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Abstract

Angiogenesis, the recruitment of new blood vessels, is an essential component of tumor progression.
Malignant brain tumors are highly vascularized and their growth is angiogenesis-dependent. As such,
inhibition of the sprouting of new capillaries from pre-existing blood vessels is one of the most
promising antiglioma therapeutic approaches. Numerous classes of molecules have been implicated
in regulating angiogenesis and, thus, novel agents that target and counteract angiogenesis are now
being developed. The therapeutic trials of a number of angiogenesis inhibitors as antiglioma drugs
are currently under intense investigation. Preliminary studies of angiogenic blockade in glioblastoma
have been promising and several clinical trials are now underway to develop optimum treatment
strategies for antiangiogenic agents. This review will cover state-of-the-art antiangiogenic targets
for brain tumor treatment and discuss future challenges. An increased understanding of the
angiogenic process, the diversity of its inducers and mediators, appropriate drug schedules and the
use of these agents with other modalities may lead to radically new treatment regimens to achieve
maximal efficacy.
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Angiogenesis, the formation of a vascular network, has been established as an important
prerequisite for tumor formation in solid malignancies [1,2]. The tumor mass requires a blood
vessel network to grow, and the angiogenic response, which provides oxygen and metabolites
to the tumor, appears to parallel the growth of the tumor. The angiogenic process is far from
simple as there are a multitude of players involved, and the final result is determined by the
local equilibrium of pro- and antiangiogenic factors produced by the tumor cells, infiltrating
leukocytes, the stroma and the endothelium itself. It is now widely accepted that the ‘angiogenic
switch’ is ‘off’ when the effects of proangiogenic molecules are balanced by that of
antiangiogenic molecules, and it is ‘on” when the net balance is tipped in favor of angiogenesis
[3,4]. Given the characteristic high degree of endothelial proliferation, vascular permeability
and proangiogenic growth factors, the targeting of blood vessels in brain tumors is a particularly
attractive strategy. Two main strategies have been proposed to target the tumor vasculature:
antiangiogenic drugs aimed at preventing the process of angiogenesis, the neoformation of
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blood vessels necessary for the growth and progression of the tumor and metastasis; and
antivascular therapy targeted to the already existing tumor vasculature, so-called vascular-
targeting agents. In this review, we propose to use the term ‘antiangiogenic therapy’ as a generic
term including both antiangiogenic and vascular-targeting therapy according to the definition
of Los and Voest [5].

Proangiogenic mechanisms

Glioma angiogenesis is mediated by angiogenic factors that induce an abnormal, inefficient
vascular network. Several proangiogenic molecules have been identified in brain tumors
(TABLE 1). The overexpression of angiogenic factors is caused by both genetic alterations in
tumor cells and induced by hypoxia commonly seen in malignant gliomas.

Role of hypoxia

Glioma cells surround existing brain vasculature to facilitate their own growth [6] and become
hypoxic when they are distant (100-200 um away) from brain vasculature [7]. Hypoxia, both
physiologically and in tumors, can induce several DNA-binding complexes (hypoxia-inducible
transcription factors [HIFs]) that regulate an extensive panel of genes [8], resulting in the
overexpression of VEGF and other proangiogenic factors. The end result of overexpression of
the proangiogenic factors results in the formation of new blood vessels that supply tumor
tissues. In glioblastoma (GBM), HIF-1 is expressed in hypoxic pseudopallisading cells and in
tumor cells at the invasive edge [9]. Hypoxia is the primary stimulus for VEGF and VEGF
receptor (VEGFR) expression via the HIF-1 pathway. HIF-1a is the direct effector of hypoxia.
Recently, it has been demonstrated that HIF-1a, partly through intratumoral increases in
stromal cell-derived factor (SDF)-1a promotes tumor progression by recruiting vascular
modulatory bone marrow-derived cells to stimulate angiogenesis [10]. Glioma SDF-1
expression increases with tumor grade and co-localizes with necrosis, angiogenesis and
invasive glioma cells [11]. In subcutaneous tumors formed from murine glioma cells, SDF-1/
CXCL12 secretion was sufficient to expand the fate of locally recruited bone marrow-derived
progenitors that include both endothelial cells (ECs) and pericytes, whereas intracranial glioma
SDF-1/CXCL12 secretion led to recruitment of marrow-derived endothelium but not pericytes.
The presence of hypoxia in the glioma microenvironment could, however, stimulate the release
of angiopoietins that interact with SDF-1/CXCL12 to expand the fate of marrow-derived
progenitors to include pericytes. Angiopoietins, which are regulated by hypoxia and influence
pericyte biology, appear to recruit angiopoietin 1 (Ang-1) receptor (Tie-2)-expressing marrow-
derived proangiogenic monocytes [12].

Growth factors & their cognate receptors

A malignant tumor relies on a variety of factors that promote angiogenesis. These include an
array of angiogenic growth factors, including VEGFs (VEGF-B, -C and -D), acidic and basic
FGF (aFGF and bFGF), HGF/SF, TGF-a, TGF-B, TNF-a, IL-8 and angiogenin. Other factors
involved in angiogenesis include the angiopoietins, which are ligands of the Tie receptor family
[13]. Angiogenic factors induce expression and/or activation of proteolytic enzymes, which
modify adhesion proteins of vascular ECs, resulting in leaky vessels and, in turn, allowing the
ECs to migrate and proliferate [14]. Numerous growth factors, such as VEGF, Ang-1 and -2,
and bFGF that stimulate endothelial proliferation, migration and assembly into vascular
networks, have been observed in gliomas [15-17]. In addition, a distinct angiogenic switch
with an increase of both VEGF and HGF/scatter factor (SF) in malignant gliomas and an
independent statistical association of both factors with microvessel density have been reported
[18,19]. During angiogenesis, vessels initially dilate and become leaky as an initial response
to VEGF, which is secreted by cancer or stromal cells. VEGF-A can stimulate both
physiological and pathological angiogenesis. VEGF-A is a ligand for the two receptor tyrosine
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kinases VEGFR-1 (FIt-1) and VEGFR-2 (KDR/Flk-1). Most biological functions of VEGF-A
are mediated via VEGFR-2, whereas the role of VEGFR-1 is largely unknown. Activation of
MAPK, stress-activated kinase, PKC and the Akt pathway are implicated in VEGF-A-
dependent endothelial function, including cell survival, proliferation, generation of nitric oxide
and the induction of angiogenesis. Induction of metalloproteinases and activation of focal
adhesion kinase and P13K are implicated in VEGF-A-induced EC migration. The upregulation
of VEGF is frequently observed in grade 1V malignant astrocytoma tumor (GBM) biopsies
[20-22]. Ang-2 and metalloproteinases mediate the dissolution of the existing basement
membrane and interstitial matrix by acting in concert with VEGF. Stem cell factor (SCF) is
another protein thought to be involved in activating brain ECs and is usually overexpressed by
neurons after brain injury. SCF is expressed in glioma cells and may have a role in tumor-
induced angiogenesis in the brain [23]. Many of the multi-targeted tyrosine kinase inhibitors
(TKIs) under development for brain tumors also inhibit SCF signaling through its receptor c-
Kit, thereby suggesting that it could represent an effective target. PDGF isoforms (PDGFA,
B, C and D) and their receptors (PDGFR-o and -B) [24] are not only expressed in perivascular
cells but also in brain tumor ECs. The PDGFB isoform can upregulate VEGF [25] and exert
autocrine effects on endothelial and perivascular cells [26,26]. However, therapies targeting
PDGFR-B (e.g., imatinib mesylate) have not yet shown promising results as single agents in
the treatment of GBM [27]. One described mechanism by which VEGF and bFGF promote
angiogenesis is by stimulating the activity of integrins ayf3 and ayBs in ECs [28]. Integrin
activation and ligand binding results in the propagation of intracellular signals that maintain
EC survival and enhance proliferation, motility and capillary sprouting [29]. As a consequence,
targeted antagonism of ayf3 and o Bs integrins inhibit brain tumorigenesis in vivo and may
represent an important novel adjuvant therapeutic approach to brain tumors [28]. Angiogenin
interacts with ECs to induce a wide range of cellular responses necessary for angiogenesis,
including endothelial migration [30], proliferation [31] and tube formation [32]. A significant
correlation to the malignancy within the gliomas with an increase of angiogenin concentration
was reported, suggesting that angiogenin may contribute to the malignant transformation of
gliomas [33].

