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Absfracf 

Glioblastoma (GBM) is a highly aggressive brain tumor for which novel therapeutic 

approaches ， such as immunotherapy ， are 町gently needed. Zoledronate (ZOL) ， an inhibitor of osteoclastic 

activity ， is known to stimulate peripheral blood-derived γ8T cells and sensitize 旬morstoγ8T

cell-mediated killing. To investigate 也efeasibility of y8T cell-based immunotherapy for patients with 

GBM ， we focused on仕lekilling of GBM celllines by y8T cells and the molecular mechanisms involved 

in these cell-cell interactions. Peripheral blood mononuclear cells were expanded 恒ZOL and interleukin 

οL) 圃2for 14 d，阻dy8T cells were enriched in the expanded cells by血eimmunomagnetic depletion of 

αsT cells. Gliomas are resistant to NK cells but susceptible to lymphokine-activated killer cells and some 

cytotoxic T 1戸nphocytes. When也eγ8T cell-mediated killing of仕rree GBM celllines (U87MG ， U138MG 

and Al72 cells) and an NK四sensitive leukemia ce1l1ine (K562 cells) were tested ， 32% U87MG ， 15% 

U138MG ， l%Al72 ， and 50% K562 cells were ki1l ed at an effector:target ratio of5: 1. The 悼T

cell-mediated killing of all 也ree GBM celllines was signi :fi cantly enhanced by ZOL and 也is

ZOL-enhanced ki1l ing was blocked by an anti 圃Tcell receptor (TcR) 組 tibody. These results indicated 也at

TcRγ8 is crucial for the recognition of ZOL 舟eated GBM cells by γ8T cells. Since the low level ki1l ing 

of GBM cells by the γ8T cells was enhanced by ZOL ， y8T cell-targeting therapy in combination with 

ZOL treatment could be effective for patients with GBM. 
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Introduction 

Gliob1astoma (GBM) is a high1y aggressive brain tumor. Despite aggressive treatment combining 

surgery ， radiation ， and chemotherapy ， th巴prognosis remains poor ， with a median surviva1 time of on1y 

12-15 months after diagnosis. Th巴failure of conventiona1 chemotherapy reflects the resistance to 

alky1ating agents ， including temozo1omide ， which is企equent1y shown by GBM 旬mors due to the 

巴xpression ofthe DNA 問問pair protein 0乞methy1guanine methyltransferase [1，2]. Thus ， the deve10pment 

of nove1 therapeutic approaches for patients with GBM is crucia l. Immunotherapy has shown promise 加

experimenta1 mode1s ， but litt1e success in the clinic ， principally due to由ebrain' s protected environment 

and the immunosuppressive effect ofthe tumor itse1f [3-5]. 

Human γOT cells account for about 10% of periphera1 b100d T cells ， and have an important ro1e in 

加nate immune surveillance and defense against cellu1ar stress. They can recognize cons 巴rved

det 巴rminants upregulated during inflammation ， infection ， or cell 仕ansformation [6-8]. Most human 

periphera1 b100dγ cST cells express a Vy9V cS2 T cell receptor (TcR) ， and recognize cellu1ar s仕ess in a 

m吋orhistocompatibi1ity comp1 巴x(MH C)-ind 巴pendent manner [9]. Vy9V cS2 TcRs recogni 田 nonpeptidic

preny1 pyrophosphate metabo1it 巴s，generically known as phosphoantigens (PAgs) [10]. Natura1 PAgs 

inc1ude isopenteny1 p戸ophosphate (IPP) ， a metabo1ite ofthe meva10nate pathway in mamma1ian cells 

[10] and the deoxyxy1u1ose phosphate pathway present in many microorganisms [11]. Bisphosphonate ， a 

drug wide1y used to prevent bone reso 叩tion ，promote the production ofIPP in some れlmorc 巴11s by 
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inhibiting famesylpyrophosphate (FPP) synthase in the mevalonat 巴pathway ，and can enhance yoT 

cell-mediated cytotoxicity [10]. The yOT ce11s recognize IPP  and  IPP derivatives in the context of 

ecto 戸FトATPase [12] and/or CD277 [13] 加知mor cells. Human peripheral blood derived-yoT ce11s have 

been repo 巾 dto express some NK r印刷ors and to be血volved in the cytotoxic killing of human 

hepatoce11ular carcinoma ce11s [14]. NK receptor 田ligand int 巴ractions are also crucial 泊悼Tce11-mediated 

killing ofmalignant tumor ce11s. 

