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mice were treated with edaravone at a final concentration of 0, 3.0, or 6.0 mg/kg BW 30 min prior to

X-irradiation. TUNEL staining was performed 48 h after X-irradiation to detect and analyze apoptosis. In the absence of edaravone, there was a significantly higher population
of TUNEL-positive cells (A, 74.9 £ 3.9 cells) compared to other groups (B-D). In addition, there was a statistical significance in the difference between the group that received
only irradiation and the group that received 3.0 mg/kg edaravone (B and D; 53.6 6.1 cells) (*p<0.05). The difference was more dramatic between the group that was

only irradiated and the group that received 6.0 mg/kg edaravone (C and D; 40.6

0 cells) (**p <0.01). All micrographs are at 200x magnification. Values are presented as

mean + SEM. The statistical significance of any difference was determined by analysis of variance (ANOVA). Each bar represents an average of 10 mice.

62.9+2.7%, irradiated without treatment: 60.1 +3.8%, irradiated
with treatment of 6 mg/kg of edaravone: 61.7 = 2.5%). In addition,
we did not observe a difference in the total amount of time that was
spent exploring the 2 objects in the sample and choice phase among
all groups (in sample phase, control: 26.0 + 1.5, irradiated with-
out treatment: 24.0+ 1.7 s, irradiated with 6 mg/kg of edaravone:
20.6+1.4s, in the choice phase, control: 19.4+ 1.4s, irradiated
without treatment: 21.0+2.1s, irradiated with 6 mg/kg of edar-
avone: 19.2 + 0.9 5). These results suggested that X-irradiation may
not affect non-spatial learning and memory among the 3 groups.
In Morris water maze test, all mice improved their perfor-
mance when the visible (sessions 1-4) and hidden (sessions

5-10) platforms were used. The irradiated mice that received
edaravone treatment (6.0 mg/kg) displayed a significantly better
learning performance than the untreated mice after irradiation
with 10Gy in sessions 9 and 10 (at session 9, control: 5.23 +0.74s,
10Gy-irradieted group: 9.09+1.05s and 10Gy-irradiated with
edaravone injections (6.0mg/kg) treatment group: 6.65+1.01s,
p=0.047, at session 10, control: 2.06+0.75s, 10 Gy-irradieted
group: 8.99 + 2.45 s and 10 Gy-irradiated with edaravone injections
(6.0mg/kg) treatment group: 3.75+ 1.46s, p=0.032). Data repre-
sent means + SD at sessions 9 and 10 (Fig. 4).

It has recently been understood that radiation-induced cogni-
tive dysfunction might be linked to the impairment of hippocampal

—218—



K. Motomura et al. / Neuroscience Letters 485 (2010) 65-70 69

70

* Control
= 10 Gy
» 10 Gy + Edaravone 8mg/kg

Exploration time ratio (%) >
8 8 8 8 8

Sample phase  Choice phase

Total exploring time (sec)
8 & 8

* Control
* 10 Gy
15 * 10 Gy + Edaravone émg/kg
10
5
0

Sample phase Choice phase

Fig. 3. Novel object recognition test. The exploration time ratio is the time that was
spent exploring the new object divided by the total time that was spent exploring
the 2 objects. There was no difference in the exploration time ratio and the total
amount of time in the sample or choice phase in all groups. Values indicated the
means :+ SEM. Each bar represents an average of 5 mice.

neurogenesis [15,16]. In the hlppocampal reglon of the cen-
tral nervous system, neur gh life. The
degree of neurogenesis is closely correla[ed w1th the hippocampal
functions of memory and learning. Neurogenesis in the hippocam-
pus is mediated by the proliferating neural stem or progenitor
cells [8]. In patients who received cranial radiation therapy, the
altered microenvironment of the stem cells may hinder essen-
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Fig. 4. Water maze performance. Mice were first trained to locate a visible platform
(sessions 1-4) and then a submerged hidden platform (sessions 5-10). The time that
was needed to reach the platform (latency) was used to quantify the performance.
The irradiated mice that received edaravone treatment (6.0 mg/kg) dnsplayed asig-
nificantly betterlearning di

reated mice after ionwith
10Gy insessions 9and 10(*p <0.05). Each bar represents an average of 5 mice. Points
and error bar represent mean and standard deviation (SD), respectively.

tial neurogenesis, thus leading to deficits in learning and memory
[14,16).

The present study has extended the results of our previous study
by demonstrating that a free-radical scavenger, edaravone, pro-
tected human NSCs from radiation-induced cell death. The primary
finding of this study in which young mice were used was that
neurons in the hippocampus were susceptible to a 10Gy dose of
X-irradiation and that apoptosis was induced. Notably, those apop-
totic cells were predominantly observed in the SGZ of the dentate
gyrus, presumably among neuronal precursor cells.

Our finding is almost consistent with the fact that neurogenesis
in the hippocampus is easily impaired by radiation, although we
did not observe apoptosis in the SGZ at 12 h after irradiation, as
reported by other studies [13].

Here, we showed that edaravone suppressed X-irradiation-
induced apoptosis in neurons in the hippocampus. The clinical
therapeutic concentration of edaravone is in concordance with the
dose level of 3.0-6.0 mg/kg used in our experiments. These results
imply that edaravone can be used as a premedication for cranial
radiotherapy. The use of edaravone in premedication should be
warranted in a further clinical trial.

Two behavioral tests (i.e., the novel object recognition test and
the water maze test) were employed in the present study. The novel
object recognition test is based on the natural tendency of mice to
investigate a new object instead of a familiar one. The result from
this test reflects the learning and recognition memory ability. How-
ever, there was no difference in the total amount of time spent on
exploring 2 objects in the sample or choice phase in all groups. This
test depends on the mood or motivation of the animals, and there-
fore, it may be difficult to discriminate between control and treated
animals. Indeed, few research groups, including even the one which
developed this test, reported positive results [6,7]. Unlike the novel
object recognition test, the Morris water maze test is widely used
to assess the learning and spatial memory in behavioral neuro-
science, even though animals are subjected to aversive stimulation
to induce a life-threatening escape reaction. This study may indi-
cate the protection of learning and spatial memory in irradiated
mice that received edaravone.

In conclusion, we did not address whether edaravone restores
neurogenesis in the hippocampus and cognitive function after
chronic post-radiation injury. Although further experiments that
use animal brain tumor models are required to prove the therapeu-
tic effects, the present study may shed some light on the beneficial
effects of free-radical scavengers in impaired neurogenesis follow-
ing cranial radiotherapy.
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The isotype of epidermal growth factor receptor variant Il (EG-
FRvlll) is often identified in glioblastomas. Previously, we created a
mouse monoclonal antibody, 3C10 (IgG2b), that specifically recog-
nized EGFRvIIl, and a recombinant single-chain variable fragment
of 3C10. The aim of the current study was to develop genetically
engineered T cells, termed T-bodies, that express a chimeric recep-
tor consisting of the 3C10 single-chain variable fragment coupled
to signaling modules such as the CD3zeta ({) chain, for the treat-
ment of tumors expressing mutant EGFR. After successful construc-
tion of the chimeric 3C10/CD3¢ T-cell receptor, its expression on
the T-body was observed using western blotting and flow cytome-
try. The specificity of the T-body for EGFRvIIl was evaluated using
an interferon-gamma Elispot assay and a standard 'Cr-release
cytotoxicity assay. Furthermore, we demonstrated that the system-
ically delivered T-body infiltrated the intrabrain tumor and
significantly delayed tumor growth. These results indicate that the
T-body expressing the chimeric 3C10/CD3{ T-cell receptor specifi-
cally recognized glioma cells expressing EGFRvIIL. In conclusion,
T-body-based i herapy tobeap approach
for the treatment of glioma. (Cancer Sci 2010; 101: 2518-2524)

T he expression of epidermal growth factor receptor (EGFR)
is amplified in approximately 50% of glioblastomas
(GBM)."" The binding of a ligand to EGFR leads to receptor
dimerization, autophosphorylation and activation of several
downstream signaling pathways such as the Ras/Raf/MEK/
ERK pathway, the PI3K/Akt pathway and the PLC-gamma (y)/
PKC 8athway. resulting in cell proliferation, motility and sur-
vival.? Approximately 40-70% of brain tumors with EGFR
amplification express mutant EGFR variant 111 (EGFRvIII); EG-
FRVIII has a deletion of exons 2-7 that causes a defect in the
extracellular ligand-binding domain and induces constitutive
activation in a ligand-independent manner.**® Notably, EG-
FRvlIl is characterized by an 801-base pair (bp) in-frame dele-
tion, which results in a unique sequence with a glycine residue
at the fusion junction between amino acid residues 5 and 274.
Epidermal growth factor receptor variant III is an attractive tar-
get antigen for cancer immunotherapy because it is not
expressed in normal tissue and is associated with survival, inva-
sion and angiogenesis in cancers.*” Previously, we generated
the monoclonal antibody (mAb) 3C10 and a recombinant single-
chain variable fragment (scFv) antibody (Ab) that specifically
recognizes EGFRVIIL®-'"

Glioblastomas cannot be treated and result in death despite
the extensive application of surgical excision and adjuvant
chemo/radiotherapy. Consequently, various promising immuno-
therap(y apgroaches for the treatment of glioma are being investi-
gated (119

Cytotoxic T lymphocytes (CTL) are capable of effective rec-
ognition and destruction of tumor cells, and therefore cellular

Cancer Sci | December 2010 | vol. 101 | no.12 | 2518-2524

immunotherapy has been suggested for treating tumors in
humans."> However, it is difficult to obtain adequate quantities
of tumor-specific T cells. In addition, the isolation and ex vivo
clonal expansion of tumor-specific CTL from patients is a long
and cumbersome process. As a result, general application of this
approach has been limited.

