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Abstract Combinations of cellular immune-based
therapies with chemotherapy and other antitumour
agents may be of significant clinical benefit in the
treatment of many forms of cancer. Gamma delta (yJ)
T cells are of particular interest for use in such com-
bined therapies due to their potent antitumour cyto-
toxicity and relative ease of generation in vitro. Here,
we demonstrate high levels of cytotoxicity against solid
tumour-derived cell lines with combination treatment
utilizing Vy9V62 T cells, chemotherapeutic agents and

Financial support and conflicts of interest: This study was
supported by grants from Medinet (Japan), and Suncorp
Metway and Gallipoli Research Foundation (Australia). No
financial or commercial interests arise from this study.
Informed consent: This study was approved by Human Research
Ethics Committees of the University of Queensland and
Greenslopes Private Hospital and informed consent

was obtained from all subjects.

S. R. Mattarollo - A. J. Nicol

Centre for Immune and Targeted Therapy,
University of Queensland,

Brisbane, QLD, Australia

T. Kenna

Centre for Immunology and Cancer Research,
University of Queensland,

Brisbane, QLD, Australia

M. Nieda
Medinet Medical Institute, Tokyo, Japan

S. R. Mattarollo (P)

Centre for Immune and Targeted Therapy,
Greenslopes Private Hospital, Newdegate Street,
Greenslopes, 4120 Brisbane, QLD, Australia
e-mail: s364258@student.uq.edu.au

the bisphosphonate, zoledronate. Pre-treatment with
low concentrations of chemotherapeutic agents or
zoledronate sensitized tumour cells to rapid killing by
Vy9V2 T cells with levels of cytotoxicity approaching
90%. In addition, zoledronate enhanced the chemo-
therapy-induced sensitization of tumour cells to
Vy9Vé2 T cell cytotoxicity resulting in almost 100%
lysis of tumour targets in some cases. Vy9Vd2 T cell
cytotoxicity was mediated by perforin following TCR-
dependent and isoprenoid-mediated recognition of
tumour cells. Production of IFN-y by Vy9Vo2 T cells
was also induced after exposure to sensitized targets.
We conclude that administration of Vy9Vo2 T cells at
suitable intervals after chemotherapy and zoledronate
may substantially increase antitumour activities in a
range of malignancies.
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Introduction

In humans, gamma/delta (y0) T cells comprise approxi-
mately 5-10% of all circulating T cells [23]. There is
substantial evidence that Vy9Vo2 T cells possess
potent antitumour properties in vitro [9, 22, 24, 34, 47],
and there is tantalizing clinical evidence for a thera-
peutic role of this cell population in human malignancy
[27,28, 52, 53]. They are capable of recognizing tumour
targets via tumour antigens or stress-induced molecules
without the requirement of classical MHC presenta-
tion. This potentially gives broad applicability across a
range of tumour types. Of additional importance in the
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clinical setting is the relative ease with which large
numbers of Vy9V2 T cells can be generated in vitro.

The majority of 0 T cells in human peripheral blood
express the V62 chain in combination with Vy9.
Vy9Vé2 T cells have a unique reactivity towards
phosphoantigens, which are non-peptide antigens most
commonly associated with metabolites of bacterial
isoprenoid biosynthesis or the mevalonate pathway in
eukaryotes [44]. One such metabolite of the mevalo-
nate pathway, isopentenyl pyrophosphate (IPP), acti-
vates Vy9Vo2 T cells in vitro following presentation
by professional antigen-presenting cells or tumour cells
[3, 8, 29, 55]. Vy9V2 T cells also respond to human
cells exposed to aminobisphosphonates, for example
zoledronate and pamidronate, probably via accumula-
tion of mevalonate metabolites within bisphosphonate-
treated cells [17].

Vy9V2 T cells express and utilize NK cell activating
receptors such as NKG2D, recognizing targets express-
ing stress-inducible NKG2D ligands—MICA, MICB
and UL-16 binding proteins (ULBPs) [2, 12, 20, 44].
After target cell recognition, cytotoxicity is generally
mediated by the perforin/granzyme pathway [34, 50, 52];
however, FasL-mediated killing has also been demon-
strated [11, 21]. Also, upon stimulation, Vy9Vo2 T cells
rapidly release Thl cytokines such as IFN-y and TNF-«,
enhancing antitumour activity by inhibiting tumour
growth and activating components of the adaptive
immune system [4, 16]. Vy9V2 T cells could play a
major role in control of malignancy and could be used
therapeutically in combination with other anti-cancer
agents.

Chemotherapy remains the primary treatment
choice for many advanced cancers and has cytotoxic
antitumour activity through a range of mechanisms.
However, malignant cells have the capacity to develop
mechanisms to resist or escape the cytotoxic effects of
chemotherapy [1]. Clinical studies have recently shown
that adding immune therapy to chemotherapy has
survival benefits in comparison to chemotherapy alone,
an example being the setting of monoclonal antibody/
chemotherapy combination therapy [14, 33, 49].

