Chapter 7
Small-Molecule Inhibitors in Glioblastoma:
Key Pathways and Resistance Mechanisms

Jenny L. Pokorny, Gaspar J. Kitange, and Daniel J. Ma

Abstract Glioblastoma, the most common and aggressive form of primary adult
brain tumor, is a devastating disease with a dismal two-year survival. Attempts to
improve patient survival include a variety of treatment options, from monoclonal
antibodies, vaccines, and microbubbles to exosomes and small-molecule inhibitors, all
of which are in various stages of preclinical and clinical development. The most
frequently tested type of novel therapeutics are the small-molecule inhibitors targeting
key signaling pathways dysregulated in GBM, including TP53, retinoblastoma, and
the receptor tyrosine kinase-driven EGF, PDGF, and c-MET pathways. This chapter
will compare preclinical and clinical results for a subset of inhibitors targeting the
receptor tyrosine kinase families EGF, VEGF, and PDGF along with the PI3K/Akt/
mTor pathway and cell cycle inhibitors. In the discussion, potential resistance mechanisms
which continue to pose significant barriers to effective small-molecule inhibition
treatment of GBM will be discussed along with possible improvements.
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mTorcl-2 Mammalian target of rapamycin complex 1 and 2
PDGF Platelet-derived growth factor

PFS Progression-free survival

PTEN Phosphatase and tensin homolog
RT Radiation therapy

RTK Receptor tyrosine kinase

TSC2 Tuberous sclerosis 2

7.1 Introduction: Current Glioblastoma Therapy Options

The current standard of care for newly diagnosed patients with glioblastoma (GBM)
includes surgery, radiation therapy (RT), and chemotherapy with the DNA methylating
agent temozolomide (TMZ) [1]. Both TMZ and RT kill GBM cells by inducing DNA
double-strand breaks (DSBs), which in turn activates apoptotic cell death [2]. Cells
surviving the initial therapy rapidly proliferate leading to recurrent disease, for which
known effective therapeutic options are limited [1]. FDA-approved treatments for
recurrent GBM are limited to the antiangiogenic agent Avastin (bevacizumab) and the
DNA alkylating drugs lomustine (CCNU) and carmustine (BCNU), while surgery
done at recurrence has yielded equivocal results for patients [1]. The growth of both
primary and recurrent tumors is primarily driven by vast signaling pathways activated
or dysregulated in GBM. System-wide analysis conducted by The Cancer Genome
Atlas in over 200 GBM patient samples reveals many commonly mutated and dys-
regulated pathways in GBM [3]. For instance, as shown in Fig. 7.1, 88 % of patients
analyzed had altered signaling in the RTK/RAS/PI(3)K network with 45 % of patients
showing either mutation or amplification of EGFR alone, while mutation and homo-
zygous deletion of PTEN was found in 36 % of patients. Alterations in both the p53
and RB signaling pathways are also common (87 % and 78 %, respectively), with
homozygous deletion of CDKN2A (ARF/P16/INK4A) and CDKN2B represented in
approximately half of patient samples. The majority of the signaling pathways noted
in this study provide a survival advantage either by decreasing apoptosis or increas-
ing cell proliferation and angiogenesis, suggesting that key member proteins could
provide novel targets for signaling modulation [4].

Similar system-wide genomic analysis performed in other cancer types has
uncovered novel targets and pathways which could be used to provide direct clinical
benefit [5, 6]. Although targeted chemotherapeutics created to modulate specific
pathways identified in GBM patients could be similarly identified and targeted, no
small-molecule inhibitor has been FDA approved for treatment of GBM patients.
This is, at least in part, because of a lack of significant therapeutic benefit and/or
toxicity that was observed in the initial preclinical and clinical studies [7, 8].
Significant complications continue to plague the development and testing of novel
therapeutics in GBM, a few of which will be covered toward the end of this chapter
in Sect. 7.3, Resistance Mechanisms to Small-Molecule Inhibitors.
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Fig. 7.1 Commonly dysregulated pathways and pathway components in GBM patients.
Sequencing of 206 glioblastoma patient tissue samples was performed to uncover the most com-
monly dysregulated pathways and pathway components present in GBM patient tissues. Reprinted
by permission from Macmillan Publishers Ltd: Molecules [3], copyright (2009)

7.2 Small-Molecule Novel Therapeutics

7.2.1 Receptor Tyrosine Kinase Inhibitors

The receptor tyrosine kinases (RTKs) are frequently mutated and overexpressed in
GBM, with a high frequency of alterations reported in the PDGF, EGF, and c-MET
families, among others [9]. Mutational events in RTKs are often concurrent with other
activating and silencing mutations, such as loss of the tumor suppressor genes phospha-
tase and tensin homolog (PTEN) and tumor protein (p53) [3]. Alterations in RTKs
affect a wide range of downstream cellular pathways and processes including apoptosis
evasion, growth, survival, and focal adhesion, as noted in Fig. 7.2. Figure 7.3 presents
a simplified schematic of RTK/PI3K/Akt signaling and many of the chemotherapeutics
directed against specific members of these pathways, a few of which will be discussed
throughout this chapter. The following section will provide a detailed account of key
inhibitors targeting the RTKSs and pinpoint the observed clinical benefit, if any, in GBM.
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Fig. 7.2 Receptor tyrosine kinase pathway proteins and downstream signaling effects. The activation
of receptor tyrosine kinases (RTKs), in addition to G-protein-coupled receptors (GPCRs), drives a
multitude of downstream targets including Akt, mTor, and PI3K and their respective pathways, many
of which are known to be dysregulated in various forms of cancer including GBM. Reprinted by
permission from Macmillan Publishers Ltd: Nature Reviews Drug Discovery [56], copyright (2009)

7.2.1.1 Epidermal Growth Factor Inhibitors

One of the most extensively studied and frequently targeted of the RTKs across all
cancer types is the erythroblastic leukemia viral oncogene homolog (ErbB) or
epidermal growth factor (EGF) family of receptors [10, 11]. The EGF family consists
of four members: EGFR/ErbB1/Herl, ErbB2/Her2, ErbB3/Her3, and ErbB4/Her4
[10]. Though only EGFR, Her3 and Her4 have known ligand-induced kinase
activity, dimerization and oligimerization of all EGF family members allows for a
wide variety of signaling pathway options [10, 11]. A key regulator of downstream
RTK activity, PTEN was implicated as a possible negative regulator of the EGFR
inhibitor response [12]. However, preclinical and clinical studies from other
groups have repeatedly failed to confirm the importance of PTEN in receptor tyrosine
kinase inhibitor (RTKi) efficacy [13, 14]. Thus, the relevance of PTEN status to
EGFR inhibitor efficacy remains unknown.

