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Fig. 2. Glioblastoma in a 58-year-old man. (A) Axial contrast-enhanced T1-weighted image shows diffuse tumor enhancement in the left temporal lobe. (B) Axial DWI at b-
1000 s/mm? shows tumor isointensity. (C) Axial DWI at b-4000 sfmm? shows tumor hyperintensity. (D) Axial ADC map at b-4000 s/mm?. (E) Axial ADC map at b-1000 s/mm?2.

(F) Photomicrograph of hematoxylin-eosin stained tumor tissue.

1000 and b-4000. Of 14 glioblastomas, 7 were high-intense at b-
1000 and 9 were high-intense at b-4000. Analysis by Student's t-
test showed that the ADC values of glioblastoma were statistically
higher than of lymphoma (supplemental figure). Among the 3 ADC
value categories, the absolute t-value was largest for ADCyy at
b-4000. Comparison among ADCpgan, ADCyvin, and ADCpax at b-
4000 using log-likelihood criteria showed that ADCyyy at b-4000
discriminated most accurately (data not shown).

3.4. Cellularity and ADC value of tumor tissue

We found a negative correlation between tumor cellularity and
the ADC of tumors (Fig. 5). Mean cell density per field was 450
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Fig. 3. Box plots of ADC values at b=1000 s/mm?. The values of ADCyyy (B1000yn ),
ADCwmax (B1000max ), and ADCpmgan (B1000pmgan ) for lymphoma and glloblastoma are
shown.
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(range 302-619) for lymphomas and 311 (range 143-577) for
glioblastomas. Compared to the correlation (r=—0.600, p=0.0019)
between the cytoplasm and ADCyyy at b-1000, a stronger negative
correlation (r=-0.707, p=0.0001) was obtained at b-4000.

4. Discussion

Ours is the first documentation that calculation of the ADC based
on a high b-value (b-4000) at 3 T MRI more effectively distinguishes
between lymphoma and glioblastoma than the ADC obtained with
the standard b-value (b-1000).
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Fig.4. Box plots of ADC values at b=4000 s/mm?. The values of ADCyy (B4000pn ),

ADCpuax (B4000max ), and ADCyean (B4000mgan ) for lymphoma and glioblastoma are

shown.
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Fig. 5. Scatterplots of the minimum apparent diffusion coefficient values at b-1000s/mm? versus tumor cellularity (left) and minimum ADC values at b-4000s/mm? versus

tumor cellularity (right).

In our study, the ADCpyn, ADCpgan, and ADCyax values of lym-
phoma obtained from DWI at b-1000 were consistently lower than
of glioblastoma. In other studies [4,8,10-12], the ADCygan at b-
1000 ranged from 0.580 to 0.750 x 10~3 mm?/s in patients with
lymphoma and from 0.963 to 1.140 x 10~3 mm?/s in patients with
glioblastoma; our results are consistent with these studies. How-
ever, according to earlier investigations, the difference between the
ADC of glioblastoma and lymphoma was not statistically signifi-
cant although the ADC of lymphomas was lower than of high-grade
gliomas [12]. In fact, the overlapping of the ADC values rendered
the differentiation between lymphoma and glioblastoma based on
the ADC difficult [8,9,12]. In those studies, DWI scans were per-
formed with a 1.5T scanner at b-1000 [4,7-10,12]; the use of MR
instruments with a higher static magnetic field and a powerful gra-
dient unit may improve the differentiation between glioblastoma
and lymphoma.

Our study using a high b-value confirmed that the ADC obtained
at b-4000 was statistically significantly lower for lymphoma than
glioblastoma and the statistical difference was larger at b=4000
than b=1000 s/mm?. The overlap in all ADC values of lymphoma
and glioblastoma decreased for all ADC measurements, especially
ADCpn. at b-4000 compared to b-1000. Our findings that DWI and
ADC calculations based on high b-values yield better results coin-
cide with earlier reports [16-20].

On visual inspection, all lymphomas were high-intense on DWI
at b-1000 and b-4000; 7 of 14 glioblastomas were high-intense and
7 were iso-intense at b-1000. On DWI scans, 2 of the 7 glioblastomas
that were iso-intense at b-1000 became high-intense at b-4000,
the other 5 remained iso-intense, suggesting the involvement of a
greater diffusion-weighted response and a lower T2 shine-through
effect at the higher b-value [16].

We focused on tumors that were high-intense on DWI
scans and analyzed the ADC value of glioblastomas and lym-
phomas with high DWI signal intensity because this type of

information is clinically relevant. This analysis confirmed that -

among the 3 ADC categories, ADCyyn obtained from DWI at b-
4000 differentiated most accurately between lymphomas and
glioblastomas.
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Comparisons between the ADC at b-1000 and cellularity in
lymphomas and high-grade astrocytomas suggested that high cel-
lularity leads to more restricted diffusion [4-7]. Others [21] also
reported an inverse correlation between tumor cellularity and the
ADC of meningiomas and gliomas. The results of our study are con-
sistent with the observation that the ADC is inversely associated
with tumor cellularity. Moreover, we present statistical evidence
that tumor cellularity is inversely correlated with the ADC obtained
at b-4000 DWI and that this inverse correlation is stronger than at
b-1000.

At b=1000s/mm?, diffusion within brain tissue is thought to be
mono-exponential while at increased b-values up to 4000 s/mm?
the response becomes bi-exponential [20,22]. There are slow- and
fast diffusion components; they correspond with intra- and extra-
cellular diffusion, respectively. As the fast component dominates
at relatively low b-values (<1000 s/mm?), the ADC values primarily
reflect fast diffusion and thus the amount of extracellular space in
the tumor [6,22]. Therefore, the inverse correlation between the
cellularity of the tumor and the ADC at b-1000 may be due to
variations in extracellular water diffusivity [4,6].