Pr巳vious studies have indicat 巴d出atγoTc 巴11s elicit potent antitumor activity against a broad range 

of malignant 旬mors [15-19]. In brain 加mors ，Fuj 凶iya et al.日 rst reported that peripheral blood yoT ce11s 

displayed significant tumoricidal activity [20]. Bryant et al. showed that yoT c巴11s can kill GBM ce11s in 

vitro ， and reduc 巴旬mor progression in vivo [21 ，22]. However ， thes 巴r巴sults did not progress beyond 吐le

pre 聞clinical stage ， as there was no easy 佃 dsafe procedure for expanding yOT c巴11s to obtain sufficient 

quantities for clinical studies. Human p巴ripheral blood γoT ce11s have now been shown to proliferate we11 

in vitro in the presence ofzoledronate (ZOL) ， a bisphosphonate ， and IL・2[23]. This proc 巴dure has been 

used in clinical trials ofy oT cell-based immunotherapy for patients with s巴veral tumors [24-26]. This 

m巴thodology was shown to be clinica11y beneficial and safe ， providing a promising therapeutic strategy 

for pati 巴nts withGB 孔1.

To investigate the possibility ofusingγoT ce11 聞based immunotherapy for patients with GBM ， we 

focused on the cytotoxic effect of yOT c巴11s on standard GBM ce111in 巴s，and the effect of ZOL on 
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sensitizing GBM cell1ines as cytotoxic target cells. 1n addition ， to e1ucidate the mo1ecu1ar mechanisms 

invo1ved in these cell-cell interactions ， the expression of 1igands on GBM cell1ines that cou1d be 

recogniz 巴dby γIiT cell expressing receptors were ana1yzed. 

Materials and methods 

Preparation ofhmnan yliT cells ， cytotoxic T 1ymphocytes and 1戸nphokine 四activated killer cells 

Informed consent was obtained for the collection of periphera1 b100d 企omhea1thy vo1unteers ， and 

periphera1 b100d mononuc1ear cells (PBMCs) were prepared by density gradient cen 仕ifugation

(Lymphoprep; Axis 圃Shie1d PoC AS， Oslo ， Norway). For the preparation of y8T cells ， human PBMCs 

were p1ac 巴d血aT25 cu1ture flask (Coming ， NY， USA) containing A1M 回Vmedium (Li fe Techno1ogies 

Co. ， Car1sbad ， CA， USA) supp1emented with 5% auto1ogous p1asma ， 1μM zoledronate (Novartis Pharma 

K.K.， Tokyo ， Japan) and 200 n万'm1 recombinant hmnan (rh) IL・2(Nipro Co・ヲ Osaka ， Japan). The cu1tures 

were maintained and expand 巴dinA1M 同Vmedimn supp1emented with 200 IU/m1 rh1L-2 for 14 d. The 

巴xpanded cellu1ar popu1ation was dep1eted of吋Tcells by magnetic 圃activated cell separation (MACS; 

Milt 巴nyi Biotech ， Bergisch-G1adbach ， Germany) ， which produced a TcR y8・positive cell popu1ation that 

was usually over 95% pure. 

To prep 的 po1yclona1 cytotoxic T 1ymphocytes (CTL) ， PBMCs were cul 加 edwith an immobilized 

anti-C D3 antibody (OKT3; Nipro Co. ， Osa紘ka仇， Japan) inAIM. 午 m巴d必ium町mcontaining 5% au叫ltologous
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plasma and 200 IU/ml r・hIL-2. After expansion in AIM- V supplemented with 200 IU/ml rhIL-2 for 14 d， 

the ce11 population contained 98% TcRαs+ ， 39% CD4+ ， and 71 % CD8+ ce11s. To prepare 

lymphokine-activat 巴dkiller (LAK) ce11s ， PBMCs were cultured in AIM 回Vcontaining 5% autologous 

plasma and 3，000 IU/ml rhIL ・2for 5 d. After expansion in AIM 困Vsupplemented with 200 IU/ml rhIL-2 

for 14 d， th巴c巴11population consisted of over 98% CD3- CD56+ ， characteristic of natural killer ce11s. 

