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New approaches to primary brain tumor treatment

Sith Sathornsumetee®® and Jeremy N. Ric

Primary brain tumors represent over 100 different

tumor types with widely divergent biologies and clinical
outcomes, but these neoplasms frequently pose similar
challenges to neuro-oncologists. Malignant gliomas are the
most common type of primary intrinsic brain tumor in
adults and remain extremely lethal. Current standard-
of-care therapies for these cancers include surgery,
radiation and palliative cytotoxics, which have significant
side-effects and limited efficacy. Advances in our
understanding of the molecular underpinnings of cancer
have led to targeted molecular therapies that may permit
improvement in therapeutic efficacy and reduced toxicity;
these therapies, however, still face many challenges. Signal
transduction pathways that are inappropriately regulated in
brain cancers include growth factors and their receptors
(e.g. epidermal growth factor receptor, vascular endothelial
growth factor receptor and platelet-derived growth factor
receptor), which regulate cellular interactions with the
microenvironment and intracellular oncogenic pathways.
Low-molecular-weight inhibitors have been developed to
target many kinases and may have advantages in terms
of delivery. Monoclonal antibodies may have greater
specificity, but face delivery restrictions. Preferential
tumor delivery of chemotherapies, conjugated toxins

and radioisotopes has been achieved through convection-
enhanced delivery, intratumoral implants and intra-arterial
infusion. Despite these advances, few molecularly targeted
therapies have demonstrated significant antineoplastic
activity for a broad range of patients, possibly due to
tumor and patient heterogeneity. Improved functional

Introduction

The incidence of all primary non-malignant and malig-
nant brain and central nervous system tumors is 14.8
cases per 100000 person-years [1]. The worldwide
incidence rate of primary malignant central nervous
system tumors is 3.7 cases per 100000 person-years for
males and 2.6 cases per 100000 person-years for females
[1]. An estimate of 18 500 new cases of primary malignant
central nervous system tumors was diagnosed in the US
in 2005. This estimate represented 1.35% of all cancers in
the US. Although primary central nervous system tumors
are relatively uncommon, they are highly lethal with an
estimate of 12760 deaths in 2005 in the US [1].
Malignant gliomas are the most common primary central
nervous system tumors in adults. The incidence of
malignant gliomas in the US 5-10 per 100000 persons
with more than 15000 new cases each year [1]. Despite
recent progress in cancer research and treatment,
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neuropathology and imaging may permit identification

of patient subgroups for which clinical responses may

be enriched. It is probable, however, that targeted therapies
will be most effective in combination either with one
another or with cytotoxic therapies. In this study, we
review the current state of new therapies for malignant
gliomas. Anti-Cancer Drugs 17:1003-1016 © 2006
Lippincott Williams & Wilkins.
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prognosis remains poor with a median survival of 10-12
months for glioblastoma multiforme (GBM), the most
common form of malignant gliomas. Recent advances in
the understanding of molecular abnormalities and me-
chanism of resistance to radiation and chemotherapy in
malignant gliomas have provided new approaches to
target specific aberrant signal transduction pathways.
Several small-molecule inhibitors and monoclonal anti-
bodies have been developed in preclinical and clinical
studies. Targeting the underlying pathogenesis may offer
an innovative therapeutic approach for patients with
these devastating tumors. Here, we review the new
therapeutic strategies for malignant gliomas with an
emphasis on molecularly targeted therapy.

Gliomas are named on the basis of histologic similarity to
glial cells, including astrocytes, oligodendrocytes and
ependymal cells. Astrocytomas are the most common glial
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tumors. The World Health Organization (WHO) classified
astrocytomas into four grades according to histological
appearance [2,3]. Pilocytic astrocytomas (WHO grade 1)
are relatively benign and more common in children and
young adults. Surgical resection of the tumor, if accessible,
is a standard treatment and may be curative. External
beam radiation therapy and chemotherapy may be
effective in symptomatic, unresectable cases. Many
patients survive for decades after diagnosis. Low-grade or
diffuse astrocytomas (WHO grade II) are slow-growing,
but infiltrative tumors, frequently diagnosed in young
adults, with seizures as a common presenting symptom.
Survival with low-grade gliomas is variable, with a median
of 5-10 years, and most patients die from progression with
transformation to higher-grade tumors [4]. Management of
low-grade astrocytoma is highly controversial, with ap-
proaches ranging from observation in asymptomatic cases
to surgery, chemotherapy and/or radiation with progressive
tumors. Malignant or high-grade gliomas include anaplastic
gliomas (anaplastic astrocytoma, anaplastic oligodendro-
glioma and anaplastic mixed oligoastrocytoma), designated
as WHO grade III, and GBM and gliosarcoma designated
as WHO grade IV. Histopathological characteristics of
malignant gliomas are mitoses and cellular/nuclear atypia,
and, in glioblastomas, vascular proliferation and necrosis
with pseudopalisading features [5]. The prognosis of
patients with malignant gliomas remains dismal; the
median survival of anaplastic astrocytoma patients is 2-3
years and that of GBM patients is 10—12 months [6]. The
prognosis of patients with oligodendroglioma is better than
that of those with astrocytoma, particularly in oligoden-
droglioma patients with loss of chromosomes 1p and 19q,
which are associated with sensitivity to chemoradiotherapy
[7]. Favorable prognostic factors include young age, good
performance status and maximal surgical resection of the
tumor [8,9]. Current therapies for patients with malignant
gliomas remain marginally effective. Recurrence following
surgery, radiation therapy and adjuvant chemotherapy is
nearly universal. Available salvage chemotherapies follow-
ing progression are ineffective, with a 6-month progres-
sion-free survival of 15% and median progression-free
survival of only 9 weeks among 225 patients with recurrent
GBM [8]. Novel strategies targeting molecular aberrations
may offer innovative therapeutic approaches for patients
with these devastating tumors.

Current standard treatment

Most high-grade glioma patients usually undergo multi-
modality treatments, including surgical resection, radia-
tion and chemotherapy, after histologic diagnosis.
Although there are conflicting data, maximal surgical
resection of tumors significantly improves survival in
some studies [10]. Radiation therapy has been the main
standard-of-care treatment following biopsy or resection
with minimal utility of systematically administered
nitrosoureas until recently when Stupp e 4/ [11] and

Taphoorn ez a/. [12] reported that adjunctive chemother-
apy (concurrent daily temozolomide with radiation,
followed by 6 months of monthly temozolomide)
increases median survival by 2.5 months without degrada-
tion in quality-of-life and significantly increases 2-year
survival rate. Although the survival benefits of adjuvant
chemotherapy are modest compared with those seen in
other solid cancers, these findings suggest that novel
therapies may improve patient outcomes without severe
side-effects.