Studies on multi-component diffusion in brain tissue demon-
strated that the slow component on high b-value DWI is more
sensitive than on b-1000 DWI [15,16,19,23}, an observation that
supports our finding that the ADC based on higher b-values reflects
changes in tumor cellularity more accurately. Explanations for
the slow diffusion components present in brain tissue have been
offered. Maier et al. [23] reported characteristic changes in bi-
exponential diffusion parameters; they speculated that the slower
diffusion component reflects the concentration of water-bound
macromolecules, the cell size, and the tortuosity of the extracel-
lular space. Thus, an increase in tissue tortuosity may progress in
parallel with an increase in the extracellular space of malignant
lesions [24]. However, the exact reason why the ADC at higher b-
values manifests a better correlation with tumor cellularity is not
known. In future studies we plan to use different types of tumor-
and normal tissue to understand the effect of different b-values on
ADC values and we will compare our findings with the histological
features of the tissues.
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There are some limitations in our study. Contributions from bulk
capillary flow, active transport mechanisms, and the partial volume
effect may affect ADC measurements. We compared T1- and T2~
weighted-, FLAIR-, and Gd-enhanced T1- and T2*-weighted images
in each case very carefully and placed the ROI centrally within the
tumor area to avoid partial volume effects. However, structural
heterogeneity due to micronecroses, microcysts, and microhem-
orrhages may remain undetected on MR images of brain tumors.
Furthermore, the placement of ROIs is especially likely to result in
variations in ADC measurements, resulting in apparently contradic-
tory results among studies [25]. Therefore, the use of an ADC ratio
for standardization purposes in which the ADC of a tumor would
be compared with the ADC of a contralateral normal white matter
region has been suggested [4,10-12]. However, the contribution
to the ratio of the normal-appearing white matter depends on
whether the ADC is affected by aging and the lesion per se [26]. We
confirmed that b-4000 was useful for the differentiation between
glioblastoma and lymphoma, however, the optimal b-value for a
differential diagnosis of brain tumors remains unknown. Lastly, our
study population was small and unequivocal results require the
assessment of DWI scans and ADC values obtained at high b-values
in larger prospective studies.

In conclusion, we confirmed an inverse correlation between the
cellularity and the ADC of tumors. Based on the findings reported
here we conclude that calculation of the ADC is useful for distin-
guishing lymphoma from glioblastoma. Although all ADC values of
lymphoma were lower than of glioblastoma, there was a consider-
able overlap at b-1000. Because the ADCpyyn at b-4000 at 3T MRI
manifested the lowest degree of overlapping and a better inverse
correlation reflective of tumor cellularity, it is useful for the pre-
operative acquisition of a correct differential diagnosis between
lymphoma and glioblastoma.
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greater positive predictive value than did measurement
of 14-3-3 concentrations alone. Collectively, the authors
suggest that these brain-derived proteins have great
diagnostic value in the assessment of possible sporadic
Creutzfeldt-Jakob disease. This information will be
useful to clinicians in the assessment of patients with
this challenging diagnosis.

Emergence of the 2009 HiIN1 influenza virus
emphasises the ongoing challenges that infectious
pathogens present. The coming years will undoubtedly

continue to produce progress in understanding of the
pathophysiological changes underlying neurological
illness attributable to influenza and other pathogens,
treatment and management approaches to bacterial
meningitis, and diagnostic approaches to Creutzfeldt-
Jakob disease and other neurological infections.
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Neuro-oncology: continuing multidisciplinary progress

Progress has been slow in improving survival in
patients with glioblastoma, the most fatal and frequent
malignant brain tumour. However, since a phase 3
clinical trial* reported that use of temozolomide with and
after radiotherapy was superior to radiotherapy alone,
hopes have been raised for continued improvement,
and as such, substantial steps were taken in 2010.
Standard care for patients with glioblastoma is
temozolomide-based radiochemotherapy;? however,
median overall survival is still about 15 months. Many
new agents have been tested alone or as add-ons to
the temozolomide regimen for improving outcome.
One striking example is cilengitide, a novel integrin
inhibitor, for which phase 1 and 2 studies of its use as
a single agent in recurrent glioblastoma had shown
good safety profiles and promising antitumour activity.
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Consequently, cilengitide was added to temozolomide
with radiotherapy in a phase 1 and 2a study that showed
that the combination was well tolerated, with median
progression-free survival (PFS) and overall survival of
8 months and 16-1 montbhs, respectively.? These survival

- benefits were increased in patients who had tumours in

which the 06-methylguanine-DNA methyltransferase
(MGMT) promoter was methylated. Cilengitide is
now being studied in a randomised phase 3 trial (the
CENTRIC study) as first-line chemoradiotherapy for
patients with methylated MGMT promoters. Examples
of the use of targeted therapies are the randomised
phase 3 trials testing bevacizumab, a humanised
monoclonal antibody against vascular endothelial
growth factor (VEGF), in patients with newly-diagnosed
glioblastoma, undertaken by the Radiation Therapy

