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Abstract

Objective: Osteosarcoma is the most common primary tumor of the bone, predominantly affecting children and
adolescents. While localized osteosarcoma can be readily treated with the use of pre-operative chemotherapy in
combination with surgery, patients who develop metastatic disease and tumor-induced osteolysis continue to have a
poor prognosis. Many cancer cells express tumor-specific antigens, rendering them vulnerable to immune effector T
cell killing. There is increasing evidence that highly cytotoxic gamma delta (Vy9Vd2) T cells together with the bone
anti-resorptive drug zoledronate may hold significant clinical benefit in the treatment of a variety of tumor types.

Methods: Ex vivo expanded Vy9Vo2 T cells were used to assess effector-mediated killing of osteosarcoma cells
(BTK-143 and K-HOS) in response to zoledronate pre-treatment. An orthotopic mouse model of osteolytic
osteosarcoma was used to verify Vy9V®2 T cell cytotoxicity in combination with zoledronate on tumor growth,
osteolysis and metastasis.

Results: Pre-treatment of osteosarcoma cells with zoledronate enhanced Vy9Vo2 T cell rapid killing compared to
untreated cells in vitro via blockade of the mevalonate pathway. When adoptively transferred into osteosarcoma
bearing NOD/SCID mice in vivo, Vy9Vd2 T cells in combination with zoledronate potentiated the anti-cancer efficacy
of Vy9Vd2T cells and inhibited tumor induced osteolysis. Importantly, Vy9V&2 T cells alone reduced both the
incidence and burden of lung metastases.

Conclusion: This study demonstrated the dual-action of zoledronate to enhance the immunogenicity of
osteosarcoma cells to Vy9Vd2 T cell cytotoxicity and provide protection against tumor-induced osteolysis.
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Osteosarcoma is the most frequent primary malignancy of the bone

occurring in children and adolescents [1]. Advances in current
treatments, including neo-adjuvant chemotherapy followed by tumor
resection, have resulted in a 10-year overall survival rate of 70-80% for
patients with localized osteosarcoma [2]. However, off-target toxicity

Abbreviations: E:T- Effector Target Ratio; FBS- Foetal Bovine
Serum; IL-2- Interleukin-2; IPP- Isopentyl Pyrophosphate; i.t-
Intratibial; i.v- Intravenous; LDH- Lactate Dehydrongenase; MHC-

Major Histocompatibility Complex; NOD/SCID- Non-Obese Diabetic/
Severe Combined Immunodeficiency; PBMC- Peripheral Blood
Mononuclear Cells; PBS- Phosphate Buffered Saline; PVDEF-
Polyvinylidene Difluoride; RAP1- Ras-Related Protein 1; TBST- Tris
Buffered Saline-Tween 20; T.BV- Total Bone Volume; Tr.BV-
Trabecular Bone Volume; Vy9V2 T cells- Vgamma9 Vdelta2 T cell;
ZOL- Zoledronate

and the emergence of drug resistance can limit treatment efficacy and
severely impact patient’s quality of life. Aggressive osteosarcomas are
characterized by a high rate of tumor growth, tumor-induced
osteolysis and preferential metastases to the lungs, leading to poor
patient survival [3-6].

Immunotherapy has been reported to hold substantial promise to
improve the outcomes of patients with osteosarcoma [7]. To this end,
adoptive transfer of gamma delta (y§) T cells has gained momentum as
a potential new immunotherapeutic approach for targeting various

J Cancer Sci Ther, an open access journal
ISSN: 1948-5956

Volume 10(9) 262-266 (2018) - 262


mailto:bill.panagopoulos@adelaide.edu.au

Citation:

Zysk A, DeNichilo MO, Zinonos I, Liapis V, Hay S, et al. (2018) Zoledronate Enhances the Cytotoxicity of Gamma Delta T Cell

Immunotherapy in an Orthotopic Mouse Model of Osteolytic Osteosarcoma. J Cancer Sci Ther 10: 262-266. doi:

10.4172/1948-5956.1000554

solid and hematological malignancies [8-11]. The majority of y§ T cells
in human peripheral blood express VyoVé2 T cell receptors and
constitute 1-10% of circulating lymphocytes [12]. These unique T cells
can kill a broad range of tumors in a MHC-unrestricted manner, as
well as producing high levels of anti-tumor cytokines and cytotoxic
granules [13]. It is well documented that Vy9V82 T cells can be
activated and expanded by zoledronate (ZOL), a third-generation
nitrogen-containing bisphosphonate already used in cancer patients
with osteosarcoma and skeletal malignancies [14-17]. ZOL inhibits a
key enzyme in the mevalonate pathway, leading to the accumulation of
phospho-antigens, such as isopentenyl pyrophosphate (IPP) that is
recognized by VyoVva2 T cells [18]. Notably, ZOL pre-treatment has
been demonstrated to enhance the immunogenicity of cancer cells via
the accumulation of IPP’s, leading to their rapid killing by Vyové2 T
cells [17,19-21].

In the present study, we demonstrated that ZOL pre-treatment
sensitized highly metastatic and osteolytic osteosarcoma cells to
VYy9V82 T cell cytotoxicity in vitro. Furthermore, we showed that ZOL
pre-treatment of osteosarcoma-bearing mice, significantly enhanced
the anti-cancer efficacy of Vy9Vo2 T cells, greatly inhibited tumor-
associated bone destruction in vivo, and reduced both the incidence
and metastatic tumor burden within the lung. Thus, our study shows
that adoptive transfer of Vy9V82 T cells in combination with ZOL has
great potential as a novel immunotherapeutic approach for the
treatment of osteolytic osteosarcoma.

