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Abstract

Bone metastases occur in over 75% of patients with advanced breast cancer and are responsible for
high levels of morbidity and mortality. In this study, ex vivo expanded cytotoxic V-y9Vv82 T cells
isolated from human peripheral blood were tested for their anti-cancer efficacy in combination
with zoledronic acid (ZOL), using a mouse model of osteolytic breast cancer. /n vitro, expanded
Vy9V62 T cells were cytotoxic against a panel of human breast cancer cell lines, and ZOL pre-
treatment further sensitised breast cancer cells to killing by Vy9V&2 T cells. V-y96d2 T cells
adoptively transferred into NOD/SCID mice localised to osteolytic breast cancer lesions in the
bone, and multiple infusions of Vy9Vv62 T cells reduced tumour growth in the bone. ZOL pre-
treatment potentiated the anti-cancer efficacy of Vy9Vv&2 T cells, with mice showing further
reductions in tumour burden. Mice treated with the combination also had reduced tumour burden
of secondary pulmonary metastases, and decreased bone degradation. Our data suggests that
adoptive transfer of Vy9Vv&2 T cell in combination with ZOL may prove an effective
immunotherapeutic approach for the treatment of breast cancer bone metastases.
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Introduction

Breast cancer is one of the most commonly diagnosed cancers in women worldwide.
Patients diagnosed with primary breast cancer have higher survival rates compared to those
diagnosed with the advanced disease, primarily due to cancer metastases [1]. Bone
metastases occur in over 75% of patients with advanced breast cancer, resulting in extensive
bone degradation leading to skeletal-related events (SREs) such as hypercalcemia, chronic
pain, fracture, spinal cord compression, and impaired mobility, all which greatly affect
quality of life [2,3]. Breast cancer bone metastases are predominately osteolytic due to
factors secreted by disseminated tumour cells that stimulate osteoclasts [4]. Activated
osteoclasts degrade bone and release growth factors from the matrix that further promote
tumour growth and bone destruction, perpetuating the “vicious cycle’ of cancer growth and
bone destruction [5]. Nitrogen-containing bisphosphonates (nBPs), a class of anti-resorptive
drugs, are currently used to inhibit osteoclast-mediated bone degradation in patients with
skeletal malignancies, including advanced breast cancer, however, this treatment is only
palliative and new therapeutic approaches are required [6,7].

Within the past decade, immunotherapy of cytotoxic gamma delta (-y8) T cells has been
gaining momentum as a potential therapeutic approach for targeting cancer. Human y& T
cells comprise a small population (1-10%) of circulating peripheral blood lymphocytes [8].
These primarily consist of the V52 chain in combination with Vy9(V-y9V&2) which are
stimulated and expanded in response of phosphoantigens (PAgs).

Activated Vy9V82 T cells have the ability to recognise target cells in an MHC-unrestricted
manner [9] via detection of PAgs, including isopentenyl pyrophosphate (IPP), an
intermediate of the mammalian mevalonate pathway. nBPs, including zoledronic acid (ZOL)
inhibit the mevalonate pathway resulting in IPP accumulation which activate and expand
Vy9Ve2 T cells [10-16].

Due to abnormal upregulation of the mevalonate pathway, tumour cells accumulate PAgs
resulting in recognition by Vy9V62T cells [17]. Activated Vy9V&2 T cells can then kill
cancer cells by releasing Thl cytokines, including TNF-a (tumour necrosis factor-alpha)
and IFN-y (interferon-gamma) [18-20] and cytolytic granules [10,19-21 1.Vy9V&2 T cells
also induce target cell death by death receptor/ligand interactions with TRAIL (Apo2L) [21],
and FASL (Fas ligand) [11]. As a result, expanded V-y9V82 T cells exert potent cytotoxicity
against a variety of solid and haematological malignancies, /n vitroand in vivo [10-
12,15,22,23].

Vy9V862 T cell immunotherapy has been assessed against a variety of solid and
haematological malignancies in early phase clinical trials (reviewed in Ref. [24]). While
these trials have deemed Vy9V62 T cell therapy safe, as a monotherapy the anti-cancer
efficacy, especially against advanced tumours has been underwhelming and requires further
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improvement. In addition to activating V-y9Vv&2 T cells, ZOL can also sensitise cancer cells
to killing by Vy9Vv&2 T cells both in vitroand in vivo [13-15,21,25]. Additionally, clinical
evidence demonstrates the potential of using V-y9Vvé2 T cell adoptive transfer in
combination with ZOL for the treatment of advanced renal cell carcinoma (RCC), malignant
ascites from gastric cancer, and other metastatic tumours [26-28].

