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Abstract
Angiogenesis is a characteristic of glioblastoma (GBM), the most fatal and therapeutic-resistant brain tumor. Highly
expressed angiogenic cytokines and proliferated microvascular system made anti-angiogenesis treatments a
thoroughly plausible approach for GBM treatment. Many trials have proved to be not only as a safe but also as an
effective approach in GBM retardation in a certain time window as seen in radiographic response rates; however,
they have failed to implement significant improvements in clinical manifestation whether alone or in combination with
radio/chemotherapy. Bevasizumab, an anti-vascular endothelial growth factor-A (VEGF-A) antibody, is the only agent
that exerts meaningful clinical influence by improving progression-free survival (PFS) and partially alleviate clinical
symptoms, nevertheless, it could not prolong the overall survival (OS) in patients with GBM. The data generated
from phase |l trials clearly revealed a correlation between elevated reperfusion, subsequent to vascular normalization
induction, and improved clinical outcomes which explicitly indicates anti-angiogenesis treatments are beneficial. In
order to prolong these initial benefits observed in a certain period of time after anti-angiogenesis targeting, some
aspects of the therapy should be tackled: recognition of other bypass angiogenesis pathways activated following anti-
angiogenesis therapy, identification of probable pathways that induce insensitivity to shortage of blood supply, and
classifying the patients by mapping their GBM-related gene profile as biomarkers to predict their responsiveness to
therapy. Herein, the molecular basis of brain vasculature development in normal and tumoral conditions is briefly
discussed and it is explained how "vascular normalization" concept opened a window to a better comprehension of
some adverse effects observed in anti-angiogenesis therapy in clinical condition. Then, the most targeted angiogenesis
pathways focused on ligand/receptor interactions in GBM clinical trials are reviewed. Lastly, different targeting strategies
applied in anti-angiogenesis treatment are discussed.
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Introduction

Compensatory angiogenesis has been long introduced
as the fuel for the tumor progression engine as well as an
appealing target to curb tumor propagation. Glioblastoma
multiforme (GBM) is a highly vascularized tumor that has
been vastly investigated in anti-angiogenesis therapy (1),
partly because of its resistance to current standard therapies
including surgical resection, radiation, and chemotherapy.
Moreover, patients with GBM show a survival period of
less than 15 months. Also, patients with recurrent GBM
have minimal treatment options and the survival time is
less than 6 months. Therefore, GBM remains as one of the
deadliest malignancies. Recent studies have demonstrated
promising results from new anti-angiogenesis approaches
that raise hope treating several solid tumors including
GBM. Among these treatments, several FDA (U.S.
Food and Drug Administration)-approved anti-vascular
endothelial growth factor (VEGF) agents have been
demonstrated satisfactory results such as bevacizumab
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(Avastin) for GBM, advanced colorectal cancer, non-small
cell lung cancer, and breast cancer, Sorafenib (Nexavar)
for patients with advanced renal cell and hepatocellular
carcinoma, and sunitinib (Sutent) for advanced renal
cell carcinoma and progressive gastrointestinal stromal
tumor (2). Also, it has been shown that a combination of
Sorafenib and administration of mesenchymal stem cell
(MSC) improve the anti-angiogenesis effect of the drug
in hepatocellular carcinoma (HCC) (3). Such promising
results support the need for additional investigations.

This review summarizes angiogenesis in tumor tissue with
a focus on angiogenic pathways in GBM, their targeting, the
approaches’ pros and cons, and related clinical trials.

Development of brain vasculature

Brain is a metabolically active organ in the body
and its metabolism and physiochemical activity are
absolutely oxygen dependent. The constant rate of oxygen
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consumption in brain tissue is 3.5 ml of O,/100 g of
brain tissue/minutes accounting for 20% of total oxygen
consumption in the body’s rest state in a conscious young
man. This oxygen is delivered and distributed precisely and
unevenly throughout the brain based on different regions’
activity and metabolism. A highly developed architecture
of the brain vasculature is responsible for such a delicate
oxygenation and blood supply with different perfusion
rates in different areas (4).

Many studies have suggested the formation of embryonic
brain vasculature from a primary surrounding peri-neural
vascular plexus (PNVP) at certain stages of development
in which brain is invaded in specific stereotypical patterns
(5). The cellular basis for development of neurovascular
plexus seems to be the interactions between endothelial
and neural cells that are also involved in developing the
blood-brain barrier (BBB). Somatic angioblasts have
been proven to be the source of ECs contributing to the
ingression of vessel sprouts in the avian neural tube. Signals
from the developing nervous system direct sprouting
vessels into the distinct areas of the brain. Contribution of
neurovascular unit composed of ECs, pericytes, neurons,
and astrocytes results in the development of the BBB and
regulation of cerebral blood flow (6).

Molecular basis of vascular development in the nervous
system

Although numerous molecules have been identified as
angiogenic factors so far, the number of these factors is
still expanding. Fibroblast growth factorl (FGF1) is one of
the first pre-angiogenic factors reported to be involved in
vasculogenesis in developing the brain. Besides, VEGF as
another pre-angiogenic factor with known effect on PNVP
formation and subsequent vessel sprouts ingression into the
developing neural tube, induces migration and patterning
of angioblasts migrating from somitic mesoderm (7). Also,
the role of integrin signaling pathways in the maturation of
neurovascular structure through enhanced interaction of ECs
and pericytes as well as induction of BBB development has
been reported in many studies.

The other signaling pathways contributing to
neurovascular development are semaphorins/plexin
receptors, slits/Robo receptors, neuropilins (co-receptors
of both VEGF and plexin receptors), netrins receptor
UNC/DCC, and canonical Wnt signaling pathways (8).

Angiogenesis in brain tumors

Judah Folkman suggested that solid tumors meet tumor
cells’ need to excess nutrient and oxygen supply as well as
their pervasiveness by provoking angiogenesis. Numerous
studies have been conducted since then in an attempt
to unveil the underlying mechanisms in malignancies
and their differences form physiologic angiogenesis for
more precisely modulate angiogenesis applying anti-
angiogenesis therapy (9).

There are some differences between angiogenesis in
cancer and normal tissues in terms of vascular structure,
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interactions between vascular ECs and pericytes, rate of
blood flow, vascular permeability, and the maturation level
(10). Similar to other cancer tissues, pathological vessels
in GBM are tangled, unorganized, highly permeable
and leaky, significantly larger in diameter, and thick in
the basement membrane. Besides, the loose interaction
between ECs and pericytes, and low pericyte coverage
led to the development of a leaky, hemorrhagic vascular
network as well as an impaired BBB leaving tumor
tissue hypoxic and necrotic. Other common features of
the vasculature architecture in cancer tissues are their
irregularity, heterogeneity in shape and tissue distribution,
uneven vessels diameter, excessive branching with some
dead-end vessels, tortuosity, as well as chaotic structure
of vascular network at all levels of arterioles, venules and
capillaries (11).

