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Abstract
Malignant gliomas represent one of the most aggressive forms of brain cancer. Recent advances in
the understanding of the deregulated molecular pathways of gliomas have brought about targeted
therapies that have the ability to increase therapeutic efficacy in tumors while decreasing toxicity.
Multi-targeted kinase inhibitors, novel monoclonal antibodies, and new vaccines have been
developed. Standard treatments and current development of new therapies for malignant gliomas are
reviewed, focusing specifically on growth factors and their receptors (e.g. epidermal growth factor
receptor, vascular endothelial growth factor receptor, and platelet-derived growth factor receptor),
as well as the intracellular effector molecules that are downstream of these growth factors (e.g. Ras/
Raf/mitogen-activated protein kinase, phosphatidylinositol 3-kinase/AKT/mammalian target of
rapamycin, and protein kinase C). The efficacies of other novel targeted inhibitors such as deacetylase
inhibitors and heat shock protein 90 inhibitors in the treatment of gliomas are also discussed, as well
as new combination therapies. In order for new agents to increase treatment efficacy, new targets
need to be developed, drug delivery efficiency needs to be improved, and new biomarkers need to
be discovered. All of these goals can be accomplished with time through innovative experimental
designs.

According to the WHO classification of brain tumors, astrocytomas have been categorized into
four grades, determined by the underlying pathology.[1,2] The characteristics that are used to
classify gliomas include mitoses, cellular or nuclear atypia, and vascular proliferation and
necrosis with pseudopalisading features. Malignant (or high-grade) gliomas include anaplastic
glioma (WHO grade III) as well as glioblastoma multiforme (GBM; WHO grade IV). These
are the most aggressive brain tumors with the worst prognosis. The goal of this review is to
discuss novel molecular targets (including growth factors and their receptors) and trials with
agents that target these pathways in malignant gliomas. Recent attention has focused on
pathways that are associated with epidermal growth factor receptor (EGFR), vascular
endothelial growth factor receptor (VEGFR), platelet-derived growth factor receptor
(PDGFR), and the intracellular effector molecules that are commonly associated with these
receptors.

1. Standard Therapy for Malignant Glioma
The primary treatment for patients with high-grade gliomas is multi-modal, including surgical
removal of the tumor, radiation, and chemotherapy. With radiation treatment, the median
survival of a patient with GBM, the most aggressive and most common glioma, is 12 months.
Westphal et al.[3] found that the median survival of patients with GBM could be extended to
13.9 months by using local chemotherapy with carmustine polifeprosan 20 wafers (Gliadel®
wafers). Stupp et al.[4] further demonstrated that daily temozolomide combined with radiation
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increased the median survival rate of patients with glioblastoma by 3 months when compared
with radiotherapy alone and increased the 2-year survival rate from 10% to 26%. Also,
epigenetic silencing of the O6-methylguanine-DNA methyltransferase (MGMT) DNA repair
gene by methylation causes DNA repair to be compromised and has been associated with
increased patient survival. One study showed that patients with glioblastoma treated with a
methylated MGMT promoter together with temozolomide and radiotherapy resulted in a
median survival of 21.7 months.[5] Lastly, trials have begun using the abovementioned
methods of therapy in combination with other chemotherapies, for example 06-benzylguanine,
which may increase median patient survival when used in concert with standard interventions.
These improvements are encouraging and further suggest that the discovery of novel,
molecularly targeted therapies may one day improve the treatment of patients with high-grade
gliomas.

2. Molecular and Genetic Alterations
Several genetic alterations have been shown to take place in gliomas, which affect pathways
that control cell proliferation, growth, apoptosis, and invasion. Growth factors (i.e. epidermal
growth factor [EGF], platelet-derived growth factor [PDGF] and their receptors [i.e. EGFR
and PDGFR]) have been thought to play a role in the progression and recurrence of gliomas.
[6] Growth factor stimulation causes downstream effector molecules to be activated (e.g. Ras/
Raf/mitogen-activated protein kinase [MAPK]), which then take part in the transformation of
the phenotype resulting from the mediation of transduction by these molecules. Targeting of
these pathways has the potential to improve treatment of patients with malignant gliomas.