As ZOL preferentially localises to the bone, an elegant approach for targeting cancer lesions
in the bone has emerged. Discussion in the literature have suggested that nBP administration
followed by adoptive transfer of V-y9Vv62 T cells would be an ideal two-pronged approach
for targeting cancers in the bone [29]. This immunotherapy would allow simultaneous
reduction of tumour-associated bone loss in addition to sensitising cancer cells to Vy9Vvé62 T
cell mediated cytotoxicity, inhibiting the vicious cycle of bone destruction and cancer
growth. To date, adoptive transfer of Vy9V62 T cells alone or in combination with ZOL to
specifically target cancers in the bone has not been fully investigated. In this study, we used
a murine model of osteolytic breast cancer, where breast cancer cells were implanted
directly into the tibia in NOD/SCID mice. We showed for the first time, that V-y9V&2 T cells
localised to osteolytic breast cancer lesions growing in the bone and that multiple infusions
of Vy9V82 T cells slowed tumour growth. We also showed that ZOL potentiated the anti-
cancer efficacy of Vy9Vv62 T cells, decreased tumour burden in the bone, inhibited tumour-
associated osteolysis, and decreased lung metastases tumour burden.

Materials and methods

Cells and reagents

ZR75 and T47D human breast cancer cell lines were obtained from American Type Culture
Collection. The MDA-MB231 human breast cancer derivative cell line MDA-MB231-TXSA
was kindly provided by Dr. Toshiyuki Yoneda (University of Texas Health Science Centre,
San Antonio, Texas). MDA-MB231-TXSA expressed GFP and luciferase produced by
retroviral expression of the SFG-NES-TGL vector, as previously described [30]. All cell
lines were cultured in DMEM (Life Technologies, Australia) supplemented with 10% foetal
bovine serum (FBS, Life Technologies, Australia), 100 IU/mL penicillin (Life Technologies,
Australia), 100 ug/mL streptomycin (Life Technologies, Australia), and 25 mM HEPES
(Life Technologies, Australia) at 37°C in a 5% CO, humidified atmosphere. ZOL was
generously provided by Novartis Pharma AG.

Ex vivo expansion of Vy9Vvé2 T cells

Informed consent was obtained prior to collection of peripheral blood from healthy adult
donors. PBMC were isolated immediately via density gradient centrifugation using
Lymphoprep™ (Axis Shield, Norway) following manufacturer’s instructions. PBMCs were
resuspended to 1 x 108/mL in CTS™ OpTmizer™ T Cell Expansion SFM (Life
Technologies, Australia) supplemented with OpTmizer™ T cell Expansion Supplement
(1:38 dilution) (Life Technologies, Australia), 10% heat-inactivated FBS (HI-FBS), 100
IU/mL penicillin, 100 ug/mL streptomycin, 2 mmol L-glutamine (Life Technologies,
Australia), 25 mM HEPES, 0.1% p-mercaptoethanol (Sigma-Aldrich, USA), 100 IU/mL
recombinant human interleukin 2 (rhIL-2) (BD Pharmingen, USA) and activated with 5 uM
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ZOL, and seeded into 6-well plates. Cell culture density was maintained at 1-2 x 108
cells/mL and replenished with fresh medium containing 100 IU/mL rhiL-2 only (without
ZOL) every 2-3 days. Following 7-8 days of culture cells were collected and enriched as
described below.

Enrichment of Vy9Vvé2 T cells

Ex vivo expanded V-y9V62 T cells were enriched prior to /n vitroand in vivo experiments
using negative selection MACS with the TCR y/6+ T cell Isolation Kit (human) (Miltenyi
Biotec, Germany). Cell viability and total cells numbers after enrichment were assessed
using trypan blue exclusion. Percentage of Vy9V&2 T cells were determined by flow
cytometry using PeCy5 conjugated anti-CD3 (clone UCHT1) (eBioscience, San Diego, CA,
USA) and FITC conjugated anti-Vy9 TCR from BD Biosciences (San Jose, CA, USA).
Analysis was performed on the BD FACSCanto Il Flow Cytometer (San Jose, CA, USA).
Percentages of V-y9V62 T cells were identified by gating on the lymphocyte population
using forward scatter/side scatter then on Vy9* CD3" double positive cells. After
enrichment, Vy9Vv62 T cell viability was >95%, and the percentage of Vy9Vv62 T cells was
consistently >97%.

Cell cytotoxicity assay

% Cytotoxicity=

Cytotoxicity of Vy9Vv&2 T cells against breast cancer cell lines was assessed using a
standard lactate dehydrogenase (LDH) release assay (CytoTox 96® Non-Radioactive
Cytotoxicity Assay; Promega, USA). Briefly, 1 x 10 target cells were seeded in triplicate in
a 96-well microtiter plate and allowed to adhere overnight. Target cells were then treated
with or without 25 uM ZOL for 24 h, and then co-cultured with V-y9V&2 T cells at 1:1,5:1
and 10:1 effector:target (E:T) ratio, with Vy9V&2 T cells as the effector, and cancer cells as
the target. After incubation for 9 h at 37°C, 50 pLof supernatant was assayed for LDH
activity following the manufactures protocol. The appropriate controls were prepared and
cytotoxicity was calculated as:

experimental release — effector spontaneous release — target spontaneous release

targetmaximumrelease — targetspontaneousrelease

Cell viability assay

MDA-MB231-TXSA cells expressed luciferase, which was the basis for a luciferase activity
viability assay using Dual Luciferase® Reporter Assay kit (Promega, Madison, WI, USA).
Briefly, 1 x 10* luciferase-tagged target cells were seeded in triplicate in a 96-well microtiter
plate and allowed to adhere overnight. Cells were then treated with or without 25 pM ZOL
for 24 h, and then co-cultured with Vy9V&2 T cells at 1:1,5:1 and 10:1 E:T ratios. After 24
h incubation, media was removed and cells were washed in PBS, then lysates were prepared
and analysed following the manufacturers protocol. Viability was calculated as:

experimental value

% Viability= x 100

untreated control value
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Measurement of DEVD-caspase activity

