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Abstract

Glioblastoma, the most aggressive brain tumor, is associated with invariably poor prognosis in spite of ex-
tensive surgical resection, radiotherapy, and concomitant and adjuvant chemotherapy. The histological landmarks of
glioblastoma are massive necrosis and prominent angiogenesis. Glioblastoma vasculature is structurally and function-
ally aberrant, characterized by tortuous and leaky vessels, with an increased diameter and significantly thickened base-
ment membranes. This altered vasculature enhances tumor hypoxia and affects the possibility of effective drug delivery
to the tumor. Many efforts have been spent in developing therapeutic strategies targeting glioblastoma neo-angiogen-
esis, with the dual aim of inhibiting tumor growth and stabilizing tumor vasculature, therefore improving chemothera-
py delivery to the tumor. Bevacizumab, a humanized monoclonal antibody targeting Vascular Endothelial Growth Fac-
tor (VEGF), has been approved by Food and Drug Administration (FDA) for recurrent glioblastoma, but unfortunately
it seems to have limited efficacy in terms of overall survival. Here, we review literature data both from molecular and

clinical studies and analyze the state of the art and the future perspectives of antiangiogenic therapies for glioblastoma.
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Introduction

Glioblastoma is the most malignant primary brain tu-
mor in adults with an estimated 12,000 cases annually in the
United States. In most European countries, new cases of glio-
blastoma occur in approximately 2-3 people in every 100,000
each year. Despite improvements in the median and short-term
overall survival shown in recent large clinical trials for glioblas-
toma, the percentage of patients with glioblastoma achieving
5-year overall survival remains very low [1, 2]. According to the
most recent World Health Organization classification [3], glio-
blastomas can be classified into two main classes referred to as
isocitrate dehydrogenase gene (IDH) status. Glioblastoma, IDH-
wild type (about 90% of cases), is the most common glioblasto-
ma in patients over 55 years of age, also referred to as de novo or
primary glioblastoma. Glioblastoma, IDH-mutant (about 10% of
cases), is typically a tumor developing from lower-grade gliomas,
more frequent in the younger population [4]. A third class com-
prises a low percentage of glioblastoma where a full IDH charac-

terization is not possible.

The current standard of care for glioblastoma patients
envisages surgery followed by adjuvant radiation and chemo-
therapy with the alkylating cytotoxic agent temozolomide. Over-
the past 20 years, despite the innovation of surgery, radiotherapy,
and chemotherapy, glioblastoma dismal prognosis has not sig-
nificantly improved. The tumor invariably recurs after surgery,
leading patients to die within 15-17 months [1]. Tumor recur-
rence after surgery depends, at least in part, on the tumor’s high-
ly infiltrative nature and on the consequent impossibility to per-
form a complete surgical resection of the tumor mass. Residual
presence of microscopic foci leads to relapse or even recurrence
of the disease. The presence of wide necrotic areas and extensive
neo-angiogenesis are the histological landmarks of glioblastoma
[5]. Neo-angiogenesis is a peculiar histological feature of glio-
blastoma, which is a tumor paradigmatic in its ability to induce
neo-angiogenesis. Solid tumors cannot grow beyond a few milli-
meters diameter in the absence of adequate oxygen and nutrient
supply. In the early seventies of the last century, Dr. Folkman, a
pioneer in the studies on neoplastic angiogenesis, observed that
solid tumors exhibit diffuse vascular network, tortuous, leaky
and hemorrhagic, and that poorly vascularized tumor are unable
to grow beyond 2 mm, a size at which diffusion of oxygen and nu-
trients becomes limiting [6]. Fifty years later, it is well established
that a crucial event in the early phases of solid tumors growth
is the so-called angiogenic switch. This complex phenomenon

implies a change in the balance between pro- and anti-angio-

genic factors, with the resultant boost towards a pro-angiogenic
outcome (Figurel). The angiogenic switch allows the tumor mass
to grow beyond a critical size, exit a dormancy state of a vas-
cularized hyperplasia and eventually results in malignant tumor

progression [7].