Furthermore, the tight balance between pro and anti-
angiogenesisfactors is one of the main regulators of
physiologic vasculogenesis, whereas in GBM the
balance heavily tips in favor of the expression of
pro-angiogenic genes activated in response to tissue
hypoxia, hypoxia-inducible factorl (HIF-1) and acidosis.
Highly active angiogenesis leads to glomeruloid tuft
formation comprising perivascular and endothelial cells
multilayered (12).

Some important molecules which are active in tumor
vasculogenesis are VEGF, stromal-derived factor 1 (SDF1),
platelet-derived growth factor (PDGF), granulocyte
macrophage-colony stimulating factor (GM-CSF), insulin-
like growth factorl (IGF1), plasminogen activation factor
1 (PAI1), nitric oxide (NO), cyclooxygenase2 (COX2) and
thrombospondin 2 (TSP2) (13).

It has been shown that VEGF increases vascular
permeability through an increase in vascular wall pore size
and number as well as a decrease in pericyte coverage.
Besides, SDF1, as a very important modulator of brain tumor
vasculogenesis, mediates its effect via the recruitment of intra-
tumoral marrow-derived precursors into tumor endothelium.
Vasculature maturation status is also different in tumor
tissues; while most of the normal vessels are mature, stable
and quiescent in normal tissue. They constantly proliferate
and expand from the pre-existing vessels in tumor (14).

Vascular normalization theory

Since Folkman’s proposition in anti-angiogenesis therapy
to entirely block vessel growth in tumor settings in 1970s,
it has been shown that applying excessive anti-angiogenesis
factors may result in aggravating hypoxia recurrence fueling
tumor progression. To conquer the unfavorable outcomes,
“vascular normalization” concept was suggested by Jain in
2014 aiming to normalize tumor vasculature by restoring
the balance between pro- and anti-angiogenesis agents to
improve blood supply and drug access in the tumor region
rather than totally destroying abnormal vessels. The concept
was successfully examined using bevacizumab in mouse
models of neuroblastoma in which the treatment led to



normal vasculature function and structure (11).

Angiogenesis
strategies

pathways and anti-angiogenesis

Many factors are known to affect ECs to promoting or
eliminating angiogenesis. ECs receive these signals from the
microenvironment either through their growth factor tyrosine
kinase receptors (RTKs) such as VEGFR and epidermal
growth factor receptor (EGFR), or via other growth factor
receptors including TGF-B/TPRII and Wnt /Frizzled (Fzd)
family receptor in addition to receptors involved in cell
adhesion like integrins. Many studies have been conducted
to target these signaling pathways for their potential effects
in anti-angiogenesis therapy in GBM.

Growth factor tyrosine kinase receptors (RTKs)

The angiogenic effect of several growth factors including
VEGFs, EGFs, FGFs, platelet-derived growth factors
(PDGFs), angiopoietins (Ang-1 and Ang-2), hepatocyte
growth factor (HGF) and ephrins is mediated through
tyrosine kinase receptors. Ligand binding to the receptors
leads to receptor homo- or hetero-dimerization and
downstream signal activation. Some clinically targeted
RTK are briefly discussed in the following section.

VEGF/VEGEFR pathway

VEGFs are secreted by different cell types, including
tumor cells, fibroblasts, and inflammatory cells, mostly
in response to increasing tissue hypoxia in cancer. VEGF
family including VEGFAs (VEGFA-165, -121, -145, -189
and -(xxx) b), VEGFB, VEGFC, VEGFD and placenta
growth factor (PGF) bind to their receptors such as VEGFR1
(FLT-1), VEGFR2 (FLK1 or KDR) and VEGFR3 (FLT4) in
addition to co-receptors proteoglycans and neurophilins in
both physiologic and pathologic conditions. Depending on
which VEGF/VEGEFR is activated the outcome is different:
VEGFAs (VEGF-165, -145, -189)/VEGFR-1,-2 activation is
predominantly in favor of angiogenesis while VEGF-12, —
(xxx)b/VEGFRI, -2 activation is anti-angiogenic, VEGFB/
VEGFRI activation is involved in fatty acid uptake in EC
, VEGFC, VEGFD/VEGFR3, -2 induce lymphangiogenesis
and PIGF/VEGFRI1 recruits inflammatory cells. Besides, it
has been demonstrated that VEGFAs/VEGFR2 activation
develops immune privileged area in tumor site by suppression
of T-cell function and dendritic cells (DCs) activation, as well
as recruitment of regulatory T-cells (Tregs) and myeloid-
derived suppressor cells (MDSCs) (15). Hence, targeting
this pathway especially the interaction between VEGF-A and
VEGFR-2, the main intra-tumoral angiogenesis pathway, has
been vastly studied in cancer. For instance, Atorvastatin and
deforolimus have been successfully used to reduce VEGF
concentration in both glioma spheroids (16) and endometrial
stromal cells (17), respectively. Some of the agents with
proven efficiency in anti-angiogenesis therapy in cancer
preclinical and clinical trials are now being marketed and
prescribed to patients with cancer. To date, four inhibitors
have been approved by the FDA: sunitinib and pazopanib
for metastatic renal-cell carcinoma and gastrointestinal
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stromal tumors, vandetanib for medullary thyroid cancer and
sorafenib for unresectable hepatocellular carcinoma and
metastatic renal cell carcinoma (RCC). Besides, bevacizumab
(Avastin) (Table 1), an anti-VEGF aptamer, is being used as
an off-label drug for wet age-related macular degeneration
that has FDA full approval for the treatment of adult patients
with GBM (Fig.1) (2).

Despite examining a wide range of agents to target
VEGF/VEGFR inclinical trials, almost all trials have failed
to improve overall survival (OS) except Bevasizumab.
Although the radiographic responses, progression-free
survival (PFS) and brain edema improve in many cases
for a period of time, GBM relapse following anti-VEGF/
anti-VEGFR treatments has been reported. Hence several
problems should be considered to enhance the benefits
observed from a cumulative number of studies on VEGF/
VEGFR targeting: alternative pathways activated after
anti-VEGF/anti-VEGFR treatments should be explored,
some biomarkers should be defined to better classify and
recognize those patients most benefit from the treatments
and an optimum dosing and timing should be defined.

