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Opinion statement

Glioblastoma, an incurable, malignant, and highly vascular tumor, is a seemingly ideal target
for anti-angiogenic therapies such as bevacizumab, an anti-vascular endothelial growth
factor (VEGF) monoclonal antibody. Phase II trials in recurrent glioblastoma demonstrated
bevacizumab was associated with clinical benefits, including decreases in brain edema and
corticosteroids use resulting from reduced vascular permeability, as well as radiographic
responses in 25 %-40 % of patients. In newly diagnosed disease, a phase III trial (AVAglio)
showed adding bevacizumab to standard chemoradiotherapy improved progression free
survival (PFS), with preservation of quality of life, and reduced corticosteroids use, but
did not improve overall survival (0S). Another similar phase III trial (RTOG 0825) found
similar PFS and OS trends, but suggested that the addition of bevacizumab resulted in more
frequent cognitive decline compared with standard chemoradiotherapy. However, interpre-
tation of those findings is limited by the fact that progressing patients were not evaluated,
and patients remained longer on study in the bevacizumab arm. It is possible that the
observed cognitive decline represented unrecognized tumor progression, rather than dele-
terious bevacizumab effects. Regardless, even if real, it is difficult to ascertain how
improvements in PFS and quality of life compare with the associated economic costs and
increased toxicities of bevacizumab, in the setting of no survival benefit. Further studies in
recurrent disease are being conducted; preliminary results of a randomized trial showed
favorable results with the combination with CCNU, and final results are awaited. Meanwhile,
outside the realm of clinical trials, the current trend appears to be to reserve bevacizumab
for use in recurrent disease, or for patients with moderate or severe neurologic symptoms,
either in the newly diagnosed or recurrent setting. Further research efforts are needed to
determine optimal candidates for this treatment from a molecular standpoint, as well as to
develop imaging tools capable of accurately identifying response and progression, and to
establish new drug combinations that could result in unquestionable clinical benefit and
improved survival in these patients.
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Introduction

Despite our growing knowledge of the biology and
growth regulation of glioblastoma, treatment options
are limited. With a multi-modal therapeutic approach
including maximal surgical resection, concurrent radia-
tion and temozolomide, and adjuvant temozolomide
[1], prognosis is dismal with a median overall survival
(OS) of 15-19 months [1, 2]. Two-year survival ranges
from 25 %-30 % [1, 2], and progression free survival
(PFS) is 6-7 months [1, 2].

When the Food and Drug Administration (FDA)
approved the use of bevacizumab for recurrent
glioblastoma in 2009, it marked the beginning of

Angiogenesis in glioblastoma

an exciting new era in the treatment of malignant
brain tumors. Bevacizumab was the first new drug
to gain approval for glioblastoma in a decade and
the first to apply a novel mechanism of action,
distinct from cytotoxic chemotherapy. However, in
the 5 years since its widespread use, bevacizumab
has yet to generate meaningful improvements in
OS. Here, we discuss the role of angiogenesis in
glioblastoma pathophysiology, review the clinical
applications of bevacizumab and other anti-
angiogenesis agents, and explore new uses of these
agents.

Glioblastoma is a highly aggressive, malignant, primary brain tumor with
distinct pathologic features of necrosis and neovascular proliferation [3]. An-
giogenesis, the formation of new blood vessels, is a necessary part of solid

