. In vitro cytotoxicity assays demonstrated that UBC cells were lysed by human Vg9Vd2 T cells. (A) UBC and UB cells were stained with 0.5 mM CFSE and stimu-
lated with or without 5 mM ZOL overnight. Results of typical flow cytometric analysis of gdT cell cytotoxicity in the T24 cell line are shown. (B) A summary of gdT cell cyto-
toxicity against several UBC cells and UB cells is shown. UBC and UB cells stained with CFSE 0.5 mM that were not co-cultured with gdT cells were used as the negative
control. Cytotoxicity assays were performed in the absence (blue bars) or presence (orange bars) of 5 mM ZOL pretreatment. Black spots indicate the apoptotic percen-
tages of CFSE stained baseline cancer cells. Mean value of triplicate wells is shown and representative data of three independent experiments are shown. (C) Imaging of
cancer cells lysed by human gd T cells using LSM 510. After 4 h of co-culture, gdT cells attached to cancer cells and lysed them by direct contact (blue arrows) (lower pan-
els). Scale bars, 50 mm and 200 mm.
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effects were examined using the WST-8 assay. The cytotoxic
effect of each agent against UBC cells is shown in Fig. 3A and
C. Based on the results of the WST-8 assay, cells were pre-
treated with 5 mM GEM or 5 mM CDDP for 24 h, a dose at
which these agents showed little cytotoxicity against UBC cells.
Pretreatment with GEM at 5 mM for 24h increased human gdT
cell-induced cytotoxicity; CDDP pretreatment had no effect
(Fig. 3B). As shown in Fig. 3A, these results suggested that the
increase in cytotoxicity was not a consequence of growth inhi-
bition by GEM pretreatment. Next, we investigated whether
pretreatment with other anticancer agents against UBC could
enhance the cytotoxicity of human gdT cells. Pretreatment of
cells with several agents at a low dose that did not inhibit cell
growth at 24 h followed by the WST-8 assay demonstrated their
synergistic effect on increasing the cytotoxicity of gdT cells in
combination with ZOL pretreatment with the following excep-
tions: mitomycin C (MMC) pretreatment in T24, adriamycin
(ADR) in TCCSUP, methotrexate (MTX) in TCCSUP, and vin-
blastine (VBL) in TCCSUP (Fig. 3D). In all cases, in the
absence of gdT cells, anticancer agents combined with ZOL
had little effects on cancer cell death (Fig. S3). Based on these
results, the next experiments aimed to elucidate the underlying
mechanisms.

Gemcitabine pretreatment upregulated MICA/B and ULBP
family expressions in UBC cells

To examine whether pretreatment with anticancer agents had an
effect onMICA/B expression, T24 and TCCSUP cells were treated
with several anticancer agents at sub-lethal concentrations, includ-
ing GEM, CDDP, MTX, VBL, ADR, and MMC. The results
showed that GEM and other agents upregulated MICA/B expres-
sion at a low dose that did not affect the growth of UBC cells,
whereas CDDP and ZOL had no effect (Fig. 4A, Fig. 4B, and S2).
Of these agents, we focused on GEM because it is a common drug
in the clinical setting, and the effects of GEM onMICA andMICB
mRNA expression were investigated in T24 and TCCSUP cells.
Quantitative RT-PCR analysis showed that treatment with 5 mM
GEM for 24 h upregulated bothMICA andMICB in T24 cells and
MICB in TCCSUP cells (Fig. 4C). We also examined whether pre-
treatment with GEM had an effect on other NKG2DL thanMICA/
B such as ULBP1 and ULBP2/5/6 in UBC cells. The results showed
that GEM significantly upregulated ULBP1 and ULBP2/5/6 as well
as MICA/B expression, at a low dose that did not affect the growth
of UBC cells, whereas ZOL had no effect (Fig. S4). By contrast, it
was of note that pretreatment with GEM didn’t change MICA/B
expressions on normal bladder cell line, HBEC-A (Fig. S5).