www.thelancet.com/neurology Vol 10 January 2011
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Oncology Group (RTOG 0825 [NCT00884741]) and
Roche (AVAglio [NCT00943826]), both of which are
currently recruiting participants. These trials are based on
the excellent overall response rate and PFS at 6 months
(PFS-6) reported in the BRAIN study of bevacizumab for
the treatment of patients with recurrent glioblastoma
(long-term survival data were updated in 2010).2
Although the temozolomide regimen has antitumour
activity, high-grade gliomas recur within a year, and
treatment options are then limited. Temozolomide
is a DNA alkylating agent that induces cytotoxic
06-methylguanine lesions in the DNA of tumour cells,
which are effectively repaired by MGMT; in this way,
the tumour cells eventually remove this cytotoxic DNA
damage, leading to resistance to temozolomide. When
repairing 06-methylguanine lesions, MGMT covalently
accepts the methyl adduct to its active cysteine residue
in a stoichiometric manner, thereby losing its enzymatic
activity (that is the reason why MGMT is called a
suicide enzyme); this process leads to a stage in which
an increased dose of temozolomide might deplete
MGMT activity and overcome temozolomide resistance.
A phase 2 trial (the RESCUE study)* of continuous
dose-dense temozolomide in patients with recurrent
glioblastoma previously treated with a standard
temozolomide regimen showed that continuous dose-
dense temozolomide was well tolerated and resulted
in a PFS-6 of 23-9%. Patients who had early recurrent
glioblastoma during temozolomide cycles, and those
who relapsed after completing adjuvant temozolomide,
had higher PFS-6s of 27-3% and 35.7%, respectively,
than did those who recurred on temozolomide for more
than six adjuvant cycles, who had a PFS-6 of only 7-4%.
These findings suggest that previous heavy exposure
to temozolomide might hamper the efficacy of this
strategy. Interestingly, PFS-6s were similar regardless
of the methylation status of the MGMT promoter in
these patients, perhaps suggesting that this regimen
depletes MGMT. Whether continuous temozolomide is
better than other dose-dense temozolomide regimens,
such as the 7 days on and 7 days off (7/7) or the 21 of
28 days (21/28) regimens, needs to be determined. The
DIRECTOR trial (NCT00941460) comparing efficacy
between the 7/7 and the 21/28 regimens after failure
of temozolomide in patients with recurrent tumours
and the RTOG 0525 trial (NCT00304031), which is
testing superiority of the standard 5/28 versus the

www.thélancet.com/neuroiogy Vol 10 January 2011

21/28 regimen in patients who were treated with
concurrent  temozolomide and radiotherapy, are
ongoing and will be reported soon. '

Accurate determination of the efficacy of new therapies
needswell designed, widely accepted criteria forassessing
tumour response and progression. The Macdonald
criteria, using two-dimensional tumour measurements
of the contrast-enhancing component of tumours, have
been the gold standard.’ However, there is increasing
evidence that these criteria might be insufficient for
assessing outcomes after radiochemotherapy (because
of “pseudoprogression”), or after antiangiogenic
therapy (because of “pseudoresponse”), and in patients
with tumours that do not have a contrast-enhancing
component. Therefore, the international Response
Assessment in  Neuro-Oncology (RANO) working
group has been developing updated criteria to be used
in clinical trials.® These criteria include definitions and
guidance for the treatment of patients with measurable
and non-measurable disease and those with multiple
lesions, and strict rules for determining first progression
and eligibility for enrolment in clinical trials; they also
provide a more precise definition of treatment response,
which incorporates MRI, non-enhancing disease,
and clinical factors. The criteria will evolve to include
diagnostic and neurocognitive measurements.

The Cancer Genome Atlas (TCGA) Research Network
is generating a comprehensive catalogue of genomic
abnormalities in glioblastoma’ In 2010, gene-
expression profiling of 200 glioblastoma samples and
two healthy brain samples identified four molecular
subtypes: classic, proneural, neural, and mesenchymal,
with differing genetic lesions and clinical behaviour.®
Epigenetic analysis of methylation alterations in
272 glioblastomas identified a distinct molecular
subgroup with hypermethylation at a large subset of
genetic loci, thus named glioma-CpG island methylator
phenotype (G-CIMP).° This feature, perhaps combined
with other molecular characteristics, might prove to
have diagnostic and prognostic value in future studies.

Patients with primary CNS lymphoma (PCNSL), a
rare malignant brain tumour affecting elderly people,
have poor survival, even after high-dose methotrexate
(HD-MTX) followed by whole-brain radiotherapy
(WBRT). Although this regimen may extend survival
from 12-18 months to 30-60 months, it is associated
with intolerable long-term neurotoxic effects. A
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randomised phase 3 clinical trial in 551 patients with
PCNSL investigated the omission of WBRT from the first-
line HD-MTX-based chemotherapy.®® Although PFS was
longer in patients treated with WBRT (but not statistically
significant), median overall survival was similar in both
treatment groups, with a lower incidence of treatment-
related neurctoxic effects in complete responders when
WBRT was omitted or delayed. These findings suggest
that the gain of PFS by radiotherapy needs to be balanced
against potential delayed cognitive dysfunction.
Neuro-oncology has become a prime example of a
multidisciplinary field, which includes novel techniques
in surgery, radiotherapy, targeted chemotherapies,
drug delivery, and molecular genetics for a concerted
onslaught on these devastating diseases. Achievements
in bringing these new approaches into clinical trials
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over the past few years, especially in 2010, have shown
acceleration towards truly personalised medicine that
would previously not have been possible. Many of these
trials are accruing patients now and will soon report
their findings. We can look forward to these findings
with great anticipation and the widely held conviction
that these diseases can be beaten.
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Combined radiochemotherapy for elderly patients with newly-diagnosed glioblastoma.
~-Treatment outcome and analysis of prognostic factors—
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[Purpose] To evaluate the efficacy of radiotherapy (RT) and adjuvant chemotherapy
either consisting of ACNU-based regimen or temozolomide (TMZ) for elderly patients
with newly diagnosed glioblastoma (GBM) since 2000,

