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Key Points

� Glioblastoma multiforme is the most common primary central nervous system tumor, representing
approximately 60% of all primary brain tumors in the United States

� Temozolomide has quickly become a part of the standard of care for themodern treatment of stage IV
glioblastoma multiforme

� Despite its improvements from previous therapies, median survival remains dismal

� Epigenetic modulation of the MGMT promoter gene by hypermethylation results in decreased MGMT
mRNA expression and increased response to temozolomide therapy

� Given the substantial population of patients with resistance to temozolomide treatment, the devel-
opment of supplemental, combination, or alternative therapies is critical to optimize glioblastoma
multiforme management

� Other Food and Drug Adminisration–approved therapies for glioblastoma include BCNU wafers, bev-
acizumab, and NovoTTF-100A
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Glioblastoma multiforme (GBM) is the most
common primary central nervous system tumor,
representing approximately 60% of all primary
brain tumors in theUnitedStates and characterized
by aggressive invasion throughout adjacent pa-
renchyma.1 Although untreated patients generally
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do not survive beyond 3months, even with optimal
patientmanagementmedian overall survival (OS) is
approximately 15 months, with a 2-year survival
rate of 8% to 26%.1–5 Standard of care remains
surgical resection with concomitant daily temo-
zolomide (TMZ) and radiotherapy, followed by
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adjuvant TMZ.1 Given its tendency for rapid tumor
growth, GBM is often diagnosed at a point when
severe damage to eloquent structures has already
occurred. Furthermore, expansion along the white
matter tracts and across the corpus callosum is
not uncommon, making gross total resection diffi-
cult and recurrence nearly inevitable.2 Given that
no standard of treatment has yet been established
for recurrent tumors, many clinicians rely on TMZ
retreatment with either standard or alternative
dosing strategies. Although several studies have
not reported any significant benefit from alternative
dosing after GBM recurrence, numerous investiga-
tions are currently evaluating outcomes to optimize
TMZ dosing in first- and second-line settings.1

Nevertheless, gross total resection remains the
treatment goal (Fig. 1), with several studies
demonstrating extent of removal being prognostic
for OS.3,4,6,7 It has been reported that with greater
than 98% tumor resection, median survival time is
13 months, compared with 8.8 months when less
is removed.3 One recent analysis examining the
role of extent of resection concluded that the
added benefit of total versus subtotal resection
confers at least 3 months of increased survival
for patients.4 However, if lesions are situated in
eloquent areas, such as those involved in speech
and language comprehension, adjuvant and less
caustic therapies may be preferred in place of
aggressive surgical resection.
Other prognostic factors have included patient

age, apparent tumor necrosis, presence of edema,
and Karnofsky Performance Status scores. De-
spite recent advancements in image-guided
surgical resections8 and the use of fluorescent
5-aminolevulinic acid,9 surgery does not always
translate to improved outcome, most notably in
Fig. 1. Gross total resection of a glioblastoma as demons
contrast-enhanced axial MRI. (From Hentschel SJ, Sawaya R
of malignant gliomas. Cancer Control 2003;10(2):109–14;
elderly patients with poor presurgical evaluation
who present with necrosis, edema, and low
Karnofsky Performance Status scores.2,3,10,11 In
a recent report focusing on patients with advanced
age, median survival was 8.6 months with greater
than 98% resection, and 7.8 months with less than
98% resection. This difference did not reach
significance (P 5 .13),3 indicating that there was
no survival advantage appreciated for a gross total
resection in older individuals. These patient popu-
lations with poor surgical outcomes remain in dire
need of effective adjuvant therapy.
TMZ is a chemotherapeutic agent for treatment

of glioblastoma,11 considered standard of care
since 2005. TMZ was first approved by the
Food and Drug Administration (FDA) for use in
recurrent GBM based on the phase II trial by
Yung and colleagues12,13 in which they de-
monstrated improved 6-month progression-free
survival (PFS) and 6-month OS over procarbazine
in 225 patients. In the pivotal phase III study,
Stupp and colleagues14 randomized 573 patients
from 85 centers for treatment of newly diagnosed
GBM with either radiation therapy alone or radio-
therapy plus continuous daily TMZ. Their investi-
gation demonstrated an improved 14.6-month
median survival in the TMZ group, versus 12.1
months in the control group. Two-year survival
was also increased to 26.5% compared with
10.4% for those treated with radiotherapy alone.
Regarding long-term outcome, 5-year survival for
groups receiving TMZ or radiation therapy alone
was 9.8% and 1.9%, respectively.14–18 Here,
we discuss the advantages and limitations of
TMZ as a treatment for glioblastoma, and explore
possible directions for future research and thera-
peutic options.
trated by the (A) preoperative and (B) postoperative
. Optimizing outcomes with maximal surgical resection
with permission.)
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MECHANISM OF ACTION AND
PHARMACOKINETICS

TMZ is a second-generation DNA alkylating agent
that disrupts malignant growth and cell cycle
repair by methylating the N7 and O6 positions of
guanine and the N3 site on adenine 70%, 5%,
and 9% of the time, respectively.19,20 The O6 posi-
tion of guanine, although least frequently the target
of TMZ, is of unique importance because its meth-
ylation results in its pairing with thymine rather
than cytosine during DNA replication.21 This phar-
macologically induced injury results in crosslinking
of double-stranded DNA, rendering mismatch
mechanisms unable to repair the glioblastoma’s
damaged DNA. A series of double-stranded
breaks, calcium-dependent apoptosis, and auto-
phagy after this mismatch ultimately result in cell
death.21–23

TMZ is an imidazotetrazine derivative prodrug
that spontaneously decomposes to 5-(3-methyl-
triazen-1-yl)imidazole-4carboxamide (MTIC) on
entering a basic environment (Fig. 2). Because
activation of the prodrug does not require first-
pass metabolism, hepatic and renal function are
not a factor for its performance.24 Because of
TMZ’s stability in acidic environments (pH <4), it
Fig. 2. Metabolic and degradation pathways of temozolo
methyl-2,3-dihydro-4-oxoimidazo-[5,1-d]-tetrazine-8-carbo
Absorption, metabolism, and excretion of 14C-temozolom
cancer. Clin Cancer Res 1999;5(2):309–17; with permission.
remains in a prodrug state while passing through
the digestive system25 and is conveniently admin-
istered orally.26 Oral TMZ is rapidly and almost
entirely (>99%) bioavailable, and physiologic
conditions immediately lead to nonenzymatic
decomposition of TMZ into MTIC. MTIC in turn
decomposes into 4-amino-5-imidazole-carboxa-
mide (AIC)27,28 in acidic environments.26,29–33

By oral administration, mean maximum peak is
at 1.2 hours and mean half-life is 1.9 hours.29 For
patients who have absorption difficulties, nausea,
or are too young to swallow TMZ in pill form, intra-
venous TMZ is an alternative34 that is biologically
equivalent to oral TMZ, with nearly identical
pharmacokinetic parameters (half-life, time of
maximum peak, and clearance).35 Because MTIC
can be hydrolyzed to AIC in any tissue with subse-
quent clearance, TMZ does not accumulate in
plasma after the standard 5-day therapy cycle.
However, some AIC may remain in the body
to be used as an intermediate in purine
synthesis.27–30

Although the blood–brain barrier may be an
obstacle for many therapeutic agents, TMZ is
a lipophilic molecule that effectively penetrates
to glioma cells.30,36 Additionally, the blood–brain
barrier surrounding these tumors is often
mide. AIC, 4-amino-5-imidazole-carboxamide; TMA, 3-
xylic acid. (From Baker SD, Wirth M, Statkevich P, et al.
ide after oral administration to patients with advanced
)
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compromised, and the highly angiogenic charac-
teristics of glioblastoma allow TMZ concentrations
in malignant areas to reach higher levels than in
normal surrounding tissues.37 However, it has
been suggested that GBM cells with invasion
into healthy parenchyma may be exposed to
decreased concentrations of TMZ compared with
those in closer proximity to disruptions in the
blood–brain barrier.38