Figure 3. Pretreatment with anticancer agents synergistically enhanced human Vg9Vd2 T cell cytotoxicity against UBC cells along with ZOL pretreatment. (A and C)
Growth inhibitory effects on UBC cells. Cells were pretreated with various concentrations of anticancer agents for 24 and 72 h. Solid line: 24 h; dashed line: 72 h. Data rep-
resent the mean § SD of triplicate cultures. (B) Pretreatment with 5 mM gemcitabine for 24 h synergistically enhanced gdT cell cytotoxicity against T24 UBC cells along
with ZOL pretreatment, whereas 5 mM cisplatin had no effect. Data represent the mean § SD of triplicate wells. (D) Pretreatment with anticancer agents (MTX, VBL, ADR,
and MMC) enhanced gdT cell cytotoxicity in combination with ZOL except in some cases. Although agents had minimal cytotoxicity at lower concentrations (MTX, VBL,
ADR, and MMC at 100 nM) at 24 h, as determined by the WST-8 assay, pretreatment with these agents enhanced gdT cell cytotoxicity except in some cases (MMC pre-
treatment in T24, ADR in TCCSUP, MTX in TCCSUP, and VBL in TCCSUP). Statistical significance is displayed as �� for P < 0.01. N.S.: not significant.
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MICA/B-knockdown (MICA/B-KD) decreased the
cytotoxicity of human Vg9Vd2 T cells against UBC cells

To determine the effect of MICA/B-knockdown (MICA/B-KD)
on the cytotoxicity of gdT cells, MICA/B were knocked down
by siRNA transfection (siMICA/B). siMICA/B efficiently
downregulated MICA/B mRNA expression in control cells and
in 5 mM GEM-pretreated cells (Fig. 4D). To determine whether
the antitumor effect of gdT cells was mediated by the NKG2D
receptor, the cytotoxic effects of gdT cells were investigated in
MICA/B-KD UBC cells. The results showed that human gd T
cell-mediated cell lysis was significantly decreased in GEM-
treated MICA/B-KD UBC cells compared with that in siCon-
trol cells (Fig. 4E). However, the cytotoxicity of gdT cells was
higher in GEM-treated MICA/B-KD T24 cells than in
untreated MICA/B-KD T24 cells. One possible explanation was
that siMICA/B didn’t completely abrogate the basal activity of
MICA/B in GEM-treated T24 cells compared with untreated
T24 cells shown in Fig. 4D. This additive MICA/B activity
might contribute to the GEM induced cytotoxicity of gdT cells.

Another possible explanation might be that there are other
mechanisms contributing to the GEM-induced increase in
cytotoxicity (Fig. 4E). Next, we performed these experiments
using anti MICA/B blocking mAb instead of siRNA. The results
showed that human gdT cell-mediated cell lysis was signifi-
cantly decreased in GEM-treated MICA/B-blocking UBC cells
compared with that in GEM-treated isotype control cells
(Fig. 4F). Collectively, these data support the concept that
downregulation of MICA/B plays a critical role in the cytotox-
icity of gdT cells induced by GEM.

NKG2D receptor modulated the additional cytotoxicity
of human Vg9Vd2 T cells against UBC cells

To elucidate the role of NKG2D receptor in Vg9Vd2 T cells,
we conducted the NKG2D blocking experiments in T24 and
TCCSUP cells since other NKG2D ligands than MICA/B
could be blocked. The experiment protocol was the same
with the cytotoxicity assay performed in MICA/B knock-
down cells (Fig. 4E). We used the blocking mAb specific for

Figure 4. Changes of MICA/B expression in UBC cells following treatment with gemcitabine and in vitro cytotoxicity assay in MICA/B-knockdown UBC cells. (A) MICA/B expres-
sion in T24 and TCCSUP cells before and after ZOL, cisplatin, gemcitabine, and both ZOL and gemcitabine treatment. All agents were used at a concentration of 5 mM for
24 h. MICA/B expression was examined by FACS. A representative histogram is shown. Red histogram: background control; blue: no treatment; orange: agent treatment. (B)
Median fluorescence intensity (MFI) of MICA/B expression in each agent-treated sample was quantified and normalized to that of the untreated control sample. Data represent
the mean § SD of triplicate wells. (C) T24 and TCCSUP cells were treated with 5 mM gemcitabine for 24 h. MICA and MICB mRNA transcripts were examined by quantitative
RT-PCR. (D) Effects of MICA/B small interfering RNA (siMICA/B). (E) In vitro cytotoxicity assay was performed on MICA/B-knockdown UBC cells. (F) In vitro cytotoxicity assay was
performed on UBC cells in the presence of anti-MICA/B blocking mAb or isotype control. (G) In vitro cytotoxicity assay was performed on UBC cells in the presence of anti-
NKG2D blocking mAb or isotype control. Data represent the mean § SD of triplicate wells. Statistical significance is displayed as �� for P < 0.01.
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NKG2D instead of MICA/B. As expected, blocking of
NKG2D receptor resulted in a markedly inhibition of target
GEM-treated UBC cell lysis by gdT cells (Fig. 4G). These
data support our concept that GEM increases the cytotoxic-
ity of gdT cells via upregulation of NKG2D ligands.