[Patients and Methods] Thirty-two patients aged 65 years or older were treated with
postoperative radiochemotherapy using either ACNU-based regimens or TMZ for
newly diagnosed GBM. Median age at primary diagnosis was 73 years; 15 patients
were male, 17 were female: median Karnofsky Performance Status (KPS) was 70
%. RT was applied with a median dose of 60 Gy. Four patients received ACNU
monotherapy, 7 patients were treated with combined ACNU plus VP16, 13 with TMZ,
and 8 patients underwent RT alone. Fourteen cases were treated by 2005, while 18
were treated after 2006. Overall survival (OS) and progression-free survival (PFS)
were analyzed using a logrank test. ‘

[Results] Median OS was 11.4 months (95% confidence interval [C1], 1.4~18.6) in all
patients: median PFS (mPFS) was 4.1 months (95% Cl, 3.2~4.9). Pretreatment KPS
( = 70%, p=0.011), age (cutoff at 70 years) X treatment era (before 2005 vs. after
2006)(p=0.04), and TMZ/RT vs. RT alone (p=0.05) were significantly correlated with
0S. MGMT status was also significantly associated with survival (p=0.05) among
patients treated with chemotherapy, while it did not reach the significant level when
all patients including those treated with RT alone were included (p=0.14). OS was not
significantly different between patients treated with ACNU-based regimens and TMZ
(p=0.93). In patients older than 70 years for whom ACNU was barely applied. TMZ
was the favorable treatment over RT alone (p=0.06). At multivariate analysis, KPS (=
70%}) and extent of resection (gross-total removal) were better independent prognostic
factors for OS. No prognostic factors were significantly related to PFS, although there
was a trend toward better survival by TMZ, followed by ACNU-based regimens over
RT alone (p=0.09).

[Conclusions] Pretreatment PS, gross total removal, and MGMT status at
chemotherapy were the significant prognostic factors for clderly patients with GBM.
For those older than 70 years. the addition of TMZ to RT may improve survival.
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Further prospective study is needed to evaluate the definite impact of TMZ and
optimal RT dose in this cohort of patients.
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Table 1

PEAT OHESEMIGRTH Y, WIRBIFEIIEL
T, 2005 £ @ European Organisation for Research

and Treatment of Cancer (EOR'I’C) & National Cancer
Institute of Canada (NCIC) 1T & 5 2 hiig £ [E 5 11
HWEFASB TTFE /03 B (temozolomide, TMZ)
WEBEEGEEMOEE 5957 EMmE
NTLABE v, TMZ GEM f s 8 in g8 (RT) + (FA

W9

1

Patient Characteristics

Patients with GBM (Age > 65)

(N =32y
Characteristic No. Yo
Sex
Male 15 46.9
Female 17 531
Age, years
Mean 728
Range 63-86
Kurnofsky Performance Scale
Median Kt
Range 20-10G
Localization
Frontal only G 2801
 Other 23 719
Exient of resection
GTR (100%) 13 40.6
PR 16 5.0
Hopsy 3 9.4
Chemotherapy (1 line)
ACNU 4 123
ACNU-VPL6 7 218
™Z 13 40.6
MGMT gene promoter status
Methylated 12 RN
Uinmethylated 12 375
Treatment cra
2000-2003 14 43.8
2006-2009 18 56.3

Abbreviations: GI3M,
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Fl 21T 728 5 (65~86 5%). Kamofsky

Vo 70 T B -

FRTOMBMHRIZ, 25K (gross-otal
(100%Gd EEE D) 813 #

removal. GTR)

(40.6%)

553 H

{partial removal, PR) 7516 {7

Table2 Variables related 10 PFS and OS in patients with glioblastoma aged 63 or more: Univariate analysis

PFS {months} OS (months)
Variable n(event) Median 95% CI  p* v Median  93% (I p*
4.1 3249 tH4 4.1-18.6
Age (¥)
£70 14(8) 760 00-158 037 18.2 0.0-37.2 043
70 t3(8) 39 3444 1.7 7.9-13.5
Gender
Male 15(8) 38 28500 077 10,7 94-12.0 .94
Female 17(8&) 4.4 0.0-8.7 168 3.4-30.1
Karnofsky Performance Scale
=70 1647 4.4 .9-7.3 0,127 18.2 0.0-42.4 0.011
<70 13(% 3N 1.9-5.6 8.7 4.2-131
Localization
Frontal 92 760 23427 053 16.8 8.7-24.8 0.23
Others 2314 34 1.9-4.9 1.5 9.2-11.8
Treatment era
2000-2005 149 4.1 700 048 9.7 8.2-11.2 014
2006-2009 18¢7) 3.8 2253 6.8 §.6-24.9
Chemotherapy regimen
ACNU-based 11 (&) 340 ou-i2 0 oow f1.4 0.3-22.5 016
T™Z 1345 76 L0142 1o.8 7.0-26.6
None (RT3 &i3) 25 050 55 2.8-8.2
Extent of resection
GTR 13¢h 41 0.0-86 .65 42.1 - 0.07
Others 2 34 1.3-5.3 10,1 EXINEN
MGMT status
Methylated  12(5) 6 00243 613 3206 0.3-0-£.9 0.04
Ummethyvlated 12 (85 $.1 2.3-6.0 10.5 03117

'

Abbreviations: PES, progression-free survival; MST, median survival ume: GTR. gross total

removaly TMZ. temozolomide: MGMT, 0% methyviguanioe-DNA methyltransterase,

*ladicates log-rank.
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Table 3 Variables relaied w0 OS in patients with glioblastoma aged 63 or more: Univariate analysis

