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Abstract

Despite advances in surgical and medical therapy, glioblastoma multiforme (GBM) remains a fatal
disease. There has been no significant increase in survival for patients with this disease over the last
20 years. Tumor vasculature formation and glioma cell invasion along the white matter tracts both
play a pivotal role in glioma development. Angiogenesis and invasion are the major factors believed
to be responsible for treatment resistance in tumors, and a better understanding of the glioma invasion
and angiogenesis mechanisms will lead to the development of potential new treatments. In this review,
we focus on the molecular characteristics of angiogenesis and invasion in human malignant glioma.
We discuss bevacizumab and cilengitide, which are used to inhibit angiogenesis in GBM.
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Introduction aspects of glioma angiogenesis and invasion and

the key mediators of these processes. In addition,

Despite advances in surgical and medical therapy, = we consider several animal glioma models that are
glioblastoma multiforme (GBM) remains a fatal available for studying invasion and angiogenesis,
disease. The pathophysiological processes of angio-  including our novel animal models. Finally, we

genesis and tumor cell invasion play pivotal roles  discuss bevacizumab (a recombinant humanized
in glioma development and growth, beginning  monoclonal antibody targeting vascular endothelial
in the earliest phase of tumor growth.? The main  growth factor [VEGF]) and cilengitide (an inhibitor
reasons for the resistance of treatment in these  of avB3 and avf5 integrins).

tumors were the formation of abnormal dysfunc-

tional tumor vasculature and glioma cell invasion Histopathological Analysis of

along white matter tracts. Recent insight into the Angiogenesis and Invasion

glioma angiogenesis and invasion mechanisms have

provided renewed hope for developing novel strate- ~ GBM is known to have blood vessels of increased
gies aimed at reducing morbidity due to this fatal ~ diameter with high permeability, thickened basement
disease. However, glioma angiogenesis and inva-  membranes, and highly proliferative endothelial

sion are challenging to investigate in experimental cells.*”) The histopathological hallmark of GBM is
settings because most of the animal models fail to  the presence of microvascular proliferation with
mimic the unique angiogenesis and invasiveness of ~ the formation of glomerular capillary loops in a
human glioma cells. garland-like formation.*¥ One of the malignancy

In this article, we review histopathological studies evaluation criteria is increased neoplastic prolifera-
that focus on invasion and angiogenesis of human tion of ghal cells running parallel to endothelial
malignant gliomas. We also focus on the molecular ~ vascular proliferation.*” Vascular density in GBM
is markedly higher than that in glioma of a lower
Received June 4, 2013; Accepted July 25, 2013 histological grade.®® An increase in vascularization
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Fig. 1 Microtubule-associated protein (MAP) 2e and von Willebrand factor (vWF) immunohistochemical staining of
human GBM samples. A: MAP2e, a splice variant of MAP2, was a candidate glioma-specific antigen. Tumor cells
diffusely infiltrated from the tumor center to normal brain tissue; there is no border between them. B: At the tumor
border, MAP2e-positive tumor cells clustered around dilated vessels. C: Single MAP2e-positive tumor cell infiltration
into normal brain parenchyma that are independent of vasculature were also seen. MAP2e: diaminobenzidine (DAB),

vWf: DAB-Ni, Counterstain: hematoxylin.

significantly worsens the disease’s prognosis.*”
Histopathological studies have given some insights
into tumor invasion. We showed previously that there
are at least two invasive and angiogenic glioma pheno-
types. Clusters of glioma cells were seen around newly
developed vessels in the normal parenchyma adjacent
to the tumor margins. Single cell infiltrations were
also seen in normal brain parenchyma independent
of the vasculature (Fig. 1). These different invasive
and angiogenic phenotypes are either angiogenesis-
dependent or angiogenesis-independent. GBM consists
of a mixture of subclones with both angiogenesis-
dependent and angiogenesis-independent invasion
phenotypes present in various proportions.?”#6:49)