3. Molecularly Targeted Therapies
Despite the molecular heterogeneity of malignant gliomas, there exist common signal
transduction pathways that are altered in many of these tumors. Homeostasis of these pathways
is maintained in a normal state through cytokines, growth factors, and hormones; however, in
malignancies, mutation or over-expression can occur in growth factor ligands and their
receptors (e.g. EGF and EGFR), as well as in intracellular effector molecules (e.g. phosphatase
and tensin homologue deleted on chromosome 10 [PTEN] and phosphoinositide-3-kinase
[PI3K]/AKT). AKT is a serine/threonine protein kinase (also known as protein kinase B [PKB])
with pleiotropic effects on cell survival and growth. Over-expression or mutations leading to
constitutive activation of these growth factors and their downstream effector molecules can
result in uncontrolled cell proliferation, survival, and invasion. The sections below focus on
the inhibition of these growth factors and their receptors as a possible form of glioma therapy.

4. Targeting Growth Factors and their Receptors
Growth factors bind to their receptors extracellularly and initiate an intracellular signal
transduction cascade. Recent research has resulted in many different monoclonal antibodies
and small-molecule inhibitors with the ability to specifically target these ligands and receptors
(figure 1).

4.1. Epidermal Growth Factor Receptor (EGFR)
4.1.1 EGFR Inhibitors—EGFR is a receptor tyrosine kinase (RTK), a member of the Her/
Erb family of proteins (EGFR is also known as Erb1 or Her1[7]). EGFR is amplified in 40–
60% of glioblastomas, and approximately 30–50% of these tumors also possess the EGFR
deletion mutant variant III (EGFRvIII), in which coding regions in the extracellular ligand
domain (exons 2–7) are absent.[8,9] EGFR plays an integral role in the malignant phenotype
of malignant brain tumors, and it is a common hope among researchers and clinicians that
functional inhibition of EGFR-mediated signaling will slow tumor growth.[10]
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A randomized phase II trial compared the efficacy of temozolomide or carmustine with the
small-molecule EGFR tyrosine kinase inhibitor (TKI), erlotinib, in patients with recurrent
GBM.[11] The 6-month progression-free survival (PFS-6) was 12% in patients treated with
erlotinib and 24% in those treated with temozolomide or carmustine. Furthermore, the response
to erlotinib could not be correlated to EGFR expression, amplification, or EGFRvIII mutation.
[11] Nonetheless, responses were noted and studies with EGFR RTK inhibitors in malignant
glioma continue to be carried out to seek to define a correlation between the patient response
and EGFR-associated molecular aberrations. A molecular analysis of malignant gliomas
treated with EGFR inhibitors was performed in tissue sets from patients in a multicenter phase
I/II trial performed through the North American Brain Tumor Consortium.[12] The authors
showed that erlotinib/gefitinib did not affect EGFR signaling (phosphorylation) in vivo, and
that there was no correlation between deletion/amplification of EGFR and sensitivity to these
EGFR inhibitors. However, the authors hinted at an association between decreased AKT/PI3K
activity (phosphorylation) and the response to erlotinib and gefitinib in two patients. Of note,
there were no tissue sets that demonstrated the EGFRvIII mutation.

In another study, Mellinghoff et al.[13] performed a molecular analysis in tissue sets from
patients with glioblastoma treated with gefitinib or erlotinib. Their results supported previous
reports that had failed to find a correlation between EGFR amplification and polysomy and a
response to EGFR inhibitors. However, in this study by Mellinghoff et al.,[13] the authors were
able to draw a strong correlation between coexpression of EGFRvIII and PTEN, and tumor
sensitivity to EGFR kinase inhibitors. The authors found that 6 of 12 tumors (50%) expressing
EGFRvIII responded to EGFR kinase inhibitors; only 1 of 14 patients who did not respond to
therapy expressed EGFRvIII (p =0.03). The authors also observed that 7 of 13 patients who
responded to treatment had tumors that were PTEN positive, while none of the 13 patients
whose tumors lacked PTEN had a response to EGFR inhibitors (p =0.005). The greatest
predictor of the response to EGFR kinase inhibitors in this tissue set was co-expression of
EGFRvIII and PTEN (p <0.001). These findings indicate a molecular basis for patient response
to such therapies and will most likely have an impact on whether or not EGFR kinase inhibitors
are for patient-specific treatment. Moreover, while these results suggest the existence of
molecular determinants involved in EGFR RTK inhibitor activity in glioblastoma, other
researchers[14] have questioned the design of the study by Mellinghoff et al.[13] For instance,
the tissue sets were analyzed at the time of tumor removal, prior to the administration of the
experimental therapy. Also, there were tumors that exhibited PTEN loss, yet demonstrated a
response to EGFR RTK inhibitors. These findings indicate a need to conduct molecular analysis
of tumor specimens during treatment with novel RTK inhibitors and to identify other
downstream signaling networks and molecular tests that will more definitively prove the
efficacy of RTK inhibitor therapies.

