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Molecularly targeted therapies for recurrent glioblastoma: 
current and future targets

Darryl Lau, M.D., Stephen T. Magill, M.D., Ph.D., and Manish K. Aghi, M.D., Ph.D.
Department of Neurological Surgery, University of California, San Francisco, California

Abstract

Object—Glioblastoma is the most aggressive and diffusely infiltrative primary brain tumor. 

Recurrence is expected and is extremely difficult to treat. Over the past decade, the accumulation 

of knowledge regarding the molecular and genetic profile of glioblastoma has led to numerous 

molecularly targeted therapies. This article aims to review the literature and highlight the 

mechanisms and efficacies of molecularly targeted therapies for recurrent glioblastoma.

Methods—A systematic search was performed with the phrase “(name of particular agent) and 

glioblastoma” as a search term in PubMed to identify all articles published up until 2014 that 

included this phrase in the title and/or abstract. The references of systematic reviews were also 

reviewed for additional sources. The review included clinical studies that comprised at least 20 

patients and reported results for the treatment of recurrent glioblastoma with molecular targeted 

therapies.

Results—A total of 42 articles were included in this review. In the treatment of recurrent 

glioblastoma, various targeted therapies have been tested over the past 10–15 years. The targets of 

interest include epidermal growth factor receptor, vascular endothelial growth factor receptor, 

platelet-derived growth factor receptor, Ras pathway, protein kinase C, mammalian target of 

rapamycin, histone acetylation, and integrins. Unfortunately, the clinical responses to most 

available targeted therapies are modest at best. Radiographic responses generally range in the 

realm of 5%–20%. Progression-free survival at 6 months and overall survival were also modest 

with the majority of studies reporting a 10%–20% 6-month progression-free survival and 5- to 8-

month overall survival. There have been several clinical trials evaluating the use of combination 

therapy for molecularly targeted treatments. In general, the outcomes for combination therapy tend 

to be superior to single-agent therapy, regardless of the specific agent studied.

Conclusions—Recurrent glioblastoma remains very difficult to treat, even with molecular 

targeted therapies and anticancer agents. The currently available targeted therapy regimens have 

poor to modest activity against recurrent glioblastoma. As newer agents are actively being 
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developed, combination regimens have provided the most promising results for improving 

outcomes. Targeted therapies matched to molecular profiles of individual tumors are predicted to 

be a critical component necessary for improving efficacy in future trials.

Keywords

combination treatment; glioblastoma; molecular therapy; overall survival; progression-free 
survival; recurrent

Glioblastoma is the most common primary malignant brain tumor among adults and 

unfortunately is also the most aggressive. It is a diffusely infiltrative and, almost always, 

recurrent brain tumor. The prognosis associated with glioblastoma is poor with median 

survival of 13–16 months even after resection and adjuvant chemotherapy.63,97 While the 

pathological diagnosis of glioblastoma is characterized by frequent mitosis, palisading 

nuclei, necrosis, and neovascularization, molecular and genetic studies have revealed 

glioblastoma to be heterogeneous and highly mutable.15 The features of molecular 

heterogeneity and mutability contribute to the poor response of glioblastoma to conventional 

DNA-damaging chemotherapies. In addition, successful treatment of glioblastoma requires 

anticancer agents to traverse the blood-brain barrier (BBB) and accumulate in tumor tissues 

at therapeutic levels; without adequate “drug uptake,” treatment will likely be ineffective.

The current landscape of glioblastoma treatment options is notable for only 2 FDA-approved 

systemically administered chemotherapies: 1) temozolomide, approved for treatment of 

newly diagnosed glioblastoma, and 2) bevacizumab, which was granted accelerated approval 

for treatment of recurrent glioblastoma. Before the discovery of temozolomide, maximal 

resection and adjuvant radiation were the standard therapy, and chemotherapy was 

controversial due to lack of proven efficacy. Temozolomide, an orally administered 

alkylating chemotherapeutic agent, has been shown to provide significant benefit in 

survival.55,97 In the landmark multicenter randomized clinical trial of 573 patients with 

newly diagnosed glioblastoma performed by Stupp et al., concomitant and adjuvant 

temozolomide with radiation therapy improved median survival (14.6 vs 12.1 months) and 

2-year survival (26.5% vs 10.4%) relative to radiation therapy alone.99 Despite the notable 

accomplishment that this trial has made, the combination of temozolomide and radiation 

therapy (also known as the “Stupp protocol”) is unable to eradicate glioblastoma completely. 

Recurrence of glioblastoma after temozolomide and radiation treatment tends to be the rule 

and not the exception, with recurrence rates greater than 90%.113 Recurrent glioblastoma 

tends to be more aggressive and resistant to medical treatment than its primary 

counterpart.113

Currently, the only approved therapeutic agent for the treatment of recurrent glioblastoma is 

bevacizumab. Bevacizumab (Avastin) is a humanized monoclonal antibody that binds 

specifically to vascular endothelial growth factor (VEGF)–A, the most angiogenic isoform 

of VEGF, which disrupts VEGF binding to its receptor; this prevents the activation of the 

VEGF/VEGF receptor (VEGFR) axis and angiogenesis.36 In the treatment of recurrent 

glioblastoma, regimens combining bevacizumab with other chemotherapies like irinotecan 

were associated with overall survival (OS) of 4.1–9.2 months and survival rates of 77% at 6 
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months and 31% at 12 months in Phase II clinical trials.10,26,41,48,80–82,108 Other Phase II 

trials demonstrated comparable efficacy of bevacizumab monotherapy in recurrent 

glioblastoma treatment.41,61 On the basis of these results, the FDA granted accelerated 

approval to bevacizumab for the treatment of recurrent glioblastoma as monotherapy or 

combined with other chemotherapies in 2009. Until a randomized trial of bevacizumab is 

completed for recurrent glioblastoma, its Phase II results represent a benchmark against 

which experimental agents and regimens used to treat recurrent glioblastoma can be 

compared. However, the present lack of overly convincing data for bevacizumab in 

glioblastoma treatment makes it used less universally in the recurrent setting than 

temozolomide is used at the time of diagnosis. Therefore, there is an ongoing need for 

additional treatment regimens for recurrent glioblastoma. Molecularly targeted therapies 

represent an appealing therapeutic approach worthy of current investigation given the limited 

number of FDA-approved treatments available for recurrent glioblastoma and the limited 

efficacy of the treatments that are approved.

