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Abbreviations used in this paper: GBM = glioblastoma multiforme,
EGFR = epidermal growth factor receptor, PTEN = phosphatase and
tensin homolog, PI3K = phosphatidylinositol 3-kinase, PDGF = platelet-
derived growth factor,VEGF = vascular endothelial growth factor, MAPK
= mitogen-activated protein-kinase cascade,mAb = monoclonal antibody,
NABTC = North American Brain Tumor Consortium, TMZ = temozolo-
mide, EIAEDs = enzyme-inducing antiepileptic drugs.

Introduction

Malignant gliomas are challenging to treat and are associ-
ated with a high degree of morbidity and mortality. Stan-

dard treatment usually consists of cytoreductive surgery
followed by radiation therapy. Based on several meta-
analyses, adjuvant chemotherapy appears to add some sur-
vival benefit, but its efficacy is limited.1-4 Standard
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chemotherapy agents used to treat malignant glioma are
non-cell-cycle specific and aimed at inducing cell death.
Recent advances in molecular and cell biology have
expanded our understanding of the genetic and cellular
alterations that may lead to brain cancer.5 For example,
the transformation into cancer may involve amplification
of oncogenes and/or loss of tumor suppressor genes. Such
advances in the knowledge of these genetic and cellular
alterations have been translated into new treatment agents
that “target” these alterations in cell-signaling pathways
and bring hope of improved prognosis for patients with
brain tumors. However, this hope comes with the caution
that new agents need to be studied in well-designed and
properly conducted clinical trials before efficacy can be
determined. This article reviews some of the molecular
abnormalities found in malignant glial tumors and the
related emerging molecularly targeted therapies.

Methods

We reviewed the literature on small molecule targeted
agents and monoclonal antibodies relevant to biologic path-
ways in gliomas that have been used in brain tumor
research and brain tumor clinical trials in the past 20 years.
The search included English-language electronic databases,
textbooks, specialty journals, proceedings, and Web sites of
the North American Brain Tumor Consortium and other
cooperative groups in Europe and the United States. We
focused on therapies that have had the largest discussion in
the literature or continue to be used in current phase I and
phase II studies. Additional reviews of targeted agents for
the treatment of brain tumors have been published.6-9

Results

Molecular Biology
High-grade gliomas are the most common primary central
nervous system neoplasms in adults. They also continue to
be among the top 10 causes of cancer-related deaths
despite a relatively low incidence compared to other can-
cers.10 Recent studies have demonstrated that glioblas-
toma multiforme (GBM; grade IV astrocytoma) commonly
expresses molecular or genetic abnormalities that influ-
ence the signal pathways that regulate cell proliferation.
For instance, a glioma cell may overexpress oncogenes
such as epidermal growth factor receptor (EGFR) or con-
tain mutations of tumor suppressor genes such as phos-
phatase and tensin homolog (PTEN).11 Overexpression of
EGFR is the most common oncogenic alteration in GBM.
These gains or losses may promote cancerous behavior
but also may be targets for new treatments.

Primary GBMs develop de novo and usually occur in
older patients who do not have a prior history of lower-
grade astrocytoma. Primary GBMs generally overexpress

EGFR, a tyrosine kinase receptor with downstream effects
resulting in cell proliferation and invasion. Secondary GBMs
are thought to arise from lower-grade astrocytomas and typ-
ically occur in younger age groups.12,13 These GBMs gener-
ally do not overexpress EGFR; instead,they commonly have
mutations in tumor suppressor gene p53.11,14

The role of EGFR is to mediate cell growth and pro-
liferation via activation of phosphatidylinositol 3-kinase
(PI3K). PI3K facilitates the phosphorylation of phos-
phatidylinositol-3,4-biphosphate (PIP2) to form phos-
phatidylinositol-triphosphate (PIP3). PIP3 upregulates
antiapoptotic factors and promotes cell survival. PIP3 also
induces kinases to phosphorylate residues that activate
Akt,a protein that has antiapoptotic effects and is involved
in cell proliferation.15 PTEN negatively regulates PIP3 by
dephosphorylating it back to PIP2. Therefore, the PTEN
gene product also indirectly regulates activation of Akt.
PTEN can be mutated in GBM and further predispose the
cells toward cancerous proliferation.16,17 In fact,mutations
of PTEN are found in 45% of GBMs.16