4.1.2 EGFR Peptide Vaccines—Another promising approach to tumor treatment using
EGFR has been the use of peptide vaccines derived from tumor antigens to prime the immune
system to respond to the tumor. Just as vaccines are engineered to generate immune protection
in anticipation of pathogen infection, so they are also generated to combat tumor recurrence
and progression. Potential tumor antigens fall into two categories consisting of ‘tumor-
associated’ antigens, which are expressed in other tissues but over-expressed within the tumors,
and ‘tumor-specific’ antigens, which are composed of antigens that are only found within the
tumor. These are antigens generated by somatic mutation of normal proteins that would
otherwise be considered ‘tumor associated’ if it were not for the existence of a somatic mutation
in clonal populations of tumor cells. Tumor-specific antigens are greatly preferred because the
consequences of collateral damage within the brain are particularly grave, given its
vulnerability to inflammation and inability to regenerate.
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Vaccines can be screened using techniques such as ‘reverse immunogenetics’. With reverse
immunogenetics, peptides –whether endogenous or genetically engineered – can be eluted from
MHC-class peptide clefts and screened for their ability to generate classic immune responses
in vitro, such as T-cell proliferation, cytokine production, humoral immune response (antibody
production), and others.[15] Vaccines with high immunogenicity are used in vivo alone, or are
co-administered with cells, such as dendritic cells. Next, we discuss the efficacy of a peptide
vaccine generated to mount an immune response against the EGFRvIII peptide.

As mentioned previously, EGFRvIII is an attractive target because it is not expressed in normal
tissues but is expressed in a wide number of malignancies, including breast, lung, colon, and
ovarian cancers,[16,17] as well as in 31–50% of malignant gliomas.[18,19] Initial preclinical
studies targeting EGFRvIII in rodents were promising – a peptide vaccine developed for
targeting the novel EGFRvIII epitope was successful in raising antibodies and stimulating a
dose-dependent cytotoxic T lymphocyte response in half of the targeted cells (HC2 20d2/c
cells but not C012 20c21b cells) and extending the survival rate in vaccinated rats by 72%.
[20,21] The success of these preclinical studies led to several human trials, which have also
produced promising results.

The first phase I human trial involving the EGFRvIII keyhole limpet vaccine (PEPvIII-KLH)
showed that the vaccine was well tolerated and showed promise in patients with malignant
glioma.[22] This study, based at Duke University (Durham, North Carolina, USA), enrolled
20 patients, with a WHO grade III or IV glioma, who had undergone gross resection and
radiotherapy. Qualified patients (n =16) received three intradermal administrations of the
vaccine at 2-week intervals via PEPvIII-KLH-pulsed autologous dendritic cells. The vaccine
was successful in stimulating cellular immunity; post-vaccination re-stimulation with the
peptide alone gave rise to a delayed hypersensitivity response in 5 of 13 patients and a positive
in vitro proliferation response in 10 of 13 patients. The clinical results were also promising.
There were no major adverse effects reported, and among patients with grade III tumors, two
of three patients had stable disease at 66 and 123 months, respectively. Among the 13 patients
with GBM, the mean time to disease progression was 46.9 weeks and median survival was
110.8 weeks. For the phase II trial, the study was expanded to include the MD Anderson Cancer
Center (Houston, Texas USA) and the protocol was simplified to eliminate autologous
dendritic cells and instead deliver the PEPvIII-KLH peptide vaccine along with granulocyte
macrophage colony-stimulating factor (GM-CSF) to stimulate dendritic cell maturation in
situ. Preliminary results have indicated that the vaccine is well tolerated and ex vivo studies
have demonstrated humoral and cellular immunity; the final results have not yet been reported.
[22] A phase III trial, comparing EGFRvIII vaccine with the alkylating agent, TMZ, on the
basis of progression-free survival for 6 months, overall survival, and immune response, is
underway and is expected to be completed in 2009 (NCT00458601).

