Hindawi Publishing Corporation
Neurology Research International
Volume 2012, Article ID 878425, 13 pages
doi:10.1155/2012/878425

Review Article

Current Trends in Targeted Therapies for

Glioblastoma Multiforme

Fumiharu Ohka, Atsushi Natsume, and Toshihiko Wakabayashi

Department of Neurosurgery, Nagoya University School of Medicine, 65 Tsurumai-cho, Showa-ku, Nagoya 466-8550, Japan

Correspondence should be addressed to Atsushi Natsume, anatsume@med.nagoya-u.ac.jp

Received 1 August 2011; Revised 21 October 2011; Accepted 7 December 2011

Academic Editor: Jonas Sheehan

Copyright © 2012 Fumiharu Ohka et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Glioblastoma multiforme (GBM) is one of the most frequently occurring tumors in the central nervous system and the most
malignant tumor among gliomas. Despite aggressive treatment including surgery, adjuvant TMZ-based chemotherapy, and
radiotherapy, GBM still has a dismal prognosis: the median survival is 14.6 months from diagnosis. To date, many studies report
several determinants of resistance to this aggressive therapy: (1) O°-methylguanine-DNA methyltransferase (MGMT), (2) the
complexity of several altered signaling pathways in GBM, (3) the existence of glioma stem-like cells (GSCs), and (4) the blood-brain
barrier. Many studies aim to overcome these determinants of resistance to conventional therapy by using various approaches to
improve the dismal prognosis of GBM such as modifying TMZ administration and combining TMZ with other agents, developing
novel molecular-targeting agents, and novel strategies targeting GSCs. In this paper, we review up-to-date clinical trials of GBM
treatments in order to overcome these 4 hurdles and to aim at more therapeutical effect than conventional therapies that are

ongoing or are about to launch in clinical settings and discuss future perspectives.

1. Introduction

Glioblastoma multiforme (GBM) is one of the most fre-
quently occurring tumors in the central nervous system and
the most malignant tumor among gliomas. A subanalysis in
an international randomized trial by the European Organiza-
tion for Research and Treatment of Cancer/National Cancer
Institute of Canada (EORTC/NCIC) compared the results of
radiotherapy (RT) alone with those of concomitant RT and
temozolomide (TMZ) and found that the addition of TMZ to
radiotherapy for newly diagnosed GBM resulted significant
survival benefit [1], additionally the subgroup analysis of the
5-year survival data of the EORTC/NCIC trial also revealed
its benefit [2]. Since then, TMZ has been the current first-
line chemotherapeutic agent for GBM. However, despite
aggressive treatment including surgery, adjuvant TMZ-based
chemotherapy, and RT, GBM still has a dismal prognosis:
the median survival is 14.6 months from diagnosis. Many
studies aim to overcome several determinants of resistance
to conventional therapy by using various approaches to
improve the dismal prognosis of GBM such as modifying

TMZ administration and combining TMZ with other agents,
developing novel molecular-targeting agents, and novel
strategies targeting GSCs. In this paper, we review up-to-
date clinical trials of GBM treatments in order to overcome
determinants and to aim at more therapeutical effect than
conventional therapy that are ongoing or are about to launch
in clinical settings and discuss future perspectives.

2. Overcoming Alkylating Agent Resistance due
to MGMT

MGMT is capable of counteracting the cytotoxicity induced
by O°-alkylating agents. Furthermore, increased MGMT
expression is well correlated with in vitro and in vivo glioma
resistance to TMZ [3-6]. However, in this process, MGMT
is rapidly degraded via the ubiquitin-proteasome pathway
after receiving alkyl groups from DNA; the repletion of
cellular MGMT pools also depends on the resynthesis of
the molecule [7]. This makes MGMT a suitable target for
intervention to improve the therapeutic efficacy of TMZ.
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Figure 1: RTOG 0525/EORTC 26052-22053 (dose-dense) study. The study aimed to determine if intensified TMZ (75-100 mg/m? X 21
days, qdweeks) improves overall survival or progression-free survival compared to the standard arm (150-200 mg/m? x 5 days, qdweeks).

Additional treatment options are limited in cases of re-
lapse after a standard-dose TMZ treatment (150-200 mg/
m?x 5 days, q4weeks). Supported by the assumption
that continuous treatment with alkylating agents induces
the depletion and exhaustion of MGMT activity, many
researchers have investigated the effects of different dose- and
time-modified TMZ schedules.

2.1. RTOG 0525/EORTC 26052-22053 (Dose-Dense) Study.
This is a randomized phase III trial comparing standard
adjuvant TMZ with a dose-dense schedule in newly diag-
nosed GBM [8]. This trial was based on a report indicating
that dose-dense TMZ prolongs MGMT depletion in blood
mononuclear cells and possibly tumors; the study aimed
to determine if intensified TMZ (75-100 mg/m?x 21 days,
q4weeks) improves overall survival (OS) or progression-
free survival (PFS) compared to the standard arm (150—
200 mg/m?x 5 days, 4weeks) after the standard concomitant
RT+TMZ (Figure 1). No significant difference was observed
between the standard and experimental arms with respect to
median OS (16.6 versus 14.9 months, P = 0.63), median
PES (5.5 versus 6.7 months, P = 0.06), or MGMT methy-
lation status. In addition, the experimental arm significantly
increased grade >3 toxicity including lymphopenia and
fatigue. This study did not demonstrate improved efficacy
of dose-dense TMZ for newly diagnosed GBM regardless of
MGMT methylation.

2.2. Continuous Dose-Intense TMZ in Recurrent Malignant
Glioma: The RESCUE Study. There is no consensus on
the optimal approach for patients with recurrent GBM,
in which recurrence occurs after TMZ is initially used
followed by 12 or more cycles of adjuvant therapy. Protracted
drug exposure may reduce MGMT activity as described
above. In addition, protracted TMZ dosing may inhibit
endothelial cell recovery in the tumor and the activity
of circulating endothelial precursors as well as upregulate
thrombospondin-1, leading to an antiangiogenic effect [9—
12]. Ninety-one patients with GBM were prospectively

divided into 3 groups according to the timing of progression
during adjuvant therapy: early, extended, and rechallenge
[13] (Figure 2). All patients received 50 mg/m?/day TMZ on
a continuous (28/28) basis for a maximum of 12 months
or until progression occurred. The primary endpoint of this
study was 6 months PFS (PFS6). PFS6 was 27.3%, 7.4%,
and 35.7% in the early, extended, and rechallenge groups,
respectively; 1-year survival from time of study entry was
27.3%, 14.8%, and 28.6% for the 3 groups, respectively.
The results of the RESCUE study suggest that patients who
progress early compared with those who progress late or
after a treatment-free interval may respond differently to the
continuous dose-intense TMZ re-treatment. However, given
that no consensus treatment option exists for patients with
recurrent GBM, it would be of note that continuous dose-
intense TMZ serves as a useful platform for combination
strategies.

2.3. One-Week-on/One-Week-off TMZ in Elderly Patients with
Newly Diagnosed Malignant Gliomas: The NOA-08 Study.
Both surgery and radiation therapy are less tolerated in
elderly patients than in younger ones. To reevaluate the
widespread therapeutic nihilism with malignant glioma in
the elderly (age >65), the Neurooncology Working Group
(NOA) of the German Cancer Society conducted a ran-
domized phase III trial to compare a 1-week-on/1-week-
off TMZ schedule at 100 mg/m? with dose modification in
25mg steps in both directions and involved field RT (54—
60 Gy) in elderly patients with newly diagnosed anaplastic
astrocytoma or GBM (NOA-08) [14]. The primary endpoint
was the median OS during follow-up in the 12 months after
the operation. Patient characteristics were balanced between
arms in the intention-to-treat population (n = 373) except
for more resections and more anaplastic astrocytomas in
the RT arm. TMZ was not demonstrated to be superior.
However, patients in the TMZ arm had an increased risk
of death (HR = 1.24 [95% CI: 0.94-1.63]) compared with
those in the RT arm. The rates of adverse and serious adverse
events were also higher in the TMZ arm. This trial failed
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Figure 2: Continuous dose-intense TMZ in recurrent malignant glioma: the RESCUE study. Ninety-one patients with GBM were
prospectively divided into 3 groups according to the timing of progression during adjuvant therapy: early, extended, and rechallenge.

to demonstrate the noninferiority of dose-intensified TMZ
alone compared with RT alone in the primary treatment
of older patients with malignant gliomas. Whether RT plus
TMZ is superior to RT alone, is being addressed in an
ongoing companion trial conducted by the NCIC, EORTC,
and RTOG.

2.4. Combination with 1,3-Bis (2-Chloroethyl)-1-Nitrosourea:
The TEMOBIC Study. Although TMZ replaced nitrosoureas
such as 1,3-bis (2-chloroethyl)-1-nitrosourea (BCNU) as the
standard initial chemotherapy in the treatment of GBM, the
DNA damage induced by nitrosoureas and TMZ is partially
repaired by MGMT. Thus, combined administration of
nitrosoureas and TMZ might overcome MGMT-mediated
resistance via MGMT depletion, yielding superior treatment
results compared with the administration of TMZ alone. A
phase II study was conducted in newly diagnosed anaplastic
oligodendrogliomas [15]. This study assessed the efficacy and
safety of BCNU (150 mg/m?, day 1) and TMZ (110 mg/m?,
days 1-5) every 6 weeks for up to 6 cycles before conventional
RT (60 Gy/30 fr) in 54 patients. Grade 3-4 toxicities included
thrombopenia (n = 20), neutropenia (n = 13), and elevated
transaminases (n = 5). Treatment was discontinued in 4
patients, and possible treatment-related deaths occurred in
3 patients. The combination should be carefully considered
due to its significant toxicity.

