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Note Added in Proof

While this manuscript was in press, the U.S. Food and Drug Administration (FDA) granted accelerated approval of Avastin®
(bevacizumab; Genentech, Inc., South San Francisco, CA) monotherapy for patients with glioblastoma (GBM) with progressive
disease following prior therapy. The new indication for Avastin® was granted under the FDA’s accelerated approval program that
permits the use of certain surrogate endpoints or an effect on a clinical endpoint other than survival or irreversible morbidity as bases
for approvals of products intended for serious or life-threatening illnesses or conditions. The approval was based on demonstration of
improved objective response rates observed in two historically-controlled, single-arm or noncomparative phase II trials [110, 111].
The FDA independently reviewed an open-label, multicenter, noncomparative phase II study that randomized 167 recurrent GBM
patients to receive bevacizumab alone or bevacizumab in combination with irinotecan [110], although only efficacy data from the
bevacizumab monotherapy arm (n = 85) were used to support drug approval. Response was assessed by magnetic resonance imaging
(MRI) and measured using World Health Organization radiographic criteria along with decreased or stable corticosteroid use.
According to the FDA analysis of this study, tumor responses were observed in 26% of patients treated with bevacizumab alone, and
the median duration of response in these patients was 4.2 months. In this study, the incidence of adverse events known to be
associated with bevacizumab did not appear to be significantly increased in GBM patients based on this externally controlled trial.
The FDA used the same response assessment criteria to independently assess another single-arm, single-institution trial in which 56
recurrent GBM patients were treated with bevacizumab alone [111]. Responses were observed in 20% of patients, and the median
duration of response was 3.9 months. This approval will significantly impact the general treatment approach for patients with recurrent
GBM. Currently, however, no data are available from prospective, randomized controlled trials demonstrating improvement in
disease-related symptoms or increased survival with bevacizumab in GBM. These data will be necessary to measure the actual clinical
benefit of bevacizumab in this population.
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Currently, adult glioblastoma (GBM) patients have poor outcomes with conventional cytotoxic
treatments. Because GBMs are highly angiogenic tumors, inhibitors that target tumor vasculature
are considered promising therapeutic agents in these patients. Encouraging efficacy and
tolerability in preliminary clinical trials suggest that targeting angiogenesis may be an effective
therapeutic strategy in GBM patients. However, the survival benefits observed to date in
uncontrolled trials of antiangiogenic agents have been modest, and several obstacles have limited
their effectiveness. This article reviews the rationale for antiangiogenic agents in GBM, their
potential mechanisms of action, and their clinical development in GBM patients. Although
challenges remain with this approach, ongoing studies may improve upon the promising initial
benefits already observed in GBM patients.

Malignant glioma; Glioblastoma; Angiogenesis; Vascular endothelial growth factor; Cerebral

Introduction

The prognosis for patients with glioblastoma (GBM), the most common malignant glioma in
adults, remains poor despite aggressive surgery, radiation, and chemotherapy. The median
overall survival (OS) time for patients with GBM is <15 months [1]. Patients who progress
through initial treatment fare worse, with an OS time <6 months [2], and for these patients
there is no established treatment. However, new therapeutic approaches directed at the
tumor vascular network have yielded encouraging results in several types of solid tumors,
including GBM.

Induction of angiogenesis, the process by which tumors form new blood vessels, is required
for most types of solid tumors to progress [3—6]. This insight set the stage for the
development of antiangiogenic therapy [3, 7], and there are now three vascular endothelial
growth factor (VEGF)-targeting drugs that have received U.S. Food and Drug
Administration approval for the treatment of cancer. Based on beneficial results from phase
III clinical trials, bevacizumab (Avastin®; Genentech, Inc., South San Francisco, CA), a
monoclonal antibody against the VEGF-A ligand, was approved for first-line therapy in
combination with chemotherapy in patients with advanced colorectal cancer, non-small cell
lung cancer, and breast cancer [8—10]. In addition, two small-molecule tyrosine kinase
inhibitors (TKIs) that target the VEGF receptor have shown efficacy in phase III studies as
single agents. Sorafenib (Nexavar®; Bayer Pharmaceuticals Corporation, West Haven, CT)
is approved for use in patients with advanced renal cell and hepatocellular carcinoma [11,
12] and sunitinib (Sutent®; Pfizer, Inc., New York) is approved for treatment of advanced
renal cell carcinoma as well as for progressive gastrointestinal stromal tumors [13, 14].

Growth of malignant glioma (MG), which consists of World Health Organization (WHO)
grade III (or anaplastic) astrocytoma, oligodendroglioma, and oligoastrocytoma and WHO
grade IV astrocytoma (GBM), is dependent on new blood vessel formation [15-17].
Preclinical models strongly support the concept of antiangiogenic therapy for GBM [18, 19],
and preliminary clinical data in GBM patients appear to validate preclinical findings.
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However, the clinical benefits of antiangiogenic therapies have been modest, with
progression-free survival (PFS) improvements measured in months compared with historical
controls, illustrating that significant challenges remain with these approaches [20]. Here, we
review the rationale, mechanisms of action, and clinical development of antiangiogenic
therapy in GBM and discuss strategies that may build on these encouraging initial clinical
results.

Rationale for Antiangiogenic Therapy in MG

Biology of Angiogenesis in MG

The biology of brain tumor neovascularization has been recently reviewed in detail [6, 15—
17], and here we briefly summarize several key features. Vasculature that is both structurally
and functionally abnormal is characteristic of GBM, and microvascular proliferation is a
diagnostic hallmark of GBM (Fig. 1) [21]. GBMs contain marked endothelial proliferation
and highly disorganized, tortuous, large-diameter vessels with diminished pericyte coverage
and increased basement membrane thickness [18, 22—-24]. These vessels have increased
permeability, blood flow, and transport properties and create an environment of severe
hypoxia, increased interstitial pressure, acidosis, and necrosis in a spatially heterogeneous
manner [25-29]. The increased permeability is associated with blood—brain barrier (BBB)
disruption and results in vasogenic cerebral edema [30]. Disruption of the BBB is also the
basis for the abnormal contrast leakage and enhancement observed on computed
tomography (CT) and magnetic resonance imaging (MRI) scans of patients with MG.