EGFR targeting is a particularly attractive therapeutic strategy for GBM patients
as approximately 34—63 % will have an amplification of EGFR and, of those, 25-64 %
will also have an excision of exons 2—7, called EGFRVIII, which creates a constitu-
tively activated protein kinase [15]. Deletion of exons 2—7 has been shown to drive
EGFR addiction in cells; thus EGFR inhibition should be an effective therapeutic
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Fig. 7.3 Small-molecule inhibitors and their targets. Several small-molecule inhibitors targeting
RTK, PI3K, and mTor have been tested preclinically and clinically for GBM and other cancer types.
Only a select few examples from this extensive list are discussed in this chapter. Reprinted by permis-
sion from Macmillan Publishers Ltd: Nature Reviews Drug Discovery [56], copyright (2009)

strategy for GBM patients [11, 16]. Activation of EGFR drives downstream signaling
through a wide variety of pathways including JAK/STAT, RAF/MEK/ERK, and
PI3K/AKT/mTor; thus uncontrolled or amplified EGFR activity is likely a critical
tumorigenic event [11, 17]. Not surprisingly, there are a large number of EGF-
directed chemotherapeutics which are in various stages of testing for GBM, as illus-
trated in Fig. 7.3. Three of the inhibitors included in Fig. 7.3, erlotinib, lapatinib, and
gefitinib, have been extensively evaluated both preclinically and clinically for therapy
in GBM, and the results of those studies are discussed below.

A. Erlotinib (Tarceva, Astellas Pharma)

Erlotinib is a selective and reversible, ATP-competitive intracellular kinase domain
inhibitor of EGFR (ErbB1), FDA approved for treatment of non-small cell lung
cancer patients (NSCLC) [16, 18]. Similar to GBM, a large number of NSCLC
patients will have activating mutations in EGFR (approximately 40-80 %), with
about 90 % of those mutations occurring in the kinase domain [19, 20].
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Preclinical Evaluation

Xenograft studies in patient-derived orthotopic lines treated with erlotinib showed
that EGFRVIII status is likely not a reliable predictor of single agent response [21].
One of only two responsive lines from the panel of 11 tested was an EGFR WT
tumor. Although PTEN status did appear to predict for favorable response, since
only two lines were responsive, the total number of lines tested were too few to
make predictive statements on the role of PTEN status based on these data alone.

Clinical Evaluation

Erlotinib has been tested in five separate Phase II clinical trials (a sixth trial will
be discussed in detail in the section for rapamycin). The first trial tested erlo-
tinib in a nonrandomized and open-label study as a single agent in patients who
had completed TMZ and RT treatments and were on their first relapse [22].
Forty-eight patients for the two-stage study were accrued, but low response
rates (one complete response and three partial responses) in stage 1 led to the
study being ended before the start of stage 2. Assessment of EGFR amplification
did not indicate any significant survival difference between EGFR-amplified
and non-amplified patients (progression-free survival (PFS) at 6 months 21.7 %
vs 18.3 %, amplified and non-amplified, respectively). In the second trial, 96
patients were divided into two groups (group 1, 53 patients with recurrent GBM,
oligodendroglioma, or anaplastic astrocytoma, and group 2, 43 GBM patients
who were nonprogressive (NP) after RT) and treated with single agent erlotinib
[8]. Group 1 patients were allowed no more than two prior relapses and two
prior therapies. Group 2 patients were not allowed to have received any prior
chemotherapy, including TMZ. Erlotinib treatment yielded a PFS at 6 months in
recurrent GBM patients of only 3% (27 % for recurrent AG patients), while
estimated 1-year PFS was 9 % in the NP group. Pharmacokinetic analysis con-
ducted in a subset of patients indicated that erlotinib penetration into tumors
was insufficient to effectively inhibit EGFR phosphorylation [8, 23]. In the third
trial, 97 newly diagnosed patients received erlotinib in combination with TMZ
and RT and then continued erlotinib treatment with adjuvant TMZ [13]. No dif-
ference in median OS was seen in patients treated with erlotinib when compared
to EORTC 26981/22981-NCIC historical controls (15.3 vs 15 months), and
response had no correlation with PTEN or EGFR status. In the fourth study, 27
newly diagnosed patients were treated concurrently with TMZ, RT, and erlo-
tinib, within 28 days of biopsy or resection [7]. PFS at 6 months was only 30 %
for this study. The study authors also noted that the combination of RT, TMZ,
and erlotinib had “unacceptable toxicity.” Finally in the fifth trial, 110 recurrent
GBM patients were randomly assigned to receive either erlotinib (54 patients)
or a control compound (either TMZ or BCNU (27 or 29 patients, respectively),
depending upon whether the patient had been treated with TMZ previously)
[24]. At 6 months, patients receiving erlotinib had a PFS of 11.4 %, while
patients in the control arm had a PFS of 24.1 %. Collectively, the poor results
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from xenograft studies and clinical trials illustrate how little is known about the
complexity of the EGFR signaling pathway and which factors are truly predic-
tive of response to EGFR inhibition.

B. Lapatinib (Tykerb, Novartis)

A second EGFR inhibitor, lapatinib, also inhibits ErbB2 (Her2) [25]. Although
Her2-driven pathways have not been implicated in GBM as they are in breast cancer,
heterodimerization and oligimerization of all four EGF receptors are known signaling
mechanisms; thus, dual inhibition of EGFR and Her2 as opposed to inhibition of
only EGFR is a potential method to target and inhibit interactions that both receptors
play roles in [10, 26]. Further, some studies have found that primary (de novo) GBM
tumors have Her2 overexpression, though GBMs arising from lower-grade tumors
(secondary GBM) do not appear to exhibit the same phenotype [27].

Preclinical Evaluation

Only one in vivo study of lapatinib treatment of GBM exists currently, and although
five patient-derived xenografts were used in the study, only one xenograft line,
GBMB6, is noted by the authors as being responsive to in vivo treatment with lapatinib
(placebo treatment vs lapatinib, p <0.05) [25]. Interestingly, GBM6 was also included
in the abovementioned in vivo study with erlotinib, and in that study, treatment of
GBM6 with erlotinib did not produce a statistically significant survival benefit
(»p=0.536) [21]. Thus, if the lapatinib results in GBM®6 are reproducible, they may
indicate that GBM®6 is uniquely sensitive to Her2/neu inhibition or to the combination
of EGFR and Her2/neu inhibition. Further, these results may hint at a certain subset
of GBM tumors that are sensitive to dual inhibition of EGFR and Her2/neu.