Successful antitumor activity of human Vg9Vd2 T cells in in
vivo orthotopic UBC xenograft models

To determine whether gdT cells could exert strong antitumor
effects in vivo, we established an in vivo orthotopic UBC xeno-
graft model. For this purpose, 5–6-week-old female SCID mice
were intravesically administrated with 1.0 £ 106 UBC-luc cells
through a 24 gauge catheter on day 0. Of the luciferase trans-
fected UBC cell lines tested (T24, TCCSUP, and UMUC-3),
only UMUC-3 cell line could dwell and grow in the urinary
bladder of mice successfully. Therefore, we conducted in vivo
experiments focusing on UMUC3-luc cells. Anti-asialo GM1
antibody (100 mg/body, i.p.) was injected immediately before
UMUC3-luc cell transplantation on day 0 to deplete the NK
activities of these SCID mice as previously described.27 In vivo
orthotopic UBC xenografts were established and used to exam-
ine the antitumor activity of gdT cells (Fig. 5A). Mice were ran-
domized into two groups as follows: (i) gdT cell-treated (n D 6;
days 7, 14, 21, and 28; 1 £ 107 gdT cells along with 5 mM ZOL
dissolved in 150 ml PBS by intravesical injection) and (ii) PBS
treated (nD 7; days 7, 14, 21, and 28; 150 ml PBS by intravesical
injection). Mice were analyzed using an In Vivo Imaging System
(IVIS) (Fig. 5B). gdT cell-treated mice showed markedly lower
UMUC3-luc expressing bioluminescense intensity than PBS-
treated mice (Fig. 6A and D). In the experiments shown in
Fig. 6A, one mouse treated by gdT cell died at the 2-week. This
was a consequence of anesthesia because this mouse died
immediately after induction of anesthesia. Also, weekly,
repeated urethral ligation for 4h should be highly stressful for
5-6-week-old very young mice, sometimes mice unexpectedly
died irrelevant to cancer growth. By contrast, PBS treated mice
obviously became weaken and moved slowly at 3-week and 4-
week. These mice undoubtfully died related to cancer growth.
In addition, we observed differences in the laparotomy findings,
with large intravesical tumors detected in PBS-treated mice,
whereas the bladders of gdT cell-treated mice were almost
intact on day 30 (Fig. 6B). In the histopathological analysis,
H&E-stained images of bladders showed gross tumor invasion
and mitotic cells in PBS-treated mouse specimens. By contrast,
inhibition of tumor growth was obvious and tissues were
almost intact in gdT cell plus ZOL-treated mice, and the nor-
mal structures were preserved, similar to control mice
(Fig. 6C). Collectively, these data demonstrated that gdT cells
have strong antitumor activity in orthotopic xenograft models
without prominent adverse effects on the normal urinary
bladder.

GEM increased the cytotoxicity of human Vg9Vd2 T cells in
combination with ZOL in an orthotopic xenograft model

The in vivo antitumor effects of gdT cells and ZOL in combina-
tion with GEM were examined in our orthotopic xenograft