The most common type of EGFR mutation is known
as EGFRvIII. This mutant receptor is constitutively active
and exists in a low-level state of autophosphorylation that
induces receptor signaling. It lacks an extracellular recep-
tor domain and cannot bind ligand. It is thus immune to
the down-regulation that would occur when ligand acti-
vates a normal receptor.18

Tumor suppressor gene p53 is responsible for cell-
cycle control, DNA repair after radiation damage, and
induction of apoptosis, and it is mutated in approximately
50% of cancers and in 30% of gliomas.19 Mutation of
tumor suppressor gene p53 results in decreased apoptosis
in response to DNA damage and predisposes the cell
toward neoplastic transformation.
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Other glioma cell signaling pathways may also be
altered and result in tumorogenesis.20-22 As shown in the
Figure, activation of a tyrosine kinase receptor such as
platelet-derived growth factor (PDGF) or vascular
endothelial growth factor (VEGF) by a growth-factor lig-
and can result in cellular proliferation via one of two path-
ways. First, binding of the receptor may activate the Ras
pathway (a family of membrane-associated small GTPas-
es), which causes the cell to proliferate via the mitogen-
activated protein-kinase cascade (MAPK). To function 
normally, Ras requires the attachment of a farnesyl or ger-
anylgeranyl group, called prenylation. Prenylation is cat-
alyzed by farnesyltransferase. Secondly, VEGF or PDGF
may activate phospholipase C, which catalyzes the forma-
tion of diacylglycerol and inositol 1,4,5-triphosphate (IP3)
from PIP2. IP3 and diacylglycerol activate protein kinase
C, which may trigger the MAPK pathway directly or
through the Ras pathway.

EGFR, VEGF, and PDGF may also activate the PI3K
pathway, which results in the formation of PIP3. This in
turn upregulates the antiapoptotic protein Bcl-x1, which
helps the cell to survive. VEGF not only causes cell prolif-
eration but also is involved in the pathways that determine
endothelial proliferation and neovascularization.16 PDGF
also promotes angiogenesis by inducing VEGF expression.

Ras mutations may result in constitutive action by
impairing Ras sensitivity to inactivating molecules, which
leads to increased cell proliferation. However, Ras muta-
tions are rare in astrocytomas, and it is thought that
upstream components of the Ras pathway contain muta-
tions, eg, PDGF receptor.23

New treatment strategies for patients with gliomas
focus on targeting some of the above pathways. It must be

remembered that knowledge of the entire pathways and
their inter-relationships is not complete and that muta-
tions other than those discussed above may play a role in
tumor development and provide possible future targets
for treatment. The Table below presents a summary of the
agents discussed below.

Antibodies and Ligand Conjugates
The success of monoclonal antibody (mAb) therapy
depends on several factors, including the creation of non-
immunogenic mAbs (ie, mAbs that do not generate a
human anti-mAb antibody), the tissue dynamics of the
tumor, the integrity of the targeted antigen, and the route
of administration. For instance, the large molecular weight
of antibodies is likely to result in inefficient drug delivery
into the brain because the blood-brain barrier prevents
their passage into brain parenchyma. For this reason,mAb
therapy is often delivered intratumorally rather than sys-
temically. Such intratumoral delivery is generally done via
catheter or convection-enhanced delivery methods and
might avoid systemic targeting and toxicity. It can be per-
formed into the tumor itself or after resection.

Improved technology has been used to identify sever-
al glioma antigens that have been used to develop specif-
ic mAbs. For example, mAbs against EGFRvIII have been
studied in vitro and in vivo.24-26 Preclinical studies have
revealed that these antibodies likely promote receptor
internalization, resulting in decreased downstream signal-
ing. Some antibodies can also inhibit DNA synthesis and
induce complement-mediated and antibody-dependent
cell-mediated cytotoxicity.27 A promising agent is cetux-
imab, a chimeric human-mouse antibody. Cetuximab
binds to EGFR and prevents ligand binding, thereby block-
ing ligand-induced tyrosine kinase activation and stimulat-
ing receptor internalization. Additionally, cetuximab
appears to induce apoptosis and inhibit angiogenesis in
vitro.28,29 As of this review, cetuximab has not been used
in clinical trials involving patients with brain tumors since
delivery strategies are still being studied.