Many of the limitations associated with cellular immunother-
apy can be circumvented by arming polyclonal CTL with
tumor-specific chimeric T-cell receptors (TCR), the so-called
“T-body™ approach.'® Chimeric TCR typically consist of a
tumor antigen-specific recognition scFv element derived from a
mAb and ccmPonenls of TCR that mediate signal transduction
in the CTL.""” The T-body has the potential to recognize spe-
cific antigens in a major histocompatibility complex (MHC)-
independent manner; the applicability of this approach has been
demonstrated both in vitro and in vivo.

In the present study, we generated human T cells that
expressed the scFv-CD3zeta ({) chimeric antigen receptor
(CAR) targeting the EGFRVIII antigen by using retroviral-medi-
ated transduction. The generated T-body was able to secrete
IFN-y and lyse GBM cells in an EGFRvIII-dependent manner.
Furthermore, systemic injection of the T-body significantly
inhibited intrabrain tumor growth in mice.

Materials and Methods

Cell lines. Human GBM cell lines US§7MG, expressing wild-
type EGFR (EGFRwt), and U87-EGFRVII], stably expressing
EGFRUVIII, were kindly provided by Dr W. K. Cavenee (Ludwig
Institute for Cancer Research, San Diego, CA, USA). The Jurkat
T-cell leukemia cell line was provided by Dr Y. Miyata (Depart-
ment of Hematology, Nagoya University, Nagoya, Japan). All
cell lines were maintained in RPMI-1640 medium containing
10% fetal bovine serum (FBS) and penicillin/streptomycin. The
UB7-EGFRUVIII cell line was maintained in RPMI-1640 medium
containing 10% FBS and 400 pg/mL geneticin.

Sample collection and RNA extraction. Tumor specimens for
molecular genetic analysis were obtained from 55 patients with
malignant gliomas who underwent surgical procedures at Nag-
oya University Hospital or affiliated hospitals. The molecular
genetic analysis performed in the study was approved by the
Institutional Ethics Committee of Nagoya University, and all
patients who registered for this study provided written informed
consent. All tumors were histologically verified according to
World Health Organization 2007 guidelines: 31 patients had
GBM (grade 1V), 10 had grade III gliomas, and 14 had grade 11

“To whom correspondence should be addressed.
E-mail: anatsume@med.nagoya-u.ac.jp
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Table 1. Primers used in the present study

Nhel-leader-Vy
Acclil-linker-Vyy

Acclll-linker-V,

Vspl-V,

Vspl-CD8 o GACATTAATAGCAACTCCAT
BamHI-CD8 a TGCATGGATCCAGGAAGTCCAG
BamHI-CD3( TGCTGGATCCCAAACTCTGCT
EcoRI-CD3( GCTGGAATTCTGTTAGCGAGG
EGFR-F CTTCGGGGAGCAGCGATGCGAC
EGFR-R ACCAATACCTATTCCGTTACAC

ACTGCTAGCACCGGTCCTTACAATGAAATGCA
GTCCATGGCGCAAAGCTTATTAATTCCGGAACCACCACCACCGGAACCACCACCTCCTGAGGAGACTGTGAGAGTGGT
GCATGGCTTCCGGAGGTGGTGGTTCACATATGGATGTTGTGATGACCCAGTCTCCACTCACTCTA
TTCCATGGCGCAAAGCTTATTAATGGATCCGCCGCCACCTGATCCGCCGCCTCCTGACCGTTTTATCTCCAGCTTGGTCCCTCCACC

Underline indicates restriction enzyme sites. EGFR, epidermal growth factor receptor.

gliomas. RNA purification was performed using the standard
TRIzol (Invitrogen, Carlsbad, CA, USA) method.

EGFR expression analysis by RT-PCR. Epidermal growth factor
receptor variant 1II expression was examined using RT-PCR
assays. First-strand complementary DNA (cDNA) was synthe-
sized from the total RNA (1 pg) extracted from 55 tumors and
20 normal tissues (Human Total RNA Master Panel II; Takara
Bio, Otsu, Japan) by using the Transcriptor First Strand cDNA
Synthesis Kit (Roche, Mannheim, Germany). The cDNA was
amplified by PCR using primers designed to flank the 801-bp
deleted region (exons 2-7) to detect both EGFRwt and EG-
FRVIII (Table 1). A 1044-bp PCR product was obtained for EG-
FRwt, compared with a 243-bp product for EGFRVIIL?”

Construction of the anti-EGFRvIIl CAR. We constructed 3C10-
CAR, a CAR specific to EGFRVIIL 3C10-CAR consists of the
3C10 scFv-Ab against EGFRVIII, which is linked to the hinge
portion of human CD8alpha (o) that is fused to the transmem-
brane and intracellular signaling domains of the CD3( chain
(Fig. 1). The Vg and V{, cDNA fragments of 3C10 were subcl-
oned into the plasmid vector pSRIG-neo, and designated as
PSRIG-3C10Vy_V, %2 The leader sequence Vi and the first
half of the linker domains were subcloned by high-fidelity PCR
amplification using pSRIG-3C10Vy_V,_ as a template, a sense
primer including the Nhel enzyme site (Nhel-leader-Vy primer;
Table 1) and an antisense primer including the AccIII site (Accl-
11-linker-Vy primer; Table 1). Similarly, the latter half of the
linker domain and V{ domain were amplified with an AccllI-lin-
ker-V sense primer and a Vspl-V_ antisense primer. The two
fragments were ligated at the Acclll site and inserted into the
TA cloning site of the pCR2.ITOPO vector (Invitrogen).
The cDNA coding for the hinged portion of CD8a (aa 95-158)
was amplified by PCR using CD8x cDNA (kindly provided by
Dr E. Nakauchi, Department of Immunology, University of Tsu-
kuba, Tsukuba, Japan) as a template and Vspl-CD8a sense and
BamHI-CD8« antisense primers (Table 1). The cDNA coding
for the tr brane and intracellular portions of CD3( (aa 8-
142) was amplified by PCR using CD3 ¢cDNA (kindly provided
by Dr Weissman, National Cancer Institute, Bethesda, MD,
USA) as a template and BamHI-CD3, sense and EcoRI-CD3(
antisense primers (Table 1). These two fragments were ligated
at the BamHI site and inserted into the pCR2.1TOPO vector.
The leader sequence Vy-linker-Vy. and the CD8a-CD3( cDNA

Linker

thus obtained were assembled into the pcDNA3.1 vector at three
enzyme sites, Nhel, Vspl and EcoRI. The sequence of the
final construct was confirmed bidirectionally by using the
Acclll-linker-V,_forward and EcoRI-CD3( reverse primers.

ion of the iral vector exp ing anti: Rvill
CAR. The retroviral vector backbone pMEI-5 neo vector
(Takara Bio) was assembled with the 3C10-CAR construct in
pcDNA3.1-3C10-CAR. G3T-hi cells were transfected with
PMEI-5 neo-3C10-CAR or pMEI-5 neo-green fluorescent pro-
tein (GFP) plasmids along with pGP and pE-ampho packaging
plasmids by using the Retrovirus Packaging Kit Ampho (Takara
Bio). The cell-free viral supernatants obtained were then frozen
and stocked at —80°C.