Molecular Biology of Angiogenesisin

Angiogenesis is one of the key events in GBM devel-
opment, and the histological diagnosis of GBM was
led by the presence of microvascular proliferation.®®
Among all solid tumors, GBM has been reported to be
the most angiogenic because it displays the highest
degree of endothelial cell hyperplasia and vascular
proliferation.” The peritumoral edema resulting from
a defective blood brain barrier (BBB) in the newly
formed tumor vasculature is a pathological feature
of GBM.'7#7 Vascular homeostasis is maintained by a
balance between pro-angiogenic and anti-angiogenic
stimuli.?® Angiogenesis is activated in developing
GBM when the pro-angiogenic stimuli outweigh
the anti-angiogenic stimuli. Tissue hypoxia is the

most potent activator of angiogenic mechanisms in
brain tumors. The hypoxia-inducible factor (HIF) -1/
VEGF-A pathway is one of the well-studied pathways.
The HIF-1/VEGF-A pathway leads to endothelial
cell proliferation and migration.*® HIF-1 activates
deoxyribonucleic acid (DNA) promoter regions, which
are known as hypoxia response elements (HREs).
HREs induce transcription of > 100 genes that help
the cell to adapt to low O, conditions.?®? VEGF
is an example of a gene that is regulated by an
HIF-1 through an HRE. VEGF regulates brain edema
surrounding brain tumors and blood vessel formation;
specifically, VEGF-A is known to be upregulated in
GBM.? VEGF-A regulates endothelial cell survival,
permeability, proliferation, and migration primarily
via the VEGF-receptor 2 (VEGFR2).'® VEGF promotes
endothelial proliferation by activation of the mitogen-
activated protein kinase (MAPK) pathway.®® VEGF also
enhances vascular permeability through the MAPK
signaling cascade. VEGF rearranges adherin/catenin
complexes and loosens adhering junctions between
endothelial cells.’®3V VEGF stimulates endothelial
production of urokinase-type plasminogen activator
(uPA).*) uPA induces the conversion of plasminogen
to plasmin and the breakdown of extracellular matrix
(ECM) components, and leads to ECM remodeling.®®
Immature, highly permeable blood vessels with subse-
quent poor maintenance of BBB and parenchymal
edema are produced as a result of VEGF signaling
in tumors.?2

Angiogenesis is the formation of new blood vessels
by rerouting or remodeling of existing vessels. It is
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believed to be the primary method of vessel forma-
tion in gliomas. Angiogenesis requires three distinct
steps: (1) blood vessel breakdown, (2) degradation
of the vessel basement membrane and surrounding
ECM, and (3) migration of endothelial cells and the
formation of new blood vessels.*?

Blood vessel breakdown

The first step of angiogenesis is the dissolution of
native vessels aspects. Glioma cells first accumulate
around the existing cerebral blood vessels and lift off the
astrocytic foot processes, which leads to the disruption
of the normal contact between endothelial cells and
the basement membrane.®® The affected endothelial
cells express angiopoietin-2 (Ang-2) resulting in desta-
bilization of the vessel wall and decreased pericyte
coverage.?0%%) Ang-1 and -2 are important endothe-
lial growth factors that signal via the Tie2 receptor
tyrosine kinase (RTK) expressed on endothelial cells.
In the normal brain, Ang-1 binds to Tie2, inducing
association between pericytes and endothelial cells
and resulting in stabilization of the vasculature.®s®
Conversely, Ang-2 may act as an antagonist to Tie2
phosphorylation, and lead to destabilization of blood
vessels. Therefore, Ang-2 represents a checkpoint for
Ang-1/Tie2-mediated angiogenesis.**%%

Degradation of the vessel basement membrane and
surrounding ECM

Degradation of the vessel basement membrane
and surrounding ECM facilitates the invasion of
endothelial cells. This step is an integral part of the
ongoing angiogenic process.’ Gelatinase-A (MMP-2)
and gelatinase-B (MMP-9) are highly expressed in
astrocytomas.?**? MMP-2 and MMP-9 expression
is strongly induced by hypoxia, and these two
molecules appear to have a synergistic effect on
basement membrane degradation.*®