Several clinical trials of other mAbs in patients with
brain tumors have offered mixed results. mAb R3 recog-
nizes EGFR and inhibits tyrosine kinase activation. A phase
I clinical trial in 9 patients with malignant gliomas or
meningiomas failed to reveal any major objective antitu-
mor responses; however, 8 patients had stable disease at
their 6-month evaluation, and 2 patients remain alive 4
years after mAb therapy.30

In a prospective phase I/II trial, EMD 55900, a murine
mAb directed against the EGF receptor, was administered
intravenously at tumor recurrence to 16 patients previ-
ously treated with surgery, radiation therapy, and
chemotherapy for high-grade glioma. No measurable
tumor regression was reported, and all patients had pro-
gressive disease by 3 months.31

Phase I and II clinical trials of the 131I-labeled murine
antitenascin monoclonal antibody 81C6 have also been

Class Agent
Monoclonal antibodies Cetuximab

R3
EMD 55900

Toxin-linked conjugates TGF-PE38
IL-13-PE38

EGFR tyrosine kinase inhibitors Gefitinib (Iressa)
Erlotinib (Tarceva)
Imatinib mesylate (Gleevec)

PI3K inhibitors Wortmannin
LY294002

Mammalian target of rapamycin  Rapamycin
inhibitors (mTORs) CCI-779

RAD001
Farnesyltransferase inhibitors R111577

SCH66336
Antiangiogenic agents Thalidomide

CC-5103
PTK787

Anti-invasive agents Cilengitide
Marimastat

Cell growth and migration inhibitor Accutane

Selected Small Molecule Targeted Agents 
Being Studied in Patients With Glioma
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conducted in patients with newly diagnosed malignant
glioma.32-34 Tenascin is an extracellular matrix glycoprotein
that is expressed in malignant gliomas but not in normal
brain tissue. Reardon et al33 reported on 33 patients with
previously untreated malignant gliomas who were treated
in the phase II trial with 131I-labeled murine 81C6 injected
directly into a surgically created resection cavity. Patients
then received conventional external-beam radiation thera-
py followed by a year of alkylator-based chemotherapy.
Median survival for all patients and for those with GBM
was 86.7 and 79.4 weeks,respectively. After accounting for
established prognostic factors such as age and Karnofsky
performance status, the authors concluded that the median
survival achieved with 131I-labeled 81C6 exceeded that of
historical controls treated with conventional radiation ther-
apy and chemotherapy, and they suggested that a random-
ized phase III study is warranted.

In an effort to increase effectiveness, mAbs may be
conjugated with drugs, toxins,or radioisotopes. For exam-
ple, Grana et al35 described a three-step avidin-biotin pre-
targeting approach to target yttrium-90 biotin to tumor
cells in patients with high-grade glioma. In the first step,
the patient is injected with biotinylated mAbs against
tenascin (a known glioma antigen). Second, streptavidin is
injected,which binds to the biotinylated antibodies on the
tumor. Third, radiolabeled yttrium-90 biotin is injected and
binds the streptavidin. The authors of this study claim that
this approach minimizes adverse effects,delays tumor pro-
gression, and prolongs time to relapse and overall survival.

In patients with GBM, mAbs against EGFR and
EGFRvIII have been used to deliver 125I and have been pro-
posed for use in phase III studies.36,37 This approach has
the possible benefit of radiation penetrating into residual
tumor cells. Conversely, it is associated with the risk of
increased toxicity to normal tissue.

Toxin-linked conjugates combine tumor-targeting
regions of antibodies and a bacterial or plant toxin. Inges-
tion of the antibody by the receptor allows localized deliv-
ery of the toxin. Transforming growth factor alpha PE38
(TGFα-PE38), composed of TGFα and a mutated form of
the Pseudomonas exotoxin termed PE38, has been shown
to be toxic to cells in proportion to EGFR expression.38 A
recently completed phase I trial of TGFα-PE38 delivered by
convection-enhanced delivery to patients with recurrent
malignant brain tumors has demonstrated no systemic tox-
icities, with an overall median survival of 23 weeks.39