tumor growth and a hallmark of cancer. In general, when a tumor reaches a size
of 1-2 millimeters, it can no longer subside on its existing blood supply.
Decreased blood flow causes areas of hypoxia, which generate necrosis within
the tumor. At this critical mass the tumor undergoes an “angiogenic switch”,
triggering a cascade of molecular events leading to new blood vessel formation
through predominance of pro-angiogenic factors over angiogenesis inhibitors.
For many tumors, the turn of the angiogenic switch marks the beginning of the
vascular phase of increased tumor growth. Glioblastoma is a highly vascular
neoplasm that is thought to develop through two vascular phases: one in which
the glioma cells coopt the normal cerebral blood vessels, followed by a second
phase of neovascularization. In these tumors, angiogenesis seems to be trig-
gered by expression of hypoxia-inducible factor (HIF-1) and vascular endothe-
lial growth factor (VEGF) [4] in necrotic areas of the tumor. VEGF is a signal
protein that stimulates angiogenesis and vasculogenesis. The normal function
of VEGF is to induce new blood vessel formation during embryogenesis and
after injury. Six secreted glycoproteins comprise the VEGF family of growth
factors: VEGF-A, B, C, D, E, and placental growth factor [5]. VEGF concentra-
tions correlate with glioma grade, such that higher VEGF concentrations are
seen with higher grade tumors; thus, the highest VEGF concentrations are in
glioblastoma [6]. Each VEGF isoform acts through a VEGF receptor tyrosine
kinase, which include VEGFR-1/Flt-1, VEGFR2/Flk-1/KDR, and VEGFR-3. The
VEGEF receptor, though not normally expressed in brain epithelium, gets up-
regulated in glioblastoma endothelial cells [7]. VEGF expression can be upreg-
ulated by other growth factors, including platelet-derived growth factor
(PDGF), epidermal growth factor (EGF), and fibroblast growth factor (bFGF)
[8, 9], however, the HIF-1 pathway seems to be the primary stimulus for VEGF
expression. Integrin avPp3 [10], interleukin 8 (IL-8) [11], angiopoietin 1 and 2
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(Ang-1 and Ang-2) [12], and tumor necrosis factor o (TNFa) [13] are pro-
angiogenic cytokines that also promote neovascularization. The endothelium
of blood vessels expresses matrix metalloproteases, which are pro-angiogenic
enzymes. While the tumor drives expression of these pro-angiogenic factors, the
tumor micro-environment also harbors multiple inhibitors of angiogenesis.
These include cytokines IL-4 [14], IL-12, interferons «, 3, v [15], endostatin
[15], and tissue inhibitors of matrix metalloproteases [16], all of which counter-
balance the activation of angiogenesis (Fig. 1).

Effects and properties of anti-angiogenic therapy

Anti-angiogenic agents halt tumor growth through a variety of mechanisms
[17]. The agents may have a direct effect on the tumor endothelium, leading to
increased apoptosis of endothelial cells and tumor starvation. In addition, anti-
angiogenic agents can induce normalization of tumor vasculature, decrease
blood vessel diameter and permeability, and lead to decreased tumor interstitial
pressure, increasing perfusion and oxygenation. Vascular normalization may
increase the response to radiation therapy and delivery of chemotherapy. Anti-
angiogenic therapy may interrupt pro-angiogenic signaling from bone-marrow
derived myeloid cells, inhibiting new blood vessel formation. Finally, these
agents may have some activity against glioma stem-like cells, which cluster in
perivascular niches, and may be the epicenter of tumor regrowth. Interestingly,
glioma stem-like cells have ability to differentiate into endothelial progenitors
and may play a direct role in angiogenesis maintenance [18].

The mechanisms of action of anti-angiogenic therapy are distinct from
conventional chemotherapy in many ways. Anti-angiogenic agents are cyto-
static, not cytotoxic to tumor cells. The main target of anti-angiogenic agents is
the endothelial cell, rather than the tumor cell itself. Thus, to have an appre-
ciable effect on tumor growth, anti-angiogenic therapy generally needs to be
administered for a prolonged period of time. Theoretically, anti-angiogenic
therapy carries a decreased risk of drug resistance compared with chemotherapy
because endothelial cells are more genetically stable than tumor cells and are
less likely to acquire resistance mechanisms. Anti-angiogenic agents may be
better tolerated than conventional chemotherapy since the effects are tumor-
specific and have minimal effect on other dividing cells; the nonoverlapping
toxicities with cytotoxic agents allow for relatively easy combination with these
agents.

