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ABSTRACT
Glioblastoma multiforme (GBM) represents the most frequent and deadliest primary brain tumor.
Aggressive treatment still fails to eliminate deep brain infiltrative and highly resistant tumor cells.
Human Vg9Vd2 T cells, the major peripheral blood gd T cell subset, react against a wide array of
tumor cells and represent attractive immune effector T cells for the design of antitumor therapies.
This study aims at providing a preclinical rationale for immunotherapies in GBM based on stereotaxic
administration of allogeneic human Vg9Vd2 T cells. The feasibility and the antitumor efficacy of
stereotaxic Vg9Vd2 T cell injections have been investigated in orthotopic GBM mice model using
selected heterogeneous and invasive primary human GBM cells. Allogeneic human Vg9Vd2 T cells
survive and patrol for several days within the brain parenchyma following adoptive transfer and can
successfully eliminate infiltrative GBM primary cells. These striking observations pave the way for
optimized stereotaxic antitumor immunotherapies targeting human allogeneic Vg9Vd2 T cells in GBM
patients.

Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; BrHPP, bromohydrin pyrophosphate; CSCs, cancer
stem cells; E:T, effector-to-target ratio; gdT cells, gamma delta T cells; GBM, glioblastoma multiforme; IPP, isopen-
tenyl pyrophosphate; NBP, aminobisphosphonates; PAg, phosphoantigens
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Introduction

GBM represents the most aggressive glioma (WHO grade IV)
with a dismal prognosis (median survival of 9.4 mo and
2 y-mortality > 86%).1 Surgery followed by radiotherapy and
temozolomide-based chemotherapy represents the current
standard of care for patients and modestly improves their
median survival.2 Moreover, rapid tumor relapse often takes
place in the vicinity of the resected tumor 3 and could be attrib-
uted to a high molecular/cellular heterogeneity in GBM com-
bined with a diffuse and deep invasion of highly radio- and
chemoresistant cell subsets,4,5 called cancer stem cells (CSC),
which share phenotypic features with normal stem cells.6,7

Chemotherapies remain associated with important toxicities
and their efficiency is strongly reduced due to inadequate target
drug delivery. In this context, immunotherapies represent effec-
tive therapeutic options with minimal toxicities.8 Cellular
immunotherapies have been explored 9 and could allow the
elimination of deep brain infiltrative tumor cells. GBM-specific
tumor antigens (Ag) recognized by ab T cells,10 stress-induced
molecules activating gd T cells or specific surface molecules that
can trigger ADCC have been identified and proposed for

effective immunotherapies in GBM.11 Clinical trials have been
performed by systemic or intracranial infusion of ex vivo-ampli-
fied T lymphocytes from either the GBM tumor, draining
lymph nodes, or HLA-mismatched T cells from healthy donors,
12 but have had limited success. Post-resection administrations
of selected GBM-reactive cytotoxic T cells in the vicinity of the
primary tumor could represent a unique opportunity to deliver
concentrated cellular immunotherapy directly to the site of
residual malignancy.

Vg9Vd2 T cell, characterized by Vd2 paired to Vg9 chains
TCR,13 represents about 5% of CD3C cells in peripheral blood
and more than 80% of the peripheral gd T cell population in
healthy human.14 Vg9Vd2 T cells are rapidly activated during
infection and tumor contexts associated with strong functional
responses (e.g., proliferation, cytotoxicity, cytokine release).15

The antigenic activation of Vg9Vd2 T cells is both a species-
specific and cell-to-cell contact-dependent process that requires
the engagement of the gd TCR complex. Most Vg9Vd2 T cells
are specifically activated by small organic pyrophosphate mole-
cules (phosphoantigens (PAg)) such as isopentenyl pyrophos-
phate (IPP), which could be produced endogenously as
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intermediates of the mammalian mevalonate pathway. PAg can
accumulate intracellularly upon cell distress induced by trans-
formation or infection events. Aminobisphosphonate (NBP), a
pharmacologic inhibitor of the mevalonate pathway, increases
IPP levels in cells with elevated pinocytotic activity and/or
deregulated metabolism such as tumor cells. NBP efficiently
sensitize tumor cells for Vg9Vd2 T cell recognition in vitro, a
process regulated by both adhesion (e.g., ICAM-1) and NK
receptors (e.g., NKG2D) axes. Zoledronate (Zometa�; GMP-
grade) is a third generation NBP compound used in humans
for the treatment of bone disorders (e.g., metastases from solid
tumors).16