Migration of endothelial cells and formation of
new blood vessels

After regression of existing vessels and breakdown
of the basement membrane, endothelial cells prolif-
erate and migrate toward the tumor cells expressing
pro-angiogenic compounds. Integrin ovp3 and a5p1
are upregulated in endothelial cells during angio-
genesis, enhancing endothelial cell adhesion and
migration.'®%? Migration of pericytes is an important
part of tumor vessel formation. Platelet-derived
growth factor (PDGF) that is secreted by activated
endothelial cells recruits pericytes to the site of
newly sprouting vessels and aids in establishing a
new basement membrane.?4
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Molecular Biology of GBM Invasion

One of the insidious biological features of gliomas is
the potential of single cells to invade normal brain
tissue. Details of the glioma invasion mechanisms
are only beginning to be determined.

Tumor cell invasion requires four distinct steps:
(1) detachment of invading cells from the primary
tumor mass, (2) adhesion to ECM, (3) degradation
of ECM, and (4) cell motility and contractility.*?

Detachment of invading cells from the primary
tumor mass

The detachment of invading glioma cells from the
primary tumor mass involves several events. The
first event is destabilization and disorganization of
cadherin-mediated junctions that hold the primary
mass together. The second event is a decline in the
expression of connexin 43. The reduction in connexion
43 leads to the reduction in gap junction formation.?”
The third event is cleavage of CD44. CD44 anchors
the primary mass to ECM, by the metalloproteinase
A Disintegrin and Metalloproteinase (ADAM).%)

Adhesion to ECM

Integrins are the most common molecules that
allow glioma cells to adhere to ECM. In particular,
the integrin ovP3 is thought to play a central role in
glioma invasion. Integrin avf3 binds to fibronectin,
vitronectin, and tenascin-C in ECM.3?

ECM degradation

MMPs are the most common proteases that degrade
the ECM and create space for the invading glioma
cells. MMP-2 and MMP-3 levels and MMP-2/MMP-9
activity correlate with glioma cell migration and
invasion.®

Cell motility and contractility

Cell motility requires cytoplasmic contractile force.
Myosin II allows glioma cells to squeeze through
pores smaller than their nuclear diameter, which is
important because the brain has particularly narrow
extracellular spaces.? Small GTPases, such as RhoA,
Rac, cdc42, as well as RLC-interacting protein are
also involved in this process in glioma cells.”%”

Animal Models for Studying Glioma
Invasion and Angiogenesis

Studying glioma invasion and angiogenesis are
challenging, because most animal models fail to
mimic the unique features of human glioma cell
invasiveness and angiogenesis'®. Typically, such
transplantable tumors in mice or rats form solid
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Fig. 2 Two distinct invasion phenotypes in animals harboring J3T-1 and J3T-2 brain tumors. A, B: A J3T-1 brain
tumor was established in athymic rat brains. C, D: J3T-1 cells formed well demarcated and highly angiogenic
tumors in the rat brain. Multiple small satellite tumors are also seen at tumor borders. A J3T-2 brain tumor
was established in athymic rat brains. J3T-2 cells gradually dispersed from the tumor center to the surrounding
normal brain tissue. A and C: hematoxylin-eosin staining. B and D: vascular stain (RECA-1, red) and nuclear
stain (DAPI, blue). DAPI: 4’,6-diamidino-2-phenylindole, RECA: rat endothelial cell antigen.

nodules at the injection site and compress rather
than invade the surrounding brain regions.