Materials and Methods

Cells and reagents

BTK-143 and K-HOS human osteosarcoma cancer cell lines were
obtained from ATCC (Manassas, VA, USA). Both cell lines express
luciferase produced by retroviral expression of the SFG-NES-TGL
vector [22]. Cancer cells were cultured in Dulbecco's Modified Eagle's
Medium (DMEM, Life Technologies, Australia) supplemented with
10% foetal bovine serum (FBS, Life Technologies, Australia), 100
IU/mL  penicillin  (Life Technologies, Australia), 100 pg/mL
streptomycin (Life Technologies, Australia) and 25 mM HEPES (Life
Technologies, Australia) at 37°C in a 5% CO, humidified atmosphere.
ZOL was sourced from Novartis Pharma AG. Antibodies against RAP1
and RAP1A were purchased from Santa Cruz Biotechnology, USA.

Ex vivo expansion and enrichment of Vy9Va2 T cells

Peripheral blood from healthy adult donors was obtained following
informed consent and Vy9V82 T cells were expanded as previously
described [23]. Briefly, peripheral blood mononuclear cells (PBMC)
were isolated by density gradient centrifugation using Lymphoprep™

(Axis Shield, Norway). PBMC were cultured in complete CTS"

OpTmizer  Medium supplemented with OpTmizer T cell Expansion
Supplement (Life Technologies, Australia), at a density of 1 x 10°
cells/mL in the presence of 5 uM ZOL and recombinant human IL-2
(100 TU/ml) (BD Pharmingen, USA) on the first day of culture, then
supplemented with IL-2 every 3 days for the duration of the culture.
Following 8-10 days of culture, cells were enriched using magnetic
activated cell sorting (MACS) system using negative selection with the
TCR y/8+ T cell Isolation Kit (human) (Miltenyi Biotec, Germany).
Purity of Vy9V82 T cells was determined by flow cytometry analysis.
The percentage of Vy9V2 T cells from donors was consistently >95%.

Cell cytotoxicity assay

The cytotoxicity of human ex vivo expanded Vy9Vo2 T cells against
osteosarcoma cell lines was assessed using the lactate dehydrogenase
(LDH) release assay (CytoTox 96° Non-Radioactive Cytotoxicity Assay;
Promega, USA) as per the manufacturer’s instructions. Briefly, 1 x 10*
target cells (K-HOS or BTK-143) were seeded in a 96-well microtiter
plate. After 24 hr, cells were pre-treated with or without 25 uM ZOL for
a further 24 hr before being cultured with Vy9V62 T cells at various E:
T (Effector: Target) ratios. After co-culture for 9 hr at 37°C, 50 pL of
supernatant was removed and assayed for LDH activity. Absorbance
(490 nm) was measured using a FLUOstar Optima plate reader (BMG
Labtech) and LDH activity quantified.

Western blotting

Whole-cell lysates of BTK-143 and K-HOS cells were collected
using RIPA lysis buffer (Sigma-Aldrich) supplemented with protease
cocktail inhibitor (Roche, Basel, Switzerland) and phosphatase
inhibitors (1 mM sodium vanadate and 0.5 mM sodium fluoride).
Lysates were resolved on 4-12% Bis-Tris gels and electrophoretically
transferred to Hybond-P PVDF membranes (GE Healthcare, UK).
Membranes were blocked in 5% skim milk/TBST and incubated with
1/1000 dilution of primary antibody in 1% skim milk/TBST, followed
by a 1/5000 dilution of alkaline phosphatase-conjugated secondary
antibodies (Thermo Fisher Scientific, USA). Immobilized antibodies
were detected with the ECF substrate reagent kit (GE Healthcare, UK)
according to the manufacturer’s instructions and antibody binding
visualized using the LAS4000 imaging system (GE Healthcare). Protein
levels were quantified by densitometric analysis using Image] 2014
(Version 1.49n, Bethesda, MD).

Animals

Animal studies were performed in accordance with the animal
protocol procedures approved by the Animal Ethics Committee of The
University of Adelaide and SA Pathology, and conform to the
guidelines established by the ‘Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes.

In vivo anti-tumor efficacy of ZOL and Vy9V32 T cells

Orthotopic intratibial (i.t) injections were performed as previously
described [22,24]. Briefly, five-week old female NOD/SCID mice were
anaesthetized and a 27-guage needle coupled to a Hamilton syringe
was used to inject 1 x 10° BTK-143 osteosarcoma cells in 10 pL of PBS,
directly through the tibial plateau into the bone marrow space. The
contralateral tibia served as the non-tumor bearing control. Once
tumors were established, mice were assigned into four treatment
groups (5 mice/group): Control (untreated), ZOL alone (100 ug/kg s.c),
Vy9V82 T cells alone (1 x 107/100 pL injected via the tail vein), and
ZOL+Vy9V82 T cells (infusion of VyoVo2 T cells 24 hr after ZOL).
Treatments were given at Day 8 and 14. Tumor bioluminescence was
monitored using the IVIS Spectrum as previously described [23]. After
3 weeks, mice were sacrificed, and lungs were imaged for ex vivo
bioluminescence to quantify lung metastases. Tumor bearing and non-
tumor bearing control tibia from each animal were surgically resected
for micro-computed tomography.
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Ex vivo micro-computed tomography (uCT) analysis

Mouse tibias for uCT analysis were scanned using the SkyScan-1076
high-resolution pCT Scanner (Bruker) as previously described [22,23].
Briefly, cross-sections were reconstructed using NRecon (V1.6.9.8,
Bruker). Images were realigned in DataViewer (1.5.1.2, Bruker) and
imported into CT Analyser (CTAn) (V1.14.4.1+, Bruker, Skyscan).
Using the two-dimensional images obtained from the CTAn, the total
bone (TBV) and trabecular (TbV) morphometric parameters were
quantified. Representative three-dimensional images of total bone were
generated in CTvox (V2.7.0, Bruker).

