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Summary. Malignant gliomas are hypervascular tumors
that are highly resistant to all the currently available
multimodal treatments. Therefore, anti-angiogenic
therapies targeting VEGF or VEGF receptors (VEGFRs)
were designed and thought to be an effective tool for
controlling the growth of malignant gliomas. However,
recent results of early clinical trials using humanized
monoclonal antibodies against VEGF (Bevacizumab), as
well as small-molecule tyrosine kinase inhibitors that
target different VEGF receptors (VEGFRs) (Vatalanib,
Vandetanib, Sunitinib, Sorafenib, etc) alone or in
combination with other therapeutic agents demonstrated
differing outcomes, with the majority of reports
indicating that glioma developed resistance to the
employed anti-angiogenic treatments. It has been noted
that continued anti-angiogenic therapy targeting only the
VEGF-VEGFR system might affect pro-angiogenic
factors other than VEGEF, such as basic fibroblast growth
factor (bFGF), stromal derived factor 1 (SDF-1) and Tie-
2. These factors may in turn stimulate angiogenesis by
mobilizing bone marrow derived precursor cells, such as
endothelial progenitor cells (EPCs), which are known to
promote angiogenesis and vasculogenesis. In this short
review, the current antiangiogenic treatments, possible
mechanisms of activation of alternative pathways of
angiogenesis, and possible involvement of bone marrow
derived progenitor cells in the failure of anti-angiogenic
treatments are discussed.
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Introduction

Anti-angiogenic treatments are being utilized to
control different malignant tumors including
glioblastoma (GBM) as a second line of defense when
traditional treatments using chemotherapy, radiation
therapy or surgery fail to control the primary as well as
recurrent tumors. Most of the anti-angiogenic agents that
are under clinical trails target vascular endothelial
growth factor (VEGF)- VEGF receptor (VEGFR)
interactions. However, recent findings indicate that the
effects of antiangiogenic treatments are transient and the
tumors become refractory and more aggressive
following such treatments. The hypothesis behind the
refractoriness of the tumors is that the tumors initiate the
alternative pathways of angiogenesis and may initiate
the mobilization of bone marrow derived progenitor
cells that are involved in making blood vessels by
vasculogenesis. In this short review, the current
antiangiogenic treatments, possible mechanisms of
activation of alternative pathways of angiogenesis, and
possible involvement of bone marrow derived progenitor
cells in the failure of antiangiogenic treatments are
discussed.

Challenges in glioma treatment

Glioblastoma are hypervascular tumors that are
highly resistant to all the currently available multimodal
treatments. GBM are among the most devastating
tumors, with survival of only one to three years after
diagnosis even with the best of treatments (Remer and
Murphy, 2004; Dhermain et al., 2005). Surgery and
radiation therapy (followed by adjuvant chemotherapy),
which form the standard practice, very often fail because
of uncertainty in delineating the margin of the tumor
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(Dhermain et al., 2005). Although standard therapies can
prolong a patient's duration of survival, the median
survival time for patients with recurrent GBM is usually
less than 1 year (Chang et al., 2006). Animal studies
have indicated that angiogenesis and increased vascular
permeability are essential for the survival and
proliferation of glioma cells (Goldbrunner et al., 2004).
On the other hand, GBM is characterized by the release
of vascular endothelial growth factor (VEGF), an
important regulator and promoter of angiogenesis
(Norden et al., 2008c) and vascular permeability.
Therefore, anti-angiogenic therapies targeting VEGF or
VEGFRs were designed and thought to be an effective
tool for controlling the growth of malignant gliomas.
However, recent results of early clinical trials using
humanized monoclonal antibodies against VEGF
(Bevacizumab), as well as small-molecule tyrosine
kinase inhibitors that target different VEGF receptors
(VEGFRs) (Vetalanib, Vandetanib, Sunitinib, Sorafenib,
etc) alone or in combination with other therapeutic
agents (Los et al., 2007; Dietrich et al., 2008; Norden et
al., 2008b.c) demonstrated differing outcomes, with the
majority of reports indicating that glioma developed
resistance to the employed anti-angiogenic treatments
(Verhoeff et al., 2009; Yamanaka and Saya, 2009;
Ahluwalia and Gladson, 2010; Sierra et al., 2010). It has
been noted that continued anti-angiogenic therapy
targeting only the VEGF-VEGFR system might affect
pro-angiogenic factors other than VEGF, such as basic
fibroblast growth factor (bFGF), stromal derived factor
la (SDF-1a) and Tie-2 (Norden et al., 2008b). But these
factors may in turn stimulate angiogenesis by mobilizing
bone marrow derived precursor cells- such as endothelial
progenitor cells (EPCs)- which are known to promote
angiogenesis and vasculogenesis (Batchelor et al., 2007;
Kerbel, 2008; Norden et al., 2008b; Kioi et al., 2010).