. ___________________________________________________________________________________________________|

Clinical experience with bevacizumab
Bevacizumab, a humanized monoclonal antibody that inhibits VEGF-A, is
currently approved by the FDA for the treatment of metastatic colorectal cancer,
renal cell carcinoma, and nonsquamous non-small cell lung cancer, in addition
to recurrent glioblastoma. While development in other cancer types was expe-
dited, the development in glioblastomas was slow, reflecting concerns of in-
creasing the risk of intracranial bleeding. The first anecdotal experience in
recurrent glioblastoma was reported in 2005 in a series of patients who received
a treatment that mirrored a colorectal regimen, combining bevacizumab and
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Fig. 1. Mechanisms of action of anti-angiogenesis therapy. Angiogenesis occurs when the balance of pro-angiogenic factors
outweighs the anti-angiogenic factors. Vascular endothelial growth factors (VEGF), platelet derived growth factor (PDGF), tumor

necrosis factor-alpha (TNFa), plasminogen activators, matrix metalloproteases (MMPs), transforming growth factor alpha (TGFa),
angiogenin, integrin avB3, and angiopoietin 1 and 2 (Ang1, Ang2) are all pro-angiogenic cytokines and proteins, many of which are
now specific drug targets. Targeting the cancer stem cell is another mechanism that may halt tumor growth. The anti-angiogenic
cytokines, including tissue inhibitors of metalloproteases (TIMPs), thrombospondin, interleukin-4 (IL-4), IL-12, IL-18, interferon
(IFN), angiostatin, endostatin, troponin-1, and platelet factor-4, act as intrinsic brakes on angiogenesis.

irinotecan in an off-label use [19]. That report suggested the treatment was safe
and associated with tumor responses. Phase II trials were initiated, focusing on
combined bevacizumab and irinotecan in recurrent disease. Interesting results
were found, with a 6-month PFS of 46 %, 6-month OS of 77 %, and a safe
toxicity profile that dispelled the initial fears of intracranial hemorrhage asso-
ciated with anti-angiogenic treatments in brain tumors [20, 21].

On May 5, 2009 the FDA approved bevacizumab as a single agent
for patients with glioblastoma based on two subsequent phase II studies
[22-24]. The first study (N=157) was an industry-sponsored, noncom-
parative randomized phase II trial of bevacizumab (10 mg/kg every



Anti-Angiogenesis in Glioblastoma Thomas and Omuro 555

2 weeks) and bevacizumab plus irinotecan [23]. Eighty-five patients with
glioblastoma were treated in the bevacizumab arm, and achieved ob-
jective response rate (ORR) of 26 %, 6-month PFS of 36 %, and OS of
9 months. In the bevacizumab plus irinotecan arm, efficacy was similar,
with ORR of 38 %, 6-month PFS of 50 %, and OS of 9 months,
although greater toxicity was seen. Importantly, corticosteroid use de-
creased after initiation of treatment in both arms. The second study was
a single institution, single arm phase II trial of 48 patients with recur-
rent glioblastoma [24]. Patients were treated with bevacizumab until
further progression and then were given bevacizumab and irinotecan.
The PFS was 16 weeks, with a 6-month PFS of 29 % and OS of

31 weeks. Of the 19 patients treated with the combination of
bevacizumab and irinotecan at progression, there were no responses,
and 18 of 19 patients experienced disease progression by the second
cycle. Taken together, those studies showed bevacizumab is active in
glioblastomas, but suggested irinotecan did not add to efficacy. How-
ever, the design of these studies had limitations that affect the inter-
pretation of the clinical outcomes to support FDA approval. The ran-
domized study had included bevacizumab in both arms and therefore,
there was no control group, limiting the use of PFS and OS as evidence
for treatment effect. Instead of survival, ORR was the agreed upon study
endpoint. The FDA workshop discussants agreed that a response rate of
“sufficient magnitude,” defined as >30 %, would likely be associated
with clinical benefit. However, the use of radiographic criteria to deter-
mine response rate posed additional problems. Because of the infiltrative
nature of glioblastoma, its irregular borders, and the combination of
both enhancing and nonenhancing components, concordance rates of
MRI measurements by neuroradiologists are only around 50 %. Fur-
thermore, the action of bevacizumab, which stabilizes the blood brain
barrier and decreases vascular permeability, leads to changes on the MRI
including decreased tumor edema and decreased gadolinium enhance-
ment that may not reflect an actual effect on tumor growth (Fig. 2) [25].
Traditional response criteria may misestimate the treatment’s effect.
Despite the limitations of these studies, bevacizumab was approved as
a single agent for recurrent glioblastoma with ten votes yes and zero
votes no, with the condition that there would be close postmarketing
analysis, and a randomized placebo-controlled study of bevacizumab
in combination with radiochemotherapy for newly diagnosed
glioblastoma.