Statistical analysis

Data points derived from experiments are reported as the mean +
SEM. The statistical differences were detected by Student's t-test, and
two-way ANOVA followed by multiple comparison test using the
Bonferroni’s method where indicated, using Sigma Plot 2011 12.5
(Systat Software Inc., USA). p<0.05 was considered statistically
significant.

Results

ZOL pre-treatment enhances Vy9V2 T cell cytotoxicity
against human osteosarcoma cell lines in vitro and is
associated with inhibition of mevalonate pathway

The in vitro cytotoxicity of Vy9V82 T cells, in combination with
ZOL, was evaluated against osteolytic BTK-143 and osteosclerotic K-
HOS osteosarcoma cell lines. While Vy9V82 T alone exerted minimal
cytotoxicity, ZOL pre-treatment of cancer cells resulted in a significant
increase in cytotoxicity in both cell lines in an E: T dependent manner,
from 25.6% to 53.4% for BTK-143 and from 15% to 39% for K-HOS
cells when compared to untreated Vy9V$82 T cell control (Figure 1A).

The increased cytotoxicity was associated with ZOL-mediated
inhibition of prenylation, as evidenced by the accumulation of
unprenylated RaplA protein. As shown in Figure 1B and C, the
accumulation of unprenylated Rap1 was evident after just 4 hr of
exposure to ZOL (Figure 1B and C).

Adoptive transfer of VY9V82 T cells in combination with
ZOL reduces osteosarcoma burden in bone and in the lungs
and protects against osteosarcoma-induced bone destruction

BTK-143 cells were directly inoculated into the left tibiae of NOD/
SCID mice. Once tumors were established, ZOL was administered 24
hrs prior to the Vy9V2 T cell infusion at day 8 and 14. After 19 days,
no difference in tumor burden between the untreated, ZOL alone, or
VYyoV82 T cell alone treated groups was observed. In contrast,
combination of ZOL and Vy9V&82 T cell significantly decreased tumor
growth (Figure 2A and B).

BTK-143 osteosarcoma cell growth within bone leads to the
formation of predominantly osteolytic lesions [22]. Therefore, to
evaluate the effects of Vy9V2 T cells alone or in combination with
ZOL, on bone destruction, tibias were analyzed using three-
dimensional (3D) uCT imaging (Figure 2C).

Untreated animals showed the greatest osteolysis with 19.2% total
bone volume (T.BV) loss (Figure 2D) and a 43.6% loss of trabecular
bone volume (Tb.BV) (Figure 2E). In contrast and in line with the well-
known bone-protective effects of ZOL, treatment with ZOL alone

limited the loss of bone, resulting in only 7.3% T.BV loss and 36.2%
Tb.BV loss.
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Figure 1: ZOL sensitizes osteosarcoma cells to VyoVé2 T cell
cytotoxicity in vitro. Luciferase expressing BTK-143 and K-HOS
osteosarcoma cells were pre-treated with culture media (Control) or
ZOL at 25 uM for 24 hrs. Cancer cells were then co-cultured with an
increasing E:T ratio of ex vivo expanded VyoVo2 T cells (1:1, 5:1,
10:1) for 9 or 24 hrs. (A) Vy9V2 T cell cytotoxicity was measured
by LDH release following 9 hrs co-culture and indicated as
percentage cell death of tumor targets. (B) BTK-143 and K-HOS
osteosarcoma cells were treated with ZOL at 25 pM over 24 hrs at
the designated times. Cell lysates were prepared in sampling buffer
(1 x RIPA buffer, 10 mM sodium fluoride, 10 mM sodium
vanadate) and then subject to Western immunoblot analysis with
antibodies against total and unprenylated forms of RAP1. Antibody
against P-actin served as loading control. Quantification of
unprenylated RAP1A (uURAP1A) (C) Were normalized to { -actin/
RAP1A wusing Image] software, and expressed as fold change
compared to unstimulated control (0 hrs). Results are shown as the
mean + SEM of triplicate determinations performed in duplicate.
Statistical significance was calculated by unpaired two-tailed
Student’s t-test ($p<0.0001, +p<0.001, *p<0.05).

Animals treated with Vy9V82 T cells alone showed similar T.BV
loss compared with untreated animals (23.7% compared to 19.2%), but
greater Tb.BV loss (69.0% compared with 43.6%). In contrast, animals
treated with ZOL in combination with VyoV82 T cells, displayed a
1.5% gain in T.BV and only 8.4% Tb.BV loss.