The antitumor functions and the physiological roles played
by human gd T cells in vivo have been severely hampered due
to: (i) the lack of Vg9Vd2 T cell counterparts in non-primate
species, (ii) the lack of tumor models in non-human primates,
and (iii) the strict species-specificity requirements for anti-
genic activation.15 Both passive and active immunotherapies
targeting gd T cells in cancer patients have yielded encourag-
ing clinical responses.17 Passive cancer immunotherapies are
based on adoptive transfers of PBL-Vg9Vd2 T cells previously
amplified using both GMP-grade agonist compounds and
IL-2, while active immunotherapy aims at directly activating
and expanding Vg9Vd2 T cells in vivo by using administra-
tions of GMP-grade agonist compounds and IL-2. Under
these conditions, most side effects are attributed to the toxicity
of IL-2, used at high doses to support the peripheral expan-
sion of gd T cells.

Our group has recently shown that combined administra-
tion of NBP and allogeneic ex vivo-amplified human Vg9Vd2
T cells efficiently controls the development of sc tumors in xen-
ografted mice.18 Moreover, NBP-treated human glioma tumor
cells are efficiently recognized by Vg9Vd2 T cells 19,20 illustrat-
ing the practicality of using human gd T cells as an attractive
tool for immunotherapies of GBM. In this study, we have inves-
tigated the feasibility and the antitumor efficacy of local alloge-
neic Vg9Vd2 T cell immunotherapies in murine models of
orthotopic human GBM tumors using commercial cell line (U-
87MG) and highly infiltrative primary GBM cells (GBM-10).

Materials and methods

Expansions of human Vg9Vd2 T cells

Human PBMCs were isolated from informed consented healthy
blood donors obtained from the Etablissement Français du
Sang (Nantes, France). For specific expansions of Vg9Vd2 T
cells, PBMCs were incubated with 3 mM BrHPP (bromohydrin
pyrophosphate), kindly provided by Innate Pharma (Marseille,
France) in RPMI supplemented with 10% heat inactivated FCS,
2 mM L-glutamine, 10 mg/mL streptomycin, 100 IU/mL peni-
cillin (all from Gibco, Carlbad, CA) and 100 IU/mL recombi-
nant human IL-2 (rhIL-2) (Chiron, Emeryville, CA). 4 d
cultures were supplemented with rhIL-2 (300 IU/mL). Specific
amplification of Vd2C T cells was estimated by flow cytometry
(resting Vg9Vd2 T cell lines purity > 85–95% (Fig. S1)).

Immunodeficient mice

NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice (Charles River
Laboratories; Wilmington, MA), were bred in the animal facil-
ity of the University of Nantes (UTE, SFR F. Bonamy) under
SPF status and used at 6–12 weeks of age, accordingly to insti-
tutional guidelines (Agreement # 00186.02; Regional ethics
committee of the Pays de la Loire (France)).

Human GBM tumor cells

U-87MG cell line (HTB-14TM, ATCC, Manassas, VA) was cul-
tured in DMEM low glucose (Gibco) supplemented with 10%
heat inactivated FCS, 2 mM L-glutamine, 10 mg/mL streptomy-
cin and 100 IU/mL penicillin. GBM-10 primary culture was
grown in defined medium (DEF) containing DMEM/Ham-F12
(Gibco) supplemented with 2 mM L-glutamine, N2 and B27 sup-
plements (Gibco), 2 mg/mL heparin (Sigma-Aldrich, Louis, MO),
20 ng/mL EGF (Peprotech, Rocky Hill, NJ), 25 ng/mL bFGF
(Peprotech), 10 mg/mL streptomycin and 100 IU/mL penicillin.