Extensive research is currently underway to
elucidate other mechanisms and cascades of
TMZ toxicity on glioblastoma cells. A study into
the precise changes in gene transcription and
protein translation after TMZ treatment identified
1886 proteins that were expressed at greater
than twofold differences.39 Two proteins of partic-
ular interest were hypoxia-inducible factor (HIF)-1
(increased in two distinct glioblastoma cell lines
between twofold and sixfold) and vascular endo-
thelial growth factor (VEGF) (increased by twofold
to fourfold). Although these specific proteins were
not increased to the greatest extent compared
with several others, they are implicated in control
processes that are thought to promote tumori-
genesis, despite the fact that TMZ has an overall
antitumor effect. The stress of TMZ induces
a hypoxic-like state that promotes maintenance
of the regulator protein HIF-1a. In turn, HIF-1a
becomes concentrated within the cell, with
subsequent promotion of angiogenesis, glycol-
ysis, cell cycle maintenance, erythropoiesis, and
apoptosis.39 Because these processes enhance
tumorigenesis and autophagy,40 authors of the
study suggest the possibility of a common
pathway to the activation of tumorigenesis and
tumor destruction,39 requiring further elucidation
on the interplay between these seemingly
opposing processes.
Furthermore, TMZ therapy may be able to

activate p53 and p21WAF1/Cip1-mediated G2/M
arrest with subsequent apoptosis or senescence.
However, this chemotherapeutic approach in
GBM cells with decreased p53 expression may
have a more limited role.38 This notion has been
supported by one study demonstrating improved
PFS in patients with p53 overexpression.41
SIDE EFFECTS AND QUALITY OF LIFE

Before the approval of TMZ, the standard of care
for GBM treatment was surgical resection, fol-
lowed by radiotherapy and adjuvant nitrosour-
eas.14,42,43 Such agents included carmustine or
the trio combination of procarbazine (an alkylating
agent), lomustine (an alkylating nitrosourea), and
vincristine (a mitotic inhibitor). However, these
alkylating compounds, particularly lomustine, proved
highly myelosuppressive, often to the point that
treatment cycles had to be halted and post-
poned.11 However, studies evaluating the toxicity
of TMZ demonstrated increased tolerance
and improved quality of life compared with
procarbazine-lomustine-vincristine therapy.44–46

Side effects of concomitant and adjuvant TMZ
include nausea (which can be controlled by
antiemetics)47 and fatigue. Like its nitrosourea
precursors, TMZ may also induce hematologic
toxicity, although usually reversible and occurring
in only 7% of patients.14 Neurotoxicity may also
manifest in response to TMZ, with acute events
being associated with late neurotoxicity and
a poorer OS.48 However, grade III and IV adverse
reactions typically present as thrombocytopenia,
neutropenia,44,49 and lymphopenia,47 with reports
of patients being at elevated risk for oppor-
tunistic infections, particularly Pneumocystis
carinii.14,50 In a review of TMZ-related infections,
one study reported on the most frequently occur-
ring diseases, including mucocutaneous candidi-
asis (28%); herpes zoster (13%); herpes simplex
virus (10%); cytomegalovirus (13%); P carinii
pneumonia (8%); hepatitis B virus (5%); and
others (23%).51 Another study suggested that
higher doses of TMZ given in seven 14-day
cycles led to lymphopenia in slightly more than
half of their patients; however, it did not result
in any infectious complications.52 Similarly, no
P carinii infections were reported in a children’s
study involving lymphopenia as a side effect of
TMZ.53 Overall, TMZ is very well-tolerated, with
only 13% of patients discontinuing concomitant
doses and 8% interrupting adjuvant doses
because of toxicity.14

According to studies based on self-reported
questionnaires, patients undergoing chemothe-
rapy reported equivalent or greater quality of life
(physical, emotional, social, and cognitive abilities)
when under treatment with TMZ. These results
were also reflective of improvement in health
status because of the effectiveness of TMZ. Inter-
estingly, quality of life status changed several
weeks before disease progression, which was
later measured by MRI and CT scans.45,54

However, a unique side effect of TMZ is pseudo-
progression, the transient enhancement of dis-
eased areas on MRI that gives the impression of
tumor progression despite the overall benefit of
radiotherapy and chemotherapy.55–57 Pseudo-
progression often precedes recovery and is
believed to be inflammation or necrosis caused
by radiation therapy and chemotherapy. TMZ
cycles should be continued even if pseudoprog-
ression occurs,57–60 and only after three cycles
should treatment be reevaluated.61–63 Several
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studies report that up to 50% of progression cases
are pseudoprogression,62,63 which can be allevi-
ated with continued TMZ administration (Fig. 3).
As with the assessment of quality of life, the
complication of pseudoprogression necessitates
a more effective method of evaluating disease
progression.
DOSAGE AND SCHEDULING

Because TMZ degrades within hours29 and its
effects are dose-dependent, patient adherence
to dosing schedules is integral to treatment. In
newly diagnosed glioblastoma, TMZ is adminis-
tered concomitantly with radiation therapy at
75 mg/m2 per day for 42 days. It is then given as
an adjuvant in cycles for 5 days, each 28-day
period. Dosing for the first adjuvant cycle is
Fig. 3. T1-weighted contrast-enhanced MRI of glioblast
progression, and (C) pseudoprogression. (From Roldan GB
of pseudoprogression after chemoradiotherapy in GBM. C
150 mg/m2 per day for 5 days, with subsequent
cycles two to six at 200 mg/m2 per day. For recur-
rent glioblastoma with no prior chemotherapy,
dosing is 200 mg/m2 per day for 5 days, each
28-day period. In recurrent glioblastoma with prior
chemotherapy, dosing is 150 mg/m2 per day for
5 days, each 28-day period.64 However, alterna-
tive schedules exist and should be modified if
hematologic toxicity becomes severe.

Activation of tumor cell death is an obvious goal
of chemotherapy. However, several studies have
suggested that TMZ may confer a cytostatic effect
on a significant percentage of GBM cells, rather
than a cytotoxic one. Investigations of saturating
cells in 500 to 1290 mM of TMZ found 30% to
40% cell survival.38,65,66

One study reexamined the extensive length of
dosing during concomitant treatment, claiming
oma demonstrating (A) partial response, (B) disease
, Scott JN, McIntyre JB, et al. Population-based study
an J Neurol Sci 2009;36:617–22; with permission.)
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that TMZ is effective even if only given during the
first and last weeks of radiation therapy.67 According
to their results, median OS was reportedly
18 months, and 2-year survival rate was 34.8%.
However, only 25 glioblastoma patients were
included in the study, and no statistics were
provided on the significance of their results com-
pared with traditional dose scheduling. Another
more extensive study compared two dose regimens
of TMZ. Group A was given 50 mg/m2 for 5 days
each week on radiotherapy, whereas group B was
given 75 mg/m2 for 7 days each week on radio-
therapy. Subsequently, 2-year survival rate for group
A was 43%, whereas group B’s 2-year survival rate
was 49%, with no statistically significant difference
found between groups.68

A study on adjuvant TMZ therapy showed that
alternative dose-dense schedules (150 mg/m2

daily for Days 1–7 and 15–28 of each 28-day cycle)
confer benefits greater than standard dosing
schedules, whereas metronomic adjuvant dosing
(50 mg/m2 daily, every day of 28-day cycle) did
not provide any additional advantage. Two-year
survival was 34.8% for dose-dense adjuvant treat-
ment and 28% for metronomic schedules. Median
OS for the dose-dense and metronomic treat-
ments was 17.1 months and 15.1, respectively.69

These findings reiterate the Norton-Simon model
of cellular proliferation69,70 and suggest that
a dose-dense regimen may prevent glioma cells
from proliferating between cycles. Although the
effectiveness of alternative dosing schedules
continues to be debated and requires further
investigation, target dosage should minimize
hematologic toxicity and avoid development of
drug-resistance.69

Patient adherence to dosing schedules is critical
in that they are designed to sufficiently overwhelm
Fig. 4. Kaplan-Meier diagrams depicting (A) progression-
malignant gliomas, and (B) overall survival of patients
(From Kreth S, Thon N, Eigenbrod S, et al. O6-Methylguan
predicts outcome in malignant glioma independent of MG
with permission.)
and deplete the glioma’s O6-methylguanine-DNA
methyltransferase (MGMT),14 a protein that repairs
DNA by removing methyl groups from the O6 posi-
tion of guanine residues71 and becomes perma-
nently inactivated while reversing TMZ-induced
DNA methylation. In patients with hypermethy-
lated MGMT promoter regions, subsequent dec-
reased protein expression leads to a reduction in
DNA repair and increased tumor cell destruction.12

General consensus throughout the literature
suggests that MGMT protein expression confers
an increased propensity for TMZ resistance up to
10-fold.38,65,72