To date, multiple mutated genes, including IDH1, PTEN, p16/Arf, EGFRvIII, ERBB2, NF1, 

and TERT, have been identified in glioblastoma.15 Identification of these mutations and their 

affected downstream pathways has led to many clinical trials testing drugs designed to target 

the aberrant genes and pathways, and has created hopes of personalizing therapies for 

glioblastoma patients.15,77 It is likely that simultaneous targeting of multiple pathways will 

be needed to develop effective molecularly targeted treatments for glioblastoma. This article 

aims to review the literature and highlight the mechanisms and efficacies of molecularly 

targeted therapies for recurrent glioblastoma. Antiangiogenic therapies that target VEGF 

directly, like bevacizumab and aflibercept, were not reviewed as this distinct mechanism 

warrants separate consideration.93

Methods

First, a broad search on molecular targeted therapies for glioblastoma was performed. In this 

search, the phrase “targeted and glioblastoma” was used as a search term in PubMed for all 

years up to 2014. Based on this search, multiple articles were reviewed for molecular 

targeted therapies against glioblastoma. The criterion used in the identification of which 

agents would undergo a systematic search and review was the presence of at least one study 

evaluating its use against either newly diagnosed or recurrent glioblastoma. After identifying 

individual molecularly targeted agents for glioblastoma, each agent underwent a formal 

systematic search. The phrase “(name of agent) and glioblastoma” was used as a search term 

in PubMed for all years up to 2014 to identify all articles that included this phrase in the title 

and/or abstract. The references of systematic reviews were also reviewed for additional 

sources. The abstracts of each article were reviewed for studies that evaluated the efficacy of 

the agent for the treatment of recurrent glioblastoma. Progression of tumor was also 

accepted as recurrent disease. The inclusion criteria used for this final review were human 

studies that included at least 20 patients treated for recurrent glioblastoma. Articles excluded 

from the review were articles written in languages other than English, those involving 

cohorts of fewer than 20 patients with recurrent glioblastoma, and those lacking survival or 

radiographic response data. A total of 42 articles were included in this review.
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Results

Receptor Tyrosine Kinase Inhibitors

Receptor tyrosine kinase inhibitors (RTKIs) are bioactive, usually aromatic, small molecules 

that can bind to the active site of a receptor tyrosine kinase (RTK), thus preventing 

phosphorylation, and by doing so, inhibit, regulate, or modulate signaling, often with 

cytostatic activity. Some potent RTKIs will exhibit selectivity for a certain RTK, while 

others are less selective. Below we classify RTKIs used to treat recurrent glioblastoma into 3 

categories based on the primary RTK target: epidermal growth factor receptor (EGFR), 

VEGFR, and platelet-derived growth factor receptor (PDGFR).

Epidermal Growth Factor Receptor Inhibitors

The EGFR is a TKR known to drive proliferation, transformation, and migration in both 

normal development and cancer cells. Upon ligand binding, the monomeric cell-surface 

receptors form homo- and hetero-dimers that autophosphorylate and activate second 

messenger pathways. The phosphorylated EGFR activates signaling through the PI3K, Ras/

MAPK, and STAT3 pathways driving expression of numerous genes that cause proliferation, 

transformation, and tumor growth. Nearly half of all glioblastomas overexpress wild-type 

EGFR, and a significant portion also express a mutant variant of EGFR, EGFRvIII.32 The 

EGFRvIII mutation causes the receptor to be constitutively active, which drives signaling 

through downstream pathways even in the absence of ligand.68 This observation led to the 

hypothesis that inhibiting signaling through the EGFR receptor could decrease the growth 

and proliferative potential of glioblastoma and possibly improve survival. Table 1 highlights 

outcomes of published studies of using EGFR inhibitors for the treatment of recurrent 

glioblastoma, with results from each inhibitor summarized below.

Gefitinib—Gefitinib, first approved to treat non–small cell lung cancer, was the first EGFR 

inhibitor to be tested in recurrent glioblastoma. Gefitinib has limited BBB permeability, but 

increased doses likely accelerate passive permeability.11 In an initial Phase II open-label 

trial, 53 patients with recurrent glioblastoma with Karnofsky Performance Scale scores 

greater than 60 were treated with gefinitnib in escalating doses from 500 to 1000 mg for 4-

week cycles following repeat resection.89 The median progression-free survival (PFS) was 

8.1 weeks, and the median overall survival (OS) was 39 weeks. No patients had radiographic 

response to treatment, although this finding is tempered by the fact that all patients had 

resection or biopsy just prior to starting therapy. Of note, 80% of tumors in this series 

expressed wild-type EGFR and 49% expressed mutant EGFRvIII. Interestingly, many 

studies of both gefitinib and erlotinib found that longer PFS times correlated with the 

development of a skin rash, suggesting this particular morbidity to be a potential biomarker 

of drug response.

Given the relatively limited efficacy of the outcomes from initial studies of EGFR inhibition, 

it was hypothesized that EGFR inhibition could be augmented by combining inhibitors of 

downstream second messenger pathways. PI3K, an EGFR target, activates the mTOR 

pathway, and preclinical data suggested that inhibiting the mTOR pathway could augment 

antitumor effects of EGFR inhibition. To test the safety of dual-agent therapy for recurrent 
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glioblastoma, a Phase I trial combining sirolimus, an mTOR inhibitor, with gefitinib was 

conducted.87 The combination was well tolerated, with mucositis, diarrhea, rash, 

thrombocytopenia, and hypertriglyceridemia being the dose-limiting side effects. No patients 

had a complete response (CR), but a small subset (6%) had a partial response (PR), and 

many had stable disease (SD) (38%). Unfortunately, these results were not significantly 

better than EGFR inhibition alone, and the analysis was limited since less than half of the 

tumors were analyzed for EGFR expression or the EGFRvIII mutation. A retrospective study 

assessing response of gefitinib or erlotinib plus sirolimus showed better radiographic 

responses, but similar 6-month PFS of 25%.28 A Phase II, single-arm study combining 

gefitinib and everolimus, another mTOR inhibitor, showed a 6-month PFS of only 5% and 

median PFS of 2.6 months.61

Erlotinib—Erlotinib, like gefitinib, is an orally available EGFR inhibitor. It binds to the 

EGFR adenosine triphosphate–binding domain, preventing phosphorylation and activation 

of downstream targets. It was first approved for treatment of non–small cell lung cancer. 