Despite the expanding literature demonstrating an-
titumour activities of yo T cells, there are no published
studies evaluating the potential therapeutic benefits of
their use in combination with chemotherapy. Our pre-
vious studies demonstrate that chemotherapy markedly
increases sensitivity of tumour cells to subsequent
cytotoxicity by natural killer T cells (NKT cells) via up-
regulation of death receptors DR5 and Fas, ligands to
tumour necrosis factor-related apoptosis-inducing
ligand (TRAIL) and CD95L (FasL), respectively
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[38]. There are other potential mechanisms by which
chemotherapeutic agents can sensitize tumours to
immune cell-mediated killing (reviewed in [30]).

Bisphosphonates, in addition to their effects of
inhibiting osteoclastic bone resorption [19], also exhibit
direct antitumour activity by both inhibiting prolifer-
ation and inducing apoptosis in tumour cells [7]. Their
unique ability to render tumour cells susceptible to
Vy9Vé2 T cell attack makes these drugs particularly
interesting candidates for use in 0 T cell therapy [13,
17, 24, 47]. The main mechanism through which bis-
phosphonates achieve this is by inhibition of the en-
zyme farnesyl pyrophosphate (FPP) synthase of the
cellular mevalonate pathway, causing accumulation of
isoprenoids such as IPP [26]. As studies have shown
that bisphosphonates directly augment the antitumour
effects of chemotherapy in a range of malignancies [37,
41, 42, 51], combining bisphosphonates and chemo-
therapy may substantially enhance the inherent sus-
ceptibility of tumours to Vy9Vé2 T cells.

In this study, we have assessed the potential synergy
of combining chemotherapy, bisphosphonates and
Vy9Vé2 T cells for antitumour therapy. Specifically, we
determined whether cytotoxic chemotherapy in the
presence or absence of zoledronate could be used to
sensitize malignant targets to Vy9Vé2 T cell cytotoxic-
ity. We demonstrate the ability of both chemotherapy
and zoledronate to sensitize a range of tumour cell lines
to Vy9Vé2 T cell-mediated killing and that this is
enhanced when both sensitizing agents are present. We
also show that mechanisms through which cytotoxicity
occur involves a range of overlapping pathways incor-
porating NKG2D, 7y T cell receptor (TCR), perforin
and modification of the mevalonate pathway.

Methods
Peripheral blood samples

Human peripheral blood mononuclear cells (PBMC)
were isolated from healthy adult donors and solid
tumour cancer patients by density gradient centrifu-
gation using Ficoll-Paque (Amersham Biosciences,
Sweden). PBMCs were cryopreserved in 80% RPMI
1640 (JRH biosciences, USA), 10% DMSO (Sigma,
Australia) and 10% FCS (Invitrogen, Australia). In-
formed consent from donors and patients was obtained
prior to blood collection, and the study was approved
by Human Research Ethics Committees of the Uni-
versity of Queensland and Greenslopes Private Hos-
pital, Queensland, Australia.
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Antitumour agents, antibodies and flow cytometry

The chemotherapeutic agents’ etoposide, cisplatin,
doxorubicin and vincristine were obtained from Mayne
Pharma (Victoria, AUS) and diluted to the required
concentrations in 1 X PBS prior to use. The amin-
obisphosphonate, zoledronate was kindly provided by
Novartis (NSW, Australia). The following monoclonal
antibodies were obtained from Beckman Coulter (CA,
USA): TCR-Vy9 (Immu360, IgGl), TCR-pan 7/
(Immu510, IgG1), CD3 (UCHT1, IgG1), IFN-y (45.15,
IgG1l) and HLA-ABC (B9.12.1, IgG2a). Anti-human
TRAIL (RIK-2, IgGl), anti-human CD95 Ligand
(NOK-1, IgG1), anti-human perforin (dG9, IgG2b) and
anti-human NKG2D (1D11, IgG1l) antibodies were
obtained from eBioscience (CA, USA). Anti-human
MICA/B (6D4, IgG2a) was obtained from BD Pharm-
ingen (CA, USA). Cells were stained according to
manufacturers’ recommendations. All flow cytometric
analysis was performed using the Coulter Cytomics
FC500 five-color flow cytometer.

Vy9Vé2 T cell expansion

Peripheral blood mononuclear cells were cultured in
RPMI-1640 supplemented with 10% FCS and genta-
mycin, in the presence of 1 M zoledronate (Novartis)
plus recombinant human IL-2 (700 IU/ml; Chiron,
Netherlands) added at day 0. Additional IL-2 (350 U/
ml) was added at a suitable interval during the culture
period. Following 7 days culture, PBMC were har-
vested and purified populations of Vy9V2 T cell were
obtained by positive selection of TCR-yé cells using
miniMACS (Miltenyi Biotec, Germany) prior to use in
functional studies. Cell viability was determined using
trypan blue exclusion.

