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Károly Tóth, Mukund Seshadri, Arindam Sen, Farukh A. Durrani, Emily Stott, Carl D. Morrison,
Shousong Cao, and Arup Bhattacharya
Volume 2010, Article ID 396286, 13 pages

Peptide-Mediated Liposomal Drug Delivery System Targeting Tumor Blood Vessels in Anticancer
Therapy, Han-Chung Wu and De-Kuan Chang
Volume 2010, Article ID 723798, 8 pages

Angiogenesis Inhibition in Prostate Cancer: Current Uses and Future Promises, Jeanny B. Aragon-Ching,
Ravi A. Madan, and William L. Dahut
Volume 2010, Article ID 361836, 7 pages

CXCL7-Mediated Stimulation of Lymphangiogenic Factors VEGF-C, VEGF-D in Human Breast Cancer
Cells, Minghuan Yu, Richard Berk, and Mary Ann Kosir
Volume 2010, Article ID 939407, 10 pages

Immunomodulatory Agents with Antivascular Activity in the Treatment of Non-Small Cell Lung Cancer:
Focus on TLR9 Agonists, IMiDs and NGR-TNF, Angelo Corti, Monica Giovannini, Carmen Belli, and
Eugenio Villa
Volume 2010, Article ID 732680, 8 pages

Angiogenesis: From Chronic Liver Inflammation to Hepatocellular Carcinoma, Paloma Sanz-Cameno,
Marı́a Trapero-Marugán, Marı́a Chaparro, Evan Anthony Jones, and Ricardo Moreno-Otero
Volume 2010, Article ID 272170, 7 pages

Angiogenesis and Lymphangiogenesis of Gastric Cancer, Yasuhiko Kitadai
Volume 2010, Article ID 468725, 8 pages

Inhibition of Melanoma Angiogenesis by Telomere Homolog Oligonucleotides, Christina Coleman,
Danielle Levine, Raj Kishore, Gangjian Qin, Tina Thorne, Erin Lambers, Sharath P. Sasi, Mina Yaar,
Barbara A. Gilchrest, and David A. Goukassian
Volume 2010, Article ID 928628, 14 pages

Molecular Therapeutic Targets for Glioma Angiogenesis, Shingo Takano, Toshiharu Yamashita, and
Osamu Ohneda
Volume 2010, Article ID 351908, 11 pages

Progress on Antiangiogenic Therapy for Patients with Malignant Glioma, Manmeet S. Ahluwalia and
Candece L. Gladson
Volume 2010, Article ID 689018, 14 pages



Antiangiogenic Therapy and Mechanisms of Tumor Resistance in Malignant Glioma, Ruman Rahman,
Stuart Smith, Cheryl Rahman, and Richard Grundy
Volume 2010, Article ID 251231, 16 pages

Ganglioside GM3 Is Antiangiogenic in Malignant Brain Cancer, Thomas N. Seyfried and Purna Mukherjee
Volume 2010, Article ID 961243, 8 pages

Role of Angiopoietin-2 in Regulating Growth and Vascularity of Astrocytomas, Gelareh Zadeh,
Keyvan Koushan, Qian Baoping, Patrick Shannon, and Abhijit Guha
Volume 2010, Article ID 659231, 7 pages

Vascular Endothelial Growth Factor-Related Pathways in Hemato-Lymphoid Malignancies,
Michael Medinger, Natalie Fischer, and Alexandar Tzankov
Volume 2010, Article ID 729725, 13 pages



Hindawi Publishing Corporation
Journal of Oncology
Volume 2010, Article ID 761671, 2 pages
doi:10.1155/2010/761671

Editorial

Tumor Angiogenesis

Arkadiusz Dudek,1 Kalpna Gupta,1 Sundaram Ramakrishnan,2

and Debabrata Mukhopadhyay3

1 Division of Hematology, Oncology and Transplantation, Department of Medicine, University of Minnesota, Minneapolis, MN, USA
2 Department of Pharmacology, University of Minnesota, Minneapolis, MN, USA
3 Department of Biochemistry and Molecular Biology, Tumor Angiogenesis, Vascular Biology and Nanotechnology Laboratory,
Mayo Clinic Foundation, Rochester, MN, USA

Correspondence should be addressed to Arkadiusz Dudek, dudek002@umn.edu

Received 30 August 2010; Accepted 30 August 2010

Copyright © 2010 Arkadiusz Dudek et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

In a seminal New England Journal of Medicine article, pub-
lished 40 years ago, Folkman proposed the concept that
angiogenesis could be a target for cancer therapy [1]. This
proposal emerged from early observations that some tumors
cells were capable of stimulating endothelial cells to form
new capillary sprouts and that nonvascularized tumors were
held in a dormant state, unable to grow beyond a size larger
than 2-3 mm3. These and related observations led Folkman
to cautiously conclude that “. . .the mechanism by which
tumor implants stimulate neovascularization must be well
understood before therapy based upon interference with
angiogenesis can be devised.” Since then, a wide variety of
antiangiogenic therapies have been tested in clinical trails,
with relatively modest improvements in patient outcomes
and unforeseen therapeutic challenges. These initial setbacks
call for a reinvigorated research effort to better understand
the complex molecular and biological relations between
tumor cells and endothelial cells within a neoplasm and
the development of new, more effective, therapeutic tools
targeting tumor angiogenesis. Encouraging this research is
the theme of this special issue of the Journal of Oncology.

Folkman’s original proposal to target angiogenesis for
cancer therapy relied on several assumptions. One key
assumption was that solid tumors would only grow beyond
a size of 2-3 mm3 after vascularization was established,
leading to more efficient diffusion of oxygen, nutrients, and
wastes. A second assumption was that tumor cells produce
angiogenesis in part by stimulating the growth of endothelial
cells from surrounding vessels. A third assumption was
that blocking angiogenesis would suppress tumor growth

and result in resumption of tumor dormancy. The fourth
assumption was that antiangiogenic cancer therapy could
be delivered chronically because angiogenic activity is of
minimal importance to healthy tissues.

Since Folkman’s landmark paper, several factors have
been recognized as critical for the induction of tumor
angiogenesis, with one of these being vascular endothelial
growth factor (VEGF) and its interaction with VEGF
receptors. Many therapeutic strategies were developed to
either block VEGF, block VEGF binding to its receptor, or
interfere with intracellular signaling in the VEGF receptor
pathway. Early work in preclinical models led to clinical
studies and the development of a multitude of antibodies
and small molecules that target tumor angiogenesis. Several
clinical trials provided encouraging evidence supporting
the use of these agents in the treatment of breast cancer,
lung cancer, kidney cancer, and colon cancer. However,
resistance to antiangiogenic agents was seen in clinical
trials, challenging the notion that endothelial cells supplying
the tumor vasculature are genetically stable and, therefore,
unlikely to develop mutations that lead to such resistance.
Furthermore, there are indications that the initial response to
clinical antiangiogenic agents may lead to the development of
more aggressive tumors. Since then we have identified several
other pathways involved in the biology of angiogenesis and
also identified several mechanisms leading to the resistance.

Lymphangiogenesis and lymph node metastases are
another critical determinant of tumor progression and may
even be responsible for the emergence of resistance to cancer
therapy. Yu and colleagues and Kitadai review the literature
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pertaining to lymphangiogenesis in breast and gastric can-
cers, respectively. Though endothelial in origin, lymphatic
endothelial cells are distinct with specific cell surface recep-
tors. Their origin, proliferation, and survival may pose a
major challenge in treating cancer with angiogenesis-based
therapy. Therefore, therapies targeting lymphangiogenesis,
in addition to angiogenesis, offer promising prospects to
achieve improved cancer management.

This special issue set out to address several issues related
to tumor angiogenesis, such as, the mechanisms by which
tumor cells acquire the capability to “turn on” the angiogenic
switch, the influence of the tumor microenvironment on
angiogenesis (Campbell et al., Schmidt and Varner, Tilan and
Kitlinska, Rigogliuso et al., Oettgen), types of resistance to
antiangiogenic therapy (Grepin and Pages, Rahman et al.),
and the development of novel angiogenic strategies (Colema
et al., Corti et al., Otten, Bokemeyer, and Fiedler, Seyfried
and Mukherjee). Invited papers address several of the above
topics and this issue is divided into the following chapter
subgroups: biology of tumor angiogenesis, discovery of
new angiogenesis targets for cancer therapy, disease-specific
tumor angiogenesis, and disease-specific cancer therapies.
There will be several review and research papers addressing
all those issues.

Arkadiusz Dudek
Kalpna Gupta

Sundaram Ramakrishnan
Debabrata Mukhopadhyay
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Angiogenesis is a vital process resulting in the formation of new blood vessels. It is normally a highly regulated process that occurs
during human development, reproduction, and wound repair. However, angiogenesis can also become a fundamental pathogenic
process found in cancer and several other diseases. To date, the inhibition of angiogenesis has been researched at both the bench
and the bedside. While several studies have found moderate improvements when treating with angiogenesis inhibitors, greater
success is being seen when the inhibition of angiogenesis is combined with other traditional forms of available therapy. This
review summarizes several important angiogenic factors, examines new research and ongoing clinical trials for such factors, and
attempts to explain how this new knowledge may be applied in the fight against cancer and other angiogenic-related diseases.

1. Introduction

For over 35 years, scientists have been trying to fully
understand the process of both normal and pathogenic
angiogeneses, hoping to apply their findings to the world of
clinical medicine and therapeutics. Angiogeneses is a critical
process involving the formation of new blood vessels from
preexisting vessels [1]. Normal angiogeneses is an essential
process the body employs during fetal development, wound
healing, ovulation, as well as growth and development [2].
Angiogeneses provides developing and healing tissues with
vital nutrients and oxygen [3]. When angiogeneses goes awry,
pathological problems often ensue. The understanding of
normal and pathogenic angiogeneses has been a major focus
of both cancer biology and clinical medicine for the past few
decades.