Culture and retroviral transduction of primary human T cells
and Jurkat cells. Freshly harvested peripheral blood mononu-
clear cells (PBMC) from healthy donors were separated over a
monolayer of Ficoll (1000g for 20 min at 24°C). The PBMC
were cultured in AIM-V medium (Invitrogen) with 10% (v/v)
human serum in the presence of interleukin 2 (IL-2; 50 U/mL)
(Shionogi, Osaka, Japan) and anti-CD3 mAb (muromonab-CD3,
100 ng/mL; Janssen Pharmaceutica, Titusville, NJ, USA) for
48 h. The PBMC were harvested, washed once, and resuspended
at a density of 0.5 x 10° cells/mL in AIM-V supplemented with
10% (v/v) human serum and IL-2. On day 3, the PBMC
(0.5 x 10° cells/mL) were harvested.

For transduction, we precoated a non-tissue culture-treated
six-well plate with the recombinant fibronectin fragment FN-
CH296 (RetroNectin; Takara Bio) at 100 pg per well. The cells
were transduced with the retroviral vectors using the viral pre-
loading method. Briefly, the FN-CH296-coated plates were
loaded with the retroviral vector supernatant and incubated for
4 hat 37°C. The plate was then washed with phosphate-buffered
saline (PBS) and stimulated cells were added (2 mL per well).
The cells were then incubated overnight at 37°C. After adding
4 mL of AIM-V, the cells were transferred to a new six-well
plate and incubated with IL-2. After an additional 24 h, 100 nM
of Pep3 (LEEKKGNYVVTDHC), a 3C10-specific peptide, was
added to the cell culture. The cells were then expanded in the
presence of 50 U/mL IL-2 every other day for 1 month.

Jurkat cells (5 x 10* per well) were seeded in a 24-well plate
that was precoated with FN-CH296 (25 pg per well) as
described above. After incubation overnight at 37°C, the

Vo

e ]

I

i) sl

10 1

Vspl  BamHI EcoRl

Fig. 1. Construction of the anti-epidermal growth factor receptor variant lll (EGFRVIII) chimeric antigen receptor. The construct was composed
of the Vi and V, regions of the anti-EGFRvIIl mAb joined by a flexible linker, a membrane-proximal hinge region of human CD84, and the

transmembrane and cytoplasmic regions of the human CD3{ chain.
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medium was replaced with RPMI-1640 medium containing 10%
FBS. Following an incubation period of 72 h, the transduced
Jurkat cells were maintained in RPMI-1640 medium containing
10% FBS and 400 pg/mL geneticin.

Western blot analysis. To confirm the transduction of 3C10-
CAR in Jurkat cells, western blot analysis was performed under
both nonreducing and reducing conditions. After selection with
geneticin, retrovirally transduced Jurkat cells were lysed with
cell lysis buffer (Cell Signaling. Danvers, MA, USA), and the
lysate was separated by sodium dodecyl sulfate—pol lamide
gel electrophoresis on 15% resolving gels using standard meth-
ods and subsequently blotted onto a polyvinylidene fluoride
membrane. The membrane was probed with anti-CD3. mAb
(1:2000; BD Bioscience, Franklin Lakes, NJ, USA) and a horse-
radish peroxidase-conjugated goat anti-mouse Ab (1:3000), fol-
lowed by visualization with enhanced chemiluminescence (GE
Healthcare Japan, Osaka, Japan).

Flow cytometry. The expression of 3CI10-CAR on the cell
surface of transduced Jurkat cells was examined using a FACS
Calibur equipped with the CellQuest research software (Becton
Dickinson, Mountain View, CA, USA). Jurkat cells were stained
with biotinylated 3C10-specific Pep3 followed by PE-conju-
gated streptavidin (R&D Systems, Minneapolis, MN, USA). ™
The PBMC were stained with fluorescein isothiocyanate
(FITC)-conjugated anti-CD4 and PE-conjugated anti-CD8 anti-
bodies (Beckman Coulter Japan, Tokyo, Japan).

IFN-y Elispot assays. Cells producing interferon-gamma
(IFN-y) were quantified by ELISpot (Mabtech, Nacka Strand,
Sweden) according m the manufacturer’s instructions. Briefly,
the PBMC (5.0 x 10%, in triplicate wells) were cultured with anti-
CD3 Ab as a positive wnlml or with US7MG or US7-EGFRvIII
glioma cells (1.0 x 10%) and were incubated at 37°C for 24 h. The
number of spots in the plate was counted by two observers.

Target cell lysis. The susceptibility of US7MG and U87-EG-
FRVIII cells to PBMC retrovirally transduced with 3C10-CAR
was evaluated using a standard 4-h >ICr-release assay at various
effector:target (E:T) ratios. The percentage of specific lysis was
calculated as follows:

100 x (experimental release — spontaneous release)

(maximum release — spontaneous release)

A target inhibition assay was performed to confirm specific
lysis. The PBMC transduced with 3C10-CAR were pre-incu-
bated with various concentrations (0-25 uM) of Pep3 for 1 h.
Cytotoxicity was assessed at an E:T ratio of 50:1, as described
above. .
Intracranial glioma xenograft. US7-EGFRVIII cells (2.5 % 10°)
suspended in 5 pL. PBS were injected stereotactically into 5- o
6-week-old NOD/SCID female mice (SLC, Shizuoka, Japan), as
described previously.?" Mice bearing established tumors were
randomly assigned to two different experimental groups. Four
days after tumor inoculation, human PBMC transduced with
3C10-CAR or non-transduced PBMC (4 x 10° cells) were
injected into the tail vein. Survival time was assessed after adop-
tive transfer of the PBMC. To evaluate tumor size, mice were
killed at day 12, and brains were fixed in 10% formalin for 24 h
and embedded in paraffin. Serial tissue sections (5 pm) were
stained with hematoxylin and eosin. In order to determine
whether the transferred PBMC infiltrated the tumor, paraffin-
embedded coronal sections were immunostained with PE-conju-
gated anti-human CD8 antibody (Dako, Glostrup, Denmark),
and nuclei were counterstained with Hoechst 33342, Two per-
pendicular diameter measurements were obtained for each tumor
with calipers. The tumor yolume (V) was determined using the
equation V = 0.5 X a x b, where a is the major axis and b is
the minor axis. Survival and tumor size of treated and control
wmors were analyzed using a one-tailed Mann-Whitney test.

2520

Results

Determination of EGFRVIIl expression. Epidermal growth fac-
tor receptor variant 11l expression was analyzed in 55 gliomas
using RT-PCR. Figure 2A is a representative gel showing the
EGFRwt and EGFRvIII PCR products from five gliomas and the
US7MG and U87-EGFRVIII cell lines. Epidermal growth factor
receptor variant Il expression was observed in nine of the 55
tumors. The expression frequency of EGFRVIIIL in gliomas of
grades 11, 1l and IV was 7.1%. 0% and 25.8%, respectively
(Fig. 2B). This finding of a higher expression frequency in
GBM (grade 1V) is consistent with previous studies in which
Y(.FR»III was identified in approximately 17-57% of
GBM.O-082272) 1y addition, all 20 of the normal tissues tested
were found to express EGFRwt but not EGFRvIII (Fig. 2C).

(A) MarkerUS7vili Pt 1 2 3 4§

Wild-type EGFR (1044 bp) >

EGFRVIIl (243 bp) 3D

Positive %
o3 888

Grade I Gradell GradelV
SEGFRvIl (+) WEGFRvI (-)

S

©)

“Pﬁjfe’{ ff!“

Wiid-type EGFR (1044 bp)

EGFRvill (243 bp)

7,
4’, f q}’f & @!«*{i’ f
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Fig. 2. Epidermal growth factor receptor variant Il (EGFRvIIl)
expression in glooblasmma and normal tissues. (A) The detection of
EGFRvill expression in fresh-frozen glioblastoma specimens by RT-PCR.
Primers flanking the deleted portion (exons 2-7) amplified cDNA
fragments from both full-length EGFR (1044 bp) and the truncated
EGFRvIIl (243 bp). US7MG (lane 1) and U87-EGFRvIIl (lane 2) were
included as controls. A representative gel of the PCR products of
tumor samples from five patients (Pt.) is shown. Patients (Pt) 1, 3, 4
and 5 had grade IV tumors, while patient 2 had a grade Il tumor. (B)
mRNA from 55 glioma samples was isolated and analyzed. The
expression frequency of EGFRvIIl in grade Il, grade Il and grade IV
tumors was 7.1%, 0% and 25.8%, respectively. (C) EGFR expression in
20 normal tissues. All normal tissues expressed wild-type EGFR but not
EGFRuvIII.
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Fig. 3. The anti-epidermal growth factor receptor variant il

(EGFRVIII)-CD3; chimeric antigen receptor (CAR) expression, cell
surface trafficking and 3C10 binding on the surface of Jurkat cells. (A)
Detection of anti-EGFRvIII-CD3. CAR expression in whole-cell lysate
derived from Jurkat cell transfectants by reducing and nonreducing
western blotting analysis with a mAb specific for the human CD3C
chain. The lower band (16 kDa) is the endogenous CD3. chain (white
arrow), and the upper band (32 kDa) is its homodimer (black arrow).
The anti-EGFRVIII-CD3; CAR was detected at the expected molecular
weight of 50 kDa (white arrowhead). The anti-EGFRvIII-CD3. CAR
homodimer was detected at 100 kDa (black arrowhead). C, control
cell; T, transduced cells. (B) Jurkat cells were stained with biotin-
conjugated Pep3 and streptavidin-FITC. Expression was not detected
in the non-transduced cells (black line). Data are representative of
three independent experiments.