Mechanism of neovascularization

The formation of blood vessels occurs by two
mechanisms: vasculogenesis and angiogenesis.
Vasculogenesis is the process where blood vessels are
formed de novo by in situ differentiation of the primitive
progenitors- i.e. angioblasts- into mature endothelial
cells, which was thought to only take place during
embryonic development (Risau and Flamme, 1995). In
contrast, angiogenesis occurs both during the embryonic
development and the postnatal life and is defined as a
process that gives rise to new blood vessels by
proliferation and migration of preexisting, differentiated
endothelial cells (Folkman and Shing, 1992; Folkman,
1995). It was generally considered that blood vessel
formation during postnatal life is restricted to
angiogenesis only, and for decades tumor vascularization
was thought to be the exclusive result of the sprouting of
new vessels from the preexisting ones. However, recent
studies demonstrated the existence of additional
angiogenic and vasculogenic mechanisms associated
with tumor growth, such as intussusceptive angio-

genesis, vessel cooption, vasculogenic mimicry,
lymphangiogenesis, and the recruitment of endothelial
progenitor cells (Dome et al., 2007; Hillen and Griffioen,
2007; Folkins et al., 2009; El Hallani et al., 2010a;
Patenaude et al., 2010; Yu et al., 2010). In most cases,
these mechanisms take place concomitantly and are the
potential targets for novel antiangiogenic/antitumor
therapeutic strategies.

The idea of tumor cell derived vascular channel
formation was first put forward by Maniotis and his
group (Maniotis et al., 1999). The investigators have
proved that vascular mimicry is wide spread and can be
found in different tumor types, such as melanoma,
hepatocellular carcinoma, and GBM (Folberg et al.,
2000; Folberg and Maniotis, 2004; Guzman et al., 2007;
El Hallani et al., 2010a). The investigators demonstrated
that GBM stem-cell-like cells expressed pro-vascular
molecules and allowing them to form blood vessels de
novo (El Hallani et al., 2010b). Very recently, Soda and
his colleagues (Soda et al., 2011) demonstrated that
tumor derived endothelial cells originated from the
transplanted GBM but not from the fusion of host
endothelial cells. The investigators suggested that
hypoxia is the important factor for the
transdifferentiation of GBM to endothelial cells and the
process was independent of VEGF (Soda et al., 2011).
Now the question is how can we target these
transdifferntiated endothelial cells derived from GBM,
as these cells are devoid of VEGF receptors, and
receptor tyrosin kinase inhibitors may not have effect
during anti-angiogenic treatments (Hormigo et al., 2011;
Soda et al., 2011).