We have established two novel animal models
with different invasive and angiogenic phenotypes.
Two subclones, J3T-1 and J3T-2, were established by
passage of the parental canine glioma cell line, J3T, in
immunocompromised animals. These cells established
tumors following intracerebral inoculation in athymic
mouse and rat.?”? J3T-1 cells clustered around dilated
blood vessels at tumor borders whereas J3T-2 cells
showed diffuse single cell infiltration into surrounding
normal parenchyma. Marked angiogenesis was seen
only in J3T-1 gliomas (Fig. 2). The described animal
models histologically imitated two invasive and angio-
genic phenotypes, namely angiogenesis-dependent
and -independent invasion, which is also observed
in human GBM. Angiogenesis-dependent invasion is
that tumor cells coopt around pre-existing vessels and
secrete angiogenic factors to develop neovasculature
and tumor cells proliferate around newly developed
vessels and migrate along them, resulting in the forma-
tion of perivascular cuffing. Angiogenesis-independent
invasion is that tumor cells migrate as single cells
along myelinated axons without inducing angiogenesis.

These novel models would be particularly beneficial
for analyzing the molecular mechanisms of glioma
invasion and angiogenesis and investigating new
glioma therapies.?”#6:4950 We performed proteomic
analysis using J3T-1 (angiogenesis-dependent inva-
sion phenotype) and J3T-2 (angiogenesis-independent
invasion phenotype) to investigate the molecular basis
of invasion and angiogenesis by malignant gliomas.*"
One of the proteins identified was annexin A2, which
was expressed at higher levels in J3T-1 than in J3T-2.
Moreover, immunohistochemical analysis of human
GBM specimens showed that annexin A2 was expressed
at high levels in the tumor cells that formed clusters
around dilated vessels. Thus, annexin A2 may be
related to angiogenesis-dependent invasion.*?

Bevacizumab

Bevacizumab (Avastin) is a recombinant humanized
monoclonal antibody that targets VEGF; it was the
first anti-angiogenesis agent to be approved by the
United States Food and Drug Administration (FDA) in
2004. Several Phase II clinical trials have studied the
therapeutic efficacy of bevacizumab as a single-agent

Neurol Med Chir (Tokyo) 53, November, 2013



Anti-angiogenic Therapy in GBM 759

or in combination with chemotherapy or radiation for
recurrent GBM. The results support the conclusion
that bevasizumab is effective for recurrent GBM. Beva-
cizumab has demonstrated encouraging radiographic
response in patients with recurrent malignant gliomas.®
Retrospective studies have also supported the same
conclusion.> In 2013, during the American Society
of Clinical Oncology (ASCO) Annual Meeting, the
results of the positive phase III AVAglio study was
presented by Roger Henriksson et al.?® The study
showed bevacizumab in combination with radiation
and temozolomide chemotherapy reduced the risk of
cancer progression or death (progression-free survival;
PFS) by 36% in people with newly diagnosed GBM.
The results for overall survival (OS) did not reach
statistical significance. The result of the phase IIl RTOG
0825 study was presented at the 2013 ASNO Annual
Meeting by Gilbert et al. The RTOG 0825 study was
the double-blind placebo-controlled trial evaluating
bevacizumab in patients with newly diagnosed GBM.
The addition of bevacizumab for newly diagnosed
GBM did not improve OS, but improved PFS, but
did not reach the significance criterion. De Groot et
al.’? showed that patients with glioma developed
an apparent phenotypic shift to a predominantly
infiltrative pattern of tumor progression after treatment
with bevacizumab. Indeed, a preclinical study showed
that anti-angiogenic therapy of murine gliomas with
an antibody against VEGF-R2 caused small satellite
tumors to arise near the primary mass, centered around
core vessels, which is similar to the perivascular
invasion found more recently in the VEGF knockout
glioma cell lines that were described previously.?”
Further research is needed to identify mediators of
this invasion and to determine whether the invasion
seen after bevacizumab treatment of human GBM is
the perivascular invasion seen in the murine cell
lines or the parenchymal type of invasion along
white matter typically seen in GBM.? It has been
proposed that hypoxia caused by vessel regression
during the course of anti-angiogenic therapy leads to
up-regulation of proangiogenic factors and recruitment
of bone marrow-derived cells (BMDCs) that have the
capacity to increase tumor growth by means of new
blood vessel growth.” Glioma cells evade antiangiogenic
therapies by up-regulating alternative proangiogenic
signal circuits, including those utilizing fibroblast
growth factor, ephrin A1, and angiopoietin 1. Another
adaptive measure is the hypoxia-regulated recruit-
ment of vascular progenitor cells and proangiogenic
monocytes from the bone marrow to tumors.”