Salvage chemotherapy

Temozolomide

Temozolomide (Temodar; Schering-Plough, Kenilworth,
New Jersey, USA) is an orally available methylating agent
that has become the first-line chemotherapy for malig-
nant glioma. The response rate, however, is modest and of
limited duration. In a study of temozolomide in patients
with recurrent anaplastic gliomas (WHO grade I1II), 8% of
patients had a complete response, 27% partial response
and 27% stable disease, with 46% of patients having
progression-free survival of at least 6 months [13]. For
patients with recurrent GBM, there was a 5% partial
response rate and a 40% stable disease rate, with a 6-
month progression-free survival of only 21% [14]. Several
studies have identified a potential biomarker of clinical
response to temozolomide. O°-alkylguanine-DNA alkyl-
transferase [AG'T; also known as MGMT (06-methylgua-
nine-DNA methyltransferase)] is a DNA-repair protein
that removes alkyl groups from the O° position of
guanine, an important site of DNA alkylation [15].
MGMT is commonly expressed at low levels in endo-
genous tissues. Epigenetic silencing of the MGMT DNA-
repair gene by promoter methylation has been associated
with longer survival in patients with glioblastoma who
receive temozolomide [16]. Therefore, targeting MGM'T
pharmacologically may represent a new way to overcome
resistance to alkylating chemotherapy in malignant
gliomas. 0°benzylguanine (0°-BG) is an MGMT sub-
strate that inhibits MGMT by suicide inactivation.
Preclinical studies suggest the enhancement of che-
motherapy efficacy by 0°BG in a murine model of
gliomas [17,18]. Several phase I trials of intravenous 0°-
BG alone [19] or in combination with alkylating agents,
including carmustine [20] and temozolomide [21], in
patients with malignant gliomas revealed that MGMT
was depleted following intravenous administration of 0°-
BG. A phase II trial of carmustine plus 0°-BG, however,
failed to show clinical response and more than 50% of
patients developed grade 3-5 hematologic toxicities [22].
A phase II trial of 0°-BG in combination with temozo-
lomide has been completed.

Several clinical trials have demonstrated modest activity
of temozolomide in combination with other chemothera-
pies such as procarbazine [23], biodegradable carmustine
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(BCNU) [24], irinotecan [25,26] and etoposide [27].
Combinations of temozolomide with molecularly targeted
therapies such as 13-¢s-retinoic acid [28], marimastat
[matrix metalloproteinase (MMP) inhibitor] [29] im-
atinib mesylate (Gleevec; Novartis, East Hanover, New
Jersey, USA) [30], erlotinib (Tarceva; Genentech, South
San Francisco, California, USA) [31] and gefitinib (Iressa;
AstraZeneca, Wilmington, Delaware, USA) [32] have also
been evaluated. The results of these trials, although
preliminary, showed modest increase in efficacy when
compared with temozolomide monotherapy.

Irinotecan

Irinotecan (Camptosar, CPT-11; Pfizer, New York, New
York, USA) is a camptothecin derivative that acts as a pro-
drug that undergoes hydrolysis to active metabolite SN-
38, a potent topoisomerase I inhibitor [33]. Irinotecan
displayed robust antitumor activity against human glioma
xenografts [34]; it also demonstrated encouraging clinical
activity in an early clinical trial [35]. Several phase II
trials from the New Approaches to Brain Tumor Therapy
(NABTT), the North Central Cancer Treatment Group
(NCTCG) and the North American Brain Tumor Con-
sortium (NABTC), however, did not show survival
benefits in patients with recurrent malignant glioma
[36]. A combination of temozolomide plus irinotecan in
phase I and II trials showed acceptable toxicity and
encouraging antitumor activity with a 6-month progres-
sion-free survival rate of 29% [25,26].

Intra-arterial chemotherapy

The blood-brain barrier presents limitations for che-
motherapy delivery to brain tumors when administered
systemically. Although gliomas contain areas of disrupted
blood-brain barrier integrity, areas of tumor invasion are
protected to a varying degree. Direct tumor infusion of
chemotherapy via a cerebral angiography may increase the
concentration of chemotherapy in the tumor with limited
systemic toxicities. Several strategies have been used to
disrupt the blood-brain barrier such as using osmotic
agents (e.g. mannitol) before intra-arterial chemotherapy
infusion. These approaches may induce significant,
although transient, neurologic symptoms such as cerebral
edema. Several small phase I and II studies using intra-
arterial chemotherapy have been completed, but no
phase III study at present has demonstrated the benefit
of intra-arterial chemotherapy over its intravenous
counterpart [37]. Intra-arterial chemotherapy administra-
tion following blood-brain barrier disruption is not widely
available as it requires highly trained professionals to
perform the procedure in specialized centers.

Brachytherapy

Limited drug delivery and high toxicities associated with
systemic chemotherapy have led to different approaches
of therapeutic agent delivery. In addition, failure to
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eradicate local tumor growth is a major factor contributing
to poor outcome, as indicated by the development of 90%
of GBM recurrences at or adjacent to the original tumor
[38]. Therefore, direct intra-tumoral or intra-cavitary
administration of chemotherapy, conjugated biologic
toxin, or radiolabeled monoclonal antibody may improve
local tumor control in patients with malignant glioma.

Carmustine (BCNU) wafers

Carmustine (BCNU) wafers (Gliadel; MGI Pharma,
Minneapolis, Minnesota, USA) are the first Food and
Drug Administration-approved biodegradable wafers con-
taining nitrosourea, carmustine, for the treatment of
malignant glioma. A recent large phase III trial with 240
patients with newly diagnosed malignant glioma rando-
mized to receive either carmustine or placebo wafers at
the time of primary surgical resection followed by
radiation therapy demonstrated a modest survival benefit
with median survival of 13.9 months for the carmustine
wafer-treated group and 11.6 months for the placebo-
treated group [39]. Side-effects were comparable be-
tween the two groups except for significantly higher rates
of cerebrospinal fluid leak and intracranial hypertension
in the carmustine-wafers treated group. Similarly, in
patients undergoing resection for recurrent GBM, place-
ment of carmustine wafers only provides modest prolon-
gation of survival [40]. Combination of carmustine wafers
with other agents such as systemically administered 0°-
BG is ongoing.