One of the potential problems facing tumor vaccine researchers is the possibility of
immunoediting, in which targeting of a specific peptide merely selects for variants that lack
that peptide. This was observed in the original murine experiments investigating the effects of
the EGFRvIII peptide vaccine,[20] where recurrent tumors that were EGFRvIII negative
developed in 15% of the surviving mice. One approach to avoid immunoediting is to target
multiple peptides in a tumor, either through autologous whole tumor vaccines or through
personalized peptide vaccines. The personal peptide vaccine approach screens patient
peripheral blood mononuclear cell samples for reactivity against a panel of tumor-associated
and specific peptides, and then inoculates them with the best matches. In a 2005 phase I trial,
25 patients (8 with anaplastic astrocytoma [AA] and 17 with GBM) were screened and treated
with up to four peptide vaccines.[23] The vaccine was well tolerated and the majority showed
increased cellular and humoral responses. Clinical results were moderately favorable; 5 of 21
evaluable patients showed a partial radiographic response, 8 of 21 had stable disease, and 8 of
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21 showed progressive disease. The median survival among patients with GBM was 622 days.
Other tumor vaccine targets under investigation include cytochrome p450,[24] telomerase,
[25] GALT3 (βGlcNAcβ1, 3-galactosyltransferase, polypeptide 3),[26] survivin,[27] tenascin,
[28] and glycoprotein 240.[29]

4.2 Vascular Endothelial Growth Factor Receptor
Vascular proliferation is a hallmark of tumor survival and growth. It was suggested in one
study that patients with highly vascularized tumors would have a poorer prognosis than patients
with less neovascularization; however, this conjecture requires further validation.[6] Glioma
cells produce many different proangiogenic factors, including VEGF. For these reasons, VEGF
and VEGFR have been targeted for potential treatment of gliomas. Strategies for targeting this
ligand and its receptor include using VEGFR TKIs, VEGF antibodies, and protein kinase C
(PKC)-β inhibitors.

To date, the most promising VEGF inhibitor has been the monoclonal antibody bevacizumab.
Bevacizumab targets the VEGF ligand with the goal of interfering with ligand-receptor
signaling. Although at first there was hesitation about using bevacizumab for the treatment of
patients with brain tumors, because of its known history of intra-tumoral hemorrhaging in
patients with colorectal carcinoma,[30,31] Vredenburgh et al.[32] began a formal phase II trial
to evaluate bevacizumab in combination with chemotherapy. They administered bevacizumab
and irinotecan (CPT-11) to 32 patients with recurrent high-grade gliomas (23 had
glioblastomas). The radiographic response rate was positive and 14 of 23 patients (61%)
responded to therapy. The median progression-free survival (PFS) for treated patients was 20
weeks, the PFS-6 was 30%, and the overall median survival time was 40 weeks.

Although these data are impressive and show great promise for future treatments, there exists
a lingering question as to whether irinotecan actually adds anything to treatment. The only
reason it was included in these trials was because treatment with bevacizumab and irinotecan
was shown to be effective in patients with colorectal cancer. The problem, though, is that
irinotecan is effective as monotherapy in colorectal cancer, whereas it is essentially ineffective
as mono-therapy in gliomas.[33,34] Furthermore, irinotecan was shown in the study by
Vredenburgh et al.[32] to create treatment-related systemic toxicity in nine of 32 (28%)
patients. Also, four patients had thromboembolic events that ended in two treatment-related
deaths. Therefore, it was suggested that bevacizumab as monotherapy may be the best way to
minimize systemic toxicity while maximizing the efficacy of treatment, and hence a phase II
trial of bevacizumab alone was initiated at the US National Institutes of Health (NIH). The
results of this study showed that approximately 60% of patients who were treated with
bevacizumab alone had objective radiographic responses, as well as a median PFS of about
110 days and a PFS-6 of 30%.[74] Although these findings were similar to those of
Vredenburgh et al., the toxicity of irinotecan observed in that study was not seen in this study.
These studies seem to indicate that irinotecan adds no benefit in the treatment of patients with
high-grade gliomas.

4.3 Platelet-Derived Growth Factor Receptor
PDGF and its receptors play an important role in tumor interstitial pressure, tumor growth, and
angiogenesis.[35] As with other growth factors and their receptors, over-expression of PDGF
and its cognate receptors in gliomas has caused PDGF and PDGFR to become targets for anti-
tumor treatments.