Clinical Evaluation

Lapatinib has been tested in two Phase I/II trials, both of which were conducted in
recurrent GBM patients. In the first Phase II trial, the best response was stable disease
in four patients, while the remaining 13 patients had early progression; thus the study
was ended prematurely [28]. Neither EGFRVIII nor PTEN status was predictive of
outcome. The second trial tested the combination of pazopanib and lapatinib in 41
GBM patients at first or second recurrence. Patients were split into two groups: 1.
EGFRVIII/PTEN positive and 2. EGFRVIII/PTEN negative [29]. This study also failed
to meet primary endpoints with a PFS at 6 months of 0 % in the EGFRVIII/PTEN positive
and 15 % in the EGFRVIII/PTEN negative groups. Although pharmacokinetic evalua-
tion of pazopanib levels indicated effective concentrations reached, lapatinib doses
achieved were subtherapeutic. Neither PTEN nor EGFRVIII status was predictive of
outcome in this study. Although the preclinical results for lapatinib indicate a potential,
select group of GBM patients that may respond to lapatinib, clinical studies have yet
to effectively identify and benefit that specific patient population.
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C. Gefitinib (Iressa, Astra-Zeneca, and Teva)

Gefitinib, similar to erlotinib, is an ATP-competitive selective inhibitor of the EGFR
kinase domain [ 18]. Although there are slight differences between the two compounds
(molecular weight and increased likelihood for adverse events (with erlotinib), etc),
both retrospective and prospective studies conducted in NSCLC patients have failed
to find a significant therapeutic difference [19, 30-32]. Similar comparative studies of
erlotinib and gefitinib have not been conducted for GBM, either preclinically or
clinically, so it is unclear if treatment with gefitinib and erlotinib in GBM patients will
prove to yield essentially analogous results as well.

Preclinical Evaluation

Joshi et al. reported mixed results from in vivo studies performed in 9L rat gliosar-
coma and the human GBM cell line 020913 with gefitinib [14]. Animals injected
intracranially (IC) with 020913 and treated with gefitinib had a statistically significant
survival benefit over placebo treated animals (p=0.0001). However, rats implanted
with 9L cells did not yield a similar benefit (p=0.13). In their analysis of these results,
the authors speculate that the 020913 growth conditions (stem cell media supple-
mented with EGF and FGF) may select for EGF dependence, whereas 9L cells, which
are grown in complete media, are not similarly selected. Growth conditions have in
fact been found to directly affect expression of EGFR [15]. Although the EGFR status
of OL cells is a point of contention, with some groups stating that 9L cells do not
express EGFR, while others have noted that 9L cells do overexpress EGFR [33, 34],
the relevance of EGFR status for inhibitor efficacy is unknown. Further, according to
in vitro data noted by the authors, 9L cells treated with gefitinib were more sensitive
than 020913 cells. Thus again, though differential effects with EGFR inhibition have
been noted, no clear explanation has yet been found for these differences.

Clinical Evaluation

Gefitinib was tested in three Phase II trials, two conducted in recurrent and one in
newly diagnosed GBM patients. The first study accrued 28 patients with mixed high-
grade gliomas (grades III and IV) in which there was no appreciable efficacy [35].
PFS at 6 months for all patients was 14.3 % (12.5 % in the GBM patient subgroup).
Five patients had stable disease and none had partial response. Neither EGFR expression
nor gene status nor p-Akt level (a downstream target of EGFR signaling, discussed
in greater detail in Sect. 7.2.2) predicted for outcome. In the second trial of gefitinib
in recurrent patients, PFS at 6 months was 13 % with no objective tumor responses
noted [36]. In the third trial, 96 newly diagnosed patients first underwent RT and then
were treated with single agent gefitinib [37]. Patient results, when compared to histori-
cal controls, showed no significant difference in survival with gefitinib treatment
(PES at 12 months, post-RT vs historical controls 16.7 % and 30.3 %, respectively).
Although there are slight differences between erlotinib and gefitinib, neither drug
appears to provide significant benefit to GBM patients clinically.
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7.2.1.2 Vascular Endothelial Growth Factor and Platelet-Derived Growth
Factor Kinase Inhibitors

The vascular endothelial growth factor (VEGF) family consists of five members,
VEGFA, B, C, D, and placental growth factor (though the best characterized is VEGFA)
along with the three receptors, VEGFRI, 2, and 3 [38]. Initially identified as an endo-
thelial cell mitogen, the VEGF family actually has functions in a wide variety of cell
types and cellular functions, such as cancer stem cell function, tumorigenesis, and stim-
ulation of epithelial to mesenchymal transition [38]. The platelet-derived growth factor
(PDGF) family also has multiple components with five isoforms (PDGF-AA, -BB,
-CC, -DD, and -AB). Binding of these factors leads to homo- or heterodimeric com-
plexing of PDGFRa and PDGFRf which ultimately drives downstream effects such as
migration, cell survival, and growth [39]. Similar to EGF, both VEGF and PDGF
expression have been found to be upregulated in GBM [3, 9]. PDGF and PDGFR are
overexpressed in approximately 16% of GBM, while VEGF-driven angiogenesis is
considered a key factor in tumor growth and survival [40, 41]. Several inhibitors with
activity against VEGF and PDGF are currently undergoing investigation for treatment
of GBM, the results for two of which will be discussed in detail below.

A. Sorafenib (Nexavar, Bayer)

Sorafenib is a multi-targeted kinase inhibitor with activity against both the VEGF
(VEGFR2 and 3) and PDGF (PDGFf and KIT) families [42]. Sorafenib also inhib-
its both C-Raf and B-Raf along with MEK and ERK phosphorylation [42] and has
been shown to induce apoptosis in a variety of cell lines through its downregulation
of the pro-survival factor Mcl-1 [43].

Preclinical Evaluation

Available preclinical in vivo studies of sorafenib are limited, with only one study
conducted in mice with orthotopically implanted U87 cells. Single agent
sorafenib treatment in this study had a significant survival benefit over vehicle
treatment (p <0.05) [44].