Erlotinib has been shown to accumulate high concentrations in cerebrospinal fluid, 

indicating good penetration through the BBB.25 Erlotinib was studied in several single arm 

Phase II trials. Raizer et al. showed that erlotinib alone had minimal efficacy against 

recurrent glioblastoma, with 6-month PFS of 3% and an OS of 6 months.79 Yung et al. had 

slightly better results with a 6-month PFS of 20% and OS of 8.6 months.120 The authors also 

showed that amplification or mutation status of EGFR did not affect response. The first 

erlotinib combination trial for recurrent glioblastoma tested erlotinib with carboplatin and 

found a 6-month PFS of 14%, and median OS of 6.9 months.22 Interestingly, molecular 

analysis revealed no significant correlation between Akt, PTEN, EGFR, or EGFRvIII 
expression and survival, although increased EGFR expression had a trend toward longer 

survival. These studies are consistent with findings from a randomized controlled trial 

comparing erlotinib to combined temozolomide and carmustine. In that study, van den Bent 

et al.105 found that median survival and 6-month PFS was worse with erlotinib (1.8 months, 

11.4%) compared with combined temozolomide and carmustine (2.4 months, 24.1%). 

However, there was no difference in OS between the 2 groups (erlotinib: 7.7 months vs 

temozolomide and carmustine: 7.3 months). Molecular analysis showed that EGFRvIII 
mutations correlated with poor survival in the erlotinib group, but not in the control arm. 

Low pAkt expression, albeit in a small number of subjects, trended toward higher PFS in the 

erlotinib-treated patients, but not in the control arm. This suggested that there may be a 

particular subset of patients who might best respond to erlotinib and raised the idea that 

blocking downstream EGFR signaling pathways might sensitize some tumors to EGFR 

inhibition.

Cetuximab—In addition to small molecule inhibitors, EGFR signaling can also be 

inhibited by antibodies that bind to the receptor, trigger internalization, and downregulate its 

expression. Cetuximab is a chimeric monoclonal antibody against EGFR shown to have 

efficacy in colon cancers with wild-type KRAS. Due to its large size, cetuximab has limited 

permeability across the BBB.24 In a Phase II clinical trial enrolling 55 patients with 

recurrent glioblastoma in 2 arms (one included those with EGFR amplification and the other 

without), median time to progression was 1.9 months.70 Six-month PFS was 7.3%, and the 
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median OS was 5.0 months. Despite a trend toward longer survival in EGFR-amplified 

subjects, the differences between the groups were not significant. To investigate what 

molecular factors might be predictive of a good response to cetuximab, further molecular 

analysis was done on 35 of the 55 subjects in the cetuximab trial.66 The authors found that 

patients with an EGFRvIII mutation and EGFR amplification had significantly shorter PFS 

compared with patients with EGFR amplification alone (1.6 vs 3.0 months), and trended 

toward shorter OS, suggesting that cetuximab may be more effective in tumors that have 

EGFR amplification without the EGFRvIII mutation. They also found that almost all tumors 

with the favorable IDH1 mutations did not harbor amplification or mutation of the EGFR 

pathway.

Vascular Endothelial Growth Factor Receptor Inhibitors

The tumor microenvironment plays a significant role in the pathogenesis of glioblastoma. In 

particular, angiogenesis is a fundamental process in tumor growth and dissemination, 

allowing supply of oxygen, nutrients, growth factors, and hormones to tumor cells.38 Extent 

of angiogenesis and microvascular proliferation has been associated with worse survival and 

higher rates of recurrence.12 One of the most potent growth factors mediating angiogenesis 

is VEGF, which is produced mostly by tumor cells and recruits and stimulates the growth of 

endothelial cells, leading to increased tumor vascularity.38,51 VEGF can be activated by 

multiple stimuli, including a hypoxic environment via hypoxia-inducible factor-1 (HIF-1), 

acidosis, growth factors (EGFR, PDGF, and insulin-like growth factor–1), and 

prostaglandins.33,35,44 The binding of VEGF to the VEGFR leads to activation of PLC-

PKC-Raf kinase-MEK-MAPK and PI3K-Akt pathways, which promotes endothelial cell 

survival, differentiation, migration, and processes aiding in the formation of the tumor 

micro-vasculature.59 Inhibition of VEGF signaling is felt to cause vascular 

normalization.5,37,46,54,112 Due to its fundamental role in tumor progression, inhibition of 

the VEGF and VEGFR pathway has been a major focus of research, drug discovery, and 

clinical treatment. In the case of glioblastoma, VEGF levels are shown to be high and VEGF 
overexpression has been associated with poor prognosis.69 In addition, patients with 

recurrent glioblastomas tend to have higher levels of VEGF, making this a promising target 

in the treatment of patients with recurrent glioblastoma.91 The VEGF pathway can be 

targeted by direct VEGF inhibition or by inhibiting its receptor, VEGFR. Table 2 highlights 

outcomes of published studies using VEGFR inhibitors to treat recurrent glioblastoma, with 

results using specific inhibitors summarized below.