Tumor angiogenesis is a multistep process, which starts
when a global up-regulation of pro-angiogenic factors triggers
endothelial cell proliferation, followed by degradation of extra-
cellular matrix, proliferation, and migration toward tumor mi-
croenvironment [8]. Several factors act as regulators of angio-
genesis, such as Vascular Endothelial Growth Factor (VEGE),
Fibroblast Growth Factor (FGF), Platelet-Derived Growth Fac-
tor (PDGF), integrins, angiopoietins, and interleukin-8 [9, 10,
11] (Figure 1). Among these factors, VEGF and its receptors play
a fundamental role [12]. Mammalian genome, including hu-
mans, encodes for five VEGF family members (VEGF-A, -B, -C,
-D, Placental Growth Factor).VEGF-A and its receptorsVEG-
FR-1(encoded by FLT 1 gene) and VEGF-2 (encoded by KDR
gene) play major roles both in physiological and pathological
angiogenesis, including tumor angiogenesis. VEGF-A binds to
and activates VEGFR-1 and VEGFR-2, promoting angiogene-
sis, vascular permeability, cell migration, and modulating gene
expression [13]. Further, an autocrine loop of VEGF-A and its
receptors contributes to vascular endothelial cell functions [14].
VEGEFR-1 affinity for VEGF-A is about 10 fold higher than that
of VEGFR-2, whereas its tyrosine kinase activity is approximate-
ly 10-fold lower than that of VEGFR-2 [12, 15]. The major proan-
giogenic signal is generated from the ligand-activated VEGFR-2.
The VEGFA mRNA undergoes alternative splicing, originating
mature transcripts which are translated in several peptides dif-
fering in length. In humans, we find peptides of 121, 165, 189,
and 206 amino acids [16]. VEGFA165 is the most important
VEGFA subtype, both for quantity and function importance. It
binds to VEGF receptors 1 and 2, activating their tyrosine kinase
activity and promoting angiogenesis, vascular permeability, cell

migration and gene expression [13].

Glioblastoma vasculature is structurally and function-
ally aberrant, characterized by tortuous and leaky vessels, with
an increased diameter and significantly thickened basement
membranes. This altered vasculature enhances tumor hypoxia
and affects the possibility of effective drug delivery to the tumor
[17]. Of note, blood-brain barrier (BBB) integrity is preserved
in the majority of vessels located outside the tumor bulk, and
the tumor cells that invade the brain travel along vessels with
retained BBB integrity [18].
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Figure 1. Tumor-associated angiogenic switch. A tumor-triggered imbalance between pro- and anti-angiogenic factors results in

an angiogenic switch that leads to tumor neovascularization.

Angiogenesis can be triggered by hypoxia-dependent
as well as independent mechanisms. Hypoxia stabilizes Hypox-
ia Inducible Factor-1a (HIF-1a) protein, a crucial transcription
factor for cellular adaptation to low oxygen tension, which up
regulates VEGF gene transcription [19]. Conversely, altered
activation of mitogenic and survival pathways, as Ras/mito-
gen-activated protein kinase, can influence VEGF expression
independently from hypoxia and HIF-la. Many experimental
evidences address a role for VEGF in promoting the prolifera-
tion of glioblastoma stem-like cells [20]. In addition, stem-like
glioma cells significantly secrete VEGF and other pro-angiogenic
factors [21, 22]. As an obvious consequence, an antiangiogen-
ic therapy might result in doubly effective since it could target
neo-angiogenic phenomena and limit the proliferation of tumor
cells at once. In addition, as at first proposed by Jain in 2001, the
antiangiogenic therapies might be employed to “normalize” tu-
mor vasculature. This approach proposes to modulate pro- and
anti-angiogenic factors in order to obtain the correct balance
between them and, as a consequence, the normalization of ves-

sel structures and organization. This might result in ameliorated

tumor tissue oxygenation and improved chemotherapy delivery

to tumor sites [23].

In this review, we will present an updated analysis of the
state of the art of anti-angiogenic therapies for glioblastoma and

of the future perspectives of such therapies.