Clinical Evaluation

Sorafenib has been tested in five clinical trials in GBM patients, the first of which,
a Phase I/II, combined sorafenib with temsirolimus. However, the study was ended
before the start of Phase II as no patients from Phase I made PFS at 6 months [45].
Median PFS in this study was 8 weeks. A separate Phase II trial with sorafenib in
combination with bevacizumab conducted in recurrent GBM patients showed no
benefit of the combination over bevacizumab historical controls (PFS at 6 months
was 20.4 % for sorafenib and bevacizumab combination vs 16-24 % for bevaci-
zumab historical controls) [46]. The third and fourth Phase II studies both tested the



154 J.L. Pokorny et al.

combination of sorafenib with low-dose TMZ in recurrent GBM patients, yet each
had markedly different results. In both trials, patients received 800 mg/day of
sorafenib and similar doses of TMZ (40 mg/m?*day vs 50 mg/m?/day). However the
PFS at 6 months for each study is strikingly different. In the first study, the PFS at 6
months was only 9.4 %, while the second trial had a PFS at 6 months of 26 % [47,
48]. It is unclear why similar study designs yielded such dissimilar results. However,
the results from both groups indicate that the combination of TMZ and sorafenib is
of limited benefit to recurrent GBM patients. In the fifth study, 47 newly diagnosed
patients who first underwent combined treatment with TMZ and RT were then
treated with sorafenib and TMZ as maintenance therapy. Unfortunately, only about
60 % of patients successfully finished concurrent TMZ and RT and continued on to
adjuvant TMZ and sorafenib. Though the PES at 6 months for the entire treatment
group was 50 %, the addition of sorafenib provided no survival benefit over histori-
cal controls [49]. Apparently, clinical sorafenib treatment does not have the same
efficacy as what was found preclinically, especially when sorafenib efficacy is com-
pared to historical controls.

B. Sunitinib (Sutent, Pfizer)

Sunitinib malate is a multi-targeted receptor tyrosine kinase inhibitor which inhibits
PDGFRa and -f, VEGFRI1 and 2, as well as RET, c-KIT, CSF-1R, and FLT3 [50].
Although multi-targeted kinases offer a wide range of inhibitor activity and thus
provide more opportunities for efficacy, it becomes challenging, if not impossible,
to thoroughly understand the mechanisms of action of a multi-targeted therapeutic.
Differential efficacy can potentially be attributed to any or all of the known targets
or the further downstream effects, making determining biomarkers and selecting
patient populations extremely difficult.

Preclinical Evaluation

A 2007 study demonstrated a significant survival benefit in mice with U87 IC
implanted tumors and treated with sunitinib at 80 mg/kg over placebo-treated mice
(»<0.0001) [50]. A second study by Joshi et al. reported that animals implanted
with either 9L rat glioma or 020913 human GBM cells and treated with single agent
sunitinib at 15 mg/kg did not have any survival benefit (p=0.13 compared to
placebo-treated mice) [14]. Although treatment with sunitinib in the first study
showed survival benefit, the dose used is significantly higher than that used in
patients in the clinical trials discussed below (37.5 mg), thus calling into question
the reliability of those survival data.

Clinical Evaluation

Sunitinib has been tested in two Phase II trials, the first of which was conducted in
newly diagnosed patients with unresectable GBM [51]. Patients were treated with
sunitinib pre-RT and then concurrent with and post-RT treatment. Out of the 12
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patients accrued for the study, only one (8.3 %) exhibited stable disease, while 11
(91.3 %) had disease progression on treatment. The lack of response in this patient
population led to the study being terminated early. In a second Phase II study, patients
with recurrent GBM or recurrent gliosarcoma were stratified by their previous expo-
sure to bevacizumab into bevacizumab-resistant and bevacizumab-naive groups [52].
Only 3/29 of the bevacizumab-naive patients achieved radiographic response (10 %),
while 0/29 of the bevacizumab-resistant patients did. Single agent sunitinib treatment
provided no improvement in median time-to-progression or overall survival (1.6 and
3.8 months, respectively). Although the inhibition of multiple targets potentially pro-
vides more opportunities for target inhibition and treatment efficacy, neither sorafenib
nor sunitinib appears to provide any significant benefit in GBM patients.

7.2.2 PI3K/mTor/Akt Pathway Inhibitors

Many of the downstream targets and pathways of the RTKs have been implicated as
essential drivers in gliomagenesis, apoptosis evasion, and cell growth. One of the
most targeted and dysregulated of those downstream pathways is the phosphoinosit-
ide 3-kinase/ mechanistic target of rapamycin (PI3K/mTor) pathway [53]. The PI3
kinases are subdivided into three different classes, though this chapter will only
focus on the activity of the Class I PI3 kinases. Activation of a target receptor (either
an RTK or G-protein-coupled receptor) induces interaction of PI3K, either directly
or viaa mediator, thus driving generation of phosphatidylinositol-3,4,5-trisphosphate
(PIP3) [53, 54]. Figure 7.2 gives a simplified view of the signaling components
involved in this pathway. Once generated, PIP3 interacts with Akt, causing confor-
mational changes which expose the two activating phosphorylation sites, T308 and
S473 [53]. Upon activation, Akt can then phosphorylate a wide range of proteins (as
noted in Fig. 7.2), including tuberous sclerosis 2 (TSC2), a negative regulator of the
mammalian target of rapamycin complex 1, or mTorc1 [53].

A component of both mTorcl and mTorc2, mTor is a serine/threonine kinase
with broad activity in cell proliferation, growth, and survival [55]. Although mTor
was initially named after its role in the cellular response to rapamycin, acute
rapamycin treatment only affects mTor when complexed as mTorc1, a master regu-
lator of protein synthesis (via 4EBP1 and S6K) and cellular nutrient response [55,
56]. mTorc2, on the other hand, is structurally affected only by chronic rapamycin
treatment, although not all cell types respond uniformly [57]. mTorc2, unlike
mTorcl, is insensitive to nutrient-driven signaling and instead plays a role in cell
survival and cytoskeletal organization [55, 57].

7.2.2.1 A. Rapamycin (Sirolimus, Pfizer)
Rapamycin is a macrolide antibiotic with known activity as an antifungal, immuno-

suppressive, and antineoplastic [58]. All of these effects are due to rapamycin’s
interactions with immunophilin FKBP12, the complexing of which inhibits
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substrate recruitment and catalytic accessibility to mTor, though only when mTor is
complexed as mTorcl [58]. Rapamycin does have some marginal activity against
mTorc2 as well [57].

Preclinical Evaluation

Fischer rats implanted IC with the RG2 cell line and treated with rapamycin had
modest though statistically significant survival benefit (19.5 vs 24 days, p<0.01)
[59]. In a second in vivo study, CD1 nude mice implanted with US7MG cells also
had a significant survival benefit with rapamycin treatment (p<0.0001) [60].
Interestingly, mice implanted with patient-derived glioma lines and treated with
single-agent rapamycin in studies from Zhuang et al. and Mendiburu-Eligabe et al.
failed to recapitulate the survival benefit noted in the U87 and RG2 studies, though
Zhuang et al. did find that rapamycin may be a radiosensitizer as the combination of
rapamycin and RT provided a significant survival benefit over RT alone (p <0.005,
RT vs rapamycin+RT) [61, 62].