Angiopoietin/Tie-2 signaling, required for normal vascular development by regulating vascular
remodeling and maturation, has been shown to have a role on glioma angiogenesis. Increasing
Tie-2 expression correlates with higher malignancy grades in glioma [34]. Genetically
disrupting Tie-2 inhibits glioma angiogenesis with a decrease in microvascular density, an
increase of abnormally dilated vessels and loss of interaction between ECs and perivascular
cells[34]. Inaddition, Tie-2 isalso expressed in glial tumor cells [35] and bone marrow-derived
monocytes [12]. Ang-1/Tie-2 signaling in tumor cells is associated with activation of integrin-
mediated cell adhesion to the extracellular matrix (ECM). Tie-2-expressing monocytes (TEMs)
have been implicated in glioma malignancies as they are recruited from bone marrow to
orthotopic xenografts [12]. Targeted deletion of TEMs prevented glioma neovascularization
and induced significant tumor regression [12]. Targeted therapy against the Ang-1/Tie-2
system is in preclinical development.

PDGF pathways—PDGF is a disulfide-linked dimer of two related polypeptide chains and
exerts its biological activity by binding to structurally similar PDGF receptors (PDGFR-a and
-B). PDGF has been shown to be essential for the stability of normal blood vessel formation
by recruiting pericytes and smooth muscle cells [36]. PDGFs and their cognate receptors,
PDGFR-a and -B, were shown to play a role in glioma growth and angiogenesis [37]. Targeted
PDGF ligand overexpression in newborn mice can lead to glioma formation, and PDGF
expression correlates with malignancy grade of gliomas [37]. PDGFR-a is expressed in adult
subventricular zone neural stem cells (NSCs), which can form glioma-like growths in response
to PDGF stimulation [38]. PDGFR-f is expressed on glioma-associated ECs [39,40] and on
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perivascular smooth muscle cells and pericytes, which have important roles in tumor
angiogenesis [41].

HGF/SF—HGF/SF and its cognate receptor tyrosine kinase c-met are expressed in glioma
cells, and their expression increases with malignant progression and vascularity [42].
Autocrine/paracrine signaling of this pathway in gliomas is associated with tumor proliferation,
migration, invasion and angiogenesis [42]. Targeted inhibition of glioma cells by chimeric
transgene transfection reduced tumor growth and angiogenesis [43] and showed synergistic
anti-tumor effects with y-radiation [44]. In addition, neutralizing monoclonal antibodies to
HGF/SF have demonstrated antitumor activity in both subcutaneous and orthotopic malignant
glioma xenograft models [45-47].

Lytic enzymes

Invasion of ECs is an essential event during angiogenesis, as this process involves degradation
of the basement membrane and underlying interstitium. ECs must degrade the ECM barriers
to permit the cell movement required for new blood vessel formation. To accomplish this, the
angiogenic stimulus induces the production of lytic enzymes capable of digesting specific
matrix components and favoring cell invasion.

The matrix metalloproteinase (MMP) family of enzymes is considered primarily responsible
for ECM degradation. These enzymes are secreted in inactive proenzymatic forms, are zinc-
dependent and can be subdivided on the basis of preferential ECM substrate [48]. MMPs are
involved in many physiological processes involving matrix remodeling and appear to be
essential for angiogenesis, tumor cell invasion and metastasis. In addition to removing physical
barriers to migration through degradation of ECM macromolecules [49], MMPs can modulate
cell adhesion [50] and generate ECM degradation products that are chemotactic for ECs [51].
MMP-2 and -9 have been shown to play an important role in neoangiogenesis and tumor
vascularization in gliomas [52,53]. Therefore, the inactivation of MMPs could be an
antiangiogenic treatment option for malignant glioma. Intraperitoneal administration of an anti-
MMP agent, SI-27, limited tumor angiogenesis to a level similar to that found in the normal
contralateral hemisphere and successfully prolonged survival in a clinically relevant glioma
model [54]. We have demonstrated that sSiRNA-mediated targeting of MMP-9 inhibits glioma
angiogenesis in in vitro and in vivo models [55].

Serine proteinases, including urokinase plasminogen activator (uPA), comprise a second
family of proteases that promote tumor development. Urokinase converts the zymogen
plasminogen to the active enzyme plasmin. uPA is synthesized and secreted by normal cells
as well as tumor cells and interacts with a specific cell surface receptor (UPAR), which localizes
the enzymatic activity to the cell surface. Expression of antisense uPAR and antisense uPA
from a bicistronic adenoviral construct inhibited glioma-induced angiogenesis [56].

Endogenous inhibitors of angiogenesis

All the proangiogenic pathways described above often have natural counterparts. Over the last
few years, several novel endogenous inhibitors of angiogenesis have been discovered. Some
of these are synthesized by specific cells in different organs and others are created by
extracellular proteolytic cleavage of plasma-derived or ECM-localized proteins. There are
several studies testing the potential therapeutic efficacy of endogenous inhibitors, such as
angiostatin, endostatin, PEX, pigment epithelial-derived factor (PEDF) and thrombospondin
(TSP)-1 and -2, in animal models of malignant glioma. Endogenous inhibitors of angiogenesis
exert their effects through multiple mechanisms that include the induction of microvascular
endothelial cell (MVEC) apoptosis, the inhibition of MVEC proliferation, the inhibition of the
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function of proangiogenic molecules, and/or the altered regulation of proangiogenic and
antiangiogenic molecules [57].

Angiostatin is a major endogenous angiogenesis inhibitor that has the ability to induce tumor
regression in various animal models. In vitro studies have suggested that this protein is
generated from plasminogen by multiple enzymatic actions [58]. C6 glioma cells were
propagated intracerebrally and injected with an adeno-associated virus angiostatin vector; the
vector caused markedly smaller tumors with reduced neovascularization and higher apoptotic
indices [59].