Reports on phase II studies of bevacizumab in the up-front setting quickly
followed the FDA approval for recurrent glioblastoma. A phase II trial of
bevacizumab and irinotecan added to chemoradiotherapy with temozolomide
in newly diagnosed glioblastoma showed median overall survival of
21.2 months [26]. A trial of bevacizumab added to standard chemoradiother-
apy found median OS of 19.6 months [27], while bevacizumab combined with
hypofractionated radiotherapy and temozolomide was associated with median
OS of 19 months [28]. In early 2014, the results of two large phase III multi-
center randomized control trials of bevacizumab with radiation and temozo-
lomide for newly diagnosed glioblastoma were published simultaneously
[299e, 300s].



556 Neuro-oncology (GJ Lesser, Section Editor)

Fig. 2. Challenges in radiographic evaluation during bevacizumab. T1 postcontrast MRI (A) showing large heterogeneously
enhancing glioblastoma prior to bevacizumab, and corresponding hyperintensity on MRI FLAIR sequence (B). Following treat-
ment with bevacizumab, the T1 postcontrast sequence (C) shows near-resolution of contrast enhancement, suggesting a response
to treatment. However, the corresponding FLAIR sequence (D) shows increasing hyperintensity, suggesting treatment failure and
disease progression in the form of worsening nonenhancing tumor. Reproduced with permission from Glioblastoma: Molecular
Mechanisms of Pathogenesis and Current Therapeutic Strategies. Springer Science, ISBN-10: 1441904093 [25].

The AVAglio study was a large, industry-sponsored phase III trial
based primarily in Europe that enrolled 921 patients with newly diag-
nosed glioblastoma, with OS and PFS as co-primary endpoints [29ee]. The
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experimental arm (N=458) received standard radiotherapy with
concurrent/adjuvant temozolomide and bevacizumab, given at 10 mg/kg
every 2 weeks. The control arm (N=463) received the same chemoradio-
therapy regimen and placebo; 31 % of those patients received bevacizumab
at recurrence, as salvage therapy. The OS was the same for both arms:

16.7 months for the control group and 16.8 months in the bevacizumab
group (P=0.1). The PFS was significantly improved in the bevacizumab
group (median PFS 10.6 months, vs 6.2 months for controls, P<0.001). Not
surprisingly, there were more adverse events in the bevacizumab group
(67 % vs 51 %) and more severe adverse events (33 % vs 16 % grade>3
toxicities). The companion study, RTOG 0825, was the North American
version of this trial [30ee]. A total of 978 patients were registered and 637
randomized. The experimental arm received bevacizumab added to con-
comitant radiotherapy with temozolomide and adjuvant temozolomide.
The control group was treated with placebo added to concurrent radioche-
motherapy followed by adjuvant temozolomide, and was offered
bevacizumab at recurrence, in a cross-over design. The OS was not signifi-
cantly different for the two arms: 16.1 months for the control group and
15.7 months for bevacizumab group. Though PFS was improved in the
bevacizumab group (10.7 months vs 7.3 months for controls, P=0.007), it
did not meet the pre-specified target of improvement per trial design, based
on a dual primary endpoint that called for statistical significance set at P=
0.004 for the PFS. Although relatively rare, there were more adverse events
in the bevacizumab group, including hypertension, thromboembolic
events, intestinal perforation, and neutropenia.