High affinity and low affinity ligands /EGFR

EGFR, also designated as HER1 (human EGFR) or
ErbB1 (named after its homology to a viral oncogene
called erythroblastic leukemia viral oncogene), is one of
the four members of the ErbB family; HER2/neu (ErbB-
2), HER3 (ErbB-3), and HER4 (ErbB-4). The receptor
activation triggers manifold responses depending on the
type of ligands binding to the receptor. More than 40
ligands have been recognized that can be classified into
high-affinity ligands, such as EGF, transforming growth
factor alpha (TGF-a), and heparin-binding EGF-like
growth factor (HB-EGF); and low-affinity ligands, such
as amphiregulin (AREG), epiregulin (EREG), and epigen
(EPGN). There is evidence showing the alteration of gene
expression in the receptor in different types of cancers
like GBM in which EGFR amplification induces GBM
proliferation, invasion and drug resistance. Also, EGFR
alterations are applied as a prognostic marker for GBM.
There have been around 20 clinical trials to target EGFR
using agents such as Cetuximab, Afatinib, Erlotinib,
Gefitinib, Lapatinib, Nimotuzumab, to name a few. Most
of the drugs have produced poor results in terms of clinical
outcomes, because of EGFR heterogeneity, drug low
specificity and low BBB penetration (Table 1). Besides,
it has been interestingly proposed that clinical successes
achieved applying tyrosine kinase inhibitors (TKIs) against
EGFRS:s are associated with particular mutations in EGFR
rather than the type of tumor as the same non-respondent
mutations in GBM do not respond to treatments in lung
adenocarcinoma (LUAD) as well. More importantly,
it has been demonstrated that the drugs with the same
target have clinically varied outcomes. Therefore, this
pathway response to treatment is highly specific and any
improvements in the field depend on the recognition and
classification of mutations in EGFRs as well as precisely
identification of target sites for drugs (18).
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Trebananib

+ Bevacizumab

Fig.1: Tyrosine kinase receptor-dependent angiogenesis pathways and their targeting in clinical trials on glioblastoma. Different types of inhibitors (shown
in upper blue boxes) targeting RTK-dependent angiogenesis pathways (RTKs are shown on the cell membrane) have been investigated in clinical trials on
GBM to modulate angiogenesis. RTK; Tyrosine kinase receptor, ANGPT; Angiopoietin, FGF; Fibroblast growth factor, VEGF; Vascular endothelial growth
factor, PDGF; Platelet-derived growth factor, EGF; Epidermal growth factor, HGF; Hepatocyte growth factor, and TCF; Transcription factor.

Table 1: Anti-angiogenesis clinical trials in GBM-targeting receptor tyrosine kinases (RTKs)

Target class Treatments Target Clinical trial result No. /phase  Trial reference No.
VEGF/VEGFR Bevacizumab VEGF-A rGBM 11/ 167 NCT00345163
(Avastin)
ORR: %:28.2, PFS (months): -
PFS6 (%):42.6, OS (months): 8.6
Bevacizumab VEGF-A rGBM 111/ 592 NCT01290939
(Avastin), Lomustine
Ongoing
EGF/EGFR Nimotuzumab L2 domain of Cerebral GBM 1/ 39 NCTO03388372
(OSAG101) EGFR
ORR %: 72.2, PES (months): 11.9
+ Temozolamid,
PFS6(%): -, OS (months): 24.5
+ standard
treatment
CAR-T cell EGFRvIII MG 1 NCT01454596
Recruiting
CAR-T cell EGFRvIII GBM il NCT02209376
Recruiting
CAR-T cell IL13Ro2 ™G 6/1 NCT01082926
Completed
Cell J, Vol 24, No 10, October 2022 558



Table 1: Continued
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Target class Treatments Target Clinical trial result No. /phase  Trial reference No.
FGF/FGFR AZA4547 FGFR1-3 rGBM /11 14 NCT02824133
IGF1 R Suspended
KDR
Infigratinib FGFR1-3 rGBM 11/ 26 NCTO01975701
(BGJ398) ORR %: 7.7, PFS (months): 1.7
PFS6(%): -, OS (months): 6.7
TAS-120 FGFR1-4 Advanced solid tumor like GBM 386/ I/11 NCT02052778
Recruiting patients
PDGF/PDGFR Lenvatinib VEGFR rGBM /32 -
(E7080) FGFR ORR %: -, PFS (months): 1.911.9
PDGFR PFS6(%):8.3, OS (months): 28
Imatinib PDGFRa rGBM 11/ 50 -
mesylate PDGFRf PFS6%: 33
(Gleevec/ST1571) Ber-Abl
c-FMS
HGF/c-MET Cabozantinib c-Kit nGBM
MET ORR (%): 17. 6, PFS (months): 3.7
VEGFR2 PFS6(%): 22.3 OS (months): - 11/ 152 NCT00704288
Ephrins/Eph a-type-1 EphA2,IL-13 MG
polarized DC receptor-o2 Proved safety, immunogenicity, and
preliminary clinical activity of poly-
ICLC-boosted aDC1-based vaccines.
vaccine loaded with YKL-40 VII/ 41 NCTO00766753
IL-13, receptor-02, gpl100
YKL-40, and gp100
Tandutinib PDGFRp GBM 1/11/19,30
FMS-like Terminated due to unmet prespecified
TK3 goal of SFP
c-Kit

VEGF; Vascular endothelial growth factor, PDGFR; Platelet-derived growth factor, FLT-3 TKI; Fms-like tyrosine kinase 3 tyrosine kinase inhibitor,
EGF; Epidermal growth factor, EGFR; Epidermal growth factor receptor, FGFR; Fibroblast growth factor receptor, HER2; Human epidermal growth
factor receptor, IGFR1R; Insulin-like growth factor type 1 receptor, KDR; Kinase insert domain receptor, PDGFR; Platelet-derived growth factor,
ANG; Angiopoietin, Tie; Tyrosine kinase with immunoglobulin-like and EGF-like domains 1, HGF; Hepatocyte growth factor, c-MET; Tyrosine-
protein kinase Met, Eph; Erythropoietin-producing human hepatocellular receptors, DC; Dendritic cell, YKL-40; Chitinase-3-like protein 1, gp100;
Glycoprotein 100, EphA2; EPH receptor A2, Bcr-Abl; Breakpoint cluster region — Abelson murine leukemia virus, c-FMS; Feline McDonough
sarcoma, FMS-like TK3; FMS-like tyrosine kinase 3, Met; Mesenchymal-epithelial transition factor, GBM; MG; Malignant glioma, Glioblastoma,
rGBM; Recurrent GBM, ORR; Overall response rate, PFS; Progression free survival, PFS6; Progression-free survival at 6 months, OS; Overall
survival, and mOS; Median survival rate.
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FGF/FGFR pathway