Cediranib—Cediranib is a pan-VEGFR TKRIs with additional activity against PDGF β 
and c-Kit. Cediranib is orally available and dosed daily due to its 22-hour half-life.111 

Cediranib is able to traverse the BBB, but active efflux via BBB transporters results in 

limited cerebrospinal fluid concentrations.110 There are few clinical trials of cediranib for 

recurrent glioblastoma. In one Phase II clinical trial of 31 patients with recurrent 

glioblastoma, cediranib was shown to be associated with encouraging proportions of 

radiographic responses (at least 77% response rate) and 6-month PFS (26%).1 The same 

group then completed a randomized, Phase II, placebo-controlled, partially blinded clinical 

trial to determine the efficacy of cediranib in patients with recurrent glioblastoma.2 This 3-

arm trial randomized 325 patients to cediranib monotherapy (131 patients), cediranib 
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combined with lomustine (129 patients), and lomustine monotherapy (65 patients). 

Unfortunately, the trial did not demonstrate a significant benefit in using cediranib alone or 

in combination with lomustine when compared with lomustine alone. Radiographic response 

(15% vs 18% vs 9%), median PFS (92 days vs 125 days vs 82 days), and OS (8.0 months vs 

9.4 months vs 9.8 months) were all similar. In addition, the combination of cediranib and 

lomustine increased the incidence of hematological toxicities.

Platelet-Derived Growth Factor Inhibitors

PDGF and PDGF receptors (PDGFRs) are frequently overexpressed in glioblastoma, with 

certain subtypes of glioblastoma having very high levels.107 The pathways that PDGFR 

activate are similar to the EGFR axis: PI3K-Akt-mTOR and RAS-RAF-MEK-MAPK. Like 

EGF signaling, PDGF signaling activates pathways associated with cellular proliferation and 

growth, but there is also evidence that PDGF is involved in the regulation of 

angiogenesis.75,76,118 In addition, alterations in PDGF signaling are believed to play a 

pivotal role in autocrine signaling that promote malignant transformation of normal neural 

stem cells into glioblastoma.14,20,50,65,94,104 Given the importance of PDGF in glioblastoma 

pathology, there have been various clinical studies of utilizing molecular agents that target 

the PDGF axis in the treatment for glioblastoma. Table 3 highlights outcomes of published 

studies of using PDGFR inhibitors for the treatment of recurrent glioblastoma, which are 

also summarized below.

Imatinib—Imatinib is one of the most well-known molecular targeted therapies because of 

its efficacy in treating BCR-ABL mutated chronic myelogenous leukemia.52 Imatinib is a 

small molecule inhibitor of PDGF α and β; it also acts on c-KIT, ABL, BCR-ABL, and 

arginine tyrosine kinase. There are several clinical trials evaluating the efficacy of imatinib 

combined with hydroxyurea in the treatment of glioblastoma. It is thought that imatinib 

works through several possible mechanisms: direct inhibition of the PDGFR, increased 

capillary-to-interstitium transport leading to enhanced chemotherapy delivery,74 inhibition 

of angiogenesis,64 and diminish tumor cell DNA repair ability.90 Unfortunately, imatinib has 

poor penetration through the BBB, and it has been shown that CSF concentrations are 92-

fold lower than blood.101

Since 2005, there have been multiple clinical trials examining the efficacy of imatinib in the 

treatment of recurrent glioblastoma.30,31,84,85,114 Unfortunately, the results of those trials 

have not been promising. Radiographic responses (CR or PR) range from 1% to 20%. The 6-

month PFS ranged from 5% to 32% and OS ranged from 4.8 to 6.3 months. The results of 

the first Phase II clinical trial by Dresemann et al. were promising with a radiographic 

response rate (CR and PR) of 20% and 6-month PFS of 32%30 However, subsequent clinical 

trials were unable to demonstrate similar outcomes. In fact, Dresemann and colleagues 

conducted a multicenter, randomized, Phase III clinical trial comparing hydroxyurea alone to 

imatinib with hydroxyurea in 240 patients with recurrent glioblastoma, and there was no 

significant benefit in adding imatinib with respect to radiographic response, PFS, and OS.31 

In that study, patients treated with imatinib and hydroxyurea therapy achieved radiographic 

response in only 2% of cases. In addition, PFS was only 5% and OS was 5.3 months.
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Among the clinical trials reviewed, there was one study that observed a median OS of 12.2 

months.85 This median survival was an outlier as other studies consistently demonstrated OS 

of 4.8–6.3 months.30,31,84,114 Of note, CYP3A4-inducing medications like phenytoin can 

substantially decrease circulating levels of imatinib. Therefore, if different studies do not 

carefully adjust or control for this factor, differences in outcomes may be observed. 

Nonetheless, the data supporting the use of imatinib as a therapy for recurrent glioblastoma 

are poor. Additional studies on its use as an adjuvant with other agents are ongoing.

Sorafenib—Sorafenib was approved by the FDA in 2005 for the treatment of advanced 

renal cell carcinoma. Sorafenib is a tyrosine kinase inhibitor that acts on a diverse spectrum 

of biologically active targets including VEGFR, PDGFR, and Raf kinases such as c-Raf and 

b-Raf.95,116 Theoretically, such an agent with multiple mechanisms of anticancer activity 

might be effective in glioblastoma. In addition, sorafenib has good BBB penetration.57 

There are a few Phase I studies to date examining sorafenib for the treatment of recurrent 

glioblastoma, but there are no Phase II clinical trials testing its efficacy as a single agent 

therapy for glioblastoma.73,88,122 Among the 3 identified studies, 2 studies combined 

sorafenib and temozolomide as a combination salvage therapy and 1 study combined 

erlotinib and sorafenib. In the studies of combined sorafenib and temozolomide salvage 

therapy, the radiographic response rates, PFS, and OS are similar to dose-intense 

temozolomide salvage therapy, suggesting that the addition of sorafenib has limited activity 

against recurrent glioblastoma.72,88,106,122 Overall, sorafenib-based regimens were 

associated with radiographic response rates of only 3%–12%, 6-month PFS of 9%–26%, and 