Since the initial approval of bevacizumab for recurrent glioblastoma was
conditional, the FDA must reconvene in light of this phase III data to decide
whether to continue to approve bevacizumab in this disease. Though the two
phase III studies failed to show an OS benefit, both studies suggested gains in
PFES, which in brain tumors may be associated with preservation of quality of
life, as small tumor growths can be associated with devastating neurologic
symptoms. Moreover, the rapid reduction in vascular permeability and edema,
and decrease in use of corticosteroids are potentially helpful in the clinical
management of these patients. Neither phase I1I study focused on quality of life
as a primary endpoint. Analysis of AVAglio data suggested health-related quality
of life and performance status were maintained longer in the bevacizumab
group, with lower corticosteroids requirement [29ee]. Conversely, neuropsy-
chological evaluations performed in RTOG 0825 [30e] suggested that the
addition of bevacizumab resulted in more frequent cognitive decline compared
with standard chemoradiotherapy, although interpretation of such findings is
limited by the fact that progressing patients were not evaluated, and patients
remained longer on study in the bevacizumab arm, implying that the cognitive
decline could represent unrecognized tumor progression, rather than direct
bevacizumab effects. Regardless, even if real, it is difficult to ascertain how the
improvements in quality of life associated with bevacizumab in newly diag-
nosed glioblastoma compare with the significant economic costs and increased
toxicities, in the setting of no survival benefit. Further studies in recurrent
disease are being conducted; preliminary results of a randomized phase II trial
showed favorable results with the combination with CCNU [31], and the study
has been expanded to a phase III design. Meanwhile, outside the realm of
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clinical trials, the current trend appears to be to reserve bevacizumab for use in
recurrent disease or for patients with moderate or severe neurologic
symptoms either in the newly diagnosed or recurrent setting. It must
also be noted that unresectable patients were minimally represented in
clinical trials, and those patients may derive more tangible benefits, as
suggested in studies of neoadjuvant bevacizumab and irinotecan in
unresectable tumors [32, 33], though such studies lacked appropriate
evaluation of quality of life.

. ____________________________________________________________________________________________________________|

Biomarkers for selection of optimal candidates for anti-angiogenic therapies
In addition to the attempts to select patients based on clinical characteristics,
tissue-based and neuroimaging biomarkers are being developed to aide in
identifying the best candidates for anti-angiogenic treatments. A retrospective
study in recurrent malignant gliomas suggested that high VEGF expression, as
determined by immunohistochemistry, was associated with increased response
to bevacizumab but did not predict survival, whereas expression of hypoxia-
related factors such as CA9 was associated with poor survival outcome [34]. Ina
prospective phase II study in newly diagnosed disease [35], TCGA-based mo-
lecular classification of glioblastomas based on genome-wide gene expression
analysis [36-39] was correlated with outcomes following bevacizumab com-
bined with hypofractionated radiotherapy and temozolomide. The hypothesis
was that the oncogenetic and angiogenic differences observed across different
transcriptional signatures would translate into differential responses to anti-
angiogenic treatments. It was expected, for example, that mesenchymal glio-
blastomas, which are enriched for the expression of angiogenesis-related genes,
would derive the most benefit. Unexpectedly, results suggested that proneural
glioblastomas, all of which were IDH-1 wild type, were associated with the
worst outcomes among subclasses, which was surprising given that this signa-
ture is typically associated with better prognosis, raising concerns of a deleteri-
ous effect in this subclass. However, the lack of a control arm precluded
establishing whether this was a prognostic or a predictive signature specific to
angiogenic treatments. Further insights into this question were provided by a
subsequent analysis of tissue collected in the AVAglio study [40], which utilized
the same nanostring-based methodology. Preliminary results showed that
proneural glioblastomas without IDH-1 mutation were associated with worse
outcomes within the placebo arm, confirming that this signature is associated
with a poor prognosis, independent of bevacizumab exposure. In fact, addi-
tional analysis suggested that adding bevacizumab may actually improve sur-
vival in these poor prognosis proneural tumors, a finding that requires further
validation in larger, independent data sets.