QS (months)
Viariable n(event) Median 95% (I p*
Age(y) 0.04
=70
2000-2005 7(3) 114 7.7-15.0
2006-2009 7(3) 18.2 3.1-33.4
70
2000-2003 7{) 3.3 2.7-84
2006-2009 11 (4) 16.8
Chemotherapy
ACNU-based TH®y 14 0.3-22.3 0.93
T™Z 135 16.8 7.0-26.6
ACNU-based TH(8) 114 0.3.22.3 .15
None (RT) (3} 5 2.8-8.2
T™Z 13(%) 16.8 7.0-26.6 0.050
None (RT) 8 (3) A5 2.8-8.2
Age(y) >70
T™IZ 10 (4) 16.8 - 0.06
None (RT) 7(3) 5.5 2.8-8.2

*Indicates log-rank.
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Predominant antitumor effects by fully human
anti-TRAIL-receptor2 (DR5) monoclonal
antibodies in human glioma cells in vitro

and in vivo
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Tumor necrosis factor—related apoptosis-inducing
ligand (TRAIL/Apo2 L) preferentially induces apopto-
sis in human tumor cells through its cognate death recep-
tors DR4 or DRS, thereby being investigated as a
potential agent for cancer therapy. Here, we applied
fully human anti-human TRAIL receptor monoclonal
antibodies (mAbs) to specifically target one of death
receptors for TRAIL in human glioma cells, which
could also reduce potential TRAIL-induced toxicity in
humans. Twelve human glioma cell lines treated with
several fully human anti-human TRAIL receptor mAbs
were sensitive to only anti-DRS mAbs, whereas they
were totally insensitive to anti-DR4 mAb. Treatment
with anti-DR5 mAbs exerted rapid cytotoxicity and
lead to apoptosis induction. The cellular sensitivity
was closely associated with cell-surface expression of
DRS. Expression of ¢c-FLIP;, Akt, and Cyclin D1 signifi-
cantly correlated with sensitivity to anti-DR5 mAbs.
Primary cultures of glioma cells were also relatively

resistant to anti-DR5 mAbs, exhibiting both lower

DRS5 and higher c-FLIP; expression. Downregulation
of c-FLIP, expression resulted in the sensitization of
human glioma cells to anti-DR5 mAbs, whereas overex-
pression of c-FLIP; conferred resistance to anti-DRS
mAb. Treatment of tumor-burden nude mice with the
direct agonist anti-DR5 mAb KMTR2 significantly sup-
pressed growth of subcutaneous glioma xenografts
leading to complete regression. Similarly, treatment of
nude mice bearing intracerebral glioma xenografts

with KMTR2 significantly elongated lifespan without

Received June 5, 2009; accepted October 29, 2009.

Corresponding Author: Motoo Nagane, MD, PhD, Department of
Neurosurgery, Kyorin University Faculty of Medicine, Mitaka, Tokyo
181-8611, Japan (nagane-nsu@umin.ac.jp).

tumor recurrence. These results suggest that DRS is
the predominant TRAIL receptor mediating apoptotic
signals in human glioma cells, and sensitivity to anti-
DR5 mAbs was determined at least in part by the
expression level of c-FLIP; and Akt. Specific targeting
of death receptor pathway through DRS5 using fully
human mAbs might provide a novel therapeutic strategy
for intractable malignant gliomas.

Keywords: c-FLIP;, glioblastoma, monoclonal
antibody, TRAIL, TRAIL-R2/DRS

alignant glioma, the most frequent primary
I\ / I intrinsic neoplasm arising in the central
nervous system, remains incurable despite
multimodal intensive treatments comprising maximum
surgical resection, radiotherapy, and chemotherapy.
Prognosis of patients with glioblastoma multiforme
(GBM), the most malignant WHO grade IV glioma,
has been dismal, with median survival time being only
12-15 months from initial diagnosis." Chemotherapy
only gives rise to a mild survival benefit using temozolo-
mide given concomitantly with radiotherapy followed
by adjuvant administration in patients with GBM;?
thus novel therapeutic strategies which could exert
robust tumoricidal activity have been required.

One such approach is to directly activate apoptosis
pathways in tumor cells. Chemotherapy and ionizing
irradiation trigger apoptosis by provoking the
mitochondria-mediated “intrinsic” apoptosis pathway,
which is regulated by the Bcl-2 family members and
molecules involved in the downstream apoptosome.®
Defects in the mitochondrial pathway may contribute
to resistance to these conventional therapies.
Activation of “death receptors” through oligomeriza-
tion by their cognate trimeric ligands can also induce

© The Author(s) 2010. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights
reserved. For permissions, please e-mail: journals.permissions@oxfordjournals.org.
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tumor cell apoptosis through the “extrinsic” pathway.*
Tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL) (also called Apo2 L) is a member of the
TNF superfamily which includes FasL (CD95 L) and
TNF-a. TRAIL binds to its cognate death receptors,
DR4 (TRAIL-R1)® and DRS (Killer/TRAIL-R2/
TRICK2)%” containing a death domain (DD) in their
cytoplasmic domain, and is capable of inducing rapid
apoptosis through the activation of caspases, a family
of cysteine proteases, in tumor cells of diverse origins,
but not in most normal cells including astrocytes
in vitro,® '3 thereby bein§ investigated as a potential
agent for cancer therapy.!