Correlation among angiogenesis/vasculogenesis,
angiogenic factors and EPCs

Growth and metastasis of tumors usually depend on
angiogenesis, the formation of new blood vessels.
Chemokines released by tumor cells promote activation,
proliferation and migration of endothelial cells (ECs) to
the tumor tissue (Samejima and Yamazaki, 1988; Shi et
al., 1998; Ellis et al., 2001; Liekens et al., 2001),
allowing for rapid formation of functional
neovasculatures. Circulating endothelial cells
contributing to tumor angiogenesis can originate from
the sprouting and co-option of neighboring pre-existing
vessels (Hotfilder et al., 1997; Tomanek and Schatteman,
2000; Zhang et al., 2002). Additionally, tumor
angiogenesis may also be supported by the mobilization
and functional incorporation of bone-marrow derived
EPCs - supporting the growth of xenografted lymphoma,
lung cancer and other tumors (Asahara et al., 1997,
Lyden et al., 2001; Jiang et al., 2002; Rafii et al., 2002;
Reyes et al., 2002). EPCs have been detected in the
circulation of cancer patients and lymphoma-bearing
mice. When infused into immune compromised mice,
EPCs were incorporated into the vasculature of
xenotransplanted tumors and were correlated to tumor
volume and production of VEGF (Mancuso et al., 2003;
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Beerepoot et al., 2004). As reported by our group and
other investigators, hypoxia induced SDF-1a has been
detected as one of the potent chemo-attractants for the
migration and incorporation of bone marrow derived
EPCs due to the presence of CXCR4 receptors in these
cells (Ceradini et al., 2004; Jin et al., 2006; Arbab et al.,
2008). Moreover, we have also reported the role of
inflammatory cytokine RANTES, which also act as
chemo attractant for these EPCs (Silverman et al., 2007).
In a very recent article, Kioi et al. (2010) have shown the
importance of vasculogenesis in the survival of glioma
cells following radiation in an orthotopic glioma model.
The authors pointed out the involvement of SDF-1-
CXCR4 interaction for the vasculogenesis.

Anti-angiogenic treatment and current challenges

Because of the hypervascular nature of GBM and
active angiogenesis, investigators have added anti-
angiogenic treatment as an adjuvant to normalize blood
vessels and control abnormal angiogenesis (Los et al.,
2007; Dietrich et al., 2008; Norden et al., 2008b,c).
Different targets have been selected to control abnormal
angiogenesis. Cilingitide has been used to target a, B,
and o, B integrins, which are both highly expressed in
some glioma cells and on the endothelial lining of blood
vessels (Reardon et al., 2008). Results of early clinical
trials are promising. Bevacizumab, a humanized
monoclonal antibody against VEGF, is in the process of
a clinical trial. Bevacizumab is commonly combined
with cytotoxic chemotherapy and results in dramatic
improvement on radiographic images, prolongation of
progression free survival, and less need for
corticosteroids (Norden et al., 2008¢c). However,
prolonged use of bevacizumab or stopping anti-
angiogenic treatment resulted in deteriorated clinical
outcome for the treatments of glioma patients (Dietrich
et al., 2008; Norden et al., 2008c). Agents that interfere
the VEGF-VEGEFR signal transduction pathway, such as
vatalanib, cediranib, sunitinib, etc., have been used in
clinical trails with varying degrees of success (Norden et
al., 2008a,b). Evidence of relapse to progressive tumor
growth following treatment reflects development of
resistance to antiangiogenic therapies (Bergers and
Hanahan, 2008). These receptors blockers were
originally used for colorectal carcinoma and then later
used in glioma patients as an adjuvant to the established
treatments. Initial clinical trials showed remarkable
improvement on MRI images with respect to tumor size
and vascular permeability (Norden et al., 2008b).
However, there are reports showing extension of
abnormal high signal intensity areas on T2-weighted
images away from the tumor mass and it is thought to be
due to invasive tumor mass (cells) (Norden et al., 2008a-
c; Verhoeff et al., 2009; Gerstner et al., 2010; Wong and
Brem, 2011).

Recent studies suggest that inhibition of
angiogenesis is even a driving force for tumor
conversion to a greater malignancy, reflected in

heightened invasion and dissemination into surrounding
tissues and, in some cases, increased lymphatic and
metastatic activities (Saidi et al., 2008). In GBM,
antiangiogenic therapy induced a phenotypic change
from single-cell infiltration to migration of cell clusters
along normal blood vessels (Paez-Ribes et al., 2009; de
Groot et al., 2010; Rahman et al., 2010). This suggests
that the invasive growth program induced in response to
antiangiogenic therapy may be qualitatively different
than the pathway used in the usual tumor progression.
Thus, an elucidation of the mechanisms of resistance to
antiangiogenic therapy is of critical importance to the
use of this potentially useful therapy in order to prevent
its failure.