Angiomotin (Amot), an 80-kDa protein characterized by conserved coiled—coil domains and
C-terminal PDZ binding motifs, is expressed in ECs and promotes cell migration and invasion,
and stabilizes tube formation in vitro. Amot is a receptor for the angiogenesis inhibitor
angiostatin [60]. Amot has been co-localized with focal adhesion kinase (a promigratory,
nonreceptor cytoplasmic tyrosine kinase) to lamellipodia at the leading edge of migrating
NIH3T3 cells as well as to circular ruffles in spreading human umbilical vein endothelial cells
(HUVEC:S), thereby suggesting a role for Amot in promoting cell motility [60]. Furthermore,
DNA vaccination targeting Amot inhibits angiogenesis and tumor growth.

Endostatin, a potent inhibitor of angiogenesis and tumor growth, corresponds to the 184-amino
acid C-terminal globular domain of collagen XVIII [61]. Endostatin, as with angiostatin, is
believed to be generated following the proteolytic clipping of its precursor and has been
detected in the plasma and sera of healthy human donors, the serum and urine of mice and in
the lysates of several murine tissues [62]. Two studies reported that endostatin encapsulated
within alginate beads was efficacious in treating U87 MG and BT4C glioma tumors propagated
in rodents [63,64]. Rat C6 glioma cells stably expressing murine endostatin and implanted
subcutaneously into nude mice resulted in a decrease in the tumor growth rate but not a
complete inhibition of tumor growth [65]. In BT4C gliosarcoma cells propagated both
subcutaneously and intracranially in rats, treatment with recombinant endostatin resulted in
decreased tumor size and increased survival [66]. Furthermore, in a xenograft model in which
U87 MG human GBM cells were propagated in the nude mouse brain, direct intracerebral
microinfusion of endostatin was more effective in decreasing tumor volume and increasing
tumor cell apoptosis compared with systemic administration of endostatin [67]. No toxicity
was detected with endostatin therapy in these animal models, which suggests recombinant
endostatin could be a highly useful new therapeutic tool for patients with malignant gliomas.

PEX is a 210-amino acid fragment of MMP-2 and it corresponds to the hemopexin domain of
MMP-2 [68]. PEX binds to integrin a,3 and is thought to competitively inhibit the binding
of MMP-2 to integrin ayf3 [68]. PEX binding to integrin ayf3 inhibits the binding of MMP-2
and inhibits MMP-2 collagenolytic activity in the chick chorioallantoic membrane model of
angiogenesis [68]. Purified human PEX fragment inhibits tube formation of ECs isolated from
multiple sites and plated on matrigel, and it decreases EC proliferation, as well as the
proliferation of several malignant glioma cells (U87 MG, U373 and 118) [69]. PEX has been
shown to inhibit tumor growth and angiogenesis in both subcutaneous and intracerebral
xenograft models of malignant glioma (U87 MG and U373 cell lines) [69,70]. PEX in
combination with carboplatin and etoposide have also been shown to prolong animal survival
in an intracranial xenograft model of glioma [70].

TSP-1 and -2 are highly related and belong to the larger family of TSP proteins. Both TSP-1
and -2 contain three type 1 repeat domains, referred to as TSR domains [71]. One mechanism
by which TSP-1 and -2 promote their antiangiogenic effect is through CD36 receptor signaling
that results in apoptosis of dermal MVEC [72]. In the nude mouse injected subcutaneously with
the LN-229 GBM cell line, stable expression of intact TSP-1 resulted in a reduction of mean
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tumor size and a decrease in mean tumor microvessel number [73]. Kragh et al. also
overexpressed intact TSP-1 in the LN-229 human GBM cell line and, when propagating it in
a xenograft model, found decreased tumor growth and decreased vascular density but no effect
on perfusion [74]. These data suggest that TSP-1 promotes a growth-limiting phenotype via
an inhibition of angiogenesis in GBM [74]. A recent study suggests that TSP-1 can also induce
apoptosis of primary human brain MvEC [75]. Consistent with the above findings, a report by
another group described nude mice that had been injected subcutaneously or intracerebrally
with rat C6 glioma cells expressing a fragment of TSP-1 that contained the pro-collagen domain
and the three type 1 repeats formed tumors with decreased vascularity, suggesting the
possibility that fragments of TSP-1 may promote an antiangiogenic effect [76]. ABT-510, a
modified type 1 repeat peptide of TSP, significantly inhibited the growth of intracerebral
malignant glioma propagated in a syngeneic mouse model with significantly lower microvessel
density and increased MVEC apoptosis [77].

of the inflammatory cascade

Molecules of the inflammatory cascade act indirectly on angiogenesis via modulation of the
expression of direct angiogenic factors.

The COX isoforms (COX-1 and -2) catalyze the synthesis of prostaglandins from arachidonic
acid. While COX-1 is ubiquitously expressed in a wide range of tissues, COX-2 is cytokine
inducible. COX-2 is expressed in human glioma cells where its expression correlates with
malignancy and, as such, is highest in GBM [78]. High COX-2 expression is associated with
increasing histological grade and poor survival outcome in patients with gliomas [79].

Cytokines are key immunoregulators, and a wide range of cytokines have been successfully
used in experimental brain tumor models. IL-8 is a potent chemoattractant, and recent data
suggest that it has a critical role in glial tumor angiogenesis and progression. Levels of IL-8
correlate with histological grade with the highest expression observed in GBM [80]. IL-8 is
highly expressed in pseudopallisades around necrotic areas in GBM, reflecting its regulation
by hypoxia. The proangiogenic activity of IL-8 is mediated by the CXCR1 and CXCR2
receptors, but further studies are required to define underlying mechanisms [81]. Other relevant
chemokines and their receptors include IL-12, CXCR4 and CXCL12. CXCL12 (SDF-1/
CXCL12) and its receptor CXCR4, which regulate leukocyte, endothelial and hematopoietic
precursor migration, bone-marrow myelopoiesis and angiogenesis, are overexpressed in
malignant gliomas [82]. Inhibitors of these chemokines/receptors are under development
[83]. IL-12 also possesses antiangiogenic effects, which result from the induction of IFN-y
from helper T lymphocytes and the subsequent stimulation of secondary mediators, including
monokine induced by IFN-y (MIG) and IFN-inducible protein 10 [84]. Intratumoral therapy
with IL-12-secreting NSCs prolonged survival compared with treatment with nonsecretory
NSCs or saline in intracranial glioma-bearing mice [85].

Cancer stem cell vascular niche

Recently, new concepts have been proposed following the demonstration of highly tumorigenic
cancer progenitor cells, also designated as cancer stem cells (CSCs) or cancer-initiating cells,
in cancer initiation and progression to metastatic disease states and resistance to conventional
therapies. These cancer progenitor cell-based concepts may partially explain the recurrence of
the most aggressive cancers after various clinical treatments. Previous studies have indicated
that angiogenesis may also be promoted by stem cells that are recruited to a tumor bed and
differentiate into ECs or supportive cells [86—88]. An emerging hypothesis states that CSCs
drive tumorigenesis by directly inducing an inflammatory phenotype within the CSC-vascular
niche complex. This occurs by fostering the infiltration of granulocyte/macrophage progenitors
and granulocytes in bone marrow, and promotion of stromal remodeling as seen in aberrant
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stem cell-vascular niches that contribute to myeloproliferative diseases [89]. CSCs, with the
support of the vascular niche, form an intricate microenvironment that empowers CSCs to
express their full malignant phenotype and influence surrounding nonmalignant cells. The
tumor stroma and supporting cells have been shown to be immunosuppressive and play an
important role in inhibiting local responses that regulate tumor rejection [90].