(Vy9Vo2 T cell : drug combination — Vy9V¢2 cell control well)

in RPMI-1640 supplemented with 10% FCS and
maintained at 37°C in 5% CO, for at least 3 days prior
to use in assays. Adherent cells were detached using
0.05 M EDTA.

Cytotoxic assessment of chemotherapy/
bisphosphonate/Vy9Vé2 cell treatment

Actively proliferating cell lines were seeded in 96-
well, flat-bottomed microtitre plates (Nunc, USA) at
1 x 10* cells/well and allowed to adhere at 37°C over-
night. Cells were pre-treated with zoledronate and/or
cytotoxic agents for 24 h. The antitumour agent was
removed, cells washed with PBS and, for combination
treatment, fresh culture media containing stimulated
Vy9Vo2 T cells was added at different effector/target
(E:T) ratios. Effector and target cells were subse-
quently co-cultured for 4 h at 37°C. Wells containing
target cells alone with or without prior treatment were
used as negative controls for spontaneous cell death
and zoledronate or chemotherapy-induced cell death,
respectively. Following co-culture, target cell viability
was determined using the CellTiter 96 cytotoxicity
assay (Promega, USA) by the addition of a MTS
tetrazolium reagent, according to the manufacturer’s
protocol. Media containing the non-adherent Vy9V§2
T cells was removed from the adherent targets and
replaced with fresh media mixed with the MTS tetra-
zolium salt. This procedure was simulated in wells set-
up containing Vy9V2 T cells alone at the relevant E:T
numbers to control for any residual Vy9Vo2 T cells
that may contribute to a false-positive optical density
(OD) reading. After 4 h incubation, OD was read di-
rectly at 492 nm using the Multiskan Ascent micro-
plate reader (Thermo, Finland). The viability of target
cells at each E:T ratio as a percent of the target control
was calculated from OD readings as follows:

Target cell control well

x 100. (1)

Cell lines

Cell lines used included the adherent DU-145 (pros-
tate), DLD-1 and HT-29 (colorectal), MDA-MB231
(breast) adenocarcinoma, and NCI-H358 (lung) and
TSU-Pr1 (bladder) carcinoma cell lines. These cell
lines were used to represent a range of solid tumour
targets. A previously known yd T cell target, Daudi (B
cell lymphoma) cell line of haematological cancer
lineage was also used [24]. All cell lines were cultured

Assessment of apoptosis

The Annexin V/7-AAD flow cytometric assay (BD
Biosciences, USA) was used to determine the extent
of Vy9Vi2 T cell cytotoxicity towards non-adherent
Daudi cells and whether cell death was a result of
apoptosis. Following 4 h co-culture of Vy9Vo2 T cells
with the cell line at different E:T ratios, cells were
harvested and stained with Annexin V and 7-AAD
antibodies according to manufacturer’s instructions.
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Prior labelling of Daudi cells with PKH26 dye (Sigma)
allowed distinction from unlabelled Vy9Vo2 T cells
during flow cytometric analysis. Early apoptotic
(AnnV*/7AAD") and late apoptotic/necrotic (AnnV*/
7AAD™) cells were distinguished from viable cells
(AnnV/7AAD") and percent cytotoxicity was deter-
mined by subtracting values from appropriate control
wells containing targets only.

Blocking studies

Blocking agents were used to evaluate mechanisms of
Vy9Vé2 T cell-mediated recognition and cytotoxicity
of cell line targets in selected MTS cytotoxicity assays
of combination treatment. To inhibit perforin-medi-
ated cytotoxicity, Vy9Vo2 T cells were incubated with
concanamycin A (CMA; Sigma) at 100 ng/ml for 2 h at
37°C prior to co-culture [25, 38, 40]. Functional grade
antibodies of anti-human TRAIL (RIK-2), anti-human
CD95 Ligand (NOK-1) and anti-human NKG2D
(1D11) were used at 10 pg/ml to block the relevant
cytotoxic pathways [12, 25, 40, 44]. To inhibit the yo
TCR, anti-Vy9 (Immu360) antibody was used at a
saturating concentration. The above antibodies were
added to Vy9V§2 T cells 30 min prior to co-culture
with targets. IPP-mediated recognition by Vy9Vso2 T
cells was inhibited by addition of an HMGCoA
reductase inhibitor, Mevastatin (Sigma), added to tar-
get cells at a concentration of 25 pM just prior to
treatment with zoledronate [9, 17]. Mevastatin was re-
added at time of co-culture with Vy9Vo2 T cells to
maintain a constant concentration.