Stereotaxic implantation of human GBM and T cells in
mouse

Human GBM cells (104 in 2 mL PBS) were injected using a ste-
reotactic frame (Stoelting,Wood Dale, IL) at 2 mm on the right
of the medial suture and 0.5 mm in front of the bregma, depth:
2.5 mm. For in vivo sensitization assay, 0.4 or 1 mg of zoledro-
nate were injected into the tumor bed of 14 d tumor bearing
mice. For adoptive T cell transfer assays, 2 £ 107 human
Vg9Vd2 T cells were stereotaxically injected, either in 10 mL
sterile PBS or 40 mg/mL zoledronate solution (Zometa�;
Novartis, Basel, Switzerland), into the GBM tumor bed, 7 (1
injection) or 7 and 14 d (2 injections) after tumor implantation.

Flow cytometry

For cell surface staining, human GBM cells were incubated with
10 mg/mL of APC-labeled anti-human CD44 mAb (clone G44-
26; BD Biosciences, Franklin lakes, NJ), PE-Cy5-labeled anti-
human CD90mAb (clone Thy1/310; Beckman Coulter, Fullerton,
CA), PE-labeled anti-human CD133 mAb (clone AC133; Mylte-
nyi Biotec, Bergisch-Gladbach, Germany), AF488-labeled anti-
human SSEA1mAb (clone MC480, BD Biosciences) or associated
isotype controls. For intracellular staining, human GBM cells
were permeabilized, incubated with anti-human Nestin mAb
(clone 10C2, Millipore, Billerica, MA), anti-human Olig2 mAb
(clone ab81093, Abcam, Cambridge, UK), anti-human Tuj poly-
clonal Rabbit Ab (Sigma-Aldrich), anti-human GFAP mAb
(clone 52, BD Biosciences) or associated isotype controls, followed
with secondary staining with AF488-labeled or AF647-labeled
antibodies. Acquisition was performed using a FACSCalibur flow
cytometer (BD Biosciences) and the events were analyzed using
the FlowJo software (Treestar, Ashland, OR).

Limiting dilution assay (LDA)

For LDA analysis, cells were dissociated and seeded at an initial
concentration of 2 £ 103 cells / mL from which serial dilutions
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were performed in 96-well plate. Cells were cultured for 15 d,
after which the fraction of wells that did not contain neuro-
spheres for each cell-plating density was calculated as described
by Das and colleagues.21

Immunohistochemistry (IHC) analysis

Brains were fixed with 4% paraformaldehyde-PBS, embedded
in paraffin wax and serially sectioned. Sections were incubated
with 2% BSA and then with polyclonal Rabbit anti-human
CD3 Ab (Dako, Agilent Technologies, Santa Clara, CA) or rab-
bit anti-human MHC class I Ab (clone EPR1394Y; Abcam).
Revelation was performed by using polymer histofine rabbit to
mouse coupled to HRP (Microm Microtech France, Franche-
ville, France) and DAB detection system (Leica, Wetzlar, Ger-
many). Slides were scanned using the NanoZoomer 2.0 HT
(Hamamatsu Photonics K.K., Hamamatsu, Japan).

Isolation and staining of fresh brain cells

For human T cell detection assays, cells collected from the
brains, by using the adult brain dissociation kit (Myltenyi Bio-
tec), were labeled with PE-labeled anti-human CD3 mAb
(clone UCHT1; Beckman Coulter) and analyzed by flow
cytometry. For GBM cells isolations, cells were collected from
the brains by using the human tumor dissociation kit (Myltenyi
Biotec) followed by a discontinuous 30/70% isotonic Percoll
gradient (Sigma-Aldrich)22 and isolated by using anti-human
HLA mAb (clone w6/32; BioXCell, West Lebanon, NH) and
the “CELLectionTM Pan Mouse IgG Kit” (Gibco), accordingly
to the manufacturer’s instructions. Cell purity was assessed by
flow cytometry using APC-labeled mouse anti-human HLA-
ABC mAb (clone G46–2.6; BD Biosciences) and routinely rated
higher than 85%. Isolated cells were then used for in vitro func-
tional assays.