Evidence of the existence of stem cell-vascular niche complexes composed of NSCs,
endothelial and mural progenitor cells have been recently elucidated for malignant gliomas
[91]. Nestin*/CD133* CSCs, termed “vessel-associated CSCs’ because they are exclusively
located in areas of increased microvessel density, were found to directly contact capillary
networks, whereas CD133™ cancer cells were diffusely distributed with no apparent vascular
localization. Li et al. demonstrated that NSCs stimulate neighboring ECs to express increased
levels of VEGF-A and BDNF, which induce a robust angiogenic response for stem cell support
[92]. Itis well established that the glioma angioarchitecture is grossly abnormal as these vessels
are of varying caliber and arborization [93]. The glioma vasculature is a result of both
angiogenesis and vasculogenesis, with significant contribution from endothelial, progenitor,
hematopoietic and possibly mesenchymal cells derived from the bone marrow [91,94]. Given
these observations from many groups studying cancers in different tissues, it is conceivable
that altered expression of angiogenic factors may translate to an abnormal vascular niche,
unregulated stem cell signals and, thus, aberrant stem cells.

The depletion of brain tumor blood vessels was found to eradicate self-renewing CSCs,
rendering tumorigenesis unfeasible [91]. DaoyERBB2 medulloblastoma tumor cells engineered
to express high levels of VEGF signaling were shown to be susceptible to the antiangiogenic
impact of erlotinib (anti-EGFR/ERBB2) and bevacizumab (anti-VEGF) treatment. While the
authors note that parenchymal tumor tissue did not show an increase in apoptosis or necrosis,
both treatments resulted in a completed loss of self-renewing GFP*/Nestin*/CD133* CSCs.
Single treatment of bevacizumab in a U87 LUC xenograft murine model demonstrated a
decrease in the number of vessels associated with Nestin* and GFP*/Nestin*/CD133* CSCs,
suggesting a role for VEGF signaling in maintaining a vascular microenvironment supportive
of CSCs. Similar findings were reported by Folkins et al., who showed that athymic nude mice
bearing rat C6 gliomas experienced a significant reduction in tumor sphere-forming units and
CSCs when treated with a chemosensitization regimen of antiangiogenic and cytotoxic
compounds [95]. Future studies that employ antiangiogenic therapeutics will likely focus on
the locus of action as this may be the only path to understanding the functional efficacy of this
type of treatment.

Antiangiogenic therapy

Antiangiogenic therapy has been considered an alternative or complementary paradigm to
conventional cancer treatments. FIGURE 1 illustrates the potential targets of antiangiogenic
therapy. Targeting blood vessels in brain tumors has been a particularly attractive strategy,
given the characteristic high degree of endothelial proliferation, vascular permeability and
proangiogenic growth factor expression [96]. The VEGF family and its receptors seem to be
the central signaling pathway of glioma angiogenesis. Malignant gliomas with high degrees of
VEGF expression and vessel areas are good candidates for antiangiogenic therapy. Inhibition
of VEGF expression by a neutralizing anti-VEGF antibody [97], antisense VEGF constructs
[98], expression of a dominant-negative mutant form of VEGFR-2 [98,99], specific small
molecule inhibitors of the VEGFR-2 tyrosine kinase [100] or neutralizing anti-VEGFR-2
antibody [101] has resulted in a marked suppression of experimental malignant glioma growth.
Intraperitoneal injection of IFN-B intramuscular injection and transfection of the endogenous
nonspecific angiogenesis inhibitor TSP-1 into glioma cells caused inhibition of VEGF
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secretion and/or mRNA expression, and resulted in glioma growth inhibition of 70, 84 and
50%, respectively, compared with controls [102].

Most of the antiangiogenic agents currently in Phase I/11 trials for brain tumors are blockers of
the VEGF pathway (TABLE 2). Using serial, noninvasive MRI techniques, Batchelor and
colleagues have shown that cediranib (AZD2171, an oral, pan-VEGF receptor TKI with
activity against PDGFR-a, PDGFR-B and c-Kit) temporarily induced a ‘normalization time
window’ in tumor vessels in patients with recurrent GBM [103]. This normalization had a rapid
onset, was prolonged but reversible and had significant clinical and functional consequences.
Cediranib is being studied in a Phase I trial by the Pediatric Brain Tumor Consortium. Other
agents (e.g., bevacizumab, sunitinib and sorafenib) are in early-phase clinical trials for children
with cancer [104]. Cediranib monotherapy led to an objective radiographic response (i.e.,
reduction in contrast-enhanced tumor volume on MRI by at least 50%) in more than half of
patients and reduced tumor-associated vasogenic edema in most patients. In addition, this study
was the first to identify the onset and duration of a vascular normalization time window induced
by an antiangiogenic agent. Other studies that support a beneficial effect of anti-VEGF therapy
in malignant glioma involved bevacizumab in combination with chemotherapy [105]. Recent
clinical trials targeting VEGF signaling with bevacizumab plus irinotecan have shown
promising radiographic and clinical responses, while also confirming adequate safety in
recurrent GBM patients [106]. Collectively, these results renew the hope that, similar to various
extracranial tumors, simultaneous targeting of blood vessels and cancer cells can improve
outcomes for this patient population [107]. A Phase | study of escalating doses of atrasentan,
an oral selective endothelin-A receptor antagonist that may inhibit cell proliferation and
interfere with angiogenesis during glioma growth, was recently completed. Further study of
atrasentan with radiation therapy and temozolomide in newly diagnosed GBM is warranted to
evaluate the efficacy of this novel agent. A Phase Il trial with 60 patients with recurrent
malignant astrocytomas indicated that tumor angiogenic profile as determined by VEGF
expression and hypoxic profiles predict radiographic response and survival, respectively, in
malignant astrocytoma patients treated with bevacizumab and irinotecan. The results need to
be validated in a larger clinical trial [108]. A total of 55 patients with recurrent malignant
gliomas who received bevacizumab and chemotherapy were reviewed for efficacy, toxicity
and patterns of recurrence. The study indicated combination therapy with bevacizumab and
chemotherapy is well tolerated and active against recurrent malignant gliomas. At recurrence,
continuing bevacizumab and changing the chemotherapy agent provided long-term disease
control in only a small subset of patients. It was concluded that bevacizumab may alter the
recurrence pattern of malignant gliomas by suppressing enhancing tumor recurrence more
effectively than it suppresses nonenhancing, infiltrative tumor growth [109].