In the past, research in angiogeneses was closely inter-
twined with cancer biology. The importance of angiogeneses
in tumor growth was initially hypothesized in 1971, when
Judah Folkman theorized that solid tumors possess limited
resources that the many actively proliferating cancer cells
fight for. Increased interstitial pressure within the tumor also
inhibits the diffusion of metabolites and nutrients essential to
the growth and survival of tumor cells [4]. This environment

causes tumor cells to induce the sprouting of new blood
vessels from the established vasculature, creating a vascular
system within the tumor, thus enabling tumor cells to obtain
the oxygen and nutrients they need to survive and multiply.
Understanding these principles led to the idea that the
inhibition of tumor angiogeneses could be a valuable therapy
against cancer [1]. This sparked research into the proteins
that regulate this process, both angiogeneses inhibitors and
promoters. Since that time, many proteins and regulators
of angiogeneses have been discovered and their role in the
process defined.

Although cancer has traditionally been the most exten-
sively studied angiogenic-dependent disease, several other
conditions have also shown a reliance on angiogeneses. Some
of these include psoriasis, endometriosis, arthritis, macular
degeneration, regional ileitis, and atherosclerosis [5]. The
emergence of other diseases connected to angiogeneses
has led to increased research on angiogeneses as a whole.
Recently, new drugs have been developed that are capable
of targeting many of the regulators of angiogeneses [6].
Currently, several drugs have been approved by the FDA for
the treatment of angiogeneses-dependent diseases including
Avastin for colorectal cancer, Tarceva for lung cancer, and
Lucentis for macular degeneration [5, 7]. Many other drugs
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Figure 1: Blood Vessels. The cardiovascular system main components include arteries, arterioles, capillaries, venules, and veins. Each vessel
has cellular differences from the other types of vessels and this is highlighted above.

are in late-stage clinical testing. This review will focus on
the current knowledge of angiogeneses in health and dis-
ease, some important angiogenic promoters and inhibitors,
and ongoing research and developments as they relate to
oncology. Increasing the mechanistic understanding of these
processes will improve the development of more efficient
angiostatic treatments in cancers.

2. Normal Blood Vessel Formation

The cardiovascular system distributes blood, and thus oxy-
gen and nutrients, throughout the body. The system consists
of arteries, arterioles, capillaries, venules, and veins. The
microvasculature is considered the portion of the circulatory
system composed of the smallest vessels, such as the capil-
laries, arterioles, and venules. The microvasculature is a very
dynamic and complex system, capable of constant change,
while the larger blood vessels are more permanent structures
with very little plasticity. As illustrated in Figure 1, capillaries
are hollow tubes composed of endothelial cells (ECs) which
are supported by pericytes. Unlike capillaries, arteries and
veins have several distinct layers including the tunica intima,
the tunica media, and tunica adventitia in the largest vessels
(composition of each detailed in Figure 1). Due to the
thickness of these structures, arteries, arterioles, venules, and
veins are all considered conduit vessels. Capillaries are the
most important vessels in cardiovascular system. The thin
walls of these microscopic vessels allow for the exchange of
oxygen and nutrients between the blood and tissues [7]. The
formation of the initial vascular plexus within each tissue and

the formation of the major blood vessels conducting blood to
and from the heart are hard wired into the developmental
system [8]; these networks are formed independent of
oxygen concentration. In contrast, the pattern of capillary
(microvasculature) development within each tissue is driven
by local oxygen demand, and is therefore unique to each
tissue [8].

Blood vessels comprising the microvasculature are
formed in adults via two different mechanisms: vasculo-
genesis and angiogeneses. Both processes normally occur
during embryonic development; however, special circum-
stances allow these processes to be initiated during adult
life. Vasculogenesis is the de novo formation of ECs from
angioblasts. This process helps form a primitive vascular
labyrinth of small capillaries [9]. Angiogeneses is the process
in which ECs sprout from preexisting blood vessels. The
ECs then migrate and proliferate to form a cord-like
structure.

2.1. Vasculogenesis: Current Concepts and Challenges. The
establishment of fetal vasculature begins with heman-
gioblasts, primitive cells of mesodermal origin [10]. Heman-
gioblasts help form “blood islands”, clusters of cells that
have a designated spatial arrangement that facilitates their
function. Hematopoietic stem cells (HSCs), which later
become hematopoietic cells, are found at the center of these
islands. Angioblasts, cells that differentiate into ECs, are
found at the periphery of the blood islands [11]. The adult
stem cells found within bone marrow (instead of blood
islands) were discovered to contain much greater plasticity
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than originally thought, and are now considered multipotent
adult progenitor cells (MAPCs) [12]. MAPCs are capable of
differentiating into ECs when removed from bone marrow
and cultured on fibronectin with vascular endothelial growth
factor-A (VEGF-A) [13]. In addition, MAPCs are capable
of differentiating into skeletal muscle, cardiac muscle, and
vascular endothelium after bone marrow transplantation
[12].

As demonstrated in Figure 2, it is currently believed that
vasculogenesis originates when MAPCs in bone marrow
differentiate into early endothelial progenitor cells (EPCs)
[13, 14]. As MAPCs evolve into EPCs, they gain hematopoi-
etic and endothelial lineage-specific markers such as VEGF
receptor-2 (VEGFR-2) and CD34 [15, 16]. EPCs in the bone
marrow remain undifferentiated in one of two zones. The
first zone is known as the vascular zone, and it consists
of EPCs in either the S phase or G2M phase of the cell
cycle. These cells are capable of differentiating and entering
peripheral circulation upon receiving the correct signals
[14, 17]. The second zone is known as the osteoblastic zone,
where EPCs are maintained in the G0 phase of the cell
cycle. These cells are not actively dividing, and therefore
not readily available for release into circulation [14, 18].
The balance between these two functional compartments
is maintained by cytokines present in the bone marrow’s
extracellular matrix (ECM) and on bone marrow stromal
cells [19]. The bone marrow stromal cells and ECM preserve
levels of cytokines bound to either ECM proteins or cell
membranes. The cytokines can be cleaved by proteinases and
activated. To illustrate, matrix metalloproteinases (MMPs)
help mediate the digestion of ECM which leads to the release
of membrane-bound cytokines. This allows the release of

VEGF-A, an important regulator of both angiogeneses and
vasculogenesis [20]. Evidence has suggested that MMP-9 is
capable of mobilizing EPCs to enter the vascular zone and
eventually be released into the peripheral circulation [14, 17].
Malignant transformation, tissue injury, or ischemia can
induce systemic release of VEGF-A, activating bone marrow
progenitor stem cells [15].

A recent study verified altered levels of MMP-9 and
VEGF-A in patients with early-stage breast and colorectal
cancer when compared to normal patients [57]. Healthy vol-
unteers showed VEGF-A plasma levels averaging 37.6 μg/mL,
while the breast cancer patients had average plasma concen-
trations of 52.9 μg/mL and colorectal cancer patients plasma
concentrations averaged 109.6 μg/mL. MMP-9 plasma con-
centrations for healthy volunteers averaged 169 ng/mL, while
breast cancer patients had plasma concentrations averag-
ing 237.8 ng/mL and colorectal cancer patients averaged
370.1 ng/mL. The patients underwent surgical resection of
their primary tumors and the levels of MMP-9 and VEGF-
A were measured between 7 and 8 weeks postsurgery.
These same patients saw a decrease in their MMP-9 and
VEGF-A plasma levels [57]. The breast cancer patients saw
a decrease in the average VEGF-A plasma concentration
from 52.9 μg/mL to 43.8 μg/mL and their MMP-9 levels
dropped from an average of 237.8 ng/mL to 109.6 ng/mL.
The colorectal cancer patients saw similar changes after
their tumors were removed with their average VEGF-A
plasma levels dropping from 109.6 μg/mL to 57.6 μg/mL
and their MMP-9 plasma levels going from 370.1 ng/mL
to 190.3 ng/mL [57]. This evidence shows the direct effect
that malignancy can have on factors important to both
vasculogenesis and angiogeneses.
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Table 1: Factors regulating angiogenesis.