2.5, Combination with O°-Benzylguanine. O°-benzylguanine
(O°-BG) is a potent inhibitor that irreversibly inactivates
MGMT by covalently transferring its benzyl group to the
cysteine residues of MGMT’s active site [16]. 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 [17]. Since patients with MGMT overexpression in

tumors respond more poorly to alkylating agents, co-
administration of O°-BG to deplete the tumor pools of
MGMT to enhance drug cytotoxicity has been previously
attempted in a clinical setting [18, 19]. However, systemic
delivery of O°-BG increased the myelotoxicity caused by
MGMT depletion in bone marrow cells. 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
0O°-BG to enhance TMZ cytotoxicity in tumor cells has been
discouraging thus far.

2.6. Combination with Cilengitide: The CORE Study. Cilen-
gitide, a selective avf33/5 integrin inhibitor, exhibits dose-
dependent antitumor activity in patients with recurrent
GBM [20]. A randomized controlled phase II trial (CORE)
was designed as stepwise cilengitide intensification in sub-
jects with newly diagnosed GBM and unmethylated MGMT
promoter status [21]. The toxicity from this treatment was
minimal. A further phase trial testing the use of inten-
sified cilengitide (2000 mg, 5 days/week) in combination
with concomitant RT with TMZ is now recruiting patients
with newly diagnosed GBM with unmethylated MGMT
status.

2.7. Combination with Interferon-f: The JCOG0911 (INTE-
GRA) Study. Interferon (IFN)-f exerts pleiotropic biological
effects and is widely used either individually or in combina-
tion with other antitumor agents to treat malignant gliomas
and melanomas [22]. In the treatment of malignant gliomas,
IFN-f can act as a drug sensitizer by enhancing the toxicity
of chemotherapeutic agents against various neoplasms when
administered in combination with nitrosoureas. Combina-
tion therapy with IFN-f and nitrosoureas is primarily used
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FiGgure 3: Combination with interferon-f: the JCOG0911 (INTEGRA) study. A randomized phase II clinical trial in patients with newly
diagnosed GBM is under way to compare the standard-of-care regimen with the addition of IFN-f in the upfront settings.

for the treatment of gliomas in Japan [23]. In a previous
in vitro study in human glioma cells, we found that IFN-
B markedly enhances chemosensitivity to TMZ [24]; this
finding suggests that one of the major mechanisms by which
IFN-f enhances chemosensitivity is the downregulation of
MGMT transcription via p53 induction. This effect was also
observed in an experimental animal model [25]. The results
of these 2 studies suggest that compared with chemother-
apy with TMZ alone and concomitant RT, chemotherapy
with IFN-f8 and TMZ with concomitant RT might further
improve the clinical outcomes of malignant gliomas. To
evaluate the safety, feasibility, and clinical effectiveness of
combination therapy with IFN-f and TMZ, a phase I clinical
study, the Integrated Japanese Multicenter Clinical Trial:
a Phase I Study of Interferon-f and TMZ for Glioma in
Combination with RT (INTEGRA study), was conducted.
The primary endpoint was the incidence of adverse events.
The exploratory endpoints were PFS and OS. The study
population comprised 16 patients with newly diagnosed
gliomas and 7 with recurrent high-grade gliomas. Grade 3-
4 leukocytopenia and neutropenia were observed in 6.7%
and 13.3% of the patients, respectively. Overall, 40% of
the patients exhibited an objective response to therapy. In
patients with newly diagnosed GBM, the median OS time
was 17.1 months and the rate of 1-year PFS was 50%.

This regimen is safe and well tolerated by the patients,
and may prolong the survival of patients with GBM. A
randomized phase II clinical trial in patients with newly
diagnosed GBM is under way to compare the standard-of-
care regimen with the addition of IFN-f in the upfront
settings (Figure 3).

3. Strategies Targeting the Altered Signaling
Pathways (Figure 4)

3.1. VEGF Signaling. GBM is characterized by sustained
angiogenesis—the key regulator of which is vascular endo-
thelial growth factor (VEGF). Bevacizumab (Avastin, BEV)
is a humanized monoclonal antibody that binds to and
inhibits the activity of VEGF [26-29]. In preclinical models,
BEV has been shown to exhibit activity against GBM both
alone and in combination with RT and TMZ. The benefit
and safety profile of BEV was confirmed in a randomized,
noncomparative phase II trial (BRAIN study; AVF3708g) in
GBM patients who experienced first or second recurrence
following standard-of-care with TMZ [27]. In both the BEV
(n = 85) and BEV plus irinotecan (n = 82) cohorts,
objective response rate and PFS6 were significantly higher
than those of the external historical controls. It might
be important to state that the addition of irinotecan to
bevacizumab did not improve outcome, and PFS6 as a
primary endpoint is a controversial particularly in patients
treated with antiangiogenic therapies (such as bevacizumab)
that can lead to improved imaging findings without actual
tumor response (a so-called pseudoresponse). In any case, in
light of these results, studies were initiated to evaluate BEV
in combination with RT plus TMZ as the upfront treatment
for newly diagnosed GBM. In a noncomparative study in 70
newly diagnosed GBM patients, BEV in combination with
RT plus TMZ resulted in median OS and PES times of 19.6
and 13.6 months, respectively. In another nonrandomized
phase II study [30], the effects of RT plus TMZ were
compared with (n = 25) and without (n = 31) BEV;
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FIGURE 4: Altered signaling pathways and inhibitors. Receptor tyrosine kinase (RTK), EGFR and platelet-derived growth factor receptor
(PDGFR) are receptor tyrosine kinases (RTKs). In GBM, 40-60% of cases exhibit EGFR amplification and high EGFR protein expression
levels. PDGFR is overexpressed at the transcriptional level. EGFR activation initiates signal transduction such as the PI3K/Akt pathway.
EGEFR variant I1I (EGFRvIII) is a constitutively activated mutation of EGFR, that is, expressed in approximately 25% of GBM cases but not in
normal tissues; Sonic Hedgehog (SHH), SHH is a secreted protein critical for pattern formation in the central nervous system. SHH ligand
binding to its receptors, patched homolog (PTCH) and smoothened homolog (SMO), leads to the activation of gliotactin (GLI) transcription
factors that are translocated into the nuclease to regulate various cellular activities, including the maintenance of cell stemness, survival, and
proliferation; NOTCH, The Notch pathway is initiated by the binding of transmembrane ligands on one cell to the notch receptors on an
adjacent cell. This binding causes the y-secretase-mediated proteolytic release of the Notch intracellular domain (NICD). Released NICD
translocates into the nucleus and then turns CSL (a transcriptional factor) from a repressor to an activator, causing various effects; WNT,
Wnt signals are divided into 2 different pathways: the canonical or WNT/f-catenin pathway is involved in cell fate determination and the
noncanonical pathway is involved in the control of cell movement and tissue polarity [35]. Following the binding of Wnt protein to a receptor
complex comprising Frizzleds/low-density lipoprotein receptor-related protein (Fz/LRP), cytoplasmic disheveled (Dvl) is phosphorylated.
The phosphorylation of Dvl inhibits the activity of glycogen synthase kinase-3f (GSK-3p), elevating nonphosphorylated S-catenin levels in
the cytoplasm. 8-Catenin translocates into the nucleus and forms a complex with members of the T-cell transcription factor (TCF)/lymphoid
enhancer-binding factor (LEF) family of transcription factors.

RT plus TMZ with BEV resulted in increased PFS6 (87%
versus 52%), median PFS (12 versus 7 months, P = 0.0001),
2-year OS rate (50% versus 22%), and median OS (24.0
versus 17.5 months, P = 0.09). A large randomized double-
blind placebo-controlled phase III trial (AVAglio, BO21990,
NCT00943826) is currently recruiting approximately 920
newly diagnosed GBM patients from 140 centers worldwide
[31]. However, there is evidence suggesting that anti-VEGF
treatment increases tumor cell invasion in GBM [32].
While BEV strongly decreases contrast enhancement, this is
accompanied by a 68% increase in infiltrating tumor cells
in the brain parenchyma. These data strongly suggest that
vascular remodeling induced by anti-VEGF treatment leads

to a more hypoxic tumor microenvironment. This favors a
metabolic change in the tumor cells toward glycolysis, which
leads to tumor cell invasion into normal brain tissue.

Cediranib is another potent oral VEGF signaling in-
hibitor that exhibits activity against all 3 VEGF receptors
[33]. REGAL (NCT00777153) is a randomized phase III
study comparing cediranib and lomustine (CCNU) in
patients with recurrent GBM. Between October 2008 and
September 2009, 325 patients from 10 countries were en-
rolled. The first clinical results of the REGAL trial were
negative [34]. Other clinical trials are under way to assess
cediranib either as a monotherapy or in combination with
other agents.