Cilengitide
Cilengitide (EMD121974), an inhibitor of avB3 and
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ovB5 integrins, demonstrated preclinical efficacy
against malignant glioma.*® It is speculated that
cilengitide can inhibit tumor growth, invasion, and
angiogenesis. However, the effects of cilengitide on
these processes have not been sufficiently examined.

We investigated the anti-glioma effect of cilen-
gitide using DNA microarray analysis. U87AEGFR
cells (human malignant glioma cell line) were
used for this experiment. The cells were harvested
after 16 h of cilengitide treatment, and mRNA was
extracted. Gene expression and pathway analyses
were performed using a DNA microarray (CodeLink™
human whole Genome Bioarray, [Applied Microar-
rays, Inc., Tempe, AZ, USA]). The expression of 264
genes was changed with cilengitide treatment. The
expression of 214 genes was up-regulated and that
of 50 genes was down-regulated compared to the
controls. In pathway analysis, “apoptotic cleavage
of cellular proteins” and “TNF receptor signaling
pathway” were over-represented. Apoptotic-associated
genes such as caspase 8 were up-regulated. We
revealed that cilengitide activated caspase-8 and
induced apoptosis-related pathways (Fig. 3).5Y

In our previous study, we investigated the anti-
glioma mechanisms of cilengitide utilizing the novel
invasive glioma models, J3T-1 (angiogenesis-dependent
invasion phenotype) and J3T-2 (angiogenesis-independent
invasion phenotype). Cilengitide treatment resulted
in a significantly decreased diameter of the J3T-1
tumor vessel clusters and its core vessels when
compared to controls, while an anti-invasive effect
was shown in the J3T-2 brain tumor with a signifi-
cant reduction of diffuse cell infiltration around
the tumor center (Fig. 4). Our results indicate that
cilengitide exerts a phenotypic anti-tumor effect
by inhibiting angiogenesis and glioma cell inva-
sion in vivo.®® Angiogenesis requires three distinct
steps: (1) blood vessel breakdown, (2) degradation
of the vessel basement membrane and surrounding
ECM, and (3) migration of endothelial cells and the
formation of new blood vessels.®” During the third
step of angiogenesis, integrin avp3 is upregulated
in endothelial cells, enhancing endothelial cell
adhesion and migration.®'¥ The final product of
glioma angiogenesis is a vasculature with highly
tortuous dilated vessels.®® Cilengitide prevents the
third step of angiogenesis and reduces the size of
tumor vessels. Glioma cell invasion requires four
distinct steps: (1) detachment of invading cells from
the primary tumor mass, (2) adhesion to the ECM,
(3) degradation of the ECM, and (4) cell motility
and contractility.®® Integrins are the molecules that
allow glioma cells to adhere to the ECM during the
second step.®” Cilengitide might inhibit the second
step, thereby suppressing the invasion of glioma.
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Fig. 3 In vivo immunohistochemical analysis of caspase 8 expression in U87AEGFR brain tumors. U87AEGFR cells
were injected into the right frontal lobe of athymic rats. Cilengitide or phosphate buffered saline (PBS) was administered
3 times/week intraperitoneally starting on day 5 after tumor cell implantation. To assess the expression of caspase 8,
athymic rats harboring U87AEGFR brain tumors were sacrificed at 14 days after tumor implantation. A subpopu-
lation of caspase 8-positive cells was visualized using immunostaining (caspase 8-positive cells: caspase 8, red;
nuclei: DAPI, blue) of U87AEGFR control xenografts (A) and U87AEGFR cilengitide-treated xenografts (B). The
control sections exhibited scattered red fluorescence (A), whereas more punctate red fluorescence was observed
in the cilengitide-treated xenografts (B). DAPI: 4’,6-diamidino-2-phenylindole.