The mechanism of tumor angiogenesis was originally conceived of as the growth of new
capillary vessels from pre-existing vessels; however, recent investigations have revealed a
more complex and dynamic process. GBMs generate new blood vessels through several
mechanisms that likely act simultaneously [17]. Classic “sprouting angiogenesis” is
stimulated by hypoxia-induced secretion of growth factors, the most important being VEGF,
that recruit new blood vessels [5, 31]. However, GBM may initially grow by “co-opting”
pre-existing normal blood vessels. Glioma cells migrate along existing, normal blood vessels
and destabilize them, causing vessel regression, reduced perfusion, hypoxia, and necrosis
[32]. In response, cytokines are secreted that trigger angiogenesis [33]. Another less
understood mechanism of new blood vessel growth is vasculogenesis, whereby bone
marrow—derived endothelial precursor cells in the circulation are recruited to brain tumors
and are directly incorporated into the tumor vasculature [34-36].

Angiogenesis is driven by a number of molecular pathways that interact in complex,
redundant networks. The major proangiogenic mediator in GBM is VEGF-A (also referred
to as VEGF), whose signal is transduced mainly through VEGF receptor (VEGFR)-2 (also
known as KDR). VEGF is highly expressed in GBM as a consequence of diverse genetic
and epigenetic cues, and its expression is associated with higher grades of astrocytoma [37—
39]. Hypoxia is a principal inducer of VEGF expression from glioma cells through a
mechanism mediated by the transcription factor hypoxia inducible factor-1a [37, 40—42].
Many other factors increase VEGF expression, including acidosis, nitric oxide, altered
oncogenes and tumor suppressor genes (e.g., kit and TP53), cytokines (e.g., basic fibroblast
growth factor [bFGF], platelet-derived growth factor [PDGF], and epidermal growth factor
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[EGF)), and activated intracellular signaling pathways such as phosphatidylinositol 3’ kinase
(PI3K)/Akt and Ras/mitogen-activated protein kinase (MAPK) [38, 43—46].

VEGF is expressed mainly by the pseudopalisading glioma cells around zones of necrosis
(Fig. 1) [47]. VEGF may also originate from host sources, including infiltrating
inflammatory cells, platelets, stromal cells, and the extracellular matrix [5, 48]. Tumor-
secreted VEGF functions in a paracrine manner by binding its cognate receptor VEGFR-2
on endothelial cells [49]. Stimulation of the receptor tyrosine kinase VEGFR-2 triggers a
variety of signaling cascades including the PI3K/Akt and Ras/MAPK pathways. This results
in increased endothelial cell proliferation, migration, and survival, as well as production of
nitric oxide and increased vascular permeability [38, 50].

In addition, VEGF has a variety of effects on tumor endothelium that remain to be fully
elucidated. The VEGF receptor family includes the cell surface receptors VEGFR-1,
VEGFR-3, neuropilin (NRP)-1, and NRP-2. These receptors have distinct binding affinities
for VEGF and its homologues (VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F, and
placental growth factor [PIGF]) [51], and many of these receptors are upregulated in GBM
[49, 52, 53]. Each receptor is associated with relatively discrete physiological processes, and
their functions in the context of tumor angiogenesis continue to be characterized [54, 55].
Furthermore, VEGF receptors are not limited to the cell surface. In nonglioma cancer
models, intracellular VEGFR-1 and VEGFR-2 stimulation by VEGF promotes survival in
both tumor and endothelial cells [S6-58]. In addition, soluble VEGFR-2 and NRP-1 are
thought to decrease angiogenesis by sequestering VEGF [59, 60].

Circulating VEGF also contributes to tumor neovasculature as a chemoattractant and
possibly as an immune modulator. VEGF mobilizes and recruits bone marrow—derived
myeloid cells (BMDCs), hematopoietic progenitor cells, and endothelial progenitor cells
(EPCs) to GBM tumors [36, 61]. Infusion of VEGF in animal models interferes with T-cell
development and the maturation of dendritic cells [62].

Many other factors promote angiogenesis in GBM through redundant or interconnected
pathways with VEGF. These include the angiopoietin-1/angiopoietin-2/tie-2 signaling
pathway, bFGF, insulin-like growth factor, hepatocyte growth factor/scatter factor,
transforming growth factor-f}, cyclo-oxygenase-2, tumor necrosis factor-a, and the
interleukins [16, 17, 31, 46, 63]. Factors that mediate endothelial cell migration and
invasion, such as cell surface integrins av3 and avp5, matrix metalloproteinase (MMP)-2
and MMP-9, and tenascin-C, also promote angiogenesis in GBM [64, 65]. All of these
proangiogenic mediators are balanced in vivo by endogenous inhibitors of angiogenesis such
as angiostatin, endostatin, thrombospondin-1, and interferon (IFN)-y [66].

The Notch-deltalike ligand (DI1)4 signaling pathway has emerged as a key regulator of
tumor angiogenesis and a possible therapeutic target [67]. The cell surface Notch receptors
are fundamental developmental regulators that transmit intercellular signals by interacting
with transmembrane DIl and Jagged ligands on neighboring cells. D114 is expressed on
endothelial cells and is essential for vascular development [68]. It is induced by VEGF,
although it functions as a negative feedback regulator by inhibiting VEGF-induced
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endothelial activity [69, 70]. Interestingly, the administration of neutralizing antibodies to
Dll4 in several tumor models, including glioma, results in reduced tumor growth but
increased vessel density [71, 72]. This increased vascularity, however, is dysfunctional and
inefficient, resulting in poor tumor perfusion and oxygenation.

Vasculogenesis is increasingly being recognized as a key factor in GBM neovascularization
[6, 17]. Bone marrow—derived EPCs are recruited to the site of the tumor and are directly
incorporated into the walls of new vessels. Moreover, hematopoietic cell populations
recruited to perivascular locations promote vasculogenesis by expressing a variety of
proangiogenic factors [36, 73]. In animal models, more than half of the vessels associated
with gliomas and brain tumor metastases consist of BMDCs [34, 35]. Mobilization and
recruitment are principally mediated by hypoxia and VEGF, although glioma-derived
stromal-derived factor (SDF)-1 and G-CSF are also chemotactic for EPCs [74, 75].