3.2. EGFR and PDGF Signaling. To date, various genetic
alterations are reported in GBMs such as epidermal growth
factor receptor (EGFR) amplification, CDKN2A loss, phos-
phatase and tensin homolog (PTEN) loss, and so forth.
Among these various alterations, several alterations deregu-
late pathways involving the RTK/PI3K/Akt/mTOR pathway
[36, 37], which is regarded as the most amenable pathway
to pharmacologic intervention [38]. This pathway contains
a number of key kinase intermediates as shown below.
EGFR and platelet-derived growth factor receptor (PDGFR)
are receptor tyrosine kinases (RTKs). In GBM, 40-60%
of cases exhibit EGFR amplification and high EGFR pro-
tein expression levels [39, 40]. PDGFR is overexpressed
at the transcriptional level. This EGFR activation initiates
signal transduction such as the PI3K/Akt pathway. The
phosphatidylinositol-3" kinases (PI3Ks) are lipid kinases
that are activated downstream of growth factor receptor
signaling. Activated PI3Ks phosphorylate the lipid phos-
phatidylinositol (4, 5)-bisphosphate (PIP2) to generate phos-
phatidylinositol (3, 4, 5)-triphosphate (PIP3). PIP3 recruits
Akt, which is the major effector of this pathway, to the cell
membrane. Activated Akt enhances cell growth, survival,
and proliferation and indirectly enhances the activity of
mammalian target of rapamycin (mTOR), which controls
cell growth by regulating various cellular processes. PTEN
suppresses Akt phosphorylation by reversing PI3K-driven
phosphorylation, resulting in the inhibition of the PIP3
signal thus suppressing cell proliferation [36, 41, 42]. Con-
sidering that these various alterations affect cell survival and
proliferation, many studies suggest a novel strategy targeting
these small molecules to improve the dismal prognosis of
GBM [43].

To date, the small-molecule inhibitors of EGFR that were
introduced in clinical trial include gefitinib, erlotinib, and
nimotuzumab [44—46]. Gefitinib is an oral low-molecular-
weight adenosine triphosphate mimetic of the anilinoquina-
zoline family. Gefitinib is an efficient therapeutic agent
for a subset of patients with nonsmall-cell lung cancers
(NSCLC), particularly the ones who harbor an activating
EGFR mutation. However, several clinical trials evaluating
the efficacy of gefitinib with or without TMZ in GBM
report disappointing efficacy. Uhm et al. report that patients
who exhibit adverse reactions to gefitinib (e.g., rash and
diarrhea) have prolonged overall survival [47] Erlotinib is
also an EGEFR tyrosine kinase inhibitor (EGFR-TKI). This
EGFR-TKI exhibits clinical activity particularly in tumors
that have mutations in the adenosine triphosphate binding
pocket of the tyrosine kinase domain of the EGFR gene.
Although several clinical trials have evaluated the efficiency
of erlotinib, almost all failed to demonstrate its efficiency or
any additional benefit [45, 48]. Nimotuzumab was tested in
an open-label randomized phase III trial in 150 patients with
newly diagnosed GBM, but the interim analysis has failed to
demonstrate efficacy [49]. EGFR variant III (EGFRvIII) is a
constitutively activated mutation of EGFR that is expressed
in approximately 25% of GBM cases but not in normal
tissues. PF-04948568 is a vaccine containing a 13-amino acid
sequence unique to EGFRVIIL. A randomized phase IIb/III
ACTIII study was initiated; the primary objective was to
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reject the null hypothesis that less than 53% of patients
will be progression-free at 5.5 months from first vaccination
[50]. Since this vaccination was well tolerated and the
null hypothesis was rejected, further study is warranted.
Afatinib, an irreversible erbB family blocker, exhibits high
in vitro activity in tumor cell lines resistant to reversible
EGFR inhibitors. This study compared the afatinib alone
and afatinib with TMZ therapies with TMZ alone therapy
[51]. The results show that afatinib alone is less effective than
TMZ alone. Furthermore, afatinib with TMZ is comparable
to TMZ alone.

Another TKI activating the PI3K/Akt/mTOR pathway is
PDGFR. Imatinib blocks the ATP-binding site of tyrosine
kinase proteins including PDGFR and inhibits the activity
of PDGFR. The clinical efficiency of imatinib against other
cancers such as chronic myeloid leukemia (CML) and gas-
trointestinal stromal tumors (GISTs) has been demonstrated
[52-54]. In addition, since imatinib is active in GBM cell
lines and mouse models, several clinical trials have evaluated
its efficiency in GBM patients [43, 55, 56]. However, most
of these clinical trials were not able to demonstrate any
advantage of imatinib. It should be noted that most of
these clinical trials to date enrolled unselected patients in
whom the relative importance of each dysregulated molecule
affecting tumor growth was largely unknown, which may be
why these clinical trials demonstrate no advantage. Sunitinib
is an orally available multitarget TKI of FDR, PDGFR, and
c-kit. It exhibits broad-spectrum antiangiogenic activity.
A phase II trial with stratification of prior use of BEV
was designed for recurrent GBM to assess the safety and
efficacy of 37.5 mg sunitinib administered on a continuous
daily schedule. Twenty-eight and twenty-one patients have
been enrolled in the BEV-resistant and BEV-naive arms,
respectively [57]. However, no patient has reached PFS6 at
all. The efficacy of dasatinib, a PDGF and Src inhibitor,
was evaluated retrospectively in recurrent malignant gliomas
[58]. Twenty patients were treated with dasatinib alone, and
in combinations with BEV and other anticancer drugs, or
BEV-naive. Dasatinib alone or in combination with BEV
did not exhibit activity because low central nervous system
penetration may limit its activity.

3.3. Targeting the PI3K/Akt/mTOR Pathway. Following the
activation of RTK, the activated PI3K/Akt/mTOR pathway
induces cell growth and proliferation. In addition to the
RTK inhibitors described above, several studies suggest
potential therapeutic targets of PI3K, Akt, and mTOR [38,
59, 60]. A preclinical study demonstrated that LY294002
and wortmannin inhibit PI3K. Because of toxic effects, poor
pharmaceutical properties, and a lack of selectivity, the use of
these agents was restricted in the preclinical study. Recently,
the thienopyrimidine drug GDC-0941 was found to exhibit
excellent oral anticancer activity in a preclinical study and
is now undergoing a phase I clinical trial in cancer patients
[59]. In addition, imidazopyridines, pyridopyrimidines,
quinazolyne derivatives, thiazoles, azolepyrimidine deriva-
tives, and other chemotypes are reported to inhibit the PI3K.
Akt is also heavily targeted for therapy. The phospholipid
perifosine is suggested to interfere with the association of
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the Akt PH domain with PIP3, thus blocking the membrane
localization of the protein. Perifosine is currently undergoing
phase II clinical trials for prostate, head and neck, breast,
and pancreatic cancers, melanomas, and sarcomas [61]. The
mTOR kinase is intimately linked to PI3K/Akt signaling
as well as the regulation of protein synthesis, cell growth,
and survival. The dysregulation of mTOR is regarded as a
therapeutic target. In addition, rapamycin and its analogs
inhibit mTOR kinase via a rather indirect fashion. At
present, 2 rapamycin analogs, temsirolimus and everolimus,
are approved for the treatment of metastatic renal cell
cancer [62]. Several clinical trials evaluating the efficiency
of mTOR inhibitors such as temsirolimus in gliomas have
been performed. The results of these trials suggest that
monotherapy with temsirolimus does not prolong survival
but combination therapy enhances its efficiency [43].

3.4. Glutamate Pathway. Glutamate is a major excitatory ne-
urotransmitter in CNS. It is stored in synaptic vesicles and
released as neurotransmitter. After it serves as neurotrans-
mitter, it is rapidly took up at the plasma membrane of
neurons, glial cells, and terminated. Glioma cells released
glutamate in concentration, and glutamate reuptake is
reduced due to reduction of glutamate transporter. This
increased glutamate influences the surrounding cells and
the glutamatergic system is associated with the prolif-
eration, survival and migration of gliomas. Talampanel
is an antagonist of the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) glutamate receptor. The
phase 2 trial of Talampanel combined with conventional
TMZ and radiation for 72 newly diagnosed GBM patients
showed median survival time of 18.3 months. This trial
suggested the efficiency of Talampanel [63]. The other phase
2 trial evaluated the efficiency of Talampanel as single agent
for recurrent malignant glioma patients. This trial shows no
significant activity as single agent (median OS; 13 weeks)
[64].

3.5. Histone Deacetylase. Vorinostat is an oral histone de-
acetylase (HDAC) inhibitor. HDAC acts on nucleosomal
histones, leading to the tight coiling of chromatin and
silencing of the expression of various genes. HDAC regulates
cell survival, proliferation, tumor cell differentiation, cell
cycle arrest, and apoptosis. There is preclinical evidence that
vorinostat has antitumor activity against malignant glioma
cell lines in vitro and orthotopic xenografts in vivo. Animal
experiments also support the conclusion that vorinostat
crosses the blood-brain barrier [65]. On the basis of these
results, a phase I study of vorinostat in combination with
TMZ was performed and revealed that this treatment is well
tolerated; a phase II trial is under way [66].