Expression of the anti-EGFRvIll CD3{ CAR on the surface of
Jurkat cells. The expression of 3C10-CAR was examined by
western blot analysis with a mAb specific for the human CD3(
chain (Fig. 3A). Nonreducing western blot analysis displayed
the endogenous monomeric and homodimeric CD3Z chains at
the predicted molecular masses of 16 and 32 kDa, respectively.
Reducing western blot analy howed protein expression cor-
responding to the predicted mass of the monomeric 3C10-CAR
(50 kDa) in transduced cells only; nonreducing western blot
analysis detected 3C10-CAR homodimers at a molecular mass
of approximately 100 kDa.

To investigate the cell-surface expression of 3C10-CAR, bio-
tin-conjugated Pep3 was used for fluorescence-activating cell
sorting analysis. Figure 3B clearly shows the surface expression
of 3C10-CAR on transduced Jurkat cells.
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Fig. 4. Epidermal growth factor receptor variant Il (EGFRvIII)-specific

activation of receptor-grafted T cells. (A) Interferon-gamma (IFN-v)
Elispot assay. A 2.5-fold increase in IFN-y-positive spots was observed
for 3C10-CAR-transduced PBMC co-cultured with U8B7-EGFRvIIl
compared with those co-cultured with US7MG cells. (B) *'Cr-release
assay. 3C10-CAR-transduced PBMC lysed EGFRvIII target cells (®) more
significantly than other co-cultures. (C) The addition of Pep3 inhibited
cytotoxicity. Data are expressed as the mean + standard deviation of
three independent experiments.

Superior IFN-y release and cytotoxicity mediated by 3C10-CAR-
transduced T cells. The [FN-y release and cytotoxicity mediated
by 3C10-CAR-transduced PBMC against U87-EGFRVIII and
US7MG target cell lines were assessed by Elispot and
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FCrorelease assays. A 2.5-fold increase in 11 N-v-positive spots
was observed for transduced PBMC co-cultured with U87-EG-
FRVIIT compared with PBMC co-cultured with US7MG cells
(Fig. 4A).

To determine whether 3C10-CAR is capable of conferring
CTL-mediated lysis against EGERvIII-positive cells. effector

cells were mixed with *'Cr-labeled target cells. The 3CI0-
CAR-expressing  PBMC  exerted  significant  lysis  against

US7-EGFRvIIL, although some alloreactivity was observed in
other effector/target co-cultures (Fig. 4B). The addition of
Pep3, which competitively binds to EGFRVIIIL, inhibited the
cytotoxic ability of the 3C10-CAR-expressing PBMC against
U87-EGFRVIII in a concentration-dependent manner (Fig. 4C).
T'hese observations show that 3C10-CAR-expressing effector
cells specifically recognize the EGFRVIII antigen

The effect of 3C10-CAR-transduced T cells on EGFRvIlI-
expressing brain tumor in vivo. Four days after intracranial
injections of U87-EGFRVIII cells (2.5 x 10°). transduced or
control PBMC (4 x 10%) were adoptively transferred via the tail
vein. The proportions of CD4- and CD8-positive PBMC were
46% and 40%, respectively (F A). Although complete tumor

cradication was not observed, tumor growth was significantly
retarded in mice injected with 3C10-CAR-transduced PBMC
compared with the control (P = 0.0472; Fig. 5B). The number
of CD8-positive cells that had infiltrated the tumor was greater
in mice injected with 3C10-CAR-transduced PBMC than in con-
trol mice (Fig. 5C). In addition, the survival time was remark-
ably prolonged in mice injected with 3C10-CAR-transduced
cells (log rank test, P = 0.014; Fig. 5D).

Discussion

of t pecific T cells exp g CAR. Cellular
immunotherapy involving the use of autologous tumor-reactive
or host-compatible antigen-specific T cells has slgnm.uu poten-
tial in the treatment of malignant disease.”” However, the
degree and persistence of the cellular immunity may be partly
limited because of the poor immunogenicity of tumor cells, as
evidenced by processes such as MHC silencing. As an alterna-
tive strategy, T-bodies have been generated by the transfer of
genes encoding CAR. Chimeric antigen receptors consist of a
wmor antigen-binding domain of an antibody that has been
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Fig. 5. Systemic injection of 3C10-CAR-transduced PBMC retarded the growth of epidermal growth factor receptor variant Ill (EGFRvIIl)-positive
tumors in the mouse brain. (A) Among the 3C10-CAR-transduced PBMC, the proportions of CD4+ and CD8+ cells were 45.99% and 39.4%,
respectively. (B) At day 12 after tumor inoculation, the tumor volumes were determined. 3C10-CAR-transduced PBMC significantly inhibited
tumor growth (P = 0.0472). (C) The number of CD8-positive cells that had infiltrated the tumor was greater in mice injected with 3C10-CAR-
transduced PBMC than in mice injected with control PBMC. (D) Survival of mice injected with 3C10-CAR-transduced and control PBMC. The
survival time of mice injected with 3C10-CAR-transduced PBMC was higher than that of mice injected with control PBMC (log rank test,

P = 0.014). The number of animals in each group is five.
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fused to intracellular signaling domains capable of activating T
cells. Therefore, antigen recognition by the T-body is not MHC
restricted, and is directed to native cell surface structures.
Eshhar er al.'® were the first to create a CAR containing a
hapten-specific scFv and the CD3( chain or FceRly chain as the
intracellular domain. Several CAR directed against a variety of
tumor antigens have been developed. Most of these CAR were
transduced in primary mouse and human T cells." In addition,
several clinical trials of T-bodies as therapy for ovarian cancer.
renal cancer, lymphoma and neuroblastoma are being carried
0uL126—3 N

EGFRvIIl as a potential target in gliomas. There are a few fun-
damental reports relating to the use of T-bodies for tumors of
the central nervous system. T cells expressing a CAR consisting
of a HER2-specific scFv and domains of the CD3( chain or CTL
expressing 1L13-zetakine, which is composed of an extracellular
domain that contains the high-affinity IL-13 mutein and a cyto-
plasmic tail that contains a domain of the CD3(, have been
shown to exert an antitumor effect against experimental medul-
loblastoma and glioma.**~** It is important that target antigens
chosen for clinical studies are limited to those expressed only by
malignant cells and not by normal cells. A clinical study using
T-bodies in patients with renal carcinoma was terminated for the
reason of cholestasis as an on-target effect caused by high
expression of the targeted antigen carbonic anhydrase in the
biliary epithelium. Evidence shows that T-bodies also injured
normal cells expressing target molecules, resulting in unfavor-
able autoimmunity.*”

The tumor-specific antigens derived from tumor-associated
mutations in somatic genes are less likely to be associated with
autoimmunity because they are absent in normal tissues. Epider-
mal growth factor receptor variant 111 is a rare example of a fre-
quent and consistent tumor-specific mutation that is central to
the neoplastic process.* In this study, the observed frequency
of EGFRvIII expression in GBM was 26% (8/31), and this value
is relatively lower than the frequency of 17-57% reported in
previous studies; >#2229 (his finding can be partly attributed
to the fact that the number of secondary GBM, in which EG-
FRVIII expression is less frequent, was large in this study. In
addition, we found no EGFRVIII expression in the 10 grade III
tumors, but the reason for this could be the small sample size.
Nevertheless, the advantages of EGFRVIII include frequent
expression in GBM, lack of expression in normal tissues and its
importance in the oncogenic phenotype of tumors; these charac-
teristics make EGFRvIII a potential target for antitumor immu-
nolherapy.‘s‘n“s"“’) Therefore, an anti-EGFRvIII CAR has
potential as a therapeutic tool.
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Future perspectives. Recent studies have focused on generat-
ing a more effective T-body by improving CAR design. The
in vivo activation of T-bodies is an important part of this pro-
cess. CD28, a T-cell costimulatory factor, has been shown to
induce T-cell activation and proliferation in vivo.*” Chimeric
antigen receptors with dual CD28-CD3( signaling receptors
may enable T cells to proliferate after repeated antigenic stimu-
lation.®*=*” Other costimulatory signaling domains, includin
4-1BB, OX40, DAPI0 and ICOS, have been investigated.*'~
In addition, transduction efficiency of the vector should be
improved. Intracellular IFN-y assay demonstrated that a propor-
tion of CD8+/IFN-y+ cells in CAR-transduced PBMC co-cul-
tured with US7EGFRVIII was 3-7% (data not shown). In order
to improve transduction efficiency, lentiviral-mediated transduc-
tion might be an alternate approach.