The PDGFR inhibitor for which most data have been obtained is imatinib mesylate, a small-
molecule inhibitor of PDGFR-α and β, c-kit, and the Bcl-Abl fusion protein. Even though
imatinib mesylate showed some anti-tumor effects in preclinical studies, minimal clinical
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benefit was seen using imatinib as monotherapy, with a radiographic response rate of <6% and
a PFS-6 of <16%.[36] However, imatinib mesylate and hydroxyurea as combination therapy
did show promising results.[37] These initial results were supported in a phase II trial in patients
with recurrent GBM, which reported a PFS-6 of 27% and a median PFS of 14 weeks, and 42%
of patients had stable radiologic disease at a median follow-up of 58 weeks.[38] The mechanism
of action of this combination is still unknown, but it has been shown that imatinib does decrease
the interstitial tumor pressure and may increase delivery of hydroxyurea, which gives a possible
explanation for the initial success associated with this combination.[39] Unfortunately, a phase
III trial did not provide further evidence of efficacy.

5. Targeting Downstream Intracellular Effector Molecules
Activation of the growth factor receptors discussed above leads to the recruitment of
intracellular effector molecules to the cell membrane. Generally, gliomas are associated with
either the activation of these molecules or the inactivation of their suppressive regulators (e.g.
PTEN). This is because activation of second messenger proteins (e.g. PKC) stimulates cell
proliferation, invasion, and growth. Overlapping and crosstalk between the pathways that
involve these messengers is the cause of the great complexity of targeted therapies for
malignant gliomas. Examples of crucial pathways in gliomas are Ras/MAPK, PI3K/AKT, and
PKC.

5.1 Ras/Raf/Mitogen-Activated Protein Kinase Pathway
The Ras superfamily of genes regulates many important cellular functions, including cell
proliferation and differentiation, protein trafficking, and cytoskeletal organization.[40] The
Ras pathway is an important signal transduction effector of the aforementioned EGFR and
PDGFR. Many glioblastomas have been shown to have hyperactive Ras due to mutation or
amplification of their upstream growth factor receptors.[40] Overactivation of Ras is followed
by the farnesylation of Ras, which catalyzes the recruitment of the Ras molecule to the plasma
membrane. Then, downstream Ras and Raf molecules are activated, which triggers MAPKs,
causing cytoskeletal organization, cell proliferation, and release of proangiogenic growth
factors. In an attempt to target Ras, farnesyltransferase inhibitors have been used.

The two most prominent farnesyltransferase inhibitors used in an attempt to indirectly inhibit
Ras are tipifarnib and lonafarnib. A phase II study of tipifarnib reported a PFS-6 of 12% in
patients with GBM and 9% in patients with anaplastic glioma (AG).[41] Also, a phase I study
with lonafarnib and temozolomide was performed in patients with recurrent glioblastoma in
an attempt to overcome tumor resistance to temozolomide. Using this therapy, 27% of patients
who were previously resistant to temozolomide treatment showed a partial response, and the
PFS-6 was 33%.[42] These data show promising possibilities, especially the potential
improvement of patient treatment using temozolomide in combination with lonafarnib.

5.2 Phosphatidylinositol 3-Kinase/AKT/Mammalian Target of Rapamycin Pathway
As with the Ras/MAPK pathway, overactivation of PI3K is a result of the initiation of receptor
tyrosine kinases such as EGFR. PI3K is a serine/threonine kinase that controls several
malignant characteristics consisting of avoidance of apoptosis, cell growth, and proliferation.
This pathway is regulated by PTEN; when PTEN function is lost, constitutive activation of the
PI3K pathway results. Activation of this pathway continues through a complex secondary
messenger cascade that results in the activation of many downstream molecules including
AKT, and is generally associated with negative prognosis in patients with GBM.[43] AKT is
also a serine/threonine kinase that down-regulates apoptosis and therefore up-regulates cell
growth and proliferation. Given the fact that AKT regulates many central biological processes,
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it is extremely difficult to target directly, and hence the inhibition of upstream and downstream
targets has been suggested.

One downstream target of AKT is the mammalian target of rapamycin (mTOR).[44] mTOR
integrates important cellular functions, including modulation of cell growth. The inhibitors of
mTOR that have been used in clinical trials are the synthetic analogs of rapamycin, e.g.
temsirolimus. Recent phase II trials of temsirolimus in patients with GBM have not shown
much efficacy.[45,46] Although a radiographic improvement was seen in 36% of patients, no
real survival benefit was recorded, with a PFS-6 of just 7.8%. mTOR contains two distinct
complexes named raptor/mTORC1 and rictor/mTORC2. Temsirolimus, however, only inhibits
the mTORC1 complex, which actually increases the PI3K/AKT activity, thus negating any
anti-tumor effect it may have.[47,48] The probable cause of this increase in activity is the
activation of compensatory pathways that will cause therapies inhibiting mTOR pathways to
be ineffective until tumor escape mechanisms are discovered and solved.