Epigenetic modulation of the MGMT promoter
gene by hypermethylation results in decreased
MGMT mRNA expression and increased res-
ponse to TMZ therapy (Fig. 4).73–76 Hegi and
colleagues71 demonstrated a 21.7-month median
OS in MGMT methylated patients treated with
adjuvant TMZ compared with 12.7 months in
patients with unmethylated promoter regions.
Similarly, in MGMT-negative cells, radiotherapy
with concomitant TMZ led to significant increase
in survival compared with radiotherapy with adju-
vant TMZ. MGMT-positive cells, however, showed
no difference in survival regardless of treatment
arm, supporting the significance of MGMT status
in TMZ effectiveness.19 Results remain pending
from a phase III trial in which more than 1100
patients with newly diagnosed GBM received
either standard-dose TMZ or dose-intensive TMZ
in addition to standard therapy. This study aims
to evaluate the potential of TMZ to deplete
MGMT activity and improve overall patient
survival.12

In another study involving 63 high-grade
gliomas, MGMT mRNA expression was found to
be a strong prognostic marker, because low levels
free survival and overall survival of 63 patients with
according to MGMT promoter methylation status.
ine-DNA methyltransferase (MGMT) mRNA expression
MT promoter methylation. PlosOne 2011;6(2):e17156;
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was associated with prolonged time to pro-
gression, increased treatment response, and
improved survival. Furthermore, mRNA expression
was also correlated with MGMT promoter methyl-
ation status in most patients, and in cases of
discordant findings between epigenetic and
expression profiles (eg, hypermethylation with
increased MGMT mRNA), MGMT mRNA was still
strongly prognostic. Given evidence of incon-
gruent findings related to methylation status
and MGMT expression, methylation-independent
pathways may necessitate further evaluation to
elucidate the mechanisms behind MGMT mRNA
expression.75

Sensitivity and effectiveness of TMZ treatment
may be predicted by screening for epigenetic
methylation of the promoter gene for MGMT. High-
er methylation translates to silencing of MGMT,
which is prognostic for benefit from TMZ treat-
ment.60,71,77–80 These patients have demonstrated
a 2-year survival rate of 46%,63 whereas only
13.8% of patients who lack such methylation
survive beyond 2 years.63,71,81–86
TMZ AND RADIATION THERAPY

Several studies have suggested the synergistic
properties of TMZ and radiotherapy.19,65,71,87 It
has been established that glioma cells under the
assault of TMZ are arrested in G2/M phase of the
cell cycle, hindering them from subsequent growth
and division,40,88,89 and rendering them sensitive
to radiotherapy.89 Tsien and colleagues90 reported
findings in their study using intensity modulated
radiotherapy of 75 Gy in 30 fractions, resulting in
a median OS of 20.1 months. One recent evalua-
tion of data was collected from nearly 14,000
patients throughout the United States comparing
outcomes before and during the TMZ era. Before
TMZ (2000–2003), patients treated with surgery
and radiation therapy survived a median 12
months, whereas those within the 2005 to 2008
TMZ treatment years had a median survival of
14.2 months. However, outcomes were found to
dramatically vary by age, reporting a 31.9-month
survival for patients in the 20 to 29 age range,
whereas those older than 80 years displayed
a 5.6-month survival. Similar findings were
reported by Darefsky and colleagues91 regarding
a database of nearly 20,000 patients. These
findings confirm the treatment effect of TMZ in
a population-based cohort.

Although the postoperative standard of care has
traditionally contained fractionated irradiation
doses of 60 Gy, one study evaluated the use of
accelerated radiotherapy with 1.8 Gy twice daily
to a total dose of 54 Gy within 3 weeks. They
demonstrated that the addition of TMZ was found
to prolong median OS from 11.3 to 16 months
compared with those without chemotherapy.
This OS was found to be similar to that of TMZ
added to conventionally fractionated radiotherapy,
making it a reasonable alternative. This approach
has been suggested for patients with a severely
limited life expectancy. However, because outpa-
tient treatment may be quite burdensome given
the frequency of treatments, considerations for
quality of life should be a point of discussion.92
TMZ AND IMMUNOTHERAPY

Regulatory T cells may modulate the native
immune system through various mechanisms.
They can secrete immunosuppressive cytokines
(transforming growth factor-b and interleukin-
10), or may be constitutively activated and inhibit
cytotoxic T lymphocytes.93,94 In patients with
melanoma, the Treg population has been shown
to become decreased after prolonged exposure
to low-dose TMZ.93,95 This modulation of the
GBM microenvironment may have profound
effects on immunoreactivity against tumor cells.
Given that radiation therapy and TMZ therapy
may alter the regulatory and effector peripheral
blood mononuclear cells, immunotherapeutic
studies may need to consider the potential
interactions of this altered immune system.93

Furthermore, patients with GBM treated with
dendritic cell vaccinations plus chemotherapy
have demonstrated prolonged survival compared
with those receiving the vaccination alone, with
evidence suggesting that dendritic cell vaccina-
tions may be capable of sensitizing tumor cells
to the effects of TMZ.93,96–98
SUPPLEMENTAL, COMBINATION, AND
ALTERNATIVE THERAPIES

Cancer stem cells are thought to constitute
a subpopulation of tumor cells and mediate che-
moresistant properties. Although the remaining
tumor may undergo cell death after standard ther-
apies, growing evidence suggests that these stem
cells are responsible for GBM recurrence.33,38

Resistance to TMZ may not only be based in
genetic predisposition, but it can also be acquired,
as in the case of MSH6 mutations that are found in
posttreatment glioblastoma but not in pretreat-
ment glioblastoma.99 Given the substantial
population of patients with resistance to TMZ
treatment, the development of supplemental,
combination, or alternative therapies is critical to
optimize GBM management.
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When MGMT is absent or becomes depleted,
O6-methylguanine may initiate mismatch repair
(MMR) enzymes or downstream protein pathways,
ultimately resulting in apoptosis and cell death.
However, nearly all patients with GBM endure
tumor recurrence, with most of these lesions being
TMZ-resistant as a result of increased MGMT
expression or decreased MMR.100

Although the TMZ-induced O6-methylguanine
lesion is thought to be associated with most of
this chemotherapeutic’s cell toxicity, the effects
of N3-methyladenine and N7-methylguanine
lesions have also been recently investigated.100

AlthoughN3-methyladenine andN7-methylguanine
are thought to contribute a minimal effect on tumor
destruction because of their rapid restoration by
base excision repair (BER), BER inhibition may
provide a potential target for applied therapeutics.
The rate-limiting step in BER is thought to be DNA
polymerase-b, and its inhibition has demonstrated
accumulation of this pathway’s substrates with
increased cell sensitivity. Additionally, BER inhibi-
tion using methoxyamine hydrochloride has also
been shown to increase the cytotoxic effects of
N3-methyladenine and N7-methylguanine.100–102

It has been suggested that cell death after BER
activation may be an energy-dependent phe-
nomenon, because NAD1 consumption for
poly(ADP-ribose) synthesis after poly(ADP-ribose)
polymerase (PARP) hyperactivation leads to ATP
depletion. Alkylation sensitivity caused by failed
BER may also be reversed by NAD1 precursor
supplementation, further supporting this proposed
mechanism of action.100,101 In a study by Goellner
and colleagues,100 investigators reported findings
on a combined approach with inhibitors of BER
(methoxyamine hydrochloride) and NAD1 (FK866)
pathways to enhance N3-methyladenine and N7-
methylguanine tumor cell sensitivity to TMZ. They
determined that TMZ resistance caused by either
MMR deficiency or MGMT overexpression may
be reversed by combined BER and NAD1 biosyn-
thetic inhibition. However, particular concern may
arise from depleting NAD1 and ATP from healthy
tissue, resulting in necrotic cell death of normal
parenchyma. Yet, it has been suggested that given
the high energy demands of rapid tumor cell
growth, the combination therapy may selectively
affect GBM cells.100,103

In addition, PARP inhibitors may also prove
beneficial in the restoration of TMZ sensitivity
in MGMT unmethylated GBM, because PARP
enzymes are involved in base-excision repair after
TMZ N3 and N7 methylation. Such inhibitors have
demonstrated in vitro and in vivo abilities to induce
TMZ sensitivity in previously resistant glioma
tumor cells.12,104
Another DNA repair enzyme,45 O6-alkylguanine-
DNA alkyltransferase, plays a similar TMZ-resistant
role, yet no longer remains an obstacle to treatment
because its effects have been shown to be effec-
tively inhibited by O6-benzylguanine.19,21,40,105,106

Recent studies indicate that supplements, such
as interferon-b, may sensitize glioma cells to
TMZ treatment and can extend median OS to
19.9 months compared with TMZ-only group of
12.7 months.107 One-year survival rates were
83.6% for the interferon-b/TMZ combination
group and 67.6% for standard TMZ treatment,
whereas 2-year survival rates were 34.5% and
22.1%, respectively. These effects were thought
to result from the antiproliferative cascades
involved with interferon-b.107 Furthermore, other
agents, such as sphingosine kinase inhibitors,108

have also been shown to modulate and resensitize
resistant gliomas to TMZ.
Current TMZ clinical trials are in pursuit of

combination therapies that help to improve its
effectiveness. Recent developments that target
unregulated glioma growth include inhibition of
tumor growth factors,109 angiogenic agents,110