Malignant glioma growth also responded to the inhibition of signaling pathways other than
VEGF/VEGFR-2. Disruption of FGFR activity or binding to FGFs by a tetracycline-regulated
suppression system [110] or suramin [111], respectively, has demonstrated growth delay in
orthotopic glioma models. Multi-targeted kinase inhibitors with activity against FGFR are in
preclinical development. Although suramin is safe and well tolerated in malignant glioma
patients, it failed to demonstrate survival benefit in Phase Il clinical trials [112,113]. Imatinib
mesylate (Gleevec®, STI1571, Novartis Pharmaceuticals, NJ, USA), an inhibitor of PDGFR,
¢-KIT and Ber-Abl kinases, exhibited antiglioma activity as monotherapy and in combination
with radiation in preclinical studies [114,115]. However, imatinib monotherapy has failed to
show significant clinical benefits in several Phase I/11 trials [27]. Nonetheless, imatinib
mesylate in combination with hydroxyurea has demonstrated encouraging anti-tumor efficacy
in a patient series [116], which was subsequently confirmed by a Phase Il study [117]. In this
trial of 33 patients with recurrent GBMs, the radiographic response rate was 9% with a 6-month
progression-free survival (PFS-6) of 27% [117]. An additional study confirmed the anti-tumor
activity of this regimen in some recurrent grade |11 malignant glioma patients [118]. The
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mechanism of combinatorial effects of imatinib and hydroxyurea is unclear. Tandutinib
(MLN518, CT53518, Millennium Pharmaceuticals, MA, USA) is a multi-targeted inhibitor
with activity against PDGFR, c-Kit and FLT-3 that has demonstrated efficacy in hematologic
malignancies [119]. A Phase I/1l trial of tandutinib in recurrent GBMs is ongoing. A Phase Il
trial of AMG-102 (Amgen Inc., CA, USA), a HGF/SF monoclonal antibody, in advanced
malignant glioma is ongoing.

Natural angiogenesis inhibitors have also been studied for their ability to inhibit glioma
angiogenesis and growth. The efficacy of angiostatin as a therapeutic agent may be increased
if administered in conjunction with other gene therapies. For example, in C6 glioma tumors
propagated in rats, intratumoral delivery of adeno-associated virus angiostatin vector in
combination with an adenovirally expressed suicidal thymidine kinase gene resulted in
decreased tumor volume and prolonged animal survival [59]. Furthermore, fragments of
angiostatin-containing K1-3 may also be clinically useful, because when such a fragment was
expressed in the SHG44 human glioma cells followed by propagation of these cells
subcutaneously in the flank of nude mice, significantly reduced tumor growth and angiogenesis
were found [120]. In the above studies, angiostatin therapy did not result in observed toxicity,
and this suggests that it could be a highly efficacious new therapy for patients with malignant
gliomas.

COX-2 has been implicated in angiogenesis by upregulating VEGF expression in several
cancers [121]. Celecoxib (Celebrex®, Pfizer, NY, USA) a selective COX-2 inhibitor, has anti-
tumor activity as monotherapy and in combination with radiation in murine models of
intracranial GBM [122,123]. A recent Phase |1 study of irinotecan plus celecoxib (400 mg
twice daily) in patients with recurrent malignant gliomas demonstrated a 16% radiographic
response rate. The median PFS was 11 weeks and the PFS-6 was 25.1% [124]. Another Phase
Il study employed celecoxib in combination with 13-cis-retinoic acid (Accutane, Roche, NJ,
USA) revealed no radiographic response with a PFS-6 rate of 19% [125]. The enthusiasm for
the use of celecoxib as a therapeutic agent in malignant glioma may be decreased owing to
modest efficacy and cardiovascular risk demonstrated in a colorectal cancer prevention trial
[126].

A recent preclinical study revealed anti-tumor benefit of HIF-1a-targeted deletion with
temozolomide in a murine subcutaneous GBM xenograft model [127]. A preclinical study of
2-methoxyestradiol (2ME2, Panzem®; EntreMed, Rockville, MD, USA), a microtubule
inhibitor with secondary effects on HIF-1, demonstrated dose-dependent inhibition of tumor
growth in a rat orthotopic glioma model [128]. Decreased HIF-1 protein level, tissue hypoxia
and microtubule destabilization were associated with anti-tumor efficacy [128]. A Phase Il trial
of 2ME2-nanocrystal colloidal dispersion in patients with recurrent GBM is ongoing. In
addition, there is emerging evidence that mTOR inhibitors may exert antiangiogenic property
through suppression of HIF-1a expression and transcriptional activation of VEGF [129].
mTOR is a highly conserved serine/threonine kinase that is downstream from AKT, regulating
translation and cellular survival. Rapamycin, sirolimus (Rapamune®; Wyeth, PA, USA) and
its synthesized analogs, temsirolimus (CCI-779, Wyeth), everolimus (RAD001, Novartis) and
AP23573 (Ariad Pharmaceuticals, MA, USA) have been evaluated in clinical trials of
malignant gliomas. Two recent Phase |1 studies of temsirolimus monotherapy in recurrent
GBM have demonstrated modest efficacy [130,131]. Combinations of mTOR inhibitors with
other targeted agents are ongoing.

Interferons were discovered as mediators of antiviral responses and were later found to function
in a wider role in inflammation, proliferation and differentiation. Interferons bind to
transmembrane glycoprotein receptors, resulting in their oligomerization and subsequent
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tyrosine phosphorylation. IFN-o and -f have been shown to have antiangiogenic properties
both in vitro and in vivo, which are mediated by their inhibitory effects on angiogenic factors
[132]. Interferons have demonstrated efficacy in the treatment of pediatric hemangiomas
[133]. Based on these clinical and preclinical data, interferons have entered clinical trials
against malignancies, including gliomas. A Phase | clinical trial of IFN-B gene therapy for
high-grade glioma in five patients was performed. Two patients demonstrated more than 50%
reduction while others had stable disease 10 weeks after treatment initiation, and

CD34 " immunoreactive vessels were notably decreased [134]. A Phase Il study with
recombinant human IFN-f admimistered after conventional radiation therapy was well
tolerated, with a trend toward survival benefit in patients who remained stable after radiation
therapy [135]. A Phase Il study of a combination of nimustine (ACNU), carboplatin, vincristine
and IFN-p with radiotherapy for GBM indicated that this combination is safe and well tolerated,
and may prolong survival in patients with GBM [136].

Endothelial cell inhibitors

Thalidomide (THD), which has been in disrepute because of its potent teratogenic effects in
humans, was found to inhibit angiogenesis in animal models, providing an insight into the
mechanism of the teratogenicity of this agent [137]. The drug was found to be safe in
nonpregnant adults, had excellent bioavailability following oral administration and had
antiangiogenic effects in animal studies. It is thought to have a therapeutic effect by inhibiting
VEGF and bFGF [137,138]. THD monotherapy in patients with recurrent high-grade glioma
was associated with a 6% partial response rate and 1-year survival rate of 22% [139]. There
are several clinical reports suggesting the efficacy of THD for treating recurrent malignant
glioma. A preclinical study demonstrated combinatorial benefit of THD and temozolomide in
a rodent model of orthotopic glioma xenografts [140]. However, clinical trials of THD in
combination with BCNU, temozolomide or radiation therapy have demonstrated generally
limited efficacy [141-143]. THD increases the anti-tumor effect of single high-dose radiation
(y-knife radio surgery) in the rat orthotopic glioma model [144]. THD increased the efficacy
of cisplatin by altering the tumor vasculature in a 9L rat gliosarcoma model [145]. The
combination of temozolomide, THD and tamoxifen administered as outpatient oral therapy
resulted in significantly improved quality of life in patients with malignant astrocytoma without
significant toxicity [146]. A Phase Il trial of irinotecan and THD in adults with recurrent glioma
not taking enzyme-inducing anticonvulsants showed promising activity [147]. A Phase | trial
of lenalidomide, a potentanalogue of the antiangiogenic agent THD, is well tolerated in patients
with recurrent glioma. Among the 36 patients, only 12.5% of patients were progression free at
6 months [148].