Prolonged treatment with these receptor blockers
also impacted negatively on the outcome of the
treatment. Antiangiogenic therapy disturbs tumor
vasculature, leading to marked hypoxia. One possible
mechanism for resistance to antiangiogenic therapy
might be the activation of alternative angiogenesis
signaling pathways, such as bFGF, Tie-2, SDF-1a, and
increased VEGF production leading to increased
invasiveness of the tumor cells (Batchelor et al., 2007;
Kerbel, 2008; Norden et al., 2008b). A second additional
and distinct potential mechanism of resistance might be
the recruitment of endothelial progenitor cells (EPCs)
and pro-angiogenic monocytes from the bone marrow.
Hypoxia creates conditions permissive for the
recruitment of a heterogeneous population of bone
marrow-derived monocytic cells that promotes
angiogenesis and growth. Thus, in many cases, the
inhibitory therapy targeting VEGF and/or VEGFRs may
end up enhancing a paradoxical and unwanted
angiogenic and pro-growth response. In GBM, hypoxia
leads to up-regulation of hypoxia inducible factor la
(HIF-1a). HIF-1o up-regulates SDF-1a., which in turn
may recruit various pro-angiogenic bone marrow-
derived cells. Activation of this pathway provides a
mechanistic rationale for how hypoxia can promote
tumor resistance to anti-VEGF therapy. SDF-1a is one
of the potent chemoattractants for bone marrow derived
EPCs due to the presence of CXCR4 receptors in these
cells (Jin et al., 2006; Arbab et al., 2008). Any therapy
that invites more EPCs might promote neo-
vascularization and pro growth, a paradoxical effect of
antiangiogenic therapy.

Our recent work in rat orthotopic human glioma
model showed paradoxically increased production of
VEGEF at the peripheral part of tumors, as well as the
elevated expression of HIF-1a and SDF-1a, and a
significant increase in the number of dilated blood
vessels in animals that underwent two weeks of PTK787
(small molecule tyrosine kinase inhibitor) treatment (Ali
et al., 2010) (Fig. 1). In addition, as reported by our
group and other investigators, SDF-1a is one of the
potent chemo attractant for bone marrow derived EPCs
due to the presence of CXCR4 receptors in these cells
(Jin et al., 2006; Arbab et al., 2008) and may be involved
in enhanced angiogenesis and invasiveness of the tumor
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following treatment with VEGFRs inhibitors. Moreover,
we have also reported the role of inflammatory cytokine
RANTES, which also act as a chemo attractant for these
cells (Silverman et al., 2007; Janic et al., 2010). Any
therapy may cause enhanced inflammation in the tumor
sites and invite more endothelial progenitor cells and
possible angiogenesis.

Therefore, it is important to gain insight into the
possible mechanisms that are activated during anti-
angiogenic treatment to understand and potentially
prevent its failure. It is of extreme importance to
document these changes in vivo and develop a novel
therapeutic approach for overcoming these paradoxic
effects.

Current challenge in preventing vasculogenesis:

Current evidences from recent publications indicate
the involvement of both angiogenesis and
vasculogenesis processes for glioma growth (tumor
growth) (Dome et al., 2007; Folkins et al., 2009; Yu et
al., 2010). As discussed above, most of the agents that
target neovascularization are in fact against
angiogenesis. With emerging new insights into
vasculogenesis, investigators are looking into possible
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mechanisms for how bone marrow derived progenitor
cells or EPCs migrate and incorporate into tumor
neovascularization (Patenaude et al., 2010). One of the
mechanisms that has been pointed out is the involvement
of SDF-1-CXCR4 axis (Jin et al., 2006; Petit et al.,
2007; Shichinohe et al., 2007). SDF-1 is a chemokine
that is expressed in tumor cells and released in the
circulation following hypoxia in the tumor (with the up
regulation of HIF-1a)) (Moore et al., 2001; Ceradini et
al., 2004; Arbab et al., 2008). In an experiment, Heissig
et al. (2002) determined the mechanisms of releasing
hematopoietic stem cells (HSC) and EPCs from bone
marrow. Under steady-state conditions, quiescent c-Kit*
HSCs or EPCs reside in a niche in close contact with
stromal cells. Membrane-bound cytokines, such as
mKitL not only convey survival signals, but also support
the adhesion of stem cells to the stroma. Increased
chemokine/cytokine such as SDF-1 and VEGF induce
up-regulation of MMP-9 resulting in the release of sKitL
(soluble Kit ligand). sKitL confers signals that transfer c-
Kit" HSCs or EPCs from quiescent to proliferative state
and enhances mobility of VEGFR2+ EPCs and Lin Sca-
1+c-Kit+ repopulating cells, translocating them into a
vascular-enriched niche favoring differentiation and
mobilization to the peripheral circulation. SDF-1 is a
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Fig. 1. Expression of different angiogenic factors (left panel) in the vehicle- and PTK787-treated tumors from representative cases at the peripheral (P),
central part of the tumors (C) and contralateral brains (B). Note the increased expression of VEGF, SDF-1a and HIF-1a at the peripheral part of
PTK787 treated tumors. Right panel shows the densitometry analysis of the blot (%B-actin and normalized to contralateral brain). The analysis also
confirmed the finding of the blot. Note the patterns of VEGF, SDF-1a and HIF-1a in PTK787 treated tumors.
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strong chemo-attractant for CXCR4 positive cells.
Preventing interaction of SDF-1-CXCR4 is thought to be
a mechanism to block vasculogenesis. AMD3100, a
receptor (CXCR4) antagonist was initially developed as
anti human immunodeficiency virus (HIV) drug and
later used to mobilize CD34+ HSCs cells to the
peripheral circulation (Petit et al., 2007). Although

AMD3100 increased the number of peripheral CD34+ or
progenitor cells, the recent investigations pointed out
that continuous treatment with AMD3100 or similar
CXCR4 receptor antagonists inhibit vasculogenesis in
tumors causing inhibition of tumor growth (Petit et al.,
2007; Kioi et al., 2010). Similarly anti SDF-1a antibody
or siRNA techniques can be used to block the release of

In-111-EPC

Fig. 2. Migration and accumulation of administered EPCs in PTK treated tumor. Five million In-111 labeled EPCs followed by 5 million magnetically
labeled EPCs were administered in the same rat. SPECT images were obtained on day 0, 1, 3, and 7. MRI was obtained by a clinical 3T system on day
7 following last SPECT. T2WI with a TE of 35ms (A), T2*WI with a TE of 20 (B) and corresponding R2* map (C). Contrast enhanced T1WI (D) and
corresponding Ktrans (E) and tumor blood volume (F) maps. Note the low signal intensity areas on T2*WI (B, black arrows) and corresponding R2*
map (C, yellow arrows) indicating accumulation of iron positive cells, which is proved by DAB enhanced Prussian blue staining (I). SPECT images of
the tumor (G and H) obtained at 24 hours showed increased activity at the site of tumor indicating accumulation of In-111 labeled EPCs. DAB
enhanced Prussian blue staining showed accumulation of iron positive cells around the tumor (I). Note a few of the iron positive cells also make the

lining of blood vessels (inset, black arrows).
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SDF-1lo and interaction for the mobilization of bone
marrow progenitor cells responsible for vasculogenesis.
In vivo imaging that shows the effect of chemokine
receptor antagonist on the tumor growth and
vasculogenesis will be very helpful for future clinical
trials.