Another potent strategy involves the combination of the EG-
FRVIII T-body with a kinase inhibitor of the receptor. Epidermal
growth factor receptor variant III leads to constitutive activation
of downstream signaling pathways, including second messenger
pathways.*> Several clinical trials of erlotinib have been con-
ducted in patients with glioma,**™® and erlotinib has been
found to be effective in a subset of patients whose tumors
showed expression of EGFRVIII and phosphatase and tensin
homolog deleted from chromosome 10 (PTEN), or hjgh expres-
sion of EGFR and low phosphorylation of Akt 194647 Com-
bined treatment with an anti-EGFRvIII T-body and a tyrosine
kinase inhibitor, which targets extracellular and intracellular
domains of the receptor, may augment the potency of EGFR
signaling inhibition.

In conclusion, we constructed an EGFRvlll-targeted CAR
gene and confirmed its successful retrovirus-mediated expres-
sion. We demonstrated the activation and cytotoxicity of
genetically engineered T cells both in vitro and in vivo. Fur-
ther clinical trials should be conducted to determine the effi-
cacy of T-bodies in the treatment of EGFRvIll-expressing
gliomas.
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Efficient delivery of liposome-mediated MGMT-siRNA
reinforces the cytotoxity of temozolomide

in GBM-initiating cells
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Glioblastoma multiforme (GBM) is one of the most formid-
able brain tumors with a mean survival period of approxi-
mately 12 months. To date, a combination of radiotherapy
and chemotherapy with an oral alkylating agent, temozo-
lomide (TMZ), has been used as first-line therapy for glioma.
However, the efficacy of chemotherapy for treating GBM is
very limited; this is partly because of the high activity levels of
the DNA repair protein O°-methylguanine-DNA methyltrans-
ferase (MGMT) in tumor cells, which creates a resistant
phenotype by blunting the therapeutic effect of alkylating
agents. Thus, MGMT may be an important determinant of
treatment failure and should be considered as a suitable
target for intervention, in an effort to improve the therapeutic

Keywords: glioma; MGMT; siRNA; TMZ

Introduction

Glioblastoma multiforme (GBM) is the most lethal form
of primary glioma, and the median survival time for
patients with GBM is less than 12 months, despite the
administration of various therapies, including surgical
resection, radiotherapy and chemotherapy.! A combina-
tion of radiotherapy and chemotherapy with an oral
alkylating agent, temozolomide (TMZ), has been used as
first-line therapy for glioma. However, the efficacy of
TMZ for treating GBM is often very limited because
of inherent or acquired resistance. The main determinant
of the resistance to alkylating agents is O°-methyl-
guanine-DNA methyltransferase (MGMT); this enzyme
directly and specifically eliminates the cytotoxic alkyl
adducts formed at the O° position of guanine and (less
frequently) at the O* position of thymine.** Thus, the
downregulation of MGMT may enhance the chemo-
sensitivity of malignant gliomas to TMZ.
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efficacy of TMZ. In this study, we showed that small-
interfering RNA (siRNA)-based downregulation of MGMT
could enhance the chemosensitivity of malignant gliomas
against TMZ. Notably, TMZ-resistant glioma-initiating cells
with increased DNA repair and drug efflux capabilities could
be efficiently transduced with MGMT-siRNA by using a novel
liposome, LipoTrust. Accordingly, such transduced glioma-
initiating cells could be sensitized to TMZ in both in vitro and
in vivo tumor models. Taken together, this study provides an
experimental basis for the clinical use of such therapeutic
combinations.

Gene Therapy advance online publication, 3 June 2010;
doi:10.1038/gt.2010.88

For many years, gliomas, including GBM, were
considered to be heterogeneous bulk tumors composed
of differentiated and undifferentiated cells with self-
renewal and partial differentiation capabilities.* There-
fore, glioma treatment failure was attributed to certain
undifferentiated tumor cells that were responsible for
regrowth. Tumors have been reported to harbor small
cell populations possessing growth-sustaining and
tumorigenesis capacities. These cells, called cancer stem
cells or cancer-initiating cells, have been identified in
leukemia, multiple myeloma, breast cancer and glioma.
In solid tumors, they show many properties of normal
stem cells such as self-renewal and multi-potency, and
can also initiate tumor formation. Glioma-initiating cells
(GICs) also support the cancer stem cell paradigm. They
express genes associated with neural stem cells and
differentiate into phenotypically diverse populations,
including neuronal, astrocytic and oligodendroglial
cells.®> Moreover, GICs have been reported to contribute
to radior e and chemoresi e through a pre-
ferential checkpoint response and the overexpression of
DNA repair genes.*” Indeed, we previously showed that
compared with established glioma cell lines (for
example, T98G), neurosphere-forming GICs expressed
higher levels of MGMT, due to which these cells were far
more resistant to TMZ.® Consequently, efforts to sensitize
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cancer stem-like cells to chemotherapy can be directed at
inhibiting molecular pathways involved in stem cell
regulation. In addition to the increased DNA repair
capacity, cancer stem-like cells may contribute to cyto-
toxic drug resistance through the expression of proteins
associated with drug efflux, such as ATP-binding
cassette (ABC) transporters. Normal stem cells and small
subpopulations of rat and human glioma cells with
stem cell-like properties have previously been identified
by their ability to expel the fluorescent dye Hoechst
33342, a compound known to be effluxed by ABC
transporters.>'! Efflux properties, such as those of the
ABC transporters, have been suggested to be significant
in maintaining neural stem cells in an undifferentiated
state, and in protecting them from toxic substances
in vivo. Thus, it is crucial to develop a new strategy to
target GBM stem cells having drug resistance capacity.
Liposome-mediated delivery could bypass the ABC
transporters and overcome the drug resistance conferred
by these transporters.

In this study, we delivered small-interfering RNA
(siRNA) for MGMT encapsulated in cationic liposomes.
RNAI therapy requires the development of clinically
appropriate, safe and effective drug delivery systems. To
this end, we used a novel liposome (LipoTrust EX Oligo)
as an in vivo delivery system; this liposome has recently
been described as an efficient in vivo delivery system.'?
In this study, we aimed to examine whether siRNA-
based downregulation of MGMT could enhance the
chemosensitivity of GICs for TMZ, and to provide an
experimental basis for the clinical use of such therapeutic
combinations.

Results

MGMT-siRNAs suppress MGMT expression in glioma
cell lines

We first elucidated the knockdown effects of three
siRNAs for MGMT (types A, B and C). Two MGMT-
expressing glioma cells, T98G and U251 nu/nu, were
transduced with these siRNAs by using LipoTrust EX
Oligo according to the instruction manual. Reverse
transcriptase-polymerase chain reaction (RT-PCR)
revealed that all three MGMT-siRNA constructs
could efficiently downregulate the expression of MGMT
(Figure 1a). We thus used mixed siRNA for further
in vitro and in vivo experiments.