In vitro functional assays

Cultured or mouse brain isolated human GBM cells were pre-
treated 16 h with zoledronate (at the indicated concentrations).
For CD107a surface mobilization assays, GBM cells were co-
cultured 0, 24 or 72 h after zoledronate-sensitization, with
Vg9Vd2 T cells (E/T ratio: 1/1) in culture medium containing
5 mM monensin (Sigma) and APC-labeled anti-human
CD107a mAb (clone H4A3; BD Biosciences) for 4 h. Vg9Vd2
T cells were then labeled with FITC-labeled anti-human Vd2
TCR mAb (IMMU389; Beckman Coulter) and analyzed by
flow cytometry. For cytolytic activity assays, GBM cells were
incubated 1 h with 51Cr (2,77 mCi / 106 cells), washed and co-
cultured 4 h with Vg9Vd2 T cells (E/T ratio: 10/1). 51Cr release
activity was measured in supernatants using a MicroBeta
counter (PerkinElmer, Waltham, MA). Percentage of tumor
target cell lysis D (experimental release ¡ spontaneous
release)/(maximum release ¡ spontaneous release) £ 100.
Maximum and spontaneous releases were determined by add-
ing 1% Triton X-100 or medium respectively, to 51Cr-labeled
tumor target cells in the absence of T cells.

Statistical analysis

Data are expressed as mean § SEM and were analyzed using
GraphPad Prism 6.0 software (GraphPad Software, Inc., San
Diego, CA). In vitro dose-response experiments were analyzed
by calculating log effective concentration 50% (logEC50) using
nonlinear regression and variable slope. Student’s t (�p <0.05;
��p <0.005; ���p < 0.0005) or log rank tests (see indicated p
value) were used to reveal significant differences.

Results

Adoptively-transferred human PBL Vg9Vd2 T cells survive
and patrol within the brain

We aimed to evaluate whether Vg9Vd2 T cells, amplified from
PBLs of healthy donors, survived and moved within the brain
parenchyma following a stereotaxic injection. Then, IHC analy-
sis of human CD3 expression was performed on sections pre-
pared from the brains of NSG mice previously injected with
resting Vg9Vd2 T cells (2 £ 106 cells). As expected, at day 1,
CD3C T cells were preferentially localized in the brain tissue
surrounding the injection site (Fig. 1A). Interestingly, at day 7
those cells were detected not only in the regions adjacent to the
injection site (Fig. 1B, upper panel), but also in the second brain
hemisphere that did not receive gd T cell injection (Fig. 1B,
lower panel). Cytometry analysis, performed on cells isolated
from mice stereotaxically injected with Vg9Vd2 T cells (107

cells), showed high frequency values of CD3C T cells on day 1
(40 § 8% of total isolated brain cells) which progressively
decreased to reach 8% at day 7 (32 § 3% and 8 § 2% on day 3
to day 7, respectively) (Fig. 1C). Moreover, CD3C T cells iso-
lated from the mouse brains could also be activated and
expanded, following sorting and antigenic stimulation, indicat-
ing that T lymphocytes can survive within the brain (data not
shown). Similar results were obtained using gd T cells prepared
from different healthy donor samples but also using human ab

T cells. These results indicate that resting human Vg9Vd2 T
cells, amplified from PBLs of healthy donors, can survive and
patrol within mouse brain parenchyma for several days follow-
ing their stereotaxic injection.