Intracellular IFN-y and perforin assessment

Intracellular staining by flow cytometry was performed
to determine levels of IFN-y and perforin in Vy9Vo2 T
cells following co-culture with untreated or chemo-
therapy/zoledronate-pre-treated cell lines. Briefly, bre-
feldin A (BFA; Sigma) was added at a concentration of
20 pg/ml to cultured Vy9Vé2 T cells to prevent IFN-y
secretion. Following 4 h co-culture with targets, cells
were labelled with V99 and CD3 antibodies, then fixed
and permeabilized using Intraprep Reagents (Beckman
Coulter) according to the manufacturer’s specifications.
The permeabilized cells were labelled with antibodies
against IFN-y and perforin and then analysed on flow
cytometry. Positive controls were obtained by stimula-
tion of Vy9Vo2 T cells with 20 ng/ml of Phorbol-12-
myristate-13-acetate (PMA) and 2 pg/ml of ionomycin
(both from Sigma) for 4 h.

@ Springer

IFN-y production in cytotoxicity assays

Secretion of IFN-y by Vy9V62 T cells during co-culture
with sensitized or unsensitized cell line targets was
assessed by sandwich ELISA. Following 4 h co-culture,
supernatants were collected and stored at —20°C until
cytokine assessment. The production/secretion of IFN-
y was determined using the Human IFN-y OptEIA
ELISA set (BD Biosciences), according to the manu-
facturer’s protocol.

Results

Chemotherapy and zoledronate sensitize Daudi
targets to Vy9Vo2 T cell-induced apoptosis

The Daudi cell lines were used for preliminary evalua-
tion of the effects of zoledronate and chemotherapy pre-
treatment on Vy9Vé2 T cell cytotoxicity based on the
previous use of this target for Vy9Vé2 T cell cytotoxic
investigation with bisphosphonates [24]. Without pre-
treatment, between 23 and 42% of Daudi cells were
Annexin V positive and 13-30% were 7-AAD positive
following 4 h co-culture with Vy9Vo2 T cells at an E:T
ratio of 5:1. When Daudi cells were pre-treated with
zoledronate (50 pM), a threefold increase in Annexin V
and over fourfold increase in 7-AAD staining was
observed. Pre-treatment with the chemotherapy agents’
doxorubicin (0.5 pM) or vincristine (2.5 nM) also re-
sulted in enhanced killing, with 73-80% of cells staining
positive for Annexin V following Vy9Vé2 T cell co-
culture (Fig. 1a). The enhanced cytotoxic activity with
Vy9Vd2 T cells in combination with zoledronate or
chemotherapy resulted in a significant increase in dual
positive Annexin V/7-AAD cells. This indicates that
targets are dying more rapidly with the combination
treatment and are already at the later stages of apoptosis
at conclusion of the 4 h Vy9V2 T cell co-culture
(Fig. 1b).

Chemotherapy sensitizes solid tumour targets
to Vy9Vo2 T cell cytotoxicity

The ability of Vy9V§2 T cells to kill solid tumour cell
line targets was assessed before and after treatment of
the targets with chemotherapy (Fig. 2). Vy9Vo2 T cells
alone were only effectively able to lyse DLD-1 and
HT-29 colorectal cells with an observable dose-
dependent increase in cytotoxicity up to 55 + 10 and
38 = 12%, respectively (mean + SEM; n = 3 donors),
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Fig. 1 Vy9V2 T cell-induced apoptosis of Daudi cells sensitized
with zoledronate or chemotherapy. a Annexin V and 7-AAD
staining of Daudi targets (means + SEM; n = 3 donors) follow-
ing 4 h co-culture with Vy9Vo2 T cells at an E:T ratio of 5:1,
either without (grey bars) or after 24 h pre-treatment of targets
with zoledronate (50 uM), doxorubicin (0.5 pM) or vincristine

at an E:T ratio of 25:1. Cytotoxicity of remaining cell
lines was low, particularly DU-145 with cytotoxicity
not exceeding 5% even at an E:T ratio of 25:1. In all
cases, Vy9V2 T cell cytotoxicity was enhanced by pre-
treatment with chemotherapy. Almost complete lysis
of TSU-PR1 and DLD-1 cells resulted from combina-
tion treatment of cisplatin (10 uM) or etoposide
(5 uM) and Vy9Vo2 T cells, with cell death averaging
96 and 86%, respectively at an E:T ratio of 25:1.
Addition of Vy9V§2 T cells following chemotherapy
treatment resulted in additive killing of DLD-1 and
HT-29 cells and supra-additive killing of DU-145 and
TSU-145 cells. The NCI-H358 and MDA-MB231 cell
lines exhibited enhanced, but sub-additive killing. Cells
most susceptible to chemotherapy-induced sensitiza-
tion included TSU-Pr1 and DU-145. Increased Vy9V§2
T cell cytotoxicity ranged from 29 + 6 to 93 +2%
(mean + SEM) for TSU-Prl and 3 + 0.5 to 54 + 10%
for DU-145, following chemotherapy pre-treatment

(Fig. 2).