Angiogenesis factors Biological activities

Vascular endothelial growth
factor (VEGF)

(i) Promoter of angiogeneses and vasculogenesis [21]
(ii) Stimulates microvascular EC proliferation [22, 23]
(iii) Enhances EC migration and sprouting [24, 25]
(iv) Inhibits EC apoptosis [26]
(v) Increases EC permeability [27–29]

Fibroblast growth factor (FGF)

(i) Stimulates EC proliferation [30]
(ii) Promotes microvessel tube formation [30]
(iii) Promotes EC migration [30]
(iv) Important promoter of blood vessel remodeling after tissue injury [31]

Angiopoieten-1 (Ang-1)
(i) Recruits pericytes to recently created blood vessels [32]
(ii) Helps promote EC survival and sprout formation [32, 33]
(iii) Increases the diameter of blood vessels endothelium [34]

Angiopoieten-2 (Ang-2)
(i) Antagonist of Tie-2 receptor, reduces levels of pericytes [35]
(ii) Increases plasticity of newly formed blood vessels [36]

Platelet-derived growth
factor (PDGF)

(i) Increases capillary wall stability [3]
(ii) Stimulates the proliferation of cultured pericytes and SMCs [37]
(iii) Increases DNA synthesis on capillary ECs [38]
(iv) Stimulate formation of angiogenic sprouts in vitro [38]

Transforming growth
factor-β (TGF-β)

(i) At low doses upregulates angiogenic factors and proteinases [39]
(ii) At high doses, inhibits EC growth, promotes reformation of BM and stimulates SMC reformation
[39]
(iii) Stimulates or inhibits EC tube growth [39]
(iv) Signals inflammatory mediators such as fibroblasts and monocytes [3, 40, 41]
(v) Enhances integrity of vessel walls [42]

Integrin αVβ3

(i) Binds and activates MMP2 to help break down ECM [43]
(ii) Helps regulate cell attachment, spreading, and migration [44]
(iii) Shows Increased activity near wound sites [45]
(iv) Localized to ECs at ends of growing vessels during EC sprouting [46]

Integrin αVβ5 (i) Interacts with VEGF to promote angiogeneses [47]

VE cadherin

(i) Thought to mediate passage of molecules across endothelium [28, 29]
(ii) Regulates CD growth through contact inhibition [48]
(iii) Helps prevent EC apoptosis by promoting VEGFs signal [49]
(iv) Helps stabilize the branches and sprouts produced during angiogeneses [48]

Tumor necrosis
factor-α (TNF-α)

(i) Stimulates angiogeneses in vivo [50]
(ii) Stimulates EC tube formation in vitro [51]

Transforming growth
factor-α (TGF-α)

(i) Promotes EC proliferation [50]
(ii) Stimulates angiogeneses in vivo [50, 52]

Angiogenin
(i) Promotes angiogeneses in vivo [53]
(ii) Assists EC adhesion and spreading in vitro [54]

Angiotropin
(i) Helps activate microvascular ECs during wound healing [38]
(ii) Stimulates angiogeneses in vivo [38]
(iii) Randomly induces capillary EC migration [55]

Matrix metalloproteinase-9
(MMP-9)

(i) Thought to help mobilize EPCs by cleaving ECM [17]

Stromal-cell-derived
factor-1 (SDF-1)

(i) Helps guide EPCs to ischemic areas during angiogeneses [56]

During the process of vasculogenesis, EPCs that enter
the peripheral circulation migrate to the areas where the
vasculature will be established. The chemokine stromal-cell-
derived factor-1α (SDF-1α) helps mediate the migration of
many stem cells, including EPCs. SDF-1α is upregulated
during hypoxic conditions due to increased levels of VEGF-1
[56]. Once released, SDF-1α acts as a key homing signal,
helping to guide EPCs to areas of ischemia [58, 59]. The

guided cells are still considered early EPCs because they are
positive for CD133, CD34, and VEGFR-2 (as demonstrated
in Figure 2) [19]. While in circulation, the EPCs continue
to differentiate. They begin this process by losing the
CD133 marker, and gaining EC-specific markers such as
von Willebrand Factor (vWF), CD31, and VE cadherin
[60]. EPCs normally compose approximately 0.002% of
the mononuclear cell fraction of blood [61]. However,
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if neovascularization is required, vasculogenic stimuli are
released, increasing the circulating concentration of EPCs
[62–64]. Clinical trials have demonstrated this phenomenon
using patients who either suffered burns or underwent
coronary artery bypass graft surgery [65]. Both patient
groups saw a 50-fold increase in EPC levels within the first
6 hours after the initiating event, with a return to basal levels
within 72 hours. It is believed that this transient increase in
EPC levels caused by the vascular and tissue trauma induces
the release of several cytokines, including VEGF, promoting
EPC mobilization and the initiation of vasculogenesis [65].

After EPCs arrive and enter the target tissue, some
continue their differentiation into mature ECs [19]. It is
thought that the cells that do not differentiate into mature
ECs act as a source of proangiogenic cytokines [19]. The
maturation into ECs is marked by the loss of the CD34
marker on the cell surface.

Vasculogenesis that occurs during postfetal life in re-
sponse to angiogenic cytokines has a few key differences
from the vasculogenesis that occurs during embryonic life.
One major difference is that the formation of the initial
vascular plexus in embryonic life is not driven by insufficient
oxygen like the vasculogenesis that occurs later in life [8]. An
imbalance in oxygen supply and demand can cause hypoxia
resulting in an induction of cytokine production or release
from cells throughout the body. One such cytokine released
during hypoxic conditions is VEGF. After VEGF is released, it
binds to VEGF receptors on ECs. This leads to the activation
of signal transduction pathways capable of stimulating both
angiogeneses and vasculogenesis. The hypoxic conditions
seen in tumor cells have been studied and factors associated
with vasculogenesis and angiogeneses have been monitored
to detail their relationships. Many of these factors have been
listed in Table 1.

As discussed above, Zaman’s work on colorectal and
breast cancer patients specifically showed increased con-
centrations in VEGF-A and MMP-9 plasma levels due to
malignancy. These levels are reduced after the tumor is
removed, and thus levels of angiogeneses and vasculogenesis
are decreased. Another difference in the two types of
vasculogenesis is that most of the cells recruited to sites of
vasculogenesis during postembryonic life are inflammatory
cells and are not incorporated into the new capillaries or
remodeling arteries. The postembryonic form of vasculo-
genesis is much more similar to angiogeneses then the
embryonic form of vasculogenesis and this is illustrated
by the similar factors that are vital to postembryonic
vasculogenesis and angiogeneses.

2.2. Angiogeneses: Current Concepts, Known Factors, and
Challenges. In contrast to vasculogenesis, angiogeneses is
the expansion of preexisting vasculature, such as a vascular
labyrinth of capillaries, by means of budding and branching
into a functional capillary bed which is illustrated in
Figure 3. This normally occurs in very organized manner
forming what is known as primary vascular trees [66].
Like vasculogenesis, angiogeneses occurs most often during
embryonic development; however, it can also occur in adult

life in response to specific stimulations. Nonpathogenic
angiogeneses can be seen in adults during the ovarian cycle,
in skeletal and cardiac muscle during times of exercise and
training, as well as during the process of wound healing [3].

The process of angiogeneses is very closely regulated.
Stimulation of angiogeneses occurs by growth factors such
as VEGF and FGF (see Figure 3, Table 1). New blood vessel
formation actually begins with the removal of mural cells
(pericytes) from preexisting blood vessels. The absence of
these pericytes initiates the degradation of the EC basement
membrane and extracellular matrix, a process which is aided
by MMPs [67].

As the basement membrane and extracellular matrix are
being degraded, ECs begin proliferating and migrating with
the help of soluble growth factors. The ECs will continue
to grow until they form an unstable microvessel. Following
the formation of this small blood vessel, mesenchymal cells
are recruited to the vessel, where they are subsequently
differentiated into pericytes. After differentiation, cell-cell
contact between pericytes and ECs occurs. Stable blood
vessels are then formed and blood flow can be established.
This process of angiogeneses is visualized in Figure 3. Vessels
made from ECs not covered with pericytes are unstable, and
undergo regression [3, 21]. There are many known factors
that help regulate angiogeneses. Some of the known factors
are touched upon in Table 1 and discussed in further detail
below.

2.3. Angiogenic Promoters: Current Research and

Clinical Implications

2.3.1. Vascular Endothelial Growth Factor. VEGF is an impor-
tant regulator of both vasculogenesis and angiogeneses
[21]. Several cell types including fibroblasts, ECs, and ker-
atinocytes release a small amount of VEGF throughout life.
The loss of a VEGF allele always results in embryonic lethality
[35]. Increased levels of VEGF are seen when angiogeneses is
necessary, such as during active wound healing [68].

There are currently six known monomers of VEGF that
arise from alternative splicing of a single gene with eight
exons. The documented isoforms contain 121, 145, 165, 183,
189 or 206 amino acids [69–72]. Some of these isoforms
remain associated with cells or membranes, while others are
released extracellularly. Despite these differences, all of them
have identical biological activities [73].

VEGF interacts with two different receptor tyrosine
kinases, VEGFR-1 (Flt-1) and VEGFR-2 (Flk-1), to alter
angiogeneses. VEGFR-1 interacts very strongly with VEGF,
but this interaction plays a minor role in the events of
angiogeneses [74]. The interaction of VEGFR-2 with VEGF
is a major contributor to the mitogenic, chemotactic, angio-
genic, and increased permeability effects of VEGF. VEGFR-
2 expression has been observed on both endothelial and
hematopoietic precursors [22].

Experiments have shown that VEGF has the ability to
stimulate microvascular EC proliferation [22, 23]. VEGF is
also capable of enhancing EC migration [24], inhibiting EC
apoptosis [26], and inducing the growth of new capillaries
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Figure 3: Tumor Influenced Angiogeneses. The stepwise process of angiogeneses begins with ECM and BM breakdown, followed by EC
proliferation, EC migration and finally re-formation of stable blood vessel. Tumor cells will secrete a variety of factors to ensure that the new
blood vessels formed are fed directly to the tumor tissue.

from preexisting vasculature [25]. VEGF helps induce EC
migration and sprouting by upregulating integrin receptors
αVβ3, α1β1, and α1β2 (discussed below) [27, 75]. VEGF also
helps activate MMPs, an important step in the initial stages
of angiogeneses.