Fig. 4 Bimodal anti-glioma mechanisms of cilengitide demonstrated by novel invasive glioma models. Anti-
angiogenic effects of cilengitide on the J3T-1 brain tumor in rats. Examined with immunofluorescence
staining (vascular: RECA-1, red; nuclei: DAPI, blue), the diameter of the J3T-1 tumor clusters’ core vessels
in cilengitide-treated animals (B) was smaller than that in untreated animals (A). We observed the anti-
invasive effects of cilengitide on the J3T-2 gliomas in rats. Immunofluorescence staining (vascular endothe-
lial cells: RECA-1, red; nuclei: DAPI, blue) of J3T-2 control tumors (C) and cilengitide-treated J3T-2 tumors
(D) revealed that the tumor borders in treated animals were more evident. The cell density of control tumors
was gradually reduced from the tumor center toward the normal brain parenchyma, while the cell density of
treated tumors dropped steeply at the tumor border.DAPI: 4’,6-diamidino-2-phenylindole, RECA: rat endothelial
cell antigen.

Several preclinical studies have shown an enhanced
antitumor effect of cilengitide when administered in
combination therapeutic regimens.!'?5%¢1 Mikkelsen
et al. demonstrated that cilengitide dramatically
amplified the efficacy of radiation therapy in an
animal glioma model.?” We demonstrated the

enhanced therapeutic efficacy of an oncolytic virus
on experimental glioma following pretreatment with
cilengitide.®® This research showed that pretreatment
of gliomas with the angiogenesis inhibitor cilengitide
reduced inflammation, vascular hyperpermeability,
and leukocyte infiltration of tumor tissue upon
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treatment with oncolytic virus. Reduction of host
immune responses by cilengitide treatment enhanced
the anticancer efficacy of oncolytic virus treatment
by increasing oncolytic virus propagation in tumors.
We also reported that oncolytic HSV-1 infection of
tumors induces angiogenesis and upregulates cysteine-
rich protein 61 (CYR61).*Y CYR61 was identified as
a member of the CCN (CYR61/CTGF/NOV) family of
matricelluar proteins regulating cell growth, differ-
entiation, survival, angiogenesis, and migration in
development, tissue remodeling, and repair.®®

In order to test the role of CYR61-mediated integrin
activation in Oncolytic Virus (OV)-induced angio-
genesis, the impact of cilengitide on OV treatment-
induced angiogenesis was investigated.’3®

Clinical Trials

A phase I clinical trial of cilengitide in recurrent
malignant gliomas by the New Approaches to Brain
Tumor Therapy (NABTT) has been completed with
no dose limiting toxicities.'® The most notable trial
to date was a randomized phase II study of cilen-
gitide, which was associated with a median survival
of 10 months in recurrent glioma patients.*® The
North American Brain Tumor Consortium (NABTC)
study?? was designed to determine whether cilengitide
effectively penetrates into GBM in human patients.
This study confirmed that cilengitide is effectively
delivered into primary human GBM tumors with
good retention. The result of the CENTRIC study
(phase III), which compares the efficacy and toler-
ability of cilengitide in patients with newly diagnosed
GBM and a methylated O6-methylguanine-DNA meth-
yltransferase (MGMT) gene promoter status,’® was
presented at 2013 ASCO Annual Meeting by Roger
Stupp et al.*” Cilengitide failed to prolong PFS or OS
in patients with newly diagnosed GBM and methyl-
ated MGMT gene promoter. The previously reported
safety profile of cilengitide in addition to standard
therapy was confirmed. The phase II CORE trial,
which included only patients with an unmethylated
MGMT gene promoter status, are currently ongoing.

Conclusions

A better understanding of the molecular compo-
nents responsible for glioma angiogenesis and
invasion will hopefully lead to the development
of new treatment methods. Antiangiogenic therapy
is dramatically altering the treatment landscape for
patients with GBM.
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