Role of in vivo imaging in the detection of angio-
genesis/vasculogenesis:

DCE MRI or perfusion CT has been used to
determine the vascular permeability and tumor blood
volume, which are the indirect measurements of
neovascularization and total vascular densities (Taylor et
al., 1999; Hoang et al., 2004; Preda et al., 2006;
Provenzale et al., 2006; Raatschen et al., 2009).
However, DCE MRI or perfusion CT cannot predict the
involvement of bone marrow progenitor cells (BMPC) in
the neovascularization processes in tumors before or
after anti-angiogenic treatments. There has been no in
vivo imaging modality capable of detecting migration

and incorporation of host BMPC to the sites of
angiogenesis. Investigators have shown the migration
and accumulation of host BMPC or EPC to the
implanted tumor or in different cancers or lesions by in
vitro studies (Asahara et al., 1997, 1999; Yu et al., 2010).
Involvement of stem cells in the formation of tumor
vasculatures has been determined by in vivo imaging
modalities, however, the stem cells in questions were
manipulated ex vivo then administered in animal models
(Anderson et al., 2005; Arbab et al., 2006). Different
imaging modalities are used to track the migration and
incorporation of administered cells to the sites of tumors
(Brenner et al., 2004; Arbab and Frank, 2008; Mani et
al., 2008). We have pioneered the technique to track
administered EPCs to the site of tumor
angiogenesis/vasculogenesis by in vivo cellular MRI
(Arbab et al., 2006, 2008). We have also used nuclear
medicine technique to track the migration and
accumulation of administered stem cells to the sites of
tumors (Fig. 2).

In vivo determination of the involvement of host
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Fig. 3. Upper panel. Engraftment of transplanted GFP+ cells in athymic mouse. Analysis of peripheral blood show about 80% GFP+ cells in chimeirc
mouse (middle), whereas non-chimeric athymic mouse show no GFP+ cells (left). Optical imaging show fluorescent intensity in the area of pelvic bones
(right). Lower panel. Optical imaging of implanted breast cancer (10 days old) in chimeric mouse (left) and in non-chimeric mouse (middle, white circle,
15 days old). Optical imaging show increased fluorescent intensity at the site of tumor in chimeric mouse, which is confirmed to be GFP+ cells (right)
detected by fluorescent microscope. Distribution of GFP+ cells are all over the tumor. Lining of vascular structures is seen to be from GFP+ cells. The
fluorescent intensity at the center of non-chimeric mouse is due to activity in the intestine, which could be due to food intake.
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BMPC in the formation of neovascularization in tumors
is challenging. To be detected by in vivo imaging
modalities, the host bone marrow cells should carry a
reporter, such as fluorescent protein or genes that can be
targeted later (such as luciferase or sodium iodide
symporter or specific promoter mediated activation).
However, this reporter should only be present in BMPC
but not in other cell types. Making of transgenic animal
model having such conditional gene expression would
be difficult. The alternate way would be to make
chimeric animal models, where bone marrow cells of
recipient animals should be replaced with bone marrow
cells from animals expressing different reporters, such as
GFP+ bone marrow cells (Sengupta et al., 2003; Sheikh
et al., 2007; Yu et al., 2010). Recently a chimeric animal
model has been developed in our laboratory to determine
the involvement of BMPC in the tumor
neovascularization (Fig. 3). Sub-lethally irradiated
athymic mice received bone marrow cells from green
fluorescent protein positive (GFP+) transgenic mice
(Schaefer et al., 2001). GFP+ bone marrow cells were
transplanted in athymic mice 24 hours following sub-
lethal irradiation and the tumors were implanted after 28
days when flowcytometric analysis showed more than
70% engraftment of GFP+ cells. Migration and
accumulation of transplanted bone marrow cells in the
implanted breast cancer were determined by optical
imaging (Kodak, Carestream multi-spectral system,
Carestream, USA) with proper excitation and emission
profiles. Optical imaging showed gradual increase in
GFP intensity in the tumors and multiple GFP+ cells
lining the blood vessels and other infrastructures of the
tumors were observed under fluorescent microscope.
Our ongoing studies using different antiangiogenic
agents will determine the involvement of bone marrow
derived progenitor cells in the development of resistance
to anti-angiogenic treatments, and development of
recurrence and distal metastases of tumors.

Conclusions:

In this short review possible mechanisms for the
development of resistance to anti-angiogenic treatments
in GBM are discussed. Activation of alternate
angiogenic pathways and involvement of bone marrow
derived progenitor cells could be the mechanisms for the
resistance and in vivo imaging should be utilized or
developed to determine the involvement of bone marrow
cells in tumor vasculogenesis.
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