MGMT-siRNAs enhance the efficacy of TMZ in
MGMT-expressing glioma cell lines

The glioma cells were treated with an MGMT-siRNA and
LipoTrust complex before the addition of TMZ, and the
viable cell numbers were measured by the WST assay.
MGMT-negative U251SP cells were very sensitive to
TMZ alone, and showed no additional toxicity with
MGMT-siRNA. In contrast, TMZ alone reduced the
number of T98G and U251 nu/nu cells by a mere 13
and 35%, respectively, compared with the dimethyl
sulfoxide (DMSO) control. MGMT-siRNA alone showed
minimal reduction in T98G cell growth. However,
MGMT-siRNA in combination with TMZ induced
dramatic cytotoxicity in both cell lines (Figure 1b).
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Efficient RNAI liposome-mediated delivery in
GBM-initiating cells

We established tumor-initiating cell lines, also known as
tumor stem cells, from tumor tissues obtained from GBM
patients. Tumor stem cells possibly contain many similar
properties to normal stem cells, which may confer a long
life span, including relative quiescence, resistance to
drugs and toxins through the expression of several ABC
transporters,’>'* and an active capacity for DNA repair.”
First, we investigated whether LipoTrust efficiently
delivers siRNA to GICs that are known to express
proteins that have a physiological role in the export of
drugs. As shown in Figure 2a, almost all the GICs were
successfully transfected with FAM-labeled siRNA by
LipoTrust. Previous studies have reported that GICs
express abundant levels of MGMT, which could help
explain their tremendous capacity for DNA repair.”® The
results of conventional RT-PCR as well as real-time PCR
confirmed that the MGMT-siRNA/LipoTrust complex
effectively downregulated MGMT expression in both
GIC lines (Figure 2b).

MGMT-siRNA enhances the efficacy of TMZ in
GBM-initiating cells

Glioma-initiating cells were resistant to TMZ alone; this
result is in agreement with that of a previous study.®
MGMT-siRNA in combination with TMZ exerted the
greatest antitumor effect. It should be noted that the
most substantial cytotoxicity was observed in GICs
treated with a combination of MGMT-siRNA and TMZ
(Figure 2c).

Liposome-mediated siRNA delivery in in vivo tumors
One of the limiting factors in the clinical use of siRNA
technology is the delivery to target cells in vivo. We
investigated whether intratumoral administration of
siRNA/LipoTrust complex is efficient in delivering
siRNA in subcutaneous glial tumors derived from GICs.
First, we injected 80 pmol of an FAM-labeled siRNA/
LipoTrust complex intratumorally once a day for 5 days.
FAM-siRNA was distributed diffusely within the tumor
(Figure 3a). Next, the knockdown of MGMT expression
was investigated by using an MGMT-siRNA /LipoTrust
complex. MGMT was expressed in 99% of the tumor cells
administered with control siRNA, compared with only
7% of cells in MGMT-siRNA-administered tumors
(Figure 3b).

Treatment of subcutaneous tumor models with a
combination of MGMT-siRNA and TMZ

Subcutaneous glial tumors in nude mice were treated
with either TMZ alone, MGMT-siRNA alone or a
combination of the two. Mice were separated into four
groups (five animals each) (control group, TMZ group,
siRNA group and TMZ plus siRNA group) when the
diameter of the tumors reached 10 mm. The mice were
given intratumoral injections of 80 pmol of siRNA
complex or phosphate-buffered saline (PBS) followed
by intraperitoneal (i.p.) injections of 50 mg kg~' TMZ or
DMSO once every day from days 1-5. The tumor growth
was not affected in mice administered MGMT-siRNA
alone. Mice that were administered TMZ alone showed
slight tumor reduction, whereas those received the
combination of TMZ and siRNA showed a significant



Combination of MGMT-siRNA and TMZ in GBM stem cells

T Kato et a
3
a T98 U251 nu/nu
x x
< @ 9 & < @ o E
L €« £ g < < <« <« 9« <
z z z z z z z z z z
T T T T T T T T &
¢ % ®» @ @ ¢ %3 3 % @
3 T k£ E k£ & 3 ® £ k£ E E
E £ = = = = E g = = = =
15} 3 [©} g O 9] 3 I3 9] g ¢ Q
O [¢] > 2 3 = O O = 2 2 3
o S
b MGMT-siRNA
+TMZ
MGMT-siRNA
+DMSO
U251SP | control-siRNA
+TMZ
Control-siRNA
+DMSO
MGMT-siRNA
+TMZ
MGMT-siRNA s
+DMSO .
T98 | Control-siRNA
+T™MZ
Control-siRNA
+DMSO
MGMT-siRNA
™
MGMT-siRNA
+DMSO
U251nu/nu | control-siRNA
+TMZ
Control-siRNA
+DMSO
02 04 06 08 1 12
Figure 1 MGMT suppression by liposome/siRNA complex enhances the efficacy of TMZ in MGMT-expressihg glioma cell lines. (a) Two
MGMT-expressing glioma cells, T98G and U251 nu/nu, were transduced with three siRNAs for MGMT (types A, B and C) by using
LipoTrust. RT-PCR revealed that three MGMT-siRNA constructs could efficiently downregulate the expression of MGMT. (b) The glioma
cells were treated with MGMT-siRNA and LipoTrust complex before the addition of TMZ, and the viable cell numbers were measured by the
WST assay. MGMT-negative U251SP cells were very sensitive to TMZ alone, and showed no additional toxicity with MGMT-siRNA and TMZ.
In contrast, TMZ alone reduced the number of T98G and U251 nu/nu cells by a mere 13 and 35%, respectively, compared with the dimethyl
sulfoxide (DMSO) control. MGMT-siRNA alone showed minimal reduction in T98G cell growth, but MGMT-siRNA in combination with
TMZ induced dramatic cytotoxicity in both cell lines. **P <0.01, *P <0.05 compared with control siRNA+DMSO.
decrease in tumor growth (Figure 4). There was no We used an osmotic pump as the drug delivery
difference in tumor size between mice that were  system, which could supply the siRNA complex at a flow
intratumorally injected with siRNA and control mice  rate of 0.5ulh~" for a week. We transplanted 10° cells
that were intratumorally injected with PBS (data not  GICs in the right frontal lobe of NOD-SCID mice, and
shown). simultaneously implanted an osmotic pump containing
the MGMT-siRNA /LipoTrust complex. TMZ was admi-
) i nistered i.p. for 5 consecutive days starting from day 2.
Treatment of brain tumor models in NOD/SCID mice Although mice treated with TMZ alone showed longer
by a continuous drug delivery system survival than untreated mice, Kaplan-Meier analysis
Intracranial inoculation of GICs can generate infiltrative ~ revealed that mice receiving MGMT-siRNA had a
tumors that phenocopy features of parental human GBM  significantly better response to TMZ (Figure 5). This
tumors, while glioma cell lines tend to form well-  result suggests that inhibiting MGMT expression using
demarcated tumors in the brains of mice.*>® The brain ~ MGMT-siRNA sensitizes mice to TMZ treatment in the
tumor model generated from GICs is ideal to investigate  brain tumor model. This result is similar to that observed
the efficacy of our strategy. in subcutaneous tumor models.
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Figure 2 siRNA for MGMT enhances the efficacy of TMZ in GBM-initiating cells. (a) GBM-initiating cells (GICs) were transfected with
FAM-labeled siRNA by LipoTrust. The lower panel shows high magnification of the inset in the upper panel. Almost all the GICs were

transfected with FAM-labeled siRNA by LipoTrust. (b) The conventional RT-PCR (upper) as well as real-time PCR (lower) shows that the

MGMT-siRNA/LipoTrust complex effectively do 1

the MGMT

in 0222- and 0316-GIC lines. () 0222- and 0316-GICs

)

were treated with MGMT-siRNA and LipoTrust complex before the addition of TMZ, and the viable cell numbers were measured by
the WST assay. MGMT-siRNA in combination with TMZ was observed to exert the greatest antitumor effect. **P<0.01 compared to

control-siRNA+DMSO.

Discussion

The principal finding of this study is that liposome-
mediated i vivo delivery of MGMT-siRNA efficiently
enhanced the cytotoxicity of TMZ in GICs. Notably,
although glioma stem cells are considered to have exten-
sive resistance to chemotherapeutic agents due to the
high expression of DNA repair-related molecules, our
study showed that liposomes were able to deliver the
siRNA into glioma stem cells effectively, thus inducing
susceptibility to TMZ.