5.3 Protein Kinase C Pathways
PKC is a family of 14 protein kinases that regulate cell growth, proliferation, and angiogenesis.
[49] PKC is downstream of growth factor receptors such as EGFR and PDGFR and is activated
via signaling from the extracellular signal-regulated Ras/MAPK pathway.[50] Also, there have
been some data to show that there is cross-talk between PKC and the PI3K/AKT pathway.
[51]

Two PKC inhibitors for which significant data have been recorded are tamoxifen and
enzastaurin. Tamoxifen inhibits PKC and has antiestrogenic effects.[52] In glioma xenografts,
tamoxifen has shown some anti-tumor activity, but has shown only moderate efficacy in the
clinical setting with no improvement in the median survival time (patients with GBM had a
median survival time of 27 weeks and patients with AG had a median survival time of 57
weeks).[53,54] Enzastaurin is a PKC-β inhibitor that has also shown activity against glycogen
synthase kinase.[55] As with tamoxifen, it has shown a radiographic anti-tumor response in
14 of 79 patients (18%).[56] Contrary to tamoxifen, enzastaurin has shown promising efficacy
in the clinic, with a 29% radiographic response rate in patients with recurrent high-grade
gliomas.[56] Progress with enzastaurin was brought to a halt when a phase III trial was stopped
prematurely as significant survival benefits were not seen.

6. Miscellaneous
6.1 Deacetylase Inhibitors

Histone deacetylase (HDAC) inhibitors target gliomas by modifying epigenetic programming
involved in the regulation of gene transcription in order to induce cell-cycle arrest via up-
regulation of p21 and induction of apoptosis. It has been noted that the use of HDAC inhibitors
in the treatment of glioma has potential benefit. For example, pretreatment of glioma cells with
suberoylanilide hydroxamic acid (vorinostat) can make glioma cells more susceptible to
chemotherapy and radiation.[57] A phase II trial of vorinostat in recurrent GBM was completed
by the North Central Cancer Treatment Group,[58] and it was shown to be well tolerated in
patients with recurrent GBM. Also, anti-tumor efficacy was noted in the interim analysis, as
five of the first 22 patients treated (23%) were progression-free at 6 months. Vorinostat in
combination with temozolomide is under investigation in a phase I/II trial conducted by the
North American Brain Tumor Coalition; other deacetylase inhibitors (e.g. romidepsin
[depsipeptide; FK288], LBH589, and valproic acid) are being developed clinically for the
treatment of GBM.
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6.2 Heat Shock Protein (Hsp) 90 Inhibitors
Hsp90 is a molecular chaperone that is ATP dependent and assists in protein folding, cell
signaling, and tumor repression.[59] Targeting of this protein may therefore act either as a
direct anti-tumor agent, or it may act to enhance the efficacy of chemotherapy and radiation.
Hsp90 inhibition has been explored preclinically against glioma cells using geldanamycin,
which disrupts Hsp90. Geldanamycin showed anti-tumor effects in vitro, and 17-
allylamino-17-demethoxygeldanamycin (17-AAG), a less toxic derivative of geldanamycin,
was shown to inhibit tumor growth in glioma xenografts in nude mice.[60] In this study, the
tumor size in mice differed significantly (p ≤ 0.017) between the two treatment groups (i.e.
mice treated with 17-AAG and those not treated with 17-AAG) from day 5 to day 22.

7. Challenges Associated with Targeted Therapies
There are many controversies surrounding molecularly targeted therapies. Drug delivery across
the blood-brain barrier (BBB) is one of the vital problems in targeted therapy treatments. Recent
studies have shown that some small molecules used in these therapies are substrates of P-
glycoprotein, as well as other efflux pumps that will not allow drugs of this sort to reach the
tumor. This information creates a dilemma as to what is the most efficient way to deliver drugs
across the BBB. Response to treatment with targeted therapies is also complicated by the fact
that tumor cells activate alternate pathways when necessary to enhance tumor survival.[47]
For this reason, it is important to vigilantly assess the dynamic changes that take place in target
inhibition in order to block as many pathways as possible with the greatest effectiveness. Lastly,
higher efficiency of targeted therapies will require technological upgrades that will improve
response evaluations. The advent of technology that is better than current MRIs will allow
investigators to potentially see whether a treatment has true anti-tumor effects.