DEVD-caspase activity was assayed by cleavage of zDEVD-AFC (z-asp-glu-val-asp-7-
amino-4-trifluoro-methyl-coumarin), a fluorogenic substrate based on the peptide sequence
at the caspase-3 cleavage site of poly (ADP-ribose) polymerases (Kamiya Biomedical
Company, Seattle, WA, USA). Breast cancer cells were seeded at 1 x 104 cells/well in
triplicate a 96-well micraotiter plate and allowed to adhere overnight. Cells were then treated
with or without 25 pM ZOL for 18 h, then co-cultured with V-y9V&82 T cells ata 5:1 E:T
ratio for 2 h. Caspase activation was detected using DEVD-AFC, as previously described in
[31].

Western immunoblotting

Detection of unprenylated small GTPases, including RAP1, were used to indirectly
determine the extent of FPPS inhibition by ZOL, which correlates with increased IPP levels,
resulting in the increased detection of cancer cells by Vy9Vvé2 T cells and greater
cytotoxicity. To determine the effect of ZOL on the prenylation of small GTPases in the
breast cancer cells, lysates were analysed by Western immunoblotting for total and
unprenylated RAP1. Briefly, 1 x 106 breast cancer cells were seeded in a 25-cm? flask,
allowed to adhere, and then treated with 25 pM ZOL for 18 h or over a 24 h time course.
Lysates were prepared and separated as previously described [31] and immunodetection was
performed overnight at 4°C in PBS/blocking reagent containing 0.1% Tween-20, using the
following primary antibodies at the dilutions suggested by the manufacturer: pAb anti-RAP1
(121) for total RAP1 protein, pAB anti-RAP1A (C-17) specifically for unprenylated RAP1
(Santa Cruz Biotechnology, USA), and anti-actin mAb (Sigma—-Aldrich, USA) as a loading
control. Membranes were then rinsed several times with PBS containing 0.1% Tween-20 and
incubated with 1:5000 dilution of anti-goat or anti-rabbit alkaline phosphatase-conjugated
secondary antibodies (Thermo Fisher Scientific, USA) for 1 h. Visualisation of protein bands
was performed using the ECF substrate reagent kit (GE Healthcare, UK) on a LAS-4000
(GE Healthcare, UK).

Labelling Vy9Vve82 T cells with DiR

Animals

Vy9V&2 T cells were expanded ex vivo and enriched as described above, washed in PBS,
and resuspended to 2 108 cells/mL in RPMI-1640 media (Life Technologies, Australia)
supplemented with 0.1% HI-FBS. XenoLight DiR Fluorescent Dye (Perkin Elmer, USA)
was reconstituted in ethanol and added to cells at a final concentration of 16.6 ug/mL. Cells
were incubated in the dark for 10-15 min at 37°C, then collected and washed three times in
PBS containing 1% HI-FBS. Cell viability was assessed using trypan blue exclusion;
labelling efficacy was assessed by flow cytometry using the filter corresponding to PeCy7;
and cytotoxicity was assessed using the DEVD-Caspase assay, as outlined above.

Female four-week-old non-obese diabetic severe combined immunodeficient (NOD/SCID)
mice were purchased from the Animal Resources Centre (Canning Vale, WA, Australia) and
housed under pathogen free conditions in The Queen Elizabeth Hospital Experimental
Surgical Suite (Woodville, SA, Australia). Mice were acclimatised to the animal housing
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facility and the general wellbeing of animals was monitored continuously throughout the
experiment. All experimental procedures were carried out with strict adherence to the rules
and guidelines for the ethical use of animals in research and were approved by the Animal
Ethics Committees of the University of Adelaide and the Institute of Medical and Veterinary
Science, Adelaide, SA, Australia.

In vivo fluorescence and bioluminescence imaging

Non-invasive, whole body imaging to monitor DiR-labelled Vy9V&2 T cell localisation and
luciferase-tagged MDA-MB231-TXSA cancer cell growth /in vivowas performed on the
IVIS Spectrum /n vivo Imaging system (Caliper Life Sciences, Australia). For fluorescence
imaging, mice were anaesthetised by isoflurane (Veterinary Companies of Australia,
Australia) and fluorescence images were acquired using the optimised settings for DiR dye:
f stop: 2, medium binning, ex/em: 745/800 nm. Images were taken at multiple time points,
up to 120 s. For bioluminescence imaging, mice were injected s.c with 100 pL D-luciferin
solution (Perkin Elmer, USA) to a final dose of 3 mg/20 g mouse body weight and then
anaesthetised by isoflurane. Bioluminescence was acquired between 0.5 and 30 s
(representative images shown at 1 s). Photon emission was quantified as Total Flux
measured in [photons/second] using Living Image 4.2 (Caliper Life Sciences, Australia).
There was no interference between the DiR dye and the luciferase-tagged cancer cells,
therefore fluorescence and bioluminescence images could be acquired in succession to
assess Vy9Vve2 T cell localisation.