Mechanisms of Antiangiogenic Therapy

VEGF pathway—targeting agents are the most clinically developed of the antiangiogenic
therapies. Although no antiangiogenic agents are approved specifically for use in GBM,
several VEGF-targeting approaches are under clinical investigation in this population. These
include strategies that sequester VEGF using neutralizing antibodies or decoy receptors and
TKIs or other receptor antagonists that target VEGFRs (Table 1).

Despite extensive preclinical evaluation, the antitumor mechanisms of anti-VEGF agents are
incompletely understood. Several parallel mechanisms are thought to inhibit tumor growth
in animal model systems [5, 20, 76]. Anti-VEGF agents may induce endothelial cell
apoptosis and may inhibit BMDC incorporation, ultimately leading to a cytostatic effect on
new blood vessel growth [77]. Effects on vascular function are more prominent, with
vasoconstriction, decreased permeability, and decreased perfusion resulting in decreased
delivery of oxygen and nutrients to the tumor.

When used in combination therapy, VEGF pathway inhibitors may sensitize glioma-
associated endothelial cells to cytotoxic therapy [78, 79] and counteract a surge in VEGF
expression and EPC recruitment induced by chemotherapy and radiation [76, 80, 81]. In
addition, anti-VEGF therapy may transiently “normalize” the highly aberrant tumor
vasculature and possibly improve delivery and efficacy of concurrent cytotoxic therapy [82].
Inhibition of VEGF decreases permeability and interstitial pressure, leading to more uniform
blood flow and diminished tumor hypoxia [18]. In humans, vascular effects consistent with
normalization were observed in colorectal cancer patients treated with bevacizumab [77], in
recurrent GBM patients treated with the pan-VEGFR TKI cediranib (AZD2171, Recentin®;
AstraZeneca Pharmaceuticals, Wilmington, DE) [83], and in recurrent GBM patient tissue
following bevacizumab treatment [84].

With regard to specific VEGF-targeting agents, VEGF-sequestering molecules such as
bevacizumab and the soluble decoy VEGFR aflibercept (VEGF-Trap®; Regeneron
Pharmaceuticals, Inc., Tarrytown, NY) have the advantages of a long half-life and high
specificity. Antiangiogenic TKIs were initially developed as specific competitive inhibitors
of VEGEFR tyrosine kinases; however, most of these TKIs have activity against other
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tyrosine kinases, including PDGFR, Raf, and c-Kit [85]. Although this relative lack of target
specificity may result in more off-target effects, these agents may simultaneously inhibit
several proangiogenic or pathogenic signaling pathways in GBM and thus confer an
advantage over more specific agents [86]. Notably, intracellular VEGFR inhibition
theoretically provides TKIs with an additional antitumor effect not obtained with agents that
function in circulation.

Several proangiogenic pathways distinct from VEGF are also being targeted in GBM
patients (summarized in Table 1). Another alternative antiangiogenic strategy is metronomic
chemotherapy—the administration of low-dose conventional chemotherapy in closely
spaced, regular intervals [87]. Metronomic chemotherapy schedules inhibit tumor
endothelial cell proliferation and survival, prevent the recruitment of EPCs, and have
antitumor activity in glioma animal models [88-90]. A recent study has shown that
metronomic chemotherapy can also “normalize” tumor vessels, and thus improve delivery
and efficacy of chemotherapy [91].

Furthermore, recent studies suggest that antiangiogenic agents may have activity against
stem-like cells isolated from brain tumors [92]. These “brain tumor stem cells” have
markedly upregulated VEGF expression, form highly angiogenic tumors in animal models
[93], and reside in aberrant perivascular stem cell niches supported by endothelial cells [94].
Treatment of brain tumor stem cells with bevacizumab or metronomic chemotherapy
inhibits angiogenesis and suppresses their tumorigenicity in animal models [93, 95, 96].

Finally, in animal models, antiangiogenic agents decrease brain tumor—associated vasogenic
edema by decreasing tumor vessel permeability and interstitial fluid pressure [18, 30, 97].
This distinct effect on the peritumoral environment may prove to be therapeutically useful.

Clinical Trials

VEGF Ligand Sequestration

A number of retrospective and prospective studies indicated that bevacizumab, a
recombinant humanized monoclonal antibody against VEGF with a half-life of up to 20
days, may have a beneficial effect in recurrent GBM patients. Several case series of
recurrent GBM or MG patients have reported radiographic response rates (partial or
complete responses as defined by standard criteria [98, 99]) of 35%—-50% with the
combination of bevacizumab and conventional chemotherapy, with responses often
occurring rapidly after treatment initiation [100-103]. There was also a suggestion of
clinical benefit in these reports manifested by delayed tumor progression. One study
reported a 6-month (PFS6) rate of 42% for recurrent GBM patients [102], a rate higher than
a historical benchmark of 15% [2]. Furthermore, an apparent antiedema effect of
bevacizumab was evident in that study, because corticosteroid requirements decreased in
33% of patients.

Although treatment was generally well tolerated in these case series, thromboembolic and
hemorrhagic complications were noted. In the two larger series, thromboembolic events
occurred in five of 44 patients (11%) [102] and in seven of 77 patients (9%) [103]. These
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events included six episodes of pulmonary embolism, one superior mesenteric vein
thrombosis, and one arterial event (myocardial infarction). Intratumoral hemorrhages were
observed in five of 77 patients (6.5%) in one series [103], and there were two asymptomatic
intracranial hemorrhages in the series of 44 patients [102]. Other notable complications
included two gastrointestinal (GI) perforations [100, 102] and one case of reversible
posterior leukoencephalopathy syndrome (RPLS) [103].

The first prospective study of an antiangiogenic therapy in MG patients was reported by
Vredenburgh et al. [104, 105], who observed relatively high radiographic response and PFS
rates using the combination of bevacizumab and irinotecan. In that phase II clinical trial, 68
recurrent MG patients were treated with bevacizumab and irinotecan in two schedules. The
radiographic response rates were 57% for recurrent GBM and 61% for recurrent anaplastic
glioma (AG) patients [106], which compared favorably with response rates achieved with
temozolomide at first recurrence (5% for recurrent GBM and 35% for recurrent AG patients)
[107, 108]. Radiographic responses were also associated with clinical improvement, because
patients improved neurologically and were able to decrease or discontinue corticosteroid
usage. The PFS6 rates were 43% for recurrent GBM patients and 59% for AG patients
[106], considerably higher than historical references (15% and 31%, respectively). Although
treatment was generally well tolerated, there was toxicity observed, with treatment-related
discontinuation of therapy in 11 of 35 (31%) recurrent GBM patients [105]. Of note, there
were eight (12%) thromboembolic complications, including one arterial stroke, and two
(3%) central nervous system (CNS) hemorrhages [106].