Conjugated toxin therapy

Malignant gliomas commonly overexpress several cell
surface receptors that undergo ligand binding and
internalization, permitting the specific delivery of radio
isotopes or toxins to tumor cells. Interleukin (IL)-13
receptors are abundantly expressed on the surface of
glioblastoma cells, but not in normal brain or endothelial
cells [41]. A recombinant fusion protein composed of IL-
13 and a mutated form of pseudomonas exotoxin (I.13-
PE38QQR; cintredekin besudotox; NeoPharm, Wauke-
gan, Illinois, USA) has demonstrated antitumor efficacy
after intracerebral administration but not with systemic
administration. The exotoxin is exquisitely potent,
inducing cell death with a single internalized molecule.
On the basis of these encouraging preclinical studies,
several phase I/II clinical trials in adults with malignant
glioma have been completed, and I1.-13 cytotoxin therapy
appears to be safe [42]. The conjugated cytotoxin is
delivered by convection-enhanced delivery (CED). In-
creased tumor interstitial pressure limits intratumoral
drug delivery from systemic vasculature, but CED takes
advantage of the pressure gradient by infusing small
volumes at high pressures over long periods to permit full
tumor delivery of therapeutic agents into the resection
cavity or tumor bed through a stereotactically placed
catheter [42]. A randomized phase III trial of
IL.-13 cytotoxin delivered by CED versus BCNU wafer
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(PRECISE trial) has completed enrollment. A phase I
trial of IL.-13 cytotoxin in patients with newly diagnosed
GBM is ongoing. Other cytokine-conjugated toxin
therapies include IL-4-conjugated pseudomonas toxin,
which can also bind the IL.-13 receptors [43], transform-
ing growth factor-o. conjugated with mutated pseudomo-
nas toxin (TP-38) that binds epidermal growth factor
receptors (EGFRs) [44], transferring—CRM107, a con-
jugate of transferrin and diphtheria toxin [45], and
DAB389EGE a fusion protein composed of the catalytic
and translocation domains of diphtheria toxin fused via a
His—Ala linker to the human epidermal growth factor
(EGF) [46].

131.|]abeled monoclonal antibody against tenascin
Tenascin is commonly expressed in high-grade gliomas,
but not in the normal brain. Preclinical studies of 'I-
labeled monoclonal antibody against tenascin (**'I-
m81C6) demonstrated significant tumor growth delay
and regression in athymic mice bearing subcutaneous
human glioma xenografts, and prolongation of median
survival of athymic rats bearing intracranial tumors
[47,48]. In a phase II trial, 33 patients with newly
diagnosed malignant gliomas underwent surgical resec-
tion with intracavitary '*'I-m81C6 administration, fol-
lowed by conventional external beam radiotherapy and a
year of alkylator-based chemotherapy. Median survival for
patients with GBM was 79.4 weeks [49]. Twenty-seven
percent of patients developed reversible hematologic
toxicity and 15% developed histologically confirmed,
treatment-related neurologic toxicity [49]. A randomized
phase II trial of "'I-m81C6 administration in newly
diagnosed malignant glioma patients before radiation
therapy with concurrent temozolomide is ongoing. A
phase III multicenter trial with patient-specific dosing is
planned. In addition, B m81C6 was also tested in a
phase II trial of patients with recurrent malignant
gliomas. With a median follow-up of 172 weeks, 63 and
59% of patients with GBM and anaplastic astrocytoma/
anaplastic oligodendroglioma tumors were alive at 1 year.
Median overall survival for patients with GBM and
anaplastic astrocytoma/anaplastic oligodendroglioma tu-
mors was 64 and 99 weeks, respectively [50]. Other
radioactive brachytherapy treatments such as '*’I bead
administration have also been used for localized recur-
rences of malignant glioma. Further clinical trial data are
needed before routine use of these treatments.

GliaSite radiation therapy system

GliaSite radiation therapy system (GliaSite RTS; Cytyc,
Atlanta, Georgia, USA) consists of a silicone spherical
balloon catheter and an aqueous radiation source (lotrex
[sodium 3-(1251)-iodo-4-hydroxybenzenesulfonate]). Two
recent independent studies of GliaSite RTS in patients
with recurrent GBM demonstrated median survival of
approximately 36 weeks after the treatment [51,52]. The
only prognostic factor to suggest favorable survival is a

good Karnofsky performance status (KPS > 70). Treat-
ment was generally well tolerated, although a few
patients from each trial developed symptomatic radiation
necrosis. Additional clinical trials are required to fully
address the therapeutic efficacy of the GliaSite RTS.

Stereotactic radiotherapy

As stated above, current standard treatment for GBM
following histologic diagnosis is external beam fractio-
nated radiotherapy with concurrent temozolomide. Ra-
diation therapy in newly diagnosed GBM provides
unequivocal survival benefit; however, the role of
stereotactic radiotherapy following recurrences remains
unclear. The American Society for Therapeutic Radiology
and Oncology (ASTRO) released an evidence-based
review of the role of stereotactic radiosurgery (SRS) for
malignant glioma in 2005 [53]. In this review, the authors
concluded that there was insufficient evidence to support
the use of SRS at the time of progression or recurrence.
Insufficient evidence was also found regarding the
benefits/harms in the use of stereotactic fractionated
radiation therapy for patients with newly diagnosed or
progressive/recurrent malignant glioma. Following the
release of this review, several studies have been published
to address the risks and benefits of SRS and stereotactic
fractionated irradiation in recurrent malignant gliomas. A
recent case-control study demonstrated similar survival
advantage in patients with localized recurrent GBM who
underwent either surgical resection or SRS [54]. Combs
et al. [55] conducted a retrospective study of SRS in 32
patients with recurrent GBM. All patients initially
received fractionated external beam radiation as a
standard treatment following diagnosis. The median
interval between primary irradiation and re-irradiation
was 10 months. The median dose applied was 15 Gy. The
6-month progression-free survival was 72% and the 1-year
progression-free survival was 28%. Survival benefit was
more prominent in patients with smaller lesions at
recurrence [55]. Another study from the same group
evaluated the efficacy of fractionated stereotactic radio-
therapy in patients with recurrent gliomas [56]. Forty-two
patients with anaplastic gliomas and 59 patients with
GBM were treated with fractionated stereotactic radio-
therapy following recurrence. The median dose was 36 Gy
delivered in a median fractionation of 5 x 2 Gy/week.
Progression-free survival after fractionated stereotactic
radiotherapy was 5 months for GBM and 8 months for
anaplastic gliomas. 'Treatment was well tolerated.
Prospective study is required to further evaluate the
efficacy.