VEGF is upregulated during hypoxic conditions via
the following mechanism, which involves hypoxia-inducible
factor-1 (HIF-1), a protein released during oxygen stress
[76]. Responses to ischemia are mostly regulated by cells
within the ischemic area monitoring oxygen concentrations.
After sensing reduced concentrations, these cells increase
their expression of genes encoding vascular growth factors.
At the heart of this pathway is HIF-1, a heterodimeric
transcription factor composed of the constitutively expressed
HIF-1β, and the oxygen-sensitive HIF-1α subunits [77, 78].
Although HIF-1α is also constitutively expressed, it is broken
down within adequately oxygenated and perfused tissue.
When tissues are deprived of oxygen, the breakdown of HIF-
1α is inhibited. HIF-1α begins to build up and eventually
dimerizes with HIF-1β. This complex then binds to DNA,
helps recruit coactivators, and activates transcription of its
target genes [79]. This system induces expression of several
vasculogenic and angiogenic growth factors including VEGF
and PLG in response to hypoxia [80]. HIF-1 is also required
for expression of VEGFR-1 on EPCs in the bone marrow and
the chemotactic migration of EPCs towards a VEGF gradient
[79].

The use of anti-VEGF drugs has been applied to many
different fields of medicine. The American Academy of

Ophthalmology recently published a report stating that the
use of anti-VEGF pharmacotherapy is a safe and effective
treatment for neovascular age-related macular degeneration
(AMD) [81]. Anti-VEGF signaling pathway drugs have also
been tested in a large number of clinical and laboratory
studies aimed at preventing angiogeneses associated with
cancer. Some of these drugs target VEGF (Avastin), while
others target the VEGFRs (Nexavar and Sutent) [82].
Although these drugs have seen dramatic results in animal
models [83–85], the results in many of the clinical trials have
been mixed [86]. There have been clinical trials which show
as many as 94% of invasive carcinomas and 88% of in situ
carcinomas having a complete response [87]. These same
patients saw no recurrence during the five-year followup
[87]. However, many other angiogeneses inhibitors targeting
VEGF signaling pathways have failed to produce the same
long-term responses in a majority of their patients [86, 88,
89]. A short-term response of either tumor stasis or increased
survival was normally observed in these patients [90];
however after the initial benefit, most patients experienced
tumor growth after several months [90]. These contradictory
results have changed the philosophy on the resistance of
tumors to antiangiogenic treatments, as well as the vascular
makeup thought to be associated with the blood vessels that
support tumors. These concepts will be further explored in
the future directions section.

Inducing neovascularization in ischemic diseases such
as chronic wounds and myocardial infarction is also a
very active area of research and is leading to a greater
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understanding of how VEGF works in the body. Several
groups have attempted to induce angiogeneses in ischemic
tissue through local delivery of the VEGF gene or protein.
In clinical trials, local delivery of pro-VEGF growth factors
has induced modest levels of neovascularization in ischemic
tissue [91]. However, the amount of angiogeneses was
inadequate as a monotherapeutic treatment [91]. This infor-
mation is also valuable for the field of tumor angiogeneses.
It is evident that although VEGF is an important part of
angiogeneses, controlling its level alone is not enough to
regulate angiogeneses in normal tissues or tumors.

2.3.2. Fibroblast Growth Factor. Another important set of
proteins mediating angiogeneses is the FGF family. FGFs
are soluble growth factors that come in an acidic (aFGF)
and basic (bFGF) variety. Both types consist of widespread
polypeptides that are powerful inducers of EC migration,
proliferation, and microvessel tube formation (Figure 3) [3,
30]. While VEGF is a specific mitogen for ECs, the same
cannot be said for FGF. FGF is pleiotropic; it stimulates
proliferation in nearly all cells derived from embryonic
mesoderm or neuroectoderm [92]. Recent evidence suggests
that FGF does not play a major role in generalized angio-
geneses in vivo, as mice deficient in both forms of FGF
underwent normal development [31]. Instead, FGF seems
to be more important in the remodeling of damaged blood
vessels [31] which can occur during both wound healing and
tumor angiogeneses. FGF is generally found in the cytoplasm
of cells or bound to heparin in the ECM [93, 94]. After
tissue damage occurs, it appears that FGF is released from
the damaged cell(s). This local release of FGF is thought
to help promote angiogeneses at the site of the damaged
vessel.

One group recently studied the role of FGF in vascular
integrity and human saphenous vein ECs in vitro by
disrupting FGF signaling in bovine aortic endothelial cells
[95]. They also disrupted the FGF signaling pathway in adult
mouse and rat ECs in vivo using soluble FGF traps or a
dominant inhibitor of all FGF receptors [95]. Inhibition
of this signaling pathway led to a loss of function in the
adherens and tight junctions, which caused the loss of EC’s,
severe impairment of the endothelial barrier function, and
finally, disintegration of the vasculature [95]. This experi-
ment showed another possible mechanism for the inhibition
of angiogeneses. A targeted approach could possibly allow
the breakdown of specific vasculature. In addition to this
study, another possible inhibitor of both FGF and VEGF
was examined. A plasma glycoprotein, Beta-2 glycoprotein-
1, was found to have inhibitory effects on Human Umbilical
Vein Endothelial Cells (HUVEC) proliferation, migration,
and tubule formation in a dose-dependent manner [96].
This was accomplished by the downregulation of VEGFR-
2, the main mediator of angiogenic signals from VEGF
which is also activated by bFGF [96]. When low doses
of Beta-2 glycoprotein-1 were applied, HUVEC prolifer-
ation was decreased by 11.5% [96]. As this dosage was
increased, proliferation continued to decrease until the high-
est dose, which displayed a 68.9% reduction in proliferation
[96].

2.3.3. Tie Receptors. The Tie receptors are a family of tyrosine
kinases expressed by ECs that mimic the behavior of VEGF
receptors [33, 97]. To date, Tie1 and Tie2 have been iden-
tified, and their mechanisms of action studied. Genetically
altered mice bred without either receptor underwent normal
vasculogenesis, but their ECs lacked normal integrity causing
the mice to die from widespread edema and hemorrhage due
to a lack of adequate angiogeneses [98]. While both Tie1 and
Tie2 receptors are important for vascular integrity [32, 99,
100], only Tie2 appears to be vital to vascular sprouting and
branching occurring during angiogeneses [3].

Tie Receptor inhibitors have recently been produced in
the lab. A research group has developed several Tie inhibitors
and tested them in vitro to find one with the best selectivity,
potency, and pharmacokinetic parameters [101]. Although
preliminary studies for Tie2 inhibitors have begun, further
animal and possibly clinical trials still remain.

2.3.4. Angiopoietins. Angiopoietins are protein growth fac-
tors that act as ligands for the Tie Receptors on ECs
[21]. There are two important angiopoietins that play a
role in angiogeneses, Ang-1 and Ang-2. Ang-1 is a well-
characterized regulator of angiogeneses. It is an important
agonist of and ligand for Tie2 receptors [32]. Experiments
have shown that mice that lack Ang-1 or Tie2 receptors will
develop normal primary vasculature, but will eventually die
because vascular remodeling was never completed [32, 102].
The interaction between Ang-1 and Tie2 is important in
angiogeneses as it helps recruit pericytes to newly created
blood vessels, increasing the stability of the new vasculature
and making it less permeable [32]. Ang-1 also helps induce
formation of capillary sprouts and promote survival of ECs
[21]. Overexpression of Ang-1 in transgenic mice led to a
greater number of blood vessels, with larger diameters, and
more vascular branches [34], illustrating the important role
Ang-1 plays in vascular sprout formation.

Preliminary studies have been completed to determine
whether Ang-1 inhibitors would be an effective method
for reducing levels of angiogeneses. A recombinant human
Ang-1 antisense strand was made and used to inhibit
Ang-1 expression levels in mice with implanted tumor
tissue [103]. Microvascular density in the antisense Ang-1-
treated group averaged 6.02 vessels/mm in implanted tumor
tissue while the group not receiving the antisense strand
averaged 8.44 vessels/mm in the implanted tumor tissue
[103]. The group concluded that although Ang-1 inhibitors
may help reduce the levels of angiogeneses, it was unlikely
that Ang-1 inhibitors alone would be an effective method
to inhibit pathogenic angiogeneses. The study suggested that
several angiogeneses modulators would need to be inhibited
simultaneously to have a noticeable effect on angiogeneses
[103].

The role of Ang-2 is more complicated than that of
Ang-1. It appears that Ang-2 is at least a partial antagonist
of Tie2, resulting in pericyte loss [35]. The result of this
pericyte loss is destabilization of the blood vessel. Under
normal conditions this helps prevent excessive angiogeneses.
However, the destabilization also allows newly formed blood
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vessels to be more plastic. These destabilized vessels show
increased endothelial sprouting and tube formation in
the presence of VEGF [36]. This fact has made Ang-2
blockers an important area of study for tumor angiogeneses
inhibition. A recent study created Ang-2-selective peptide-Fc
fusion proteins and antibodies; this enabled a controlled
pharmacological inactivation of endogenous Ang-2, allowing
the group to study Ang-2 inactivation without using the
lethal knockout approach [104]. The use of these inhibitors
demonstrated tumor inhibition in mice as well as corneal
angiogeneses inhibition in rats [104]. Although the study
demonstrated the properties of Ang-2 in vivo and gave
therapeutic possibilities to Ang-2 inhibitors, many questions
still remain. How Ang-2 inhibition blocks EC proliferation is
still not completely understood. In addition, it is unknown if
inhibition of both Ang-1 and Ang-2 would further reduce
angiogeneses or if blocking one will offset the inhibition
of the other. Additionally, these studies have only been
completed using animal models, and we can only hope that
a similar effect will be seen in humans.

Despite the current problems understanding Ang-2, the
selective inhibition of Ang-2 could have a very high clinical
value. Studies have demonstrated that Ang-2 upregulation is
seen in several diseases that involve pathogenic angiogeneses
including cancer, macular degeneration, rheumatoid arthri-
tis, osteoarthritis, and psoriasis [105–107]. One recent study
found that mRNA levels of Ang-2 in metastatic liver cells
and lymph nodes are between 1.5 and 2 times greater than
normal levels [108].