4. Strategy Targeting Glioma-Initiating Cells

Several studies revealed that gliomas harbor a small popula-
tion of cells termed glioma stem-like cells (GSCs) [67, 68].
GSCs have the ability to undergo self-renewal and initiate
tumorigenesis. GBM forms extensively heterogeneous bulk
tumors; this heterogeneity may be crucial for treating this

disease. The presence of GSCs may be an important clue
in clarifying the details of this heterogeneity. In addition,
GSCs are resistant to a wide variety of chemotherapeutic
agents and possess a remarkable ability to recover from
cytotoxic therapy [69]. Furthermore, GSCs play a crucial
role in RT failure, as tumors surviving RT are enriched in
GSCs. Therefore, an alternative strategy involving selective
targeting of this functionally distinct chemo- and radiation-
resistant small group of GSCs rather than the bulk of
the tumor may be more successful in treating this deadly
disease [70]. GSCs exhibit various alterations to signaling
pathway activity including PTEN, sonic hedgehog (SHH),
notch, wingless-type MMTYV integration site family member
(WNT), maternal embryonic leucine-zipper kinase (MELK),
and B lymphoma Mo-MLV insertion region 1 (BMI1), which
are associated with self-renewal and neoplastic proliferation.
These altered pathways may represent possible targets for
GSCs.

4.1. PI3K/Akt/mTOR Pathway Including the PTEN Pathway.
PTEN suppresses Akt phosphorylation by reversing PI3K-
driven phosphorylation, resulting in the inhibition of PIP3
signaling and the suppression of cell proliferation. The PTEN
gene is mutated in 15-40% of primary GBM cases. PTEN
deletions with retinoblastoma-associated protein (pRb) inac-
tivation or ABCG2 transporter activation accelerate the
formation of aggressive high-grade tumors and GSC-like
neurosphere formation capacity in a transgenic mouse
model of glioma [71-75]. Although PTEN is one of the
most remarkable targets involved in GSC activity, its status
in GSCs has yet to be elucidated. The dysfunction of PTEN
leads to the activation of the PI3K/Akt/mTOR pathway.
Therefore, therapy targeting the PI3K/Akt/mTOR pathway
described above may be also effective against GSCs exhibiting
PTEN dysfunction. Thus, these results suggest the potential
of efficiency of such therapies for GSCs.

4.2. SHH Pathway. SHH is a secreted protein critical for
pattern formation in the central nervous system. SHH ligand
binding to its receptors, patched homolog (PTCH) and
smoothened homolog (SMO), leads to the activation of glio-
tactin (GLI) transcription factors that are translocated into
the nuclease to regulate various cellular activities, including
the maintenance of cell stemness, survival, and proliferation.
Altaba et al. demonstrate that SHH signaling regulates
the expression of stemness genes such as Nanog homeobox
(NANOG), SRY-box containing gene 2 (SOX2), and octamer-
binding protein 4 (OCT4). In addition, they demonstrate
that SHH-GLI signaling is required not only for sustained
glioma growth and survival but also for GSC survival and
proliferation [76]. Considering these reports, the inhibition
of the SHH signaling pathway may be a target of therapy.
The novel SMO inhibitor, vismodegib (GDC-0449), exhibits
antitumor activity in a mouse model of medulloblastoma
and primary human tumor cell xenograft models including
colorectal cancer and pancreatic carcinoma. A phase I clinical
trial was initiated on the basis of these preclinical tests;
the results demonstrate that vismodegib is generally well
tolerated with an acceptable safety profile in refractory



locally advanced metastatic solid tumors, including basal
cell carcinoma and medulloblastomas [77]. Therefore, the
SHH signaling pathway may be a potential target for therapy
against GSCs.

4.3. Notch Pathway. The Notch pathway is initiated by the
binding of transmembrane ligands on one cell to the notch
receptors on an adjacent cell. This binding causes the y-
secretase-mediated proteolytic release of the Notch intracel-
lular domain (NICD). Released NICD translocates into the
nucleus and then turns CSL (a transcriptional factor) from a
repressor to an activator, causing various effects [78]. Notch
controls the specification, proliferation, and survival of
nonneoplastic neural precursors and is aberrantly activated
in embryonal brain tumors, suggesting a molecular link
between neural stem cells and medulloblastomas. Previously,
Sullenger et al. demonstrated that GSCs promote radiore-
sistance compared with GBM tumor bulk because GSCs
preferentially activate the DNA damage-response pathway.
Notch signaling plays an important role in this DNA damage
response pathway via the activation of the PI3K/Akt pathway
and the pro-survival protein, Mcl-1. Notch pathway inhi-
bition using y-secretase inhibitors (GSIs; MK0752) impairs
cell growth, clonogenic survival, and tumor formation ability
and sensitizes GSCs to radiation at clinically relevant doses
(79, 80].

4.4. Wingless-Type MMTYV Integration Site Family Member
(Wnt) Pathway. Wnt signals are divided into 2 different
pathways: the canonical, or WNT/B-catenin pathway is
involved in cell fate determination and the noncanonical
pathway is involved in the control of cell movement and
tissue polarity [35]. Following the binding of Wnt protein
to a receptor complex comprising Frizzleds/low-density
lipoprotein receptor-related protein (Fz/LRP), cytoplasmic
disheveled (Dvl) is phosphorylated. The phosphorylation
of Dvl inhibits the activity of glycogen synthase kinase-33
(GSK-3p3), elevating nonphosphorylated -catenin levels in
the cytoplasm. 3-Catenin translocates into the nucleus and
forms a complex with members of the T-cell transcription
factor (TCF)/lymphoid enhancer-binding factor (LEF) fam-
ily of transcription factors [81]. Epigenetic silencing and
loss-of-function mutations of negative regulators of WNT
signaling are observed in a variety of human cancers. It is
suggested that Wnt signaling is also involved in the regu-
lation of cancer stem cells because of the many similarities
in the pathways that regulate normal and cancer stem cells.
Therefore, the inhibition of Wnt signaling may disrupt
the maintenance of the stemness of GSCs. Although they
include preclinical agents, several agents inhibiting the Wnt
pathway are suggested for potential clinical use in a review
by Takahashi-Yanaga and Kahn [82]. Of these agents, those
that are used clinically are NSAIDs such as aspirin, sulindac,
and celecoxib; celecoxib is the only NSAID approved by the
Food and Drug Administration (FDA) for the treatment of
familial adenomatous polyposis. The inhibition of the Wnt
pathway by celecoxib has been shown by its ability to induce
the degradation of TCE
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These various pathways altered in GBM or in the pres-
ence of GSCs with altered signaling pathways may induce
resistance to conventional therapy. In addition, in other can-
cers, several studies suggest the efficiency of various small-
molecule inhibitors. Although several clinical trials of these
inhibitors in GBM have been performed, almost all failed to
demonstrate the efficiency of these inhibitors compared with
conventional therapy. We expect that combinations of these
agents may overcome resistance to treatment or change the
definition of patients who should be treated by each agent to
induce a more favorable response.

5. Bypassing the Blood-Brain Barrier

The blood-brain barrier blocks most molecules that are
larger than ~500 Da. Many drugs are denied access to the
very regions where they would be effective, thus limiting
the clinical application of most anticancer drugs for treating
brain tumors. Each anticancer agent showed various perme-
ability for BBB, although the relationship of its permeability
to therapeutic efficacy is not clear [83]. Although several local
therapies are attempted to overcome this BBB or “blood-
tumor barrier,” local therapies should be more developed to
deliver therapeutic agents in more distant locations due to
highly infiltrative nature of high-grade gliomas.

5.1. Gliadel (Carmustine, BCNU) Wafers. A meta-analysis
combining the results of the randomized phase III trial
published by Westphal et al. [84] and an earlier randomized
phase III study by Valtonen et al. [85] demonstrates that the
subgroup of GBM treatments with BCNU wafers increases
mean survival to 13.1 months compared with 10.9 months
for placebo patients (P = 0.03). The results of the 2 trials
led the FDA to approve Gliadel for the treatment of newly
diagnosed GBM in 2003. A combination of local BCNU
wafer treatment and concomitant radiochemotherapy with
TMZ is attractive not only because it may significantly reduce
the toxicity of a systemic combination of BCNU and TMZ as
described above but also because it may take advantage of the
sensitizing effect of TMZ and BCNU on their respective resis-
tance by MGMT [86]. However, several complications are
associated with the implantation of BCNU wafers, including
cerebral edema, healing abnormalities, cerebral spinal fluid
leaks, intracranial infections, seizures, hydrocephalus, and
cyst formation. The rates for these adverse events were well
established in 2 randomized phase III trials that compared
BCNU wafers with placebo ones. Gliadel wafer implantation
may add to the toxicity of concomitant radiochemotherapy
with systemic TMZ. Therefore, the combined approach
requires special attention [87].

5.2. Convection-Enhanced Delivery. A direct intracerebral
approach called convection-enhanced delivery (CED) may
be used as a strategy to address these issues [88-90]. CED
employs positive pressure that generates 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.
Furthermore, CED ensures high concentrations and the
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homogenous distribution of a drug throughout a given target
tissue.

5.3. CED of IL13-PE38QQR (Cintredekin Besudotox) for
Recurrent GBM: The PRECISE Study. Interleukin (IL)-13
is a cytokine derived from type 2 T-helper cells and can
bind to 2 receptor chains: IL-13Ra1 and IL-13Ra2; IL-13
has low affinity for the IL-13Ral chain and high affinity
for the IL-4Ra chain. It forms a receptor complex with
the IL-4Ra chain, which is involved in IL-13-induced signal
transduction via either Janus kinase/signal transducer and
activator of transcription (JAK-STAT) or PI3K [91]. The IL-
13Ra2 chain binds to IL-13 with high affinity and internalizes
it after ligand binding without the involvement of other
chains.

IL-13R is overexpressed in a majority of glioma cell
lines and resected GBM specimens [92]. A chimeric fusion
protein composed of human IL-13 and mutated forms of
Pseudomonas aeruginosa exotoxin A (PE38QQR) has been
developed and shown to affect the specific cytotoxicity of
glioma cell lines [92, 93].