Clinical Evaluation

An initial Phase I study in GBM patients selected for PTEN loss, which included
specimen sampling to track drug concentration in the tumor, found that although
tumor levels of rapamycin were sufficient to inhibit mTor, the magnitude of
mTor inhibition achieved varied widely across all patients. Further, although
Ki-67 expression (a marker of cell proliferation) was found to decrease in 7 of
the 14 patients after treatment with rapamycin for 1 week, in direct correlation
to the amount of mTor inhibition (p =0.0047), the level of Ki-67 downregulation
was not associated with intratumoral concentration of the drug [63]. A Phase II
open-label study in 32 unselected, recurrent, heavily pretreated GBM patients
treated with erlotinib and rapamycin showed no improvement in PFS (estimated
PFS at 6 months was 3.1 %) or OS with the combination, and patient response
was not correlated with PTEN expression [64]. Although response was corre-
lated with p-Akt levels, the statistics were barely significant (p=0.045). The
comparison of preclinical and clinical rapamycin results indicates that the sur-
vival data from U87 and RG2 may not be as reliable as those data from the
patient-derived lines.

7.2.2.2 B. Rad001 (Everolimus, Novartis)

Rad001 is a rapamycin ester analog (rapalog) which was designed to overcome
rapamycin’s instability and insolubility. Similar to rapamycin, Rad001 is an immu-
nosuppressant and an effective inhibitor of mTor activity, specifically when mTor is
complexed as mTorc1 [59, 65]. In preclinical models Rad001 is well tolerated even
at very high doses [66].
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Preclinical Evaluation

In a panel of 17 orthotopically implanted, patient-derived lines, which included
seven lines deficient in PTEN, only one line, GBM10, had a significant survival
benefit with single-agent Rad001 treatment [67]. The only other line found to
respond to Rad001 was a PTEN WT line (GBM22). Molecular analysis to deter-
mine specific mechanisms indicated that PTEN status was an insufficient biomarker
for response of tumors to single agent Rad001. Although a second group found that
single agent Rad001 treatment of animals with U§7MG tumors provided significant
survival benefit, the clinical relevance of immortalized lines to the patient experi-
ence is likely limited [68, 69].

Clinical Evaluation

Rad001 has been tested in one Phase II clinical trial, NO57K, which added Rad001
to the combination of TMZ and RT along with adjuvant TMZ. The authors found
that the inclusion of Rad001 in this newly diagnosed patient population provided no
significant benefit when compared to historical controls (PFS at 6 months was 52 %)
[70] (personal communication). Kreisl et al. in a Phase I study testing the combina-
tion of Rad001 and gefitinib in 22 recurrent patients found that, though the combi-
nation of the two drugs provided some stable disease (8) and partial responses (2),
these responses were not durable (PFS at 6 months was 4.5 %). Although Rad001 is
supposed to be an improved version of rapamycin, Rad001 fails to provide any
more patient benefit than rapamycin does.

7.2.2.3 C.XL765 (Voxtalisib, Exelis)

XL765 is an ATP-competitive, selective, dual pan-Class I PI3K and mTor inhibitor
undergoing testing in a wide variety of cancer types [71]. Although many mTor
inhibitors, including the rapalogs, have been found to provide treatment benefit in
some cancer types, selective inhibition of mTor often leads to compensatory upreg-
ulation of Akt, a consequence that is mitigated with usage of a dual PI3K/mTor
inhibitor [54, 58, 72, 73].

Preclinical Evaluation

In vitro testing of XL'765 conducted in five patient-derived xenograft lines treated with
single agent XL765 showed excellent activity against all lines tested, while the com-
bination of XL765 and TMZ showed evidence of synergistic activity in four out of the
five lines tested [72]. Although in vivo testing of XL765 and TMZ in one line, GBM39,
provided survival benefit over control (XL765 +TMZ vs control, 117 vs 55 days,
p<0.001), the combination of XL765 and TMZ failed to provide statistically signifi-
cant benefit over the single agent TMZ arm (117 vs 83 days, p=0.09).
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Clinical Evaluation

XL765 has currently only been tested in one Phase I study in AGand GBM patients.
Fifty-four patients who were either already receiving TMZ treatment (group 1) or
were newly diagnosed (group 2) received XL765 either in combination with adju-
vant TMZ (group 1) or along with RT and TMZ combined therapy dosing (group 2).
Of the 47 evaluable patients, XL765 produced partial response in only two patients
(overall response rate of 4 %) and stable disease in 32 patients (68 %) [71]. Inhibition
of both PI3K and mTor does not appear to be a useful sensitization strategy, though
further studies are necessary to completely rule out dual PI3K/mTor inhibitors as a
possible treatment for GBM patients.

7.2.3 Inhibitors of Cell Cycle Progression

The cell cycle and DNA replication are tightly regulated by proteins that either
inhibit or potentiate progression of cell division [74]. Retinoblastoma (pRb) and
p53 are among the key proteins guiding cell cycle progression, with cell cycle dys-
regulation, either via the pRb or p53 pathway, a common occurrence in GBM and
considered to be a critical step in gliomagenesis (Fig. 7.1) [3]. The high prevalence
of cell cycle dysregulation in GBM has generated interest in creating pharmacologi-
cal agents which can disturb various components of this complex system, though
currently very few clinical studies have been conducted with cell cycle inhibitors in
GBM.

7.2.3.1 G1/S Inhibitors

The retinoblastoma family consists of three members: Rb (pRb)/p105, p107, and
Rb2/p130, all of which are cell cycle regulators via their inhibitory activity against
the E2F family of transcription factors [75]. pRb, when hypophosphorylated, binds
and inhibits the transcription factor E2F [75]. pRb inhibition is relieved by activated
cyclin-dependent kinase 4/6 (CDK4/6) complexed with cyclin D1, which phosphor-
ylates pRb, releasing E2F and ultimately allowing for progression through G1 into
S-phase and finally cell division [75]. Inactivation or loss of pRb, which occurs in
approximately 25 % of GBM, allows for persistent activation of the E2F family of
transcripts and uninhibited cell division [75, 76]. In GBM with intact pRb, deletion
of p16 and p14, negative regulators of the complexing of CDK4/6-cyclin D, along
with amplification of CDK4/6 has been shown to mediate persistent hyperphos-
phorylation of pRb [3, 77]. Inhibition of G1/S components is an attractive sensitiza-
tion strategy in GBM due to the high prevalence of cell cycle dysregulation found
in these tumors. Several G1/S inhibitors, including roscovitine, palbociclib, abe-
maciclib, flavopiridol, and many others, have been tested in a variety of cancers,
though only one, palbociclib, has been FDA approved for use in breast cancers.
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A. Flavopiridol (Alvocidib, Tolero Pharmaceuticals)

Flavopiridol is a multi-targeted phosphokinase inhibitor with activity against sev-
eral cyclin-dependent kinases (CDK1, 2, 4, 6, and 7) as well as some receptor tyro-
sine kinases and signal transducing kinases (i.e., Erk-1) [78]. Flavopiridol exhibits
cytotoxicity against both actively dividing cells and resting cells [78]. Though the
drug is currently not FDA approved for treatment of any neoplasm, it was desig-
nated as an orphan drug for acute myeloid leukemia by the FDA in 2014.