VEGF signaling, epidermal growth factor recep-
tors,111 PKC/phosphatidylinositol 3-kinase (PI3K)/
AKT pathways, SRC-family kinases, platelet-
derived growth factor receptor, integrins, c-MET,
glutamate receptors, and histone deacetylase.1

PI3K has been associated with cell survival,
growth, and proliferation, and its regulators have
been found to be mutated at a high frequency in
GBM tumors. Evaluation of 209 clinical GBM
samples found that 86% displayed activating
mutations or genetic amplifications in the
RTK/PI3K pathway.112,113 GBM also commonly
displays a mutation or loss of PTEN, a tumor
suppressor that modulates the activity of PI3K
and is found to be mutated or deleted in 36% of
clinical GBM samples.112,113 These PTEN alter-
ations result in constitutively activated PI3Kinase,
subsequent activation of mTOR, and resultant
tumor growth and resistance to radiation.12

Preclinical studies have suggested that inhibitors
of PI3K or its downstream signaling proteins
(including AKT, GSK-3, and mTOR) may confer
G1 arrest of GBM cell lines in vitro and increased
TMZ sensitivity in vivo.1,114–116 In one preclinical
study, a combination inhibitor of PI3K/mTOR
(XL765) was used to determine the effects on intra-
cranial, orthotopic glioma xenografts as a single
agent, and as a synergistic addition to TMZ. The
dual inhibition of the PI3K/mTOR pathways may
be particularly important in GBM tumors, because
mTOR inhibition may induce a negative feedback
loop that results in increased PI3K/Akt activity.
Authors of this study found that XL765 resulted
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in concentration-dependent cell death; inhibition
of the PI3K/mTOR pathways; a decreased median
tumor bioluminescence by 12-fold (indicating
decreased tumor burden); and increased survival.
Although TMZ alone resulted in a 30-fold
decreased bioluminescence, the combination of
TMZ and XL765 produced a 140-fold reduction
and a trend toward improved survival compared
with TMZ alone.112 These findings indicate the
potential for future phase Ib/II trials to evaluate
the clinical benefit these pathway modulators
may possess.

Integrins have been associated with metastasis
and angiogenesis, because they play important
roles in cellular adhesion, migration, and invasion.
The av integrin inhibitor, cilengitide, has been eval-
uated in clinical trials reporting promising 6-month
PFS rates (69%), 12-month OS (68%), 24-month
OS (35%), and median OS (16 months), with
particularly increased PFS and OS rates for
patients with MGMT promoter methylation.117
Fig. 5. Postcontrast axial and coronal T1-weighted MRIs at
and irinotecan (B, D). (From Vredenburgh JJ, Desjardins A
recurrent glioblastoma multiforme. J Clin Oncol 2007;25(3
Within the pediatric population, it has been
discovered that malignant gliomas may be genet-
ically distinct from those of adults, displaying
a markedly decreased frequency of epidermal
growth factor receptors amplification, PTEN alter-
ations, and IDH gene mutations.118–120 In a study
evaluating 107 pediatric patients with high-grade
gliomas, TMZ failed to provide any added survival
benefit compared with the use of other chemo-
therapies during standard treatment regimens.
This suggests that GBM present in pediatric
patients may represent a unique entity from that
of adults, necessitating age-appropriate thera-
peutic options.118
FDA-APPROVED THERAPIES

Other FDA-approved therapies for glioblastoma
include BCNU wafers (approved in 1996); bevaci-
zumab (approved in 2009); and NovoTTF-
100A (approved in 2011). BCNU wafers are
baseline (A, C) and after treatment with bevacizumab
, Herndon JE II, et al. Bevacizumab plus irinotecan in
0):4722–9; with permission.)
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a combination of carmustine chemotherapy and
a polymer wafer that are administered directly
into the tumor resection cavity. This therapy was
approved by the FDA in 1996 for the treatment of
recurrent GBM after a phase III double-blind study
involving 222 patients demonstrated more than
a 50% increase in 6-month survival.121,122 After
a meta-analysis of two phase III trials depicting
an improved median survival of 13.1 months
versus 10.9 months in the control group, FDA
approval was granted in 2003 for newly diagnosed
high-grade gliomas.122–124 Thus, BCNU wafers
may provide a modest treatment during the
interval between surgical resection and other
adjuvant therapies.12

Bevacizumab is a monoclonal antibody for
VEGF-A that inhibits proliferation of endothelial
cells and angiogenesis.125 This therapeutic ap-
proach has been widely prescribed as treatment
for other tumor types, including colorectal, breast,
and lung cancers. However, its precise role
for glioblastoma remains elusive. Although many
studies have demonstrated improvement in radio-
logic response and 6-month PSF, others have
failed to identify any increase in OS. However,
recent findings have suggested significant benefit
to patient outcomes with the administration of
bevacizumab, implying the necessity for additional
studies to evaluate this treatment modality
(Fig. 5).125–146

NovoTTF-100A is a noninvasive external elec-
trode system that generates “tumor treatment
fields” (TTF) or alternating electric fields that arrest
cell proliferation and induce apoptosis. They
inhibit the proper formation of mitotic spindles,
cause cells to burst when dividing,147 and interfere
with organelle assembly.148 A phase III clinical trial
showed that treatment with TTF (120 patients) had
better responses and tolerance than treatment
with the “best standard chemotherapy” with TMZ
(117 patients). Median OS for TTF treatment was
6.6 months, compared with median OS of
6 months with chemotherapy.148 However, the
results were not statistically significant, indicating
that whereas NovoTTF-100A was not a better
alternative to chemotherapy, it could be consid-
ered comparable.
NovoTTF-100A offers advantages over TMZ,

because the system can be used at home and
lacks the side effects commonly associated with
chemotherapy. Because the electric fields cannot
penetrate bone, this treatment can preserve the
integrity of bone marrow and other blood cells
that may become injured as a result of hemato-
logic toxicity in TMZ therapy.147,149 NovoTTF-
100A side effects include dermatitis at electrodes
sites in 17% of patients147,148,150–152 and the
theoretic risk of cardiac arrhythmia or seizures;
however, these have yet to be documented in clin-
ical trials.6,147 NovoTTF-100A holds promise as an
alternative therapy for patients who are poor
surgical candidates or are unable to tolerate TMZ
chemotherapy.
SUMMARY

Several advancements have been made in the
treatment of glioblastoma. Benefits of TMZ include
increased tolerance and improvement in OS
compared with surgery alone, radiation therapy
alone, or first-generation alkylating agents. De-
spite these advancements, myelosuppression,
acquired tolerance, and dismal 2-year survival
rates remain as reminders of current therapeutic
limitations. Recent years have revealed novel inno-
vations, including such therapies as BCNUwafers,
bevacizumab, NovoTTF-100A, and a variety of
potential adjuvants to TMZ treatment. Ultimately,
it may be necessary to combine several of these
approaches to best optimize the management of
glioblastoma. A recent study reported that TMZ
may be combined with as many as three other
agents to target growth of malignant cells.20,52

However, the potential toxicity of these multimo-
dality treatments must be kept in mind to minimize
treatment-related complications.153 Although TMZ
has provided an improvement in the management
of GBM, its conferred advantage is by no means
sufficient alone. Future research is necessary
to augments its effects and optimize patient
outcomes.
ACKNOWLEDGMENTS

Daniel Nagasawa was partially supported by
an American Brain Tumor Association Medical
Student Summer Fellowship in Honor of Connie
Finc. Isaac Yang (senior author) was partially
supported by a Visionary Fund Grant, Eli and
Edythe Broad Stem Cell Research Center
Scholars in Translational Medicine Program
Award, and a UCLA Stein Oppenheimer grant.
REFERENCES

1. Wick W, Weller M, Weiler M, et al. Pathway inhibi-

tion: emerging molecular targets for treating glio-

blastoma. Neuro Oncol 2011;13(6):566–79.

2. Hentschel SJ, Lang FF. Current surgical manage-

ment of glioblastoma. Cancer J 2003;9(2):113–25.

3. Lacroix M, Abi-Said D, Fourney DR, et al.

A multivariate analysis of 416 patients with glioblas-

toma multiforme: prognosis, extent of resection,

and survival. J Neurosurg 2001;95(2):190–8.