Figure 5. Experimental design of the in vivo orthotopic mouse model. (A) Example
of the 5–6 week orthotopic xenograft model. On the initial day, mice were intra-
vesically treated with UMUC3-luc expressing cells (1.0 £ 106 cells) following anti-
asialo GM (100 mg/body i.p.) antibody treatment. (B) Flowchart of the experimen-
tal design. UMUC3-luc cells (1 £ 106) were orthotopically transplanted into 5–6-
week-old female SCID mice by intravesical administration on day 0. The trans-
planted tumors were allowed to establish for 7 days. The mice were then random-
ized and divided into two groups followed by treatment by intravesical injections
of 1 £ 107 gdT cells along with 5 mM ZOL or PBS once a week for a total of four
injections. (C) Flowchart of the experimental design in combination with gemcita-
bine. Same as in (B), with intraperitoneal gemcitabine pretreatment once a week
for a total of four injections (days 6, 13, 20, and 27).
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Figure 6. In vivo effects of Vg9Vd2 T cell weekly intravesical repeat treatment in combination with gemcitabine in an orthotopic mouse model. (A) Effects of weekly
repeat treatment with gdT cells combined with 5 mM ZOL. Numbers in white denote gdT cell plus ZOL-treated mice, whereas numbers in red denote PBS-treated mice
(vehicle control). The bioluminescense intensity of gdT cell plus ZOL-treated mice was markedly inhibited when compared with that in the vehicle-control arm, especially
at 3 and 4 weeks. A blank space under the number indicates that the mice died during the analysis period. Representative images of three independent experiments are
shown. (B) Representative laparotomy findings on day 30. Upper: PBS treatment; lower: gdT cell with 5 mM ZOL treatment. (C) Representative images of H&E-stained blad-
der sections on day 30. Left: PBS-treated mouse; middle: gdT cell-treated mouse; right: non-tumor transplanted mouse (control). Original magnification: £ 10 (upper pan-
els), £ 20 (lower panels); scale bars: 100 mm (upper panels), 50 mm (lower panels). (D) Results of IVIS measurements. Experimental design is shown in Fig. 5B. Tumor
growth was detected by cancer cell expressing luciferase signal (exposure: 3 min; binning: large) and bioluminescence intensity was quantified using the region of inter-
est (ROI) tool. Results are expressed as the mean § SEM (n D 6–7 per group). (E) Results of IVIS measurements in the four groups. The experimental design is shown in
Fig. 5C. Tumor burden and bioluminescence intensity were most reduced in the ZOL and gdT cell in combination with the gemcitabine group when compared with the
other groups. Weekly, repeated pretreatment with GEM (5 mM; dissolved in 200 mL PBS; four i.p. injections) synergistically enhanced the cytotoxicity of gdT cells when
compared with the GEM untreated group in vivo with a statistically significant difference. Results are expressed as the mean§ SEM (nD 4–6 per group). Statistical signif-
icance is displayed as �� for P < 0.01 and � for P < 0.05.
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model. At 6 days after tumor establishment, mice were ran-
domized into four groups, with two groups added to the two
groups described above: (iii) GEM C PBS-treated (5 mM GEM/
200 ml i.p. on days 6, 13, 20, and 27 C 150 ml PBS on days 7,
14, 21, and 28 by intravesical injection) and (iv) GEM C gdT
cells-treated (5 mM GEM/200 ml i.p. on days 6, 13, 20, and 27
C 1 £ 107 gdT cells along with 5 mM ZOL dissolved in 150 ml
PBS on days 7, 14, 21, and 28 by intravesical injection). Mice
were analyzed by IVIS weekly (Fig. 5C). Mice treated with gdT
cells plus ZOL in combination with GEM showed greater
decreases in tumor burden and bioluminescence intensity than
the other groups. Moreover, GEM pretreatment synergistically
enhanced the cytotoxicity of gdT cells in vivo when compared
with the group without GEM pretreatment and the difference
was statistically significant (P D 0.029) (Fig. 6E and S6). These
results indicated that gdT cell adoptive immunotherapy in
combination with GEM is an effective strategy against tumor
growth in vivo and may be a promising approach to the treat-
ment of UBC.

Discussion

Increasing evidence indicates that cancer immunotherapy with
ex vivo-expanded human Vg9Vd2 T cells and ZOL has cyto-
toxic effects on malignant tumors.28,29 Human Vg9Vd2 T cells
can recognize small nonpeptidic phosphorylated compounds
such as IPP through the TCRgd receptor, and ZOL pretreat-
ment is widely used to induce IPP accumulation in cancer
cells.14,30 TCRgd-mediated signaling constitutes the basis of
current gdT cell-based immunotherapeutic strategies against
cancer.31 Moreover, human Vg9Vd2 T cells recognize and kill
target cancer cells through a number of mechanisms, including
interactions between NKG2D and NKG2DL.

In 1999, Bauers et al. reported that MICA is a functional
ligand that stimulates the NKG2D receptor.32 NKG2D is a C-
type lectin receptor shared by NK cells, gdT cells, and CTLs,
which recognize NKG2DL such as MICA, MICB, and UL16-
binding proteins (ULBP1-6). MICA/B molecules are not
expressed in most normal tissues, whereas they are abundant in
many cancer tissues and virus or bacteria-infected transformed
cells. TCRgd stimulation alone is insufficient to fully achieve
gdT cell cytotoxicity, and an additional co-stimulatory signal
via receptors such as NKG2D is required.33 Rincon-Orozco
et al. and Wrobel et al. reported the function of NKG2D as cos-
timulatory receptor in tumor killing.34,35 Previous studies
highlighted the importance of NKG2D/NKG2DL interactions
for cancer cell recognition and gdT cell-mediated cytotoxic-
ity.34-37 In the present study, in vitro cytotoxicity assays demon-
strated that the cytotoxicity of gdT cells against UBC cells was
markedly increased by ZOL pretreatment (Fig. 2A, Fig. 2B, and
S1). Consistent with previous reports, human gdT cells showed
little cytotoxicity against normal UB cells (Fig. 2B and S1).32,37