Ce111ines 

Human GBM celllin 巴sU87MG ， U138MG ， and A172 ce11s were purchased 企omthe American 

Type Culture Co11ection (ATCC; Manassas ， VA， USA). Human leukemia ce111ine K562 ce11s was 

provided by Professor Matsuda (Kyoto Prefectural University ofMedicine ， Japan). Ce11lines were 

maintain 巴dinD ゐ1E M(for GBM ce11s) or RPMI640 medium (for K562 ce11s; Life Technologies Co.) 

with 10% heat-inactivated FBS (Thermo Fisher Scientific Inc. ， Waltham ， MA， USA) ， 100 Ilg/m1 

penicillin and str 巴ptomycin (Life Technologies Co.) at 370C in a humidifi 巴datmospher 巴containing 5% 

内
jh

o c 

Flow cytometry 

Samples were stained with appropriate antibodies (see Supplemental materials and methods) and 

analyzed using a BD F ACS Calibur flow cytometer. Th巴data were analyzed using CellQu 巴st software 
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(BD Biosciences ， San Jose ， CA， USA). The ratio of fluorescence intensity (RFI) was calcu1at 巴das the 

mean fluorescence intensity obtain 巴dwith th巴 samp1e/mean fluorescence intensity obtained with the 

isotype-matched contro l. 

Cytotoxicity assay 

Cytotoxic killing was measured using a calcein 胴AM re1ease assay ， as describ 巴dprevious1y [27]. 

Briefly ， cell 1ines used as targets were incubat 巴dwith 1μM calcein 幽AM (Li fe Techno1ogies Co.) for 30 

m泊. TcR yei ・positive T cells were added to 9ふwell round 回bottomed p1astic p1ates (Coming) containing 

1 X 104 1abe1 巴dtarget cells per w巴11 at various effector-to ・target ratios (E:T). After incubation for 4 h at 

37  oC in a humidified atmosphere ， supematan 臼 were collected ， and calcein-AM re1ease was measured 

using F1uoroskan Ascent (Thermo Fish 巴rScientific IncふGBM cell 1ines were treated with ZOL by 

cu1turing them in medium containing d巴fmed doses of this drug for 20 h prior to performing cytotoxicity 

assays. 

For co1d inhibition assays ， calc 巴in-AM 幽1abe1ed (hot) and un1abe1ed (co1d) cell1ines were used as 

target cells. These were incubated at defmed hot-to-co1d target ratios and E:T ratios. In b10cking 

experiments ， yeiT cells were treat 巴dwith 10μg/m1 anti- TcRVy9 (BD Pharmingen; B3， IgG]) or an 

isotype-matched mAb for 1h at 40C， and then used as effi 巴ctor cells. 
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Statistical methods 

Results are given as m巴an土standard eηor (SE). The statistical significance of differences was 

determined using a t-t 巴stor one-way analysis ofvariance (ANOVA) followed by Scheffe's tes t. Single 

and double ast 巴risks indicate P values < 0.05 and < 0.01 ， respectively. 

Results 

Ph巴notypic analysis of悼Tcells expanded in culture 

The expression of cell 回surface antigens on yoT ce11s expanded in cultur 巴was analyzed by flow 

cytome 仕yusing the mAbs described in Supplem 巴ntal materials and methods (Figure 1). The yoT ce11s 

expressed the TcR co胴receptor CD3 and the lineage marker CD8 ， but also very low levels of CD4. The 

ce11s expr 出回dthe adhesion molecules CD2 (LFA 開2) and CDlla (LFA 困1α) at high levels. Of th巳NKc 巴11

markers ， CD56 (N-CAM) and CD161 (NKR-P1A) were 巴xpressed. Of the markers associated with 

activating NK ce11 receptors ， CD16 (Fcy 則11) ，CD226 (DNAM ・1)，CD244οB4) ， and CD314 (NKG2D) 

W巴rehighly expressed. CD335 (NKp46) was almost absent ， while CD336 (NKp44) and CD337 (NKp30) 

were slightly expressed. Ofthe markers associated with inhibitory NK ce11 receptors ， CD94 and CD159a 