To examine the efficacy of Vy9V2 T cells alone and in combination
with ZOL on the incidence and tumor burden of lung metastases,
tumor bioluminescence in the lungs was assessed (Figure 2F).
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Figure 2: ZOL potentiates the anti-cancer efficacy of VyoVvo2 T cells
against osteolytic osteosarcoma. 5-week old female NOD/SCID
mice were injected orthotopically with 1 x 10° BTK-143 cells into
the left tibial cavity. Once tumors were established, treatments (ZOL
100 pg/kg s.c; VY9VE2 T cells 1 x 107/100 pL i.v) were commenced
from Day 8. Mice were imaged weekly using the Xenogen IVIS-
Spectrum bioluminescence imaging system. (A) Representative
whole body BLI images of a single animal from each group (n=5)
during the course of the experiment. (B) Average tumor signal over
time expressed as mean Total Flux measured in photon counts per
second (p/s) and administered treatments indicated by the arrows.
(C) Representative pCT 3D images showing the osteolytic nature of
BTK-143 osteosarcoma lesions in each group. Quantitative image
analysis of (D) total bone and (E) trabecular bone volume is
expressed as a percentage difference between the tumor bearing
tibia and non-tumor bearing tibia. (F) Quantification of
bioluminescence within the lungs, expressed as mean Total Flux,
photon counts per second (p/s), with representative images of the
lungs from each treatment group after 19 days. Results are shown as
the mean + SEM. Statistical significance was calculated by two-way
ANOVA followed by multiple comparison test using the
Bonferroni’s method (fp<0.001, *p<0.05).

Three out of the five mice in the untreated group exhibited lung
metastasis, which was comparable to ZOL treatment alone, however,
ZOL reduced tumor burden by more than half compared to untreated
mice. VY9V82 T cells alone and in combination with ZOL, reduced
tumor incidence to one out of five and none of the animals in the
combination treatment displayed lung metastases.

Although osteosarcoma is considered an osteoblastic malignancy,
aggressive osteosarcomas are associated with extensive osteolytic bone
destruction. As a result, patients endure immense pain and are
susceptible to pathologic bone fractures. Immunotherapy, using
VYy9V82 T cells, has shown potent anti-tumor activity against several
tumour cells in vitro and in vivo [8-10]. Previous studies reported the
use of zoledronate in sensitizing osteosarcoma cells to Vy9V82 T cell
cytotoxicity that may complement current chemotherapies [19,25,26].
Using a murine model of osteolytic breast cancer, we have recently
demonstrated that combination treatment of ZOL and VyoV82 T cells
led to a reduction in breast cancer burden in bone and protected
against breast cancer-induced osteolysis [23]. ZOL administration in
patients with primary and metastatic bone cancer protects against
tumor-associated bone loss and increases bone density, resulting in a
reduction in skeletal related events, including fractures and
hypercalcemia [27-29]. Given ZOLs preferential uptake and protection
in bone, together with its role in triggering proliferation and increasing
the cytolytic properties of Vy9V82 T cells, this study is the first to show
the potential for this combination therapy to inhibit osteosarcoma
growth in bone and the subsequent cancer-induced bone destruction
while also limiting pulmonary metastasis. In line with our previous
published data, ZOL alone, inhibited tumor-associated bone loss but
had no effect on the growth of the primary tumor. Compared with
controls, the infusion of Vy9V82 T cell alone did not significantly
impact tumor burden and tumor-associated bone loss. In contrast, pre-
treatment with ZOL, 24 hrs prior to Vy9V82 T cell infusion,
significantly decreased tumor growth within the bone. Moreover, ZOL
in combination with Vy9V82 T cells showed increased protection from
osteosarcoma induced bone destruction, such that the tumor-bearing
tibia resembled the non-tumor bearing tibia with a significant
reduction in tumor growth. Importantly, and consistent with previous
findings [23,30], infusion of Vy9V82 T cells reduced the incidence and
tumor burden of lung metastases. It is also interesting to note that in
this instance, ZOL treatment alone did not limit lung metastases,
suggesting that the combination effect on lung metastases was
primarily due to the actions of Vy9V82 T cells.

A recent study showed that mice pre-treated with ZOL enhanced
the cytolytic effects of Vy9Vd2 T cells in an orthotopic model of
osteoblastic osteosarcoma [25]. In contrast, the present study
characterized the effects of ZOL and Vy9V62 T cells in a model of
osteolytic osteosarcoma. While this treatment regimen did not fully
eradicate the primary tumor, recent reports suggest that when VyoVv§2
T cells are used in combination with chemotherapy, or cancer-
targeting antibodies, the VyoV62 T cells display enhanced cytotoxicity
[31-33]. These findings suggest that further studies are required to
identify the optimal combination therapy that can fully eliminate
tumor burden.

Conclusion

In summary, the present study demonstrates that adoptive transfer
of ex vivo-expanded Vy9V82 T in combination with ZOL infusion
reduces osteosarcoma tumor growth, inhibits tumor-associated bone
loss, and limits lung metastases in a murine model of orthotropic
osteosarcoma. Therefore, this two-pronged approach may lead to
decreased disease severity in patients with osteolytic osteosarcoma.

J Cancer Sci Ther, an open access journal
ISSN: 1948-5956

Volume 10(9) 262-266 (2018) - 265



Citation: Zysk A, DeNichilo MO, Zinonos |, Liapis V, Hay S, et al. (2018) Zoledronate Enhances the Cytotoxicity of Gamma Delta T Cell
Immunotherapy in an Orthotopic Mouse Model of Osteolytic Osteosarcoma. J Cancer Sci Ther 10: 262-266. doi:

10.4172/1948-5956.1000554

Disclosure of Interest

The authors declare no conflict of interest.

Acknowledgments

A. Evdokiou is funded by The Hospital Research Foundation
(THRF) and Australian Breast Cancer Research (ABCR). The authors
would like to thank Ms Ruth Williams and Dr. Agatha Labrinidis from
Adelaide Microscopy (The University of Adelaide) for their technical
assistance with the SkyScan 1076 and related software.

References

1. Campanacci M (1999) Bone and soft tissue tumors. 20d eds. New York:
Springer.

2. Duchman KR, Gao Y, Miller BJ (2015) Prognostic factors for survival in
patients with high-grade osteosarcoma using the Surveillance,
Epidemiology, and End Results (SEER) program database. Cancer
Epidemiol 39: 593-599.