Overcoming TMZ resistance due to MGMT

MGMT is capable of counteracting the cytotoxicity
induced by O¢°-alkylating agents, and the increasing
MGMT expression level correlates well with in vitro and
in vivo glioma resistance to TMZ.'>'® However, in this
process, MGMT is rapidly degraded through the ubiqui-
tin/proteasome pathway after receiving alkyl groups
from DNA, and the repletion of cellular MGMT pools
depends on resynthesis of the molecule.'” This makes it a
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suitable target for intervention in an effort to improve
the therapeutic efficacy of TMZ. O°-Benzylguanine
(O°-BG) is a potent inhibitor that irreversibly inactivates
MGMT by covalent transfer of its benzyl group to the
MGMT active site cysteine residues.”® As a result, O°-BG
enhances TMZ cytotoxicity in MGMT-proficient glioma
cells both in vitro and in vivo, but not in MGMT-deficient
cells.** Because patients with MGMT overexpression in
the tumors respond more poorly to alkylating agents,
co-administration of O%-BG to deplete the tumor pools of
MGMT to enhance drug cytoto: :zcgy has been previously
attempted in clinical settings. However, systemic
delivery of O°BG increased the myelotoxicity caused by
MGMT depletion in bone marrow cells, and therefore the
dose of alkylating agents was reduced to a subtherapeutic
level. Consequently, none of the patients responded to this
drug combination. Therefore, the therapeutic potential of
adding O°-BG to enhance TMZ cytotoxicity in tumor cells
has thus far been discouraging. In this regard, intratu-
moral delivery of MGMT-siRNA may be more advanta-
geous as compared to O°-BG.
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Figure 3 Liposome-mediated siRNA delivery in in vivo tumors. (a) FAM-labeled siRNA/LipoTrust complex (80 pmol siRNA) was injected
intratumorally once a day for 5 days. The frozen sections were observed by a fluorescence microscope. FAM-siRNA was distributed diffusely

within the tumor. (b) The knockdown by MGMT-siRNA in the subct

bus tumor was i d. MGMT was d in 99% of the

tumor cells injected with control siRNA, whereas MGMT positivity was greatly suppressed to only 7% of MGMT-siRNA-injected tumors.

Use of liposomes to deliver nucleic acids could be an
efficient strategy in stem cells that have ABC transporters
that render them drug resistant. Unilamellar and multi-
lamellar liposomes are commonly used as pharma-
ceutical delivery vehicles. In an aqueous environment,
one set of polar head groups can form the outer surface
of the nanocomplex, whereas another set of polar head
groups orients itself to face the interior hydrophilic core,
which contains the nucleic acid payload. Liposomes have
been used for the delivery of nucleic acids for more than
20 years: Felgner and co-workers®*?* detailed the ability
of the cationic lipid N-[1-(2,3-dioleyloxy)propyll-N,N,
N-trimethylammonium chloride to deliver both DNA
and RNA into mammalian cell lines. The LipoTrust
liposomes used in this study are cationic liposomes
suitable for the in vivo delivery of siRNAs, antisense
DNAs and microRNAs. Recently, Sato et al*® used
vitamin-A-coupled LipoTrust liposomes to deliver anti-
gp46 siRNA to fibrogenic hepatic cells for the treatment
of liver cirrhosis. LipoTrust was introduced as an in vivo
siRNA delivery agent in a recent review article."”
Bypassing the ABC transporters on the cell surface,
LipoTrust coupled with MGMT-siRNA can direct
intracellular synthesis of the MGMT molecule.

Future directions and conclusions

Although liposomes are among the most popular nucleic
acid delivery agents, there remain some concerns
regarding their safety and delivery efficiency for ther-
apeutic use. The toxicity of certain cationic lipid particles
has been reported both in vitro and in vivo, and certain

synthetic agents have been found to induce a gene
signature of their own that might increase the off-target
effects of the siRNA. In this study, LipoTrust itself
showed in vitro cytotoxicity, but no remarkable toxicity
was observed in vivo. A direct intracerebral approach
called convection-enhanced delivery (CED) may be used
as a strategy to address these issues.””* CED uses a
positive pressure generating a local pressure gradient to
distribute agents in the extracellular space. Unlike
diffusion delivery, CED is not significantly affected by
the concentration, molecular weight or particle size of the
agent. Further, CED ensures high concentrations and
homogenous distribution of the drug throughout a given
target tissue. Further studies should investigate the
efficacy of the LipoTrust/MGMT-siRNA complex by
the CED in a clinical setting.

Materials and methods

Glioma cell lines

The human glioma cell lines U251SP, T98G and U251 nu/nu
were obtained from the Memorial Sloan-Kettering Cancer
Institute (New York, NY, USA). They were maintained in
Dulbecco’s modified Eagle’s medium (Gibco, Gaithersburg,
MD, USA) containing 10% fetal bovine serum, 5mMm
L-glutamine, 2 mM nonessential amino acids, and antibiotics
(100 Uml™" penicillin and 100 pgml~" streptomycin) at
37°C in a humidified atmosphere with 5% CO,. TMZ
was supplied by the Schering-Plough Research Institute
(Kenilworth, NJ, USA). TMZ was dissolved in DMSO.

o
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Figure 4 Treatment of subcutaneous tumor models with a combination of MGMT-siRNA and TMZ. Subcutaneous glial tumors in nude mice
were treated with either TMZ alone, MGMT-siRNA alone or a combination of the two. Mice were separated into four groups (control group,
TMZ group, siRNA group and TMZ plus siRNA group) when the diameter of the tumors reached 10 mm, The mice were given intratumoral
injections of 80 pmol of siRNA complex or PBS followed by intraperitoneal injections of 50 mg kg~' TMZ or DMSO once every day from days
1 to 5. The tumor sizes were then measured using calipers two times every week. Tumor volume was calculated using the following formula:
volume (mm?) =0.5236 ddD, where D is the longest diameter and d the shortest diameter. The tumor growth did not decrease in mice
administered MGMT-siRNA alone. Mice that were administered TMZ alone showed shght tumor reduction, whereas the combination

of TMZ and siRNA was found to decrease tumor growth sig;

GBM-initiating cells
Glioblastoma-multiforme-initiating cells were estab-
lished according to the protocol described previously.®

Tissue collection. Tumor samples were obtained after
consent from the patients (0222 and 0316); the procedure
was approved by the Department of Neurosurgery,
Nagoya University Hospital, Nagoya, Japan.

Primary sphere culture. Tumors were washed and
acutely dissociated in PBS (pH 7.4) with 0.1%

(Worthington Biochemical, Freehold, NJ, USA) and
0.04% DNasel, type II (Sigma-Aldrich, St Louis, MO,
USA). The cells were purified using a 70-um cell
strainer (BD Falcon, San Jose, CA, USA) followed by
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*P <0.05 compared with PBS+DMSO.

density-gradient centrifugation with Ficoll-Paque Pre-
mium (GE Healthcare, Waukesha, WI, USA). The
purified cells were then cultured in a 100 x 20 mm Petri
dish (BD Falcon) in neurobasal medium (Invitrogen,
Carlsbad, CA, USA) containing 2 mM L-glutamine, 0.5%
N, supplement (Gibco), 1% B27 supplement (Gibco),
20 ng ml~" recombinant human epidermal growth factor
(rh-EGF; R&D Systems, Minneapolis, MN, USA), and
20 ng ml~" rh-basic fibroblast growth factor (bFGF; R&D
Systems) in 5% CO, at 37 °C.

Sphere formation. Approximately 2 weeks later, these
cells became spherical, and the spherical cells that had
been cultured for at least 2 months were defined as
established GICs.
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Figure 5 Treatment of brain tumor models in NOD/SCID mice by
continuous drug delivery system. GICs (10° cells) in the right frontal
lobe of NOD-SCID mice. Simultaneously, an Alzet osmotic pump
(0.5ulh" for 1 week) containing 80 pmol siRNA complex was
implanted. From day 2, 50 mgkg™' of TMZ or DMSO was
administered intraperitoneally into the mice for 5 consecutive days.
Survival analyses were performed using the Kaplan-Meier method.
The mice receiving MGMT-siRNA had significantly better response
to TMZ. The rep: ive I 1i in-stained coronal
sections are shown. *P <0.05 compared with control-siRNA+TMZ.

MGMT-siRNA+TMZ

Experimental procedure. One day before the experi-
ments were performed, spherical GICs were dissociated
using a NeuroCult chemical dissociation kit (StemCell
Technologies, Vancouver, Canada).

Preparation of siRNAs

In this study, three siRNA formulations directed against
MGMT (B-Bridge, catalog no, SYA21-325, name:
283SKSV_73, 283SKSV_284 and 283SKSV_481) were used.
Sense and antisense strands were as follows: MGMT
(283SKSV_73; sequence A) beginning at nt 73: sense, 5'-G
AGCAGGGUCUGCACGAAATT-3 and antisense, 5'-UU
UCGUGCAGACCCUGCUCTT-3'; MGMT (283SKSV_284;
sequence B) beginning at nt 284: sense, 5-CCAGACAGG
UGUUAUGGAATT-3" and antisense, 5'-UUCCAUAACAC
CUGUCUGGTT-3' and MGMT (283SKSV_481; sequence C)
beginning at nt 481: sense, 5-GGACUGGCCGUGAA
GGAAUTT-3 and antisense, 5-AUUCCUUCACGGCC
AGUCCTT-3'. FAM-labeled siRNA against GL3 luciferase,
sense 5-CUUACGCUGAUGACUUCGATT-3; antisense,
5-UCGAAGUACUCAGCGUAAGTT-3'. Negative control
siRNA (B-Bridge, catalog no S5C-0600).