(NKG2A) were highly expressed. CD158a (KI R2DL1) was a1most absen t. CD158b (KI R2DL2/D L3) was 

highly expressed in a sma11 p巴rce 凶age (3.7%) of yoT ce11s and expr 巴ssed at low levels in a large 

percentage ofthe c巴l1 s. CD 178 (Fas 四L)was almost abs 巳nt.
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Cytotoxic effect ofγ cST cells on GBM celllines 

W巴used a calcein-AM release cytotoxicity assay to test the effect ofγ cST cells on standard GBM 

celllines and the cytotoxicity 困問nsitive leukemia ce11line K562. At E:T ratios of 1:1 and 5: 1， theγ cST ce11s 

killed 28% and 50% ofK562 ce11s ， 18% and 32% ofU87MG ce11s ， 7% and 15% ofU138MG c巴l1 s，and 

4% and 1% of A172 ce11s ， respectively (Figure 2). The ycST cells had a significant cytotoxic effect on 

U87MG and U138MG ce11s ， which was c巴11 number 困dependent ，but had little cytotoxic effect on A172 

cells. In addition ， the cytotoxic effect of悼Tce11s on the GBM celllines was significantly lower than on 

K562 ce11s. 

Effect of ZOL on sensitivity of GBM ce11lines to ycST ce11-mediated cytotoxicity 

W巴test 巴dthe ability of ZOL to sensitize GBM ce11lines to ycST ce11-mediated cytotoxicity by 

pre 四incubating U87MG cells with 0-10μM ZOL for 20 h. Untreated or ZOL-treated cells were 

co-cultured with ycST cells at an E:T ratio of 5: 1. After pre-trea 組問ntwith 1μM ZOL ， 86% U87MG cells 

were lysed ， which was a 4.トfold increase in lysis compared to untreat 巴dcells. This enhancement of lysis 

by ZOL was a dose-dependent effect (Figure 3a). A食巴rpre 阿佐巴atment with 1凶1: ZOL ， the other glioma 

celllines ， U138MG and A172 cells ， and the 1巳ukemia ce11line ， K562 cells ， showed 43% ， 67% ， and 55% 

lysis ， resp 巴ctively ，which were 3.6 ラ 16.8 ，and 1.ト fold increases in lysis compared to untreated ce11s 
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(Figur 巴3b). Therefore ， pre 同住eatm 巴ntwith 1 μM ZOL significantly enhanced the cytotoxic killing of all 

three GBM celllines. As previously reported [23] ， ZOL pr巴岡treatment did not enhance the cytotoxic effect 

on K562 cells. Interestingly ， the killing of the resistant GBM cellline Al72 cells by the y8T cells was 

strongly induced by ZOL pre-treatmen t. 

Mechanisms of ZOL 聞induced s巴nsitization to y8T c巴II田mediat 巴dkilling 

To elucidate the molecular mechanisms involved in the interactions between y8T cells and 

GBM celllines ， cold inhibition assays were performed (Figure 4a). The y8T cell-mediated lysis of calcein 

labeled ， ZOL 回treated U87MG cells was competitively blocked by unlabeled ， ZOL-treated U87MG ， while 

th巴lysis ofunlabeled 心87MG cells was not enhanced by unlabeled ， ZOL-treated U87MG cells. 

Next ， we analyzed the expression ofligands on GBM celllines specific for receptors 巴xpress 巳d

by y8T cells. As shown in Table 1， the expression ofHLA-ABC (th 巳ligand for CD 15 8b) was high on all 

GBM celllin 巴民 butHLA 開E(the ligand for CD94 乃-.J KG2A) was mostly absen t. PVR was expressed by all 

cell lines and nectin-2 (ligands for DNAM ・1) was variably expressed. Th巳巳xpression of the 

NKG2D-specific ligands MICA ， MICB ， ULBP1 ， ULBP2 ， and ULBP3 was  low ， but at least on巴ligand

could be detected on every cellline. ICAM family adhesion molecules ， which interact with CDlla ， w巴re

variably expressed on U87MG and U138MG ， but mostly absent on Al72 cells. Unlilce GBM celllines ， 

the leukemia cellline K562 c巴lls lacked HLA 同ABC 佃 dHLA-E ， expressed the NKG2D 回specific ligands 
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with the exception ofMICA ， and e却ressed ICAM-l and ICAM 圃2，although ICAM 圃3was absen t. We also 

looked at也巴 effect of ZO L on the expression of thes 巴lig 姐 dsby incubating the celllin 巴swith or without 