(2.5 nM; black bars). Controls of target cell death caused by drug
treatment alone are represented by white bars. b Annexin V/7-
AAD assay plots showing Annexin V and 7-AAD positive
Daudi cells after 24 h treatment with the indicated agents (top
panels) and following 4 h co-culture with Vy9Vé2 T cells from
one donor, at an E:T ratio of 5:1 (bottom panels)

Zoledronate sensitizes chemotherapy-unresponsive
tumour targets to Vy9Vé2 T cell cytotoxicity

In addition to Vy9Vo2 T cell killing of cell lines
following chemotherapy pre-treatment, Vy9Vé2 T
cell cytotoxicity was also evaluated following cell line
pre-treatment with zoledronate or a combination of
zoledronate and chemotherapy pre-treatment for 24 h
(Fig. 3). Zoledronate (50 uM) pre-treatment alone was
sufficient to sensitize all cell lines to killing with high
levels of cytotoxicity (>80%) achievable in five out of
six cell lines, at an E:T ratio of only 5:1. Even cell lines
NCI-H358 and MDA-MB231, determined to be the
targets least susceptible to chemotherapy-induced
sensitization to Vy9Vo2 T cell killing (see Fig. 2), were
highly susceptible to zoledronate-induced sensitization.
Zoledronate pre-treatment rendered both NCI-H358
and MDA-MB231 cells almost completely susceptible
to Vy9Vo2 T cell killing, increasing levels of cytotox-
icity from 11 + 4 to 88 + 3% and 6 + 2 to 91 + 3% for
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Fig. 2 Cytotoxic effects of
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NCI-H358 and MDA-MB231, respectively, at an E:T
ratio of 5:1. For those cell lines where zoledronate
alone did not induce complete sensitization, particu-
larly DU-145, the addition of chemotherapy increased
Vy9Vé2 T cell cytotoxicity to levels approaching or
exceeding 90%, without greatly affecting drug-associ-
ated toxicity caused by addition of both chemotherapy
and zoledronate (Fig. 3b).

Patient Vy9V§2 T cells are cytotoxic against cell
lines pre-treated with clinically relevant
concentrations of zoledronate

High levels of cytotoxicity against sensitized tumour cell
lines were observed using Vy9Vd2 T cells derived from
peripheral blood of patients with malignant solid
tumours (Fig. 4). This cytotoxicity was similar to levels
attainable with healthy donor cells. Sufficient sensiti-
zation was maintained when reducing the zoledronate
pre-treatment concentration to that achievable clini-
cally in soft tissue [5]. Cytotoxicity against all cell lines
except for DU-145 following pre-treatment with 5 puM
zoledronate was within the mean range of 60-86%.
In three cell lines (HT-29, TSU-Prl, DLD-1) these
levels of cytotoxicity approached levels that were
achievable using 50 uM zoledronate, after subtracting
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the increased zoledronate-mediated toxicity at the
higher concentration. Also, in all cases, 5 utM zoledro-
nate pre-treatment resulted in considerably higher
cytotoxicity than without pre-treatment (Fig. 4).

Tumour cells constitutively expressed receptors
involved in recognition and killing
by Vy9Vé2 T cells

To determine possible mechanisms of sensitization to
Vy9Vo2 T cell cytotoxicity, we first examined cell
surface expression of the stress-inducible MICA/B
molecule on each cell line as well as death receptor
DR4 (TRAIL-R1) and MHC class I (HLA-ABC). As
depicted in Fig. 5a, there is constitutive cell surface
expression of these receptors on most cell lines
we examined, with the exception of MICA/B on
NCI-H358 cells and HLA-ABC on DLD-1. We have
previously demonstrated Fas (CD95) and DRS
(TRAIL-R2) expression on these cell lines and shown
that chemotherapy treatment can up-regulate Fas and
DRS5 surface expression in some cases [39]. In contrast,
MICA/B expression was not altered in any cell line
by 24 h treatment with sensitizing concentrations
of chemotherapy or zoledronate. There was also no
change in surface DRS or Fas expression following
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Fig. 3 Cytotoxic effects of Vy9V2 T cells combined with
chemotherapy and zoledronate pre-treatment. a Results indicate
percentage cell death of tumour targets (means + SEM; n =5
donors) following 4 h co-culture with Vy9Vo2 T cells at an E:T
ratio of 5:1, measured in the MTS assay. Cytotoxicity of targets
caused by Vy9V2 T cells alone are represented by grey bars and
cytotoxicity as a result of zoledronate/Vy9Vo2 T cell combina-
tion is represented by black bars. Controls of cell death as a
result of 24 h exposure of targets with zoledronate (50 uM) are
indicated by white bars. b Cell death of DU-145 targets
(means + SEM; n =5 donors) induced by indicated combina-
tions of Vy9Vé2 T cells, zoledronate (50 uM) and etoposide
(5 uM), at an E:T ratio of 5:1. White bars indicate cell death
caused by 24 h exposure to agents alone. Black bars show cell
death following 4 h Vy9Vo2 T cell co-culture. (Abbreviations:
GDT Vy9V2 T cells; Zol Zoledronate, Etop Etoposide)