Vaccines targeting tumor angiogenesis

Angiogenesis-associated antigens overexpressed in tumor endothelium are specific molecular
addresses targeted by antiangiogenic therapy [149,150]. Therapeutic damage of tumor
endothelium activates the coagulation cascade and, consequently, results in the obstruction of
tumor vasculature, with hypoxia and shrinkage of tumors owing to necrosis, whereas it does
not affect blood supply in normal adult tissues [151]. Recently, different vaccine strategies
have been reported to inhibit tumor growth and metastasis by induction of specific cellular
and/or humoral immunity against angiogenesis-associated antigens in preclinical models,
suggesting effective combination of antiangiogenesis and cancer immunotherapy [152]. A pilot
study demonstrated partial-to-complete tumor responses in three out of six malignant brain
tumor patients, indicating the clinical utility of the antiangiogenic vaccine using fixed whole
endothelium. To obtain further insight into the possibilities and limitations of this novel
approach, another study employing different dose levels, adjuvants and combination with
conventional therapy modalities against various tumor types is now ongoing [153].

Expert Rev Neurother. Author manuscript; available in PMC 2009 August 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 11

Targeting the stem cell vascular niche

Stem cells, whether normal or cancerous, employ similar transduction pathways to recruit ECs
and ancillary progenitor cells into their microenvironment. Given the important role of the
vascular niche and its components to tumor biology, it is clear why this niche and its associated
elements are potential therapeutic targets for brain tumors. Targeting specific cellular
components of vessel structure has also proven effective in preclinical studies. The use of
SU6668, a kinase inhibitor specific for PDGFRs, induces the detachment of vessel-stabilizing
pericytes and disrupts tumor vascularity, revealing PDGFR™* pericytes as complimentary
targets to ECs for efficacious antiangiogenic therapy [154]. These studies suggest that
antiangiogenic therapeutics may halt tumor growth by targeting the stem cell vascular niche
responsible for CSC survival. Multiple studies have explored the value of targeting the CSC
vascular niche complex using celldelivered therapeutics. The innate ability of mesenchymal
stem cells (MSCs) to engraft into tumor microenvironments forms the basis for their use as
cellular vehicles of targeted anticancer agents. Nakamizo and colleagues employed human
MSCs as vehicles for the delivery of INF-f to intracranial U87 tumors developed in a murine
xenograft model. Their results showed intravascular injection of these therapeutic cells led to
the incorporation of MSCs into tumor architecture, prolonged animal survival and suppressed
tumor growth [155]. Similarly, GBM-derived MSCs have been used to deliver NK4, an
antagonist to HGF, to abolish the effect of HGF on the C-Met signaling pathway, resulting in
the inhibition of angiogenesis [156]. Collectively, these studies suggest that, by harnessing the
targeting potential of GBM-derived perivascular progenitor cells, one can perturb the stability
of the vascular niche and, in turn, target the CSCs that it supports and protects.

However, despite all the promises of antiangiogenic therapy, it is unlikely that it will be able
to fully eradicate malignant glioma in the future. While potential benefits are profound,
limitations of antiangiogenic therapy have also been identified, suggesting that there is also a
need for caution in applying these compounds to the clinical setting. Some studies demonstrate
that antiangiogenic therapy can cause excessive vascular regression that can compromise the
delivery of drugs and oxygen to tumors [157,158]. Preclinical data have confirmed that tumor
hypoxia (known to confer radioresistance) is improved with the delivery of anti-VEGF
therapies, and that tumor overexpression of VEGF increases vascular permeability, resulting
in increased interstitial fluid pressure and potentially impeding the delivery of cytotoxic
therapies [159]. However, careful application of antiangiogenic agents was shown to
‘normalize’ the abnormal tumor vasculature, resulting in more efficient delivery of drugs and
oxygen to the targeted cancer cells [160]. Therefore, there is a need for a delicate balance
between normalization and excessive vascular regression, emphasizing the requirement for
careful selection of the dose and administration schedule for antiangiogenic agents. As
experience with antiangiogenic agents accumulates, it is clear that the benefit is only transient,
and most tumors eventually progress after a number of months. In a subset of patients receiving
antiangiogenic therapy, these tumors recur not as enhancing masses, but with a more infiltrative
phenotype resembling gliomatosis. This raises the possibility that, by inhibiting angiogenesis,
anti-VEGF and anti-VEGFR agents force tumors cells to co-opt and grow along existing blood
vessels, changing their natural history [109]. The blood-brain barrier (BBB) poses a significant
problem for drug delivery to brain tumors, especially when antiangiogenic therapy carries a
risk of closure of the BBB. Targeting the existent tumor-associated vasculature, instead of
preventing the formation of new vasculature, is now considered a potentially powerful
approach for tumor therapy. This approach makes use of vascular targeting agents, antibodies
or other compounds that recognize tumor vessel-specific proteins, to induce damage to the
tumor vasculature, resulting in tumor-specific thrombosis, occlusion of blood vessels and
subsequent tumor necrosis. Because the tumor endothelium is targeted, this approach does not
suffer from the limitations of tumor cell targeting, such as restricted penetration into tumor
tissue of intravenously delivered antibodies. Thus, understanding the characteristics of glioma-
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associated ECs and the interactions between normal ECs and the tumor microenvironment is
essential for the development of more selective antiangiogenic therapies.

Limiting the proliferation of tumor vessels reduces tumor growth, although many tumor cells
may remain vital but in a dormant condition. To achieve a maximal growth-reducing effect,
several studies have now focused on the combination of antiangiogenesis with chemotherapy
or radiotherapy. Malignant glioma cells are inherently chemo- [161] and radioresistant [162].
Also, as radiation of glioma cells may potentiate the expression of proangiogenic molecules
[163], combining radiotherapy with antiangiogenic therapy may also prove to be clinically
useful and effective. By way of the CSC vascular niche hypothesis, the future of therapeutic
strategy will continue to require a multidimensional approach to tumor eradication. If targeted
therapy is designed to eliminate CSC populations alone, the remaining tumor parenchyma must
also be addressed. Thus, it may prove critical to combine an operative debulking of the tumor
with molecular therapeutics designed to eliminate residual CSC populations either by direct
CSC or vascular targeting, in addition to radiotherapy. Also, investigators are still concerned
about how to achieve the maximum benefit from them and how to monitor patient response
[164]. As antiangiogenic strategies for neuro-oncology are explored, it has to be considered
that different types of intracranial tumors encounter a different pre-existent angioarchitecture
as their source of neovascularization. COX-2, the key enzyme that catalyzes the first steps in
the biosynthesis of the prostaglandins from arachidonic acid, appear to be related to vascular
pattern in GBM [165]. Currently, there are no markers to identify the net angiogenic activity
of a tumor. Since quantification of various aspects of tumor vasculature may provide an
indication of angiogenic activity [166,167], it is reasonable to assume that identification of
new markers to determine angiogenic activity will help investigators to design specific
antiangiogenic treatment strategies.