3. Ohba T, Cole HA, Cates JM, Slosky DA, Haro H, et al. (2014)
Bisphosphonates ~ inhibit  osteosarcoma-mediated  osteolysis  via
attenuation of tumor expression of MCP-1 and RANKL. ] Bone Miner
Res 29: 1431-1445.

4. Jeffree GM, Price CH, Sissons HA (1975) The metastatic patterns of
osteosarcoma. Br ] Cancer 32: 87-107.

5. Briccoli A, Rocca M, Salone M, Guzzardella GA, Balladelli A, et al. (2010)
High grade osteosarcoma of the extremities metastatic to the lung: Long-
term results in 323 patients treated combining surgery and chemotherapy,
1985-2005. Surg Oncol 19: 193-199.

6. Saha D, Saha K, Banerjee A, Jash D (2013) Osteosarcoma relapse as
pleural metastasis. South Asian J Cancer 2: 56.

7. Loeb DM (2009) Is there a role for immunotherapy in osteosarcoma?
Cancer Treat Res 152: 447-457.

8. Kabelitz D, Wesch D, Pitters E, Zoller M (2004) Characterization of
tumor reactivity of human V gamma 9V delta 2 gamma delta T cells in
vitro and in SCID mice in vivo. ] Immunol 173: 6767-6776.

9. Santolaria T, Robard M, Léger A, Catros V, Bonneville M, et al. (2013)
Repeated systemic administrations of both amino bisphosphonates and
human Vy9V82 T cells efficiently control tumor development in vivo. ]
Immunol 191: 1993-2000.

10. Sato K, Kimura S, Segawa H, Yokota A, Matsumoto S, et al. (2005)
Cytotoxic effects of gamma delta T cells expanded ex vivo by a third-
generation bisphosphonate for cancer immunotherapy. Int J Cancer 116:
94-99.

11. LiZ, Xu Q Peng H, Cheng R, Sun Z, et al. (2011) IFN- y enhances HOS
and U20S cell lines susceptibility to y§ T cell-mediated killing through
the Fas/Fas ligand pathway. Int Immunopharmacol 11: 496-503.

12. Carding SR, Egan P] (2002) Gammadelta T cells: Functional plasticity
and heterogeneity. Nat Rev Immunol 2: 336-345.

13. Hayday AC (2000) Gamma delta cells: A right time and a right place for a
conserved third way of protection. Annu Rev Immunol 18: 975-1026.

14. Kondo M, Sakuta K, Noguchi A, Ariyoshi N, Sato K, et al. (2008)
Zoledronate facilitates large-scale ex vivo expansion of functional gamma
delta T cells from cancer patients for use in adoptive immunotherapy.
Cytotherapy 10: 842-856.

15. Muraro M, Mereuta OM, Carraro F, Madon E, Fagioli F (2007)
Osteosarcoma cell line growth inhibition by zoledronate-stimulated
effector cells. Cell Immunol 249: 63-72.

16. Cui Q Shibata H, Oda A, Amou H, Nakano A, et al. (2011) Targeting
myeloma-osteoclast interaction with Vgamma9Vdelta2 T cells. Int J
Hematol 94: 63-70.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Mattarollo SR, Kenna T, Nieda M, Nicol AJ (2007) Chemotherapy and
zoledronate sensitize solid tumor cells to Vgamma9Vdelta2 T cell
cytotoxicity. Cancer Immunol Immunother 56: 1285-1297.

Kabelitz D, Dechanet-Merville J (2015) Recent advances in gamma/delta t
cell biology: New ligands, new functions, and new translational
perspectives. Front Immunol 6: 371.

Li Z, Peng H, Xu Q, Ye Z (2012) Sensitization of human osteosarcoma
cells to Vgamma9Vdelta2 T-cell-mediated cytotoxicity by zoledronate. J
Orthop Res 30: 824-830.

Benzaid I, Monkkénen H, Stresing V, Bonnelye E, Green J, et al. (2011)
High phospho-antigen levels in bisphosphonate-treated human breast
tumors promote Vgamma9Vdelta2 T-cell chemotaxis and cytotoxicity in
vivo. Cancer Res 71: 4562-4572.

Nakazawa T, Nakamura M, Park YS, Motoyama Y, Hironaka Y, et al.
(2014) Cytotoxic human peripheral blood-derived gamma delta T cells
kill glioblastoma cell lines: Implications for cell-based immunotherapy for
patients with glioblastoma. ] Neurooncol 116: 31-39.

Liapis V, Labrinidis A, Zinonos I, Hay S, Ponomarev V, et al. (2015)
Hypoxia-activated pro-drug TH-302 exhibits potent tumor suppressive
activity and cooperates with chemotherapy against osteosarcoma. Cancer
Lett 357: 160-169.

Zysk A, DeNichilo MO, Panagopoulos V, Zinonos I, Liapis V, et al. (2017)
Adoptive transfer of ex vivo expanded Vgamma9Vdelta2 T cells in
combination with zoledronic acid inhibits cancer growth and limits
osteolysis in a murine model of osteolytic breast cancer. Cancer Lett 386:
141-150.

Zinonos I, Labrinidis A, Lee M, Liapis V, Hay S, et al. (2009) Apomab, a
fully human agonistic antibody to DRS5, exhibits potent antitumor activity
against primary and metastatic breast cancer. Mol Cancer Ther 8:
2969-2980.