2.3.5. Platelet-Derived Growth Factor. PDGF is another
important signaling molecule with several different roles in
angiogeneses. Although originally purified from platelets,
it has also been identified in fibroblasts, astrocytes, ECs,
and several other cell types [38]. To date, both hetero
and homodimeric versions of PDGF (PDGF-AA, -BB, or
-AB) have been studied. Capillary ECs express PDGF-BB
receptors, and when the receptors are stimulated, increased
DNA synthesis and angiogenic sprouting can be seen in vitro
(Figure 3) [38]. Although pericytes are initially recruited
to growing microvessels independently of PDGF, pericyte
proliferation and migration at a growing blood vessel is
enhanced by interaction with PDGF [109]. Mice bred
without PDGF-BB or its receptor exhibited a large increase
in the permeability of their blood vessels and died prenatally
[110]. The interaction of PDGF with its receptor on pericytes
increases the expression of Ang-1. This increase in Ang-
1 leads to a signaling cascade that helps establish the
interaction between pericytes and ECs [97]. This interaction
is important for maintaining the stability of newly formed
capillary walls [3], a vital part of new blood vessel formation.

It has been hypothesized that blocking PDGF from
interacting with its receptor will reduce the stability of the
growing capillaries rendering them incapable of delivering
nutrients to the cancer cells [111]. Inhibition of PDGF
has been attempted with compounds such as CP-673,451
[111]. Rat glioblastomas treated with CP-673,451 showed a
47% decrease in microvascular density and a 55% decrease

in tumor growth. Although a decrease in tumor growth
and angiogeneses has occurred through the treatment of
cancers with CP-673,451 during in vitro and in vivo
animal studies, clinical trials have not been performed to
demonstrate its efficacy in humans. Another recent study
indicated that lycopene, a carotenoid found in tomatoes, may
inhibit PDGF-BB-induced signaling [112] reducing levels of
unwanted angiogeneses.

2.3.6. Transforming Growth Factor-Beta. Transforming
Growth Factor-Betas (TFG-β) are a family of homodimeric
cytokines that help control many different processes in
the body, including angiogeneses. TGF-β’s are normally
found in the ECM of many different cells types [113, 114].
Within the microvasculature, both ECs and pericytes
produce and display receptors for TGF-β [99], illustrating
the variety of cells capable TGF-β expression. To date, both
pro- and antiangiogenic properties have been ascribed to
TGF-β. At low doses TGF-β helps initiate the angiogenic
switch by upregulating angiogenic factors and proteinases.
However, at high doses TGF-β inhibits EC growth, promotes
basement membrane reformation, and stimulates SMC’s
differentiation and recruitment [39]. Genetic studies in mice
have shown that the loss of TGF-β leads to leaky vessels
lacking structural integrity leading to premature death
[42]. Stimulation of angiogeneses through TGF-β is mostly
via indirect mechanisms. TGF-β signals inflammatory
mediators to the site of angiogeneses, where inflammatory
cells release proangiogenic factors such as VEGF, FGF, and
PDGF [40, 41].

Recent phase I/II clinical trials attempting to use TGF-β
inhibitors have been completed. These studies employed
a TGF-β antisense oligonucleotide, termed AP12009, as a
treatment for patients with malignant gliomas [115]. Despite
the late stage of the glioma in the patient population,
positive efficacy results were observed. Two of the 24 patients
saw complete remission of their disease after treatment
and remained cancer free 4.5 years after completion of
the trial [115]. Seven of the 24 patients also found their
disease stabilized after beginning treatment, a larger number
compared to controls in other clinical trials [115]. In
addition, the median survival time of the AP12009-treated
patients was longer than the controls reported by recent
literature [115]. After the initial positive results of this trial,
a Phase IIB trial was initiated and is still ongoing [115].
These results indicate that the targeted inhibition of TGF-β
may provide an excellent mechanism to reduce unwanted
angiogeneses in a variety of diseases.

2.3.7. Integrins. Integrins are heterodimeric cell surface
receptors for ECM proteins that also play a role in cell-cell
attachment. They contain various α-and β-subunits, with
over 20 different combinations of subunits known. Integrins
are important regulators for many different cell processes
including both vasculogenesis and angiogeneses [116].

Of the integrins, αVβ3 is one of the most extensively
studied, and has an important role in angiogeneses. It binds
and activates MMP-2 at the tips of growing blood vessels
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to help break down the ECM [43]. Integrin αVβ3 shows
increased expression in vitro when exposed to VEGF [27]
and bFGF [117]. Cell attachment, spreading, and migration
are all regulated by integrin αVβ3 in vitro [44]. Angiogenic
blood vessels near granulation tissue showed much greater
levels of αVβ3 than vessels in uninjured normal skin [45].
During wound repair, αVβ3 is localized to the ECs at the ends
of the growing vessels [46]. Anti-αVβ3 monoclonal antibod-
ies reduce bFGF-stimulated angiogeneses, demonstrating an
important relationship between the two proteins [47].

Several other integrins have also been implicated in
angiogeneses. Inhibition of integrin αVβ5 hindered angio-
geneses stimulated by VEGF [47]. Abs to collagen receptor
integrins (α1β1 and α2β1) also reduced VEGF-mediated
angiogeneses [75]. A variety of integrins play important roles
in angiogeneses including EC adhesion to ECM, protease
localization, and increased EC survival [3]. This diversity
suggests a number of different integrins; each plays a distinct
role that uniquely contributes to the process of angiogeneses.

There are currently three classes of integrin inhibitors
in preclinical and clinical trials. Some of these include
a synthetic peptide Cilengitide (a αVβ3/αVβ5 inhibitor),
a monoclonal Ab Abergin (a αVβ3 antagonist), and a
peptidomimetic compound S247 (a αVβ3/αVβ5) antagonist
[118]. Phase I trials using Vitaxin (similar to Abergin) were
unsuccessful in reducing tumor growth [119]. A second
generation Phase II trial which altered Vitaxin to give it
greater affinity for αVβ3 also failed to reduce tumor growth
[120, 121]. Phase I and II trials with Cilengitide have also
been completed. Although some antitumor effects in the
treatment of gliomas were seen with Cilengitide, the study
concluded that its action appeared to be antitumor cell
specific as opposed to angiostatic [118]. Trials in other
cancer patients failed to show any reduction in tumor
load using Cilengitide [122, 123]. The low efficacy of the
αVβ3/αVβ5 antagonists demonstrates that the mechanistic
understanding of integrins in angiogeneses is not yet fully
understood. At this time, antagonists for αVβ3 or αVβ5 alone
do not appear to prevent angiogeneses, and other strategies
need to be examined. Currently, integrin inhibitors for α2β1
[118, 124, 125] and α5β1 [118, 126] are being tested in phase
I and phase II clinical trials.

2.3.8. Cadherins. Cadherins are a class of calcium-binding
transmembrane proteins that play an important role in
cell-cell interactions. Several studies have underlined the
important role of one particular cadherin, the vascu-
lar endothelial (VE) cadherin, in neovascularization. VE-
cadherins are localized exclusively to the adherens junctions
in ECs [127]. It has been suggested that VE-cadherins are
important in regulating the passage of various molecules
across the endothelium [28, 29]. In addition, VE-cadherin
plays an important role in mediating EC growth through
contact inhibition [48]. Mice deficient in VE-Cadherin
showed extreme vascular abnormalities including dimin-
ished branching and sprouting, as well as disconnected ECs
[48]. The vascular problems continued to progress until the
vessels finally regressed or disintegrated [49]. This is thought

to occur because the VE-cadherins establish EC junctional
stability in the vessel walls. The cadherins also enhance EC
survival by increasing the transmission of the antiapoptotic
signal of VEGF [49]. Therefore, despite VE-cadherins non-
existent role in vasculogenesis, it is vital to the maturation of
blood vessels associated with angiogeneses [38].

Inhibition of VE-cadherins to prevent angiogeneses
has been examined in several different animal models.
Monoclonal Abs designed to recognize certain sections of
extracellular repeats found in active VE-cadherins have
been designed [128]. These Abs prevented EC junctional
assembly and induced the disassembly of already existing EC
junctions in vitro, abilities that could help prevent unwanted
angiogeneses [128]. Although these original Abs were found
to have some inhibitory effects on angiogeneses at low doses,
significant vascular permeability was found in the heart and
lungs of the mice at moderate to high doses, illustrating
toxic side effects of the Abs [129, 130]. Since these original
studies, other monoclonal Abs have been developed that do
not exhibit the vascular permeability problems of the original
version; these include BV14 and E4G10 [131, 132]. It is
currently hypothesized that these second-generation mon-
oclonal Abs will be effective because angiogenic junctions
are weaker and contain different epitopes which are open to
monoclonal Ab targeting [133]. Other groups have focused
on the gene sequence of VE-cadherins, which may allow
researchers to produce more specific monoclonal Abs for VE-
cadherins and prevent unwanted angiogeneses [134].

VE-cadherins role in retinal neovascularization was
also recently examined in mice. A group induced retinal
neovascularization in newborn mice by exposure to oxygen
[135]. Some of the mice were then treated with a VE-
cadherin antagonist while others were treated with a control
peptide. The mice treated with the VE-cadherin antagonist
saw significantly reduced retinal angiogeneses compared to
the control group [135]. In addition, the group treated
with the antagonist had reduced levels of EC migration and
proliferation as well as suppressed tubule formation from
ECs [135]. As studies designed to better comprehend VE-
cadherins role in angiogeneses have been completed, it has
become clear that the role of cadherins in the angiogenic
pathway is larger than just their adhesive activity. The
ability of VE-cadherins to interact with various signaling
molecules suggests that it has a role in EC growth, migration,
survival, and morphogenesis [133]. Although VE-cadherin
inhibitors alone are not capable of suppressing angiogeneses
at this time, combining a VE-cadherin inhibitor with other
inhibitors of angiogeneses may provide more complete
suppression.