OS of 5.7–10.4 months. Some of the studies included patients that had undergone prior 

antiangiogenic treatment, clouding interpretation of their results.88

Sunitinib—Sunitinib is a nonspecific RTKI initially approved by the FDA for the treatment 

of renal cell carcinoma and imatinib-resistant gastrointestinal tumors. Sunitinib is a small 

molecule inhibitor of many receptors, primarily PDGFR and VEGFR, and proteins involved 

in tumorgenesis.13 Sunitinib also inhibits stem cell–like factor receptor, c-KIT, and colony 

stimulating factor-1 receptor.13 Because of simultaneous inhibition of multiple targets, 

sunitinib can induce tumor regression through both reduced tumor vascularization and direct 

induction of cancer cell death, but at the same time the risk for side effects are higher. While 

sunitinib is able to readily bypass the BBB, it is actively transported out of the BBB leading 

to low cerebrospinal fluid concentrations.102 There are 2 studies of sunitinib for 

glioblastoma.21,62 In vivo studies of human glioblastoma in mice have demonstrated that 

sunitinib has direct antiproliferative effects (decrease MIB-1 staining) and decreases 

microvessel density by 74%.21 One clinical trial tested daily sunitinib in the treatment of 

recurrent glioblastoma. The authors included 63 patients who underwent daily sunitinib 

treatment.62 Patients were stratified into bevacizumab-resistant and bevacizumab-naive 

groups. In comparison of the 2 groups, bevacizumab-naive patients consistently had better 

outcomes than bevacizumab-resistant patients in regard to radiographic response (10% vs 

0%), PFS (6% vs 0%), and OS (9.4 months vs 4.4 months). While this study highlights the 

importance of resistance following antiangiogenic therapy, overall, sunitinib did not offer 

significant improvement in the measured outcomes.
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Ras Pathway Inhibitors

The Ras pathway and its associated proteins are key regulators of normal cell growth and 

malignant transformation. Upregulation or overexpression of Ras contributes to 

tumorgenesis in a variety of cancers.29 Ras mutations are found in up to 25% of cancers and 

up to 90% in lung adenocarcinoma and pancreatic adenocarcinoma. Although Ras mutations 

are rare in glioblastoma, inhibition of Ras can still be effective because of its role as a 

second messenger in growth factor signaling cascades.77 Ras is downstream of EGFR, 

PDGFR, and VEGFR and therefore is intricately involved in the pathogenesis of malignant 

gliomas. Table 4 highlights outcomes of published studies of using Ras inhibitors for the 

treatment of recurrent glioblastoma.

Tipifarnib—Ras is posttranscriptionally modified by farnesyltransferase before being 

translocated to the cell membrane as an active protein. Therefore, inhibiting 

farnesyltransferase decreases available activated Ras. Several in vitro studies of glioblastoma 

have demonstrated that farnesyltransferase inhibitors significantly decrease proliferation, 

cause cell cycle arrest, and even stimulate apoptosis.34 Tipifarnib is a potent and selective 

inhibitor of farnesyltransferase. There is only one Phase II clinical trial by Cloughesy et al. 

that has tested tipifarnib as a treatment for recurrent high-grade gliomas (glioblastoma and 

anaplastic astrocytoma).16 Among the 67 patients with recurrent glioblastoma, only 7% had 

radiographic response and 6-month PFS was 9%, a relatively unfavorable result compared 

with historical controls. The BBB permeability of tipifarnib has yet to be formally 

investigated.

Lonafarnib—Similar to tipifarnib, lonafarnib is a selective inhibitor of farnesyltransferase, 

and thereby induces its activity through inhibition of the Ras pathway. The BBB 

permeability of lonafarnib has yet to be formally studied, but in a Phase I clinical trial of 

pediatric brain tumors, lonafarnib seemed to demonstrate adequate permeability of the 

BBB.60 In a Phase Ib clinical trial testing the efficacy of combination lonafarnib and 

temozolomide for recurrent glioblastoma, outcomes were relatively promising.121 Of 34 

patients, CR was achieved in 6% of patients and PR was seen in 18% of patients, a 20% 

radiographic response rate. The 6-month PFS was 38%. The clinical efficacy of tipifarnib 

and lonafarnib cannot be directly compared because tipifarnib was studied as a single agent 

and lonafarnib was combined with temozolomide. However, based on prior studies of 

temozolomide monotherapy for recurrent glioblastoma, one can extrapolate a potential 

monotherapy effect with lonafarnib that seems greater than tipifarnib and worthy of further 

study.106

Protein Kinase C Inhibitors

Protein kinase C (PKC) is a group of cytoplasmic serine/threonine kinases that 

phosphorylate several target proteins in multiple cellular signaling pathways that regulate 

cell survival, apoptosis, and stimulation of tumor cell proliferation.77 PKC is also 

intrinsically involved with the regulation of angiogenesis through VEGF.117 PKC is 

upregulated in high-grade gliomas when compared with normal astrocytes, and this 

upregulation correlates with greater tumor proliferation,18 making PKC a candidate for the 
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development of molecularly targeted therapies. Table 5 highlights outcomes of published 

studies of using PKC inhibitors for the treatment of recurrent glioblastoma.

Tamoxifen—Tamoxifen is a nonsteroidal agent most well known in the treatment of 

estrogen receptor–positive breast cancer and is highly lipid soluble; thus it readily crosses 

the BBB. In addition to inhibition of estrogen signaling, tamoxifen also inhibits other 

pathways, including PKC. In vitro studies have demonstrated that inhibition of PKC by 

tamoxifen increases cellular apoptosis, and at high dose, can even reverse 

chemoresistance.67,78 There are only a few studies examining the activity of tamoxifen for 

recurrent glioblastoma.4,19,27 Two Phase II clinical trials from the 1990s by Couldwell et al. 

and Brandes et al. tested the efficacy of tamoxifen for recurrent high-grade gliomas. 