Molecular alteration in malignant gliomas

Malignant gliomas, like other cancers, share common,
essential characteristics — self-initiated proliferation,
avoidance of apoptosis, evasion from immune surveil-
lance, new blood vessel formation and an ability to invade
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normal tissues [57]. Most GBMs are diagnosed without
an antecedent lower-grade tumor being detected — so-
called e novo or primary GBMs, which are seen more
commonly in the elderly. Primary (de novo) GBMs often
display loss of PTEN (phosphatase and tensin homolog
deleted on chromosome 10) and amplification, mutation
or overexpression of the EGFR. Other molecular abnorm-
alities in primary GBMs involve mutation or deletion of
p14*F and p16™K*A which are co-localized on chromo-
some 9p. A smaller fraction of high-grade astrocytomas,
termed secondary GBMs, present initially at a lower-
grade tumor, with subsequent progression to higher
grades. Primary and secondary GBMs may be associated
with different frequencies of molecular changes [9]. Low-
grade, diffuse astrocytomas (WHO grade II) often display
mutations of tumor-suppressor gene TP53 and over-
expression of platelet-derived growth factor (PDGF)
ligands and their cognate receptors [58]. Progression to
anaplastic astrocytoma (WHO grade III) is associated
with several cellular alterations including deletion or
mutation of cyclin-dependent kinase inhibitor p16™ K+
or the retinoblastoma susceptibility locus 1 (pRB1), as
well as amplification or overexpression of cyclin-depen-
dent kinase 4 and human double minute 2 (human
xenolog of mouse double minute 2 ). Transformation to
GBMs is associated with deletion of chromosome 10.
Angiogenic cytokine profiles are also different between
primary and secondary GBMs with predominant vascular
endothelial growth factor (VEGF)-A expression in
primary GBMs and high expression of PDGF-AB in
secondary GBMs [59]. Recent large-scale expression
analyses have defined the gene expression differences
that distinguish primary and secondary glioblastomas
[60]. Secondary glioblastoma-associated genes primarily
include mitotic cell cycle components, suggesting the
loss of function in prominent cell cycle regulators,
whereas primary glioblastoma-associated genes demon-
strate genes typical of a stromal response, suggesting the
importance of extracellular signaling. These data high-
light that the development of gene pathway-targeted
therapies may need to be specifically tailored to each
subtype of glioblastoma.

Molecularly targeted therapy

Malignant gliomas are strikingly heterogeneous tumors in
terms of pathology and gene expression, even within a
single tumor. Despite the variability, common alterations
in specific cellular signal transduction pathways or
cellular functions occur within most malignant gliomas,
leading to the emerging trials of novel targeted ther-
apeutic agents in clinic (Fig. 1 and Table 1). Develop-
ment of targeted therapy for gliomas must incorporate
several issues, including adequate agent delivery to the
tumor, specificity to tumor cells or tumor-associated
endothelial cells relative to normal cells, and limited
toxicity. Several classes of agents, such as low-molecular-
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weight kinase inhibitor and monoclonal antibodies, have
been developed for therapy in malignant gliomas.

Kinase inhibitors

Most growth factor receptors initiate intracellular signal-
ing mediated by associated tyrosine or serine/threonine
kinase activities. The kinase regions catalyze transfer of
phosphate groups from adenosine triphosphate (ATP) to
transmembrane receptors or signal transducers to initiate
signaling pathway activation. Selective kinase inhibitors
were developed from screening large chemical libraries of
ATP mimetics. The development of kinase inhibitors in
cancer treatment has been stimulated by the remarkable
success of imatinib mesylate in treating chronic myeloid
leukemia and gastrointestinal stromal tumors. Imatinib
mesylate specifically inhibits kinase activities associated
with ber-abl, c-kit and PDGF receptor (PDGFR) that are
dysregulated in these cancers. Lessons derived from the
efficacy of imatinib mesylate have generated new areas of
research using kinase inhibitors to target specific aberrant
pathways in many cancers, including malignant gliomas.
Cancer cells may be exquisitely dependent on oncogenic
pathways — ‘oncogenic addiction’ — prompting them to
undergo apoptosis, whereas normal cells suffer only cell
cycle arrest. Thus, specific disruption of aberrant
molecular pathways may dramatically alter patient out-
come with cancers dependent on these pathways.

Epidermal growth factor receptor

EGFR is amplified in approximately 50% of GBMs and is
overexpressed in many malignant gliomas regardless of
amplification status [61]. EGFR gene amplification is also
associated with poor prognosis in patients with GBM
[62]. In addition, frequent overexpression of several
mutant forms of EGFR, including EGFRvIIT (EGFRA2-
7), suggests that EGFR is a key factor in tumorigenesis
and provides a rationale for the use of EGFR-targeted
therapies in these patients [63]. Two small-molecule
inhibitors of EGFR, erlotinib (Tarceva, OSI-774; Genen-
tech) and gefitinib (Iressa, ZD1839; AstraZeneca), have
been widely tested in human malignancies, including
malignant gliomas. In our recently published phase II trial
of gefitinib for recurrent GBM patients, the median
event-free survival was only 8.1 weeks and no radio-
graphic responses were observed, although nine of 53
patients (17%) remained progression-free for at least 6
months [64]. Similarly, in a phase I trial of erlotinib, when
used either alone or in combination with temozolomide,
erlotinib demonstrated partial response in eight patients
(14%) and 11% of patients remained progression-free at 6
months [31]. In an ongoing phase II study of erlotinib in
patients with recurrent GBM, the overall response rate
was 25%, with an additional 25% of patients having stable
disease [65]. In another phase II study, however, the
median progression-free survival of erlotinib-treated
patients was only 12 weeks [66]. Clinical and radiographic
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Fig. 1
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Molecularly targeted therapies against glioma cells and/or tumor-associated endothelial cells. Malignant glioma cells and associated
endothelial cells often have constitutive activation of the pathways of several growth factor receptors such as epidermal growth factor receptor
(EGFR), vascular endothelial growth factor receptor (VEGFR) and platelet-derived growth factor receptor (PDGFR). Each growth factor family
consists of several members for which cognate receptors are transmembrane glycoproteins containing extracellular ligand-binding domains,
hydrophobic membrane-spanning regions and cytoplasmic domains having protein-tyrosine kinase activity. Ligand binding to receptors induces
receptor dimerization and phosphorylation (P). This receptor activation can induce the activity of numerous intracellular signal transduction pathways
that regulate gene transcription of essential cellular proteins, including RAS, mitogen-activated protein kinase (MAPK; also known as extracellular
signal-related protein Kinase; ERK) and Akt. Several points in these cascades are the targets of therapies in development for gliomas, some of which
are shown. Most of these agents have proven to be well tolerated, but with limited activity against tumor as single agents. Multi-targeted kinase
inhibitors, combinations of single kinase inhibitors, and combinations of these novel agents with radiation therapy and/or conventional chemotherapy
may improve antitumor efficacy. HDAC, histone deacetylase; MEK, MAPK/ERK kinase; mTOR, mammalian target of rapamycin; PDK, 3-
phosphoinositide-dependent protein kinase; PKC, protein kinase C; PTEN, phosphatase and tensin homolog deleted on chromosome 10; SAHA,
suberoylanilide hydroxamic acid; rhumab-VEGF, recombinant human monoclonal antibody to VEGF.

responses to EGFR kinase inhibitors in lung cancers have
been linked to kinase region mutations in the EGFR
molecule. We and others did not detect these mutations
in our glioma specimens, but a comprehensive evaluation
has not been performed to date. Two recent, elegant
studies demonstrated that amplification or high expres-
sion of wild-type EGFR and low levels of phosphorylated
Akt/protein kinase B in one study [67] and co-expression
of EGFRVIII and wild-type phosphatase and tensin
homolog (PTEN) in another study [68] were associated
with increased radiographic response, although the
durability of responses noted was generally limited.
These findings may serve as a rationale to stratify

patients in future clinical trials involving EGFR-targeted
therapy, although it remains probable that these agents
will modify disease outcome only when used in combina-
tion with other therapies.