Expert commentary

Since angiogenesis is virtually absent in normal adults, antiangiogenic therapy is more tumor-
specific and yields a low toxicity profile. Different antiangiogenic strategies have been
developed: inhibition of proangiogenic factors and/or receptors and/or downstream cell
signaling; inactivation of ECs; and inhibition of cellular adhesion molecules and/or ECM
remodeling. Inhibitors of angiogenesis are separated into endogenous inhibitors, such as
angiostatin, trombospondin or IFN-a, and natural or synthetic inhibitors, such as THD,
antibodies against angiogenic growth factors or inhibitors of tyrosine kinase receptors. Several
clinical trials of antiangiogenic therapies are being conducted throughout the world, but
investigators are still concerned about how to achieve the maximum benefit from them and
how to monitor patient response. The side effects of antiangiogenic treatments appear
acceptable and moderate. However, this concerns only short-term utilization.

No clear benefits for patients have been reported regarding the use of single antiangiogenic
drugs. Interestingly, the levels of angiogenic molecules in circulating blood from patients with
tumors have been shown to increase significantly in response to antiangiogenic treatment
[103]. The mechanisms involved in this phenomenon are not known. The role of the third
compartment (i.e., pericytes, microglia and astrocytes) as well as endothelial and tumor cells
remains unclear. Furthermore, several mechanisms are involved in angiogenesis, and the
targeting of one molecule or pathway may lead to the increased activity of other pathways,
which may then sustain angiogenesis. It seems likely that a combination of these antiangiogenic
agents with chemotherapy seems to be more efficient. Glioma cells surround existing vessels
to promote their own growth [6], and it is also reasonable to think that these treatments should
be applied early, either when the angiogenic switch occurs or to prevent the angiogenic switch.
Recent microarray studies have demonstrated differences between tumor grade and type that
will help in the design of a more rational approach to treatment. Some evidence from clinical
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trials has already demonstrated that a better selection of patients, based on individual molecular
pathways, should improve the efficacy of antivascular therapies. Clinical experience also
demonstrates the failure of conventional imaging to monitor the effect of the antiangiogenic
treatments. In order to better monitor the efficacy of these strategies, novel imaging techniques
and pharmacodynamic surrogate markers have to be validated and established.

Five-year view

Antiangiogenic therapy has been demonstrated to represent a promising novel approach to the
treatment of malignant brain tumors. It seems likely that a combination of antiangiogenic agents
with other cytotoxic therapies will be required to achieve maximal efficacy. Antiangiogenic
compounds are not expected to reduce the tumor burden but, rather, to exert a cytostatic effect.
A crucial issue is, therefore, the search for end points and surrogate markers as indicators of
biological response and anti-tumor activity. The need for the development of suitable assays
(e.g., circulating markers and analysis on biopsy samples) before entering into clinical studies
is clear. Imaging techniques (dynamic enhanced MRI, high frequency ultrasound and PET) to
monitor changes in tumor vascular density, blood flow and blood volume are currently being
evaluated. Distinction between various angiogenic subtypes of human GBM may prove
relevant for antiangiogenic therapy because vascular patterns with variable expression of
angiogenic proteins are likely to influence clinical outcome. There is also little information
available regarding the temporal evolution of the angiogenic process under treatment. Clinical
translation would benefit greatly from improvements in methodologies of tumor evaluation to
identify efficacious and safe combinations of antiangiogenic and cytotoxic agents. Not only
targeting tumor cells and tumor ECs but also other proangiogenic cell types such as
perivascular, stromal and bone marrow-derived proangiogenic cells may augment treatment
efficacy and translate into improved patient outcome. Also, new advances in the design of
surrogate markers for identification of resistance and therapy response for angiogenesis for
both MRI and molecular imaging are likely to be developed. Antiangiogenic therapies have
been proposed to avoid the risk of developing resistance to the treatment as they target wild-
type vascular ECs that are genetically stable diploid cells (and thus different from genetically
unstable neoplastic cells). However, tumor response studies on antiangiogenic therapy by Yu
et al. suggest that some tumors can loose responsiveness to antiangiogenic therapy because of
cancer cell genetic mutations, as evidenced by a study which demonstrated that mice bearing
tumors derived by p53~/~ human colorectal cancer were less responsive that mice with
p53*/* tumors [168]. Although the target of antiangiogenic therapy ECs are genetically stable
compared with tumor cells, these studies exemplify the importance of other factors, such as
the genetics of the tumor cell. Therefore, improving our understanding of the molecular and
cellular pathways involved in tumor relapse during or after antiangiogenic and combination
therapies will allow future therapeutic strategies to be tailored to each tumor’s profile before,
during and after therapy. Furthermore, the CSC theory dictates that any therapeutic intervention
unable to eradicate all CSCs may result in regrowth of the residual CSCs, resulting in recurrence
and subsequent failure of the therapy. Current strategies of gross tumor resection combined
with adjuvant radiotherapy and chemotherapy have shown to be futile against the often radio/
chemo-resistant CSC population. Identifying analogous characteristics between normal NSCs
and CSCs may provide further insight into how this treatment resistance is mediated and unlock
the potential for effective cellular therapeutics.

Key issues

Infiltrative astrocytic neoplasms are by far the most common malignant brain
tumors in adults.
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Glioblastoma multiforme (GBM; WHO grade V), the most malignant form of
infiltrating astrocytoma, can evolve from a lower-grade precursor tumor
(secondary GBM) or can present as a high-grade lesion from the outset (de novo
GBM).

Underlying genetic alterations in GBM may tilt the balance in favor of an
angiogenic phenotype by upregulation of proangiogenic factors and
downregulation of angiogenesis inhibitors.

Increased vascularity and endothelial cell proliferation in GBMs are also driven
by hypoxia-induced expression of proangiogenic cytokines, such as VEGF.

Several antiangiogenic agents, such as inhibitors of PDGFs, FGFs, angiopoietins/
Tie-2 system, PKC and integrins, are currently in preclinical and clinical
development.

Although preliminary studies for these drugs in GBM have been promising, larger
prospective trials are required.

Early antiangiogenesis therapy is considered to be a promising tool for treating
gliomas, where malignancy is highly related to angiogenesis.

Combination of agents targeting different angiogenic pathways or multimodality
combination with radiation, chemotherapy or other targeted therapeutics or
immunotherapy will be required to achieve maximal efficacy.