FGFs family are secreted mostly from fibroblasts and
deposited close to the ECs’ basement membrane. There are
23 members in the family, FGF1 through FGF23, which
all bind to FGFRI1, -4 except FGF11 through FGF-14 that
play role in intracellular processes other than FGFs related
functions. Accumulating data propose that the interaction
of these factors with their corresponding transmembrane
tyrosine kinase receptors affect tumor angiogenesis both in
early (basal lamin degradation, migration and proliferation)
and in late phase (morphogenesis and vessel maturation). For
instance, FGF-2/FGFR-2 increases the expression of matrix
metalloproteinase 9 (MMP9) and enhances vascular smooth
muscle cell (VSMC) migration.

Furthermore, there is a growing number of reports showing
the relationship between upregulation of FGFs or FGFRs
and the occurrence of different cancers. For example,
FGF7 and FGF10 are present in stroma in prostate, FGFR-
3 is overexpressed in t (4;14) multiple myeloma, FGF-1,
FGF-2 and FGF-5 are overexpressed in pancreatic ductal
adenocarcinoma (PDAC), FGF-1 induces chemoresistance
and highly expressed FGFR-1 is a hall mark for tumor
progression (19, 20). There are some small molecule
inhibitors that target FGFR1-3 like PD173074, AZ4547,
BGJ398 and JNJ-493 which are not specific for either
FGFR subtypes or isoforms. Amongst them, AZ4547,
dovitinib, PD173074 and ponatinib effectively reduced
pediatric glioma cell growth in vitro in comparison to
the chemotherapeutic agent Temozolomide. AZ4547and
BGJ398 (Table 1) were investigated in a clinical phase I/1I
and a phase II trial, respectively in patients with recurrent
isocitrate dehydrogenase 1 (IDH) wild-type gliomas. The
trials are suspended due to some side effects in the patients.
Furthermore, the results of a clinical trial on BGJ398 (Table
1) in malignant glioma patients have not yet been published
(21). Besides, a phase I/II trial of TAS-120 (Table 1), an
irreversible FGFR inhibitor, is registering those suffering
from advanced solid tumors, including brain tumors such as
GBM (Fig.1) (22).

Among all FGFs/FGFRRs, FGF2/FGFR axis seems
the most important axis for target therapy in GBM for
the determinative role of FGF2 in glioma vascularization,
GSC self-renewal and tumor growth. Although targeting
tyrosine kinase domain of FGFRs by available inhibitors
can block a prominent step in signal transduction, their
lack of specificity provokes off-target effects and/or other
complications. Therefore, it is critical to design more
specific FGFRs inhibitors for highly sensitive and more
precise target therapy.

PDGF/PDGFR pathway

Platelet-derived growth factors (PDGFs) are secreted
by a variety of cells like tumor cells, ECs, macrophages,
and transformed fibroblasts. The growth factors consist of
PDGF-A, -D peptides which are in interaction with their
receptors, PDGFR-a and PDGFR-b, evoke signalings
comparable with those in VEGF/VEGEFR signaling especially

Cell J, Vol 24, No 10, October 2022 560

in recruiting pericytes to neo-vessels and secretion of a broad
range of proangiogenic cytokines (23). Therefore, PDGF/
PDGFR pathway has been a promising target in cancer
therapy and the results of numerous investigations were
so encouraging that several agents could get approval as
anti-PDGF/PDGFR drugs in several solid tumors, such as
Sorafenib (Nexavar) for metastatic RCC and unresectable
HCC, Sunitinib (Sutent) for gastrointestinal stromal tumor
(GIST) and unresectable pancreatic neuroendocrine tumors,
Pazopanib (Votrient) for metastatic RCC and advanced soft
tissue sarcoma, and Axitinib (Inlyta) for metastatic RCC (24).

Although improvements in other solid tumors were
impressive, anti-angiogenesis therapy has still remained
ineffective in GBM. Preclinical trials have demonstrated
that imatinib (Table 1), a PDGF receptor kinase inhibitor
augments the radiotoxicity; however, the effect was minor
in Phase II clinical trials in GBM patients (25). Moreover, in
Phase I and Phase I11 of a clinical trial in which a combination
of imatinib and hydroxyurea (Table 1) was investigated, no
beneficial effect for recurrent GBM (rGBM) treatment was
observed (Fig.1) (26).

There is solid evidence that high expression of PDGF and
PDGFR can be detected in most GBMs. Also, induction of
PDGF and PDGFR overexpression, mostly PDGFB, induces
GBM in laboratory animals. These data suggest that there is
definitely a positive correlation between GBM and PDGF/
PDGFR mutation and the lack of exact PDGF/PDGFR
mutations profile is the key factor in clinical trials failure.
Also, PDGFR profiling could hopefully improve clinical
indices through early detection of the responsive subgroups
of patients.

ANG/TIE pathway

ANG:s are a family of growth factors (ANG-1, -4) secreted
by endothelial and parenchymal cells that can bind to
tyrosine kinase receptors (TIE-1 and TIE-2) on ECs. The
abnormal activity of ANG-1, -2/TIE2 signaling mediates
EC sprouting, pericytes recruitment, vascular remodeling
and tumor plasticity. Although targeting each of these two
ligands or both has improved clinical pre-targeted outcome,
concomitant hindrance of both VEGF (using bevacizumab)
and ANG?2 (using Trebananib) (Table 1) results in both
vasculature normalization and the survival benefit in
comparison to inhibition of either pathway alone in GBM

(Fig.1) (2).

A growing number of studies are revealing that ANG2
inhibition not only improve vascular normalization but
also induces anti-tumor immunity which suggests ANG2
targeting as a favorable approach in combination therapy of
treatment- resistant tumors.