Platelet-derived growth factor receptors

PDGFRs are commonly expressed in glioma specimens
and models of gliomagenesis have been generated
through modulation of PDGF signaling [58]. The
PDGFR inhibitor, imatinib mesylate, exhibited antiglio-
ma activity in preclinical studies [69]. In addition,
imatinib mesylate also sensitized glioma cells to radiation
injury [70]. Despite success in preclinical studies,
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Table 1 Summary of molecularly targeted therapeutics in malignant gliomas

Agents Targets Stage of development Response rate

Gefitinib EGFR phase Il recurrent GBM: 6-month, PFS 17%; no radiographic response
Gefitinib plus rapamycin EGFR and mTOR phase | recurrent MG: MTDs identified; 6% PR; 38% SD

Erlotinib (% temozolomide) EGFR phase | and Il recurrent GBM: 6-month PFS 11%; 10-20% PR; 25% SD
Erlotinib plus temsirolimus EGFR and mTOR phase I/l recurrent GBM: ongoing

Bevacizumab plus irinotecan VEGF phase Il recurrent MG: ongoing

Imatinib plus hydroxyurea PDGFR phase Il recurrent GBM: 6-month PFS: 27%; 9% PR; 42% SD
Vatalanib (PTK787) PDGFR phase I/l recurrent GBM: ongoing

AEE788 EGFRVEGFR phase | recurrent GBM: ongoing

AEE788 plus everolimus EGFR, VEGFR, mTOR phase | recurrent GBM: ongoing

Tipifarnib farnesyltransferase phase /1l recurrent MG: MTD reached; modest efficacy

Lonafarnib plus temozolomide farnesyltransferase phase | recurrent MG: ongoing

AP23573 mTOR phase | (with surgery) target validation with in-vivo inhibition of mTOR; no radiographic response
Temsirolimus mTOR phase Il recurrent GBM: 6-month PFS 7.8%; 36% radiographic improvement
2-Methoxyestradiol microtubule phase Il recurrent GBM: ongoing

SAHA HDAC phase /1l recurrent MG: ongoing

Depsipeptide HDAC phase /1l recurrent MG: ongoing

Sorafenib RAF, VEGFR phase I/l recurrent GBM: ongoing

Enzastaurin (LY317615) PKC-B phase Il recurrent MG: ongoing; 18% radiographic response
Cilengitide integrins phase | recurrent GBM: completed accrual

Marimastat plus temozolomide MMPs phase Il recurrent GBM: 6-month PFS: 39%; 14% PR; 59% SD
AP12009 TGF-B phase | recurrent GBM: median survival 47 weeks

ZD6474 EGFR, VEGFR preclinical clinical trial under development

Sunitinib PDGFR, VEGFR preclinical clinical trial under development

Perifosine Akt preclinical clinical trial under development

EGFR, epidermal growth factor receptor; GBM, glioblastoma multiforme; PFS, progression-free survival; mTOR, mammalian target of rapamycin; MG, malignant glioma;
MTD, maximal tolerated dose; PR, partial response; SD, stable disease; VEGF, vascular endothelial growth factor; PDGFR, platelet-derived growth factor receptor;
VEGFR, VEGF receptor; SAHA; suberoylanilide hydroxamic acid; HDAC, histone deacetylase; PKC-B; protein kinase C-B; MMP, matrix metalloproteinase; TGF-f,

transforming growth factor-f3.

imatinib mesylate monotherapy failed to show clinical
benefits in several phase II trials [71,72]. The combina-
tion of imatinib mesylate and hydroxyurea, however, has
demonstrated more promising results in one patient
series [73], which was confirmed by a subsequent phase
IT trial in recurrent GBM patients [74]. The 6-month
progression-free survival of this combination was 27%,
with the median progression-free survival of 14 weeks.
Nine percent of patients had radiographic response, while
42% achieved stable disease at the median follow-up of 58
weeks [74]. The mechanism of antitumor activity of this
combination remains unknown. Given the encouraging
results of imatinib mesylate plus hydroxyurea, several
combinations of imatinib mesylate with other che-
motherapies such as temozolomide [30] are under clinical
investigation.

Vascular endothelial growth factor receptor

One of the hallmarks of cancer is the ability to form new
blood vessels (neoangiogenesis) [75]. VEGF is a heparin-
binding growth factor that plays a pivotal role in
neoangiogenesis [76]. Glioma tumor cells secrete VEGE
whereas tumor-associated endothelial cells express high
levels of VEGFR receptor (VEGFR)-2 (also known as
kinase insert domain receptor; KDR), creating a paracrine
loop of angiogenesis activation. VEGF promotes endothe-
lial cell proliferation, migration and tube formation.
Pharmacological inhibition of VEGFR-2 by small mole-
cule inhibitors blocks growth of malignant glioma in
preclinical models [77,78]. On the basis of these
encouraging results, several clinical trials of angiogenic
kinase inhibitors have been initiated. Vatalanib (PTK787/
7K222584; Novartis), a kinase inhibitor of VEGFR and

PDGFR, was evaluated in multi-centered phase I/II trials
alone or in combination with chemotherapy. Vatalanib
monotherapy in recurrent malignant gliomas demon-
strated 4% partial response, 66% stable disease and 30%
progressive disease [79]. A combination study of vatalanib
with either temozolomide or 1-(2-chloroethyl)-3-cyclo-
hexyl-1-nitrosourea (CCNU) (lomustine) demonstrated
that both combinations were well tolerated, but the
efficacy appeared modest with time to progression of 16
weeks for temozolomide plus vatalanib and 12 weeks for
CCNU plus vatalanib [80].