zoledronate pre-treatment (data not shown). Expres-
sion of corresponding ligands to these receptors on
Vy9Vo2 T cells, in addition to intracellular levels of
IFN-y and perforin, were assessed in the final days of
in vitro culture. High expression of NKG2D and per-
forin, intermediate expression of IFN-y, and weak
expression of TRAIL and FasL was generally ob-
served, represented in Fig. 5b.

Vy9Vo2 T cells kill chemotherapy- and zoledronate-
sensitized targets via distinct mechanisms

Vy9Vé2 T cell recognition and cytotoxic mechanisms
were assessed by individually blocking TCR-, NKG2D-,
perforin-, TRAIL- and FasL-mediated pathways.
Cytotoxicity of susceptible chemotherapy-pre-treated
targets, TSU-Pr1 and DU-145, was inhibited to the

greatest extent by anti-Vy9 antibody (50 +7 and
64 + 19% inhibition, respectively; n = 6 donors) indi-
cating a TCR-initiated response. NKG2D seemed to
play a lesser role in Vy9Vo2 T cell recognition of
chemotherapy-sensitized targets, with mean 23-39%
reduction in cytotoxicity observed using anti-NKG2D
antibody. Cytotoxic inhibition using CMA revealed
that Vy9Vo2 T cell cytotoxicity was mediated by per-
forin (Fig. 6a).

Recognition of three zoledronate-pre-treated cell
lines was also TCR-dependent; however, in contrast to
chemotherapy-sensitized targets, no cytotoxic inhibi-
tion of zoledronate-sensitized cells was observed when
NKG2D was blocked. To further elucidate Vy9V2 T
cell recognition of zoledronate-sensitized targets,
cytotoxicity was assessed in the presence of mevastatin,
inhibiting HMGCoA and preventing zoledronate-
mediated accumulation of IPP. Mevastatin was ob-
served to inhibit killing of NCI-H358 (76 + 10%) and
HT-29 (53 + 6%) but not DU-145 (7 = 7%). Killing of
zoledronate-pre-treated targets was almost exclusively
found to be mediated by the perforin pathway (means
of 80-84% inhibition using CMA; Fig. 6b). Antibodies
against TRAIL and FasL were unable to inhibit cyto-
toxicity in either chemotherapy- or zoledronate-sensi-
tized targets (data not shown).

Zoledronate-sensitized but not chemotherapy-
sensitized targets induce production and secretion
of IFN-y by Vy9Vé2 T cells

Vy9Vé2 T cells have the capacity to produce IFN-y
following non-specific stimulation with PMA and ion-
omycin, shown in Fig. 5b. We determined whether
exposure to untreated or pre-treated targets stimulated
Vy9Vé2 T cells to produce and release IFN-y during
co-culture. Intracellular IFN-y was found only in
Vy9Vo2 T cells that were exposed to zoledronate-pre-
treated targets and this was to levels comparable to
PMA/ionomycin stimulation. Untreated and chemo-
therapy-pre-treated targets induced no IFN-y produc-
tion (Fig. 7a). This trend was evident regardless of the
cell line used, even for DU-145 cells despite being
shown earlier to be equally sensitized by chemotherapy
and zoledronate. The observed intracellular expression
of IFN-y was confirmed by ELISA showing IFN-y
release into supernatant only in the zoledronate-
pre-treated conditions. Greatest IFN-y production
occurred following co-culture with DU-145 cells (33—
42 ng/ml; Fig. 7b). In addition, mevastatin inhibited
the zoledronate-induced release of IFN-y in all cell
lines, indicating the relevance of IPP recognition for
IFN-y production.
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Fig. 4 Patient Vy9Vo2 T cell
cytotoxicity of solid tumour
targets in combination with
zoledronate. Cytotoxicity of
tumour targets by patient
Vy9Vo2 T cells after 4 h
co-culture at a 5:1 E:T ratio
(means + SEM; n = 3; black
bars), with or without pre-
treatment with zoledronate at
indicated concentrations.
White bars show controls

of cell death caused by
zoledronate treatment alone

Fig. 5 Cell line and Vy9V2
T cell phenotypes.