Several studies have focused on advanced neuroimaging parameters that
could predict clinical benefit from bevacizumab, as well as on identifying better
parameters for response assessment, although, to date, results have been
somewhat conflicting. As noted above, bevacizumab decreases vascular per-
meability, a parameter that has been historically used to map and measure
malignant brain tumors, such as in contrast-enhanced MRI. While such pa-
rameter cannot be used as a reliable measure of tumor burden in the presence of
bevacizumab, other effects of anti-angiogenesis treatments can be mapped and
quantified by advanced neuroimaging techniques. In the phase II study of
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bevacizumab, temozolomide, and hypofractionated radiotherapy, perfusion
MRI showed a nearly universal decrease in blood perfusion over time, dem-
onstrating that the intended targeting of angiogenesis was accomplished.
However, this effect did not hold any significance in terms of prognosis.
Conversely, tumors with the lowest apparent diffusion coefficient (ADC) at
baseline seemed to benefit most from treatment [41], a finding also reported in
other studies [42], and that suggests diffusion-weighted MRI could be a more
helpful prognostic biomarker. In another study, increases in blood perfusion
observed after initiation of anti-VEGF therapy with cediranib was predictive of
better outcomes, suggesting a link between normalization of blood vessels and
efficacy. However, this information can only be determined after initiation of
treatment, and is thus, of limited usefulness in patient selection [43]. A study of
patients treated with irinotecan and bevacizumab utilizing 3’-deoxy-3'- [ 18F]-
fluoro-L-thymidine PET (FLT-PET) suggested this technique is more accurate in
predicting survival than MRI responses [44]. Further studies are needed to
determine whether imaging techniques based on cell proliferation and metab-
olism such as MRI diffusion and PET, or perfusion and vasculature imaging are
the best markers to guide patient selection for, and determine response to anti-
angiogenic treatments. Studies investigating the role of blood or plasma based
biomarkers in guiding anti-angiogenesis therapy, including plasma levels of
angiogenesis related proteins, cytokines, and circulating endothelial progenitor
cells have, so far, been inconclusive.

_______________________________________________________________________________________________________________|

Bevacizumab for enhanced radiotherapy schedules
An emerging role for bevacizumab is concurrent use with radiotherapy in more
aggressive schedules either for re-irradiation for recurrent disease or as an
alternative schedule for upfront treatment. Bevacizumab has a potent effect in
decreasing vascular permeability, as demonstrated by rapid reductions in con-
trast enhancement and peritumoral edema following treatment initiation [45].
This “corticosteroid-like” action allows for more aggressive hypofractionation,
which otherwise is not typically used because of risks of symptomatic
radionecrosis and brain edema. In a pilot trial of 25 patients with recurrent
malignant glioma, 20 of whom had glioblastoma, bevacizumab was combined
with hypofractionated re-irradiation with 30 Gy delivered in 5 fractions [46].
For the glioblastoma cohort, the overall response rate was 50 % and 6-month
PES was 65 %, with a safe toxicity profile and no symptomatic radionecrosis
observed. Based on those findings, a phase II study was conducted in newly
diagnosed disease, utilizing hypofractionated radiotherapy with temozolomide
and bevacizumab, with 36 Gy to contrast-enhancement and 24 Gy to FLAIR
hyperintensity with dose painting [28]. This regimen, delivered in 6 fractions,
was biologically equivalent to a standard 60 Gy in 35 fractions. Results showed
similar OS compared with historical controls (median OS 19 months), with a
favorable safety profile and a more convenient schedule for patients. Based on
these encouraging results, several studies are now investigating this approach
further, in randomized or dose-escalation studies, aiming at improving efficacy.
Bevacizumab has also been used to treat radionecrosis, and while a small
randomized trial [47] suggested improvement in neurologic symptoms in
radionecrosis in head and neck and low-grade CNS tumors patients, other
authors have argued bevacizumab may actually exacerbate radionecrosis and
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induce neurologic deterioration over time in some patients, perhaps reflecting
an “over-pruning” of blood vessels within the radiation field [48].