Multi-targeted kinase inhibitors

Failure of the first generation of targeted agents in many
solid cancers may be due to the existence of multiple
parallel or compensatory oncogenic pathways that allow
tumor cells to escape and survive. Newer-generation
small-molecule kinase inhibitors are designed to target
multiple aberrant signaling pathways in the tumors and
tumor-associated vasculature. Several small-molecule
kinase inhibitors disrupting the functions of both EGFR
and VEGFR potentially affecting both tumor cells and
tumor-associated endothelial cells have been developed.
AEE788 (Novartis) is a dual-kinase inhibitor of EGFR
and VEGFR-2. AEE788 has efficacy in both primary
glioma cell lines and a murine model of glioblastoma
[81,82]. Multi-center trials of AEE788 alone or in
combination with RADOO1 [everolimus, a mammalian
target of rapamycin (mTOR) inhibitor; Novartis] in
recurrent malignant glioma are ongoing [83]. ZD6474
(Vandetanib, Zactima, AstraZeneca), a kinase inhibitor of
VEGFR-2 and EGFR, displayed survival benefits in

murine models of intracranial human glioma xenografts
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[84] and a clinical trial of ZD6474 in malignant glioma is
under development. The efficacy of AEE788 and ZD6474
in preclinical models was greater than an inhibitor of
either EGFR or VEGFR in identical models, suggesting
that simultaneous pathway disruption may offer addi-
tional benefit. Sunitinib (SU11248; Pfizer), a multi-
targeted kinase inhibitor of VEGFR-2, PDGFR, c-kit and
fetal liver tyrosine Kkinase 3, was active against a
subcutaneous model of glioblastoma [85]. A phase I
study of sunitinib in advanced solid malignancies has
been completed [86], and a phase II study in malignant
glioma is under development. Sorafenib (Nexavar, BAY
43-9006; Bayer, West Haven, Connecticut, USA and
Onyx, Emeryville, California, USA) is a kinase inhibitor of
RAE VEGFR and PDGFR with broad-spectrum anti-
tumor activity in several cancer cell lines [87]. Although
most GBMs lack RAF mutations, targeting the RAF/
MEK/ERK pathway may be beneficial as this pathway
may be activated by other genetic alterations. Sorafenib
was well tolerated in a phase I study in advanced solid
tumors [88]. The NABTC is conducting multiple phase
I/IT studies of sorafenib in combination with erlotinib
(OSI-779, Tarceva; Genentech), the farnesyltransferase
inhibitor tipifarnib (R115777, Zarnestra; Johnson &
Johnson, New Brunswick, New Jersey, USA) or the
mTOR inhibitor temsirolimus (CCI-779; Wyeth, Madi-
son, New Jersey, USA). Lapatinib (GW572016; Glaxo-
Smith-Kline, Research Triangle Park, North Carolina,
USA) is an ERBB1/EGFR and ERBB2/HER-2 kinase
inhibitor that demonstrated tolerability and encouraging
clinical benefits in a recent phase I trial of metastatic
cancers with either EGFR or ERBB-2 expression [89]. A
phase II trial in recurrent malignant gliomas is planned.

Monoclonal antibodies

Monoclonal antibodies recognize antigenic epitopes with
high selectivity and affinity and have shown promise in
the treatment of several cancers. The main obstacle for
the use of monoclonal antibodies in malignant gliomas
may be limited delivery. Typically, monoclonal antibodies
are large, adhesive molecules that do not penetrate an
intact blood-brain barrier. Several strategies may be used
in conjunction with monoclonal antibody administration,
such as osmotic blood-brain barrier disruption, or local
delivery into the tumor/resection cavity or CED, as
discussed above. Targeting angiogenesis through systemic
anti-VEGF therapies subverts delivery limitations, as a
monoclonal antibody may only require intraluminal
vascular delivery to exert antiangiogenic effect without
crossing the blood-brain barrier.

Bevacizumab

Bevacizumab (Avastin; Genentech) is a recombinant
human monoclonal antibody to VEGE A murine mono-
clonal antibody to VEGF (A4.6.1) was developed in the
early 1990s [90]. Its recombinant human counterpart,

bevacizumab, has now become widely used in treatment
for several advanced solid malignancies in combination
with chemotherapies [91,92]. In a rat intracranial C6
glioblastoma model, A4.6.1 treatment decreased tumor
vascularity, enhanced tumor apoptosis and prolonged
survival [93]. The antitumor mechanism of bevacizumab
is unclear. Decreased vessel diameter and reduction in
interstitial fluid pressure were observed [94]. In some
studies, these improvements resulted in an increase in
intratumoral uptake of chemotherapy, implying that the
most effective use of anti-VEGF therapy may be in
combination with chemotherapy [94]. Stark-Vance [95]
recently reported dramatic efficacy of bevacizumab plus
irinotecan for patients with recurrent GBM. In this case
series of 29 heavily pretreated patients with recurrent
GBM, 16 patients achieved radiographic response (55%),
10 achieved stable disease (34%) and only three
developed progressive disease (10%). The regimen was
well tolerated overall, although one intra-cerebral hemor-
rhage was reported. A phase II trial of this combination at
Duke has been completed. The preliminary data confirms
the efficacy of this combination (J. Vredenburgh, in
preparation). Future studies of bevacizumab in combina-
tion with radiation therapy, other chemotherapies or
small-molecule kinase inhibitors are being developed.

Miscellaneous

Anti-invasion agents

Several new therapeutic agents have been developed to
modify the malignant phenotypes (such as invasion and
apoptosis) of cancers. Tumor invasion of the normal brain
is a hallmark of malignant gliomas that contributes to
therapeutic resistance in multiple ways. Tumor cell
migration is a complex, dynamic interaction of multiple
cellular processes, including the alteration of tumor cell
adhesion to a modified extracellular matrix, the secretion
of proteases by the cells and modifications to the actin
cytoskeleton (motility) [96]. High expression of genes
upregulating the invasion correlates with poor clinical
outcome [97]. Thus, targeting migration/invasion might
offer benefits for patients with malignant gliomas.
Cilengitide (EMD121974; EMD Pharmaceuticals, Dur-
ham, North Carolina, USA), an intravenous integrin
inhibitor, showed preclinical activity in malignant gliomas
[98] and phase II clinical trials of cilengitide are ongoing,.
Cilengitide may target both tumor cells and associated
vasculature. Proteases such as MMPs secreted by tumor
cells are critical enzymes that disrupt the extracellular
matrix to facilitate the cellular migration. A phase II trial
of an MMP inhibitor, marimastat, plus temozolomide in
patients with recurrent malignant gliomas showed
encouraging clinical activity with the 6-month progres-
sion-free survival of 39% [29]. Side-effects of severe joint
and tendon pain in more than half of the patients tested,
however, may limit the use of marimastat. Dasatinib
(BMS-354825; Bristol-Myers Squibb, New York, New
York, USA), a selective Src/abl kinase inhibitor, is under
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clinical development for malignant gliomas. Other
targets, such as plasminogen activator inhibitor-1 and
secreted protein acidic and rich in cysteine (osteonectin),
are under preclinical investigation.