Several subsequent prospective studies in recurrent MG patients showed similarly
encouraging results with bevacizumab. In a study of 21 recurrent MG patients treated with
the combination of bevacizumab and irinotecan, of which 17 had GBM, the MRI response
rate was 36% and the OS rate at 6 months was 62% [109]. Preliminary data from an ongoing
trial that randomized 167 recurrent GBM patients to receive bevacizumab alone or
bevacizumab and irinotecan demonstrated a radiographic response rate of 32.9% and a PFS6
rate of 50.2% for the combination therapy [110]. The corticosteroid dose was reduced by at
least 50% in the majority of enrolled patients. Notably, the median OS time of patients
treated with bevacizumab alone was 9.7 months, whereas the median OS time was 8.9
months in patients treated with bevacizumab and irinotecan, suggesting that irinotecan may
contribute little to the activity of bevacizumab [110]. Overall, treatment was well tolerated,
with three intracranial hemorrhages noted. In a recently reported phase II study, 48 recurrent
GBM patients were treated with bevacizumab alone. The PFS6 rate in that study was 29%
and the 6-month OS rate was 57% [111]. Treatment was well tolerated, with six patients
removed from the study for drug-related toxicities (five thromboembolic events and one
bowel perforation).

Together, these prospective studies indicate that bevacizumab might have efficacy in this
heavily pretreated patient population and has an acceptable toxicity profile. As a result, trials
evaluating the addition of bevacizumab to standard therapy for newly diagnosed GBM
patients are under way [112, 113], including a multicenter, randomized phase III trial for
newly diagnosed GBM patients. In addition, a large number of clinical trials are currently
evaluating bevacizumab in combination with various chemotherapeutic and molecularly
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targeted agents for recurrent GBM (Table 1). However, a survival advantage for
bevacizumab in GBM patients has not been established in a prospective, controlled trial.

Aflibercept is a soluble VEGFR fused to an immunoglobulin constant region with a VEGF-
binding affinity several hundred times greater than that of bevacizumab. It functions as a
decoy receptor with the additional capacity of binding VEGF-B and PIGF [114]. Preliminary
data from an ongoing phase II trial of aflibercept monotherapy in 48 recurrent MG patients
showed radiographic response rates of 50% for AG and 30% for GBM patients [115], which
were similar to values observed with bevacizumab and irinotecan. However, there was
clinically significant toxicity, and 12 study patients (25%) had to discontinue aflibercept on
average <2 months after starting therapy.

VEGFR TKils

Many TKIs targeting VEGFR are under clinical development for GBM, and preliminary
results are encouraging. These agents have the added clinical advantage of oral
bioavailability. Cediranib, a potent pan-VEGFR TKI with activity against PDGFR and c-
Kit, demonstrated promising activity in a recent phase II study. Cediranib monotherapy in
patients with recurrent GBM resulted in a radiographic response rate of 56% (17 of 30
patients) and a PFS6 rate of approximately 26% [83, 116]. Furthermore, there was a steroid-
sparing effect, as 15 of 16 patients who required steroids at the initiation of treatment were
able to decrease or discontinue their dose. Overall, toxicity was modest. No treatment-
related deaths or intracranial hemorrhages occurred, and only two of 31 patients were
removed from the study as a result of toxicity. However, there was a high frequency of
hypertension, and most patients required treatment with at least one antihypertensive drug.
Other frequent toxicities were fatigue and diarrhea.

In that study, correlative MRI techniques, tissue samples, and blood markers were assessed
to investigate mechanisms of cediranib activity. In most patients, cediranib treatment
resulted in a transient reduction in permeability, tumor vessel diameter, blood volume, and
blood flow by MRI criteria, suggesting a “normalization” of these vessels [83]. Additionally,
specific circulating cytokines and cell populations were identified as potential biomarkers of
drug resistance and tumor progression [83]. As a result of these studies, a multicenter
randomized phase III trial of cediranib versus cediranib plus lomustine versus lomustine
plus placebo in recurrent GBM is under way, and a phase II study of cediranib,
temozolomide, and radiation in newly diagnosed GBM is also ongoing.

Vatalanib (PTK787, Novartis Pharmaceuticals Corporation, East Hanover, NJ) is a pan-
VEGFR, PDGFR, and c-Kit TKI that has been clinically investigated in several advanced
cancers [117]. In recurrent GBM patients, vatalanib has been studied as monotherapy [118]
and in combination with temozolomide or lomustine [119] in phase I/II clinical trials.
Overall, benefits were limited in these studies, with response rates of 4%—8% and modest
PFS results. However, these results may have been affected by a suboptimal dosing schedule
because of the relatively short half-life of the drug. More recently, vatalanib in combination
with the PDGFR inhibitor imatinib (Gleevec®; Novartis Pharmaceuticals Corporation, East
Hanover, NJ) and hydroxyurea produced a higher response rate (22%) in a trial of 37
recurrent GBM patients [120]. Given its favorable toxicity profile and synergism with
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radiotherapy in preclinical models [121], vatalanib is currently being investigated in
combination with temozolomide and radiation in newly diagnosed GBM patients.

Both sorafenib and sunitinib are in early-phase clinical trials for recurrent MG. These
inhibitors are active against a number of tyrosine kinases other than VEGFRs, including
PDGFR, Flt-3, and c-Kit [122]. Sorafenib, which is also active against Raf, is being
evaluated in separate trials as monotherapy and in combination regimens with the EGF
receptor inhibitor erlotinib (Tarceva®; Genentech, Inc., South San Francisco, CA) and the
mammalian target of rapamycin (mTOR) inhibitor temsirolimus (Torisel®; Wyeth
Pharmaceuticals, Inc., Madison, NJ). Sorafenib seems to be moderately well tolerated in MG
patients. Sunitinib is being evaluated as monotherapy and in combination with irinotecan in
recurrent GBM. Several other VEGFR-targeted inhibitors are in clinical trials for recurrent
GBM as single agents or in combination regimens (Table 1).