Couldwell et al. tested high-dose tamoxifen alone in 20 patients with recurrent glioblastoma 

and Brandes et al. tested high-dose tamoxifen with procarbazine in 28 patients with 

recurrent glioblastoma.4,19 Both studies showed relatively high rates of radiographic 

responses; combined CR and PR rates were 20%–25%. However, the studies showed OS 

rates of 6.8 and 7.2 months, and time to progression was 3.3 months. A more recent study 

demonstrated much more promising results, with a PR and SD rate of 41% and median time 

to progression of 9.5 months.27 In addition, remarkably, OS was 17.5 months. The study 

also found no difference in OS and time to progression between glioblastoma patients with 

methylated vs unmethylated MGMT. Although these results were quite promising, the 

findings need to be interpreted with caution as the study was retrospective and involved a 

specific subset of patients. The study had strict eligibility criteria, each of which selected for 

patients with better prognosis: Karnofsky Performance Scale score higher than 70, high rates 

of gross-total or subtotal resection (no biopsy), and exclusion of multifocal lesions. Future 

clinical trials should consider testing tamoxifen more rigorously in a heterogeneous subset 

of patients.

Enzastaurin—Enzastaurin is small molecular inhibitor of PKCb that has been used for the 

treatment of a variety of tumors. This agent is lipid soluble and thus has adequate BBB 

permeability. In an early phase clinical trial, encouraging radiographic response rates were 

seen in recurrent high-grade gliomas treated with single agent enzastaurin, which led to a 

follow-up Phase III clinical trial by Wick et al.115 In the Phase III clinical trial, monotherapy 

enzastaurin was compared with monotherapy lomustine in 266 patients with recurrent 

glioblastoma. Enrollment was terminated early secondary to the lack of enzastaurin efficacy 

compared with lomustine. Six-month PFS for enzastaurin was 11% and median PFS was 1.5 

months. OS was 6.6 months.

mTOR Inhibitors

The PI3K/AKT pathway is activated through ligand binding to RTK. Downstream signaling 

activates mammalian target of rapamycin (mTOR), which controls cell growth and cell cycle 

progression.77,92 Normally the PI3K/ AKT pathway is downregulated by PTEN. PTEN 
tumor suppressor mutations and deletions lead to unregulated PI3K/AKT activation and 

increased mTOR activity. PTEN mutations and deletions are found in 30%–40% of 

glioblastomas.109 The inhibition of mTOR potentially can lead to cell cycle arrest, apoptosis, 

and overall reduced proliferation.9 Table 6 highlights outcomes of published studies using 
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mTOR inhibitors for the treatment of recurrent glioblastoma, with results from specific 

inhibitors summarized below.

Temsirolimus—Temsirolimus is an analog of rapamycin (sirolimus). Temsirolimus 

interacts with mTOR and inhibits mTOR-mediated RNA translation.92 Two independent 

Phase II clinical trials published in 2005 tested the efficacy of temsirolimus monotherapy for 

recurrent glioblastoma.9,42 Chang et al.9 enrolled 43 patients, and Galanis et al.42 enrolled 

65 patients. Temsirolimus was only able to achieve radiographic responses in 5% and 0% of 

patients between the 2 studies. Six-month PFS and median PFS were both low at 2%–8% 

and 2.3–4.4 months, respectively. Based on these available studies, temsirolimus 

monotherapy seems to have limited activity against recurrent glioblastoma, although there is 

a lack of large studies examining its efficacy in combination with other agents. Finally, while 

temsirolimus has been shown to traverse the BBB in rats, its ability to cross the BBB in 

humans remains unknown and could contribute to its limited efficacy.

Sirolimus—Sirolimus, also known as rapamycin, was first discovered and isolated from a 

species of Streptomyces and since then has been commonly used as an immunosuppressant 

for organ transplant. Sirolimus binds to mTOR and prevents its activation. Given its large 

natural structure, there was initial concern that sirolimus might not be able to traverse the 

BBB; however, sufficient levels of sirolimus can be found in brain tumors when 

administered at therapeutic doses.17 There is one Phase II clinical trial conducted by 

Reardon et al.83 that combined sirolimus and erlotinib for the treatment of recurrent 

glioblastoma. Radiographic response rate and PFS were discouraging; the CR and PR rates 

were 0% and 6-month PFS was 3% (median 1.5 months); these results are similar to 

monotherapy temsirolimus. OS was 8.5 months.

Everolimus—Everolimus is a specific mTOR inhibitor with lipophilic properties that allow 

it to readily traverse the BBB. The use of everolimus with bevacizumab as a combined 

modality therapy for newly diagnosed glioblastoma has shown some efficacy; the PFS 

compared favorably to previous reports of standard radiation and temozolomide therapy.47 

However, as a treatment for recurrent glioblastoma, its effects are limited. In a Phase II 

clinical trial of 22 patients with recurrent glioblastoma, combined everolimus and gefitinib 

was associated with moderate radiographic response: 14% PR and 36% SD. However, this 

effect was not durable and the 6-month PFS was 5% and median PFS was 2.6 months. OS 

was poor as well (5.8 months).

Histone Acetylation Inhibitors

Histone acetylation plays an essential role in epigenetic modification and gene regulation.39 

Histone acetylases and histone deacetylases are enzymes that modify lysine residues on 

histone core proteins. Acetylation of the histone core changes the positive charge to 

negative, leading to chromatin relaxation and greater levels of transcription.77 Targeting 

these enzymes results in widespread changes in gene expression profiles involved in cell 

survival, proliferation, differentiation, cell cycle arrest, and apoptosis.56 Table 7 highlights 

the outcomes of published studies using histone acetylation inhibitors for the treatment of 

recurrent glioblastoma.
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Vorinostat—Vorinostat is a small molecule (composed of a linear suberoylanilide 

hydroxamic acid) that acts as a specific inhibitor against human Class I and II deacetylases. 

The inhibition of deacetylase leads to the tight coiling of chromatin and subsequent silencing 

of gene expression. Several preclinical studies have shown that vorinostat is able to 

adequately penetrate the BBB and has antitumor properties in glioma models.103,119 

Vorinostat has been tested as monotherapy and in combination with other agents for 

treatment of recurrent glioblastoma.40,43 Galanis et al. reported results of a Phase II clinical 

trial testing the efficacy of vorinostat in 66 patients with recurrent glioblastoma. Total CR or 

PR occurred only in 3% of patients. The PFS at 6 months was 17% and the median PFS was 

1.9 months. OS was 5.7 months. Friday et al. hypothesized that combination therapy may 

enhance vorinostat efficacy and performed a Phase II clinical trial to evaluate the treatment 

effects of combination vorinostat and bortezomib in 37 patients with recurrent 

glioblastoma.40 The trial was terminated secondary to no patients obtaining 6-month PFS on 

interim analysis. OS was 3.2 months. In addition, the authors demonstrated that patients who 

had received prior bevacizumab therapy had a shorter time to progression and shorter OS.