Wang S, Li H, Ye C, Lin P, Li B, et al. (2018) Valproic acid combined with
zoledronate enhance gamma delta T cell-mediated cytotoxicity against
osteosarcoma cells via the accumulation of mevalonate pathway
intermediates. Front Immunol 9: 377.

Jiang H, Xu Q, Yang C, Cao ZG, Li ZX, et al. (2010) Gamma delta T cells
stimulated by zoledronate kill osteosarcoma cells. Xi Bao Yu Fen Zi Mian
Yi Xue Za Zhi 26: 1195-1197.

Saad E, Gleason DM, Murray R, Tchekmedyian S, Venner P, et al. (2002)
A randomized, placebo-controlled trial of zoledronic acid in patients with
hormone-refractory metastatic prostate carcinoma. ] Natl Cancer Inst 94:
1458-1468.

Musto P, Petrucci MT, Bringhen S, Guglielmelli T, Caravita T, et al. (2008)
A multicenter, randomized clinical trial comparing zoledronic acid versus
observation in patients with asymptomatic myeloma. Cancer 113:
1588-1595.

Avilés A, Nambo M]J, Neri N, Castafieda C, Cleto S, et al. (2007)
Antitumor effect of zoledronic acid in previously untreated patients with
multiple myeloma. Med Oncol 24: 227-230.

Liu Z, Eltoum IE, Guo B, Beck BH, Cloud GA, et al. (2008) Protective
immunosurveillance and therapeutic antitumor activity of gamma delta T
cells demonstrated in a mouse model of prostate cancer. ] Immunol 180:
6044-6053.

Todaro M, Orlando V, Cicero G, Caccamo N, Meraviglia S, et al. (2013)
Chemotherapy sensitizes colon cancer initiating cells to VyoV2 T cell-
mediated cytotoxicity. PLoS One 8: e65145.

Tokuyama H, Hagi T, Mattarollo SR, Morley ], Wang Q, et al. (2008) V
gamma 9 V delta 2 T cell cytotoxicity against tumor cells is enhanced by
monoclonal antibody drugs--rituximab and trastuzumab. Int J Cancer
122:2526-2534.

Capietto AH, Martinet L, Fournié JJ (2011) Stimulated y§ T cells increase
the in vivo efficacy of trastuzumab in HER-2+ breast cancer. ] Immunol
87:1031-1038.