- |
Clinical experience with other anti-angiogenic therapies

In addition to bevacizumab, treatment strategies that target VEGF path-
ways include small molecule VEGFR tyrosine kinase inhibitors (TKIs),
TKIs of other growth factor pathways involved in VEGF regulation, and
soluble decoy VEGFR. VEGFR TKIs offer the advantage of oral adminis-
tration. Some of these TKIs target multiple receptors such as PDGFR and
EGFR, but overall the results have been disappointing in glioblastomas
[49]. In fact, VEGFR TKIs including sunitinib [50], vandetanib [51], and
vatalanib [52] were not found to be associated with the same effects
observed with bevacizumab in terms of decreased vascular permeability
and tumor response. TKIs with greater specificity for VEGFR such as
cediranib seem to achieve more potent modulation of this pathway,
although perhaps still not as marked as bevacizumab. In a three-arm,
randomized trial, 325 patients with recurrent glioblastoma were assigned
to receive cediranib monotherapy, cediranib plus lomustine, or
lomustine alone [53]. Cediranib was generally well tolerated, but the
study failed to reach its primary endpoint of PFS, with median PFS of
92 days for cediranib alone, vs 125 days for cediranib plus lomustine,
and 82 days for lomustine alone. In a phase I-II study of 46 patients
with newly diagnosed glioblastoma received cediranib with temozolo-
mide and radiation therapy, and the median PFS was 15.6 months and
OS was 20 months. VEGF inhibition may also be accomplished with
aflibercept (VEGF-Trap), an engineered soluble decoy VEGFR, which has
been tested in clinical trials [54] that have suggested modest activity in
recurrent glioblastoma (6-month PFS of 7.7 %), with a toxicity profile
that seemed less favorable than bevacizumab. Overall, the development
of VEGF pathway inhibitors other than bevacizumab has been hampered
by uncertainty regarding the usefulness of bevacizumab itself.

Aside from anti-VEGF therapies, other approaches to target angiogenesis in
glioblastoma have largely failed, including enzastaurin, a protein kinase C
inhibitor, and thalidomide. Likewise, and in spite of promising preliminary
studies, cilengitide, an a,33 and .35 integrin inhibitor, has also failed
to improve outcomes in either methylated or unmethylated MGMT
glioblastomas [55].

Mechanisms of resistance

Glioblastoma has both intrinsic and evasive resistance to anti-angiogenic ther-
apy [17], and mechanisms of resistance may differ from patient to patient. The
tumor may evade anti-VEGF therapy by upregulation of alternate pro-
angiogenic pathways, including PGF, PDGF, and bFGF. Increased tumor hyp-
oxia from anti-angiogenic therapy leads to recruitment of bone marrow derived
cells. These bone marrow derived cells include CD45+ cells, endothelial pro-
genitor cells, and pericyte progenitor cells. An increase in hypoxia triggers
release of pro-angiogenic cytokines, including HIF-1, stromal-derived factor 1c,
and VEGF. As a temporary fix, glioblastoma tumor cells may reorganize tissues
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Table 1. Current clinical trials combining bevacizumab with other agents for the treatment of glioblastoma

Agent(s)
Temozolomide+Erlotinib
Novocure

Onartuzumab
Temozolomide
Radiosurgery

TPI 287

Everolimus

Trebananib

Cilengitide

TRC105

Lomustine

R05323441

HSPCC-96 vaccine
Intra-arterial bevacizumab
Neuradiab
Vorinostat+Irinotecan
Topotecan+Temozolomide
Irinotecan+Temozolomide
BKM120

Dasatinib

ERC1671
Bortezomib+Temozolomide
Erlotinib

Sorafenib

Irinotecan
Temozolomide+Tandutinib
Temsirolimus

Bortezomib
Hypofractionated radiation
Cetuximab+Irinotecan
Etoposide

Crizotinib

R04929097

Valproate acid

ANG1005

Plerixafor

Cediranib

Enzastaurin

Carboxyamidotriazole Orotate (CTO)

Carmustine

Mechanism

Alkylating agent+EGFR tyrosine kinase inhibitor
Device delivering alternating electro-magnetic fields
c-Met monoclonal antibody/hepatocyte growth factor inhibitor
Alkylating agent (study in elderly patients)
Radiation

Taxane

mTOR inhibitor

Angiopoeitin neutralizing protein

Integrin inhibitor

Anti-endoglin monoclonal antibody

Alkylating agent

Anti-Placental growth factor (PGF) antibody

Heat shock protein vaccine

VEGF monoclonal antibody administered using angiography
Anti-tenacin radio-labeled antibody

Histone deacetylase inhibitor+topoisomerase inhibitor
Topoisomerase inhibitor+alkylating agent
Topoisomerase inhibitor+alkylating agent