Besides death-inducing TRAIL receptors DR4 and
DRS, there are 3 other receptors, DcR1 (TRID/
TRAIL-R3),*” DcR2 (TRUNDD/TRAIL-R4),'>'¢ and
osteoprotegerin'” acting as decoy receptors by compet-
ing with DR4 or DRS for binding to TRAIL. DR4 and
DRS transcripts are expressed in some glioma cells,
while at a low level in the brain.>”>'*'8 Activation of
DR4 and/or DRS causes recruitment of adaptor mol-
ecules, preferentially fas-associated death domain
protein (FADD), through their DD interaction, which
in turn activates the initiator caspase-8 or -10 through
their death effector domains (DEDs) (formation of
death-inducing signaling complex; DISC).'® This leads
to direct activation of the effector caspase-3 or -7 and
subsequent progression of irreversible cell death pro-
cesses. TRAIL may also activate intrinsic mitochondrial
apoptosis pathways to variable extents through
caspase-8-mediated cleavage of cross-talk protein Bid,
where cytochrome c release from mitochondria leads to
the formation of the “apoptosome” with Apaf-1, dATP,
and procaspase-9, resulting in the activation of an
initiator caspase-9 and subsequent progression of the
caspase cascade.”®*! Molecules acting on these pathways
may confer resistance to TRAIL-induced apoptosis when
inadequately expressed. These include reduced expression
of FADD, caspase-8, as well as increased expression of
TRAIL decoy receptors and intrinsic apoptosis inhibitors,
¢-FLICE inhibitory protein (FLIP), XIAP, Bcl-2 family
members, PEA-15, upregulated Akt and nuclear factor
kappa B (NF-«B) signaling, and caspase mutations.?*> 31

In human glioma cells, a recombinant soluble form of
TRAIL (sTRAIL) induces rapid and significant apopto-
sis, and its cytotoxic activity can be further enhanced
by combination use of chemotherapeutic agent cisplatin
or ionizing irradiation.’3? Importantly, systemic admin-
istration of human sTRAIL has shown a reasonably
safety profile in mice or nonhuman primates,®3? and fur-
thermore, treatment with the untagged, trimeric sTRAIL
has shown no cytotoxicity on human hepatocytes or
keratinocytes.>*>> The potential clinical use of sSTRAIL
has been investigated in clinical trials (Phase II)
(Genentech homepage).

Alternative approaches to activate the TRAIL
pathway include the use of specific agonistic anti-
bodies®*7 that exploit the receptor discriminating speci-
ficity and prolonged bioavailability of IgG. Monoclonal
antibodies (mAbs) are now widely applied clinically for
cancer therapy; for instance, rituximab, an anti-CD20
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mAb for CD20-positive non-Hodgkin B-cell lympho-
mas, trastuzumab, an anti-Her2/ErbB2 mAb for breast
cancers, and bevacizumab, an anti-VEGF mAb for color-
ectal cancers. Among several types of recent therapeutic
mAbs, fully human mAbs have a discrete advantage
that they would evade the potential immunological
response against the introduced antibody, compared
with other mAbs carrying mouse sequences, which
could be still immunogenic as fully mouse mAbs. We
have generated fully human mAbs to DR4 or DRS (IgG
class), which are specifically bound to the ectodomain
of the receptors,® thereby potently induced the death
of cancer cells in vitro.3® A direct agonist mAb to DRS,
KMTR2, could suppress the growth of human colon
cancer xenografts in vivo without antibody cross-
linking,*® independent of host effector function.

These observations prompted us to test whether a
fully human anti-TRAIL receptor mAb could effectively
induce glioma cell death. Here, we show that DRS is the
predominant TRAIL receptor, which is expressed at the
cell surface and mediates apoptotic signals in human
glioma cells. Sensitivity of human glioma cells to
anti-DRS mAbs might be determined at least in part
by the expression level of c-FLIPy and Akt. Anti-DRS
mAbs exert antitumor effects both in vitro and in vivo.
Our results suggest that specific targeting of the death
receptor pathway through DRS using a fully human
mAbs might provide a novel therapeutic strategy for
intractable malignant gliomas.

Materials and Methods

Reagents

Soluble human recombinant FLAG-TRAIL was pre-
pared as previously described® and was stored at
—80°C. Anti-FLAG monoclonal antibody (mAb) M2
was obtained from Sigma.

Monoclonal Antibodies

Fully human anti-human DR4 mAb, B12, and anti-DRS
mAb, E11, H48, and KMTR2, were described else-
where.*®3? These mAbs, except KMTR2, require cross-
linking with anti-human IgG to be fully active apoptosis
inducers. KMTR2 clusters DRS on the cell surface,
thereby inducing apoptosis with or without crosslinking.>”

Cells

The human glioma cell lines used were described pre-
viously®* and were cultured as described.*® A tumori-
genic subpopulation of the TI8G cell line, designated
T985Q1, was generated by re-culturing in dish of a
T98G xenograft that was established in a nude mouse.
Normal human astrocytes (NHA) were purchased
from Cambrex (Walkersville, MD), and cultivated in
AGM medium per the manufacturer’s recommendation.
Primary cultures of glioma cells were established by



transferring tumor tissues in DMEM growth medium
supplemented with 10% FBS immediately after resec-
tion, thereafter they were mechanically dispersed and
plated into T75 flasks and incubated in DMEM
supplemented with 10% FBS, 2mM glutamine,
100 U/mL penicillin, and 100 pg/mL streptomycin in
a humidified atmosphere of 5% CO2 at 37°C. The
culture medium was changed every 3-4 days. When
cells reached subconfluence, they were passaged using
trypsin digestion. Malignant gliomas were surgically
removed at Kyorin University Hospital. Patient material
was obtained with informed consent and approval from
the Institutional Ethics Committee.