HGF/c-MET pathway

The cellular mesenchymal-epithelial transition protein
(c-MET), a transmembrane tyrosine kinase family, is
activated by binding to the pleiotropic HGF and triggers
proliferation, survival and motility of both normal and
tumor-associated cells and ECs. It has been evidenced that



MET expression is elevated in tumor cells, blood vessels,
and peri-necrotic areas of glioma sample (27). Moreover,
HGF secretion from vasculature and neurons accelerates
glioma invasion and proliferation in MET-positive cells (28).
Due to the crucial role of HGF/c-MET pathway in GBM
development and possibly in anti-VEGF therapy resistance
induction, its inhibition has been considerably studied in
numerous preclinical and clinical studies (29). Some of
the monoclonal antibodies used for this purpose in clinical
trials are as follow: Rilotumumab (AMG102), a neutralizing
antibody against HGF (30) Onartuzumab, a humanized
monovalent monoclonal anti-MET antibody (31), Crizotinib,
an available ATP competitive selective inhibitor for MET
inhibition (32) and Volitinib, a highly selective small
molecule and ATP competitive MET kinase inhibitor (33).
None of these mAbs showed positive clinical outcomes
for their toxicity as Rilotumumab and for GBM stem cells
heterogenicity as Crizotinib. Besides, many of the clinical
studies were terminated without any published data such as
those on Volitinib and small molecule inhibitor, SGX523.
Amongst these mAbs, only cabozantinib (Table 1) treatment,
a MET and VEGFR2 inhibitor, showed only modest clinical
benefits in patients with GBM (Fig.1) (34).

Notwithstanding the fact that a wide range of agents
from small-molecule inhibitors to mAbs have been long
investigated on the pathway, there has been no phase I1I trial so
far. A fact that reinforces an urgent need for a comprehensive
review of the past trials to build up a solid conclusion on
HGF/c-MET mutations and their responsiveness to therapy
to more effectively select the patients who most benefit from
the targeted therapies.

Ephrins/Eph pathway

Erythropoietin-producing human hepatocellular receptors
(Ephs) are grouped into two subgroups EphAs (EphA1-8
and EphA10 in human) and EphBs (EphB1-4 and EphB6 in
human). The receptor interacts with Eph receptor-interacting
proteins (Ephrins)and subsequently exerts its effects on
angiogenesis and stem cell differentiation. Recent studies
in GBM have proven that these proteins play a role in both
tumorigenesis and tumor progression in adult brain tumors,
which proposes them as valuable therapeutic targets (35).
Encouraging results from targeting Eph in pre-clinical GBM
models have led to several vaccine trials targeting Ephrins.
Amongst them EphA2 vaccine (Table 1) constructed by
loading four of the glioma-associated antigen epitopes
(EphA2, interleukin (IL)-13 receptor-a2, YKL-40, and
gp100) on a-type 1 polarized dendritic cells has been proven
to be safe in men with GBM (Fig.1) (36).

Since Ephs exert both tumorigenesis and anti-tumor
effect depending on the tumor stage and the type of the
receptor, it is crucial to specify the drugs for specific tumor
stage and tumor subgroup. Besides, it has been shown that
the expression pattern of Ephrins/Eph is different among
patients which strongly suggests personalized therapy
for a particular subgroup of patients with specific gene
expression pattern.

Daneshimehr et al.

RTK-independent angiogenesis signaling

Those signalings not classified as RTKs are discussed
under this category here such as serin/tyrosine kinase TGF-f/
TPRII and cell adhesion molecules such as integrins.

TGF-B/TBRII

TGF superfamily, secreted from immune cells, stromal
cells and tumor cells, comprises more than 30 growth factors
including TGF-Bs (TGF-B1, -2, and -B3), growth and
differentiation factors (GDFs), activin, bone morphogenetic
proteins (BMPs), nodal, and anti-mullerian hormone
(AMH). Among these factors, TGF-Bs are correlated with
angiogenesis and modulate cell proliferation, differentiation,
and tissue homeostasis following binding to their receptors,
TGF-BRII and its disturbed function has been reported
in fibrosis and tumorigenesis. It has been shown that
TGF-Bs, especially TGF-Bland -2, have a crucial role
in angiogenesis mediating up-regulation and induction of
different angiogenic factors including VEGEF, FGF and PAI-1
in GBM (37). Hence, TGF- f has been targeted in numerous
studies in preclinical and clinical studies in a varied range
of diseases and cancers such as sclerosis, pancreatic cancer
(PAC), HCC, RCC and GBM.

Although both preclinical and clinical trials strongly
propose TGF- B signaling, particularly TGF-B/TBRII,
targeting as an effective treatment for metastatic tumors,
serious adverse effects have been repetitively reported
after long-term hindrance of the signaling in several animal
studies. For example, hemorrhage and inflammation in
ulcers of heart valves have been observed following TPRI
blockade. Also, some cases of chronic inflammation resulting
in precancerous conditions have been detected after TGF-3
signaling hindrance. Therefore, targeting of the pathway
should be applied with caution considering the pleiotropic
function of the pathway both in normal and pathological
condition.

There are currently several clinical trials on glioma to
inhibit TGF- signaling via different approaches:

Antisense oligonucleotide (AON): in a Phase IIb and III
clinical trials the efficiency of an AON called AP12009 (Table
2) to block TGF-B2 mRNA translation has been studied (38).

Soluble receptors or their ectodomain constructs to
sequester the ligand: in a Phase I trial i LY2157299 (Table 2),
a Kinase inhibitor targeted for TGFPR1 (ALK-5), is going to
be examined on volunteers (39).

Antibodies: in a Phase VI trial GC1008 (Table 2), an
antibody against TGF-f, has been tested to suppress TGF-3
receptor kinase activity (Fig.2) (40).

There is solid evidence that the pathway can be a
promising target in spite of documented adverse side effects
and many pharmaceutical companies that are still interested
in producing drugs to target TGF-B/TBRIL. To reduce the
intricacy of the results and guarantee the safety of the drugs,
designing agents that can specifically target either particular
subgroups of the receptors or the molecules in downstream
of TGF-f signaling is critical (41).
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Table 2: Anti-angiogenesis clinical trials in GBM — targeting RTK-independent angiogenesis pathways

Target class Treatments Target Clinical trial result No. /phase Trial reference No.
TGFB/TGF- BR Galunisertib TGFBR1 MG 65/1, /11 NCT01682187
(LY2157299) Recruiting
Fresolimumab TGF-B Glioma 12/11 -
(GC1008) No significant clinical benefits
Trabedersen Refractory anaplastic astrocytoma or 27/ 111 NCT00761280
secondary glioblastoma
(AP12009)
Terminated for recruitment issues
The survival rate with 10 uM
OS:(months):35.7 for AP12009;
OS:(months): (23.1) for AP12009 +
chemotherapy
IFN/IFNR Cationic liposome- IFN-B High grade glioma 50% reduction in 5/1 -
mediated IFN-$ disease severity and fewer CD34—
gene transfer immunoreactive vessels
Conventional IFN-B GBM survival benefit in patients who 109/ 10 -
radiation therapy remained stable after radiation therapy
followed by
recombinant
human IFN-$
Nimustine IFN-B rGlioma 97/ 11 11A0232177
(ACNU)
Improved survival in patients with GBM
+Vincristine,
+Carboplatin,
+ IFN-f
+ Radiotherapy
IFN/IFNR Peginterferon a-2b  IFN a-2b rGBM 7/10 NCT00047879