a Representative overlay
plots showing constitutive
surface expression (filled
histograms) of DR4, MICA/B
and HLA-ABC on cell lines
against appropriate isotype
controls (hollow histograms).
b Overlay plots representing
surface (NKG2D, TRAIL,
FasL) and intracellular
(IFN-y, perforin) expression
on Vy9Vo2 T cells analysed at
day 7 of in vitro culture.
*IFN-y production was
assessed following non-
specific stimulation with PMA
and ionomycin
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Fig. 6 Mechanisms of Vy9Vo2 T cell recognition and cytotox-
icity of pre-treated tumour targets. Results show cytotoxic
inhibition (means + SEM; n = 4 donors) of chemotherapy-pre-
treated (a) and zoledronate-pre-treated (b) cell line targets using
concanamycin A (CMA), mevastatin (Mev) and indicated
blocking antibodies, following 4 h co-culture with Vy9Vi2 T
cells at an E:T ratio of 5:1. Targets were pre-treated for 24 h
prior to co-culture with Vy9Vé2 T cells

Discussion

Human yd T cells are prime effector cell candidates for
immune therapy of malignancy. There is growing evi-
dence for cytotoxic antitumour activities of Vy9Vé2 T
cells against a large range of tumour types (reviewed in
[15, 23, 35]). Activated Vy9Vo2 T cells provide alter-
native mechanisms for tumour-targeted recognition and
killing, increasing the possibility that combination
treatment with other modalities may enhance antitumour
effects. In this pre-clinical study, we have demonstrated
that chemotherapy agents and the bisphosphonate,
zoledronate can augment Vy9Vé2 T cell antitumour
activity against solid tumour targets.

Initial screens of cytotoxicity revealed that many
solid tumour cell lines were largely resistant to the
cytotoxic effects of Vy9Vs2 T cells. However, prior
treatment with sub-lethal concentrations of chemo-
therapy sensitized these tumour targets to Vy9Vo2
T cell-mediated cytotoxicity, resulting in additive or
supra-additive antitumour activity. For two cell lines,
TSU-Pr1 and DLD-1, the chemotherapy/Vy9Vé2 T
cell combination resulted in almost complete lysis of
these cells within 4 h of co-culture. We have previously
observed similar effects of chemotherapy-induced
sensitization of tumour cells to Vo24/V11 NKT cell
killing [38]; however, Vy9Vo2 T cell cytotoxic levels
exceeded that achievable with NKT cells.

As previous studies have demonstrated that bis-
phosphonates enhance Vy9Vd2 T cell cytotoxicity of
tumour targets [13, 17, 24, 47], we sought to determine
whether zoledronate pre-treatment could overcome
resistance to Vy9Vo2 T cytotoxicity. Our results con-
firmed that this could be achieved, even for HT-29,
MDA-MB231 and NCI-H358 cells in which chemo-
therapy caused only partial sensitization. We also
demonstrated in the DU-145 prostate cancer cell line
that complete sensitization occurred following simul-
taneous treatment with both etoposide and zoledro-
nate, which was not achievable when pre-treating with
individual agents.

Immune effector cells recognize and destroy tumour
targets via a number of mechanisms including death
receptor/ligands interactions with TRAIL and FasL,
recognition of stress-inducible molecules by NKG2D,
and by release of perforin/granzymes or cytokines such
as IFN-y. One or more of these pathways may be in-
volved in the synergy observed between chemother-
apy, zoledronate and Vy9Vé2 T cells. Tumour cell lines
evaluated in this study expressed DR4, DRS, Fas and
MICA/B receptors; however, this expression did not
initially translate into sensitivity to Vy9Vo2 T cell
killing alone. Cytotoxic mechanisms employed by
Vy9V2 T cells varied depending on the mode of target
cell sensitization. Regardless of which pre-treatment
was implemented Vy9Vé2 T cell recognition of targets
was TCR-mediated consistent with previous studies
[22, 24, 52]. Chemotherapy-sensitized targets were
killed following NKG2D-mediated recognition and
perforin release by Vy9Vs2 T cells. Conversely,
NKG2D interactions between tumour cells and
Vy9Vé2 T cells did not appear to significantly con-
tribute to cytotoxicity of zoledronate-sensitized tumour
cells, since antibodies against NKG2D failed to inhibit
cytotoxicity. Some previous studies have indicated
the importance of NKG2D-MICA/B interactions for
tumour cell recognition and effective cytotoxic activity
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by y0 T cells [9, 20]. The contradiction between
NKG2D-mediated recognition of chemotherapy and
zoledronate-sensitized targets in our system could not
be explained by the alteration in expression of MICA/
B since neither agent changed constitutive expression
levels. It may be possible that expression of other
NKG2D ligands, such as ULBPs, is up-regulated by
chemotherapy but not zoledronate causing the differ-
ential sensitivity to NKG2D-mediated effects. Zoledr-
onate-pre-treated targets were almost exclusively killed
by perforin, consistent with previous findings of perfo-
rin/granzyme-dominated killing [34, 50, 52]. Increased
release of stored perforin by Vy9Vs2 T cells with
exposure to zoledronate-pre-treated targets verified this
observation.