As mentioned above, drug delivery across the BBB remains a hurdle in the treatment of high-
grade gliomas. One novel approach to the delivery of drugs across the BBB is convection-
enhanced delivery (CED). This technique was created because of the dilemma that when a drug
is delivered locally within the brain, the concentration of that drug traveling by diffusion drops
exponentially from the site of administration. This becomes more of a burden with
micrometastases and infiltrative satellites that are commonly seen in the most aggressive type
of brain tumor – malignant glioma – where it is difficult for a drug to reach intraparenchymal
regions of the brain beyond the resection cavity, especially in ‘eloquent’ areas of the brain.
Therefore, researchers at the NIH developed CED as a novel way to deliver drugs over a large
volume of tissue. With CED, a catheter(s) is placed in a predetermined area of the brain using
standard imaging techniques (i.e. postoperative MRI scans and CT scans), and a drug is infused
over a period of hours to days. A constant pressure gradient created by an infusion pump permits
the drug infusate to be delivered homogeneously to circumscribed areas of brain tissue without
causing significant tissue damage. This method of delivery has become especially relevant in
drug delivery to brain tumors because it bypasses the BBB and reduces systemic toxicities.
Moreover, it allows for local delivery of targeted macromolecules, such as viruses, liposomes,
antibodies, and protein moieties to large areas of the brain parenchyma.

One of the first clinical trials to evaluate the application of CED in brain tumors involved
studies with cintredekin besudotox (CB), a recombinant protein toxin consisting of the
interleukin (IL)-13 ligand conjugated to a truncated form of Pseudomonas exotoxin. CB targets
the IL-13 receptor α2, which is commonly over-expressed in malignant glioma. This
recombinant cytotoxin demonstrated potent anti-tumor activity in vitro and in vivo, with 50%
inhibitory concentrations of 0.1–30 ng/mL.[61,62,63] The first clinical studies assessing the
CED-mediated delivery of CB were in patients with recurrent malignant glioma.[64] These
studies established the dose-limiting toxicity (0.5 μg/mL) and infusion dose (6 days of infusion
being well tolerated) as well as the importance of catheter placement in the outcome of efficacy.
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A follow-up study was conducted with CB in patients with newly diagnosed malignant gliomas.
Twenty-two patients undergoing gross total resection of their glioma mass received 96-hour
infusions of CB (0.25 or 0.5 μg/mL), followed by external beam radiation with or without
temozolomide treatment.[65] The majority of treatment-associated adverse events recorded
were either grade 1 or 2, and related to catheter placement and CB. A randomized, phase III
study, termed PRECISE (Phase III Randomized Evaluation of Convection Enhanced Delivery
of IL13-PE38QQR Compared to GLIADEL® Wafer With Survival Endpoint in Glio-blastoma
Multiforme Patients at First Recurrence), recently compared the efficacies of CB therapy and
carmustine polifeprosan 20 wafers in the treatment of malignant gliomas. While an official
report has yet to be published, a press release from Neopharm, Inc., a pharmaceutical company
sponsoring the trial, has reported a median survival time of 36.4 weeks in patients treated with
CB versus 35.3 weeks in patients treated with carmustine wafers.[66] There was no significant
difference in survival between the two treatment groups.

8. The Future of Targeted Therapies for Gliomas
Through the study of the molecular mechanisms of gliomas, many potential resistance
mechanisms against targeted therapies have been understood. Studies have shown that even
tumors that have been treated with growth factor receptor inhibitors tend to recur. The tumors
that progress after therapy usually exhibit increased expression of other mitogenic growth
factors and little to no expression of the previously treated growth factors; in other words,
tumor growth is selective for cells that do not express the targets of these novel therapies. For
example, tumors that were treated with EGFR inhibitors were shown to recur with activation
of the IGF1/PI3K/AKT pathway.[67,68] Thus, targeting of a single signaling pathway in cancer
may not be sufficient to combat tumor progression, and it has been theorized that targeting
multiple growth factors using either multiple single inhibitors or multi-targeted inhibitors may
be beneficial. One multi-targeted approach that has been explored both preclinically and
clinically is targeting both upstream EGFR and its associate downstream PI3K pathway.