Temozolomide and Other Potential Agents 317
4. Sanai N, Berger MS. Glioma extent of resection

and its impact on patient outcome. Neurosurgery

2008;62(4):753–64 [discussion: 264–6].

5. Galanis E, Buckner J. Chemotherapy for high-

grade gliomas. Br J Cancer 2000;82(8):1371–80.

6. Sanai N, Berger MS. Operative techniques for

gliomas and the value of extent of resection. Neuro-

therapeutics 2009;6(3):478–86.

7. Hentschel SJ, Sawaya R. Optimizing outcomes

with maximal surgical resection of malignant

gliomas. Cancer Control 2003;10(2):109–14.

8. Litofsky NS, Bauer AM, Kasper RS, et al. Image-

guided resection of high-grade glioma: patient

selection factors and outcome. Neurosurg Focus

2006;20(4):E16.

9. StummerW,StockerS,WagnerS, et al. Intraoperative

detection of malignant gliomas by 5-aminolevulinic

acid-induced porphyrin fluorescence. Neurosurgery

1998;42(3):518–25 [discussion: 525–6].

10. Kelly PJ, Hunt C. The limited value of cytoreductive

surgery in elderly patients with malignant gliomas.

Neurosurgery 1994;34(1):62–6 [discussion: 66–7].

11. Chinot OL, Barrie M, Frauger E, et al. Phase II study

of temozolomide without radiotherapy in newly diag-

nosed glioblastoma multiforme in an elderly popula-

tions. Cancer 2004;100(10):2208–14.

12. Quick A, Patel D, Hadziahmetovic M, et al. Current

therapeutic paradigms in glioblastoma. Rev Recent

Clin Trials 2010;5(1):14–27.

13. Yung WK, Albright RE, Olson J, et al. A phase II

study of temozolomide vs. procarbazine in patients

with glioblastoma multiforme at first relapse. Br J

Cancer 2000;83(5):588–93.

14. Stupp R, Mason WP, van den Bent MJ, et al. Radio-

therapy plus concomitant and adjuvant temozolo-

mide for glioblastoma. N Engl J Med 2005;

352(10):987–96.

15. van Genugten JA, Leffers P, Baumert BG, et al.

Effectiveness of temozolomide for primary glioblas-

toma multiforme in routine clinical practice.

J Neurooncol 2010;96(2):249–57.

16. Athanassiou H, Synodinou M, Maragoudakis E,

et al. Randomized phase II study of temozolomide

and radiotherapy compared with radiotherapy

alone in newly diagnosed glioblastoma multiforme.

J Clin Oncol 2005;23(10):2372–7.

17. Combs SE, Gutwein S, Schulz-Ertner D, et al. Te-

mozolomide combined with irradiation as postoper-

ative treatment of primary glioblastoma multiforme.

Phase I/II study. Strahlenther Onkol 2005;181(6):

372–7.

18. Mirimanoff RO, Gorlia T, Mason W, et al. Radio-

therapy and temozolomide for newly diagnosed

glioblastoma: recursive partitioning analysis of

the EORTC 26981/22981-NCIC CE3 phase III

randomized trial. J Clin Oncol 2006;24(16):

2563–9.
19. Chakravarti A, Erkkinen MG, Nestler U, et al. Temo-

zolomide-mediated radiation enhancement in glio-

blastoma: a report on underlying mechanisms.

Clin Cancer Res 2006;12(15):4738–46.

20. Zhang M, Chakravarti A. Novel radiation-

enhancing agents in malignant gliomas. Semin

Radiat Oncol 2006;16(1):29–37.

21. Kanzawa T, Bedwell J, Kondo Y, et al. Inhibition of

DNA repair for sensitizing resistant glioma cells to

temozolomide. J Neurosurg 2003;99(6):1047–52.

22. Clark AS, Deans B, Stevens MF, et al. Antitumor

imidazotetrazines. 32. Synthesis of novel imidazo-

tetrazinones and related bicyclic heterocycles to

probe the mode of action of the antitumor drug te-

mozolomide. J Med Chem 1995;38(9):1493–504.

23. Karran P, Hampson R. Genomic instability and

tolerance to alkylating agents. Cancer Surv 1996;

28:69–85.

24. Panetta JC, Kirstein MN, Gajjar A, et al. Population

pharmacokinetics of temozolomide and metabo-

lites in infants and children with primary central

nervous system tumors. Cancer Chemother Phar-

macol 2003;52(6):435–41.

25. Beale P, Judson I, Moore S, et al. Effect of gastric

pH on the relative oral bioavailability and pharma-

cokinetics of temozolomide. Cancer Chemother

Pharmacol 1999;44(5):389–94.

26. Marzolini C, Decosterd LA, Shen F, et al. Pharma-

cokinetics of temozolomide in association with fote-

mustine in malignant melanoma and malignant

glioma patients: comparison of oral, intravenous,

and hepatic intra-arterial administration. Cancer

Chemother Pharmacol 1998;42(6):433–40.

27. Horgan CM, Tisdale MJ. Antitumour imidazotetra-

zines–VIII. Uptake and decomposition of a novel

antitumour agent mitozolomide (CCRG 81010; M

and B 39565; NSC 353451) in TLX5 mouse

lymphoma in vitro. Biochem Pharmacol 1985;

34(2):217–21.

28. Schulman MP, Buchanan JM. Biosynthesis of the

purines. II. Metabolism of 4-amino-5-imidazolecar-

boxamide in pigeon liver. J Biol Chem 1952;

196(2):513–26.

29. Baker SD, Wirth M, Statkevich P, et al. Absorption,

metabolism, and excretion of 14C-temozolomide

followingoral administration topatientswithadvanced

cancer. Clin Cancer Res 1999;5(2):309–17.

30. Reyderman L, Statkevich P, Thonoor CM, et al.

Disposition and pharmacokinetics of temozolomide

in rat. Xenobiotica 2004;34(5):487–500.

31. Meany HJ, Warren KE, Fox E, et al. Pharmacoki-

netics of temozolomide administered in combina-

tion with O6-benzylguanine in children and

adolescents with refractory solid tumors. Cancer

Chemother Pharmacol 2009;65(1):137–42.

32. Riccardi A, Mazzarella G, Cefalo G, et al. Pharma-

cokinetics of temozolomide given three times a day



Nagasawa et al318
in pediatric and adult patients. Cancer Chemother

Pharmacol 2003;52(6):459–64.

33. Jen JF, Cutler DL, Pai SM, et al. Population pharma-

cokinetics of temozolomide in cancer patients.

Pharm Res 2000;17(10):1284–9.

34. Motomura K, NatsumeA, Fujii M, et al. Clinical expe-

rience of intravenous temozolomide therapy for

gliomas. J Clin Oncol 2011;29(Suppl):[abstract:

e12523].

35. Diez BD, Statkevich P, Zhu Y, et al. Evaluation of the

exposure equivalence of oral versus intravenous

temozolomide. Cancer Chemother Pharmacol

2010;65(4):727–34.

36. Patel M, McCully C, Godwin K, et al. Plasma and

cerebrospinal fluid pharmacokinetics of intrave-

nous temozolomide in non-human primates.

J Neurooncol 2003;61(3):203–7.

37. Rosso L, Brock CS, Gallo JM, et al. A new model

for prediction of drug distribution in tumor and

normal tissues: pharmacokinetics of temozolomide

in glioma patients. Cancer Res 2009;69(1):120–7.

38. Beier D, Schulz JB, Beier CP. Chemoresistance of

glioblastoma cancer stem cells: much more

complex than expected. Mol Cancer 2011;10:128.

39. Fisher T, Galanti G, Lavie G, et al. Mechanisms

operative in the antitumor activity of temozolomide

in glioblastoma multiforme. Cancer J 2007;13(5):

335–44.

40. Lefranc F, Facchini V, Kiss R. Proautophagic drugs:

a novel means to combat apoptosis-resistant

cancers, with a special emphasis on glioblas-

tomas. Oncologist 2007;12(12):1395–403.

41. Malkoun N, Chargari C, Forest F, et al. Prolonged

temozolomide for treatment of glioblastoma:

preliminary clinical results and prognostic value of

p53 overexpression. J Neurooncol 2012;106(1):

127–33.

42. Walker MD, Alexander E Jr, Hunt WE, et al. Evalu-

ation of BCNU and/or radiotherapy in the treatment

of anaplastic gliomas. A cooperative clinical trial.

J Neurosurg 1978;49(3):333–43.

43. Walker MD, Green SB, Byar DP, et al. Randomized

comparisons of radiotherapy and nitrosoureas for

the treatment of malignant glioma after surgery.

N Engl J Med 1980;303(23):1323–9.

44. van den Bent MJ, Taphoorn MJ, Brandes AA, et al.