History of antiangiogenic therapy for glioblastoma

Advances in the molecular understanding of glioma-
genesis have led to targeted therapies with one of the main tar-
gets being VEGE. The first inhibitor of angiogenesis approved by
the Food and Drug Administration (FDA) was bevacizumab/
Avastin, a humanized monoclonal antibody targeting VEGFA
isoform. It was initially approved, in 2004, for use in metastatic
colorectal cancer [24]. Later on, it was approved for the treat-
ment of non-small cell lung cancer (2006) [25], metastatic renal
cell cancer (2009) [26] and glioblastoma (2009) [27].

Bevacizumab administration to glioblastoma patients

results in the stabilization of tumor vasculature and in the re-
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duction of both microvascular proliferation rate and in the
permeability of the blood-brain barrier (BBB) [28]. Acceptable
toxicity and an immediate and dramatic reduction in the tumor
enhancement on MRI scans [29] were assessed in pivotal uncon-
trolled phase II trials [30, 31] and were decisive factors for accel-
erated FDA approval of bevacizumab. Unfortunately, the initial
enthusiasm, which was substantially based on an increased pro-
gression-free survival (PFS) and on the radiographic response,
was frustrated by the absence of a significant improvement in
overall survival (OS). This kind of pseudo- response likely re-
flects anti-VEGF mediated stabilization of the BBB. Two place-
bo-controlled phases II trials in newly-diagnosed glioblastomas
soon demonstrated that bevacizumab, in addition to standard
therapy, results in increased PFS without significantly enhanc-
ing OS [32, 33]. Moreover, these two studies got opposite re-
sults when considering patients’ quality of life. A third study, a
randomized phase II trial (“BELOB”), demonstrated increased
OS in recurrent glioblastoma using the combination of bevaci-
zumab and lomustine [34]. Following this encouraging result, a
new phase III unblinded study was developed (EORTC 26101),
comparing lomustine with lomustine/bevacizumab treatment on
a cohort of glioblastoma patients at first relapse. The study failed
to demonstrate an OS benefit in the double treatment (median
0§, 9.1 months) compared with lomustine alone (8.5 months),

despite an improvement in PFS from 1.5 to 4.2 months [35].

The great heterogeneity of response of glioblastoma
patients to bevacizumab strongly encouraged to search for new
criteria of patients stratification. Different studies have been
performed to identify subclasses of patients where bevacizum-
ab therapy could have more chances to be effective. For exam-
ple, glioblastoma classification according to their subtype in The
Cancer Genome Atlas led to a good correlation between tumor
subtype and response to bevacizumab in terms of OS [36]. More-
over, gene expression profiling (DASL and RNA-seq) of forma-
lin-fixed, paraffin-embedded tumor material from patients with
recurrent glioblastoma participating in the BELOB trial, allowed
to demonstrate that patients with classical glioblastoma sub-
type [37] have greater benefits from bevacizumab plus lomus-
tine combined treatment than other glioblastoma subtypes [38].
Opverall, despite the lack of a unique criterion to predict bevaci-
zumab response and the variability of the glioblastoma patient’s
response to bevacizumab, a general improvement of patients’
quality of life following bevacizumab therapy exists and has led
FDA to admit bevacizumab full approval for recurrent glioblas-
toma in 2017. Conversely, European Medicine Agency (EMA)
denied bevacizumab approval for recurrent glioblastoma, due

to inadequate response criteria and difficulty in interpreting OS

and PFS outcomes (Doc. Ref. No: EMA/70577/2010).