Preclinical Evaluation

Only one in vivo study in the murine GL261 line has been conducted with flavopiri-
dol [79]. In this study, animals with IC GL261 tumors were treated days 7-11 after
injection and then harvested on days 14, 21, and 28 for assessment of tumor volume,
microvessel density, and apoptosis (by TUNEL). Though there was a significant
decrease in tumor volume in mice treated with flavopiridol on day 14 post-injection
(N=6, p<0.02, in comparison to control treated mice), by days 21 and 28, there was
no longer any significant difference in tumor volume. Although these data indicate,
as the authors note, that flavopiridol is capable of reaching the tumor and penetrat-
ing the brain, further long-term survival studies in primary human lines are neces-
sary to accurately represent flavopiridol efficacy preclinically.

Clinical Evaluation

Currently, no clinical trials for GBM have been conducted with flavopiridol.

B. Palbociclib (PD0332991, Pfizer)

Palbociclib is an inhibitor of both CDK4 and CDK6-cyclin D1 kinase activity, with
equal inhibition achieved for each kinase [80]. Tumors without pRb expression have
been found to be resistant to palbociclib, while those that express pRb are poten-
tially responsive to treatment [80].

Preclinical Evaluation

Single agent administration of palbociclib to mice with either orthotopically
implanted U87 or GBM39 xenografts yielded significant benefit in comparison to
placebo treatment (p<0.001) [81]. In the same study, the combination of radiation
and palbociclib in U87 implanted mice further improved survival, though only
when RT was administered after palbociclib (p=0.01 for single agent RT and pal-
bociclib compared to the combination of palbociclib pretreatment and RT posttreat-
ment). However, the combination of TMZ and palbociclib in a separate cohort of
mice did not provide added benefit over the cyclical dosing of TMZ alone (78.1 vs
81.4 days, p=0.970). A second study conducted in the patient-derived GBM6 line
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also showed some slight though statistically significant (p <0.01) benefit with single
agent treatment of palbociclib [82]. Data from these patient-derived lines indicate
that palbociclib may have modest efficacy in GBM patients.

Clinical Evaluation

Only one clinical trial in recurrent GBM or gliosarcoma which is Rb positive is
currently ongoing (ClinicalTrials.gov Identifier: NCT01227434). At this time no
results are available.

7.2.3.2 G2/M Inhibitors

p53 is a key regulator of the cell cycle and a known tumor suppressor. Genotoxic
and cytotoxic stress drive p53 to stall cell cycle progression, mainly at the G1/S
checkpoint, or induce apoptosis [83]. Figure 7.4 is a simplified illustration of a few
of the proteins responsible for DNA damage sensing and cell cycle progression,
including p53. Mutation or deletion of p53 is found in approximately 35 % of GBM,
though p53 pathway alterations are detected in 70 % of samples tested [3]. MDM?2,
a negative regulator of p53 function, keeps these cell cycle and proapoptotic path-
ways in check, and in the case of GBMs with intact p53, MDM?2 amplification
(found in approximately 11 % of GBMs) inhibits p53 activity [3]. p53-null tumors
thus rely heavily on the G2/M checkpoint and the activity of the checkpoint proteins
Weel and Mytl to maintain genomic integrity [84—86].

Weel and Mytl are tyrosine kinases in the serine-threonine family of protein
kinases that are key regulators of mitotic entry [85]. Weel’s kinase function is
specifically directed at phosphorylation of CDK1 at tyrosine 15, an inhibitory phos-
phorylation that halts cell cycle progression at G2/M, as illustrated in Fig. 7.4 [87].
Once the G2/M checkpoint is successfully completed, Cdc25 reactivates CDK1/
Cyclin B by removal of the tyrosine 15 phosphorylation. CDK1/Cyclin B in turn
targets Weel for hyperphosphorylation at threonine 293, marking it for transloca-
tion outside of the nucleus and degradation [87, 88].

In p53-null tumors, pharmacological inhibition of Weel may be particularly effec-
tive due to synthetic lethality [85]. The idea of synthetic lethality posits that loss or
disruption of one gene, “A,” can be compensated for by a second gene “B.” However
loss or disruption of both genes leads to cell death [89]. Thus p53-null tumors which
are incapable of maintaining genomic integrity by arresting at the G1/S checkpoint
along with pharmacological inhibition of Weel (leading to loss of a functional G2/M
checkpoint) could potentially cause synthetic lethality. Additional cytotoxic damage
introduced after loss of the G1 and G2 checkpoints could potentially allow for propa-
gation of highly lethal adducts, such as those induced by TMZ and other cytotoxic
agents. Thus, the combination of a cytotoxic agent like TMZ and a Weel inhibitor
poses an attractive sensitization strategy to increase efficacy in GBM patients.
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Fig. 7.4 The cell cycle and checkpoint proteins. Induction of DNA damage in the form of a DSB
or ssDNA activates DNA damage repair proteins causing arrest at one of the cell cycle checkpoints
via p53. Cells lacking p53 activity rely heavily on the cell cycle arrest at G2 driven by Weel to
maintain genomic integrity [124]. Open access from InTechOpen

A. MK-1775 (AZD-1775, Astra-Zeneca)

MK-1775 is an ATP-competitive, selective inhibitor of Weel with single agent
in vitro activity in a wide range of tumor cell lines [90], while the combination of
MK-1775 and cytotoxic agents such as TMZ and gemcitabine further increases
efficacy [91, 92]. Though results from Guertin et al. and Pokorny et al. indicate that
p53 status did not predict for single agent or combination efficacy with TMZ,
Rajeshkumar et al. did find that p53 status was relevant for the combination of gem-
citabine and MK-1775 in pancreatic cancer lines.

Preclinical Evaluation

MK-1775 treatment of the clinically relevant xenografts (GBM22 and GBM12)
implanted orthotopically failed to provide any survival benefit over placebo (36 vs
34 days p=0.15) [91]. MALDI-MSI data from animals with either IC or flank
tumors treated with a single dose of 200 mg/kg MK-1775 indicated that exposure
levels in the brain were heterogeneous. Pharmacokinetic data further indicated that
drug levels achieved in the brain (maximum 5 %) were likely insufficient to provide
therapeutic benefit, even in the highly sensitive GBM22 line. Administration of
MK-1775 to mice bearing GBM?22 heterotopic tumors provided survival benefit
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over placebo (median survival 38 vs 30 days, p=0.01), especially when combined
with TMZ (median survival with TMZ of 91 days vs 240 days with the combination
of TMZ and MK-1775 treated with a protracted dosing schedule, p=0.02).