Integrin Inhibitors

Integrins are a large family of cell surface receptors that bind extracellular matrix proteins 

via an arginine-glycine-aspartic acid peptide. The interaction of integrins with the 

extracellular matrix activates a number of intracellular signaling pathways involved in cell 

proliferation, differentiation, motility, and other essential cell functions.100 It has been 

shown that glioblastoma and its associated vasculature widely express integrins.3 Preclinical 

studies have demonstrated that integrin inhibition induces apoptosis of human glioma cells 

and that integrin inhibitors prolong survival of immunodeficient mice carrying glioma 

xenografts.7,10,53 Table 8 highlights outcomes of published studies of using integrin 

inhibitors for the treatment of recurrent glioblastoma.

Cilengitide—Cilengitide is a cyclic pentapeptide that competitively binds both avb3 and 

avb5 integrins, inhibiting its function. Compared with historical controls, the addition of 

concomitant and adjuvant cilengitide to standard chemo-radiation has demonstrated 

promising activity in glioblastoma patients whose tumors exhibit MGMT promoter 

methylation.98 In addition, its ability to penetrate the BBB and accumulate at therapeutic 

levels is adequate.98 Reardon et al.86 performed a randomized Phase II clinical trial of high 

and low doses of cilengitide for the treatment of recurrent glioblastoma in 81 patients. 

Modest antitumor activity was observed in the high-dose cilengitide group. PR was seen in 

13% of patients. Sixmonth PFS was 15% and median PFS was 2.0 months. OS was 

encouraging at 9.9 months. The low-dose cilengitide group consistently had significantly 

worse outcomes. Similarly, Gilbert et al.45 performed a Phase II clinical trial of cilengitide 

and reoperation for recurrent glioblastoma, showing a similar 6-month PFS of 12% and 

median PFS of 2 months. Patients were treated prior to surgery, and the authors confirmed 

that drug delivery and retention in the tumor was adequate.
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Discussion

While the prognosis for glioblastoma patients has improved in recent years, OS remains 

short and there continues to be a dire need for novel therapies. The comprehensive molecular 

profiling of glioblastoma compiled by The Cancer Genome Atlas (TCGA) has revealed 

many pharmacological targets and has ushered in the possibility of personalized cancer 

therapies for glioblastoma based on tumor pathway profiles.6 Unfortunately, the clinical 

responses to most available molecular targeted therapies are modest at best, especially for 

recurrent glioblastoma. In the treatment of recurrent glioblastoma, radiographic response 

rates range from 5% to 20%.2,9,16,19,23,28,30,31,61,62,70,73,84–87,120,122 PFS at 6 months and 

OS are also quite poor with a majority of studies reporting ranges of 10%–20% and 5–8 

months, respectively.

Causes for Failures of Targeted Therapies for Glioblastoma

Based on the results of the clinical trials reviewed in this article, mTOR inhibitors, histone 

deacetylase inhibitors, and RTK inhibitors have limited activity against recurrent 

glioblastoma. Additional studies on specific Ras inhibitors are needed, and therefore it is 

difficult to assess its efficacy and activity against recurrent glioblastoma. There are several 

potential reasons for these molecular targeting agents to fail. In the case of mTOR inhibitors, 

molecular screening for potentially high yield subsets of tumors, such as those with PTEN 
mutations, may be needed to identify optimal tumors to treat. In addition, there is concern 

that most mTOR inhibitors may not penetrate the BBB. The concern for poor BBB 

permeability of anticancer compounds is not isolated to only mTOR inhibitors, but applies to 

most agents that are not lipophilic. However, the BBB is often disrupted near the tumor, and 

some authors suggest that permeability becomes less of an issue. In the case of histone 

deacetylation inhibitors, the reasons for failure are not entirely clear, but studies to date have 

also been limited in scale.

In the case of RTK inhibitors, it was initially believed that the relative nonspecificity of these 

agents allow them to target multiple RTKs and render them effective as monotherapy. 

However, this was discouraged by laboratory findings in 2007 that demonstrated 

concomitant activation of multiple RTKs in primary glioblastoma cells lines, with all such 

lines having activation of 3 or more RTKs screened.96 In fact, many of the cell lines had 

considerably more than 3 RTKs activated, several beyond the spectrum of target inhibition 

achievable with use of a single RTK inhibitor, further suggesting a need for multidrug 

regimens even when RTK inhibition is the primary therapeutic modality. Consistent with 

this, a study investigating the phosphorylation status of EGFR in recurrent glioblastoma 

treated with gefitinib prior to resection found that EGFR was dephosphorylated (inactivated) 

after gefitinib treatment, suggesting successful targeting. However, gefitinib treatment failed 

to cause any change in the phosphorylation of downstream targets such as AKT.49 Thus, it is 

likely that the poor response to EGFR inhibitors is due to other sources of activation of the 

downstream targets of EGFR in recurrent glioblastoma, underscoring the need for a 

combined approach when using this RTK inhibitor class.
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Molecular Subtypes of Glioblastoma: Steps Toward Personalized Medicine

As mentioned above, TCGA Network full categorization of the molecular alterations in 

glioblastoma gave rise to a number of potential therapeutic targets. A 2010 study by Verhaak 

et al. used the TCGA gene expression data to classify glioblastomas into 4 molecular 

subtypes: proneural, neural, classical, and mesenchymal.107 Aberrations in gene expression 

of EGFR, NF1, and PDGFRA/ IDH1 each define the classical, mesenchymal, and proneural 

subtypes, respectively. These findings support the hypothesis that molecularly targeted 

therapies may best be used against a portion of glioblastomas and suggest a tendency for 

certain alterations to coassociate in a manner that could make combinations of molecularly 

targeted agents particularly effective.