Compared with normal brain tissue cells, human
malignant glioma cells express higher levels of interleukin-
13 receptor (IL-13R). However, whether this receptor is
expressed in situ has not been carefully examined.40 A
recombinant fusion protein (IL-13-PE38QQR), composed
of IL-13 and a mutated form of Pseudomonas exotoxin,
has been developed and is currently being studied in brain
tumor clinical trials. Binding of IL-13-PE38QQR to the IL-
13R permits internalization of the recombinant toxin,
resulting in selective and potent cytotoxicity. The IL-13-PE

cytotoxin was found to be toxic to human GBM cells in
vitro while normal cells were relatively spared.41 Based on
these encouraging preclinical studies, several phase I clin-
ical trials in adults with recurrent malignant glioma have
been initiated that involve convection-enhanced delivery
of the cytotoxin.42 Thus far, results have not been pub-
lished. Although survival was not the primary end point of
these phase I studies, prolonged survival times have been
observed. In fact, IL-13-PE38QQR is now being studied in
a multisite phase III trial, randomizing patients with recur-
rent GBM to convection-enhanced delivery of IL13-
PE38QQR or implantation of prolifeprosan 20 with car-
mustine wafers (Gliadel).43

Tyrosine Kinase Inhibitors
Several synthetic EGFR inhibitors have been tested in
brain-tumor clinical trials, including ZD1839 (gefitinib;
Iressa) and OSI-774 (erlotinib;Tarceva). These agents com-
pete with ATP for binding to EGFR within the tyrosine
kinase domain of the receptor and thereby inhibit down-
stream signaling through EGFR.

Gefitinib inhibits tumor growth and reduces angio-
genic growth factor production. It has been used in
many preclinical studies in various cancers.44 Clinically,
the North American Brain Tumor Consortium is current-
ly testing gefitinib alone (NABTC 00-01) or combined
with temozolomide (TMZ) (NABTC 01-02) for patients
with recurrent GBM.45,46 Full results are pending. The
Radiation Therapy Oncology Group (RTOG) has begun a
trial of gefitinib and radiation therapy in patients with
newly diagnosed GBM. The National Cancer Institute
(NCI) and Duke University have published results from a
phase II trial using gefitinib as a single agent at first
relapse for patients with GBM.47 Patients from this study
had a median overall survival time from treatment initia-
tion of 39.4 weeks. Adverse events were generally mild
and consisted mainly of skin reactions and diarrhea. The
authors concluded that further study of this agent at
higher doses is warranted.

Erlotinib has also been tested in several clinical 
trials. Prados et al48 showed acceptable toxicity and
encouraging preliminary results in a phase I trial com-
bining erlotinib with TMZ in patients with malignant
glioma. It should be noted that the pharmacokinetics of
erlotinib were altered by enzyme-inducing antiepileptic
drugs (EIAEDs). A phase I/II trial using erlotinib in
patients with recurrent malignant gliomas is ongoing
(NABTC 01-03).49 Another ongoing phase II trial is treat-
ing patients with newly diagnosed GBM with erlotinib,
TMZ, and concurrent radiation therapy followed by adju-
vant TMZ and erlotinib.50 A phase II study involving 30
patients with recurrent GBM treated with erlotinib alone
found that 6 patients had a greater than 50% reduction in
tumor size and 7 patients had stable disease for 3 months
or more. More than 10% of patients were progression
free at 1 year after treatment.51 Lastly, a phase II study of
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erlotinib plus TMZ administered during and following
radiation therapy in patients with newly diagnosed GBM
or gliosarcoma has started enrollment at the University
of California, San Francisco.

PDGF tyrosine kinase inhibitors also have been test-
ed in clinical trials. STI-571 (imatinib mesylate; Gleevec)
has shown activity against glioblastoma cell lines in pre-
clinical in vitro studies.52 The NABTC has tested STI-571
in patients with recurrent malignant glioma in a phase
I/II clinical trial (NABTC 99-08)53 and has an ongoing
study of this agent in patients with meningioma. The
European Organization for the Research and Treatment
of Cancer is also testing STI-571 in a trial, EORTC-16011,
which treats patients with low-grade or high-grade
glioma who have relapsed after prior radiation therapy
or chemotherapy.54 The objectives of these studies are
similar and include assessing the therapeutic activity of
STI-571 (in terms of objective response and progression-
free survival at 6 months) and the safety and pharmaco-
kinetics of this drug in these patients.