IL-13-PE is reported to be more active against glioma cell
lines than IL-4-targeted toxins in vitro [93]. In a phase I trial,
51 patients with GBM were administered IL-13-PE38QQR
via CED [94]. A phase III study was conducted to compare
the efficacy of IL-13-PE to that of Gliadel wafers in patients
with malignant gliomas [93]. PFS was longer (17.7 versus
11.4 weeks) in patients treated with IL-13-PE than in patients
treated with Gliadel wafers; however, there was no significant
difference in the median survival time between the 2
groups.

Opverall, IL-13-based toxins can be potentially used in
adjuvant therapy for malignant gliomas, but their use re-
quires further clinical studies.

5.4. CED of TGF-f3 Antisense: The SAPPHIRE Study. Trans-
forming growth factor-beta (TGF-f) is a multifunctional
regulatory polypeptide belonging to a ligand superfamily
that includes the TGF-fs, activins, and bone morphogenetic
proteins (BMPs). TGF-8 controls many aspects of cellular
function including proliferation, differentiation, migration,
apoptosis, adhesion, angiogenesis, immune surveillance, and
survival. Three TGF-f isoforms have been found: TGF-
B1, TGF-$2, and TGF-f3. The TGF-B2 isoform is specifi-
cally overexpressed in malignant gliomas. Increased TGF-
B2 levels are associated with advanced disease stage and
cause immunodeficiencies in patients with gliomas [95].
TGF-2 not only inhibits lymphocyte proliferation but
also has multiple effects on the immune system. These
effects include inhibition of immune cell activation, blockage
of antitumor activity, shift in cytokine balance toward
immunosuppression, and inhibition of antigen presentation.
Thus, the targeted inhibition of TGF-f2 should have an
antitumor effect and allow an immune-mediated response.
Several approaches to block TGF-$ function are currently
being studied including the use of monoclonal antibodies
against TGF-f3, recombinant fusion proteins containing the
ectodomains of TGF-f receptor (TBR)II and TBRIII to
prevent the binding of TGF-f ligands, ATP competitive

inhibitors at the ATP-binding site of TBRI kinase, and
antisense oligonucleotides specific for TGF-f2 [96-101].

Trabedersen (AP-12009) is a synthetic antisense oligo-
deoxynucleotide designed to block TGF-f2 production
[102]. In a randomized controlled phase IIb trial involving
patients with brain tumors, the survival rates of patients
for whom trabedersen was intratumorally administered were
higher than those of patients receiving standard chemother-
apy [103]. An international clinical phase III trial is currently
recruiting patients with recurrent or refractory anaplastic
astrocytoma. A randomized controlled dose-finding phase
IIb study evaluated the efficacy and safety in 145 patients
with recurrent or refractory high-grade gliomas [104]. The
patients were randomly assigned to receive 10 or 80uM
trabedersen or standard chemotherapy. The primary end
point was 6-month tumor control rate. Although this study
failed to meet the primary end point, it could be due to
the pseudoprogression that occurs with immune therapies. A
prescribed anaplastic astrocytoma subgroup analysis found
a significant benefit for 10 yM trabedersen with respect
to the 14-month tumor control rate. The 2-year survival
rate for 10 uM trabedersen tended to be superior to those
of the other treatments. An international clinical phase
III trial is currently recruiting patients with recurrent or
refractory anaplastic astrocytomas with end points of 14-
month progression rate and 2-year survival rate.

6. Future Perspectives

The Cancer Genome Atlas (TCGA) is a project that catalogs
genomic abnormalities that are involved in the develop-
ment of cancer [105, 106]. TCGA published the results
of its first study in a large GBM cohort consisting of
206 patient samples. Techniques that are currently used
for detection of abnormalities include gene-expression pro-
filing, copy-number variation profiling, single-nucleotide
polymorphism (SNP) genotyping, genome-wide methyla-
tion profiling [107], microRNA profiling [108], and exon
sequencing. Since the publication of the first paper, several
analysis groups within the TCGA Network have presented
the results of highly detailed analyses of GBM. Verhaak et
al. [109] recently subclassified GBM into proneural, neural,
classical, and mesenchymal subtypes by integrating multi-
dimensional data on gene expression, somatic mutations,
and DNA copy number. The major features of the Proneural
class are focal amplification of PDFRA, IDHI mutation,
and TP53 mutation and/or loss of heterozygosity. Moreover,
the group showed high expression of genes associated with
oligodendrocyte development, such as PDGFRA, NKX2-2,
and OLIG2. The Neural subtype is characterized by the
expression of neuron markers such as NEFL, GABRAI, SYT1,
and SLCI2A5. The Classical subtype features high EGFR
expression associated with chromosome 7 amplification and
low expression of pI6INK4A and pI4ARF, resulting from
focal 9p21.3 homozygous deletion. Neural stem cell markers
such as nestin, as well as components of the Notch and
Sonic hedgehog signaling pathways, are highly expressed in
the Classical type. The Mesenchymal subtype is characterized
by focal hemizygous deletions at 17q11.2 that contains NF]I
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and high expression of YKL-40 (CHI3L1), MET, CD44, and
MERTK. Genes in the tumor necrosis factor superfamily
pathway and NF-kappaB pathway, such as TRADD, RELB,
and TNFRSFIA, are highly expressed in this subtype.
The classification of GBM may lead to establishment of
personalized therapies for groups of patients with GBM.
However, the results of clinical studies of EGFR and PDGFR
inhibitors as monotherapy are disappointing thus far. While
research and development of more promising molecular-
targeted agents are needed in the laboratory, molecular-
targeted agents are likely to have synergistic antitumor effects
in combination. On the other hand, strategies of how to
evaluate better ways to design early phase clinical trials, to
choose better endopoints should avoid trials that will not
provide helpful answers. The discrepancy between PFS and
OS as endpoints are still controversial; also the question
when and how to integrate new therapies into the backbone
of standard therapy still remains.

Authors’ Contribution

Equally contributed to preparation of this manuscript.

References

[1] R. Stupp, W. P. Mason, M. J. van den Bent et al., “Radio-
therapy plus concomitant and adjuvant temozolomide for
glioblastoma,” The New England Journal of Medicine, vol. 352,
no. 10, pp. 987-996, 2005.

[2] R. Stupp, M. E. Hegi, W. P. Mason et al., “Effects of
radiotherapy with concomitant and adjuvant temozolomide
versus radiotherapy alone on survival in glioblastoma in a
randomised phase IIII study: 5-year analysis of the EORTC-
NCIC trial,” The Lancet Oncology, vol. 10, no. 5, pp. 459466,
2009.

[3] J. P. Fruehauf, H. Brem, S. Brem et al., “In vitro drug response
and molecular markers associated with drug resistance in
malignant gliomas,” Clinical Cancer Research, vol. 12, no. 15,
pp. 4523-4532, 2006.

[4] J. Ma, M. Murphy, P. J. O'Dwyer, E. Berman, K. Reed,
and J. M. Gallo, “Biochemical changes associated with a
multidrug-resistant phenotype of a human glioma cell line
with temozolomide-acquired resistance,” Biochemical Phar-
macology, vol. 63, no. 7, pp. 1219-1228, 2002.

[5] M. Hermisson, A. Klumpp, W. Wick et al., “O6-methyl-
guanine DNA methyltransferase and p53 status predict
temozolomide sensitivity in human malignant gli-oma cells,”
Journal of Neurochemistry, vol. 96, no. 3, pp. 766—776, 2006.

[6] D. M. Kokkinakis, D. B. Bocangel, S. C. Schold, R. C.
Moschel, and A. E. Pegg, “Thresholds of O6-alkylguanine-
DNA alkyltransferase which significant resistance of human
glial tumor xenografts to treatment with 1,3-bis(2-chloro-
ethyl)-1-nitrosourea or temozolomide,” Clinical Cancer Re-
search, vol. 7, no. 2, pp. 421-428, 2001.

[7] K. S. Srivenugopal, X. H. Yuan, H. S. Friedman, and E Ali-
Osman, “Ubiquitination-dependent proteolysis of O6-me-
thylguanine-DNA methyltransferase in human and murine
tumor cells following inactivation with O6-benzylguanine or
1,3-bis(2-chloroethyl)-1-nitrosourea,” Biochemistry, vol. 35,
no. 4, pp. 1328-1334, 1996.

Neurology Research International

[8] M. Gilbert, “RTOG 0525: a randomized phase IIIT trial
comparing standard adjuvant temozolomide (TMZ) with a
dose-dense (dd) schedule in newly diagnosed glioblastoma
(GBM),” Journal of Clinical Oncology, vol. 29, supplement,
2011, Abstract no. 2006.

[9] R.S. Kerbel and B. A. Kamen, “The anti-angiogenic basis of
metronomic chemotherapy,” Nature Reviews Cancer, vol. 4,
no. 6, pp. 423-436, 2004.

[10] E Bertolini, S. Paul, P. Mancuso et al., “Maximum tolerable
dose and low-dose metronomic chemotherapy have opposite
effects on the mobilization and viability of circulating
endothelial progenitor cells,” Cancer Research, vol. 63, no. 15,
pp. 4342-4346, 2003.

[11] U. Emmenegger, S. Man, Y. Shaked et al., “A comparative
analysis of low-dose metronomic cyclophosphamide reveals
absent or low-grade toxicity on tissues highly sensitive to the
toxic effects of maximum tolerated dose regimens,” Cancer
Research, vol. 64, no. 11, pp. 3994-4000, 2004.