Next, we determined the effect of anticancer agents on the cell
surface expression of MICA/B because low dose DNA damag-
ing anticancer agents upregulate NKG2DLs in various cancer
cell lines.38,39 Todaro et al. reported the effect of chemothera-
peutic agents on the stress-inducible upregulation in cancer ini-
tiating cells.40,41

Several anticancer agents affect immune reactions and upre-
gulate cancer antigens in target cells, thereby activating
immune cells.42-44 Skov et al. reported that HDAC inhibitors,
which have anticancer activity, upregulate NKD2DLs on the
surface of several cancer cells.45 In this study, the GEM and
other agents increased the cytotoxic effects of gdT cells despite
showing minimal cytotoxicity at the indicated concentrations
for 24 h (Fig. 3). GEM was mainly used in this study to increase
the sensitivity of gdT cell mediated cytotoxicity since GEM
remains the first line anticancer agent against UBC in clinical
setting. Thus, combinatory GEM and adoptive transfer of gdT
cell may be more clinically applicable than other agents. Next,
to determine whether the NKG2D-MICA/B signaling pathway
was involved in the increased cytotoxicity, we investigated the
effect of MICA/B-KD on the cytotoxicity of gdT cells against
UBC cells. Our results showed that siRNA against MICA/B sig-
nificantly abrogated the increased cytotoxicity (Fig. 4E). Also,
these findings were confirmed by MICA/B blocking experi-
ments (Fig. 4F). Moreover, other ligands than MICA/B such as
ULBP1-6 expression were also upregulated by GEM treatment
(Fig. S4) and blocking NKG2D receptor led to decreased UBC
cell lysis by gdT cells. These findings support the role of
NKG2D as a key receptor for the recognition of target cancer
cells and suggest that anticancer agents promote an “eat me-
like” signal by upregulating MICA/B in target cells. Combina-
tion gdT cell therapy incorporating low dose GEM to promote
the activation of gdT cells via NKG2D could be a promising
anticancer strategy.

Weekly, repeated intravesical gdT cell infusion therapy
showed a strong cytotoxic effect in our orthotopic xenograft
model (Fig. 6). In previous work, we reported that human gdT
cell intravesical treatment showed potent cytotoxicity in an in
vivo orthotopic xenograft model.46 In that study, mice were
divided into four groups as follows: (i) PBS infusion; (ii) gdT
cell infusion; (iii) ZOL infusion; and (iv) gdT cell plus ZOL
simultaneous infusion. Our results showed that gdT cells com-
bined with ZOL infusion treatment significantly decreased bio-
luminescense intensity in mice compared with other groups.
Based on these results, we tested the effect of simultaneous
infusion of gdT cells and ZOL, though it was different from in
vitro cytotoxicity assays, where ZOL was treated 24h prior to
gdT cell addition. In our previous study, intravesical treatment
was performed for five sequential days starting on day 4 after
tumor transplantation, when faint bioluminescense intensity
was detected by IVIS. Unlike our previous protocol, here we
used a weekly bladder instillation treatment protocol as it is a
clinically acceptable schedule. Moreover, we showed that low
dose GEM pretreatment synergistically enhanced the cytotoxic-
ity of gdT cells in our in vivo orthotopic xenograft model.

Kobayashi et al. reported that adoptive transfer of gdT cells
stimulated with 2M3B1PP combined with ZOL and rhIL2
against advanced renal cell carcinoma resulted in a good
response.47 Bennouna et al. reported the infusion of BrHHP-
stimulated gdT cells in non-small lung cell carcinoma patients
and showed that these autologous gdT cells were safe and well
tolerated.48 Although many clinical studies and trials of gdT
cell-based immunotherapy have been reported, the outcomes
were not necessarily satisfactory.49-51 One possible explanation
is that most of these clinical trials were implemented through a
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systemic infusion approach. This limitation could be overcome
if gdT cells can reach target cancer tissues locally. The bladder
instillation approach is therefore of interest because the urinary
bladder in pooled urine phase is an obstructive space, and gdT
cells can directly migrate into cancer tissues. Clinical trials of
intravesical gdT cell immunotherapy remain to be performed,
and the bladder instillation strategy may open up new avenues
in gdT cell research. The results of our in vivo mouse xenograft
experiments indicate that the bladder infusion approach may
be clinically applicable and could have beneficial effects in
patients with refractory UBC.