Plasmids and Transfection

The plasmid encoding human c-FLIP; and c-FLIPg,
pCR3.V64-Met-Flag-FLIP. and pCR3.V62-Met-Flag-
FLIPs, respectively, were kind gifts from Dr. Jurg
Tschopp (University of Lausanne). The empty vector
pCR3.neo was generated by removing an EcoRI fragment
from the pCR3.V62-Met-Flag-FLIPg plasmid. Cells were
transfected with these plasmids using the calcium phos-
phate precipitation method and selected in the presence
of G418 (Gibco/BRL) to establish G418-resistant sub-
clones, including those expressing high levels of c-FLIP;.

Western Blotting

Whole cell lysates were prepared in RIPA buffer and were
subjected to Western blot analyses as previously
described.*® Proteins on the polyvinylidene difluoride
(PVDF) membranes were probed with antibodies against
DRS (polyclonal, R&D Systems), DR4 (polyclonal, BD
PharMingen), DcR1 (Imgenex), DcR2 (polyclonal,
Imgenex), FADD (monoclonal, BD Transduction),
c-FLIP (monoclonal, ALEXIS Biochemicals), caspase-8
{polyclonal, BD PharMingen), caspase-9 (monoclonal,
Trevigen), caspase-3, cleaved caspase-3 (Cell Signaling
Technology), XIAP (BD Transduction Laboratories),
Apaf-1 (Transduction Laboratories), Akt (Cell
Signaling), Survivin (Cell Signaling), Cyclin D1
(NeoMarkers), Bax (Ab-1, NeoMarkers), Bak (Ab-1,

Oncogene), Bid (polyclonal, BD PharMingen), Bcl-2

(Ab-1, NeoMarkers), Bcl-X; (polyclonal, BD
Transduction), poly(ADP-ribose) polymerase (PARP)
(C2-10; Enzyme System Products), and detected by chemi-
luminescence and quantified (LAS 1000, Fuji). Loading of
lysates on membranes was evaluated by B-actin blot.

Flow Cytometry

For the detection of cell surface TRAIL receptors, cells
(~1 x 10° cells/sample) were washed with PBS contain-
ing 1% FBS and 0.05% NaNj; and were stained with
phycoerythrin (PE)-labeled mouse monoclonal anti-
human DR4 or DRS (eBioscience) on ice for 1 hour.
After washing, cells were analyzed by on flow cytometry
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(FACScan, BD).?® For apoptosis assays, cells were plated
overnight and treated for 48 hours. Cells were then col-
lected, fixed in 4% paraformaldehyde and permeabilized
in 0.1% Triton-X in 0.1% sodium citrate solution, fol-
lowed by incubation with terminal deoxynucleotidyl
transferase-mediated nick end labeling (TUNEL) sol-
ution (Roche) at 37°C for 1 hour. TUNEL-positive
cells stained with fluorescein were analyzed by flow
cytometry using Cell Quest software.

Growth Inbibition Assays

Cytotoxicity was evaluated wusing the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) survival assays as described.>? Briefly, cells were
plated at 1 x 10* cells/well in 96-well microtiter plates
overnight. Cells were then treated with 200 pL fresh
medium containing drugs, cultured for 48 hours fol-
lowed by an additional 4 hours with 250 pg/mL MTT,
and analyzed using a microplate reader (Molecular
Devices). The effects of treatment are expressed as per-
centage of growth inhibition using untreated cells as
the uninhibited control.

TUNEL Assays

Apoptotic cell death was determined by TUNEL
assays using In Situ Cell Death Detection Kits
(Roche) as described.*®

siRNA Treatment

A double-stranded siRNA oligonucleotide mixture against
¢-FLIP, was purchased from Dharmacon (siGENOME
SMARTpool; Dharmacon RNA Technologies). siRNA
for nonsilencing control (nontargeting siRNA) (siCtl) is
an irrelevant siRNA with random nucleotides and no
known specificity. c-FLIP-siRNA (0.1 wM) or nontarget-
ing siRNA (0.1 pM) was transfected into glioma cells
using DharmaFECT, and the cells were used for exper-
iments 24-72 hours after transfection.

In Vivo Study

Human glioma cells (2 x 10° cells) were suspended in
0.1 mL PBS and injected subcutaneously into the right
flank of 4- to 5-week-old female nude mice of BALB/
CA background (Saitama Experimental Animals Supply,
Co. Ltd.). For the treatment of the established xenografts,
the tumors were permitted to establish and grow for 20
days (tumor volume ~120 mm®). For intracerebral
stereotactic inoculation, 5 x 10° glioma cells in 5 pL of
PBS were inoculated into the right corpus striatum of
the mouse brain as described.*® Either anti-DRS mAb
(5 mg/kg) or control nonspecific human IgG (DNP) was
administered i.p. daily for 3 consecutive days. The
growth of tumors was measured as described.*!
Systemic toxicity of the treatments was assessed by
change in body weight and by organ inspection at
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autopsy. Mice were sacrificed by CO, inhalation when
they became moribund. All animal procedures were
approved by the Animal Care and Use Committee of the
Kyorin University Faculty of Medicine.

Statistical Analysis

The data were analyzed for significance by Mann~
Whitney’s U-test or Student’s t-test. Correlation was ana-
lyzed using Spearman’s rank correlation test. Survival of
mice bearing intracerebral xenografts was calculated
according to the Kaplan—Meier method, and differences
in survival were evaluated with the log-rank test. All stat-
istical analyses were done using the statistical package
SPSS 17.0J (SPSS, Inc.).