(PEG-Intron)
Confirmed safety and mild efficacy

T™™Z, rGBM 34 on IFN -
and 29 on

+IFN 0-2b Confirmed safety and mild efficacy PEG/IT

and/or PFS6: 31% for patients on IFN

T™Z, PFS6: 38% for patients on PEG

+Long-acting IFN
a-2b(PEG)
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Table 2: Continued

Target class Treatments Target Clinical trial result No. /phase Trial reference No.
™Z High grade glioma -/ 1T NCT01765088
and/or Recruiting
T™Z
+ IFN-a

Notch/NotchR R4733 rGBM M, 10 NCT01189240
(RO4929097) NCT01131234

; ; NCT01269411
Terminated, no results available NCT01122901
TNF/TNFR VB-111 VB-111 rGBM 256/111 NCT02511405

+Bevacizumab ORR %: -, PFS (months): -

PFS6(%): -, mOS:(months): 6.8

TGF-B; Transforming growth factor beta, VB-111; Adenoviral vector expressing PPE & Fas-TNFR1 chimera, TNFR; Tumor necrosis factor receptor, IFNR;
Interferon receptor, IFNR; Interferon receptor, Integrin L; Integrin ligand, TMZ; Temozolomide, MG; Malignant Glioma, rGlioma; Recurrent Glioma, PFS;
Progression free survival, ORR; Overall response rate, PFS; Progression free survival, PFS6; Progression-free survival at 6 months, OS; Overall survival, and
PEG; Polyethylene glycol.

Nimustine (ACNU)
Cilengitide + Vincristine
Carboplatin

Fig.2: RTK-independent angiogenesis pathways alongside their clinical targeting in glioblastoma. Different clinical inhibitors (upper blue boxes) targeting signalings
involved in GBM angiogenesis through RTK-independent angiogenesis pathways (growth factor receptors: TGF-B/TBR2, TNFa/TNFR1 and TNFR2, Interferons/IFNsR,
Whnt/Fzd receptor) and cell adhesion molecules (Notch and Integrins) are shown here. ECM; Extracellular matrix, INF; Interferon, TGF; Transforming growth factor,
LRP5; Low-density lipoprotein receptor-related protein 5, FZD; Frizzled, Gprl24; G-protein coupled receptor 124, DI4; Delta-like 4, TNF; Tumor necrosis factor, ECs;
Endothelial cells, MAML; Mastermind-like proteins, TCF; Transcription factor, NICD; Notch intracellular domain, and Dvl; Dishevelled limits.
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TNFo/TNFR1 and TNFR2

Tumor necrosis factor alpha (TNFa, TNF, cachectin), an
inflammatory cytokine, belongs to TNF superfamily and
is mostly secreted by immune system cells. It is indicated
that the cytokine possesses a pro-angiogenic effect which
may be either directly by induction of ECs differentiation
or indirectly through triggering the secretion of other
angiogenic factors. Also, it is shown that expression of
TNFR2 is elevated in six cancer types including GBM.

Although TNF blockers have been successfully
administered for autoimmune diseases and are among
the best seller biologics, they have failed to meet the
pre-targeted clinical expectations as anti-tumor drugs
for their severe side effects. Different experiments have
suggested o as a potential target in glioma, however, it
couldn’t be clinically translated due to its high systemic
toxicity at therapeutic doses (Fig.2) (42). To achieve more
satisfactory results and reduce off-target effects localized
therapies such as isolated organ perfusion in soft tissue
sarcoma and melanoma has been developed. Yet, the
problem remains unsolved for many cancers, particularly
for highly metastatic ones (43).

Interferon-o/p/interferon-a/f receptor (IFNAR) and
interferon-gamma/interferon-gamma receptor (IFNGR)

Interferons (IFN), initially discovered as antiviral
responsiveness mediators, are currently recognized
as multifunctional proteins involved in inflammation,
proliferation, and differentiation and fall into 3 categories;
IFN type I (IFN-a, IFN-B, IFN-¢, IFN-k and IFN-),
IFN type II (IFN-y in humans) and IFN type III. They
trigger a cascade of responses following binding to their
glycoprotein receptors. It has been demonstrated that
IFN-a.and - possess anti-angiogenesisproperties mediated
by angiogenic factors inhibition (44). 50% reduction in
disease severity and less CD34 immunoreactive vessels
have been shown in 2 patients in a clinical trial phase
IT in which IFN-f gene therapy (Table 2) was applied
for 5 patients with high-grade glioma (45). Also, in
a Phase II clinical trial, recombinant human /FN-f
(Table 2) was administered after radiation therapy
and the results showed little survival benefit and high
tolerance in GBM patients (46). Furthermore, a Phase
II clinical trial proved to be safe that showed mild
survival benefit of applying a combination of nimustine
(ACNU), vincristine, carboplatin, and IFN-§ (Table 2)
in addition to radiotherapy in GBM patients (Fig.2)
(47).

The efficacy of peginterferon a-2b (Table 2), an anti-
angiogenesisfactor, alone and in combination with
thalidomide, an anti-angiogenesisdrug, in patients
with glioma is being assessed in a phase Il clinical trial
(48). In another phase II trial, patients with GBM were
treated with standard therapy using TMZ (Table 2), in
combination with either short-acting IFNa-2b (non-
pegylated) or long-acting IFNa-2b (pegylated). Safety
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and mild efficacy were observed in both regimens
(49). In a phase III trial on cytokine therapy in patients
with newly diagnosed GBM, TMZ was utilized with or
without IFN-a (Table 2) (50) and results published. Some
other trials are under investigation and attempt to find the
best combination therapies (Fig.2) (51).

Despite encouraging results in preclinical trials on
gliomas, clinical outcomes are puzzling: the results
from IFN-y targeting were dissatisfying, IFN-f targeting
produced perplexing results and IFN-f targeting is still
under investigation both alone and in combination with
other approaches (52).