[12] G. Bocci, G. Francia, S. Man, J. Lawler, and R. S. Kerbel,

“Thrombospondin 1, a mediator of the antiangiogenic effects

of low-dose metronomic chemotherapy,” Proceedings of the

National Academy of Sciences of the United States of America,

vol. 100, no. 22, pp. 1291712922, 2003.

J. R. Perry, K. Bélanger, W. P. Mason et al., “Phase II trial of

continuous dose-intense temozolomide in recurrent malig-

nant glioma: RESCUE study,” Journal of Clinical Oncology,

vol. 28, no. 12, pp. 2051-2057, 2010.

[14] W. Wick, “NOA-08 randomized phase IIII trial of 1-week-
on/1-week-off temozolomide versus involved-field radio-
therapy in elderly (older than age 65) patients with
newly diagnosed anaplastic astrocytoma or glioblastoma
(Methusalem),” Journal of Clinical Oncology, vol. 28, supple-
ment, 2010, Abstract no. LBA2001.

[15] O. Chinot, “ TEMOBIC: a ANOCEF phase II study of
BCNU and temozolomide (TMZ) combination prior to
radiotherapy (RT) in anaplasic oligodendroglial gliomas
(AOG),” Journal of Clinical Oncology, vol. 29, supplement,
2011, Abstract no. 2034.

[16] L. Liu and S. L. Gerson, “Targeted modulation of MGMT:
clinical implications,” Clinical Cancer Research, vol. 12, no. 2,
pp. 328-331, 2006.

[17] T. Kanzawa, J. Bedwell, Y. Kondo, S. Kondo, and 1. M.
Germano, “Inhibition of DNA repair for sensitizing resistant
glioma cells to temozolomide,” Journal of Neurosurgery, vol.
99, no. 6, pp. 1047-1052, 2003.

[18] J. A. Quinn, J. Pluda, M. E. Dolan et al., “Phase II trial of
carmustine plus O6-benzylguanine for patients with nitro-
sourea-resistant recurrent or progressive malignant glioma,”
Journal of Clinical Oncology, vol. 20, no. 9, pp. 2277-2283,
2002.

[19] J. A. Quinn, A. Desjardins, J. Weingart et al., “Phase I
trial of temozolomide plus O6-benzylguanine for patients
with recurrent or progressive malignant glioma,” Journal of
Clinical Oncology, vol. 23, no. 28, pp. 7178-7187, 2005.

[20] D. A. Reardon, K. L. Fink, T. Mikkelsen et al., “Randomized
phase II study of cilengitide, an integrin-targeting arginine-
glycine-aspartic acid peptide, in recurrent glioblastoma
multiforme,” Journal of Clinical Oncology, vol. 26, no. 34, pp.
5610-5617, 2008.

[21] B. Nabors, “Cilengitide in patients with newly diagnosed
patients with glioblastoma multiforme and unmethylated
MGMG gene promoter: safety run-in results from a random-
ized controlled phase II study (CORE),” Journal of Neuro-
Oncology, vol. 12, p. iv75, 2010, Abstract no. OT-26.

[13



Neurology Research International

(22]

(23]

o
Y

M. Chawla-Sarkar, D. J. Lindner, Y. E Liu et al., “Apoptosis
and interferons: role of interferon-stimulated genes as medi-
ators of apoptosis,” Apoptosis, vol. 8, no. 3, pp. 237-249, 2003.
T. Wakabayashi, N. Hatano, Y. Kajita et al., “Initial and main-
tenance combination treatment with interferon-, MCNU
(Ranimustine), and radiotherapy for patients with previously
untreated malignant glioma,” Journal of Neuro-Oncology, vol.
49, no. 1, pp. 5762, 2000.

A. Natsume, D. Ishll, T. Wakabayashi et al., “IFN-S down-
regulates the expression of DNA repair gene MGMT and
sensitizes resistant glioma cells to temozolomide,” Cancer
Research, vol. 65, no. 17, pp. 7573-7579, 2005.

A. Natsume, T. Wakabayashi, D. IshlI et al., “A combination
of IFN-f and temozolomide in human glioma xenograft
models: implication of p53-mediated MGMT downregula-
tion,” Cancer Chemotherapy and Pharmacology, vol. 61, no. 4,
pp. 653-659, 2008.

J. J. Vredenburgh, A. Desjardins, J. E. Herndon et al,
“Bevacizumab plus irinotecan in recurrent glioblastoma
multiforme,” Journal of Clinical Oncology, vol. 25, no. 30, pp.
4722-4729, 2007.

H. S. Friedman, M. D. Prados, P. Y. Wen et al., “Bevacizumab
alone and in combination with irinotecan in recurrent
glioblastoma,” Journal of Clinical Oncology, vol. 27, no. 28,
pp- 4733-4740, 2009.

M. C. Chamberlain, “Emerging clinical principles on the use
of bevacizumab for the treatment of malignant gliomas,”
Cancer, vol. 116, no. 17, pp. 3988-3999, 2010.

A. D. Norden, J. Drappatz, and P. Y. Wen, “Novel anti-
angiogenic therapies for malignant gliomas,” The Lancet
Neurology, vol. 7, no. 12, pp. 1152-1160, 2008.

M. Gruber, “Bevacizumab in combination with radiotherapy
plus concomitant and adjuvant temozolomide for newly
diagnosed glioblastoma: update progression-free survival,
overall survival, and toxicity,” Journal of Clinical Oncology,
vol. 27, supplement, p. 15s, 2009, abstract no. 2017.

O. L. Chinot, T. de La Motte Rouge, N. Moore et al.,
“AVAglio: phase 3 trial of bevacizumab plus temozolomide
and radiotherapy in newly diagnosed glioblastoma multi-
forme,” Advances in Therapy, vol. 28, no. 4, pp. 334-340,
2011.

O. Keunen, M. Johansson, A. Oudin et al., “Anti-VEGF treat-
ment reduces blood supply and increases tumor cell invasion
in glioblastoma,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 108, no. 9, pp.
3749-3754, 2011.

T. T. Batchelor, D. G. Duda, E. di Tomaso et al., “Phase 11
study of cediranib, an oral pan-vascular endothelial growth
factor receptor tyrosine kinase inhibitor, in patients with
recurrent glioblastoma,” Journal of Clinical Oncology, vol. 28,
no. 17, pp. 2817-2823, 2010.

T. T. Batchelor, “The efficacy of cediranib as monotherapy
and in combination with lomustine compared to lomustine
alone in patients with recurrent glioblastoma: a phase IIII
randomized study,” Neuro-Oncology, vol. 12, p. iv75, 2010,
Abstract no. OT-25.

M. Katoh and M. Katoh, “WNT signaling pathway and stem
cell signaling network,” Clinical Cancer Research, vol. 13, no.
14, pp. 4042-4045, 2007.

C. K. Cheng, Q. W. Fan, and W. A. Weiss, “PI3K signaling in
glioma—animal models and therapeutic challenges,” Brain
Pathology, vol. 19, no. 1, pp. 112-120, 2009.

(37]

(38]

[39]

[40]

[41]

[42]

(43]

(44]

[45]

[46]

(47]

(48]

(49]

(50]

[51]

(52]

11

H. Ohgaki and P. Kleihues, “Genetic alterations and signaling
pathways in the evolution of gliomas,” Cancer Science, vol.
100, no. 12, pp. 22352241, 2009.

Q. W. Fan and W. A. Weiss, “Targeting the RTK-PI3K-mTOR
axis in malignant glioma: overcoming resistance,” Current
Topics in Microbiology and Immunology, vol. 347, pp. 279—
296, 2010.

H. Ohgaki, P. Dessen, B. Jourde et al., “Genetic pathways
to glioblastoma: a population-based study,” Cancer Research,
vol. 64, no. 19, pp. 6892-6899, 2004.

L. Frederick, X. Y. Wang, G. Eley, and C. D. James, “Diversity
and frequency of epidermal growth factor receptor mutations
in human glioblastomas,” Cancer Research, vol. 60, no. 5, pp.
1383-1387, 2000.

A. M. Martelli, C. Evangelisti, F. Chiarini, and J. A.
McCubrey, “The phosphatidylinositol 3-kinase/Akt/mTOR
signaling network as a therapeutic target in acute myeloge-
nous leukemia patients,” Oncotarget, vol. 1, no. 2, pp. 89-103,
2010.

T. L. Yuan and L. C. Cantley, “PI3K pathway alterations in
cancer: variations on a theme,” Oncogene, vol. 27, no. 41, pp.
5497-5510, 2008.

P. C. De Witt Hamer, “Small molecule kinase inhibitors in
glioblastoma: a systematic review of clinical studies,” Neuro-
Oncology, vol. 12, no. 3, pp. 304-316, 2010.

J. N. Rich, D. A. Reardon, T. Peery et al., “Phase II trial of
gefitinib in recurrent glioblastoma,” Journal of Clinical On-
cology, vol. 22, no. 1, pp. 133-142, 2004.

M. J. van den Bent, A. A. Brandes, R. Rampling et al,
“Randomized phase II trial of erlotinib versus temozolomide
or carmustine in recurrent glioblastoma: EORTC brain
tumor group study 26034,” Journal of Clinical Oncology, vol.
27, no. 8, pp. 1268—1274, 2009.