2.3.9. Endoglin. Endoglin (Eng, CD-105) is a homodimeric
cell surface glycoprotein that serves as a coreceptor for TGF-β
[136]. Eng is found on proliferating ECs and also serves as an
EPC marker [137]. It has been observed that Eng expression
is greatly increased during angiogeneses and inflammation
[138]. Studies have shown that Eng can regulate TGF-β, but
the mechanism remains unknown [139]. With this function
in mind, researchers have investigated the use of anti-Eng-
based therapies in several different forms of cancer with
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the hopes of preventing tumor-based angiogeneses. Early in
vitro studies using anti-Eng mAbs in the presence of human
ECs showed that the mAbs greatly reduced growth of the
ECs [140]. Following this work, in vivo studies showed that
injections of anti-Eng mAbs into mice with colon or breast
cancer xenografts demonstrated significant reductions in
tumor size and had much greater survival rates than controls
[141, 142].

The United States FDA approved a multicenter phase I
clinical trial in 2008 using a naked anti-Eng mAB (TRC105)
in patients with advanced and/or metastatic cancers [143].
Preliminary results from this trial have suggested clinical
activity and tolerability of the mAb TRC105 in 17 patients
[143]. As we await further results, no conclusive decision can
be made about the clinical value of anti-Eng mAbs, though
there does appear a reason for optimism. While this trial
continues, several other groups have suggested conjugating
the anti-Eng mABs with toxic molecules to ensure that the
targeted ECs are killed. This model has had success in mice
with breast cancer without any measurable toxicity [144]. In
either case, Eng has been shown to be an important regulator
of angiogeneses and a better understanding of its mechanistic
course of action may help the drug design process in the
future.

2.3.10. Additional Factors. In addition to the factors men-
tioned above, many others have been shown to play impor-
tant roles in angiogeneses, but their effects on the vasculature
are not as widespread or as understood as the previously
mentioned factors. An example of this is Tumor Necrosis
Factor-α (TNF-α), a cytokine usually secreted by activated
macrophages. TNF-α has been shown to help stimulate
angiogeneses in vivo [50] and stimulate EC tube formation
in vitro [51]. Transforming Growth Factor-α (TGF-α) is
another cytokine secreted by macrophages and is capable
of stimulating angiogeneses and EC proliferation in vivo
[52]; however its role is still not completely understood.
Angiogenin is another small polypeptide whose role in
angiogeneses is still being investigated. It promotes angio-
geneses in chorioallantoic membrane and rabbit cornea
[53], but it is not mitogenic or chemotactic for ECs in
vitro [53]. Angiogenin helps support EC adhesion and
spreading in vitro [54]; however, its levels of synthesis are
inconsistent with the timing of neovascularization in vivo
[145]. Angiotropin is a polyribonucleopeptide originally
isolated from peripheral monocytes [55]. Angiotropin is
able to randomly induce capillary EC migration and tube
formation in rabbit skin [55] and may trigger proliferative
reactions in wound healing by activating microvascular ECs
[38].

2.4. Angiogeneses Inhibitors: Current Research and

Clinical Implications

2.4.1. Angiostatin. Angiostatin is a 38 kDa internal fragment
of plasminogen that displays inhibitory effects against tumor
angiogeneses [146]. When plasminogen is in the vicinity
of an implanted and/or primary tumor, it is cleaved by

an unknown protease; a product of this cleavage is the
antiangiogenic protein angiostatin [5, 147]. Research groups
have shown that the endogenous protein is capable of
inhibiting the growth of distant metastases [147, 148].

Experiments with angiostatin demonstrated that its
activity leads to several different physiological results. As
mentioned, angiostatin was shown to reduce the growth of
remote metastasis [147]. This is accomplished by increasing
the rate of apoptosis in metastatic tumors [149]. Apoptosis
is increased because angiostatin attacks the energy system
of the metastatic tissue by inhibiting ATP synthase F1F0,
leading to caspase-mediated apoptosis [149, 150]. Another
effect of activated angiostatin is the inhibition of capillary
endothelial growth in vitro [151]. Mice with gliomas and
melanomas experienced greatly reduced tumor growth and
neovascularization when they were genetically engineered to
express angiostatin [152, 153]. The activity of angiostatin was
also examined on a global level using microarray techniques.
A total of 189 genes had their expression levels altered
with treatment of angiostatin. Most of these genes were
involved in growth, apoptosis, and migration of ECs, as well
as inflammation [6, 154], demonstrating the wide range of
effects that angiostatin has within the body.

To date, several clinical trials have tested the efficacy
of angiostatin as a treatment for several forms of cancer.
Subcutaneous injections of recombinant human angiostatin
showed little to no toxicity in phase I clinical trials [155].
Phase II trials using angiostatin in combination with both
paclitaxel and carboplatin have been completed in non-
small-cell lung cancer (NSCLC) patients [156]. The response
rate of the combinational therapy was higher than previous
studies using the chemotherapy alone [156]. The group
reported that the overall response rate to the combined treat-
ment was 39.1%, another 39.1% of the patients remained
stable, while the last 21.7% of the patients saw their disease
progress [156]. Although the group did see improved rates
of treatment, they fell below the expected levels. Several
groups are working on alternate methods of administering
angiostatin to increase its success as a treatment. Experi-
ments using intravenous administration of angiostatin genes
complexed to cationic liposomes are ongoing [157].

2.4.2. Endostatin. Endostatin is an angiostatic 20-kD internal
fragment of the carboxy terminus of collagen XVIII [151],
an important proteoglycan in basement membranes. It was
originally discovered in the blood and urine of tumor-
bearing mice [151]. Two of the enzymes responsible for the
release of endostatin include elastase [158] and cathepsin L
[159]. Endostatin interacts with many different cell surface
proteins including the integrins (α5β1 and to an extent also
αVβ3 and αVβ5) [151] and several glycpians [160]. These
interactions result in altered EC adhesion and migration [6].

In vitro, endostatin inhibits EC migration, proliferation,
and tube formation [151], three key aspects of angiogeneses.
Inhibition of angiogeneses via endostatin leads to a reduction
of tumor growth in vivo [161]. It appears that this inhibition
is partially accomplished by reducing the expression of
VEGF [162]. Endostatin also has the ability to block existing
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VEGF from interacting with its receptor VEGFR-2 [163].
Endostatin reduces EC proliferation by arresting the EC cell
cycle through the downregulation of cyclin-D1 promoter
transcriptional activity [164]. As a result, the cell is unable
to progress through the G1/S transition. Recent studies
have also shown that endostatin disturbs the survival/death
balance via activation of the proapoptotic pathway through
the induction of caspase-9 activation [165]. These pathways
induction is due to the endostatin-led decrease of the anti-
apoptotic proteins Bcl-2, Bcl-Xl, and Bad [165]. Gene array
and proteonomic analysis have given insight into the vast
number of genes that can be affected by endostatin treatment
in human dermal microvascular ECs. Approximately 12%
of the 74,834 genes represented on the microarray chip had
altered expression levels when treated with endostatin [166].
Both angiostatin and endostatin cause apoptotic pathway
activation [166]. However, the identity and number of genes
regulated by endostatin differ from angiostatin, suggesting
alternative pathways of action.

Evidence for endostatin’s importance can been seen by
studying individuals with Down Syndrome. People with
Down Syndrome have a third copy of collagen XVIII due
to a trisomy of chromosome 21. These individuals tend to
have a 1.6–2 fold elevation of endostatin levels [167] and have
greatly reduced levels of malignant tumors (except testicular
cancer and megakaryocytic leukemia) [168], atherosclerosis
[169], and diabetic retinopathy due to neovascularization
[170]. These three diseases are all angiogeneses-dependent
[5], and showcase the important role that endostatin may
play in inhibiting unwanted pathogenic angiogeneses in
humans.

Endostatin is currently being analyzed for therapeutic
potential in several forms of cancer. Using animal studies,
a group recently demonstrated that it may be used as a
possible treatment to boost the post-operative prognosis
of osteosarcoma patients [171]. The study was designed to
determine whether antiangiogenic treatment could help pre-
vent the progression of pulmonary metastasis, a secondary
problem often associated with postoperative osteosarcoma
[171]. The group injected an adenovirus encoding endostatin
vector (Ad5CMV-mEnd) two weeks after tumor inoculation
[171]. The group found statistically significant differences
in the size and prevalence of pulmonary metastasis between
the control and treatment groups two weeks after the
administration of the vector [171].

A recently completed animal study investigated the use
of an endostatin-angiostatin fusion protein in Renal Cell
Carcinomas (RCCs). The group tested the fusion pro-
tein’s ability to inhibit tumor angiogeneses, tumor growth,
and metastasis [172]. All animals underwent postmortem
histopathological analysis of the liver, kidney, lung, spleen,
and brain to determine levels of metastasis. The mice
treated with the angiostatin-endostatin fusion protein had
a 97% primary tumor growth reduction compared to the
controls. In vivo tumor vascular imaging showed that the
fusion-treated group had fewer blood vessels, and decreased
lumen diameter [172]. These results indicate that sustained
angiostatin-endostatin gene therapy may provide a novel
treatment method for metastatic RCCs [172].