1μM ZOL before analyzing 也eligands present (Figure 4b). After ZOL 仕ea加巴nt，MICA was slightly 

up-regulated on AI72 and K562 cells ， and HLA 圃ABC was down-regulated on U87MG cells ， but 

up-regulated on K562 cells. To further investigate the involvement ofTcRyo in these cell-cell interactions ， 

antibody blocking experiments were performed. As shown in Figure 4c，也eZOL 圃enhanced killing of 

GBM cells was inhibited by anti- TcRVy9 mAb in all three celllines tested. 

ZOL-enhanced killing ofGBM cells is not specific toγoT cells 

To gain 白川ler 加sights into 也esensitizing e能 ct of ZOL on GBM cells ， we investigated 

whether 由iswas specific toγoT cells by using LAK and polyclonal CTL as effector cells. After treatment 

with 1ドMZOL ， 43.5% U87MG cells ， 34.8% U138 cells and 15.4% AI72 cells were killed by LAK cells ， 

and these were 1.1， 1.1， and 0.9 開fold ，respectively ， ofthe lysis levels seen with untreated cells. In con 回 st，

when  CTLs were incubated w池田国ated GBM cells ， they killed 圃1. 6%U87MG cells ， 2.6% U138 cells ， 

阻 d 6.3% AI72 cells ， but after 位ea回目ltwith 1μM ZOL these lysis levels were increased 園10.6 ，3.8 ，佃d

0.4嗣 fold ，respectively. We therefore observed 也atZOL not only enhanced γoT cell-mediated killing ， but 

also CTL-mediated killing (Figure 4d). However ZOL had no effect on LAK 開mediated killing. 
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Discussion 

To our lmowledge ， this is the frrst report of ycST ce11s having different cytotoxic effects on di妊erent

GBM ce11 lines. The cytotoxic effect seen on GBM c巴11 lines was significantly lower than that on the 

leukemia ce11 line K562 ce11s ， which is lmown to show cytotoxic sensitivity. Therefore ， to achieve 

anti-tumor effects in patients with GBM ， it will b巴important to 巴nhance the cytotoxic effect on GBM 

ce11s. 

To investigate whether bisphosphonate can s巴nsitize GBM ce11 lines to cytotoxic killing ， we 

selected ZOL ， and found it to have a strong sensitizing effec t. Cold inhibition assays showed that the ycST 

ce11s recognized ZOL 圃pretreated GBM ce11s using specific membrane receptors and that they killed the 

ce11s by a direct cytotoxic mechanism. In addition ， ZOL-enhanced killing did  not seem to involve the 

release of soluble mediators ， which would mediate 創1indirect cytotoxic mechanism. 

Cimini et al. reported that ZOL synergistically enhanced the ycST c巳11・mediat 巴dapoptosis of GBM 

ce11lines [28]. The adhesion molecul 巴ICAM-1 has a critical role in the cytotoxic killing of colon canc 巴r

ce11s. The ce11 lines that lacked ICA lIι1 failed to be r巴cognized by ycST ce11s ， even aft 巴rbisphosphonate 

treatm 巳nt. In transfection experiments ， the only molecule that was shown dramatica11y to e凶lance ycST 

ce11 聞mediated cytotoxicity after bisphosphonate trea 加lent was ICAM 開1[16]. However ， we observed that 

ZOL could not only enhance the killing ofU87MG and U138MG ce11s that expressed ICAM 同 1，but could 

also induce the killing of Al72 c巴11s that lacked ICAM 圃 1. Our investigation has confrrmed the expanded 
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γoT cells strongly expressed DNAM-l ， and 也at its specific ligand ， PVR， was one of the most highly 

expressed molec u1es on all 由ree of th巴 GBM cell lines tested. The expression of PVR ， rather than 

ICAM-l ， on GBM cel1s might mediate the enhanced cel1姐 ediated ki1l ing byγoT cel1s. We also observed 

也at ZOL did  not appreciably change the expression of the other ligands tested on血eGBM ce111ines. 