Clinical Evaluation

Although there are no Weel inhibitors FDA approved for treatment of any malig-
nancy, over 18 clinical trials (one of which is being conducted in recurrent and
newly diagnosed GBM patients) in a wide range of cancer types are listed on clini-
caltrials.gov. Preclinical studies of Weel inhibitors as a single agent and in combi-
nation with FDA-approved cytotoxic agents have shown promising results; thus
Weel inhibitors may very well be approved for clinical use in the near future [92,
93]. Understanding the Weel specific pathways and potential biomarkers as well as
the reasons for differential response and lack of brain efficacy as noted from the
study above will be essential for successful clinical application of Weel inhibitors
in the future.

7.3 Resistance Mechanisms to Small-Molecule Inhibitors

Although several different compounds targeting a wide variety of pathways consid-
ered to be essential for GBM proliferation and survival have been tested both pre-
clinically and clinically, none have provided benefit significant enough to warrant
FDA approval. There are at least six main reasons for the lack of clinical efficacy
seen among the drugs noted here. The first is the issue of pathway redundancy,
while the second is the generation of secondary mutations with small-molecule
treatment. The third highlights the difficulty of targeting extremely complex and
incompletely understood pathways. The fourth point will focus on specific differ-
ences in EGFR mutations between NSCLC and GBM and why inhibitors, such as
erlotinib and gefitinib, may be unrealistic options for GBM treatment. The fifth
point covers the heterogeneous nature of GBM tumors, and the sixth will consider
the unique environment presented by the brain and the obstacles that must be over-
come when attempting to introduce novel therapeutics.

First, pathway redundancy is a key impediment to development of maximally
effective drugs. Although novel therapeutics may target proteins and pathways con-
sidered key for cell survival, compensatory upregulation of untargeted pathways
provides cells the ability to utilize alternatives which are still available. For instance,
many NSCLC patients undergoing treatment with EGFR inhibitors regularly
develop resistance when cells upregulate other pathways including c-MET, IGFR,
VEGFR, and PDGFR [17]. Systems-level studies of the ErbB family and other key
mitogenic factors commonly found to be upregulated in GBM have shown that
these factors have “modularity” and “show redundancy of regulatory circuits” [94].
Infact, neither high brain accumulation of targeted drugs nor effective downregulation
of drug target can guarantee patient efficacy [94]. Results from a Phase II trial
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definitively show that gefitinib crosses into the brain in very high concentrations
(brain concentration 22 times higher than plasma) and is capable of efficiently
reducing EGFR phosphorylation [94]. Yet EGFR perturbation did not lead to modu-
lation of any downstream signal transducers, and in fact, EGFR phosphorylation
was not even found to be a factor for “overall activation of the pathway” [94].
Similar issues have also been noted in hepatocellular carcinoma patient resistance
to sorafenib, in prostate cancer patient resistance to Rad001, and in breast cancer
patient resistance to lapatinib, in which cross talk and upregulation of untargeted or
compensatory pathways are recognized as key mechanisms of acquired resistance
[73, 95, 96]. If further analysis of the EGF pathway concludes that there is redun-
dancy and modularity, those findings will significantly affect future attempts to
target EGFR with single agents such as gefitinib and erlotinib.

A second mechanism of resistance is the generation of secondary mutations after
initial tumor treatment. Along with upregulation of compensatory pathways,
approximately 50 % of NSCLC patients treated with EGFR inhibitors will become
resistant by emergence of a T790M mutation, which replaces the threonine for a
bulkier methionine, preventing binding of the inhibitor, while maintaining catalytic
activity [17, 97]. Similarly TMZ resistance in GBM patients has been linked to
mutation of the mismatch repair gene, MSH6, while sunitinib resistance in gastro-
intestinal stromal tumors has been correlated with secondary mutation of KIT [98,
99]. Since regular biopsy of patient tumors is unrealistic in GBM, assessment of
tumors at recurrence, when possible, along with generation of patient-derived xeno-
grafts with resistant phenotypes will allow for a better understanding of key muta-
tions leading to therapeutic resistance.

A third mechanism of resistance is the complexity of the pathways targeted and
the difficulty of correctly implicating biomarkers. In 2005, Mellinghoff et al.
reported that PTEN status (WT or deleted) was a predictive marker for EGFR inhib-
itor efficacy. However in all of the EGFR and PI3K inhibitor trials described above
in which PTEN status was noted, PTEN status failed to definitively correspond with
inhibitor efficacy. Other groups have more recently implicated phosphorylation of
PTEN at tyrosine 240 [100] and upregulation of EGFRVIII and PI3Kp1108 [101] as
possible drivers of RTKi resistance as opposed to the more binary PTEN status.
These findings indicate that our current level of pathway understanding, particularly
for EGFR, is insufficient. In many of these failed clinical trials, a better understand-
ing of molecular markers of response and the pathways targeted could lead to
improved patient selection and study results.

A fourth resistance mechanism focuses specifically on the unique EGFR muta-
tions found in GBM in comparison to those found in NSCLC tumors. Although
erlotinib and gefitinib have both been FDA approved for treatment of NSCLC, a
tumor with a high rate of EGFR activity, similar to GBM, efficacy achieved with
these same inhibitors in GBM remains disappointing [19, 102, 103]. In-depth analy-
sis of clinical lung cancer samples indicates that these tumors often have a high
percentage of EGFR mutations, similar to GBM. However, the majority of EGFR
mutations found in lung cancers are kinase domain (KD) mutations, as opposed to
the extracellular domain (EC) mutations more commonly found in GBM [16].
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Interestingly, a comparison of lung cancers that had either KD or EC mutations
found that lines with EC mutations, when treated with gefitinib or erlotinib, were
significantly more resistant to both erlotinib and gefitinib, in comparison to lines
with KD mutations [16]. Although the idea of oncogene addiction posits that GBM
cells that are EGFRVIII are addicted to the EGFR signaling pathway and EGFR
inhibition should provide benefit, erlotinib and other similar inhibitors have not
delivered [16]. The unique mutations found specifically in GBM could play an
essential role in understanding this lack of efficacy.