Results

Fully Human Anti-buman DRS mAbs Induce Apoptosis
in Human Glioma Cells

We first sought to determine whether specific targeting of
cell surface TRAIL receptors by anti-TRAIL receptor
mAbs could induce cytotoxic effects in 12 human
glioma cell lines. The anti-TRAIL receptor mAbs, B12
or E11, H48, and KMTR2, have been previously shown
to bind specifically to their cognate receptor, either DR4

(B12) or DRS (E11, H48, and KMTR2), respectively.’®3’
Soluble FLAG-tagged TRAIL (sTRAIL) with crosslinkers
effectively killed the majority of human glioma cell lines
with ICs, values lower than 0.1 pg/mL. Similarly, treat-
ment with either anti-DRS mAb E11 or H48 resulted in
significant cytotoxicity in the presence of crosslinking
anti-human IgG antibody in 8 of 12 glioma cell lines
(Fig. 1). This was accompanied by changes in morphology
typical of apoptotic cell death, which was confirmed by
DNA fragmentation detected by TUNEL assays (Fig. 2).
Furthermore, treatment with anti-DRS mAbs lead to clea-
vage and activation of caspase-8, -9, and -3, as well as Bid,
which results in the cleavage of PARP, an intrinsic sub-
strate for executioner caspase-3 (data not shown)., The
cytotoxicity was abrogated in ‘the presence of
TRAIL-neutralizing DR5-Fc (data not shown), suggesting
that the binding of antibody to DRS is essential for the
antibody-mediated effects.

The profiles of cell lines sensitive to anti-DRS mAbs
were identical to that to sTRAIL. ICsq values of sensitive
cells, such as T98G, SF188, LNZ308, U87MG, and
U251IMG, were also lower than 0.1 pg/mL (Table 1).
KMTR2 induced cell death effectively in T98G,
SF188, and U87MG cells, even in the absence of cross-
linkers. In contrast, glioma cells were totally insensitive
to treatment with anti-DR4 mAb B12 (Fig. 1). These
results suggest that TRAIL induces apoptosis predomi-
nantly through the DRS5-mediated pathway but not
DR4 in human glioma cells.
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Fig. 1. Cytotoxic effects of soluble TRAIL (A) and fully human mAbs against DR4 (B12, B) and DR5 (E11, C; H48, D; KMTR2, E) in a panel of
human glioma cell lines. Cells were treated for 48 hours with either STRAIL, B12, E11, or H48 in the presence of antibodies for crosslinking, or
KMTR?2 in the absence of crosslinkers, at doses indicated at the bottom of each panel. Cytotoxicity was determined by MTT assays. Results
were reproduced in 2 or more independent experiments; values are expressed as the mean of triplicate wells; bars, SD.
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Fig. 2. Fully human anti-DR5 mAbs induced apoptosis in human glioma cells. TRAIL-sensitive T98G (A) and TRAIL-resistant LN319 (B) cells
were treated with or without anti-DR5 mAbs E11 or H48 (0.1 g/mL). After 48 hours treatment, cells were fixed, permeabilized, and stained
for TUNEL, followed by flow cytometry analysis. The percentage of TUNEL-positive cells (fluorescein-positive) is indicated on each graph.

Table 1. 1Csq values for TRAIL and anti-TRAIL receptor mAbs in
human glioma cell lines

Cell line STRAIL E11 H48 B12
us7 0.036 0.024 0.064 H

T98 0.013 0.002 0.001 H
U138 H 4 6 H
U178 0.079 1.519 0.319 H
SF188 0.019 0.011 0.005 H
LN229 H H H H

U251 0.035 0.083 0.129 H
LNZ308 0.0252 0.014 0.049 H
LN319 H H H H
U373 H H H H
LN428 0.46 H H H
A1207 0.106 0.014 0.147 H
(pg/mL) H: >2.56 H: >6.4 H: >6.4 H: >4.0

Anti-DRS mAbs Did Not Affect the Viability of NHA

We next examined the effects of the treatments on NHA.
Treatments with anti-DRS mAbs, E11, H48, and
KMTR2, and anti-DR4 mAb B12 did not cause cytotox-
icity in these cells, even at a high concentration (10 pg/
mL), whereas treatment of LNZ308 cells, a positive
contro] of the treatment, did show the expected cytotox-
icity (Fig. 3), indicating that NHA are insensitive to the
mAb treatment. :

Molecular Determinants of Sensitivity to Anti-DRS
mAbs

We next sought to determine which key molecules
working in the apoptosis-inducing pathways are respon-
sible for sensitivity to anti-DR5 mAb in human glioma
cells. As we have demonstrated that the proapoptotic
TRAIL-specific receptor DRS was upregulated by both
DNA damaging chemotherapeutic drugs and ionizing
irradiation, thereby mediating enhancing TRAIL sensi-
tivity in human glioma cells,”** we examined the cell
surface expression of DRS by flow cytometry as well
as its whole cellular expression by Western blot. The
DRS cell surface expression level, but not its whole
cellular expression level, was weakly associated with
the sensitivity of glioma cells to anti-DRS mAbs (E11:
P =.145, H48: P = .118, Spearman’s rank correlation)
(Fig. 4A and Table 1).

Among molecules downstream to DRS, the
expression of an intrinsic apoptosis inhibitor ¢-FLIP
was almost undetectable in highly sensitive T98G and
SF188 glioma cell lines, and its expression level signifi-
cantly correlated with sensitivity to anti-DR5 mAbs
(E11: P=.003, H48: P=.006, sTRAIL: P =.008
Spearman’s rank correlation) (Fig. 4B). In contrast,
expression of the alternative spliced form c-FLIPg was
undetectable in all 12 human glioma cell lines tested
(positive control of the Western blot was T98G.FLIPs
cells). FADD, another key molecule in DISC, and Bcl-2
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