Intratibial injections of breast cancer cells

Intratibial (i.t) injections were performed as previously described [30]. Briefly, five-week old
female NOD/SCID mice were anaesthetised by isoflurane (Veterinary Companies of
Australia, Australia). The left leg was shaved, then wiped with 70% ethanol and a 27-guage
needle coupled to a Hamilton syringe was used to inject luciferase-tagged MDA-MB231-
TXSA (1 10° cells) resuspended in 10 uL PBS through the tibial plateau into the marrow
space. The contralateral tibia was not injected.

In vivo localisation

I.t injections were performed as described above, and once tumour were established, mice
were injected 5 ¢ 10° DiR-labelled Vy9V&2 T cells i.v (n = 5). Fluorescence and
bioluminescence images were acquired as described above after 20 min, 1 h, 24 h and 6
days.

In vivo anti-cancer efficacy of ZOL and Vy9Vv82 T cells

I.t injections were performed as described above and two days post inoculation, tumour
growth was assessed by bioluminescence imaging using the 1VIS Spectrum. When tumours
were established, mice were assigned into four treatment groups (n = 4-6): control,
ZOLalone (100 pg/kg s.c), Vy9Vvé2 T cells alone (1 x 107 Vy9V82T cells injected i.v via
the tail vein), and ZOL in combination with Vy9V62 T cells (infusion of Vy9Vvé62 T cells
24 h after ZOL, treatments as above). If pain relief was required, Rimadyl (carprofen)
(Pfizer Animal Health, Australia) was administered at 5 mg/kg s.c every 24 h for a
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maximum of three days. After 3 weeks treatment, mice were sacrificed and the tumour
bearing and non-tumour bearing tibia from each animal were surgically resected for micro-
computed tomography (UCT).

Ex vivo micro-computed tomography (UCT) analysis

Histology

Tibias for uCT analysis were scanned using the SkyScan-1076 high-resolution uCT Scanner
(Bruker). The scanner was operated at 50 kV, 110 A, rotation step of 0.5, 0.5-mm
aluminium filter, and scan resolution of 7.8 pm/pixel. Cross-sections were reconstructed
using the cone-beam algorithm in NRecon (V1.6.9.8, Bruker). Images were then 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 growth plate was
identified and 600 sections starting from the growth plate/tibial interface and moving down
the tibia were selected for quantification of total bone morphometric parameters and 200
sections starting 25 sections down from the growth plate, were selected for trabecular bone
morphometric parameters. Representative three-dimensional images were generated in
CTvox (V2.7.0, Bruker).

Tibias were fixed in 10% buffered formalin, followed by 6 weeks decalcification in 0.5 M
EDTA/0.5% paraformaldehyde in PBS, pH 8.0 at room temperature. Complete
decalcification was confirmed by radiography and tibias were then paraffin embedded and
sectioned longitudinally at 6 pum. Osteoclast-specific tartrate-resistant acid phosphatase
(TRAP) staining was conducted following the manufacturer’s protocol (386A, Sigma
Aldrich). Slides were then imaged using Nanozoomer-HT Digital Pathology (NDP,
Hamamatsu) and photos were acquired at 4x and 40x magnification using Nanozoomer
software NDP.view (V1.2.33, Hamamatsu). Osteoclast number was determined by counting
TRAP positive multi-nucleated (=3 nuclei) cells in a 1 mm? area below the growth plate.

Data analysis and statistics

Results

In vitro experiments were conducted at least twice using biological triplicates, and data
presented is mean = SEM, unless otherwise specified. A representative experiment is shown
for Western immunoblot data. Two-tailed unpaired Student’s t-test was used and in all cases
p-values <0.05 were considered statistically significant. All statistical analysis was
conducted using SigmaPlot v12.5 (Systat Software Inc., USA).

ZOL sensitises breast cancer cells to Vy9Vvé2 T cell cytotoxicity in vitro

The cytotoxicity of purified ex vivo expanded Vy9V62 T cells alone and in combination
with ZOL was first evaluated against a panel of human breast cancer cell lines. MDA-
MB231-TXSA showed cytotoxicity in an E:T dependent manner after 9 h co-culture with
Vy9V&2 T cells alone (maximum 28% specific lysis), while T47D and ZR75 cells were
relatively resistant. However, after 24 h pre-treatment with ZOL followed by 9 h co-culture
with Vy9V82T cells, there was a significant increase in cytotoxicity in each cell line which
occurred in an E:T dependent manner, resulting in a maximum of 18% (ZR75), 50% (T47D)
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and 80% (MDA-MB231-TXSA) specific lysis (Fig. 1A). Co-culture of each cell line with
Vy9V&2 showed a small but statistically significant increase in caspase-3 activation, with
the MDA-MB231-TXSA cells showing a 2-fold increase in caspase-3 activation after
Vy9V82 T cells alone (Fig. 1B). However, after 24 h pre-treatment with ZOL then 2 h co-
culture with V-y9V82 T cells, each cell line except ZR75, showed significantly higher
caspase-3 activation compared to Vy9V62 T cells alone. T47D and MDA-MB231-TXSA
showed a 1.7 and 5.3-fold increase in caspase-3 activation respectively (Fig. 1B).