Human allogeneic Vg9Vd2 T cells react against U-87MG
tumor cells

Based on these physiological features and their unique intrinsic
characteristics, cytotoxic Vg9Vd2 T lymphocytes represent
attractive effector candidates for immunotherapies against
GBM, especially for the eradication of highly resistant and infil-
trative brain tumor cells. The antitumoral reactivity of human
allogeneic Vg9Vd2 T cells against the prototypical commer-
cially available U-87MG human glioma cell line was analyzed
in vitro (51Cr-release assays) (Fig. 2A). As expected, no natural
reactivity of allogeneic Vg9Vd2 T cells against U-87MG cells
was detected and zoledronate pre-treatments of U-87MG
induced a significant Vg9Vd2 T cells dose-dependent antigenic
activation (logEC50 D 0.12 mM). Similar reactivity patterns
were established by measuring CD107a expression and IFNg
production in co-culture assays (Fig. S2A and S2B). Blocking
assays performed using the antagonist 103.2 mAb,23 indicate

ONCOIMMUNOLOGY e1168554-3



that BTN3A/CD277 molecules expressed by these GBM tumor
cells mainly contribute to the antigenic reactivity of human
Vg9Vd2 T cells (Fig. S3). As expected, NK (CD3¡CD56C) and
ab T cells, which frequently contaminate the amplified periph-
eral Vg9Vd2 T cells preparations (»5–10%), were not activated
by untreated or zoledronate treated U-87MG (data not shown).

To determine the duration and stability of zoledronate sensi-
tizations, the activation of Vg9Vd2 T cells was assessed at
increasing time points following U-87MG zoledronate treat-
ments. CD107a expression on Vg9Vd2 T cells did not vary dur-
ing the first 24 h post-treatment, while a marked reduction was
measured when GBM tumor cells were sensitized with 0.1, 0.5
or 1 mM of zoledronate 72 h before co-culture (Fig. 2B). No sig-
nificant modulation was detected for high doses of zoledronate
(5 and 10 mM). This indicates that the dose-dependent sensiti-
zation step, though transient, can last for several days. We fur-
ther investigated whether zoledronate efficiently sensitizes
human GBM cells in vivo to Vg9Vd2 T cell recognition. Two
weeks after brain implantation of U-87MG cells, the mice
received stereotaxic injections of zoledronate (0.4 mg vs. 1 mg).
After 24 h, tumor cells were collected and used in in vitro func-
tional assay. Only U-87MG tumor cells isolated from zoledro-
nate-injected mice strongly activated Vg9Vd2 T cells (Fig. 2C).
As a control, no effect was observed with the MHC class I-spe-
cific mAb (clone w6/32), used for human GBM cells sorting.
This indicates that human allogeneic Vg9Vd2 T cells can
strongly react against zoledronate sensitized human GBM cells
and that this reactivity can last for several days.

Adoptively-transferred allogeneic Vg9Vd2 T cells eradicate
U-87MG cells in vivo

We next investigated whether allogeneic human Vg9Vd2 T
cells react against human GBM tumor cells in vivo. Following
orthotopic implantation of U-87MG cells, mice were treated
with either one (day 7) or two cycles (days 7 and 14) of

stereotaxic injections of Vg9Vd2 T cells and/or zoledronate
(Fig. 2D). Untreated mice died within 40 d after tumor grafting
(median survival D 27 d) (Fig. 2E) with no significant delay
after injection(s) of either zoledronate or Vg9Vd2 T cells alone.
However, a single combined co-administration of zoledronate
and Vg9Vd2 T cells already improved the survival of approxi-
mately 50% of the treated mice and most of GBM tumor-bear-
ing mice survived after the successive co-administration of
zoledronate and Vg9Vd2 T cells. Interestingly, no tumor cell
was detected in mice brain by IHC at day 90, indicating a com-
plete tumor rejection (data not shown). Then stereotaxic
administration(s) of human allogeneic Vg9Vd2 T cells effi-
ciently eradicates orthotopic human GBM tumors in vivo and
also highlights the opportunity to target allogeneic specific
cytotoxic human cells for immunotherapies against GBM.