Formation of transfection complex

Small-interfering RNAs were transduced into glioma
cells by using LipoTrust EX Oligo (Hokkaido System
Science, Hokkaido, Japan). A vial of LipoTrust (1 pmol
lipid) was reconstituted using 1ml of nuclease-free
water. For in vitro experiments, 10 ul of Opti-MEM
(Gibco) containing 4 pmol siRNA was gently mixed with
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0.5pul of reconstituted LipoTrust solution (0.4 pmol
siRNA/0.05 nmol lipid per ul; in vitro dose), and
incubated for 20 min at room temperature. For animal
experiments, 100 pl of Opti-MEM containing 80 pmol
siRNA was gently mixed with 8ul of reconstituted
LipoTrust solution (0.8 pmol siRNA/0.08 nmol lipid per
ul; in vivo dose). In a preliminary experiment, an in vivo
dose of LipoTrust/MGMT-siRNA complex had a knock-
down effect on MGMT after incubation for a week at
37 °C (data not shown).

Reverse transcriptase-polymerase chain reaction

We plated T98G and U251 nu/nu glioma cells in 100 pl
Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum at the density of 1 x 10° cells per well
in a 96-well plate. On day 1, the cells were transfected
with the transfection complex described above. Total
RNA was extracted from cells by using Trizol reagent
(Invitrogen) on day 4. GICs (cultured from patients 0222
and 0316) were plated in 100 ul Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum at
the density of 8 x 10° cells per well in a 96-well plate.
Transfection of siRNAs and RNA extraction were
performed on days 2 and 5, respectively. Total RNA
(500 ng) was subjected to reverse transcription using the
Transcriptor First Strand ¢DNA Synthesis Kit (Roche,
Mannheim, Germany). The MGMT forward and reverse
primer sequences were 5-GCAATGAGAGGCAATCCT
GT-3' and 5-CAGTCCTCCGGAGTAGTTGC-3', respec-
tively. PCR was performed using GoTag DNA Polymer-
ase (Promega, Madison, WI, USA) with an initial
denaturation step of 94°C for 5min; followed by
27 cycles of 94 °C for 30s, 60 °C for 30s and 72 °C for
30s; and a final extension step at 72°C for 7 min.
Glyceraldehyde 3-phosphate dehydrogenase or Lamin
A/C PCR products from the same RNA samples were
amplified and used as internal controls. cDNA was
quantified in a spectrophotometer and diluted to
500 ng ul~! for use in quantitative real-time PCR. Real-
time PCR was carried out using a LightCycler FastStart
DNA Master™ Vs SYBR Green I kit (Roche). The PCR
reaction was analyzed with a Roche LightCycler. Lamin
A/C was used as the internal control.

Cell viability assay

The relative cell numbers were determined using a Cell
Counting Kit-8 (Dojindo Laboratories, Kumamoto,
Japan), a WST-8 cell proliferation assay system, accord-
ing to the manufacturer’s instructions. Glioma cell lines
(T98G, U251 SP, and U251 nu/nu cells; 1 x10° cells per
well), 0222-GICs and 0316-GICs (8 x 10° cells per well)
were added to wells containing Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum in a 96-well
plate. The transfection complex was added to the glioma
cell lines on day 1 and to the GIC culture on day 2. After
2 days, 100 yM TMZ or DMSO was added. We then
assessed the viability of glioma cell lines 2 days later, and
that of GICs, 8 days later.

Subcutaneous xenograft tumor model

The 0316-GIC cells (1x10° cells) were transplanted
subcutaneously in the right flank of BALB/c (nu/nu
genotype) nude mice. The tumors were allowed to
establish, and they were then passaged in vivo. When
the subcutaneous tumors had reached a diameter of

~
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10 mm, intratumoral injection of 80 pmol of siRNA/
LipoTrust complex (in vivo use mixture) and ip.
perfusion of 50 mg kg~' of TMZ was performed for 5
consecutive days. PBS administered intratumorally and
i.p. perfusion of DMSO were used as the control. The
tumor sizes were then measured using calipers two times
every week. Tumor volume was calculated using the
following formula: volume (mm?) =0.5236 d* x D, where
D is the longest diameter and d the shortest diameter.
The volumes were measured by a single masked
observer to prevent observer bias and to avoid inter-
operator differences in caliper measurement of the
tumors.

Intracranial xenograft tumor model

The 0316-GICs (1 x 10°cells) were stereotactically injected
into the frontal lobe of 6-week-old female NOD-SCID
mice. The injection coordinates are as follows: 3 mm to
the right of the midline, 2 mm anterior to the coronal
suture and 3 mm in depth. Simultaneously, an Alzet
osmotic pump (0.5pulh~' for 1 week; 1003D; Durect,
Cupertino, CA, USA) containing 80 pmol siRNA com-
plex (for in vivo use) was implanted. From day 2,
50 mg kg~' of TMZ or DMSO was injected i.p. into the
mice for 5 consecutive days. Survival analyses were
performed using the Kaplan-Meier method.

Statistical analyses

The statistical significance of the observed difference was
determined by analysis of variance (StatView software;
SAS Institute, Cary, NC, USA), and subsequently,
Bonferroni’s correction for multiple comparisons was
applied. Survival curves were generated using the
Kaplan-Meier method. The log-rank statistic (StatView)
was used to compare the distribution of the survival
times. All reported P-values were two sided; a value less
than 0.05 was considered to be statistically significant.
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Abstract

The adverse effects and risks associated with intracarotid propofol injection during Wada testing were
retrospectively compared in two groups of patients with (n = 75) and without (n = 58) intravenous
methylprednisolone administered before intracarotid propofol injection. The incidences of all adverse
effects were decreased in the methylprednisolone group. In particular, severe adverse effects such as in-
creased muscle tone with twitching and rhythmic movements or tonic posture, which could adversely
affect Wada test results, were seen in one patient in the methylprednisolone group and seven patients in
the control group, indicating 92% risk reduction. This study suggests that Wada testing using in-
travenous methylprednisolone administration prior to propofol injection is a safe approach to the
preoperative evaluation of brain tumors, epilepsy, and arteriovenous malformations.

Key words: Wada test, methylprednisolone,

Introduction

The Wada test, a direct intracarotid amobarbital in-
jection that induces transient anesthesia in a single
cerebral hemisphere,'? has been the gold standard
for lateralization of hemispheric speech and memo-
ry dominance. Although amobarbital has been com-
monly used for this purpose, its limited availability
due to worldwide shortages has led to the explora-
tion of alternative agents such as propofol,1¥ metho-
hexital,? and etomidate.” We have previously report-
ed the clinical utility of an intracarotid propofol test
for speech and memory dominance with a moderate-
ly high risk of adverse effects.®) Previous research
has suggested that propofol infusion is likely to
cause a considerably high incidence of adverse ef-
fects, although no data on adverse effects for
amobarbital equivalents has been provided.?)

The present study evaluated the efficacy of
methylprednisolone for improving the safety of
propofol administration during the Wada test by
comparing outcome measures of 75 patients who
received methylprednisolone (methylprednisolone
group) to those of 58 patients who did not (control
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adverse effect

group).
Patients and Methods

The clinical records were retrospectively examined
of all 75 patients (44 men and 31 women), aged 10 to
74 years, who underwent the Wada test from 2006 to
2008 as part of a preoperative examination. The
population included 43 patients with brain tumors,
18 patients with temporal or frontal lobe epilepsy,
and 14 patients with arteriovenous malformations
(AVMs). Fifty-eight patients who underwent the
Wada test from 2001 to 2005 using intracarotid
propofol without methylprednisolone injection
formed the control group in this study. Adverse ef-
fects of the control group were reported previously.?
None of the patients had received steroids before the
Wada test.

The methylprednisolone group received an in-
travenous bolus injection of 500 mg (or 250 mg for
children 15 years of age and younger) methylpred-
nisolone at most 5 minutes prior to propofol ad-
ministration. The Wada test was then performed
using the propofol-based protocol reported previous-
ly.#19 Propofol was administered as a 10 ml saline
suspension at a concentration of 1 mg/ml. If this
dose did not induce contralateral hemiplegia, addi-
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