To determine possible reasons for the differential sensitivity to V-y9V&2 T cells after ZOL
pre-treatment between the three breast cancer cell lines, we examined inhibition of RAP1
prenylation (a surrogate marker for inhibition of the mevalonate pathway) after 18 h of ZOL
treatment using Western immunoblot analysis. This method was used to indirectly determine
the extent of FPPS inhibition by ZOL, which leads to increased IPP levels, potentially
resulting in the increased detection of cancer cells by Vy9Vv62 T cells and greater
cytotoxicity. After 18 h pre-treatment with 25 uM ZOL, MDA-MB231-TXSA showed an
increase in unprenylated RAP1 compared to untreated control (Fig. 1C), while ZR75 and
T47D showed no detectable unprenylated RAP1 compared to untreated. A time course
analysis of MDA-MB231-TXSA treated with 25 pM ZOL, showed unprenylated RAP1 was
detectable as early as one hour post treatment and peaked at 24 h (Fig. 1D).

Since MDA-MB231-TXSA were consistently the most sensitive breast cancer cell line to
Vy9V62 T cell cytotoxicity, further experiments were conducted to establish an optimal
time course for Vy9Vv&2 T cell cytotoxicity after ZOL pre-treatment. A luciferase-based
activity assay was used to determine the viability of cancer cells after 24 h pre-treatment
with or without 25 pM ZOL followed by co-cultured with Vy9V&2 T cells for 4 or 24 h.
After a 4 h co-culture, V-y9V62 T cells alone did not reduce MDA-MB231-TXSA viability,
however, pre-treatment with ZOL greatly enhanced V-y9V&2 T cell cytotoxicity, resulting in
a significant decrease MDA-MB23-TXSA viability in an E:T dependent manner (maximum
46% viable) (Fig. 2A). In contrast, after a 24 h co-culture with Vy9V82T cells in the
absence of ZOL, an E:T dependent decrease in cancer cell viability (maximum 60% viable)
was observed (Fig. 2B). Pre-treatment of MDA-MB231-TXSA with ZOL further potentiated
the cytotoxicity of Vy9V&2 T cells resulting in almost 100% death of cancer cells at all E:T
tested (Fig. 2B).

Adoptively transfered Vy9V82 T cells localise to breast cancer lesions in the bone

To date, no studies have demonstrated localisation of V-y9V62T cells to tumours in the
bone. To examine the potential for V-y9V&2T cells to co-localise with tumours in the bone
microenvironment, a near infrared dye (DiR) was used to fluorescently label Vy9V82T cells
for live /in vivoimaging. We established a protocol that allowed consistent labelling of
Vy9V82 T cells, with a labelling efficiency of >80% as analysed by flow cytometry (Fig.
3A). Labelling Vy9V&2T cells with the fluorescent dye had no effect on the viability of
Vy9V62 T cells (data not shown), or on their ability to induce cell death of MDA-MB231-
TXSA cancer cells, compared to unlabelled Vy9Vv62 T cells (Fig. 3B). For localisation
studies, mice were inoculated with luciferase-tagged MDA-MB231-TXSA cancer cells
directly into the bone marrow cavity of the left tibia. After one week, tumours were
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established as measured by bioluminescence signal from the tibia. Fluorescently labelled
Vy9V&2 T cells were injected intravenously into the animals. Within 20 min of infusion,
fluorescence signal was detected only in the lungs and liver (data not shown). However, after
24 h, a strong fluorescence signal was also detected in the tumour bearing tibia,
corresponding to areas of tumour bioluminescence (Fig. 3C). At this time, fluorescence in
the lungs diminished, whereas the fluorescence signal persisted in the liver until the end of
the study, six days later. Overall, the fluorescence signal progressively declined over the next
six days, at which point, mice were sacrificed and tibias were imaged ex vivo. Mice showed
fluorescence which corresponded to areas of tumour bioluminescence in the tumour bearing
tibias (Fig. 3D), as well as fluorescence in the liver and spleen, which has been previously
reported with adoptive transfer of Vy9Vv62 T cells [23,32].

ZOL potentiates the anti-cancer efficacy of Vy9V82 T cells against osteolytic breast cancer
and reduces tumour burden of lung metastases

We next examined the /n vivo efficacy of ex vivo expanded Vy9V&2 T cells in a model of
osteolytic breast cancer. Mice were inoculated with luciferase-tagged MDA-MB231-TXSA
cells directly into the left tibia of mice. Treatments were initiated once tumours had
established, as measured by bioluminescence imaging. Animals were pre-treated with ZOL
24 h prior to Vy9V62 T cell adoptive transfer. This treatment regime was repeated three
times over two weeks. Animals treated with ZOL alone had no effect on tumour burden
when compared to untreated animals (Fig. 4). A trend showing decreased tumour growth,
which did not reach statistical significance, was observed in animals adoptively transferred
with Vy9Vv62 T cells alone compared to untreated control or ZOL alone treated animals. In
contrast, pre-treatment with ZOL, followed by adoptive transfer of Vy9V62 T cells,
potentiated the anti-cancer efficacy of V-y9V&2 T cells. These animals showed the smallest
tumours of all treatment groups, which was evident after the third infusion dose of Vy9V62
T cells. Additionally, Vy9V&2 T cells in combination with ZOL reduced pulmonary tumour
burden in those animals that developed lung metastases, compared to animals in the
untreated control or ZOL alone treated groups (Fig. 5).