Currently, intravesivcal BCG therapy is the gold standard of
superficial bladder tumor treatment following TUR-Bt. How-
ever, we could not discuss about the possibility of combining
gdT cell adoptive transfer with BCG therapy using our ortho-
topic xenograft model since SCID mice lack the innate immune
system so as not to reject the transplanted human tumor cells,
one limitation might be that we could not examine the efficacy
of BCG, which depends on an intact immune system for ade-
quate response.

In conclusion, we showed that GEM pretreatment increased
the cytotoxicity of human gdT cells partially by upregulating the
NKG2D ligands MICA/B in target cancer cells. These results
indicate that gdT cell-based chemo-immunotherapy is a promis-
ing approach in combination with pretreatment with chemother-
apy agents. Our results strongly suggest that the bladder infusion
strategy could make a breakthrough in gdT cell-based immuno-
therapy. Further research is needed to uncover the mechanisms
underlying the increased cytotoxicity induced by chemotherapeu-
tic agents. We would like to plan an early phase clinical trial in
the near future to verify the efficacy and safety of intravesical
administration of gdT cells in human subjects.

Materials and methods

Cell lines and reagents

The UBC cell lines UMUC3, T24, and TCCSUP were pur-
chased from American Type Culture Collection. Luciferase sta-
bly-expressing cancer cell lines were generated by transfection
with Red Firefly vector (#16157 Thermo Fisher) using Lipofect-
amine 2000 (Invitrogen) according to the manufacturer’s
instructions, and all cancer cell lines were cultured in
RPMI1640 (Wako Pure Chemical Industries) supplemented
with 10% heat-inactivated fetal-bovine serum (FBS; Sigma
Aldrich) and 1% penicillin and streptomycin (PC/SM; Wako
Pure Chemical Industries). Cells were kept in a 37�C incubator
with 5% CO2, and all experiments were performed within 30
passages. HBEC-A (human normal urinary bladder epithelium)
was purchased (#KP-4109, Kurabo Corporation) and cultured
in UrolifeA medium using a proliferation kit (#LUC-LL0063,
Kurabo Corporation). ZOL was a gift from Dr. Yoshimasa
Tanaka, Nagasaki University, and recombinant human IL2
(rhIL2) (#093-03953) and anticancer agents (gemcitabine, cis-
platin, methotrexate, vinblastine, adriamycin, and mitomycin
C) were all purchased from Wako Pure Chemical. Anti-human
MICA/B antibody was purchased from eBiosciences (#12-5788,
clone6D4). siMICA/B and siControl were purchased from
R&D Systems (#sc-43931 and sc-37007).

Anti-human ULBP-1 antibody and anti-human ULBP-2/5/6
antibody were purchased from R&D Systems (#170818 and
#165903). CFSE was from Dojindo Corporation (#341-06443).

Expansion of human Vg9Vd2 T cells

Healthy donors provided written informed consent for the use
of peripheral blood for research purposes in accordance with
the Declaration of Helsinki and under approval by Kyoto Phar-
maceutical University Review Board. Peripheral blood mono-
nuclear cells (PBMCs) were isolated by density gradient
centrifugation using Ficoll-Paque (GE Healthcare). PBMCs
were cultured in AlyS505N medium (Funakoshi) supplemented
with 10% heat-inactivated AB human serum, and rhIL2 (100
U/ml) and ZOL (5 mM) were added on day 0, with additional
rhIL2 (100 U/ml) added every day during the culture period.
The medium was appropriately scaled up dependent on cell
expansion. These cells were used as effector cells (E) in the
cytotoxicity assay. Cells were analyzed by flow cytometry on
day 11 and CD3C/TCRgdC cells were determined as gdT cells.