Primary human GBM cells as cellular tools for the
establishment of physiological orthotopic GBM mouse
models

One of the main limits of in vivo models established with cell
lines is their relative homogeneity associated with the establish-
ment of a compact and poorly invasive tumor while the main
clinical features of human GBM is their cellular heterogeneity
associated with a very invasive character. An alternative of
human GBM cell lines is to use primary cells isolated from
human tumor fragments screened, selected 24 and grown under
defined media to maintain cellular heterogeneity. Then, pri-
mary GBM-10 cells grow as spheres and express high levels of
“stemness” markers (e.g., CD133, CD90, CD44) (Fig. 3A). Fur-
thermore, limiting dilution and cell differentiation assays, to
determine the presence of CSC, showed that »25% of this pri-
mary GBM cells are able to give rise to new neurospheres
(Fig. 3B). Furthermore, the cells lost the expression of “stem-
ness” markers, such as Nestin, CD133 and SSEA1 upon serum-
induced differentiation (Fig. 3C), while expression of the

Figure 1. Human Vg9Vd2 T cells survive and patrol within the brain of NSG mice. NSG mice underwent intracranial injection of 2 £ 106 (A–B) or 107 Vg9Vd2 T cells (C).
Human-CD3 expression was analyzed by IHC on brain sections on days 1 (A) and 7 (B), or by flow cytometry on brain cells on days 1, 3 and 7 (C). Results are expressed as
% of CD3C cells among total brain cells (mean § SEM, n D 3 ; ns: not significant, ��p <0.005).
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differentiation markers GFAP, TUJ and Olig-2 were signifi-
cantly increased (Fig. 3D). Finally, stereotaxic implantation in
NSG mice of GBM-10 cells led to a disseminated (some tumor
cells detected in the second non-injected hemisphere) and
slow-growing brain tumors (Fig. 4), as opposed to U-87MG
cells that rapidly grow to form a compact well-defined tumor
mass. These results indicate that heterogeneous human GBM-
10 primary cells, containing a fraction of CSC, can reproduce
physiological features of human GBM and represent a tool for
establishing a robust orthotopic GBM model in mouse.

Adoptively-transferred allogeneic human Vg9Vd2 T cells
efficiently eliminate invasive GBM-10 primary tumor cells

The direct reactivity of allogeneic human Vg9Vd2 T cells against
primary GBM-10 tumor cells was next assessed in vitro. As for
U-87MG cells, Vg9Vd2 T cells did not naturally react against

GBM-10 tumor cells, while zoledronate triggered a strong and
dose-dependent antigenic activation of these effectors (Fig. 5A).
Of note, higher doses of zoledronate were required to sensitize
primary GBM-10 cells (logEC50 D 6.20 mM and maximal cyto-
toxicity at 10 mM), as compared to U-87MG cells. Similar reac-
tivity features were established for CD107a expression and IFNg
production (Figs. S2C, S2D and S3). Next, the ability of Vg9Vd2
T cells to react against GBM-10 cells was evaluated in vivo.
GBM-10 bearing-NSG mice were treated with one (day 7) or
two cycles (days 7 and 14) of stereotaxic administrations of allo-
geneic human Vg9Vd2 T cells and/or zoledronate. Untreated
mice died within 60 d (median survivalD 54.5 d) and no signifi-
cant variation was measured after single/double stereotaxic
injection(s) of either zoledronate or Vg9Vd2 T cells alone
(Fig. 5B). Importantly, single and also double administrations of
zoledronate and Vg9Vd2 T cells strongly improved the survival
of mice (respectively 20 and 70%). As for U-87MG model, no