D. Strumberg, B. Schultheis, M. E. Scheulen et al., “Phase
IT study of nimotuzumab, a humanized monoclonal anti-
epidermal growth factor receptor (EGFR) antibody, in pa-
tients with locally advanced or metastatic pancreatic cancer,”
Investigational New Drugs. In press.

J. H. Uhm, K. V. Ballman, W. Wu et al., “Phase II evaluation
of gefitinib in patients with newly diagnosed Grade 4
astrocytoma: Mayo/North Central Cancer Treatment Group
Study N0074,” International Journal of Radiation Oncology,
Biology, Physics, vol. 80, pp. 347-353, 2010.

D. A. Reardon, A. Desjardins, J. J. Vredenburgh et al., “Phase
2 trial of erlotinib plus sirolimus in adults with recurrent
glioblastoma,” Journal of Neuro-Oncology, vol. 96, no. 2, pp.
219-230, 2010.

F. Bach, “Current status of a phase III trial of nimotuzumab
(ti-EGF-R) in newly diagnosed glioblastoma,” Journal of
Clinical Oncology, vol. 29, supplement, 2011, Abstract no.
2059.

R. Lai, “Final analysis of act IIII: a phase II trial of
PF04948568 (CDX-110) in combination with temozolomide
(TMZ) in patients (PTS) with newly diagnosed glioblastoma
(GBM),” Neuro-Oncology, vol. 12, p. iv76, 2010, Abstract no.
OT-31.

D. D. Eisenstat, “A phase II study of daily afatinib (BIBW
2992) with or without temozolomide (21/28 days) in the
treatment of patients with recurrent glioblastoma,” Journal
of Clinical Oncology, vol. 29, supplement, 2011, Abstract no.
2010.

B. J. Druker, M. Talpaz, D. J. Resta et al., “Efficacy and
safety of a specific inhibitor of the BCR-ABL tyrosine kinase



in chronic myeloid leukemia,” The New England Journal of
Medicine, vol. 344, no. 14, pp. 1031-1037, 2001.

J. Verweij, A. Van Oosterom, J. Y. Blay et al., “Imatinib
mesylate (STI-571 Glivec, Gleevec) is an active agent for gas-
trointestinal stromal tumours, but does not yield responses in
other soft-tissue sarcomas that are unselected for a molecular
target: results from an EORTC Soft Tissue and Bone Sarcoma
Group phase II study,” European Journal of Cancer, vol. 39,
no. 14, pp. 2006-2011, 2003.

G. D. Demetri, M. Von Mehren, C. D. Blanke et al., “Efficacy
and safety of imatinib mesylate in advanced gastrointestinal
stromal tumors,” The New England Journal of Medicine, vol.
347, no. 7, pp. 472—480, 2002.

P. Y. Wen, W. K. A. Yung, K. R. Lamborn et al., “Phase I/II
study of imatinib mesylate for recurrent malignant gliomas:
North American Brain Tumor Consortium Study 99-08,
Clinical Cancer Research, vol. 12, no. 16, pp. 4899-4907, 2006.
E. Razis, P. Selviaridis, S. Labropoulos et al., “Phase II study of
neoadjuvant imatinib in glioblastoma: evaluation of clinical
and molecular effects of the treatment,” Clinical Cancer
Research, vol. 15, no. 19, pp. 6258-6266, 2009.

T. Kreisl, “A phase II trial of sunitinib in the treatment of
recurrent glioblastoma (GBM),” Neuro-Oncology, vol. 12, p.
iv71, 2010, Abstract no. OT-12.

C. Lu-Emerson, A. D. Norden, J. Drappatz et al., “Retro-
spective study of dasatinib for recurrent glioblastoma after
bevacizumab failure,” Journal of Neuro-Oncology, vol. 104,
no. 1, pp. 287-291, 2011.

P. Workman, P. A. Clarke, F. I. Raynaud, and R. L. M. Van
Montfort, “Drugging the PI3 kinome: from chemical tools to
drugs in the clinic,” Cancer Research, vol. 70, no. 6, pp. 2146—
2157, 2010.

B. M. Slomovitz, K. H. Lu, T. Johnston et al., “A phase 2
study of the oral mammalian target of rapamycin inhibitor,
everolimus, in patients with recurrent endometrial carci-
noma,” Cancer, vol. 116, no. 23, pp. 5415-5419, 2010.

E. Calvo, M. V. Bolds, and E. Grande, “Multiple roles
and therapeutic implications of Akt signaling in cancer,”
OncoTargets and Therapy, vol. 2, pp. 135-150, 2009.

H. Azim, H. A. Azim, and B. Escudier, “Targeting mTOR in
cancer: renal cell is just a beginning,” Targeted Oncology, vol.
5, pp. 269-280, 2010.

S. A. Grossman, X. Ye, M. Chamberlain et al., “Talampanel
with standard radiation and temozolomide in patients with
newly diagnosed glioblastoma: a multicenter phase II trial,”
Journal of Clinical Oncology, vol. 27, no. 25, pp. 4155-4161,
2009.

E. M. Iwamoto, T. N. Kreisl, L. Kim et al., “Phase 2 trial of
talampanel, a glutamate receptor inhibitor, for adults with
recurrent malignant gliomas,” Cancer, vol. 116, no. 7, pp.
1776-1782, 2010.

E. Galanis, K. A. Jaeckle, M. J. Maurer et al., “Phase II trial
of Vorinostat in recurrent glioblastoma multiforme: a north
central cancer treatment group study,” Journal of Clinical
Oncology, vol. 27, no. 12, pp. 2052-2058, 2009.

P. Y. Wen, “Phase I study of vorinostat in combination with
temozolomide in patients with malignant gliomas,” Journal
of Clinical Oncology, vol. 29, supplement, 2011, Abstract no.
2032.

S. K. Singh, C. Hawkins, I. D. Clarke et al., “Identification of
human brain tumour initiating cells,” Nature, vol. 432, no.
7015, pp. 396-401, 2004.

Neurology Research International

[68] J.Lee, M. ]. Son, K. Woolard et al., “Epigenetic-mediated dys-

function of the bone morphogenetic protein pathway inhibits
differentiation of glioblastoma-initiating cells,” Cancer Cell,
vol. 13, no. 1, pp. 69-80, 2008.

A. Eramo, L. Ricci-Vitiani, A. Zeuner et al., “Chemotherapy
resistance of glioblastoma stem cells,” Cell Death and Differ-
entiation, vol. 13, no. 7, pp. 1238-1241, 2006.

A. Natsume, S. Kinjo, K. Yuki et al., “Glioma-initiating cells
and molecular pathology: implications for therapy,” Brain
Tumor Pathology, vol. 28, no. 1, pp. 1-12, 2011.

M. Groszer, R. Erickson, D. D. Scripture-Adams et al., “Neg-
ative regulation of neural stem/progenitor cell proliferation
by the Pten tumor suppressor gene in vivo,” Science, vol. 294,
no. 5549, pp. 2186-2189, 2001.

A. M. Bleau, D. Hambardzumyan, T. Ozawa et al,
“PTEN/PI3K/Akt pathway regulates the side population
phenotype and ABCG2 activity in glioma tumor stem-like
cells,” Cell Stem Cell, vol. 4, no. 3, pp. 226-235, 2009.

C. Gregorian, J. Nakashima, J. L. Belle et al., “Pten deletion
in adult neural stem/progenitor cells enhances constitutive
neurogenesis,” Journal of Neuroscience, vol. 29, no. 6, pp.
1874-1886, 2009.

C. H. Kwon, D. Zhao, J. Chen et al., “Pten haploinsufficiency
accelerates formation of high-grade astrocytomas,” Cancer
Research, vol. 68, no. 9, pp. 3286-3294, 2008.

A. Xiao, H. Wu, P. P. Pandolfi, D. N. Louis, and T. Van Dyke,
“Astrocyte inactivation of the pRb pathway predisposes mice
to malignant astrocytoma development that is accelerated
by PTEN mutation,” Cancer Cell, vol. 1, no. 2, pp. 157-168,
2002.

V. Clement, P. Sanchez, N. de Tribolet, I. Radovanovic, and
A. Ruiz i Altaba, “HEDGEHOG-GLII signaling regulates
human glioma growth, cancer stem cell self-renewal, and
tumorigenicity,” Current Biology, vol. 17, no. 2, pp. 165-172,
2007.

P. M. LoRusso, C. M. Rudin, J. C. Reddy et al., “Phase I trial
of hedgehog pathway inhibitor vismodegib (GDC-0449) in
patients with refractory, locally advanced or metastatic solid
tumors,” Clinical Cancer Research, vol. 17, no. 8, pp. 2502—
2511, 2011.

X. Fan, L. Khaki, T. S. Zhu et al, “NOTCH pathway
blockade depletes CD133-positive glioblastoma cells and
inhibits growth of tumor neurospheres and xenografts,” Stem
Cells, vol. 28, no. 1, pp. 5-16, 2010.

M. M. Lino, A. Merlo, and J. L. Boulay, “Notch signaling in
glioblastoma: a developmental drug target?” BMC Medicine,
vol. 8, article 72, 2010.

[80] A. Pannuti, K. Foreman, P. Rizzo et al., “Targeting Notch to

target cancer stem cells,” Clinical Cancer Research, vol. 16, no.
12, pp. 3141-3152, 2010.

[81] W.]J. Nelson and R. Nusse, “Convergence of Wnt, -Catenin,

and Cadherin pathways,” Science, vol. 303, no. 5663, pp.
1483-1487, 2004.