Flow cytometric analysis

Cells were suspended in 100 ml PBS at a density of 1 £ 107

cells/ml and stained with fluorochrome-conjugated monoclonal
antibodies (mAbs) specific for cell surface antigens correspond-
ing to CD3-FITC (#555332), TCRab-PE (#564728), TCRgd-
APC (#555718), CD45-FITC (#555482), CD45-PE (#555483),
CD45-APC (#555485), TCRVg9-PE (#331307, cloneB3),
TCRVd2-PE (#555717) and NKG2D-FITC (#11-5878,
clone1D11). After 20 min incubation on ice in the dark, cells
were washed twice, and the pellet was resuspended in 500 ml
PBS and examined by flow cytometry on a FACSCalibur sys-
tem. Data were analyzed using Flowjo software (Flowjo LLC).

For intracellular staining, 5 £ 107/ml cells in 100 ml were
stained by TCRgd mAb, fixed, and permeabilized for 20 min
on ice with 4% paraformaldehyde (PFA) and 0.2% Tween 20.
Cells were then washed twice, resuspended in 100 ml PBS,
stained with anti-Perforin-Alexafluor 488 (#563764, clonedG9)
or anti-Granzyme B-PE mAb (#561142, cloneGB11), incubated
for an additional 20 min at room temperature in the dark, and
washed twice. Finally, cells were resuspended in 500 ml PBS
and examined by flow cytometry. To retain the granules inside
cells, the GolgiStop reagent (#554724, eBioscience) was added
during the final 4 h of culture. The Cell Stimulation cocktail
500 £ (#00-4970, eBioscience) was used to activate PBMCs as a
positive control in the presence of GolgiStop.

In vitro cytotoxicity assay

In vitro cytotoxicity was determined by flow cytometry using
CFSE and PI staining. Cancer cells were labeled with CFSE at a
final concentration of 0.5 mM and incubated for 30 min in a 5%
CO2 atmosphere. Then, CFSE-labeled cancer cells were centri-
fuged, washed twice, resuspended in complete medium, and
seeded at a density of 1.0 £ 106 cells per 2 ml medium per well
in 6-well plates. If indicated, immediately after UBC cells were
seeded to the 6-well plates, ZOL and/or anticancer agents were
added to the medium at the indicated dilution concentration.
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After 24 h of incubation, gdT cells (E/T ratio: 1/1, 5/1, and 10/1)
were added to each well after removing harmful anticancer
agents and replacing the medium with fresh medium. After co-
culture for 4 h, samples were collected, washed twice, the pellet
was resuspended in 500 ml PBS, and 2.5 ml PI (1 mg/ml) was
added to each sample before flow cytometric analysis. Samples
were examined using a FACSCalibur system, and the CFSEC/
PIC population was measured as apoptotic cancer cells. In
MICA/B blocking experiments, blocking mAb specific for
MICA/B (#558032, clone6D4, BD) or isotype control mAb
(#555571, cloneG155-178, BD) were added to the medium in
the 6-well plate at the final concentration of 2.5 mg/ml for
30 min, prior to co-incubation with gdT cells. In NKG2D block-
ing experiments, blocking mAb specific for NKG2D (#149810,
R&D) or isotype control mAb (#11711, R&D) were added to the
medium in the 6-well plate at the final concentration of 2.5 mg/
ml for 30 min, prior to co-incubation with gdT cells.

WST-8 assay

The antiproliferative activities of various anticancer agents
against UBC cell lines were examined using the WST-8 assay
according to the manufacturer’s protocol (Nacalai Tesque).
Briefly, 3.0 £ 104 cells per well were seeded in 96-well plates in
the presence of different concentrations of anticancer agents in
a final volume of 100 ml and incubated for 24 or 72 h at 37�C.
The Cell Count Reagent SF (Nacalai Tesque) was added at
10 ml per well. After incubation for 3 h, the absorbance at
450 nm (reference wavelength: 630 nm) was read using a
microplate reader (Model 680 Microplate Reader; Bio-Rad).
Values were normalized to the untreated (control) sample and
expressed as the relative fold increase.

SiRNA transfection of cancer cells

A predesigned double-stranded siRNA (MICA/B siRNA, sc-
43931, Santa Cruz Biotechnology Inc.) was used to inhibit
MICA/B expression. The siControl nontargeting siRNA (con-
trol siRNA-A, sc-37007, Santa Cruz Biotechnology Inc.) was
used as the reference control. Transfection was performed in
UBC cells using Lipofectamine RNAiMAX (Invitrogen) accord-
ing to the manufacturer’s protocol. Transfected cells were
seeded into 6-well plates at a density of 1 £ 106 cells per well
and incubated for 24 h. The expression of MICA and MICB
was analyzed by RT-PCR.