J Cancer Sci Ther, an open access journal
ISSN: 1948-5956

Volume 10(9) 262-266 (2018) - 266


https://www.springer.com/in/book/9783709138465
https://www.springer.com/in/book/9783709138465
http://dx.doi.org/10.1016/j.canep.2015.05.001
http://dx.doi.org/10.1016/j.canep.2015.05.001
http://dx.doi.org/10.1016/j.canep.2015.05.001
http://dx.doi.org/10.1016/j.canep.2015.05.001
http://dx.doi.org/10.1002/jbmr.2182
http://dx.doi.org/10.1002/jbmr.2182
http://dx.doi.org/10.1002/jbmr.2182
http://dx.doi.org/10.1002/jbmr.2182
http://dx.doi.org/10.1016/j.suronc.2009.05.002
http://dx.doi.org/10.1016/j.suronc.2009.05.002
http://dx.doi.org/10.1016/j.suronc.2009.05.002
http://dx.doi.org/10.1016/j.suronc.2009.05.002
http://dx.doi.org/10.4103/2278-330X.110483
http://dx.doi.org/10.4103/2278-330X.110483
http://dx.doi.org/10.1007/978-1-4419-0284-9_25
http://dx.doi.org/10.1007/978-1-4419-0284-9_25
https://doi.org/10.4049/jimmunol.173.11.6767
https://doi.org/10.4049/jimmunol.173.11.6767
https://doi.org/10.4049/jimmunol.173.11.6767
https://doi.org/10.4049/jimmunol.1300255
https://doi.org/10.4049/jimmunol.1300255
https://doi.org/10.4049/jimmunol.1300255
https://doi.org/10.4049/jimmunol.1300255
http://dx.doi.org/10.1002/ijc.20987
http://dx.doi.org/10.1002/ijc.20987
http://dx.doi.org/10.1002/ijc.20987
http://dx.doi.org/10.1002/ijc.20987
http://dx.doi.org/10.1016/j.intimp.2011.01.001
http://dx.doi.org/10.1016/j.intimp.2011.01.001
http://dx.doi.org/10.1016/j.intimp.2011.01.001
http://dx.doi.org/10.1038/nri797
http://dx.doi.org/10.1038/nri797
http://dx.doi.org/10.1146/annurev.immunol.18.1.975
http://dx.doi.org/10.1146/annurev.immunol.18.1.975
http://dx.doi.org/10.1080/14653240802419328
http://dx.doi.org/10.1080/14653240802419328
http://dx.doi.org/10.1080/14653240802419328
http://dx.doi.org/10.1080/14653240802419328
http://dx.doi.org/10.1016/j.cellimm.2007.11.005
http://dx.doi.org/10.1016/j.cellimm.2007.11.005
http://dx.doi.org/10.1016/j.cellimm.2007.11.005
http://dx.doi.org/10.1007/s12185-011-0885-9
http://dx.doi.org/10.1007/s12185-011-0885-9
http://dx.doi.org/10.1007/s12185-011-0885-9
http://dx.doi.org/10.1007/s00262-007-0279-2
http://dx.doi.org/10.1007/s00262-007-0279-2
http://dx.doi.org/10.1007/s00262-007-0279-2
http://dx.doi.org/10.3389/fimmu.2015.00371
http://dx.doi.org/10.3389/fimmu.2015.00371
http://dx.doi.org/10.3389/fimmu.2015.00371
http://dx.doi.org/10.1002/jor.21579
http://dx.doi.org/10.1002/jor.21579
http://dx.doi.org/10.1002/jor.21579
http://dx.doi.org/10.1158/0008-5472.CAN-10-3862
http://dx.doi.org/10.1158/0008-5472.CAN-10-3862
http://dx.doi.org/10.1158/0008-5472.CAN-10-3862
http://dx.doi.org/10.1158/0008-5472.CAN-10-3862
http://dx.doi.org/10.1007/s11060-013-1258-4
http://dx.doi.org/10.1007/s11060-013-1258-4
http://dx.doi.org/10.1007/s11060-013-1258-4
http://dx.doi.org/10.1007/s11060-013-1258-4
http://dx.doi.org/10.1016/j.canlet.2014.11.020
http://dx.doi.org/10.1016/j.canlet.2014.11.020
http://dx.doi.org/10.1016/j.canlet.2014.11.020
http://dx.doi.org/10.1016/j.canlet.2014.11.020
http://dx.doi.org/10.1016/j.canlet.2016.11.013
http://dx.doi.org/10.1016/j.canlet.2016.11.013
http://dx.doi.org/10.1016/j.canlet.2016.11.013
http://dx.doi.org/10.1016/j.canlet.2016.11.013
http://dx.doi.org/10.1016/j.canlet.2016.11.013
http://dx.doi.org/10.1158/1535-7163.MCT-09-0745
http://dx.doi.org/10.1158/1535-7163.MCT-09-0745
http://dx.doi.org/10.1158/1535-7163.MCT-09-0745
http://dx.doi.org/10.1158/1535-7163.MCT-09-0745
http://dx.doi.org/10.3389/fimmu.2018.00377
http://dx.doi.org/10.3389/fimmu.2018.00377
http://dx.doi.org/10.3389/fimmu.2018.00377
http://dx.doi.org/10.3389/fimmu.2018.00377
https://www.researchgate.net/publication/49665019_gammadelta_T_cells_stimulated_by_zoledronate_kill_osteosarcoma_cells
https://www.researchgate.net/publication/49665019_gammadelta_T_cells_stimulated_by_zoledronate_kill_osteosarcoma_cells
https://www.researchgate.net/publication/49665019_gammadelta_T_cells_stimulated_by_zoledronate_kill_osteosarcoma_cells
https://watermark.silverchair.com/1458.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAAh4wggIaBgkqhkiG9w0BBwagggILMIICBwIBADCCAgAGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMRB5xjPxMDGook_vvAgEQgIIB0TAn3_oeFYxBHHPwuvVE7z7D6b7XZUF12XTJ8WlAGUCn2hH4KWTEJHcfu_ct9HvU2ebooCm40K7X5hKi0-O9uzzFUrnmclYVJhpwMblZt85DnTDQ9U1iZw-n2_jZFb-vePq5ct_zv3_gvHpfZlOiN6zSooqzp7gEYEWa0a7ylfBpw1uVr6OvQjsE6GhuW0eP5yerX0FolqEg10wBnCEgza63W15M5s0c7xDgFMPnTF9e4o1Tb_VH5MJVOoIx14qQqMJCcCPEZRrxSyCDZc-riVLVMHAP4gl2IyP3ODBEp9wydmHliTJKGuW-F8E3cHLeNnlm4c_GCHLyfOSnImdxKCF827DhUEmx6eqVYSjkiLfBOFlSZ33AEfMz4A7ysOTrA_83MFr7kJHBw73BVga8t5xm7B4KgtsNiNXbakEPL9tOF9s6pSFHOKZktbUJrgrgMNFao9xWhd92CeoLMn8Qg4oJ_DHx60nVlh1l8xzjpnhnc2ON30cy9tcim69I7DICHYVfNQH0ouLlCt_qqOUuPDEcfUh0her1IU8SE-oe-Pk-YGXnce6zHjMsecLnG3XFdOoCEwea5w_Drwz6w6uxEcjq1NSTn_BDLxgQY284MgFkrg