Phase II study of first-line chemotherapy with temo-

zolomide in recurrent oligodendroglial tumors: the

European Organization for Research and Treat-

ment of Cancer Brain Tumor Group Study 26971.

J Clin Oncol 2003;21(13):2525–8.

45. Osoba D, Brada M, Yung WK, et al. Health-related

quality of life in patients with anaplastic astrocy-

toma during treatment with temozolomide. Eur J

Cancer 2000;36(14):1788–95.

46. Perry J, Laperriere N, Zuraw L, et al. Adjuvant

chemotherapy for adults with malignant glioma:
a systematic review. Can J Neurol Sci 2007;34(4):

402–10.

47. Kocher M, Kunze S, Eich HT, et al. Efficacy and

toxicity of postoperative temozolomide radioche-

motherapy in malignant glioma. Strahlenther Onkol

2005;181(3):157–63.

48. Lawrence YR, Wang M, Dicker AP, et al. Early

toxicity predicts long-term survival in high-grade

glioma. Br J Cancer 2011;104(9):1365–71.

49. Lanzetta G, Campanella C, Rozzi A, et al. Temozolo-

mide in radio-chemotherapy combined treatment for

newly-diagnosed glioblastoma multiforme: phase II

clinical trial. Anticancer Res 2003;23(6D):5159–64.

50. Kovacs JA, Masur H. Prophylaxis against opportu-

nistic infections in patients with human immunode-

ficiency virus infection. N Engl J Med 2000;342(19):

1416–29.

51. Kizilarslanoglu MC, Aksoy S, Yildirim NO, et al. Te-

mozolomide-related infections: review of the litera-

ture. J BUON 2011;16(3):547–50.

52. Gilbert MR, Gonzalez J, Hunter K, et al. A phase I

factorial design study of dose-dense temozolomide

alone and in combination with thalidomide, isotreti-

noin, and/or celecoxib as postchemoradiation

adjuvant therapy for newly diagnosed glioblas-

toma. Neuro Oncol 2010;12(11):1167–72.

53. Baruchel S, Diezi M, Hargrave D, et al. Safety and

pharmacokinetics of temozolomide using a dose-

escalation, metronomic schedule in recurrent

paediatric brain tumours. Eur J Cancer 2006;

42(14):2335–42.

54. Taphoorn MJ, Stupp R, Coens C, et al. Health-

related quality of life in patients with glioblastoma:

a randomised controlled trial. Lancet Oncol 2005;

6(12):937–44.

55. Brandsma D, Stalpers L, Taal W, et al. Clinical

features, mechanisms, and management of pseu-

doprogression in malignant gliomas. Lancet 2008;

9(5):453–61.

56. Chamberlain MC, Glantz MJ, Chalmers L, et al.

Early necrosis following concurrent Temodar and

radiotherapy in patients with glioblastoma.

J Neurooncol 2007;82(1):81–3.

57. de Wit MC, de Bruin HG, Eijkenboom W, et al.

Immediate post-radiotherapy changes in malignant

glioma can mimic tumor progression. Neurology

2004;63(3):535–7.

58. Rosenthal MA, Ashley DL, Cher L. Temozolomide-

induced flare in high-grade gliomas: a new clinical

entity. Intern Med J 2002;32(7):346–8.

59. Taal W, Brandsma D, de Bruin HG, et al. Incidence

of early pseudo-progression in a cohort of malig-

nant glioma patients treated with chemoirradiation

with temozolomide. Cancer 2008;113(2):405–10.

60. Brandes AA, Franceschi E, Tosoni A, et al. MGMT

promoter methylation status can predict the inci-

dence and outcome of pseudoprogression after



Temozolomide and Other Potential Agents 319
concomitant radiochemotherapy in newly diag-

nosed glioblastoma patients. J Clin Oncol 2008;

26(13):2192–7.

61. Easaw JC, Mason WP, Perry J, et al. Canadian

recommendations for the treatment of recurrent or

progressive glioblastoma multiforme. Curr Oncol

2011;18(3):e126–36.

62. Mason WP, Maestro RD, Eisenstat D, et al. Cana-

dian recommendations for the treatment of glioblas-

toma multiforme. Curr Oncol 2007;14(3):110–7.

63. Roldan GB, Scott JN, McIntyre JB, et al. Popula-

tion-based study of pseudoprogression after che-

moradiotherapy in GBM. Can J Neurol Sci 2009;

36(5):617–22.

64. Villano J, Seery T, Bressler L. Temozolomide in

malignant gliomas: current use and future targets.

Cancer Chemother Pharmacol 2009;64:647–55.

65. Hermisson M, Klumpp A, Wick W, et al. O6-methyl-

guanine DNA methyltransferase and p53 status

predict temozolomide sensitivity in human malig-

nant glioma cells. J Neurochem 2006;96(3):766–76.

66. Combs SE, Schulz-Ertner D, Roth W, et al. In vitro

responsiveness of glioma cell lines to multimodality

treatment with radiotherapy, temozolomide, and

epidermal growth factor receptor inhibition with ce-

tuximab. Int J Radiat Oncol Biol Phys 2007;68(3):

873–82.

67. Balducci M, D’Agostino GR, Manfrida S, et al.

Radiotherapy and concomitant temozolomide

during the first and last weeks in high grade

gliomas: long-term analysis of a phase II study.

J Neurooncol 2010;97(1):95–100.

68. Combs SE, Wagner J, Bischof M, et al. Radioche-

motherapy in patients with primary glioblastoma

comparing two temozolomide dose regimens. Int

J Radiat Oncol Biol Phys 2008;71(4):999–1005.

69. Clarke JL, Iwamoto FM, Sul J, et al. Randomized

phase II trial of chemoradiotherapy followed by

either dose-dense or metronomic temozolomide

for newly diagnosed glioblastoma. J Clin Oncol

2009;27(23):3861–7.

70. Simon R, Norton L. The Norton-Simon hypothesis:

designing more effective and less toxic chemother-

apeutic regimens. Nat Clin Pract Oncol 2006;3(8):

406–7.

71. Hegi ME, Diserens AC, Gorlia T, et al. MGMT gene

silencing and benefit from temozolomide in glio-

blastoma. N Engl J Med 2005;352(10):997–1003.

72. Beier D, Rohrl S, Pillai DR, et al. Temozolomide

preferentially depletes cancer stem cells in glio-

blastoma. Cancer Res 2008;68(14):5706–15.

73. Lam N, Chambers CR. Temozolomide plus radio-

therapy for glioblastoma in a Canadian province:

efficacy versus effectiveness and the impact of

O6-methylguanine-DNA-methyltransferase

promoter methylation. J Oncol Pharm Pract 2011

Nov 7. [Epub ahead of print].
74. Hegi ME, Diserens AC, Godard S, et al. Clinical

trial substantiates the predictive value of O-6-meth-

ylguanine-DNA methyltransferase promoter meth-

ylation in glioblastoma patients treated with

temozolomide. Clin Cancer Res 2004;10(6):

1871–4.

75. Kreth S, Thon N, Eigenbrod S, et al. O-methylgua-

nine-DNA methyltransferase (MGMT) mRNA ex-

pression predicts outcome in malignant glioma

independent of MGMT promoter methylation.

PLoS One 2011;6(2):e17156.

76. Felsberg J, Rapp M, Loeser S, et al. Prognostic

significance of molecular markers and extent of

resection in primary glioblastoma patients. Clin

Cancer Res 2009;15(21):6683–93.

77. Costa BM, Caeiro C, Guimaraes I, et al. Prognostic

value of MGMT promoter methylation in glioblas-

toma patients treated with temozolomide-based

chemoradiation: a Portuguese multicentre study.

Oncol Rep 2010;23(6):1655–62.

78. Sardi I, Cetica V, Massimino M, et al. Promoter

methylation and expression analysis of MGMT in

advanced pediatric brain tumors. Oncol Rep

2009;22(4):773–9.

79. Weiler M, Hartmann C, Wiewrodt D, et al. Chemora-

diotherapy of newly diagnosed glioblastoma with

intensified temozolomide. Int J Radiat Oncol Biol

Phys 2010;77(3):670–6.

80. Watanabe R, Nakasu Y, Tashiro H, et al. O6-methyl-

guanine DNA methyltransferase expression in

tumor cells predicts outcome of radiotherapy plus

concomitant and adjuvant temozolomide therapy

in patients with primary glioblastoma. Brain Tumor

Pathol 2011;28(2):127–35.

81. Gerson SL. MGMT: its role in cancer aetiology and

cancer therapeutics. Nat Rev Cancer 2004;4(4):

296–307.