In addition, owing to the angiogenic heterogeneity among individual malignant
brain tumors, the antiangiogenic strategies for brain tumor patients will have to be
individualized and tailored to the tumor’s angiogenic phenotype using a panel of
modern histopathological and imaging techniques.
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Figure 1. Potential targets of antiangiogenic therapy

HIF: Hypoxia-inducible transcription factor; MMP: Matrix metalloproteinase; PDGFR: PDGF
receptor; PEDF: Pigment epithelial-derived factor; PEX: Potassium ethyl xanthate; TSP:
Throbospondin; uPA: Urokinase plasminogen activator; VEGFR: VEGF receptor.
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Angiogenic factors in brain tumors.
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Table 1

Angiogenic factors
Angiogenin
FGF-acidic (FGF1)
FGF-basic (FGF2)
FGF receptor-1

FGF receptor-1a and 1b(Ilic)/Fc
chimera

Placenta growth factor (PIGF)/PGF2
PD-ECGF

PDGF

Sphingosine-1-phosphate

VEGF-A, -B, -C and -D

VEGFR1, 2 and 3
Angiopoietin-1
Del-1

Follistatin

G-CSF

HGF/SF

IL-8

Leptin
Midkine
Pleiotrophin
Progranulin
Proliferin
TGF-a
TGF-B

TNF-a

SDF-1

BDNF

Eotaxin (CCL11)
ENA-78

FKN

FLT3

IGF1
SCF

Function

Induces vascularization in malignant tissues

Possess broad mitogenic and cell survival activities

Mediates the formation of new blood vessels

Interacts with FGFs and acts on cascade of downstream signals

Involved in normal development, wound healing and repair and angiogenesis

Members of the VEGF subfamily

Expressed in cells of the subepithelial area with angiogenesis
Growth of blood vessels from already existing blood vessel tissue
Responsible for chemotaxis and angiogenesis

Angiogenesis, migration of endothelial cells, mitosis of endothelial cells and creation of blood vessel
lumen

Stimulates cellular responses by binding to tyrosine kinase receptors on the cell surface
Promotes angiogenesis, the formation of blood vessels

Promotes v3-dependent endothelial cell adhesion and migration

Regulates endothelial cell proliferation

Activates endothelial proliferation

Induces in vitro expression of VEGF

Exerts potent angiogenic properties on endothelial cells through interaction with its cognate receptors
CXC receptor 1 and 2

Activates leptin receptor (Ob-R) in endothelial cells

Capable of exerting activities cell proliferation and angiogenesis
Directly angiogenic

Secreted growth factor, as a strong interacting protein

Potent regulator of angiogenesis

More potent than EGF in promoting angiogenesis

Regulator of proliferation, migration, survival, differentiation and extracellular matrix synthesis in
endothelial cells

Involved in systemic inflammation and is a member of a group of cytokines that all stimulate the acute-
phase reaction

Enhances VEGF expression and VEGF-induced proliferation in endothelial cells
Survival factor for endothelial cells
Contribute to angiogenesis

ENA-78 production by endothelial cells may be important for the regulation of neutrophil activation
in inflammatory reactions

Stimulates angiogenesis by activating the Raf-1/MEK/ERK- and PI3K/Akt/eNOS-dependent signal
pathways

Member of the type I1l receptor tyrosine kinase family, which includes c-Kit, PDGFR and M-CSF
receptors

Regulates angiogenesis

Modulates tumor growth and angiogenesis via the involvement of mast cells

ENA-78: Epithelial neutrophil-activating peptide-78; FKN: Fractalkine; FLT3: FMS-related tyrosine kinase 3; G-CSF: Granulocyte colony-stimulating
factor; PD-ECGF: Platelet-derived endothelial cell growth factor; SCF: Stem cell factor; SDF-1: Stromal cell-derived factor 1; SF: Scatter factor; VEGFR:

VEGEF receptor.
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Table 2
Trials of agents targeting the VEGF signaling pathway in brain tumors.
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Drug

Bevacizumab

Vatalanib

Cediranib

Sorafenib

VEGF Trap

Sunitinib

Vandetanib

Pazopanib

Avastin

Aflibercept (VEGF rap)

Thalidomide

AEE788

Target
VEGF

VEGFR1-3, PDGFR-B, c-Kit

VEGFR1-3, PDGFR-B, c-Kit

VEGFR2,3, BRaf, Rafl,
PDGFR-, c-Kit, Ras, p38

VEGFA, B, PIGF

VEGFR2, PDGFR-B, FLT3, ¢c-
Kit

VEGFR2, EGFR, Ret

VEGFRs, PDGFR-B, c-Kit

VEGF, MGMT

VEGFA, VEGFB, PIGF

bFGF, VEGF

ErbB and VEGF receptor family,
EGFR

Phase
Phase I/11/111

Phase I/11

Phase I/11/111

Phase I/11

Phase I1
Phase I/11

Phase I/11
Phase I1

Phase I1

Phase I1
Phase Il
Phase |

Phase I/11

Phase Il
Phase I1

Phase I1
Phase |
Phase Il

Phase |

Phase I/11/111

Phase I /11

Comments

Decreases edema in some patients

May alter the recurrence pattern of malignant
gliomas by suppressing enhancing tumor
recurrence more effectively than it suppresses
nonenhancing, infiltrative tumor growth

Has a relatively short half-life in circulation (4-6 h)
Can potentially improve the effectiveness of
additional radiation and chemotherapy

Induces sustained decreases in edema and has
steroid-sparing effects; viable CECs, bFGF and
SDF-1 correlate with tumor progression; the targets
of cediranib are present on tumor endothelium

May target both malignant and tumor stromal cells
Has an ability to slow the growth of the tumor

In combination with erlotinib

In combination with erlotinib, tipifarnib or
temsirolimus

In combination with temsirolimus

May stop the growth of malignant or anaplastic
gliomas by blocking blood flow to the tumor

May target both malignant and tumor stromal cells
Continuous daily basis of the drug reduces the CBFr
in a majority of patients with recurrent high-grade
gliomas

Melanoma and renal cell cancer
Non-small-cell lung cancer

Combination with radiation therapy
Multi-targeted kinase inhibitor exhibiting potent
activity against angiogenesis

Combination with radiation therapy and
temozolomide

May stop the growth of tumor cells by blocking
some of the enzymes needed for cell growth and by
blocking blood flow to the tumor

With lapanitib
With lapanitib

Combination with radiation and temozolomide and
irinotecan

Shrinks cancerous tumors by cutting off their blood
supply

Can slow the growth of the most common and
deadly form of brain cancer

Giving aflibercept together with radiation therapy
and temozolomide may kill more tumor cells
Ongoing trial

Prevents formation of new blood vessels in tumors
No survival benefit for patients with multiple, large
or midbrain metastases in combination with
radiation

Maximum-tolerated dose and dose-limiting
toxicity of AEE788

This information is taken from US NIH clinical trials website.

bFGF: Basic fibroblast growth factor; CBFr: Coronary blood flow reserve; CEC: Circulating endothelial cells; FLT3: FMS-related tyrosine kinase 3;
PDGFR: PDGF receptor; PIGF: placental growth factor; VEGFR: VEGF receptor.
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