https://watermark.silverchair.com/1458.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAAh4wggIaBgkqhkiG9w0BBwagggILMIICBwIBADCCAgAGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMRB5xjPxMDGook_vvAgEQgIIB0TAn3_oeFYxBHHPwuvVE7z7D6b7XZUF12XTJ8WlAGUCn2hH4KWTEJHcfu_ct9HvU2ebooCm40K7X5hKi0-O9uzzFUrnmclYVJhpwMblZt85DnTDQ9U1iZw-n2_jZFb-vePq5ct_zv3_gvHpfZlOiN6zSooqzp7gEYEWa0a7ylfBpw1uVr6OvQjsE6GhuW0eP5yerX0FolqEg10wBnCEgza63W15M5s0c7xDgFMPnTF9e4o1Tb_VH5MJVOoIx14qQqMJCcCPEZRrxSyCDZc-riVLVMHAP4gl2IyP3ODBEp9wydmHliTJKGuW-F8E3cHLeNnlm4c_GCHLyfOSnImdxKCF827DhUEmx6eqVYSjkiLfBOFlSZ33AEfMz4A7ysOTrA_83MFr7kJHBw73BVga8t5xm7B4KgtsNiNXbakEPL9tOF9s6pSFHOKZktbUJrgrgMNFao9xWhd92CeoLMn8Qg4oJ_DHx60nVlh1l8xzjpnhnc2ON30cy9tcim69I7DICHYVfNQH0ouLlCt_qqOUuPDEcfUh0her1IU8SE-oe-Pk-YGXnce6zHjMsecLnG3XFdOoCEwea5w_Drwz6w6uxEcjq1NSTn_BDLxgQY284MgFkrg
https://watermark.silverchair.com/1458.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAAh4wggIaBgkqhkiG9w0BBwagggILMIICBwIBADCCAgAGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMRB5xjPxMDGook_vvAgEQgIIB0TAn3_oeFYxBHHPwuvVE7z7D6b7XZUF12XTJ8WlAGUCn2hH4KWTEJHcfu_ct9HvU2ebooCm40K7X5hKi0-O9uzzFUrnmclYVJhpwMblZt85DnTDQ9U1iZw-n2_jZFb-vePq5ct_zv3_gvHpfZlOiN6zSooqzp7gEYEWa0a7ylfBpw1uVr6OvQjsE6GhuW0eP5yerX0FolqEg10wBnCEgza63W15M5s0c7xDgFMPnTF9e4o1Tb_VH5MJVOoIx14qQqMJCcCPEZRrxSyCDZc-riVLVMHAP4gl2IyP3ODBEp9wydmHliTJKGuW-F8E3cHLeNnlm4c_GCHLyfOSnImdxKCF827DhUEmx6eqVYSjkiLfBOFlSZ33AEfMz4A7ysOTrA_83MFr7kJHBw73BVga8t5xm7B4KgtsNiNXbakEPL9tOF9s6pSFHOKZktbUJrgrgMNFao9xWhd92CeoLMn8Qg4oJ_DHx60nVlh1l8xzjpnhnc2ON30cy9tcim69I7DICHYVfNQH0ouLlCt_qqOUuPDEcfUh0her1IU8SE-oe-Pk-YGXnce6zHjMsecLnG3XFdOoCEwea5w_Drwz6w6uxEcjq1NSTn_BDLxgQY284MgFkrg
https://watermark.silverchair.com/1458.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAAh4wggIaBgkqhkiG9w0BBwagggILMIICBwIBADCCAgAGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMRB5xjPxMDGook_vvAgEQgIIB0TAn3_oeFYxBHHPwuvVE7z7D6b7XZUF12XTJ8WlAGUCn2hH4KWTEJHcfu_ct9HvU2ebooCm40K7X5hKi0-O9uzzFUrnmclYVJhpwMblZt85DnTDQ9U1iZw-n2_jZFb-vePq5ct_zv3_gvHpfZlOiN6zSooqzp7gEYEWa0a7ylfBpw1uVr6OvQjsE6GhuW0eP5yerX0FolqEg10wBnCEgza63W15M5s0c7xDgFMPnTF9e4o1Tb_VH5MJVOoIx14qQqMJCcCPEZRrxSyCDZc-riVLVMHAP4gl2IyP3ODBEp9wydmHliTJKGuW-F8E3cHLeNnlm4c_GCHLyfOSnImdxKCF827DhUEmx6eqVYSjkiLfBOFlSZ33AEfMz4A7ysOTrA_83MFr7kJHBw73BVga8t5xm7B4KgtsNiNXbakEPL9tOF9s6pSFHOKZktbUJrgrgMNFao9xWhd92CeoLMn8Qg4oJ_DHx60nVlh1l8xzjpnhnc2ON30cy9tcim69I7DICHYVfNQH0ouLlCt_qqOUuPDEcfUh0her1IU8SE-oe-Pk-YGXnce6zHjMsecLnG3XFdOoCEwea5w_Drwz6w6uxEcjq1NSTn_BDLxgQY284MgFkrg
http://dx.doi.org/10.1002/cncr.23783
http://dx.doi.org/10.1002/cncr.23783
http://dx.doi.org/10.1002/cncr.23783
http://dx.doi.org/10.1002/cncr.23783
https://doi.org/10.4049/jimmunol.180.9.6044
https://doi.org/10.4049/jimmunol.180.9.6044
https://doi.org/10.4049/jimmunol.180.9.6044
https://doi.org/10.4049/jimmunol.180.9.6044
http://dx.doi.org/10.1371/journal.pone.0065145
http://dx.doi.org/10.1371/journal.pone.0065145
http://dx.doi.org/10.1371/journal.pone.0065145
http://dx.doi.org/10.1002/ijc.23365
http://dx.doi.org/10.1002/ijc.23365
http://dx.doi.org/10.1002/ijc.23365
http://dx.doi.org/10.1002/ijc.23365
http://dx.doi.org/10.4049/jimmunol.1100681
http://dx.doi.org/10.4049/jimmunol.1100681
http://dx.doi.org/10.4049/jimmunol.1100681

	Contents
	Zoledronate Enhances the Cytotoxicity of Gamma Delta T Cell Immunotherapy in an Orthotopic Mouse Model of Osteolytic Osteosarcoma
	Abstract
	Keywords:
	Abbreviations:
	Introduction
	Materials and Methods
	Cells and reagents
	Ex vivo expansion and enrichment of Vγ9Vδ2 T cells
	Cell cytotoxicity assay
	Western blotting
	Animals
	In vivo anti-tumor efficacy of ZOL and Vγ9Vδ2 T cells
	Ex vivo micro-computed tomography (µCT) analysis
	Statistical analysis

	Results
	ZOL pre-treatment enhances Vγ9Vδ2 T cell cytotoxicity against human osteosarcoma cell lines in vitro and is associated with inhibition of mevalonate pathway
	Adoptive transfer of Vγ9Vδ2 T cells in combination with ZOL reduces osteosarcoma burden in bone and in the lungs and protects against osteosarcoma-induced bone destruction

	Discussion
	Conclusion
	Disclosure of Interest
	Acknowledgments
	References