Wnt/Frizzled (Fzd) family receptor

Wnt signaling as a complex signaling pathway is
implicated in proliferation, differentiation and migration
of cells particularly stem cells in embryonic and
adult tissues. There are three signaling pathways of
Wnt signaling: canonical Wnt pathway, noncanonical
planar cell polarity pathway, and noncanonical Wnt/
calcium pathway which regulate gene transcription, cell
cytoskeleton and cell inner calcium, respectively. There
are convincing reports on the positive correlation between
altered expressions of different members of Wnt, GBM
genesis and progression which are proposed as a factor to
discriminate between normal and malignant cells in the
human brain. Abnormalities in canonical Wnt signaling
are associated with GBM stem cells (GSCs) formation,
chemo- and radiotherapy resistance, and poor prognosis
while non-canonical Wnt dysfunction is more related to
the invasiveness of GBM. Therefore, a variety of agents
targeting Wnt have been examined such as non-steroidal
anti-inflammatory drugs (NSAIDs) and Resveratrol
which may be opening windows to clinical trials (Fig.2)
(53).

Notch signaling pathway

Notch signaling is activated when cell interaction is
mediated by membrane bound Notch receptors (Notch-1,
-4) and related membrane-bound ligands (Jagged-1,
Jagged-2; Delta-like 1, 3, and 4). All the receptors and
ligands are expressed on the cell surface of ECs membrane
except Notch-3 and DII-3 and mediate tip-to-tip contact
between blood vessel sprouts and endothelial cells (54).
It has been demonstrated that Notch activity is correlated
with hypoxia and some cancer-related molecular pathways
like ERK/MAPK and PI3K/AKT/mTOR which amplify
malignancy in GBM and its targeting reduces malignancy
characteristics. For instance, high Notch-1 expressing
GBM surgical samples affect stem cell and angiogenesis
pathways. Notch inhibition using treatment with DAPT
(a chemical compound and y-secretase inhibitor)
showed reduction in Nestin and elaboration in Ki-67
(a proliferation marker). In another study, it has been
shown that a combination of radiation therapy and
Notch inhibition hinders self-renewal and propagation
in tumor explants. There have been several clinical trials
using RO4929097 (a g-secretase inhibitor) (Table 2) to
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unravel the correlation between Notch pathway and GBM
patients’ survival. All the trials were discounted due to
the drug suppliers’ decision not manufacturing the drug
anymore (Fig.2) (55).

The importance of Notch signaling not only in the
induction of tumor but also in the development of therapy
resistance highlights exploring the best combination
therapy to hinder tumor progression as well as tumor
recurrence after applying standard cytotoxic therapies.

Integrins

Integrins (ITG) are transmembrane proteins comprised
of two non-covalently associated o (18) and B (with 8)
subunits that form 24 heterodimers responsible for cross-
talk between a cell and another cell or ECM. As Intrgrin’s
expression pattern is different in normal and GBM tissues,
they may serve both as prognosis biomarkers (some of
them like avP5 are assumed to be expressed specifically
on GBM cells) and as radio/chemotherapy specificity
(avp3 and a3B1 high expression were associated with
poor prognosis in patients with GBM). Also, it has
been evidenced that avp3, avp5 and avfp8 are related to
angiogenesis in GBM and their targeting is vastly studied
in anti-angiogenesis therapy: avp3/avp5 were targeted
by Cilengitide (Table 2) in phase I/II clinical trials in
GBM, in combination with radio/chemotherapies, both
in recurrent and in newly diagnosed GBM. The results
showed clinical benefit on progression free survival (PFS)
and good tolerance in overall survival (OS) (Fig.2).

Integrins are definitely promising molecules in GBM
therapy either as targets or as diagnostic tools. Future
investigation should discover a correlation between different
subtypes of GBM and expression pattern of integrins for both
better prediction of radio/chemo-resistant patients and more

personalized targeting of the tumors (56).

All in all, the initial achievements from these pre-
clinical and clinical trials encourage more discoveries in
laboratories to pave the way from bench to bedside where
a combination of approaches could more effectively
curb tumor growth. Proper dosing and targeting can
meaningfully affect the outcomes achieved by selecting
a perfectly designed vehicle for the desired drug to
guarantee both the drug and the recipient’s safety. In the
following section the most prominent targeting strategies
in GBM therapy is discussed.

Targeting strategies
Monoclonal antibodies (mAbs)

Monoclonal antibodies can specifically target a mutated
ligand or its receptors. Bevacizumab (Table 2), an anti-
VEGF-A, is the first FDA-approved anti-angiogenesis
monoclonal antibody as the first-line treatment for
recurrent GBM patients (2). While, the outcome was
favorable in both phase I and II; the side effects were
overwhelming in phase III. Yet there are hopes for
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Bevacizumab to be used as an adjuvant in addition to
traditional therapy. Although some anti-EGFR antibodies
such as Cetuximab, mAb-806 and Y10 (Table 2) have
shown promising preclinical results, that the clinical
findings did not meet the expectations (Fig.1).

There have been numerous clinical trials examining
monoclonal antibodies on different tumors like GBM, yet
the most important concern is their side effects which stem
from on/off-target toxicities, leading to an autoimmune
reaction in both normal and tumor tissues. Hence,
clinicians should take the assessment of risk-benefit ratio
between anti-tumor efficacy and related side effects into
account when determining optimal therapies (Fig.2) (57).

MicroRNAs (miRNAs)

A network of different miRNAs is involved in GBM
angiogenesis; while some are angiogenesis promotors
like miR-296, miR-21, and miR-210-3p, others are
angiogenesis inhibitors like miR-15b and miR-299.
Some miRNAs that promote glioma invasion are
vastly studied: miR-10b, miR-21, miR-221/222 which
are upregulated and miR-124, miR-34a, miR-181,
miR-451, miR-146, miR-218, miR-326 which are
downregulated in GBM.

miR-10b inactivation using antagomiR in a mouse GBM
model resulted in a dramatic decrease in tumor growth.
Several miRNA-targeted therapeutics have reached
clinical trials including a mimic of the tumor suppressor
miRNAs: miR-34 in phase I clinical trials for cancer and
anti-miR122 in phase II trials for hepatitis. Also, there
are currently two miRNA-based Phase I trials on cancer,
there are no trials on GBM as of yet (58).

Aptamers

Aptamers, high affinity single-stranded DNA/RNA
molecules, have been proved to be safe and effective as
both diagnostic and therapeutic tools. They efficiently
discriminate not only between normal and tumor tissues
but also between different tumor types.