Figure 2. Human allogeneic Vg9Vd2 T cells react against U-87MG tumor cells in vitro and eradicate U-87MG cells in vivo. (A–B) U-87MG cells were pretreated overnight
with different concentrations of zoledronate. (A) After zoledronate pretreatment, cells were loaded with 51Cr and co-cultured 4 h with Vg9Vd2 T cells (E/T ratio: 10/1).
51Cr release was measured in culture supernatants. Results are expressed as % cytotoxicity (mean § SEM, n D 3). (B) 0, 24 or 72 h after zoledronate pretreatment, U-
87MG cells were co-cultured 4 h with Vg9Vd2 T cells (E/T ratio: 1/1). Vg9Vd2 T cells were analyzed by flow cytometry for CD107a expression. Results are expressed as %
of positive cells among Vd2C cells (mean § SEM, n D 3). (C) U-87MG brain tumor-bearing NSG mice were injected at day 14 with zoledronate (0.4 mg or 1 mg). One day
later, tumor cells were magnetically isolated using w6/32 mAb and co-cultured 4 h with Vg9Vd2 T cells (E/T ratio: 1/1). Vg9Vd2 T cells were analyzed by flow cytometry
for CD107a expression. U-87MG cells cultured in vitro and pretreated or not with zoledronate (10 mM), in presence or absence of the w6/32 mAb, were used as control.
Results are expressed as % of positive cells among Vd2C cells (mean § SEM, nD3; ��p <0.005, ���p <0.0005). (D–E) U-87MG brain tumor-bearing NSG mice were treated,
or not (— ; n D 10), with single injection (day 7) of zoledronate (----�--- ; n D 5), Vg9Vd2 T cells (---&---; n D 5) or both (---$--- n D 15), or with double injections
(days 7 and 14) of zoledronate (—�— ; n D 9), Vg9Vd2 T cells (—&— ; n D 9) or both (—$— ; n D 9). Statistical analysis was performed by log rank-test compared
with control (see the indicated p value).
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tumor cell was detected in brain by IHC at day 200, indicating
that tumor rejection seemed complete (data not shown). Alto-
gether, these results indicate that stereotaxic administration(s)
of allogeneic human Vg9Vd2 T cells plus zoledronate efficiently
eliminate heterogeneous primary human GBM tumors charac-
terized by “stemness” and invasive properties.

Discussion

Adoptive transfer of tumor-specific T lymphocytes represent
promising approaches to efficiently cure malignant infiltrative
brain tumors with limited deleterious effect on healthy cells.8

Using orthotopic xenograft mouse models of human GBM cells
from either commercially available cell lines or primary GBM
cells, our study indicates that stereotaxic administrations of
allogeneic ex vivo-amplified human Vg9Vd2 T cell effectors
plus zoledronate efficiently eradicate brain tumors.

Our results support that cytotoxic human T cells efficiently
eliminate most residual tumoral cells which have deeply infil-
trated the brain parenchyma, including highly resistant GBM
CSC.25 CSC may be involved in tumor recurrence, due to their
ability to both infiltrate brain parenchyma and to resist to
aggressive chemo- and radiotherapy.26 GBM-10 primary cells,
isolated from a fresh biopsy and cultured in defined media
maintain the cellular heterogeneity and especially the presence
of CSC,24 have been used for establishing new and robust

human GBM xenograft mouse model. In contrary to U-87MG
cell line triggering a compact and homogenous tumor mass,
primary GBM-10 cells are highly infiltrative and exhibiting typ-
ical morphological features of human GBM,27 representing new
tools for establishing the next-generation animal models of
human GBM tumors.

Vg9Vd2 T lymphocytes, the most frequent and conserved
human peripheral gd T cell subset in adults,15,28 react against a
wide range of tumor cell targets.15 Both active and passive
Vg9Vd2 T cell immunotherapies have been considered for
patients with solid or circulating malignancies.17 While yielding
promising results, these phase 0/I trials revealed some issues
that will need to be resolved, such as the reduced reactivity of
Vg9Vd2 T cells against fresh tumors and their possible exhaus-
tion in some patients. Importantly, as for some other non-con-
ventional T cell subsets, the antigenic activation process of
Vg9Vd2 T cells is TCR- and contact-dependent, involving the
expression of key molecules (eg., PAg and butyrophilins),29 but
not restricted by MHC class I/II molecules, then eliminating
any risk of deleterious direct alloreactive responses toward
non-transformed cells.30,31 Therefore, the constitution of clini-
cal allogeneic human Vg9Vd2 T cell banks, established from
healthy donors, could represent a unique opportunity for
designing adoptive transfer antitumor immunotherapies.
Administration of effector T cells could be further hampered
by the particular immunological status of the central nervous