Clinical trials using endostatin for the treatment of
several types of cancer are ongoing. Phase I clinical tri-
als showed that endostatin is well tolerated by patients,
but its antitumoral activity was minimal at best [173–
175]. A multicenter phase II study of recombinant human
endostatin use in carcinoid neuroendocrine tumors and
pancreatic neuroendocrine tumors was recently completed.
The endostatin vector was given subcutaneously to 42
patients with the advanced form of either disease [176]. None
of these patients experienced significant toxicity; however
they did not demonstrate a clinically relevant radiological
response either [176]. Eighty percent of the patients receiving
treatment experienced disease stabilization, while the other
20% had further disease progression [176]. Although the
study found minimal benefit from the treatment, the group
admitted that the optimal therapeutic dosage and form
of administration are still unknown [176]. In addition,
it has been suggested that adding endostatin to current
chemotherapeutic strategies may enhance the efficacy of
the treatment for carcinoid and pancreatic neuroendocrine
tumors [176]. Another group examined the use of novel
recombinant endothelial endostatin (YH-16) also known
as “endostar,” for advanced NSCLC patients in a phase
III trial [177]. The phase III trial treated one group of
patients with endostar in combination with vinorelbine and
cisplatin, while the other group of patients only received
only vinorelbine and cisplatin [177]. The group that received
endostar saw a response rate of 35.4%, while the group
that received the chemotherapeutics alone saw response
rates of only 19.5%. The median time to progression was
6.3 months in the endostar-treated group compared to 3.6
months in the control group. The clinical benefit rates
for the chemotherapeutic and endostar-treated group were
73.3% while the rates for group receiving vinorelbine and
cisplatin alone were 64% [177]. Overall, the study found
that the addition of endostar to the vinorelbine and cisplatin
treatment resulted in significant and clinically meaningful
improvement compared to the vinorelbine and cisplatin
treatment alone.

2.4.3. Tumstatin. Degradation of type IV collagen releases a
28 kDa fragment known as tumstatin, a compound that also
displays antiangiogenic properties [178]. Tumstatin binds
the αVβ3 integrin, which results in G1 arrest and the
induction of EC apoptosis [179]. Mice models have shown
that exogenous tumstatin is able to inhibit the growth of
tumors [179]. In addition, tumstatin-deficient mice had a
much greater microvessel density near implanted murine
tumors, and the mice had a 300% increase in overall tumor
growth [5].

Animal studies determining the viability of tumstatin
as an antiangiogenic-drug have been and continue to be
completed. Tumstatin treated mice with teratocarcinomas
showed over a 90% reduction in tumor size compared to con-
trols [180]. The same group also examined a combination
of anti-VEGF (Avastin) and tumstatin treatment compared
to the tumstatin treatment alone. The animals receiving
the combination treatment saw a statistically significant
reduction in tumor growth when compared to the tumstatin
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alone or a placebo [180]. These findings demonstrated strong
preclinical evidence for a future treatment of cancer with an
anti-VEGF Ab alongside a tumstatin peptide [180]. Another
recently completed animal study examined gene delivery of a
tumstatin fragment into hepatocellular carcinomas (HCCs)
[181]. In vivo intratumoral injection of the tumstatin
fragment (pSecTag2B-tum-1) greatly diminished the growth
of preestablished human HCCs [181]. In addition, there was
a decrease in the amount of CD-34 positive vessels in the
tumor [181].

2.4.4. Platelet Factor-4. Platelet Factor-4 (PF-4) is a chemok-
ine naturally secreted by platelets that normally promotes
blood coagulation. In addition to this role, PF-4 is also
known to be an inhibitor of angiogeneses. PF-4 is secreted
from the alpha-granules of activated platelets and binds
with high affinity to heparin-like glycosaminoglycans on the
surface on ECs blocking them from further activity [6].
Studies have also shown that PF-4 blocks the upregulation
of MMP-1 and MMP-3, inhibiting EC migration [182].
Finally, PF-4 is also capable of inhibiting the EC cell cycle
by impairing pRB phosphorylation [183].

Despite the antiangiogenic and antitumoral effects of
PF-4 in murine human tumor implant models [184], PF-
4 has not proven to be an effective treatment for human
cancers [185]. The early failure of PF-4 as a monotherapeutic
treatment led researchers to examine different approaches for
the use of PF-4 as an angiostatic agent. Recently, researchers
produced a novel peptide containing the active fragment of
PF-4 along with vasostatin, an inhibitor of EC proliferation
[186]. This peptide was examined as a potential angiostatic
agent in chick embryos. In vivo neovascular growth was
compared between a group receiving the novel peptide,
a group only receiving vasostatin, another receiving PF-4
alone, as well as a control. The chick embryos receiving
the novel peptide showed a statistically significant reduction
in angiogeneses when compared to the other groups [186].
Although the study was only completed in animals, it
demonstrates another possible drug that may be used to
inhibit tumor angiogeneses.

2.4.5. Thrombospondin. Thrombospondin-1 (TSP-1), the
first naturally occurring angiostatic protein discovered, is a
multidomain matrix glycoprotein that has been shown to
be a natural inhibitor of neovascularization [187]. Unlike
previous angiostatic agents discussed, TSP-1 is a native, full-
length protein. TSP-1 is stored in α-granules of platelets,
where it is complexed with TGFβ1 [188]. When released
from the platelets and free from TGFβ1, TSP-1 inhibits the
migration of ECs [189] and induces EC apoptosis [190]. To
slow migration, TSP-1 binds to EC surface receptors capable
of promoting promigratory signals [189]. The induction of
apoptosis in ECs is associated with TSP-1’s ability to alter
the concentrations of several important apoptotic factors.
TSP-1 upregulates Bax, downregulates Bcl-2, and activates
the caspase-3 intrinsic pathway, leading to programmed
EC death [191]. Other experiments have shown that mice
depleted of TSP-1 saw a 250%–300% increase in tumor

growth rate when implanted with murine tumors [1].
Microvessel density was also increased near the tumor in
these mice [5].

A phase I clinical trial using ABT-510, an angiogenic
inhibitor derived from TSP-1, has been completed. This drug
was delivered subcutaneously in patients with advanced solid
malignancies. Although the phase I trial was not designed
to test efficacy, 6 of the 39 patients saw disease stabilization
after the treatment [192]. The toxicity effects associated
with ABT-510 were minimal and deemed safe for future
trials [192]. The use of ABT-510 alongside chemotherapeutic
agents has also been examined. A phase I clinical trial
investigated the use of ABT-510 with gemcitabine-cisplatin
chemotherapy in patients with solid tumors [193]. This study
found no clinically significant pharmacokinetic interactions
between the combined drugs. Despite the low doses, 3 of
the 12 patients tested saw a partial response with the drug
treatment [193]. Another phase I trial examined the toxicity
profile of ABT-510 along with the chemotherapeutics 5-
fluorouracil and leucovorin [194]. Minimal toxicity was
found by combining the drugs, and 4 of the 12 patients
had tumor stabilization posttreatment [194]. Both of the
combined phase I trials stated that the optimal dosage
for ABT-510 has not been established yet, and determin-
ing these values would be important in future clinical
trials.

2.4.6. Tissue Inhibitors of Metalloproteinases. Tissue Inhib-
itors of Metalloproteinases (TIMPs) are a family of proteases,
derived from cartilage, which inhibit MMPs. As previously
mentioned, MMPs play an integral role in the initiation of
angiogeneses. They are responsible for EC basement mem-
brane degradation and EC remodeling [3, 67]. The newly
formed ECM developed by MMPs during the angiogenic
response provides a scaffold for ECs to adhere, migrate,
and form tubes for nutrient delivery. The inhibition of
MMPs by TIMPs reduces the angiogenic capacity of ECs
[195, 196]. High levels of TIMP-1 greatly inhibit migration
of ECs through gelatin in vitro [197]. The invasive poten-
tial, growth, and neovascularization of metastatic murine
melanoma cells were inhibited in vivo when transfected with
TIMP-2 [195].

The role of TIMP-3 in tumor angiogeneses was examined
using mice models. The study found that TIMP-3 treatment
of mice with lung cancer led to reduced angiogeneses in
vivo through the inhibition of the VEGF-VEGFR-2 signaling
pathway and the induction of EC-apoptosis [198]. The
inhibition of this pathway and the EC associated death
are in part due to the inhibition of MMP-2 by TIMP-3
[198]. Another study investigated the use of TIMP-1 gene
transfer through an adenovirus as a way to treat established
gastric cancer in nude mice. Compared to controls, mice
transfected with TIMP-1 gene saw a significant reduction
in the mean number of tumor vessels [199]. Although
the exact mechanism of TIMPs inhibition of cancer pro-
gression remains unclear, TIMPs should still be considered
for therapeutic trials because of their success in animal
models.
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2.4.7. Interleukins. Interleukins (ILs) are a group of
cytokines that are released by leukocytes and control a
wide range of biological activities. A few of these ILs have
been shown to affect the growth of blood vessels [200].
The ability to either enhance or suppress angiogeneses is
based on a Glu-Leu-Arg (ELR) motif at the NH2 terminus.
IL-8 possesses this sequence (discussed later), and therefore
enhances angiogeneses, while IL-4 does not contain the
motif, and is an inhibitor of angiogeneses [200].