ZOL in combination with Vy9V&2 T cells reduces tumour-induced osteolysis

MDA-MB231-TXSA breast cancer cells growing within the bone give rise to predominantly
osteolytic lesions [30,33]. To evaluate the ability of V-y9V&2 T cells alone or in combination
with ZOL to protect the bone from tumour-induced osteolysis, tibias were analysed using
three-dimensional (3D) UCT imaging and TRAP staining of bone sections was used to
visualise and quantify TRAP* osteoclasts.

Osteolysis was measured as a net loss of total bone volume (T.BV) and trabecular bone
volume (Th.BV) by comparing the tumour bearing tibia to the contralateral non-tumour
bearing tibia of the same animal. Qualitative and quantitative UCT showed bone loss in all
groups, but with notable differences in the extent of osteolysis (Fig. 6A). Animals that
remained untreated showed the greatest osteolysis, with a net loss T.BV of 16% compared to
the contralateral non-tumour bearing tibia. As expected, ZOL treatment reduced the extent
of osteolysis, to 7% T.BV. Vy9V62 T cells alone only marginally reduced the T.BV from
16% to 11%. In contrast, treatment with ZOL in combination with V-y9V62 T cells showed

Cancer Lett. Author manuscript; available in PMC 2017 August 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zysk et al.

Page 10

an additive effect in reducing osteolysis, with total BV loss of only 4%. Th.BV loss was
more profound in all treatment groups (Fig. 6B). Animals in the untreated group had a
Th.BV loss of 87%, Vy9V62 T cells alone increased Th.BV loss to 65% and ZOL treatment
alone increased Th.BV loss to 49%. ZOL in combination with V-y9V82 T cells had the least
Th.BV loss at 27%.

Untreated animals showed abundant TRAP* osteoclasts lining the bone surface, in contrast
to animals treated with ZOL alone or ZOL in combination with Vy9V&2 T cells (Fig. 6C).
Animals treated with ZOL alone showed a significant decrease in TRAP* osteoclasts
compared to untreated animals (Fig. 6D). A trend showing reduced osteoclast number was
observed in the V-y9V&2 T cell alone treated group, however this did not reach statistical
significance (Fig. 6D). Furthermore, there were no significant differences in osteoclast
number between animals treated with ZOL alone and ZOL in combination with Vy9V&2 T
cells (Fig. 6D), suggesting that ZOL alone was responsible for the observed decrease in
osteoclasts in the combination treatment group.

Discussion

In this study, we used a well-established murine model of osteolytic breast cancer to
examine the anti-cancer efficacy of adoptively transferred ex vivo expanded Vy9Vvé62 T cells
alone and in combination with ZOL. The MDA-MB231 derivative cell line, MDA-MB231-
TXSA, is a highly osteolytic breast cancer cell line which mimics abnormal osteoclast-
mediated bone degradation commonly seen in breast cancer bone metastases [30,33]. /n
vitro pre-treatment of MDA-MB231-TXSA with ZOL lead to a significant augmentation of
Vy9V&2 T cell mediated cytotoxicity, which was associated with a time-dependent
inhibition of RAP1 prenylation, a surrogate marker of the mevalonate pathway. However,
not all breast cancer cell lines were sensitised to Vy9Vv62 T cells following ZOL pre-
treatment. Observed differences may arise from the ability of cells to uptake nBPs, which
varies depending on cell type, and on mevalonate pathway activity [15,34]. Following ZOL
pre-treatment, MDA-MB231-TXSA showed the greatest inhibition of RAP1 prenylation,
suggesting the sensitivity of cancer cells to Killing by Vy9Vv&2 T cells after ZOL pre-
treatment correlated with the accumulation of intracellular PAgs after exposure to ZOL.

In vivo, we have demonstrated for the first time that adoptively transferred Vy9V62 T cells
localised to tumours in the tibia and persisted for up to 6 days following infusion. This is
consistent with previous findings in other soft tissue tumours including breast and prostate
cancer demonstrating the ability of Vy9V&2 T to localise to tumour lesions [23,32].
Adoptively transferred V-y9V82 T cells were also observed in the liver. When a substance is
injected intravenously via the tail vein, it is directly delivered to the liver, which accounts for
this observation.

When Vy9V&2 T cells were infused alone, there was minimal reduction in tumour burden in
the bone. However, pre-treatment of mice with ZOL greatly potentiated the anti-cancer
efficacy of adoptively transferred Vy9V62 T cells against tumour growth in bone and also
considerably reduced pulmonary metastases burden. This decrease in lung metastases is
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consistent with similar observations in both pre-clinical studies in prostate cancer [35] and
early phase clinical trials in patients with advanced renal cell carcinoma [26].