Reverse Transcription-Polymerase Chain Reaction (RT-
PCR)

Total RNA was extracted from UBC cells pretreated with or
without the indicated anticancer agents using the Illustra
RNAspin Mini RNA Isolation kit (GE Healthcare) following
the manufacturer’s protocol. RNA was quantified by NanoDrop
2000 (Thermo Fisher Scientific). Complementary DNA
(cDNA) was synthesized using the High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems). Quantitative
RT-PCR was performed using the Thermal Cycler Dice Real
Time System II (Takarabio). PCR amplification was performed
as follows: denaturation at 95�C for 10 sec, annealing at 55–

57�C for 15 sec, and extension at 72�C for 1 sec. The PCR reac-
tion was terminated after 40–50 cycles. The primer sequences
and probes were designed using the Universal Probe Library
(UPL). Primers used in this study were as follows:

MICA (Hu) gene: forward, 50-GGCATCTTCCCTTTTG-
CAC-30,

reverse, 50-GGACAGCACCGTGAGGTTAT30;
MICB (Hu) gene: forward, 50CTGAGAAGGTGGGGA

CGTA-30,
reverse, 50-CGAAGACTGTGGGGCTCA-30;
18S-rRNA gene: forward, 50-GCAATTATTCCCAT-

GAACG-30,
reverse, 50-GGGACTTAATCAACGCAAGC-30.
The relative expression of MICA and MICB in each sample

was normalized to that of 18S-rRNA (internal control).

Immunofluorescence image analysis

T24 cancer cells were labeled with PKH26 (red) (Sigma
Aldrich) and nuclei were labeled with Hoechst33342 (blue)
(Thermo Fisher Scientific) according to the manufacturer’s
instructions.

gdT cells were labeled with CFSE (green) at a final concen-
tration of 0.5 mM for 30 min in the dark. Images were captured
using a confocal laser scanning microscope (LSM510). Data
were analyzed by ImageJ software.

In vivo orthotopic UBC xenograft model

Female SCID mice (5–6-weeks old) were purchased from Japan
SLC and injected with 1 £ 106 UMUC3-luc cells dissolved in
150 ml PBS on day 0 by transurethral injection. On day 6 or 7,
mice were monitored by IVIS, and luciferase expressing cell sig-
nals were measured and quantified. In all intravesical proce-
dures, mice urethra were ligated immediately after gdT cells/
PBS infusions and ligated suture were released 4h later and
spontaneous voiding restarted.

If bioluminescence was not detected or extra urinary bladder
bioluminescence was suspected, mice were excluded from the
study. Mice were divided into two groups: group one received
intravesical administration of gdT cells (1 £ 107 cells) plus
5 mM ZOL dissolved in 150 ml PBS, followed by treatment
once a week for a total of four injections (days 7, 14, 21, and
28); group 2 received intravesical administration of 150 ml PBS
in the same way (days 7, 14, 21, and 28). Bioluminescense
intensity was monitored by IVIS weekly as cancer cell growth
can be visualized noninvasively. In the analysis using four
groups, the same experimental design was used except that
both groups were treated with 5 mM GEM dissolved in
200 ml PBS by intraperitoneal injection (days 6, 13, 20, and
27) before intravesical treatment once a week for a total of
four injections.

The relative fold change of each week’s value from the base-
line value (1 week) was individually calculated. All mouse
experiments were performed under pathogen-free conditions
in line with Institutional Animal Care protocols approved by
Kyoto Pharmaceutical University.
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Histopathology

Following IVIS measurements, the urinary bladder and kidney
were removed, excised, fixed in 4% PFA, paraffin embedded,
sectioned (3 mm), and stained with hematoxylin and eosin
(H&E). Images were captured using a microscope (Olympus
BX50).

Statistical analysis

Continuous variables were analyzed using the Student’s t-test.
Multiple comparisons between groups were made using the
Bonferroni/Dunn test. P-values of <0.05 were considered sta-
tistically significant.

Abbreviations

CFSE carboxy-fluorescein succinimidyl ester
GEM gemcitabine
MHC Major Histocompatibility Complex
MICA/B MHC class I-related chain protein A/B
NKG2D Natural Killer Group 2 member D
NKG2DL NKG2D ligand.
PBS phosphate buffered saline
TCR T cell receptor
UBC urinary bladder cancer
ZOL zoledronic acid
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