Inhibitors of Alternate Proangiogenic Signhaling Pathways

The FGF pathway is thought to be an important VEGF-independent angiogenesis pathway
in GBM and has recently been implicated in resistance to VEGF-targeted therapy [15, 83,
123]. Several, relatively nonspecific inhibitors of FGF-mediated angiogenesis have been
extensively evaluated in GBM patients. Thalidomide, which inhibits both the bFGF and
VEGEF pathways [124], had little activity in phase II trials as monotherapy or in combination
with carmustine or temozolomide in GBM patients [125-130]. Lenalidomide, a more potent
thalidomide analog with better tolerability, appeared to have little efficacy in combination
with radiation in newly diagnosed GBM patients in a recent phase I trial, although that study
was not designed to assess efficacy [131]. The toxicities caused by this class of agents may
be a limiting factor in their development in GBM. Other less-specific inhibitors of FGF-
induced angiogenesis, including IFN-a, IFN-B, and suramin, were also found to have limited
efficacy in MG patients [132—135]. Recently developed inhibitors of the FGFR tyrosine
kinase have greater specificity for the FGF pathway and are potentially useful in MG,
including brivanib (BMS-582664, Bristol-Myers Squibb, Princeton, NJ), TKI-258 (Novartis
Pharmaceuticals Corporation, East Hanover, NJ), and XL.-999 (Exelixis Inc., South San
Francisco, CA).

The PDGF pathway plays a direct role in GBM angiogenesis in addition to its role in glioma
transformation [136]. However, clinical trials with the PDGFR inhibitor imatinib produced
disappointing results in recurrent MG patients [137, 138]. Several trials of imatinib and
hydroxyurea combination therapy have been completed with promising PFS6 rates of 24%-—
32% in recurrent GBM [137, 139, 140]. A follow-up study of imatinib, hydroxyurea, and the
mTOR inhibitor everolimus (RADOO1, Novartis Pharmaceuticals Corporation, East
Hanover, NJ) for recurrent MG is ongoing. The newer PDGFR TKIs tandutinib (MLNS518,
Millennium Pharmaceuticals, Cambridge, MA) and dasatinib (Spryce1®; Bristol-Myers
Squibb, Princeton, NJ) have better CNS penetration than imatinib and thus potentially better
efficacy, and are in clinical trials for recurrent GBM.

Inhibitors of other alternative angiogenic pathways have been evaluated in GBM with
limited success. Enzastaurin (LY317615, Eli Lilly and Company, Indianapolis, IN), a
selective inhibitor of protein kinase C-f3, was studied in a phase III randomized trial against
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lomustine for recurrent GBM; however, the study was stopped after an interim analysis
because of the failure to achieve efficacy milestones [141]. The selective cyclo-oxygenase-2
inhibitor celecoxib (Celebrex®; Pfizer, Inc., New York) inhibited angiogenesis in preclinical
GBM models [142]; however, only modest PFS6 rates of 19% and 25% were observed when
celecoxib was combined with either irinotecan or 13-cis-retinoic acid, respectively, in
recurrent MG patients [143, 144].

Inhibitors of Endothelial Cell Migration

Metronomic

Cilengitide (EMD121974; Merck & Co., Inc., Whitehouse Station, NJ) is a cyclic RGD
peptide competitive inhibitor of the cell surface avp3 and avB5 integrins, and mediates
migration and survival of endothelial cells [145]. Several clinical trials have shown
cilengitide to have minimal toxicity and marginal activity as a single agent in recurrent MG
patients. No maximum-tolerated dose was defined in two phase I studies [146, 147], and no
reproducible toxicities were observed in a separate phase II trial [148]. Furthermore, a trial
evaluating intratumoral cilengitide after i.v. drug administration demonstrated good tumor
penetration [149]. Promising efficacy was observed in a phase II trial of newly diagnosed
GBM patients [150]. In that study, 81 patients were randomized to receive standard
radiotherapy and temozolomide with or without cilengitide. The primary endpoint of the
study was reached because patients treated with cilengitide had a PFS6 rate of 65.4%,
significantly higher than the rate achieved with standard therapy alone (53.6%) [1]. Toxicity
was similar in the cilengitide-containing and control arms. Based on these encouraging
results, a multicenter, randomized phase III trial is under way for newly diagnosed GBM
with methylated O-6-methylguanine-DNA methyltransferase gene promoter.

Chemotherapy

Several chemotherapeutic agents have been tested in metronomic schedules for recurrent
GBM patients [151-153]. Although these regimens were generally well tolerated, no
significant survival benefits were observed in these early studies. More recently, two trials
using low-dose, frequently administered temozolomide in recurrent GBM patients showed
modest gains in terms of the PFS6 rate (35% in a GBM cohort of one study and 39% in
another study [154, 155]) over historical controls. Ongoing clinical trials are evaluating the
addition of bevacizumab to metronomic chemotherapy because superior efficacy was
observed in preclinical models [91, 156].

Antiedema Effects

Several reports have noted reduced steroid requirements in patients treated with anti-VEGF
agents, and one study specifically quantified the reduction in vasogenic edema using MRI
techniques [83]. These studies indicate that anti- VEGF therapy may be useful in treating
tumor-associated vasogenic cerebral edema. Additionally, a small retrospective series
suggested that bevacizumab may also reduce edema and the mass effect associated with
cerebral radiation necrosis [157]. Further development for this indication may be warranted
because studies suggest that concurrent chemotherapy and radiation may increase the risk
for tumor necrosis and edema [158, 159].
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Current Obstacles and Future Directions

Although preliminary data from several prospective studies have demonstrated encouraging
improvements in radiographic response and PFS rates, a definitive survival benefit has not
been demonstrated in GBM patients. Moreover, future studies of antiangiogenic agents in
the MG patient population must address a number of challenges, outlined below.