82. Hotta T, Saito Y, Fujita H, et al. O6-alkylguanine-

DNA alkyltransferase activity of human malignant

glioma and its clinical implications. J Neurooncol

1994;21(2):135–40.

83. Belanich M, Pastor M, Randall T, et al. Retrospec-

tive study of the correlation between the DNA

repair protein alkyltransferase and survival of brain

tumor patients treated with carmustine. Cancer Res

1996;56(4):783–8.

84. Jaeckle KA, Eyre HJ, Townsend JJ, et al. Correlation

of tumor O6 methylguanine-DNA methyltransferase

levels with survival of malignant astrocytoma

patients treated with bis-chloroethylnitrosourea:

a Southwest Oncology Group study. J Clin Oncol

1998;16(10):3310–5.

85. Friedman HS, McLendon RE, Kerby T, et al. DNA

mismatch repair and O6-alkylguanine-DNA alkyl-

transferase analysis and response to Temodal in

newly diagnosed malignant glioma. J Clin Oncol

1998;16(12):3851–7.



Nagasawa et al320
86. Silber JR, Blank A, Bobola MS, et al. O6-methyl-

guanine-DNA methyltransferase-deficient pheno-

type in human gliomas: frequency and time to

tumor progression after alkylating agent-based

chemotherapy. Clin Cancer Res 1999;5(4):807–14.

87. Sridhar T, Gore A, Boiangiu I, et al. Concomitant

(without adjuvant) temozolomide and radiation to

treat glioblastoma: a retrospective study. Clin On-

col 2009;21(1):19–22.

88. Hirose Y, Berger MS, Pieper RO. p53 effects both

the duration of G2/M arrest and the fate of

temozolomide-treated human glioblastoma cells.

Cancer Res 2001;61(5):1957–63.

89. Stupp R, Dietrich PY, Ostermann Kraljevic S, et al.

Promising survival for patients with newly diag-

nosed glioblastoma multiforme treated with

concomitant radiation plus temozolomide followed

by adjuvant temozolomide. J Clin Oncol 2002;

20(5):1375–82.

90. Tsien CI, Brown D, Normolle D, et al. Concurrent

temozolomide and dose-escalated intensity-modu-

lated radiation therapy in newly diagnosed glio-

blastoma. Clin Cancer Res 2012;18(1):273–9.

91. Darefsky AS, King JT Jr, Dubrow R. Adult glioblas-

toma multiforme survival in the temozolomide era:

a population-based analysis of surveillance, epide-

miology, and end results registries. Cancer 2011.

DOI:10.1002/cncr.26494. [Epub ahead of print].

92. Guckenberger M, Mayer M, Buttmann M, et al. Pro-

longed survival when temozolomide is added to

accelerated radiotherapy for glioblastoma multi-

forme. Strahlenther Onkol 2011;187(9):548–54.

93. Fadul CE, Fisher JL, Gui J, et al. Immune modula-

tion effects of concomitant temozolomide and radi-

ation therapy on peripheral blood mononuclear

cells in patients with glioblastoma multiforme. Neu-

ro Oncol 2011;13(4):393–400.

94. Wang HY, Wang RF. Antigen-specific CD41

regulatory T cells in cancer: implications for

immunotherapy. Microbes Infect 2005;7(7–8):

1056–62.

95. Su YB, Sohn S, Krown SE, et al. Selective CD41

lymphopenia in melanoma patients treated with te-

mozolomide: a toxicity with therapeutic implica-

tions. J Clin Oncol 2004;22(4):610–6.

96. Liau LM, Prins RM, Kiertscher SM, et al. Dendritic

cell vaccination in glioblastoma patients induces

systemic and intracranial T-cell responses modu-

lated by the local central nervous system tumor

microenvironment. Clin Cancer Res 2005;11(15):

5515–25.

97. Wheeler CJ, Das A, Liu G, et al. Clinical respon-

siveness of glioblastoma multiforme to chemo-

therapy after vaccination. Clin Cancer Res 2004;

10(16):5316–26.

98. Liu G, Akasaki Y, Khong HT, et al. Cytotoxic T cell

targeting of TRP-2 sensitizes human malignant
glioma to chemotherapy. Oncogene 2005;24(33):

5226–34.

99. Yip S, Miao J, Cahill DP, et al. MSH6 mutations

arise in glioblastomas during temozolomide

therapy and mediate temozolomide resistance.

Clin Cancer Res 2009;15(14):4622–9.

100. Goellner EM, Grimme B, Brown AR, et al. Over-

coming temozolomide resistance in glioblastoma

via dual inhibition of NAD1 biosynthesis and

base excision repair. Cancer Res 2011;71(6):

2308–17.

101. Tang JB, Goellner EM, Wang XH, et al. Bioener-

getic metabolites regulate base excision repair-

dependent cell death in response to DNA damage.

Mol Cancer Res 2010;8(1):67–79.

102. Fishel ML, He Y, Smith ML, et al. Manipulation of

base excision repair to sensitize ovarian cancer

cells to alkylating agent temozolomide. Clin Cancer

Res 2007;13(1):260–7.

103. Watson M, Roulston A, Belec L, et al. The small

molecule GMX1778 is a potent inhibitor of NAD1

biosynthesis: strategy for enhanced therapy in

nicotinic acid phosphoribosyltransferase 1-defi-

cient tumors. Mol Cell Biol 2009;29(21):5872–88.

104. Russo AL, Kwon HC, Burgan WE, et al. In vitro and

in vivo radiosensitization of glioblastoma cells by

the poly (ADP-ribose) polymerase inhibitor E7016.

Clin Cancer Res 2009;15(2):607–12.

105. Quinn JA, Jiang SX, Reardon DA, et al. Phase II

trial of temozolomide plus o6-benzylguanine in

adults with recurrent, temozolomide-resistant

malignant glioma. J Clin Oncol 2009;27(8):

1262–7.

106. Koch D, Hundsberger T, Boor S, et al. Local intra-

cerebral administration of O(6)-benzylguanine

combined with systemic chemotherapy with temo-

zolomide of a patient suffering from a recurrent

glioblastoma. J Neurooncol 2007;82(1):85–9.

107. Motomura K, Natsume A, Kishida Y, et al. Benefits

of interferon-beta and temozolomide combination

therapy for newly diagnosed primary glioblastoma

with the unmethylated MGMT promoter: a multi-

center study. Cancer 2010. [Epub ahead of print].

108. Bektas M, Johnson SP, Poe WE, et al.

A sphingosine kinase inhibitor induces cell

death in temozolomide resistant glioblastoma

cells. Cancer Chemother Pharmacol 2009;64(5):

1053–8.

109. Bogdahn U, Hau P, Stockhammer G, et al. Targeted

therapy for high-grade glioma with the TGF-beta2

inhibitor trabedersen: results of a randomized and

controlled phase IIb study. Neuro Oncol 2011;

13(1):132–42.

110. Beal K, Abrey LE,Gutin PH. Antiangiogenic agents in

the treatment of recurrent or newly diagnosed glio-

blastoma: analysis of single-agent and combined

modality approaches. Radiat Oncol 2011;6:2.



Temozolomide and Other Potential Agents 321
111. Sampson JH, Heimberger AB, Archer GE, et al.

Immunologic escape after prolonged progression-

free survival with epidermal growth factor receptor

variant III peptide vaccination in patients with newly

diagnosed glioblastoma. J Clin Oncol 2010;28(31):

4722–9.

112. Prasad G, Sottero T, Yang X, et al. Inhibition of

PI3K/mTOR pathways in glioblastoma and implica-

tions for combination therapy with temozolomide.

Neuro Oncol 2011;13(4):384–92.

113. McLendon R, Friedman A, Bigner D, et al. Compre-

hensive genomic characterization defines human

glioblastoma genes and core pathways. Nature

2008;455(7216):1061–8.

114. Cheng CK, Fan QW, Weiss WA. PI3K signaling in

glioma–animal models and therapeutic challenges.

Brain Pathol 2009;19(1):112–20.

115. Maira SM, Stauffer F, Brueggen J, et al. Identifica-

tion and characterization of NVP-BEZ235, a new

orally available dual phosphatidylinositol 3-kinase/

mammalian target of rapamycin inhibitor with

potent in vivo antitumor activity. Mol Cancer Ther

2008;7(7):1851–63.

116. Opel D, Westhoff MA, Bender A, et al. Phosphatidy-

linositol 3-kinase inhibition broadly sensitizes glio-

blastoma cells to death receptor- and drug-induced

apoptosis. Cancer Res 2008;68(15):6271–80.