F. Takahashi-Yanaga and M. Kahn, “Targeting Wnt signaling:
can we safely eradicate cancer stem cells?” Clinical Cancer
Research, vol. 16, no. 12, pp. 3153-3162, 2010.

M. W. Pitz, A. Desai, S. A. Grossman, and J. O. Blakeley,
“Tissue concentration of systemically administered antineo-
plastic agents in human brain tumors,” Journal of Neuro-
Oncology, vol. 104, no. 3, pp. 629-638, 2011.

M. Westphal, Z. Ram, V. Riddle, D. Hilt, and E. Bortey,
“Gliadel wafer in initial surgery for malignant glioma:



Neurology Research International

(85]

(86]

[91]

[92]

long-term follow-up of a multicenter controlled trial,” Acta
Neurochirurgica, vol. 148, no. 3, pp. 269-275, 2006.

S. Valtonen, U. Timonen, P. Toivanen et al., “Interstitial
chemotherapy with carmustine-loaded polymers for high-
grade gliomas: a randomized double-blind study,” Neuro-
surgery, vol. 41, no. 1, pp. 44-49, 1997.

J. Plowman, W. R. Waud, A. D. Koutsoukos, L. V. Rubinstein,
T. D. Moore, and M. R. Grever, “Preclinical antitumor activ-
ity of temozolomide in mice: efficacy against human brain
tumor xenografts and synergism with 1,3-bis(2-chloroethyl)-
1- nitrosourea,” Cancer Research, vol. 54, no. 14, pp. 3793—
3799, 1994.

H. C. Bock, M. J. A. Puchner, F. Lohmann et al., “First-
line treatment of malignant glioma with carmustine implants
followed by concomitant radiochemotherapy: a multicenter
experience,” Neurosurgical Review, vol. 33, no. 4, pp. 441-
449, 2010.

K. S. Bankiewicz, J. L. Eberling, M. Kohutnicka et al,
“Convection-enhanced delivery of AAV vector in Parkin-
sonian monkeys; in vivo detection of gene expression and
restoration of dopaminergic function using pro-drug app-
roach,” Experimental Neurology, vol. 164, no. 1, pp. 2-14,
2000.

P. Hadaczek, M. Kohutnicka, M. T. Krauze et al,
“Convection-enhanced delivery of adeno-associated virus
type 2 (AAV2) into the striatum and transport of AAV2
within monkey brain,” Human Gene Therapy, vol. 17, no. 3,
pp. 291-302, 2006.

M. T. Krauze, S. R. Vandenberg, Y. Yamashita et al., “Safety
of real-time convection-enhanced delivery of liposomes
to primate brain: a long-term retrospective,” Experimental
Neurology, vol. 210, no. 2, pp. 638—644, 2008.

T. A. Wynn, “IL-13 effector functions,” Annual Review of
Immunology, vol. 21, pp. 425-456, 2003.

W. Debinski, N. I. Obiri, S. K. Powers, I. Pastan, and R.
K. Puri, “Human glioma cells overexpress receptors for
interleukin 13 and are extremely sensitive to a novel chimeric
protein composed of interleukin 13 and Pseudomonas
exotoxin,” Clinical Cancer Research, vol. 1, no. 11, pp. 1253—
1258, 1995.

M. Mut, J. H. Sherman, M. E. Shaffrey, and D. Schiff,
“Cintredekin besudotox in treatment of malignant glioma,”
Expert Opinion on Biological Therapy, vol. 8, no. 6, pp. 805—
812, 2008.

S. Kunwar, S. M. Chang, M. D. Prados et al., “Safety of intra-
parenchymal convection-enhanced delivery of cintredekin
besudotox in early-phase studies,” Neurosurgical Focus, vol.
20, no. 4, p. E15, 2006.

C. Kjellman, S. P. Olofsson, O. Hansson et al., “Expression
of TGF-f isoforms, TGF-f receptors, and Smad molecules
at different stages of human glioma,” International Journal of
Cancer, vol. 89, no. 3, pp. 251-258, 2000.

P. Hau, P. Jachimczak, R. Schlingensiepen et al., “Inhibition
of TGF-f32 with ap 12009 in recurrent malignant gliomas:
from preclinical to phase I/II studies,” Oligonucleotides, vol.
17, no. 2, pp. 201-212, 2007.

M. D. Hjelmeland, A. B. Hjelmeland, S. Sathornsumetee
et al., “SB-431542, a small molecule transforming growth
factor-f-receptor antagonist, inhibits human glioma cell line
proliferation and motility,” Molecular Cancer Therapeutics,
vol. 3, no. 6, pp. 737-745, 2004.

(98]

[99]

(100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

13

U. Naumann, P. Maass, A. K. Gleske, S. Aulwurm, M. Weller,
and G. Eisele, “Glioma gene therapy with soluble trans-
forming growth factor-f receptors II and IIIL,” International
Journal of Oncology, vol. 33, no. 4, pp. 759-765, 2008.

T. Schneider, A. Becker, K. Ringe, A. Reinhold, R. Firsching,
and B. A. Sabel, “Brain tumor therapy by combined vaccina-
tion and antisense oligonucleotide delivery with nanoparti-
cles,” Journal of Neuroimmunology, vol. 195, no. 1-2, pp. 21—
27,2008.

T. T. Tran, M. Uhl, Y. M. Jing et al., “Inhibiting TGF-
B signaling restores immune surveillance in the SMA-560
glioma model,” Neuro-Oncology, vol. 9, no. 3, pp. 259-270,
2007.

M. Uhl, S. Aulwurm, J. Wischhusen et al., “SD-208, a novel
transforming growth factor S receptor I kinase inhibitor,
inhibits growth and invasiveness and enhances immuno-
genicity of murine and human glioma cells in vitro and in
vivo,” Cancer Research, vol. 64, no. 21, pp. 7954-7961, 2004.
K. H. Schlingensiepen, R. Schlingensiepen, A. Steinbrecher
et al., “Targeted tumor therapy with the TGF-f2 antisense
compound AP 12009,” Cytokine and Growth Factor Reviews,
vol. 17, no. 1-2, pp. 129-139, 2006.

L. Valliéres, “Trabedersen, a TGFf2-specific antisense oligo-
nucleotide for the treatment of malignant gliomas and other
tumors overexpressing TGFf2,” IDrugs, vol. 12, no. 7, pp.
445-453, 2009.

U. Bogdahn, P. Hau, G. Stockhammer et al., “Targeted
therapy for high-grade glioma with the TGF-f2 inhibitor
trabedersen: results of a randomized and controlled phase IIb
study,” Neuro-Oncology, vol. 13, no. 1, pp. 132142, 2011.

R. McLendon, A. Friedman, D. Bigner et al., “Comprehensive
genomic characterization defines human glioblastoma genes
and core pathways,” Nature, vol. 455, no. 7216, pp. 1061—
1068, 2008.

D. W. Parsons, S. Jones, X. Zhang et al., “An integrated
genomic analysis of human glioblastoma multiforme,” Sci-
ence, vol. 321, no. 5897, pp. 1807-1812, 2008.

H. Noushmehr, D. J. Weisenberger, K. Diefes et al., “Identifi-
cation of a CpG Island Methylator Phenotype that Defines a
Distinct Subgroup of Glioma,” Cancer Cell, vol. 17, no. 5, pp.
510-522, 2010.

T. M. Kim, W. Huang, R. Park, P. J. Park, and M. D. Johnson,
“A developmental taxonomy of glioblastoma defined and
maintained by microRNAs,” Cancer Research, vol. 71, no. 9,
pp. 3387-3399, 2011.

R. G. W. Verhaak, K. A. Hoadley, E. Purdom et al,
“Integrated genomic analysis identifies clinically relevant
subtypes of glioblastoma characterized by abnormalities in
PDGFRA, IDH1, EGFR, and NF1,” Cancer Cell, vol. 17, no.
1, pp. 98110, 2010.



	Introduction
	Overcoming Alkylating Agent Resistance due to MGMT
	RTOG 0525/EORTC 26052-22053 (Dose-Dense) Study
	Continuous Dose-Intense TMZ in Recurrent Malignant Glioma: The RESCUE Study
	One-Week-on/One-Week-off TMZ in Elderly Patients with Newly Diagnosed Malignant Gliomas: The NOA-08 Study
	Combination with 1,3-Bis (2-Chloroethyl)-1-Nitrosourea: The TEMOBIC Study
	Combination with O6-Benzylguanine
	Combination with Cilengitide: The CORE Study
	Combination with Interferon-: The JCOG0911 (INTEGRA) Study

	Strategies Targeting the Altered SignalingPathways (Figure 4)
	VEGF Signaling
	EGFR and PDGF Signaling
	Targeting the PI3K/Akt/mTOR Pathway
	Glutamate Pathway
	Histone Deacetylase

	Strategy Targeting Glioma-Initiating Cells
	PI3K/Akt/mTOR Pathway Including the PTEN Pathway
	SHH Pathway
	Notch Pathway
	Wingless-Type MMTV Integration Site Family Member (Wnt) Pathway

	Bypassing the Blood-Brain Barrier
	Gliadel (Carmustine, BCNU) Wafers
	Convection-Enhanced Delivery
	CED of IL13-PE38QQR (Cintredekin Besudotox) for Recurrent GBM: The PRECISE Study
	CED of TGF- Antisense: The SAPPHIRE Study

	Future Perspectives
	Authors' Contribution
	References