Assessing Tumor Response

Accurate assessment of treatment response and progression in GBM patients treated with
VEGF inhibitors is a critical objective. Contrast enhancement on CT and MRI scans is a
reflection of VEGF-mediated BBB dysfunction and may not represent the contours of the
underlying tumor. However, the criteria currently in use for assessment of brain tumor
response are dependent on contrast enhancement [98] (Fig. 2). Anti-VEGF agents decrease
permeability of cerebral vessels and diminish contrast enhancement on standard MRI [83],
making interpretation of these alterations challenging. Newer imaging techniques that
provide functional information may confer greater reliability in measuring tumor activity
during antiangiogenic treatment, although none of these techniques has been validated.
Among these, dynamic contrast-enhanced MRI and diffusion-weighted MRI are promising
candidates [160, 161]. In addition, positron emission tomography (PET) [109, 162] and
MRI-PET fusion techniques demonstrate potential utility in this setting [163]. In a small
prospective study, the [!3F] fluorothymidine-PET response at 1—2 weeks after initiating
treatment with bevacizumab and irinotecan was reported to predict OS in recurrent MG
patients [109]; however, this observation requires validation in larger prospective trials.
There is an urgent need to define more reliable response criteria for GBM patients treated
with antiangiogenic agents.

Resistance to Anti-VEGF Therapies

It is increasingly being recognized that responding GBM patients ultimately progress despite
anti-VEGF treatment, with a time period typically on the order of months. When GBM
patients fail treatment with bevacizumab and chemotherapy, there is usually rapid tumor
progression [164]. Several distinct mechanisms of treatment resistance have been
hypothesized [123]. In GBM, evidence suggests that initially responsive tumors may
activate alternative proangiogenic signaling pathways in response to VEGF inhibition [165].
Recurrent GBM patients who progressed during treatment with cediranib had elevated
circulating bFGF, SDF-1aq, and Tie-2 levels, suggesting that these alternative proangiogenic
pathways may provide a means of escape from therapy [83].

Increased tumor invasion by “co-option” of pre-existing blood vessels after anti-VEGF
treatment is well described in preclinical glioma models [166]. Consistent with these
preclinical findings, an enhanced infiltrative phenotype by MRI characteristics (Fig. 2) was
recently described in recurrent GBM patients following anti-VEGF therapy [102]. A recent
study suggested that areas of very low apparent diffusion coefficient (ADC) values on MRI
may represent infiltrative tumor. The authors showed that the area of very low ADC
increased during treatment with cediranib [167]. Another mechanism implicated in

Oncologist. Author manuscript; available in PMC 2016 March 14.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Chi et al.

Page 12

resistance to anti-VEGF therapy includes increased vasculogenesis by recruiting BMDCs
[74, 168].

In addition to escape from treatment, distinct subsets of patients fail to achieve any response
and may be intrinsically resistant to anti-VEGF therapy [83]. Evidence suggests
nonresponding late-stage breast cancer patients may have pre-existing activation of parallel
proangiogenic pathways [169]. A recent study in newly diagnosed GBM patient tissue
reported that expression of neuronal pentraxin-2 and aquaporin-3 were increased in
edematous tumors in the absence of increased VEGF expression, suggesting the existence of
VEGF-independent mechanisms of tumor edema [170]. Increasingly, clinical studies are
simultaneously targeting multiple angiogenic pathways in an attempt to preempt intrinsic
resistance (Table 1). Finally, stem-like brain tumor cells were shown to grow in a highly
infiltrative, angiogenesis-independent manner in a murine model [171].

Biomarkers of Response and Resistance

Predictive biomarkers are essential in order to realize the goal of “personalized” therapy for
cancer patients. However, there are currently no validated biomarkers predictive of
antiangiogenic efficacy or failure. Recent data indicate that imaging techniques (see above)
and the serial evaluation of circulating cytokines and cell populations are promising
biomarker candidates [172].

Candidate blood biomarkers include the plasma proteins collagen IV, VEGF, bFGF, PIGF,
soluble VEGFR-2, Tie-2, SDF-1a, and soluble intercellular adhesion molecule 1, as well as
circulating endothelial cells. In a study of recurrent GBM patients, radiographic tumor
progression on cediranib was associated with elevated bFGF, SDF-1a, Tie-2, and circulating
endothelial cells. Tissue biomarkers are also being evaluated, and one study suggested that
VEGF protein expression levels predict radiographic response in patients treated with
bevacizumab [173]. In that study, the authors also reported that tumor expression of
hypoxia-induced carbonic anhydrase 9 was associated with shorter survival. Many
correlative studies are ongoing, and validation of these preliminary findings in large
prospective cohorts is required.

Monotherapy or Combination Therapy

An open question remains whether antiangiogenic agents are effective as single agents or
only in combination with cytotoxic therapies. In non-CNS cancers, bevacizumab is approved
for use only in combination with chemotherapy, whereas the TKIs sorafenib and sunitinib
are active as single agents in renal cell carcinoma and hepatocellular carcinoma. One
hypothesis is that bevacizumab may principally be serving to transiently “normalize” tumor
vasculature and improve chemotherapy delivery and efficacy [82], whereas the observed
clinical efficacy of broad-spectrum TKIs as single agents may result from their ability to
inhibit multiple pathogenic signaling pathways concurrently. Recent evidence suggests that
bevacizumab may have efficacy as a single agent in recurrent GBM patients. Two
prospective studies have reported PFS6 rates of 35% [110] and 29% [111] with
bevacizumab monotherapy. Cumulative evidence suggests, however, that combination
therapy will likely be necessary to treat this refractory malignancy.
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The risks for thrombosis and hemorrhage with antiangiogenic therapy in GBM patients have
been continuing concerns. Although an increased risk for thromboembolic events in patients
treated with bevacizumab has been reported in some studies [105], thrombotic complications
in the absence of anti-VEGF therapy are common in the GBM patient population [174]. The
CNS hemorrhage risk appears to be low, and observed events are often asymptomatic. The
risk for epistaxis is increased; however, major systemic bleeding is rare. Notably, among 11
patients treated concurrently with bevacizumab and anticoagulation in one study, only one
episode of mild epistaxis was seen [102].