Given the well-characterised effects of ZOL on the mevalonate pathway and our /n vitro
observations showing inhibition of RAP1 prenylation, our data suggest that cellular
accumulation of IPP caused by inhibition of FPPS establishes greater recognition and
targeting of cancer cells by Vy9V62 T cells. Benzaid et al. demonstrated that mice treated
with ZOL showed IPP accumulation in mammary fat pad tumours [15]. Additionally, mice
that were infused with human PBMC in combination with ZOL and IL-2 showed /in vivo
expansion of Vy9V62 T cells, and treatment inhibited tumour growth, compared to
untreated animals and those treated with ZOL alone or PBMC + IL-2, with the authors’
suggesting cancer cells could internalise ZOL /n vivo [15]. However, following ZOL
administration there is a transient peak followed by rapid clearance of ZOL with its
permanent retention in bone, thus it is not available for internalisation by cancer cells
resident in the bone marrow. Additionally, using real-time intravital imaging within
mammary fat pad tumours, Junankar et al. recently showed that fluorescently labelled nBPs
were not internalise by cancer cells, but rather by tumour associated macrophages (TAMs)
[36], suggesting IPP accumulation within the tumour mass would arise from the TAM
population. Macrophages and osteoclasts are derived from the same lineage and both
internalise ZOL via fluid-phase endo-cytosis [37]. Within the bone, osteoclasts and
monocytes uptake nBPs [38], therefore it is reasonable to suggest that within the bone
tumour microenvironment, these cells uptake ZOL and cancer cells do not. Previously,
Ferrero et al. reported that mycobacterium tuberculosis pulsed macrophages produce
monocyte chemoattractant protein-1 (MCP-1) and IL-8, which promote chemotaxis of y& T
cells in vitro [39]. CCR2, a receptor for MCP-1, is expressed on activated Vy9Vvé2 T cells
[20] suggesting that macrophages and/or osteoclasts which have internalised ZOL may
attract activated Vy9Vv62 T cells to the tumour microenvironment resulting in greater anti-
cancer efficacy. However, further studies are required to examine the underlying
mechanisms of ZOL sensitisation /n vivo.

nBPs are well-characterised anti-bone resorptive agents, additionally, they are reported to
induce cancer cell death, inhibit proliferation, invasion, and angiogenesis /in vitro [40-45].
However, the current literature surrounding ZOL /n vivo anti-cancer efficacy is still
contradictory [46-51]. In this current study, frequent ZOL administrations inhibited cancer-
associated bone loss, however there was no effect on tumour burden. These findings are
consistent with previous studies from our laboratory using an intratibial model of orthotropic
osteosarcoma [50,51]. Interestingly, more frequent ZOL administrations at a lower dose
(metronomic dosing), were previously shown to inhibit both tumour growth and protect the
bone from tumour-associated osteolysis [48] indicating further /7 vivo optimisation to
reduce tumour growth in this model may be required.

In contrast to the well-known anti-bone resorptive effects of ZOL, the effect V-y9Vv&62 T cells
have on bone is still unclear. The first indication that V-y9Vv&2 T cells may contribute to
osteoimmunology was the correlation observed between Vy9V62 T cell depletion and the
incidence of bisphosphonate-associated osteonecrosis of the jaw in osteoporotic patients
treated with intravenous nBPs [52].1In this current study, Vy9V&2 T cells alone marginally
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inhibited tumour-associated bone loss; however, the mechanisms by which this occurs is still
unclear. Previous /n vitro studies demonstrated that activated donor-matched human y& T
cells inhibit osteoclast formation from PBMC [53] and Vy9V&2 T cells are cytotoxic
towards osteoclasts in co-culture with multiple myeloma cells [12]. Targeting osteoclasts
would result in increased bone volume, as observed in this current study. Vy9Vv62 T cells
also have the potential to produce IGF-1 and low levels of FGF-2 following antigen
stimulation [54]. IGF and FGF are osteoblast growth factors, suggesting that if V-y9Vvé62 T
cells are primed to produce these factors following localisation to the bone, in addition to
their potential cytotoxicity against osteoclasts, they could stimulate new bone resulting in a
net gain in bone volume. As Vy9V62 T cells also target cancer cells, they may have an
indirect effect on bone loss by reducing tumour growth and subsequently inhibiting the
‘vicious cycle’.