Molecular characterization of bevacizumab-driven infil-

trative shift

Glioblastoma patients can be divided into two differ-
ent groups, according to their response to bevacizumab therapy.
One group exhibit intrinsic resistance to anti-angiogenic thera-
py and fail to show any response. Conversely, the second group
is characterized by an initial phase of the response, followed by
a sort of tumor adaptation, during which tumor in some way
evolves and bypass angiogenic blockade [39]. There are two main
hypotheses to explain the strategies the tumor adapts to circum-
vent the angiogenic blockade. In the pro-angiogenic pattern, the
tumor activates alternative pro-angiogenic factors to support
neo angiogenesis. These tumors have an increased contrast en-
hancement on MRI. In the pro-invasive pattern, tumors show
increasing FLAIR-bright volumes indicative of more infiltrating
growth. The infiltrative shift observed in the pro-invasive pattern
is characterized by a peculiar phenotypic change of the tumor,
which can assume a gliomatosis-like growth pattern [40, 41, 42].
At the morphological level, the infiltrative shift is characterized
by vessel co-option, a phenomenon whereby the tumor cells mi-
grate along the perivascular spaces to form multilayered sleeves.
The bevacizumab-induced infiltrative shift of human glioblasto-
ma occurs mostly along with the perivascular spaces. Moreover,
using orthotopic xenograft models, it was observed an endothe-
lium-oriented migration, mosaic tubule formation, and niching
with endothelial cells, a repertoire of vascular-like behaviors
by tumor cells difficult to specifically define as pro-survival re-
sponse to hypoxia [43]. Bevacizumab exposure restores the BBB
function of U87MG brain xenografts and human glioblastoma
[44]. Coherently with this observation, bevacizumab-induced
brain invasion along perivascular spaces requires the restoration
of the endothelial component of BBB, which would work as a
scaffold for migration [43]. Molecularly, bevacizumab triggers an
epithelial to mesenchymal transition with over-expression of the
receptor Plexin Domain Containing 1 (PLXDC1), in the brain
xenografts of U87MG and of patient-derived glioma stem-like
cells [43].

Bevacizumab-triggered metabolic alterations of glio-
blastoma cells were reported as well. In particular, bevacizumab
increases the expression of hypoxic (HIF-1a and CAIX) and gly-
colytic markers (GLUT1 and MCT1), leading to higher glucose
uptake and lactate production [45].

Bevacizumab, which inhibits VEGF binding to VEG-
FRs, does not prevent binding of VEGF to the neuropilin 1 and
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2 (NPs), for long considered ancillary co-receptors of VEGFRSs.
However recent research, reviewed in [46], demonstrated that
NPs can activate YAP/TAZ in response to VEGF independent-
ly of VEGFRs via a signaling pathway that engages integrins. In
many cancers including skin, breast cancers, and medulloblas-
toma, VEGF-dependent, VEGFRs-independent activation of
YAP/TAZ pathway promotes self-renewal of cancer stem cells
and enhance cancer aggressiveness [47]. Although not explicitly
demonstrated to occur in glioblastoma, such NPs signaling may
explain the marginal therapeutic efficacy of bevacizumab and
the bevacizumab-driven infiltrative shift. By preventing VEGF
binding to VEGFRs, bevacizumab may locally increase the con-
centration of VEGF capable of interacting with NPs. Moreover,
by binding two VEGF molecules, via the two Fab domains, bev-
acizumab may produce a divalent ligand for NPs thus increasing
the affinity of VEGF to NPs and favoring the subsequent cluster-
ing of integrins in signaling complexes. Such a potentiating effect
of antibodies against the growth factor was previously described
[48, 49].

Suppression of VEGF signaling

VEGF subtraction is not the only way to target signal-
ing by VEGE. A different strategy is to target VEGFRs and in-
hibit the receptors’ tyrosine kinase activity by small molecules.
Although disruption of VEGF signaling through ablation of the
tyrosine activity of its receptors elicits tumor adaptation and a
pro- infiltrative shift [42], as also reported for bevacizumab, a
variety of molecules have been developed directed against VEG-
FRs. These small drugs, characterized by a range of specificity,
target a variety of different tyrosine kinases (i.e. KIT, PDGEFR,
RET, RAE and EGFR), although with variable affinity. Some of
these small molecules have been tested in phase I/II clinical tri-
als. Cediranib [50] is the only one of these inhibitors to be tested
up to a phase III trial. Unfortunately, despite promising results
from preclinical models, it did not lead to increased PFS in the
Phase III REGAL (Recent in Glioblastoma Alone and With Lo-
mustine) trial for recurrent glioblastoma, when compared to the
treatment with lomustine [51]. Sunitinib and sorafenib, two ty-
rosine kinase inhibitors FDA-approved for metastatic renal cell-
carcinoma [52], underwent phase II trials in glioblastoma, with
disappointing results. Sunitinib displayed very poor anti-angio-
genic activity and was highly toxic [53], while sorafenib, both
alone [54] or as a combination therapy with standard care agent
temozolomide, did not significantly prolong PES [55], being at
the same time highly toxic. Similarly, Pazopanib was evaluated
in a single-arm phase II study in the setting of recurrent glioblas-