Furthermore ， mAb specific for TcR Y-刊

blood [10] ， inhibited ZOL-enhanced 恒l1 ing in al1 GBM ce111ines tested. Although further investigations 

using mass spec 仕ome 町/ wi1l be needed to measure the accum u1ation of IPP in target cel1s， a possible 

explanation for the effect of ZOL on target cel1 kil1ing is 白at it strongly promotes the in仕ace l1ular

accum u1ation of IPP ，社lU Sfavoring the reco 伊ition of GBM ce111ines by yoT cel1s. Taken together ， our 

res u1ts showed that TcRγo has an important role in the ZOL-enhanced ki1l ing of GBM cel1s. However ， 

poly c1onal CTL 姐 ediated ki1l ing was also enhanced by ZOL trea 加lent in two GBM cel1 lines ， although 

LAK 回mediated ki1l ing was unaffected in al1 GBM cel1 lines tested. This suggested 也at ZOL-enhanced 

kil1ing may not be entirely  specific toγoT cel1s and 0也er mechanisms remain to be elucidated in 

CTL-mediated ki1l ing. 

1t has been reported 也at ZOL reduced anti-apoptosis defense mechanisms ，出us al10wing 

ZOL-treated cel1s to induce apoptosis inωmor cel1s [29]. We saw no increase in spontaneous 

fluorescence release 企omany ZOL-treated cel1s， compared to un回 ated cel1s，担4 h fluorescence-release 

c戸otoxicity assays. We saw no evidence that ZOL induced direct cytotoxicity in these experiments. We 
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have confrrmed that ZOL can enhanceγaT cell-mediated ki1l ing of GBM celllines recoginized by TcR ya， 

and consider 白atPVR might be involved in e凶lancingγaT cell-mediated ki1l ing of GBM cells. 

Our study showed thatγaT cells killed low numbers of GBM cells ， despite being allogeneic ， and 

也atZOL could enhance allogeneicγaT cell-mediated killing. We observed thatγaT cells killed virtually 

no allogeneic normal B lymphoblast cell lines (data not shown). These results indicated allogeneic yaT 

cell-based immunotherapy would be safe and 由at adminis 回tion of allogeneicγaT cells in combination 

with ZOL may provide a novel s回 tegy for allogeneic cell 四based immunotherapy for human GBM. 

Ourresults 紅白 encouraging for the development ofγaT cell. 司based immunotherapy for patients 

with GBM; however ， some problems have yet to be overcome for clinical application. It was reported 

γaT cells might be unable to  in印刷tehuman GBM parenchyma [21]. Our observation that GBM cell 

lines express low levels of ligands for the receptors on yaT cells ， which had a mild cytotoxic e能 cton

GBM celllines ， suggests a possible mechanism for 也efailure ofγaT cells to accumulate in GBM 

P紅白chyma. A subpopulation of clonally expanded Va2 圃yaT cells 也atrespond to heat shock protein 

(HSP) was identifi 巴dwithin demyelinated regions ofthe brain in a multiple sclerosis patient [30]. This 

implies thatγaT cells might accumulate in a GBM 旬mor ifthe production ofIPP derivatives could be 

enhanced by ZOL in GBM cells. 

For ZOL to pene 回 teGBM tumors ， it must cross 也ebrain-blood barrier (BBB) ， which is 

composed of endothelial cells ， associated as仕ocytic enιfeet processes ， perivascular neurons ， and 
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pericytes [31]. An early study showed 也atbrain 加mors such as GBM might partially disrupt 也eBBB by 

inducing large gaps between endothelial cells [32] ， suggesting ZOL might be able to pene 仕ate

BBB-disrupting GBMωmors without modification. In other  cases ， ZOL could potentially be delivered 

directly into the region around GBM 旬morsd 町ings 町gery.

In summary ， ZOL strongly sensitizes GBM celllines as t訂gets for γoT cell-mediated cytotoxic 

killing. Our investigation has provided a novel mechanistic basis for combining ZOL and yoT cell-based 

immunotherapy for GBM. This therapy could be an effective s加 tegy to悦 atGBM.
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Figure legends 

Fig. 1 Phenotypic analysis of human peripheral blood-derived γoT cells 

Ce11s were stained with specific mAbs (see Supplementa1 materia1s and methods) and ana1yzed 

by flow cytometry. Th巴top 1eft pane1 shows the gated TcR yu・positive c巴11 popu1ation for which the 

histograms on the right show specific antibody staining. Open histograms show con 仕ols stain 巴don1y with 

secondary PE開conjugated goat anti 同mouse IgG ， and fi11ed histograms show specific mAb staining. For 

each histogram ， the percentage of positive ce11s is shown and the ratio of mean fluorescence intensity 

(RFI) is given in pa印刷hes 巴s. The RFI  was ca1cu1ated as the me即日uorescenc 巴加tensity (MFI) of the 

indivudia1 samp1e/MFI of the isotype-matched contro l. The resu1ts shown are representative of three 

independent 巴xper 也lents.