Collectively, this study demonstrates that ex vivo expanded Vy9V&2 T cells readily localise
to osteolytic breast cancer lesions in the bone and exhibit some anti-cancer efficacy, which is
enhanced following ZOL pre-treatment. Our data suggests that adoptive transfer of Vy9Vvé2
T cells in combination with ZOL would be beneficial in reducing tumour growth in bone and
tumour-associated osteolysis, while also limiting the potential for metastatic spread in
patients with advanced breast cancer, greatly reducing the morbidity of the disease.
However, further studies are required to understand the interactions between the bone micro-
environment, cancer cells, and /7 vivo ZOL uptake to optimise a treatment regimen that
achieves maximal anti-cancer efficacy.
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Fig. 1.
ZgL sensitises breast cancer cells to Vy9V&2 T cell cytotoxicity in vitro. A. ZR75, T47D,
and MDA-MB231-TXSA breast cancer cell lines were pre-treated with 25 uM ZOL or left
untreated for 24 h. Cancer cells were then co-cultured with ex vivo expanded Vy9Vvé62 T
cells (E:T, 1:1, 5:1,10:1). After 9 h, LDH release was measured and expressed as percentage
cytotoxicity compared to untreated cells. B. Caspase-3 activation of the same cell lines was
measured after 24 h pre-treatment with or without 25 uM ZOL, followed by 2 h co-culture
with ex vivoexpanded Vy9V&2 T cells (E:T, 5:1). Caspase-3 activation was expressed as a
fold increase over untreated control. For the LDH and Caspase-3 activity assay, data was
pooled and normalised from two separate experiments (n = 6). C. Western immunoblot
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analysis showing inhibition of prenylation in breast cancer cell lines after treatment with or
without 25 uM ZOL for 24 h, showing unprenylated RAP1A (uRaplA), total RAP1 protein,
and B-actin as loading control. D. Western immunoblot analysis showing inhibition of
prenylation in MDA-MB231-TXSA treated with 25 UM ZOL over a 24 h time course (0,1,
4,12, 24 h). Images representative of n = 2-3. *p < 0.05, **p < 0.005, ***p < 0.001, ns =
non-significant (two-tailed student’s t-test, data represent mean + SEM, n = 3, unless
otherwise indicated).
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Vy9V62 T cell cytotoxicity against breast cancer cells in vitro occurs in a time dependent
manner. Luciferase-tagged MDA-MB231-TXSA breast cancer cells were treated with or
without 25 uM ZOL for 24 h. Cancer cells were then co-cultured with ex vivo expanded
Vy9Vve2 T cells (E:T, 5:1,10:1,20:1) for A. 4 or B. 24 h, and luciferase activity measured
and expressed as percentage viability compared to untreated control. Representative data
shown from three experiments.*p < 0.05, **p < 0.005, ***p < 0.001, ns = non-significant
(two-tailed student’s t-test, data represent mean = SEM, n = 3, unless otherwise indicated).
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Fluorescently labelled Vy9V62 T cells localise to breast cancer lesions in the bone. Ex vivo
expanded Vy9Vv62 T cells were labelled using DiR dye as outlined in the methods. A. Flow
cytometric analysis of V-y9Vv&2 T cell DiR labelling efficacy. B. Cytotoxicity of DiR-
labelled and unlabelled Vy9V82 T cells against MDA-MB231-TXSA cancer cells (E:T, 5:1)
as shown by caspase-3 activation. C. /n vivo localisation of DiR-labelled Vy9V&2 T cells
injected via the tail vein into 5-week old female NOD/SCID mice bearing luciferase-tagged
osteolytic breast cancer cells (MDA-MB231-TXSA) in the left tibia. Bioluminescence and
fluorescence images were acquired on the IVIS Spectrum /n vivoimaging system 24 h after
infusion and D. ex vivo, 6 days after infusion (representative images of n =5). UL =
unlabelled, BL = bioluminescence, FL = fluorescence. Percentages shown indicate numbers
from lymphocyte population. ns = non-significant (Student’s t-test, data represent mean +
SEM, n = 3).
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Fig. 4.
ZOL potentiates the anti-cancer efficacy of Vy9V&2 T cells against osteolytic breast cancer.

Luciferase-tagged MDA-MB231-TXSA breast cancer cells were injected directly into the
left tibial cavity of 5-week old NOD/SCID mice. Once tumours were established, treatments
were commenced as outlined in the methods. Whole body bioluminescence images were
acquired on the VIS Spectrum /n vivo imaging system over the course of the study. A. A
representative bioluminescence image showing a single mouse from each treatment group
over the duration of the study. B. The line graph shows the quantification of
bioluminescence signal over the course of the study and is expressed as total flux [photons/
second] (n = 4-6 mice per group).
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Fig. 5.

V39V82 T cells reduce tumour burden of lung metastases. At the time of sacrifice, lungs
were removed for bioluminescence quantification of tumour burden. Bioluminescence signal
was detected on the 1VVIS Spectrum /n vivo imaging system and is expressed as total flux
[photons/second]. A representative bioluminescence image of the lungs from each treatment
group is shown.
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Fig. 6.

Vy9V82 T cells in combination with ZOL reduce tumour-associated osteolysis in total and
trabecular bone. The osteolytic nature of MDA-MB231-TXSA breast cancer cells can be
seen in the representative qualitative pCT 3D images and in the quantitative assessment of
A. total and B. trabecular bone. Bone loss percentage is calculated as the percentage
difference in bone volume between the tumour bearing and contralateral non-tumour bearing
control tibia. C. Representative histological sections at 4x and 40 x magnification showing
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decalcified tibias from each treatment group stained with TRAP for the detection of
osteoclasts. D. Quantitative assessment of the number of TRAP* osteoclasts.
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