There is an anti-VEGF aptamer called pegaptanib
approved by FDA for the treatment of wet age-related
macular degeneration. Other aptamers have been
investigated in clinical trials for a range of diseases
including coronary artery disease, renal cell carcinoma,
type 2 diabetes mellitus and albuminuria, chronic
lymphocytic leukemia, hemophilia, and anemia from
chronic inflammation. Although there is no clinical trial on
GBM, a magnetic nanocrystal-conjugated VEGF receptor
2-specific aptamer was successfully evaluated using MRI
in GBM-bearing mice for GBM diagnosis (59).

Gene therapy

Gene delivery using either viral or non-viral carriers
in combination with current standard-of-care treatments
delivers suicide genes, immunomodulatory genes, tumor-
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suppressor genes and oncolytic viruses to the target
region. A number of gene therapy-based anti-angiogenesis
clinical trials are now active on GBM: in a clinical trial
HSV-1 expressing [L-12 (M032) (NCT02062827) is being
investigated and in another trial VB-111 (Table 2) and
bevacizumab are being used simultaneously. Although
limited therapeutic benefits have been reported to date,
a number of clinical trials verified gene therapy using
various methods as a safe method (60).

Small molecules

There has been a growing interest in using anti-
angiogenesis small molecules targeting various
components of angiogenic pathways to overcome the BBB
obstacles. For instance, AZD2171 (Cediranib) (Table 1), a
VEGFR inhibitor, increased therapy response rate by 30% in
patients with recurrent GBM in a non-randomized phase
II trial (61). In a phase II study, tivozanib and pazopanib
exerted a slight anti-tumour activity with no prolonged
PFS in patients with recurrent GBM (62). Imatinib
(Glivec-Novartis), one of the most widely used anti-PDGF
receptors and its downstream pathway, has been well
tolerated with almost no beneficial effect on high-grade
glioma in adults (63). Tandutinib a multikinase inhibitor
has been investigated in phase II studies in combination
with bevacizumab. Although the approach was effective,
it was more toxic than bevacizumab monotherapy (64).
Also, Sunitinib (Table 2) proved to be feasible and safe
with promising antitumor activity in phase I/Il in patients
with GBM has entered the phase II/III (65). The majority
of clinical trials on small molecules for GBM therapy have
fallen lack of clinical benefits in brain (i.e., gefitinib and
erlotinib) because tumor cells develop new mutations after
exposure to drugs and become drug resistant. Additionally,
low efficacy of small molecules for heterogeneity of
GBM cell population leads to target therapy inefficiency.
Nevertheless, there still are hopes for development of
combination therapy using these molecules (66).

Angiostatin and endostatin

Angiogenesis is orchestrated by a fine-tuned balance
between angiogenesis promotors and inhibitors in adult
normal tissues. Angiostatin and endostatin are endogenous
angiogenesis inhibitors whose overexpression is of particular
interest in many diseases. Viral gene transfer of these two
proteins is currently being investigated in phase I and II
clinical trials on advanced head/neck carcinoma and macular
degeneration. Even though it proved to be beneficial in GBM
animal models, no clinical trials have been done yet (67).

Cell therapy using chimeric antigen receptor T-cells
(CAR-T cells)

One particularly encouraging area in cancer therapy
is chimeric antigen receptors (CARs) in which T-cells
are genetically engineered to produce the desired T-cell
receptor to target a specific protein. Since the approach
has been successful in treating some of the hematological
malignancies, they are currently under investigation for
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a range of solid tumors including GBM. Among several
CAR-Ts against six GBM-associated antigens, four are
currently being tested in clinical trials to target EGFRVIII,
IL13Ra2, HER2, and EphA2 (Table 1). Although the
outcomes were not as satisfactory as the results obtained
from treatment of acute lymphoblastic leukemia (ALL)
and chronic lymphoblastic leukemia (CLL) therapy, the
strategy is being improved to overcome the intrinsic
obstacles of GBM immune therapy such as GBM ability
to evade immune surveillance, to suppress the local
immune response and to induce T-cell apoptosis as well
as GBM’s antigens heterogeneity (68).

Resistance to anti-angiogenesis treatment

Although mono anti-angiogenesis therapy raised
enthusiasm at first, no or unsustainable beneficial effects
set the scene for combination therapy to increase therapy
effectiveness. It is proposed that adaptive and intrinsic
resistance mediate the unresponsiveness in anti-angiogenesis
therapy. Adaptive resistance include: activation of alternative
angiogenesis pathways to restore angiogenesis in response
to shortage of blood supply and oxygen, shifts in tumor
cell metabolism, invasion of tumor cells, activation of
autophagy, trans-differentiation of GBM cells to ECs and
increase in glioblastoma stem cell (GSC) self-renewal.
In intrinsic resistance, patients or tumors are naturally
insensitive to that particular anti-angiogenesis therapy as
tumor cells in pancreatic ductal adenocarcinoma grow in
a hypoxic environment with no or little vascularity (69).
Despite the mechanisms mentioned above as the inducers of
the resistance, further investigation is still required to more
effectively curb angiogenesis.

Conclusion

Longitudinal studies on anti-angiogenesis therapy
have led to successful management of some abnormal
conditions such as inflammatory and autoimmune
diseases. However; the effect of the strategy seems
incongruous when it comes to GBM therapy; while some
of the patients show normalized vasculature in a particular
time frame following anti-angiogenesis therapy, others
present no beneficial and/or severe adverse effects. This
partly reflects the fact that highly progressive tumor like
GBM may survive in the absence of blood circulation.
Besides, conceptually, anti-angiogenesis treatment could
totally block angiogenesis that the invasive single tumor
cells still can spread through the brain.

Despite the failure of anti-angiogenesis therapy to
improve clinical courses in patients with GBM in the
majority of clinical trials, the concept is strengthening
with the continuing discovery of angiogenic factors. These
findings can be applied in either multi-target therapy or
combination therapy to more rigorously hinder tumor
progression as multi-targeted RTKI and decoy receptors
that are recently of particular interest in anti-angiogenesis
therapy. Furthermore, in the absence of a profile of
biomarkers associated with GBM, any improvement



in this field of therapy is impossible. Therefore, a
very essential step to move forward in angiogenesis
targeting is to define GBM-related biomarkers to fulfil
these requirements: to predict the therapy-responsive
subpopulation of patients, determine the proper molecular
target in individual patient and provide a tracking way
for following up with the efficiency of therapy. These
biomarkers can be the expression pattern of GBM-related
genes and/or circulating biomarkers. Last but not the
least, issues regarding possible toxicity of the treatments,
drug dosing and timing, and the drug delivery approaches
should be addressed.
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