toma, showing modest responsiveness [56]. Recently, interesting

indications came from Axitinib. This is an indazole derivative
with an MW of 386.47, characterized by high VEGFRs specific-
ity, blocking VEGFR-1, -2 and -3 at picomolar concentrations
[57]. The IC50 is 10-fold lower for the VEGF family of recep-
tors than for other tyrosine kinase inhibitors such as pazopan-
ib, sunitinib, or sorafenib. However, with lower affinity, Axitinib
inhibits additional kinases [58]. In vitro, Axitinib selectively
blocks VEGF-stimulated receptor auto-phosphorylation leading
to inhibition of endothelial cell proliferation, survival, migration
and tube formation [59]. The molecule is FDA- and EMA-ap-
proved for recurrent metastatic renal cell carcinoma. Due to its
strong anti-angiogenic properties, axitinib is a good candidate
for anti-angiogenic therapy of glioblastoma. It indeed exhibited
an anti-angiogenic and survival prolongation effect in preclini-
cal orthotopic glioblastoma models [60]. Axitinib demonstrat-
ed anti-tumor activity with reduced toxicity in a small cohort
of recurrent glioblastoma patients treated in a non-comparative
randomized phase II clinical trial (AxiG-trial) [61]. Moreover, a
recent second phase of the AxiG-trial provided clinical evidence
that axitinib, as a monotherapy, has anti-tumor activity in pa-
tients with recurrent glioblastoma, within acceptable toxicity.
There was no evidence that combination therapy of axitinib and
lomustine improves the tumor response rate or survival, while

the risk for hematological toxicity was increased [62].

An intriguing peculiarity of axitinib treatment in vitro
is the pro-senescence effect it exerts on both tumor [63, 64] and
endothelial cells [65]. Mechanistically, this requires oxidative
stress-dependent activation of the Ataxia Telangiectasia Mutat-
ed (ATM) kinase. Axitinib-mediated senescence is prevented
by short- term treatment with antioxidants (N-Acetylcysteine,
NAGC, or reduced glutathione, GSH), or by chemical ATM in-
hibitors in endothelial cells. Of note, axitinib induction of senes-
cence seems to follow different mechanisms in transformed tu-
mor cells and in endothelial cells, since neither antioxidants nor
ATM inhibitors can prevent axitinib-induced senescent pheno-
type in glioblastoma tumor cells [65]. This cell-specific response
could likely depend on the deregulation of ROS homeostasis in
transformed cells. Irrespectively from the actual mechanism,
read from a therapeutic perspective, this data might acquire a
translational significance. Although specific in vivo studies are
still missing, the co-administration of antioxidants together
with axitinib could have clinical relevance: antioxidants might
selectively protect endothelial cells from axitinib by decreasing
systemic toxicity and maintaining a functional vascularization
necessary for efficient delivery of chemotherapeutic drugs within

the tumor mass.
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Conclusions

Glioblastoma remains one of the deadliest malignan-
cies affecting the central nervous system, despite considerable
research efforts to improve therapeutic options. Developing new
strategies for the management of patients with glioblastoma is
mandatory. Antiangiogenic drugs have substantially disappoint-
ed their expectations. Bevacizumab, the FDA-approved mono-
clonal antibody targeting VEGEF, demonstrated to be effective in
prolonging PFS, but substantially failed to have significant im-
pact on OS.

Overall, forced ablation of the hypoxia response and/or
of the VEGF/VEGEFR pathways may trigger a phenotypic change
in glioblastoma that acquires a gliomatosis-like growth pattern,
characterized by more pronounced tumor invasiveness. Since
only a fraction of tumors relapsing following an antiangiogenic
therapy undergo this infiltrative shift, it will be crucial to find
new markers for prediction of such a response, allowing accu-
rate stratification of patients to treat with angiogenesis- targeting

drugs.
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