Perforin release is initiated by effector cells only
after target recognition and contact [32, 43]. We
demonstrated the importance of IPP accumulation in
tumour cells to their recognition by Vy9Vs2 T cells.
Bisphosphonates inhibit the enzyme FPP-synthase of
the cellular mevalonate pathway, causing accumulation
of upstream metabolites such as IPP [10]. Preventing
the accumulation of IPP by mevastatin, and thereby
reversing the effects of zoledronate, inhibited Vy9V 2
T cell cytotoxicity against most cell lines. DU-145 was
the exception, with perforin-mediated killing persisting
even when mevastatin was present. This could be due
to an alternative Vy9V 2 T cell recognition pathway of
DU-145 cells, such as the recently described ATP
synthase-F1/apolipoprotein A-1 complex expressed on
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a range of tumour cell types [48], or by a mechanism
of resistance of DU-145 cells to the effects of statins. It
is currently unknown how increased IPP or other
phosphoantigens lead to cell recognition by Vy9Vo2 T
cells and no reports have demonstrated that these
compounds bind to yo TCRs [6]. It is speculated that
cell surface molecules are involved, as cell-to-cell
contact is required for Vy9Vo2 T cell activation by
phosphoantigens [18, 31].

IFN-y was produced and secreted by Vy9Vé2 T cells
within 4 h of exposure to zoledronate-sensitized cells.
Production of IFN-y was substantially higher after
exposure to DU-145 cells than for other targets, but did
not correlate with degree of susceptibility to Vy9V2 T
cell cytotoxicity. A previous study showed that cell-to-
cell contact was essential for Vy9Vo2 T cell cytotoxic
activity, whereas soluble factors such as IFN-y were not
involved despite high levels of production [36]. Al-
though zoledronate-induced production of IFN-y does
not appear to contribute to immediate cytotoxicity it
may be involved in longer-term suppression of tumour
growth and regulation of antitumour activity by other
components of the immune system.

We predict based on these in vitro observations that
pre-treatment of tumours in the clinical setting with
both chemotherapy and zoledronate would signifi-
cantly improve the probability of there being a thera-
peutic benefit following activation of Vy9Vé2 T cells
as part of anti-cancer therapy. Previous clinical trials
have evaluated the use of yé T cells in the setting of
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myeloma and lymphoma [27, 54]. These studies were
pivotal in demonstrating the feasibility and potential
clinical efficacy of yo T cell-mediated immune therapy.
The concept of chemotherapy/zoledronate/Vy9Vs2 T
cell combination therapy may be broadly applicable
across a range of malignancies, with minimal treat-
ment-related toxicity. Zoledronate is generally non-
toxic [45, 46], and chemotherapy administration may
be reduced to less toxic, tumour-sensitizing doses. The
sequence of exposure performed in our study is com-
patible to what can be achieved in the clinical setting,
with administration of chemotherapy or zoledronate at
an interval prior to administration of in vitro-activated
and expanded Vy9Vé2 T cells. This approach would
overcome potential problems encountered with an
entirely in vivo approach, as the latter is associated
with substantial dilemmas in scheduling. It would be
undesirable to administer chemotherapy at the same
time as Vy9Vo2 T cells (and potentially other immune
cells) are being actively induced to proliferate.

Patient Vy9V2 T cells, as we have shown, are
effective at killing sensitized tumour targets following
in vitro activation. A possible limitation of this ap-
proach in the treatment of most solid malignancies is the
potential inability to generate sensitizing concentra-
tions of zoledronate in soft tissues. Soft tissue levels of
zoledronate are difficult to measure and are transient,
but we have shown that sensitization occurs at zoledr-
onate concentrations down to 5 uM and that the in vitro
sensitizing effect lasts for at least 24 h after removal of
the drug (data not shown). Therefore, we predict that
the zoledronate/Vy9Vé2 T cell combination is practical
but this will need to be confirmed with clinical studies.

We conclude that adoptive transfer of in vitro-acti-
vated Vy9Vo2 T cells following administration of
selected bisphosphonates and/or chemotherapeutic
agents may substantially increase the antitumour effects
and clinical efficacy compared with use of these agents
alone. Whether the therapeutic benefit of our proposed
multi-modality approach outweighs the logistical diffi-
culties of cell-based immune therapies warrants clinical
investigation.
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