Fig. 2 Cytotoxic killing of human GBM celllines by γoT cells expanded in vitro 

The abi1ity ofγuT ce11s to kill 1 x 104 GBM ce11s or K562 1euk 巴mia ce11s was tested at differ 巴nt

effector-to ・target (E:T) ratios ， as shown ， by 4h calcein re1eased assay. Each data point is a mean 士

standard error (SE) ofva1ues obtained from at 1east three independent experiments. P va1ues compared 

with K562 ce11s were determined using one-way ANOVA fo11owed by Scheffe's tes t. * Pく0.05 and ** P 

< 0.01 
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Fig. 3 ZOL sensitizes GBM celllines to the yoT cell 四mediated killing 

a， U87MG cells were pretreated with 0，0.1 ，0.5 ，1，5， and 10μM ZOL for 20 h， and then 

washed extensively. Cells were lab 巴led with calcein-AM and co開cultured with yoT cells at a 5: 1 E:T ratio 

for 4 h. Supematants 企omthe co-cultures were measured by f1uorome 仕y. Each bar represents the mean 士

SE ofvalues obtained in three independent experiments. b， Thre 巴GBM celllines and the le凶cemia cell 

line K562 were pretreated with 0 or 1μM ZOL for 20 h， then labeled with calc 巴in-AM and co-cultured 

with yoT cells for 4 h at an effector-to 聞target (E:T) ratio of 5: 1. Supematants 企omthe co同cultures were 

measured by f1uorome 仕y. Each bar repres 巳nts the mean 土SEofvalues obtained in three indep 巴ndent

experiments. The open 加 dfilled bars show th巴cytotoxic killing ofun 仕eated and ZOL- 仕eated celllines ， 

r巴sp戸巴cは凶ti討V巴ely.予.PV刊alu 巴凶sw巳ぽred白et阻eαrm‘1百四叫m凶n凶1吐i泊ne吋dusing a 剖t圃tぬ巴s凶ttωoc ∞Oωm叩pa訂r巴u凹ntむrea抗t巴吋dand ZOL- 開.明批.

P < 0.0 1. 

Fig. 4 Mechanisms of ZOL- 唱.

a， Cold inhibition assay. Calceir トlabeled ，阻む.eated or ZOL-pretreated U87MG cells were used 

出 hot targets and were mixed with ZOL-pre 甘巴ated U87MG (臼lled b但.s) or un仕巴ated U87MG cells 

(diagonal bars) as cold targets ， at ahot-to 胃cold target ratio of 1: 10. The yoT cell-mediated lysis ofthe 

mixture was determined as calcein release after 4 h at an effector-to 四hot target ratio of 5: 1. Each bar 

repr 巴sents the mean 土SEofvalues obtained in triplicate exp 巴rim 巴nts. P values were detennined using a 
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トtes t.** P < 0.0 1. b， Effects of ZOL on expression ofligands on GBM ce111ines specific for rec 巴ptors

express 巴donγoT ce11s. Ce11lin 巴swere pre 同treated with 0 or 1μM ZOL for 20 h， and the effect of ZOL on 

the expression ofthe mo1ecu1es shown was then eva1uated by flow cytome 仕y. Open and fi11ed bars show 

the resu1ts for untreated and ZOL-treated c巴l1 s，respective1y. Each bar shows th巴ratio of mean 

fluorescence intensity (RFI) 士SEobtained in three indep 巴ndent experiments. P va1ues were determined 

using a トt巴stto compare untreated and ZOL-treat 巳dce11s. *Pく0.05. c， Antibody b10cking experim 巴nts.