Inhibition of the PI3K/Akt Pathway
Research has confirmed that cell growth and survival are
influenced by PI3K and Akt.55,56 In gliomas, these path-
ways are likely overactive due to upstream activation of
growth-factor receptors such as EGFR. PTEN is an impor-
tant regulator of the EGFR pathway and antagonizes PI3K
effects.57 PTEN mutations are present in 15% to 40% of
GBM, and they contribute to the high activity of the
PI3K/Akt pathway in these tumors.58 Several agents that
inhibit the PI3K pathway are being studied. The PI3K
inhibitor LY294002 has shown activity against cultured
glioma cells but has not yet moved into clinical studies. In
an in vitro study, cells treated with LY294002 were noted
to have reduced concentrations of Akt.59 Wortmannin is
another PI3K inhibitor and appears to be a radiation sen-
sitizer of glioma cells but has also not yet moved into clin-
ical testing.60

To date, direct inhibitors of Akt have been difficult to
develop and have not been tested in glioma clinical trials.
An alternative approach to developing therapies that
directly inhibit Akt has been to develop agents that are
directed at the mammalian target of rapamycin (mTOR)
pathway, which is activated by Akt and is involved in reg-
ulation of protein synthesis and cell growth.61 The classic
mTOR inhibitor is rapamycin, which was initially devel-
oped as an immunosuppressant for patients undergoing
transplantation. This agent works by forming a complex
that binds to mTOR and inhibits its kinase activity, result-
ing in G1 cell-cycle arrest.62 Preclinical studies have
shown that rapamycin is cytostatic against xenografts of
glioblastoma and medulloblastoma.63 Compared with
PTEN-positive tumors, PTEN-negative tumors appear to be
more sensitive to inhibition by rapamycin.62 Rapamycin is
relatively unstable in solution and therefore has not been
used in many clinical trials. Instead, more soluble ester

analogs of rapamycin (eg, CCI-779) have been studied.
CCI-779 has been shown to inhibit GBM proliferation in
vitro and is currently being tested in several clinical tri-
als.64 Chang et al65 recently published results of a phase I
clinical trial using CCI-779 in patients with recurrent
malignant glioma who were also taking EIAEDs and found
it to be well tolerated. A phase I/II trial has begun through
the NABTC in patients with malignant gliomas, involving
stratification between patients taking EIAEDs and those
not taking EIAEDs. Full results are pending completion of
the trial. Other mTOR inhibitors, such as rapamycin ana-
log drug (RAD001), are also now being investigated in pre-
clinical research and in clinical trials

Inhibition of the RAS/MAPK Pathway
Ras is an intermediate G protein in the cell-signaling path-
ways involved in cell growth, membrane activity, and
apoptosis.66 Before Ras becomes active, it must undergo
several posttranslational modifications, including farnesy-
lation, catalyzed by farnesyltransferase. Alterations in Ras
lead to its constitutive activity. Ras mutations in gliomas
are relatively rare in comparison with other cancers.67

However, despite the lack of mutation, there still exists an
increased expression of Ras in GBM cell lines in compar-
ison with normal brain cells.68 The current theory is that
activation of Ras in malignant gliomas may be due to the
overactivity of membrane tyrosine kinase receptors.6

Some farnesyltransferase inhibitors (FTIs) have been
proven to inhibit the growth of multiple tumors, presum-
ably by blocking Ras-mediated cell signals.69 Synthetic
FTIs such as R111577 (tipifarnib) and SCH66336 (lona-
farnib) are being tested in clinical trials. Both of these
demonstrated positive results in preclinical studies.70 The
NABTC has begun two trials involving R115777. The first
is a phase I trial of R115777 with radiation therapy in
patients with newly diagnosed GBM.71 The second,
which has closed accrual, is a phase I/II trial of R115777
alone in patients with recurrent malignant glioma.72

SCH66336 is currently being used in a multi-institutional
phase I study to treat children who have recurrent or pro-
gressive brain tumors.73

Angiogenesis and Invasion
Angiogenesis is vital to tumor growth and is a key feature
in pathologic diagnosis of GBM. The process of angio-
genesis is a delicate balance between positive angiogenic
factors (eg,VEGF,PDGF) and inhibitory factors (eg, throm-
bospondin, angiostatin). Overexpression of PDGF or
other growth factors leads to the upregulation of VEGF
and the remodeling of the extracellular matrix to permit
endothelial migration.74,75 Angiogenesis is also regulated
by integrin-mediated signaling. Integrins are cell-surface
adhesion molecules often overexpressed in gliomas that
mediate cell adhesion, migration, and invasion into the
surrounding tissue.76,77 Invasion into the extracellular
matrix (ECM) is further mediated by matrix metallopro-
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teinases (MMPs), which are tumor-secreted proteases that
degrade ECM proteins, thereby providing room for tumor
infiltration. These pathways are targets for antiangiogenic
or anti-invasive therapy.78,79