Agents targeting apoptosis pathways

Apoptosis, commonly called programmed cell death in
developmental biology, is a major mechanism of cell death
in response to many toxic stimuli, including withdrawal of
external survival signals and DNA damage. Resistance to
apoptosis is one of the hallmarks of cancer. Several agents
directly targeting apoptosis pathways have been tested in
malignant gliomas with only modest efficacy. Other
agents that indirectly target or modulate the apoptosis
pathways include proteosome inhibitors, nuclear factor-
kB inhibitors phosphatidylinositol-3 kinase (PI3K)/Akt
inhibitors and mTOR inhibitors. These agents are in early
clinical development. The ubiquitin—proteosome system
is important in regulating the intracellular level of
proteins, hence balancing cell proliferation and apoptosis
[99]. Bortezomib (Velcade, PS-341; Millennium Pharma-
ceuticals, Cambridge, Massachusetts, USA), a proteo-
some inhibitor, induced growth arrest and apoptosis in
glioma cell lines and explant [100], and is currently in a
phase I/II study in malignant gliomas. The mTOR (also
known as FK-506-binding protein 12-rapamycin-asso-
ciated protein 1) is a downstream component of the
PI3K/Akt pathway. mTOR regulates proliferation by
activating downstream protein kinases required for
ribosomal biosynthesis and mRNA translation, driving
cell cycle progression. Tumors that depend on the
activation of the PI3K pathway or that harbor mutations
causing constitutive activation of the PI3K pathway may
be more susceptible to rapamycin and derivatives that
inhibit mTOR. Activation of the PI3K pathway by
overexpression of upstream growth factor receptors (e.g.
EGFR and/or deletion of PTEN) is significantly asso-
ciated with increasing tumor grade, decreased levels of
apoptosis and adverse clinical outcome in human gliomas
[101]. Therefore, targeting mTOR would appear to be a
promising target in the clinical management of glioma
patients. Several mTOR inhibitors have been developed
in clinical trials for malignant gliomas, including rapamy-
cin (rapamune, sirolimus; Wyeth), CCI-779 (temsiroli-
mus; Wyeth), RADO001 (everolimus; Novartis), and
AP23573 (Ariad Pharmaceuticals, Cambridge, Massachu-
setts, USA). A phase II study of temsirolimus in recurrent
GBMs demonstrated modest efficacy with some evidence
of activity based on molecular phenotype [102]. Several
inhibitors of the PI3K/Akt pathway have been developed.
Perifosine (KRX-0401; Keryx Biopharmaceuticals, New
York, New York, USA), an orally available Akt/AMPK
inhibitor, has shown promising preclinical activity when
combined with temozolomide in a transgenic glioma
model [103]. Perifosine is now under clinical trial
development in malignant glioma. In addition, new
agents modulating apoptosis pathways such as heat shock
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protein 70 (Hsp70) inducers and poly(ADP-ribose)
polymerase (PARP) inhibitor are undergoing preclinical
or early clinical development in malignant gliomas.

Farnesyltransferase inhibitors

Signal transduction from activated receptor tyrosine
kinases is partly mediated through the RAS/RAF/MEK/
ERK pathway. Malignant gliomas exhibit activity of three
major types of RAS: N-RAS, H-RAS and K-RAS [104].
Active RAS is dependent on posttranslational modifica-
tions to correctly target the protein to membranes where
signaling complexes are generated. The rate-limiting step
involves the addition of prenyl groups — either farnesyl or
geranylgeranyl groups. Many other proteins undergo
parallel modifications. Farnesyltransferase inhibitors
(FTIs) have been developed that may function by
blocking RAS activity or the activities of other proteins
yet to be fully defined. FTTs have activity against human
gliomas and two specific FTIs (tipifarnib, Zarnestra,
R115777; Johnson & Johnson and lonafarnib, Sarasar,
SCH66336; Schering-Plough) have been developed. The
NABTC completed a phase I/II study of tipifarnib in
recurrent malignant gliomas with a 6-month progression-
free survival rate of 24% and only three partial response
patients [105]. These results suggest modest efficacy of
FTIs as monotherapy in recurrent malignant gliomas.
Studies combining FT1s with radiation therapy, temozo-
lomide and other targeted therapies are under develop-
ment.

Protein kinase C inhibitors

The true molecular target of tamoxifen remains con-
troversial. In addition to its estrogen agonist—antagonist
functions, tamoxifen inhibits protein kinase C, insulin-
like growth factor-II and nuclear factor-xB pathways, and
it has activity against glioma xenograft # ovivo [106].
Several studies have shown modest efficacy of tamoxifen
alone [107] or in combination with chemotherapies, such
as procarbazine [108] or temozolomide [109], in recur-
rent malignant gliomas. Activation of protein kinase Cf
has been implicated in neoangiogenesis, tumor cell
proliferation, apoptosis and invasion. The selective
protein kinase CP inhibitor, enzastaurin (LY317615; Eli
Lilly, Indianapolis, Indiana, USA), demonstrated precli-
nical activity against glioblastoma xenograft [110] and is
being tested in clinical trial for recurrent malignant
gliomas with promising activity [111]. A multi-centered
phase II trial is planned.

Deacetylase inhibitors

The histone code refers to specific modifications of
nucleosome-associated histone proteins involved in the
regulation of gene transcription. These modifications
include the acetylation, methylation and phosphorylation
of several histone amino acid residues, and are associated
with different states of chromatin configuration and gene
expression. In particular, acetylation of specific residues

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



1012 Anti-Cancer Drugs 2006, Vol 17 No 9

in histones has been associated with an open chromatin
configuration and a permissive gene transcription state.
This particular modification is regulated by several
enzymatic activities with the capacity to either transfer
acetyl groups (histone acetyl transferases) or induce
histone deacetylation (histone deacetylases; HDACS).
The HDAC family includes cytoplastmic deacetylases
(HDAGs 4, 6 and 10) that function to regulate key
cytoplasmic targets to regulate growth factor degradation
[112], suggesting that non-histone targets may also
contribute to the efficacy of deacetylase inhibitors.
Inhibition of HDAC has been associated with cell
differentiation and induction of apoptosis in malignant
gliomas. Pretreatment with a HDAC inhibitor, suberoy-
lanilide hydroxamic acid (SAHA; Aton Pharma, Tarry-
town, New York, USA), can sensitize glioma cells to
chemotherapy [113] and radiation [114]. This agent and
other deacetylase inhibitors, such as depsipeptide
(FK228; Gloucester Pharmaceuticals, Cambridge, Massa-
chusetts, USA), LBH589 (Novartis) and valproic acid, are
under clinical development in malignant gliomas.

Heat shock protein 90 inhibitors

Hsp90 is an ATP-dependent molecular chaperone that
stabilizes regulatory proteins [115]. Many HSP90 client
proteins are involved in cell cycle regulation and cell
survival, and are associated with a cytoprotection against
DNA damage. Therefore, targeting this chaperone
protein might act as a direct antitumor agent or enhance
cytotoxicity of radiation and chemotherapy to cancer
cells. A preclinical study revealed the ability of geldana-
mycin (Hsp90 protein disrupting agent) to inhibit the
growth of glioma cells [116]. In addition, 17-allylamino-
17-demethoxygeldanamycin, a less toxic and less potent
derivative of geldanamycin, significantly inhibited the
growth of a glioma xenograft in nude mice [116]. Recent
data also showed enhanced tumor cell radiosensitivity by
another orally available Hsp90 inhibitor, 17-(dimethyl-
aminoethylamino)-17-demethoxygeldanamycin [117].
Clinical development of Hsp90 inhibitors in malignant
gliomas appears warranted.