TheγoT ce11s were treated with 10μg/m1 anti 幽TcRVy9 mAb or an isotype 圃matched contro1 antibody for 

1h. ZOL-pretreated GBM ce111ines were incubated with the antibody 圃treated yoT ce11s at an E:T ratio of 

5: 1 and the percent 1ysis was determined as calcein re1ease after 4 h. Each bar represents the mean 土SEof 

va1ues obtained in triplicate experiments. P va1ues were determined using a t-tes t. ** P < 0.0 1. d， 

ZOL- 巴nhanced killing is not specific to yoT ce11s. LAK and CTL were expanded 企omPBMCs cultures 

for 14 d. Effector LAK or CTL were then co圃cu1tured with ca1cein 1abe1ed-GBM ce111ines for 4 h at an 

E:T ratio of 5: 1. Open and fi11ed bars show th巴results for untr 巴ated or ZOL-pretreated target ce11s ， 

respective1y. Data are pres 巴nted as the mean 土SEoftrip1icate determinations. P va1ues were determined 

using a t-test comparing untreated and ZOL-pretreated ce11s. **P < 0.0 1. 
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Supplemental materials and methods 

Antibodies 

PE-conjugated anti- TcRαs (clone ， T10B9.1A ・31; isotype ， IgM)， FITC-conjugated anti- TcR yo 

(l1 F2， IgG)) ， anti-CD50 (TU41 ， IgG zb)， anti-CD94 但P-3D9 ，IgG)) ， anti 圃CD158a (田-3E4 ，IgM)， 

anti-CDl58b (CH-L ， IgG 2b)， anti 嗣CDI61(DXI2 ，IgG)) ， PE-conjugated anti ・CD226 (DXll ， IgG)) 

monoclonal antibodies (mA bs) were purchased 企omBD Biosciences (San Jose ， CA， USA). Anti-CD16 

(3G8 ， IgG)) ， anti 同CD56 (N悶 1-1 ，IgG)) ， PE-co 吋ugated anti 開CD159a (ZI99 ， IgG 2b)，加ti圃CD178 (NOK園1，

IgG)) ， anti 圃CD244 (C1.7， IgG)) ，組ti圃CD314 (ON72 ， IgG)) ， PE幽conjugated anti ・CD335 (BAB281 ， IgG)) ， 

PE-conjugated anti-CD336 (Z231 ， IgG)) ， and PE-conjugated 阻 tトCD337 (Z25 ， IgG1) mAbs were 

purchased 企om Beckrnan 圃Coulter (Fullerton ， CA， USA). Anti-CD54 (HA58 ， IgG)) ， anti-CDI02 

(CBRIC2/2 ， IgG 2a)， anti 回CD48 (156-4H9 ， IgG)) ， Pιconjugated anti 干VR (2H7CDI55 ， IgG)) ， 

anti-HLA 占 (3D 12HLA 圃E，IgG)) ， anti-nectin 圃2(R.2.525 ， IgG)) ， and anti 闘HLA 圃ABC (W6/32 ， IgG 2J 

mAbs were purchased 企om eBioscience (San Diego ， CA， USA). Anti. 圃CD2ο 沢ムTER ，IgG)) ， anti-CD3 

(NU- T3， IgG za)， anti. 司CD4 0'町田THlI，IgG)) ， and anti 心D8σ 沢J-TS/C ，IgGzJ mAbs were purchased 企om

Nichirei Co. (Tokyo ， Japan). Anti 心Dlla (TS 1I22， IgG)) was purchased 企om Thermo Fisher Scientific 

Inc. Anti圃MICA (AM01 ， IgG)) 組 danti-MICB (BM01 ， IgG)) mAbs were purchased from 1¥佃 L

Intemational Co. (Nagoya ， Japan). Anti-ULBPl (170818 ， IgGzJ ， ULBP2 (165903 ， IgG 2a)， and ULBP3 

(166510 ， IgGzJ mAbs were purchased 企om R&D systems (Minneapolis ， MN， USA). Anti四mouse



PE-conjugated goat F(ab)z was purchased from Santa Cruz Biotechnology (Santa Cruz ， CA， USA). 

Isotype-specific control antibodies for mouse IgG h mouse IgG za， mouse IgG zb， PE-conjugated mouse 

IgM ， and FIT じco吋ugated mouse IgG 1 were purchased 企om eBioscienc 巴，組dwere used to measure 

background staining levels. 