Though its mechanism of action is not completely
understood, thalidomide is a promising antiangiogenic fac-
tor. It is thought that thalidomide inhibits or interferes
with integrin receptors and inhibits neovascularization
caused by VEGF. In a phase II trial, Fine et al80 treated
patients with recurrent high-grade glioma with thalido-
mide; it was well tolerated and median survival was 28
weeks. A group from Australia also recently completed a
phase II trial of thalidomide for the treatment of patients
with recurrent GBM.81 The median survival from this
study was 31 weeks, and the 1-year survival rate was 35%.
This study also found that thalidomide is a well-tolerated
drug that may have some activity in the treatment of
recurrent glioblastoma. In addition, the authors suggested
that the dose of thalidomide required to achieve optimal
biological impact might be better defined once reliable
surrogate end points have been established. Thalidomide
has also been studied in combination with more tradition-
al chemotherapeutic agents. For instance, the neuro-
oncology group at the University of California, San Fran-
cisco recently completed a phase II study of TMZ and
thalidomide with radiation therapy for the treatment of
patients with newly diagnosed GBM.82 This combination
was relatively well tolerated, with favorable survival out-
come for patients with GBM when compared to patients
not treated with adjuvant chemotherapy and similar to
those who received adjuvant nitrosourea chemotherapy.
However, it was unclear what added advantage thalido-
mide has in combination with TMZ for this patient popu-
lation.

Other antiangiogenic factors are in development,
including CC-5103, an analog of thalidomide. A phase I
trial of CC-5013 in adults with recurrent high-grade glioma
or other refractory central nervous system malignancies is
currently underway.83 Treatment with CC-5013 has been
well tolerated, with no sedation, constipation, peripheral
neuropathy, or skin rash, all of which are common side
effects of thalidomide treatment.

Another potential antiangiogenic agent is PTK787, an
inhibitor of VEGF receptor tyrosine kinases that interferes
with VEGF-dependent glioma vascularization and growth.
Preclinical studies have demonstrated that PTK787 appre-
ciably halts VEGF-mediated glioma growth by inhibition of
neovascularization and proliferation.84 Phase I trials test-
ing an oral formulation of PTK787 administered once daily
are ongoing. In one trial, PTK787 is being used alone in
patients with recurrent GBM.85 Another clinical trial com-
bines PYK787 with TMZ or lomustine in patients with
recurrent GBM.86

As mentioned above, integrin signaling is needed for
angiogenesis, cell migration, and invasion. Cilengitide, also
known as EMD 121974, is an integrin antagonist that has

been studied in other solid tumor types and is currently
being studied in phase I brain tumor trials.87,88 Preclini-
cally, cilengitide has suppressed glioblastoma and medul-
loblastoma cell lines implanted in nude mice.89 The NCI is
conducting a phase I/II randomized trial using high-dose
or low-dose cilengitide and radiation therapy in patients
with newly diagnosed GBM.90 Results are pending com-
pletion of the trial.

The MMPs degrade the extracellular matrix and there-
by enable tumor invasion and growth.78 MMP inhibitors
have been developed and tested preclinically and in
patients with brain tumors. One MMP, marimastat,
reduced cell invasion during in vitro testing in cultured
glioma cells.91 A recent phase II trial tested marimastat in
combination with TMZ in patients with recurrent GBM.92

Joint and tendon pain were the major therapy-related tox-
icities and were reported in 47% of patients, with 5
patients removed from the study because of intolerable
joint pain. The combination of TMZ and marimastat result-
ed in a progression-free survival at 6 months that exceed-
ed their historical control group by 29%. The authors
called for further study in patients with recurrent GBM
and also for a study of therapy-induced joint pain. A phase
II study of high central-dose Gamma Knife radiosurgery
and marimastat in patients with recurrent malignant
glioma failed to reveal a survival advantage in patients
with GBM over historical controls, but it showed a small
advantage in patients with anaplastic astrocytoma.93