Anti-VEGF antibodies and VEGFR TKIs appear to have shared as well as distinct toxicities.
Shared toxicities include fatigue, which is nearly universal, and hypertension. Less
frequently, hemorrhage and GI perforation are observed. Impaired wound healing is a
concern with these agents, and may be problematic after surgery in newly diagnosed GBM
patients [112]. Proteinuria is more frequently observed in patients treated with bevacizumab,
whereas hypertension, diarrhea, mucositis, and skin toxicity are relatively more common in
patients who receive TKIs. Other rare but serious complications include thrombotic
thrombocytopenic purpura [106], myocardial infarction, arterial stroke, and RPLS.

Recurrent AG and Newly Diagnosed MG Patients

Although several of the trials discussed above included both recurrent AG (WHO grade III)
and recurrent GBM (WHO grade IV) patients, antiangiogenic drugs have mainly been
studied in the recurrent GBM population. The efficacy of antiangiogenic drugs in patients
with recurrent AG, newly diagnosed AG, or newly diagnosed GBM has not been rigorously
assessed. One phase II study of 33 AG patients treated with bevacizumab and irinotecan
reported a PFS6 rate of 55% [175], which compares favorably with the PFS6 rate achieved
with temozolomide in this population (46%) [108]. Antiangiogenic therapy has not been
reported in newly diagnosed AG patients. In newly diagnosed GBM patients, several
ongoing trials are evaluating the addition of bevacizumab, aflibercept, cediranib, cilengitide,
or XL.184 to standard temozolomide and radiation therapy. The role of antiangiogenic
therapy in these patient subsets remains to be determined.

Conclusion

Current evidence suggests that antiangiogenic agents, either alone or when combined with
cytotoxic therapies, may have efficacy in patients with recurrent MG. Antiangiogenic drugs
also appear to have potent antiedema and steroid-sparing effects in the MG patient
population. However, definite survival benefits have yet to be demonstrated, and any
observed improvements may be modest. Validation in larger prospective clinical trials is
required to determine the efficacy of these agents. In addition, the contribution of the
antiedema effect to the overall clinical benefit of these drugs is currently unknown. Further
studies are necessary to address this question as well as the remaining uncertainties
regarding the mechanisms of action of antiangiogenic therapy, the different mechanisms of
antiangiogenic drug resistance, and the role of antiangiogenic agents in newly diagnosed
MG patients. Directed preclinical investigations and clinical trials with well-integrated
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imaging and molecular studies may lead to answers as well as to new insights that may be

exploited to improve upon the clinical benefits realized thus far. Despite these obstacles, the

progress made in antiangiogenic therapy has provided a novel therapeutic framework that,

when built upon, may ultimately improve the outcomes for patients with MG.
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Figure 1.
Histopathological hallmarks of glioblastomas. (A): Microvascular proliferations (arrow)

appear as “glomeruloid tufts” and consist of multilayered, mitotically active endothelial cells
and pericytes. (B): Pseudopalisading necrosis consists of dense arrays of radially oriented,
fusiform glioma cells (arrow) that appear to palisade around a central area of fibrillary
necrosis. The pseudopalisading cells have highly upregulated vascular endothelial growth
factor expression and are proposed to induce microvascular proliferation in adjacent areas.
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Pre-
cediranib

Figure2.
Disease progression without contrast-enhancement on magnetic resonance imaging (MRI).

(A): The top row depicts a glioblastoma prior to treatment with cediranib using different
MRI techniques: a T1-weighted anatomic image after i.v. administration of a contrast agent
(gadolinium-DTPA) (T1 pGd, left panel), demonstrating a region of bright signal
corresponding to the recurrent brain tumor in the right temporal lobe; a T2-weighted image
acquired with a fluid-attenuated inversion recovery (FLAIR) sequence (middle panel),
where bright signal is present in the area of the contrast enhancement evident in the left
panel as well as in a small surrounding margin; and a map of Ktrans, a measure of blood—
brain barrier permeability, demonstrating regions of bright signal corresponding to areas of
high permeability. (B): The same tumor at day 112 of cediranib therapy (bottom row) has
marked improvements in contrast enhancement (left panel) and permeability (right panel);
however, a significant increase in the area of FLAIR signal abnormality (middle panel)
represents noncontrast-enhancing disease progression. Note also the mass effect on the right
midbrain.

Oncologist. Author manuscript; available in PMC 2016 March 14.



Page 25

Chi et al.

I JALSEORUSIRIUEE). | I0)1qIyUT OSBULY SUISOIA, O -0 LAY PN .N.mmmbw% P8ITX
BAINAXOIPAY pue qrurew| 1 DA JUALINONY
(paziwopuelr) qrueejeA
noyIm 1o M LY pue ZALL ivis INGD MIN
saavid 1> |
Sunye) syuaned ur [y pue ZINL I INGD MON I0)IqUyuI OSEUD OUISOIAL, -0 ‘g-YIDAd ‘€-IIOTA 01 [-IIDHA (LSLMLA) qrueerep
/1 BUWOI[S JUALINOY
BAINAXOIPAY pue qrurew| 1 DA JUALINONY
LYd pue ZINL /1 INGD MON I0)IqIYuT OSEUTY QUISOIAT, 1Y 4409 T-¥4IDdA (gPWNOvZ ‘vLy9dZ) qIUeIdpULA
I DA JUALINOAY
ues9jouLlf I DN JURLINDTY I0)IqIyuI OSEUDY QUISOIAT, IS0 QI *g-¥4DAd ‘T-YADTA qruptung
gD nged ‘sey IN-0 ‘g-4dDad
(SUOHPUIQUIOD SNOLIEA /I IUSLIMOAI ‘NGO MON I0JQIYUI SSPULY QUISOIAL ‘AVAE ‘€-4ADTA ‘T-4IDTA quuajelos
quunede| i DA JUALINONY
1|
I JALSEORUEIEUEE). | I0)IqIyuI OSEUD OUISOIAL, -0 ‘g-YIDAd ‘€-TIOFA 03 [-IIDHA (7£098LMD) qruedozeq
UeI2)0ULT (1M puE SUOTY I INED LMY I0)IqIyul paseq-(UnosUpE) UNOAUOIGL] €YADHA 01 [-4IDFA 1D
11
(P9ZIOpULI) QUIISNUIO] SNSIOA I NED ALY !
LY pue ZINLL ivis INGD MIN I0)IqIyUT OSBULY QUISOIAL, -0 ‘¢-ADAd ‘€-YADHA 0 Tmm@wm qQIuelipan
SNWIOIAH /1 JNGD UMY
/1 JALSEORUEISUEE). | I0JIqIYUT OSEUTY QUISOIAT, 4Dd T-YIDFA/T-HIDFA 88,99V
s1031qIyuI 103daoar JOFA
pSUONBUIQUIOD SNOLEA — ppppy JUDLINOAI ‘D \muvm Apoqnue [euo[oOuOy V-10dA qeUINZIoBAd
I DA JUALINOAY
DIN 21q®Is
LYd pue ZINL I I03USIMOSI ‘INGD MIN T0ydecar Kooaq d0Id ‘g-4DFA ‘V-ADIA 1dodraqIyy
s1oMqIyul JDIA
suolreulquiod  aseyd (s)odAy Jown wsiueyo |\ (s)wpb.re ) Jueby