Combination Targeted Therapies

Combination anticancer therapy is increasingly recognized as an important treatment 

strategy against various types of cancer, especially glioblastoma.71 There are several clinical 

trials that evaluated the use of combination therapy in the treatment of recurrent 

glioblastoma, and in general, outcomes for combination therapy tend to be superior to 

monotherapy.4,28,30,41,84,85,87,106,108 A case example demonstrating the efficacy of 

combination therapy can be seen in Fig. 1. In this case, the patient underwent a gross-total 

resection of his glioblastoma. He was immediately placed on a clinical trial of adjuvant 

therapy consisting of combination temozolomide, erlotinib, and bevacizumab for 1 year. He 

responded well with treatment and was off therapy for the next 2.5 years. This totaled to 3.5 

years of PFS. This case emphasizes the clinical efficacy of combination treatment, 

particularly with agents that have different mechanisms of action.

Not all combination regimens led to superior outcomes compared with monotherapy in the 

treatment of recurrent glioblastoma; rather similar outcomes were observed in certain 

clinical trials that tested combination regimens. The commonality among these studies is the 

use of multiple agents that act on the same molecular pathway. As mentioned, glioblastoma 

often has multiple activated pathways independent of one another. Thus, the effects of 

utilizing an agent that targets a pathway upstream (e.g., a receptor) are mute when another 

agent is used to target the same pathway downstream (e.g., regulatory protein). If additive or 

even synergistic effects are desired, this will likely be best achieved when different pathways 

or mechanisms are targeted.

Over the past several years, new treatment protocols that combine both traditional 

anticancer/chemotherapy agents and noncancer drugs have been developed for the treatment 

of recurrent glioblastoma.58,71 More recently, a group proposed supplementing 9 additional 

agents (aprepitant, artesunate, auranofin, captopril, copper gluconate, disulfiram, 

ketoconazole, nelfinavir, and sertraline) to continuous low-dose temozolomide in the 

treatment of recurrent glioblastoma.58 The authors had a rationale for the addition of each 

agent; each drug targeted a mechanism or pathway involved with either glioblastoma growth 

or compensatory mechanisms against temozolomide. However, this regimen has yet to be 

clinically tested and is limited by the potential for increased morbidity when combining 

these many targeted therapies in a “one size fits all” approach. A more rational approach 

could be personalized targeted therapies in which a smaller number of targeted therapies are 
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combined based on the molecular profile of the tumor, using classification such as that of 

Verhaak et al. described above.107

Conclusions

Currently available molecularly targeted therapies for glioblastoma have had only poor to 

modest activity in clinical trials of recurrent glioblastoma, and there continues to be a lack of 

effective treatment regimens. As newer agents are actively being developed, combination 

regimens are the next step in improving outcomes when utilizing molecularly targeted 

therapies for recurrent glioblastoma. In addition, stratifying patients based on molecular 

profiles of their tumor will allow a tailored treatment approach when utilizing molecular 

targeting agents. In addition, identifying molecular biomarkers of responsiveness will be 

crucial to allow these treatments to fulfill their therapeutic promise.

Abbreviations used in this paper

BBB blood-brain barrier

CR complete response

EGFR epidermal growth factor receptor

MGMT methyguanine DNA methyltransferase

mTOR mammalian target of rapamycin

OS overall survival

PD progressive disease

PDGFR platelet-derived growth factor receptor

PFS progression-free survival

PKC protein kinase C

PR partial response

RTK receptor tyrosine kinase

RTKI RTK inhibitor

SD stable disease

TCGA The Cancer Genome Atlas

VEGF vascular endothelial growth factor

VEGFR VEGF receptor
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Fig. 1. 
Combination bevacizumab, erlotinib, and temozolomide for glioblastoma. Left: Axial T1-

weighted MR image with contrast showing a ring-enhancing lesion in the left temporal lobe, 

pathology proven glioblastoma. The patient underwent gross-total resection and adjuvant 

triple therapy with bevacizumab, erlotinib, and temozolomide for 1 year and observation off 

therapy. Right: Axial T1-weighted MRI with contrast showing no evidence of recurrent 

disease 3.5 years after initial surgery.
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TABLE 4

Outcomes of published studies using Ras inhibitors for the treatment of recurrent glioblastoma

Authors & Year

Study 
Type &

Trial 
Phase

No. of
Patients Prior Treatment

Current 
Intervention
& Regimen

Radiographic
Response PFS OS

Tipifarnib BBB permeability: unknown

 Cloughesy et al.,
  2006

Phase II 
clinical
 trial, 
single
 arm

67 at least radiotherapy,
 did not specify
 chemotherapy

tipifarnib CR (0%), PR 
(7%)

9% at 6 
mos

NA

Lonafarnib BBB permeability: adequate

 Yust-Katz et al.,
  2013

Phase Ib 
clinical
 trial

34 variable, but not w/ 
lona-
 farnib or tipifarnib

lonafarnib + temo-
 zolomide

CR (6%), PR 
(18%), SD
 (47%), PD 
(29%)

38% at 6 
mos,
 median 
3.9 mos

13.7 mos
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TABLE 7

Outcomes of published studies using histone acetylation inhibitors for the treatment of recurrent glioblastoma

Authors & Year

Study 
Type & 

Trial
Phase

No. of
Patients Prior Treatment

Current Intervention 
&

Regimen Radiographic Response PFS OS

Vorinostat BBB: adequate in mouse models

 Galanis et al., 
2009

Phase II 
clinical 
trial,
 single 
arm

66 did not specify vorinostat CR or PR (3%) 17% at 6 
mos, 
median
 1.9 
mos

5.7 mos

 Friday et al., 
2012

Phase II 
clinical 
trial,
 single 
arm

37 did not specify vorinostat + bortezomib NA 0% at 6 
mos, 
median
 1.5 
mos

3.2 mos
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