117. Stupp R, Hegi ME, Neyns B, et al. Phase I/IIa study

of cilengitide and temozolomide with concomitant

radiotherapy followed by cilengitide and temozolo-

mide maintenance therapy in patients with newly

diagnosed glioblastoma. J Clin Oncol 2010;

28(16):2712–8.

118. Cohen KJ, Pollack IF, Zhou T, et al. Temozolomide

in the treatment of high-grade gliomas in children:

a report from the Children’s Oncology Group. Neu-

ro Oncol 2011;13(3):317–23.

119. Pollack IF, Hamilton RL, James CD, et al. Rarity of

PTEN deletions and EGFR amplification in malig-

nant gliomas of childhood: results from the Chil-

dren’s Cancer Group 945 cohort. J Neurosurg

2006;105(Suppl 5):418–24.

120. Parsons DW, Jones S, Zhang X, et al. An integrated

genomic analysis of human glioblastoma multi-

forme. Science 2008;321(5897):1807–12.

121. Brem H, Piantadosi S, Burger PC, et al. Placebo-

controlled trial of safety and efficacy of intraopera-

tive controlled delivery by biodegradable polymers

of chemotherapy for recurrent gliomas. The

Polymer-brain Tumor Treatment Group. Lancet

1995;345(8956):1008–12.

122. Bota DA, Desjardins A, Quinn JA, et al. Interstitial

chemotherapy with biodegradable BCNU (Gliadel)

wafers in the treatment of malignant gliomas. Ther

Clin Risk Manag 2007;3(5):707–15.

123. Valtonen S, Timonen U, Toivanen P, et al. Interstitial

chemotherapy with carmustine-loaded polymers
for high-grade gliomas: a randomized double-blind

study. Neurosurgery 1997;41(1):44–8 [discussion:

48–9].

124. Westphal M, Hilt DC, Bortey E, et al. A phase 3 trial

of local chemotherapy with biodegradable carmus-

tine (BCNU) wafers (Gliadel wafers) in patients with

primary malignant glioma. Neuro Oncol 2003;5(2):

79–88.

125. Vredenburgh JJ, Desjardins A, Herndon JE II, et al.

Phase II trial of bevacizumab and irinotecan in

recurrent malignant glioma. Clin Cancer Res

2007;13(4):1253–9.

126. Pope WB, Lai A, Nghiemphu P, et al. MRI in

patients with high-grade gliomas treated with bev-

acizumab and chemotherapy. Neurology 2006;

66(8):1258–60.

127. Vredenburgh JJ, Desjardins A, Reardon DA, et al.

The addition of bevacizumab to standard radiation

therapy and temozolomide followed by bevacizu-

mab, temozolomide, and irinotecan for newly diag-

nosed glioblastoma. Clin Cancer Res 2011;17(12):

4119–24.

128. Mendelsohn J, Baselga J. The EGF receptor family

as targets for cancer therapy. Oncogene 2000;

19(56):6550–65.

129. Wong ET, Gautam S, Malchow C, et al. Bevacizu-

mab for recurrent glioblastoma multiforme: a meta-

analysis. J Natl Compr Canc Netw 2011;9(4):403–7.

130. de Groot JF, Yung WK. Bevacizumab and irinote-

can in the treatment of recurrent malignant

gliomas. Cancer J 2008;14(5):279–85.

131. Norden AD, Young GS, Setayesh K, et al. Bevaci-

zumab for recurrent malignant gliomas: efficacy,

toxicity, and patterns of recurrence. Neurology

2008;70(10):779–87.

132. Friedman HS, Prados MD, Wen PY, et al. Bevacizu-

mab alone and in combination with irinotecan in

recurrent glioblastoma. J Clin Oncol 2009;27(28):

4733–40.

133. Salmaggi A, Gaviani P, Botturi A, et al. Bevacizu-

mab at recurrence in high-grade glioma. Neurol

Sci 2011;2(Suppl 2):S251–3.

134. Addeo R, Caraglia M, De Santi MS, et al.

A new schedule of fotemustine in temozolomide-

pretreated patients with relapsing glioblastoma.

J Neurooncol 2011;102(3):417–24.

135. Scoccianti S, Detti B, Sardaro A, et al. Second-line

chemotherapy with fotemustine in temozolomide-

pretreated patients with relapsing glioblastoma:

a single institution experience. Anticancer Drugs

2008;19(6):613–20.

136. Kreisl TN, Kim L, Moore K, et al. Phase II trial of

single-agent bevacizumab followed by bevacizu-

mab plus irinotecan at tumor progression in recur-

rent glioblastoma. J Clin Oncol 2009;27(5):740–5.

137. Hofer S, Elandt K, Greil R, et al. Clinical outcome

with bevacizumab in patients with recurrent



Nagasawa et al322
high-grade glioma treated outside clinical trials.

Acta Oncol 2011;50(5):630–5.

138. Reardon DA, Desjardins A, Peters KB, et al. Phase

II study of carboplatin, irinotecan, and bevacizu-

mab for bevacizumab naive, recurrent glioblas-

toma. J Neurooncol 2011. [Epub ahead of print].

139. Vredenburgh JJ, Desjardins A, Herndon JEII, et al.

Bevacizumab plus irinotecan in recurrent glioblas-

toma multiforme. J Clin Oncol 2007;25(30):4722–9.

140. Reardon DA, Desjardins A, Vredenburgh JJ, et al.

Metronomic chemotherapy with daily, oral etopo-

side plus bevacizumab for recurrent malignant

glioma: a phase II study. Br J Cancer 2009;

101(12):1986–94.

141. Hasselbalch B, Lassen U, Hansen S, et al. Cetuxi-

mab, bevacizumab, and irinotecan for patients with

primary glioblastoma and progression after radia-

tion therapy and temozolomide: a phase II trial.

Neuro Oncol 2010;12(5):508–16.

142. Pu JK, Chan RT, Ng GK, et al. Using bevacizumab in

the fight against malignant glioma: first results in

Asian patients. Hong Kong Med J 2011;17(4):274–9.

143. Lamborn KR, Chang SM, Prados MD. Prognostic

factors for survival of patients with glioblastoma:

recursive partitioning analysis. Neuro Oncol 2004;

6(3):227–35.

144. Ballman KV, Buckner JC, Brown PD, et al. The rela-

tionship between six-month progression-free

survival and 12-month overall survival end points

for phase II trials in patients with glioblastoma mul-

tiforme. Neuro Oncol 2007;9(1):29–38.

145. Franceschi E, Brandes AA. Clinical end points in

recurrent glioblastoma: are antiangiogenic agents
friend or foe? Expert Rev Anticancer Ther 2011;

11(5):657–60.

146. Thompson EM, Frenkel EP, Neuwelt EA. The

paradoxical effect of bevacizumab in the therapy

of malignant gliomas. Neurology 2011;76(1):87–93.

147. Kirson ED, Dbaly V, Tovarys F, et al. Alternating

electric fields arrest cell proliferation in animal

tumor models and human brain tumors. Proc Natl

Acad Sci U S A 2007;104(24):10152–7.

148. Stupp R, Kanner A, Engelhard H, et al. A pros-

pective, randomized, open-label, phase III clinical

trial of NovoTTF-100A versus best standard of

care chemotherapy in patients with recurrent

glioblastoma. J Clin Oncol 2010;28(Suppl 18):

[abstract: LBA2007].

149. Bronzino J. The biomedical engineering handbook.

BocaRaton (FL): CRC, IEEEPress; 1995. p. 1–1656.

150. Burnette RR, Ongpipattanakul B. Characterization

of the pore transport properties and tissue alter-

ation of excised human skin during iontophoresis.

J Pharm Sci 1988;77(2):132–7.

151. Cho MR, Thatte HS, Silvia MT, et al. Transmem-

brane calcium influx induced by ac electric fields.

FASEB J 1999;13(6):677–83.

152. Orrenius S, McCabe MJ Jr, Nicotera P. Ca(21)-de-

pendent mechanisms of cytotoxicity and program-

med cell death. Toxicol Lett 1992;64–65(Spec No):

357–64.

153. Bock HC, Puchner MJ, Lohmann F, et al. First-line

treatment of malignant glioma with carmustine

implants followed by concomitant radiochemother-

apy: a multicenter experience. Neurosurg Rev

2010;33(4):441–9.


	Temozolomide and Other Potential Agents for the Treatment of Glioblastoma Multiforme
	Mechanism of action and pharmacokinetics
	Side effects and quality of life
	Dosage and scheduling
	TMZ and radiation therapy
	TMZ and immunotherapy
	Supplemental, combination, and alternative therapies
	FDA-approved therapies
	Summary
	Acknowledgments
	References