Author Manuscript

BWOI[S JUBUSI[RW J[NPE JOJ S[BLI [EJIUI[D Ul APULIND SJud3e JIUaS0ISuRIIUR PAJIA[OS

T alqel

Author Manuscript

Author Manuscript

Author Manuscript

Oncologist. Author manuscript; available in PMC 2016 March 14.



Page 26

Chi et al.

NGO JUL1INJAT J0J ZIALL JO A[Npayos

pajoenoid e 10 ‘qeuinzioeaaq ‘snwrolswa) ‘qrureyidn ‘qrunopie ‘qruiede] yyim pue NGO pasouserp A[mau 10 Aderoyjorper pue ZJALL Ui s[eLn [ pue | aseyd snoLrea ur paurquiod Suraq st Ecﬁﬁomg

NGD 10 DA JUALINOAIL 10 ZJALL OTWOUONAW 10 ‘qIUNNpUe.) ‘qIUajelos ‘Ued)OUL ‘9pisodola ‘qIunofIs ‘uLIneIsezud ‘qruozaiioq yim pue :Aderayorper Suimor[o} NGO
9[qels JoJ qIUIOLIS pue ZIALL Yim ‘syudned NGO pasouSelp A[mou Joj uessjouLit pue ‘Aderoyjorper “ZJA L se [[om se Aderoyjoipel pue ZJALL [Im s[eLs) [ oseyd snoLreA ul paurquiod uroq st @mE:NSS&m@

(s[ewn [exaAes) Aderoyjouojy 1 DIA JUALININY
LY pue ZINL I INGD MN
LY pue ZINL 1 INED MON apndad snoyuks QY ggan pue gdan sutiSoruy apnIsuar)
unerdoqre) 11 DN TURLINIY apndad NSHA PAALIOP-UNDAUOIQL] Tggp uLisoruy I91-NLV
SI0YIQIYUI UoneISIW [[99 [eI[AY)OpPU]
qewunzIoeAdqg i DA JUAIINIY
pIoeE drounal YIm ZJALL ueanlpe
PpIepuels SNSIOA PIOB JIOUTAI YIIA 11 1Y Suimofoy INgD
ZINL
orwouonaw Aq pamoroj Aderayiorper sOdq
pue ‘ZJALL “Iojem o[d9pern I NGD MIN Jo JuaunInidal yqryur ‘sisoydode aonpuy SDJH ‘S[[20 [eI[aylopuyg ZIALL STWOUONIIA
I NGO WURLINSY
OI-ATH
Q[NpaYds ZIALL paroenoid i NGO wennday  ssaxddns pue sopngniororw Jown) idnisiq DI-AIH (CTHINT) guozued
AUNSNWO 10 ZJALL 1oyl
s aurqeyroaded pue outuenSoryy -9 i DA JUALINIAY
urounanost
pue ‘oprwiopIifeyl ‘qrxood[ad
Jo suoneynuurad yym Apmys wren A i 1Y Suimoroy INgD AD pue JOFA ssoxddng 7-X0D QIX029[9)
qeunzZIoeAdg i DIA JUALINIY
11 INGD UBLIMOTY I0)IqIyUT ASEULY SUISOIK, -2 QI ‘g-¥4D0dd (8TSN'TIA) qrunnpue,
7ZINL 1 DA JUALINDAI 10 J[qeIS
BAINAXOIPAY pue SNWI[OIAT 1 DIA JUALININY JIOYIQIYUT ASBUTY QUISOIA], -0 “19v-4D49 ‘g-94oad quunewy
1 INGD JUALINOTY
cvudg
qrunorry I DN JURLINOY I0)IqIyuT OSEUTY QUISOIAT, -0 T1GV-40d IS ‘J-440dd qruneseq
I NGO WURLINSY Apoqniue [euo[O0UON 4S/4DH COTONV
LY pue ZINL I INED MaN apndad onowrur [-urpuodsoquioryy, 101da221 9¢ 1D 016-1av
s1oyqryut
Kemyped sisoudorSue oaneuIa)y
suolreulquod  aseuyd (s)odAy Jown | wsiueyos N (s)bre ) Jueby

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Oncologist. Author manuscript; available in PMC 2016 March 14.



Page 27

Chi et al.

*AOZ S[eIN[ROTUID MMM //:d)Y w01

*10308] Y)MOI3 [BI[OYIOPUD Je[NOSeA ‘JDHA ‘Oprwojozowd) ‘ZJAL ‘Aderoyjorper ‘ 1y pIoe dolounal
‘v 1010e) 1moi3 [eruaoerd ‘4n[d 10308 imois paALap-19[eld “YIDdd ‘ewol[s jurusdifew ‘OJA ‘0] Jojoej [qronpur erxodAy ‘O]-JIH 10108} 10)1e3s/10108) YIM0I3 d)Ad0reday ‘JS/IDOH ewolse[qol[s
INED £1030.] IMmoI3 Ise[qoIqry IO ‘(109 Jojuadord [erjayjopus Odd ‘sSnip ondoridenue Suronpur-owAzuo ‘sqgVIH 103dooar 1030e] imoiIs3 [erayide Y IDH ‘7 2seuaSAX0-0[0Ld ‘7-X (0D :SUONRIAAIQQY

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Oncologist. Author manuscript; available in PMC 2016 March 14.


http://www.clinicaltrials.gov