Figure 3. Primary GBM-10 cells as cellular tools for the establishment of a physiological orthotopic human GBM graft model in NSG mice. (A) U-87MG cells and GBM-10
cells were analyzed by flow cytometry for CD133, CD90 and CD44 expression. Gray histograms correspond to isotype control mAbs. (B) GBM-10 cells were seeded with an
initial concentration of 2 £ 103 cells/mL in 96-well plate. 15 d later the fraction of wells not containing neurospheres for each cell-plating density was calculated. (C–D)
GBM-10 primary cells were cultured in DEF or in medium containing FCS and were analyzed by flow cytometry for the Nestin, CD133, SSEA1 (C), Olig2, Tuj and GFAP
expression (D). Results are expressed as the median fluorescence intensity (MFI) ratio (MFI test/isotype control) (mean § SEM, n D 3; �p <0.05, ��p <0.005, ���p
<0.0005). Inserts show representative histograms from one experiment of three performed.
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system, notably characterized by the presence of the blood-
brain barrier (BBB) and the absence of classical lymphatic
drainage system,32,33 then limiting T cell trafficking within the
brain parenchyma and representing an additional obstacle to
intravenous injections. Clinical trials of adoptive immunother-
apy of GBM with human T lymphocytes were based on either
intravascular or intracavitary administrations.34-36 However,
the survival and activity of T cells within the cerebro-spinal
fluid remains unclear as no studies have been performed to
describe their behavior or their ability to move and infiltrate
the brain parenchyma. Our approach is based on the direct
injection of allogeneic amplified gd T cells in the parenchyma,
all around the resection cavity. Such per-operative administra-
tions are already carried out during surgery delivering local

chemo- or gene-therapies to GBM patients.37 Supporting this
possibility, this study unambiguously shows that a significant
fraction of Vg9Vd2 T cells survive for several days following a
stereotaxic injection into the mouse brain parenchyma and
subsequently deeply infiltrate brain tissue. Both in vitro and in
vivo assays were carried out with dose-dependent zoledronate
sensitizations of a GBM cell line and primary human GBM cells
in order to trigger strong Vg9Vd2 T cell recognition, as already
used for enhancing such reactivities in other oncological con-
texts.38 Phase I/II trials 39 have shown that zoledronate, indi-
cated for other human pathologies (eg. osteoporosis, multiple
myeloma),40 leads to significant IL-2-dependent gd T cell
expansions, correlating to partial or complete clinical
responses, thus indicating the feasibility and efficacy of this

Figure 4. In vivo development of orthotopic human-GBM brain model in NSG mice. Human-MHC class I expression was analyzed by IHC on NSG mouse brain sections per-
formed at days 5, 10, 15 and 25 after U-87MG brain implantation (left pictures) or at days 7, 14, 28 and 45 after GBM-10 implantation (right pictures).
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approach in some cancer patients. Preclinical approaches sug-
gested that NBP-injection could be combined with Vg9Vd2 T
cells administration in order to induce/enhance their antitumor
reactivity.18 As zoledronate does not cross the BBB,41 adminis-
trations for GBM immunotherapies required direct brain injec-
tions. As expected, stereotaxic administrations of zoledronate
and Vg9Vd2 T cells did not induced deleterious effects in
mice.42 The toxicity of such effective antitumor associations
cannot be ruled out in GBM patients and will need to be exten-
sively investigated. Some studies have described that zoledro-
nate, like some other bisphophonate molecules, might induce
the depletion of macrophages 43 and act on microglia,44 the
main brain myeloid-immune cells. Then, to avoid the use of
zoledronate it might be interesting to select particular Vg9Vd2
T cells that could naturally and specifically react more effi-
ciently against GBM cells.

In conclusion, this study highlights the feasibility and the
antitumor effect of immunotherapies based on local adminis-
trations of allogeneic human Vg9Vd2 T cells using novel and

robust orthotopic human GBM in vivo models. Altogether,
these results demonstrate that adoptive allogeneic immuno-
therapies could represent a promising and effective approach
for the treatment of human GBM that remains one of the faster
spreading and deadliest cancers.
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