Other MMP inhibitors are in development.94

Differentiating Agents
Another agent that shows activity against malignant
gliomas is 13-cis-retinoic acid (13-CRA), but like thalido-
mide, its mechanism of action is unclear. In preclinical
models, retinoids inhibit cell proliferation and migration
and induce apoptosis in glioblastoma cell lines.95,96 Labo-
ratory studies have revealed that 13-CRA renders glioma
cells more susceptible to radiation.97 Additionally, multi-
agent combinations containing retinoids and alkylators
were shown to be active in several types of cancer.98,99

Based on these preclinical data, several brain-tumor clini-
cal trials have been conducted using 13-CRA as a single
agent or in combination with TMZ. A single-arm phase II
study of 13-CRA in patients with recurrent malignant
glioma reported a median survival of 58 weeks, with
patients experiencing only mild to moderate toxicity.100 A
phase II study showed the combination of 13-CRA and
TMZ treatment to be active in patients with recurrent
malignant gliomas. The authors suggested that the poten-
tial additive benefit was based on the different mecha-
nisms of biologic activity.101 More recently, a phase II
study in patients with newly diagnosed supratentorial
GBM used the combination of TMZ and 13-CRA given daily
with conventional radiation therapy, followed by adjuvant
therapy with TMZ and 13-CRA.102 The combined therapy
was relatively well tolerated, and survival was improved
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compared to patients treated with radiation alone,without
adjuvant chemotherapy. However, no survival advantage
was seen compared to historical studies using radiation
either with adjuvant nitrosourea chemotherapy or with
TMZ alone. Fenretinide, a synthetic retinoid that induces
apoptosis in several types of malignant cells, has also been
tested in a phase II clinical trial in patients with recurrent
malignant glioma.103 Fenretinide did not demonstrate any
efficacy in the patients tested at the dose and schedule
used in this study. However, authors of the study thought
that this lack of efficacy might be due to doses that were
too low,and they called for further testing at higher doses.

Conclusions

The increasing knowledge of cell-growth signaling path-
ways and of the role of oncogenes and tumor suppressor
genes in tumorigenesis is critical to developing new mole-
cular-based approaches for the treatment of brain tumors.
Hopefully, these new therapies will lead to improved prog-
nosis for patients with brain tumors. To appropriately eval-
uate the efficacy of these new agents, the neuro-oncology
community may need to redefine clinical trial design and
strategy. To date,clinical trial design has been based on the
evaluation of traditional cytotoxic chemotherapy, with
determination of the maximum tolerated dose in phase I
studies and clinical efficacy in phase II studies. Many of the
above-mentioned targeted agents are not necessarily cyto-
toxic and may require different methods to evaluate appro-
priate dose, effectiveness, response, or stability. Unlike
cytotoxic agents, which act on DNA, these novel therapies
have different targets such as membrane receptors, signal-
ing pathways, and proteins or factors important in cell
cycle regulation or in angiogenesis. As such, these agents
may inhibit tumor progression rather than cause tumor
regression. Novel agents may also be more selective and
less toxic to normal tissue. Considering these points, the
phase I calculated dose of the targeted agent needed to
achieve tumor inhibition may not be the dose that pro-
duces significant organ toxicity. Therefore, while the goal
of phase I trials of targeted agents remains the determina-
tion of the recommended phase II dose, this dose is likely
to be determined by biological end points and not neces-
sarily by the maximum tolerated dose. Thus, new protocol
designs may require tissue sampling or surrogate markers
that indicate molecular changes.104

Additionally, molecular agents may prevent tumor
growth without shrinking the tumor. Thus, response mea-
sured as tumor regression may not be an appropriate
phase II end point for these agents. Possible end points for
molecularly targeted agents could include time to tumor
progression, change in tumor markers, and measures of
target inhibition. Also, for accurate efficacy assessment,
pre-treatment molecular profiling of tumors may need to
be performed to determine if the mechanism of drug is

appropriate to the genetic alteration found within the
tumor. Also important to consider is that the molecular
pathogenesis of brain tumors has not been linked to a sin-
gle genetic defect or target, so a single molecular agent
cannot be expected to be an effective treatment. Thus,
these new agents may need to be studied in combinations
or in tandem with cytotoxic agents. This will require a
combination of clinical trial designs to properly determine
patient benefit. Finally, although many advances have
occurred in the understanding of the molecular biology of
gliomas, much is left to discover.
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