PI3K inhibitor

BCR-AbL tyrosine kinase inhibitor

Vaccine

Proteasome inhibitor+alkylating agent

EGFR tyrosine kinase inhibitor

VEGFR, PDGFR and Raf tyrosine kinase inhibitor
Topoisomerase inhibitor

Alkylating agent+PDGFR, FLT3, and c-Kit tyrosine kinase inhibitor
mTOR inhibitor

Proteasome inhibitor

Radiation

EGFR monoclonal antibody+topoisomerase inhibitor
Topoisomerase inhibitor

ALK and R0OS1 inhibitor

Notch inhibitor

Anti-epileptic (pediatric study)

Taxane derivative

Immunostimulant

VEGFR tyrosine kinase inhibitor

Protein kinase C inhibitor

Inhibitor of nonvoltage operated calcium channels
Alkylating agent

to patch the damaged existing vessels. Perhaps more worrisome, cancer stem
cells can differentiate to tumor-derived endothelial cells, which may be more
resistant to anti-angiogenic therapy. Further, the glioblastoma tumor itself may
transition to a more invasive tumor phenotype, generally to a mesenchymal
type, in response to the pressure of anti-angiogenic therapy; glioma cells may
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Future directions

continue to migrate, invade and thrive in the brain microenvironment, even in
the absence of angiogenesis.

From a clinical standpoint, radiographic tumor progression following
bevacizumab exposure is associated with a poor prognosis, and it has
been suggested that continuing bevacizumab is necessary to avoid re-
bound tumor progression and edema from increased vascular perme-
ability [56, 57]. However, it is unclear whether this practice results in
meaningful clinical benefits; clinical trials of alternative agents in pa-
tients failing bevacizumab did not seem associated with worse outcomes
compared with trials including bevacizumab continuation [58], and,
therefore, discontinuing bevacizumab for pursuing an alternative treat-
ment remains a legitimate option.

Several strategies are being developed to improve the efficacy of
bevacizumab. Tables 1 and 2 lists the current anti-angiogenic clinical
trials in glioblastoma (www.clinicaltrials.gov). These trials include
bevacizumab combined with hypofractionated radiotherapy and with
cytotoxic agents (eg, CCNU, irinotecan), cell signaling pathway inhibi-
tors (everolimus, crizotinib, CTO), agents targeting alternative pro-
angiogenic factors (anti CD105 monoclonal antibody TRC105 [59], anti
Ang 1 and 2 antibody AMG 386, and others), targeting cancer stem cell
(Notch inhibitors), other modulators of the brain microenvironment,
and immunotherapy.

The tumor stability provided by bevacizumab and mostly non-
overlapping toxicities provide a window of opportunity for the development
of new agents in these rapidly growing tumors. While a large number of
preclinical studies support new combinations, many basic questions
remain unanswered. Although thought to improve drug delivery to tu-
mors, it remains unknown if effects of bevacizumab in the brain could
in fact result in decreased delivery of certain agents. Moreover, it remains
unknown if the decreases in vascular permeability could decrease in-
flammatory reaction and development of immune responses, essential
for emerging immunotherapies such as vaccines and immune checkpoint
inhibitors. Finally, because responses are frequent, and radiographic
evaluation is difficult during bevacizumab, the development of combi-
nation with new agents is slow, as trials require survival endpoints, and
much larger sample sizes are needed to detect signals of efficacy.

Table 2. Novel antiangiogenic agents in clinic trials for glioblastoma

Agent
TRC105
Nelfinavir
Trebananib
Aflibercept
Ramucirumab

Mechanism of action

Anti-CD105 monoclonal antibody
Anti-viral HIV protease inhibitor
Angiopoietin 1 and 2 neutralizing peptide
VEGF soluble decoy receptor

Anti-VEGFR-2 monoclonal antibody
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Conclusions

Anti-angiogenic therapy is an important tool in the treatment of glioblastoma,
and has several useful applications, although none seem to result in a survival
benefit thus far. While withdrawing the FDA approval for glioblastoma would
be an unfortunate event for patients with this disease, the development of this
agent has been problematic from the beginning in this disease, and further
research is clearly required. We need to continue to optimize the application of
anti-angiogenic agents, and increase our understanding of when they should be
administered, to which patients, and in combination with what other treat-
ments, so that anti-angiogenic therapy may provide a meaningful and un-
questionable clinical benefit to our patients.
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