Fifth, GBM is, by definition, a highly heterogeneous tumor [3, 4, 104].
Although whole genome sequencing and histopathology allow clinicians to
categorize each tumor by its specific genetic abnormalities, sequencing and
pathology results are limited by the samples taken [105, 106]. Unrepresented or
underrepresented subpopulations of cells with different expression profiles which
do not respond to the targeted treatment are a source for tumor resistance [107].
Although newer techniques such as single cell RNAseq allow a deeper under-
standing of tumor clonality and the possibility of improved chemotherapeutic
targeting, significant cost and the issue of sampling bias mean that RNAseq is not
yet ready for regular clinical use [105]. Further, all methods for categorizing
tumors provide only a snapshot of the tumor as it is in the instant that the tissue
samples are taken. Some of the studies noted above analyzed treatment efficacy
based upon patient samples that were taken at initial surgery [29, 63, 64].
However a patient who presents at recurrence and is treated with a targeted ther-
apy based upon limited and outdated pathology or sequencing data may not
respond to treatment because the tumor has changed and the collected samples
are not actually representative of the current tumor. Regular biopsy of GBMs is
an unrealistic option; thus the development of assays that can be used to regularly
monitor tumor expression patterns, via tumor-specific circulating DNA, for
instance, is necessary to improve real-time molecular characteristics [108]. In
essence, though targeted therapeutics are potentially promising options for GBM
patients, limitations on histopathology and sequencing sample acquisition mean
actual benefits are still quite limited.

The sixth and arguably one of the most important mechanisms of resistance is
the unique environment of the brain and the blood-brain barrier (BBB) as signifi-
cant impediments to effective drug delivery. Although the BBB provides essential
protection to the normal brain against potential neurotoxins and harmful cells, it
also acts as a safe haven for GBM tumors, keeping out commonly used chemothera-
peutics [109]. Transcellular and paracellular passage into the brain parenchyma is
regulated by two main mechanisms: the ATP binding cassette (ABC) transporters,
located luminally on the endothelial cells, and tight junctions and adherens
junctions present between the endothelial cells which constitute the brain vascula-
ture, along with pericytes, astrocytes, and perivascular macrophages (illustrated in
Fig. 7.5) [109]. Brain access is thus limited to diffusion of “very small or gaseous
molecules (e.g., water, carbon dioxide)”’; passive diffusion of larger solutes, which
is limited by lipid solubility, electrical charge, and molecular weight; and active
transport via specific solute carriers [109].
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Fig.7.5 A diagram of various components of the blood-brain barrier. (a) Schematic of various cell
types which line the blood vessels and constitute the blood-brain barrier, pericytes, endothelial
cells, and astrocytes. (b) A detailed schematic of the luminal location of the drug pumps (p-gp and
MRPs) along with the tight junctions (TJ) and adherens junctions (AJ) at the endothelial cell junc-
tions which line the blood vessels. Reprinted with permission from Macmillan Publishers Ltd:
Nature Reviews Drug Discovery [125], copyright (2007)

The ABC transporters p-glycoprotein (p-gp or multidrug resistance protein 1
(MDR1), also called permeability glycoprotein/ABCB1) and breast cancer resis-
tance protein 1 (BCRP1/ABCG?2) interact with and limit transcellular permeability
of therapeutics present in the vasculature and prevent access to the brain by actively
pumping out substrates. All but two (XL765 and MK-1775) of the small-molecule
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Table 7.1 Summary of p-gp p-gp substrate | BCRP1 substrate

and BCRP1 substrate binding Exlotinib X X

results for all compounds —

discussed in the chapter Lapatinib X X
Gefitinib X X
Sorafenib X X
Sunitinib X X
Rapamycin | X
Rad001 X X
XL765 U 6]
Flavopiridol | X X
Palbociclib | X X
MK-1775 U 6]

All sources are referenced in the chapter text
U=data are unavailable

inhibitors discussed above have been shown to be a substrate for at least one of the
drug pumps found in the brain (data summarized in Table 7.1) [66, 91, 102, 103,
110-116]. Inhibitors that are drug pump substrates may provide excellent therapeu-
tic benefit in vitro (as noted for the Weel inhibitor MK-1775, [91]). However, sub-
strates simply cannot accumulate in sufficient levels to have a meaningful therapeutic
effect in the brain (hence the low brain accumulation of 5 % noted in PK results with
MK-1775) [91]. Most GBM cells express P-gp at the level of the normal brain, with
some evidence indicating that a subgroup of glioma cells express CD133, a pro-
posed stem cell marker, along with increased expression of BCRP1 [107, 117]. Thus
there may be a population of stem cells in the tumor which are able to evade drug
effects by over-expression of drug pumps, ensuring propagation of the tumor even
after chemotherapeutic treatment. Studies which take into consideration the basal
expression of drug pumps in patients, as well as whether individual compounds
bind to drug pumps, may be necessary for improved efficacy in the future.

The second component of the BBB, the tight junctions, also poses a significant bar-
rier to effective chemotherapy delivery [109]. The tight junctions consist of claudin-5,
occludin, and junctional adhesion molecules (JAMs) along with the intracellular adaptor
proteins such as ZO-1, which link the transmembrane tight junction components with
the actin cytoskeleton. The adherens junctions, of which VE-cadherin is one of the most
important components, in combination with the tight junctions, connect the endothelial
cells together and provide a relatively impermeable barrier in the normal brain [109,
118]. Although a compromised (“leaky’’) BBB is considered to be a hallmark of GBM,
careful studies of the brain environment actually indicate that patient tumors present
with a heterogeneous distribution of BBB openness, with tumor cells found in areas of
open and closed BBB [109]. Along with differential BBB integrity, Ortensi et al. also
found that tumors often have increased expression of pro-invasive and stem cell markers
in the tumor rim, the outer edge of tumor cells, in comparison to the more open and
central tumor core [119]. It is possible that invading GBM cells are capable of adapting
to the brain environment surrounding them and upregulating factors that improve their
likelihood of survival [119]. It is likely these cells in the rim that prove to be difficult to
reach and a significant barrier to effective small-molecule inhibitor treatment.
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7.4 Future Perspectives

Considering the lack of promising results achieved with just the few chemotherapeu-
tics described here, it is clear that new methods of drug delivery, discovery, and BBB
penetration need to be created, along with a better understanding of the signaling
pathways and factors found specifically in GBM tumors. To that end, a variety of
modalities for improving brain access are being considered from microbubble injec-
tions targeted with focused ultrasound causing vibrations that can temporarily open
the BBB [120] and bradykinin receptor agonists [121] to the drug pump inhibitors
elacridar and tariquidar, which directly interact with and inhibit the substrate binding
abilities of both p-gp and BCRP1 [122]. Although none of these modalities have yet
been found to effectively overcome the BBB and allow for improved drug delivery,
preclinical and clinical studies are still ongoing. Another promising option is to design
inhibitors specifically for use in the brain with characteristics that allow for improved
brain access and efficacy [123]. Regardless of the methodology, unless cancer
researchers, clinicians, and drug developers can start to rethink the approach to GBM
treatment, promising therapeutics will continue to fail at the clinical level.
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