Angiogenesis inhibitors

In addition to monoclonal antibodies to VEGF and kinase
inhibitors of VEGFR-2, several angiogenesis inhibitors of
uncertain mechanism of action have been used in
malignant gliomas. Thalidomide (Thalomid; Celgene,
Summit, New Jersey, USA) has been tested in clinical
trials for both monotherapy and in combination with
chemotherapy. Thalidomide alone has modest activity
against recurrent malignant gliomas [118]. Thalidomide
in combination with chemotherapy such as carmustine
[119] or temozolomide [120] appears to be more
effective than either agent alone. Further clinical studies
are needed to confirm the efficacy. Cyclooxygenase-2
inhibitors such as celecoxib have been tested in clinical
trials of malignant gliomas with only modest efficacy

[121]. Recent concerns over cardiovascular side-effects
have limited the clinical use of these agents. Newer
agents such as pan-VEGFR kinase inhibitors, soluble
decoy receptors of VEGF (VEGF-trap) and angiopoietin
inhibitors are currently under preclinical development.

Transforming growth factor-p inhibitors

Transforming growth factor (T'GF)-B is a multifunctional
cytokine expressed in malignant gliomas that increase
tumor cell motility and invasion, angiogenesis and
immune escape. Malignant glioma cells secrete TGF-f
ligands and express receptors, indicating the presence of
an autocrine loop. Preclinical studies using antisense
oligonucleotides directed to mRNAs encoding TGF-B
ligands have shown promise. AP12009 (Antisense Phar-
ma, Regensburg, Germany), a TGF-f ligand-specific
antisense oligonucleotide, was well tolerated when
administered intratumorally. The median survival for
GBM was 47 weeks [122]. Several small molecule ATP
mimetics of TGF- receptors have shown efficacy in
preclinical studies of malignant gliomas [123,124]. These
agents might have utility either as monotherapies, or in
combination with chemotherapy or immunomodulatory
treatment.

Other potential therapeutic agents

Several agents inhibiting novel targets are in preclinical
development for the treatment of cancers including
malignant gliomas. Cell cycle regulators such as cyclin-
dependent kinase inhibitors, aurora kinase and polo-like
kinase inhibitors, and mitotic kinesin inhibitors are under
testing for several hematologic and solid malignancies. In
addition, inhibitors disrupting both cell cycle regulators
and receptor or angiogenic kinases have been developed.

Combination therapy and multi-modality
treatment

Several potential resistance mechanisms to molecularly
targeted therapeutic agents have been elucidated. Cell
lines treated with growth factor receptor inhibitors
usually regrow with increased expression of other
mitogenic growth factors. Preclinical studies of glioma
cell lines, which are resistant to EGFR kinase inhibitors,
exhibited activation of the IGF1/PI3K/Akt pathway
[125,126]. In addition, malignant gliomas are genetically
heterogeneous even in single tumors; thus, targeting only
one oncogenic pathway may not be sufficient to control
tumor growth. Disrupting several growth factor pathways
by multi-targeted kinase inhibitors or by the combination
of several single-kinase inhibitors to block multiple
mitogenic pathways might offer greater efficacy. We
found that a combination of EGFR and KDR inhibitor
(AEE788) and mTOR inhibitor (RADO001) displayed
increased rates of cell cycle arrest and apoptosis, and
reduced proliferation more than either agent alone [82].
An in-vivo preclinical study confirmed greater tumor
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growth inhibition and greater increases in median survival
than monotherapy [82]. Another study has also demon-
strated the combinatorial benefit of this similar approach
in a glioblastoma model by using an EGFR kinase
inhibitor, EKI-785, and an mTOR inhibitor, rapamycin
[127]. Several clinical studies based on this rationale of
combination by targeting both upstream growth factor
receptor signaling pathways and downstream PI3K path-
way are ongoing. We recently completed a phase I trial of
gefitinib plus rapamycin. The maximal tolerated dose of
both agents was defined and encouraging antitumor
activity was seen in some patients [128]. Phase I/II
studies of erlotinib plus temsirolimus and AEE788 plus
RADO0O1 are ongoing. Sequence of each drug administra-
tion is important to avoid negative interactions, €.g. some
agents might require cells to be cycling to induce
apoptosis, whereas others might only induce cell cycle
arrest. On the basis of encouraging preliminary results of
bevacizumab and irinotecan, combinations of such anti-
angiogenic agents with chemotherapies or molecularly
targeted therapeutics should be developed. Multi-mod-
ality treatment with conventional radiation or SRS should
also be explored. Several lines of preclinical evidence
show that small-molecule kinase inhibitors can sensitize
tumor or have synergistic antitumor activity with radia-
tion therapy [129-131]. Sequencing and timing of drug
administration in relation to radiation treatment is crucial
when designing multi-modality clinical trials [130,132].
Lastly, recent isolation of cancer stem cells from patients
with GBM has created a paradigm shift in neuro-oncology
research [133]. Cancer stem cells have been defined
functionally and by stem cell marker expression. Cancer
stem cells display self-renewal and multi-lineage differ-
entiation potentials with heterogeneous tumor formation
following transplantation of limited number of cells in
immunocompromised rodents. These cancer stem cells
form the tumors recapitulating parental histopathology
when xenotransplanted into the mouse brain. As the
molecular abnormalities of glioma stem cells are exam-
ined, targeted therapies aiming at these cells will be
simultaneously developed. Targeting both stem-like and
non-stem-like cancer cells may offer a new horizon in the
treatment of these devastating tumors. These subsets of
cancer cells are in contrast to engineered neural stem
cells and bone marrow-derived stem cells that may track
glioma cells to provide delivery vehicles for gene therapy
or other agents [134,135].

Conclusion

The field of neuro-oncology has witnessed an explosive
increase in new therapies undergoing laboratory and
clinical evaluation. Although some therapies have been
developed specifically for malignant gliomas, most
therapies have been developed primarily for other solid
cancers with greater patient numbers. The molecular
heterogeneity of brain cancers makes an imatinib
mesylate-like success unlikely, suggesting that combina-
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tions of targeted therapies with one another or cytotoxics
will be required. The limited number of patients
available for clinical trial in the face of many potential
approaches will demand greater cooperation between
centers and more rational trial designs, including tissue
acquisition and pharmacokinetic studies. Eventual pa-
tient subgroup analysis may be supported, but the lack of
definitive markers to date will require less selected
populations until preliminary markers can be validated.
Although brain cancers remain highly lethal, improved
understanding of the underlying tumor biology and more
selective antitumor therapies may offer patients new
hope on the horizon. Continued efforts by those in neuro-
oncology are required to help overcome repeated failures.
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