A phase I study was recently completed using gefitinib and rapamycin in the treatment of
recurrent malignant glioma in adult patients.[69] Encouraging anti-tumor activity was noted:
13 of the 32 patients (38%) achieved stable disease and two of the 32 (6%) showed a partial
radiographic response. Another multi-targeted inhibitor is the EGFR and kinase domain region
inhibitor AEE788, which has been combined with the mTOR inhibitor RAD001 in the
treatment of malignant glioma. This combination treatment regimen induced greater tumor cell
apoptosis and cell cycle arrest, and reduced proliferation compared with single-agent therapy.
[70] A phase I/II trial of AEE788 plus RAD001 is ongoing.

There are many other combination therapy agents that are beginning to be explored further.
For example, EGFR and the potent VEGFR-2 inhibitor vandetanib (ZD6474) have been shown
in vitro to have anti-tumor effects.[71] Another example is sunitinib, which inhibits VEGFR,
PDGFR, c-kit, and fetal liver tyrosine kinase. Sunitinib was shown in vivo to increase survival
by 36% in mice with intracerebral U87MG GBM tumors.[72] Also, treatment with sunitinib
increased tumor necrosis and reduced angiogenesis and caused a 74% reduction in microvessel
density. Lastly, sorafenib is a Raf and VEGFR inhibitor that is being studied in the context of
glioma.[73] Sorafenib in combination with the PKC-δ inhibitor rottlerin decreased
proliferation in all cells lines, and the effects of these agents as a combination were greater
than their effects as monotherapies. There will be a continuing effort to develop novel
combinations of targeted therapies in the future using the estimated 214 possible drug
combinations available at present.[6] With this many combinations, there is infinite potential
in targeted therapies that remain to be explored.
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9. Conclusions
Recent research has provided new insight into the molecular pathways involved in malignant
gliomas. Although much progress has been made, there is a lack of knowledge as to which
targets are the most favorable, as well as the optimal way to inhibit these targets. Also, the
heterogeneity of brain tumors and patients has made unselected patient treatment difficult. As
new approaches to molecularly targeted therapies are explored, and novel combination
therapies are discovered, insights will be gained as to where further research is best directed
in order to provide personalized therapy for patients with malignant gliomas.
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Fig. 1.
A generalized schematic presentation of signaling pathways targeted by molecular therapies
in malignant glioma. Receptor tyrosine kinases (RTKs) are shown in their activated (dimerized)
form, binding ligand. The diagram illustrates pathways that are activated upon receptor
activation. Many receptors share common intracellular effectors (i.e. Ras, AKT, protein kinase
C [PKC], etc.) and no single intracellular pathway is exclusive to a particular receptor.
Arrowheads indicate the activation of an intracellular molecule and/or a cellular response. A
line with a blunted end corresponds to the inhibition of a cellular molecule and/or signaling
pathway. As shown, molecular therapies have been designed to inhibit signaling pathways at
different stages of the cellular response. Some therapies, such as bevacizumab, target
angiogenesis at the level of the receptor by antagonizing VEGF-VEGFR interactions. Others,
such as temsirolimus, target effectors (mTOR) that are downstream in a cellular response. AKT
is a serine/threonine protein kinase (also known as protein kinase B [PKB]) with pleiotropic
effects on cell survival and growth. Raf is a serine/threonine protein kinase with pleiotropic
effects on cell survival, differentiation, and proliferation. Ras is a small G protein, ‘a GTPase’,
which acts as a second messenger by catalyzing the hydrolysis of GTP to guanosine
diphosphate. EGFR =epidermal growth factor receptor; ERK =extracellular regulated kinase
(also known as mitogen activated protein kinase [MAPK]); FT =farnesyltransferase; GTP
=guanosine tripho-sphate; MEK =MAP-ERK kinase; mTOR =mammalian target of
rapamycin; PDGFR =platelet-derived growth factor receptor; PI3K =phosphoinositide-3-
kinase; PIP2 =phosphatidylinositol-4,5-biphosphate; PIP3 =phosphatidylinositol-3,4,5-
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triphosphate; PTEN =phosphatase and tensin homologue deleted on chromosome 10;
VEGF =vascular endothelial growth factor; VEGFR =vascular endothelial growth factor
receptor.
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