IL-4 acts as an inhibitor of tumor growth [201], but its
mechanism of action likely varies with different tumor cells.
For example, IL-4 is thought to directly inhibit proliferation
of cells from cancers such as colon tumors, head and neck
tumors, and glioblastomas [202], while in other cases it is
thought to induce a host immune response against the tumor
cells such as in B-cell lymphomas and melanomas [203].
There is also evidence that IL-4 inhibits neovascularization,
thus inhibiting tumor growth. In vitro, IL-4 inhibits migra-
tion of ECs towards bFGF. In vivo, IL-4 has been shown to
inhibit neovascularization in rat corneas that should have
been induced by the high concentration of bFGF present
[204]. These experiments demonstrate that IL-4-mediated
suppression of tumor growth may be due to IL-4s ability
to inhibit angiogenic processes. Other noncancer-related
animal studies have shown IL-4’s antiangiogenic capabilities
in vivo. One such study examined rats with adjuvant-
induced arthritis. One set of animals received an adenovirus
capable of producing IL-4, another group received a control
virus without the IL-4 producing capabilities, and the last
received a saline injection [205]. The group treated with
the IL-4 producing adenovirus saw a statistically significant
reduction in blood vessel growth [205]. The reduction
in angiogeneses from the IL-4 treatment appears to be
associated with a change in the pro- and antiangiogenic
cytokine levels [205]. Although the study was designed
to study inflammatory arthritis, knowledge gained about
IL-4 could be used for the treatment of cancer in the
future.

2.4.8. Interferons (IFNs). Interferons (IFNs) belong to a large
family of secreted glycoproteins known as cytokines. They are
produced and secreted by a wide variety of immune-related
cells and IFN-α has been shown to inhibit angiogeneses in
vivo [206]. It is thought that both IFN-α and IFN-β are
able to inhibit angiogeneses by repressing bFGF mRNA and
protein levels [207]. In addition to the downregulation of
key angiogeneses signaling factors, IFN-α also inhibits the
migration of EC cells in vivo [208].

Several clinical trials have been performed investigat-
ing the administration of IFN-α in combination with
chemotherapeutics in different forms of cancer. Many studies
have used PEG IFN-α, a form of IFN-α that has been
modified to have a longer half-life and thus have a greater
opportunity to reduce angiogeneses [209]. A phase I trial
completed tested the effect of subcutaneous injections of
PEG IFN-α and recombinant IL-2 in patients with metastatic
RCC [210]. Minimum toxicity was found at most levels, and
an unsafe level of the drug combination was determined.
Of the 34 patients in the study, 15% saw a partial response,

68% had disease stabilization, and 18% had their disease
continue to progress. Overall, the median survival was 31.9
months for patients treated and their median progression-
free survival was 9.0 months [210]. Both the median survival
time and the median progression-free survival time were
slightly greater than the average control reported in the
literature [210]. It was determined from this study, though,
that IFN-α alone or in combination with IL-2 is not the
optimal treatment of RCCs. The group did suspect that the
use of IFN-α in combination with Avastin (a monoclonal
Ab that targets VEGF) may provide a better treatment for
RCC [210]. This theory was tested in a clinical trial using
patients who also had metastatic RCCs. They reported that
the median progression-free survival in patients receiving
the combined Avastin and IFN-α treatment was double
that of patients only receiving IFN-α and a placebo [211].
The combined therapy also showed improvement in overall
response rate from 13% in the IFN-α alone group to 32% in
the combined treatment arm of the study [211]. A clinical
benefit was seen in 79% of the patients receiving combined
treatment versus 65% in the IFN-α alone treatment group
[211]. Lastly, the median duration of tumor response was
13.5 months in the combined drug group while it was only
11.1 months in the IFN-α only group [211]. After completion
of the study, it was observed that the levels of IFN-α used
were higher than the optimal dosage, and it is likely that
treatment with slightly lower levels of IFN-α would have
seen greater clinical benefit in both groups [211]. The study
determined that the combination therapy was an effective
first-line treatment option for metastatic RCC [211], and
further trials should be conducted to determine optimal
dosages.

In addition to metastatic RCCs, clinical trials have also
tested the use of PEG IFN-α as a treatment for metastatic
melanomas. A phase I trial using PEG IFN-α determined that
it was safe and effective in humans [212]. A phase II trial
then investigated the use of Dacarbazine (DTIC) alongside
PEG IFN-α for the treatment of metastatic melanomas. Of
the 25 patients who completed the study, 8% had complete
remission from the treatment, while another 16% had
partial responses [209]. Stable disease was found in 4% of
patients while 72% had their disease progress. Although
the treatment proved that the combinational treatment
was not toxic, the efficacy of the treatment could not be
determined because the study did not compare different
regimens of treatment [209]. Despite this, the 24% overall
response rate, including two long-term complete responses,
is promising and warrants more clinical investigation
[209].

2.4.9. Tumor Angiogeneses. Tumors begin as an avascular
mass of host-derived cells that proliferate atypically because
they have lost the ability to control their growth [3]. Tumors
initially survive and thrive on vasculature that is already
available in the surrounding host environment [36]. In
order for tumors to grow beyond 2-3 mm3, they need a
continual supply of blood to remove waste and deliver
nutrients [1]. Hypoxia of tumor cells will occur if the
tumor grows beyond the maximum distance of effusion
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from local vessels (around 200 μm) [36]. In order to counter
this lack of oxygen, tumor cells will attempt to create new
blood vessels to supply their needs in a mechanism that
closely resembles normal angiogeneses [3]. This process and
several important tumor-derived factors are illustrated in
Figure 3.

The blood vessels formed during tumor-induced angio-
geneses are abnormal. The walls of tumor vessels are usually
made of a combination of both tumor cells and ECs [213].
Functional pericytes are often absent from the peripheral
blood vessels [214], leaving an incomplete basement mem-
brane. This causes those vessels to be especially leaky and
dilated [215]. Recently, it was found that, although the
majority of tumor vasculature does not possess pericytes,
some tumors keep a core of blood vessels alive and functional
because the vessels are protected by pericytes [216, 217].
This concept emerged from several studies that showed
VEGF signaling inhibition led to a large reduction in tumor
vascularity. However, functional vessels that remained after
treatment were small in diameter and covered with pericytes
[216, 218]. The morphology of these surviving tumor vessels
was very different from normal dilated tumor vessels which
are sparsely populated with pericytes [216, 218]. These
observations support the prevailing thought that tumor
vessels lacking pericytes are more vulnerable to anti-VEGF
treatment [218, 219].

Like the normal angiogenic process, tumor angiogeneses
is reliant on VEGF and other angiogenic proteins. Increased
levels of VEGF and its receptor VEGFR-2 have been
observed in many cancers, including metastatic human colon
carcinomas, where increased levels were shown to directly
increase tumor vascularization [220]. Breast cancer patients
with higher levels of VEGF expression have increased
intratumoral vascularization and a worse prognosis [221].
Experiments with monoclonal Abs against VEGF, or genetic
inactivation of VEGF (or VEGFR-2), have dramatic decreases
in angiogeneses and neovascularization in several different
forms of cancer [83–85]. VEGF is stimulated by the hypoxic
conditions near the central necrotic tissue of solid tumors
[222]. The mechanism of tumor blood vessel growth acti-
vated by VEGF is similar to the normal angiogenic response
to hypoxic conditions. Neovascularization occurs in both
cases to help meet the metabolic needs of cells [2, 3].
In addition to the endovascular stimulation attributed to
VEGF, it can also increase vascular permeability [28, 29, 223,
224], explaining the leaky blood vessels observed in tumors.
VEGF has many important roles in tumor angiogeneses and
therefore its inactivation has often been a target of tumor
therapy.

Ang-2 plays a more important role in tumor angiogene-
ses than it does in normal angiogeneses. As an antagonist
for Ang-1, it is largely responsible for blood vessel destabi-
lization seen in vasculature surrounding tumors. Normally,
destabilization leads to blood vessel breakdown, but in the
presence of VEGF, the vasculature is readily receptive to
VEGF-mediated growth [225]. Ang-2 expression in ECs of
tumor vessels greatly exceeds that of ECs in normal blood
vessels and can be used as an early biomarker of tumor-
induced vascularization [226]. Besides giving the growing

vasculature plasticity in the presence of VEGF, it also plays
an important role in the initial stages of tumor angiogeneses.
During early tumor development, VEGF levels are greatly
reduced, but Ang-2 mRNA levels are high [227]. At this
stage, Ang-2 is responsible for the degradation and regression
of blood vessels associated with early stages of tumor
angiogeneses. As the tumor continues to grow in size, it
eventually reaches a point where it requires more nutrients,
thus levels of VEGF rise and new capillary growth can
begin.

FGF was the first tumor-derived factor found to stimulate
neovascularization and EC proliferation in vivo [228]. The
importance of bFGF in tumor angiogeneses was confirmed
by the use of bFGF receptor inhibition in tumor-injected
mice. Inactivation of bFGF receptor led to decreased tumor
growth [228] and blood vessel density [229]. Based on
the time that bFGF is active during tumor angiogeneses,
it has been suggested that bFGF is important in main-
taining this process, as opposed to VEGF which likely
initiates tumor angiogeneses [229]. However, bFGF has
also been shown to help increase VEGF production [230],
upregulate VEGF mRNA in vascular smooth muscle [231],
and increase VEGF receptor density in microvascular ECs
[232].

It was recently discovered that TGF-β signaling behaves
as a strong activator of tumor growth and metastasis through
stimulation of angiogenic processes [233, 234]. It is believed
that TGF-β expression by neoplastic cells acts to induce
the stromal reaction, which results in the formation of a
reactive stroma microenvironment that is thought to pro-
mote angiogeneses and tumor growth [235]. It has also been
shown that the use of neutralizing Abs against TGF-β leads
to a reduction in the amount of blood vessels surrounding
implanted tumors and greatly inhibits angiogeneses in these
regions [235].

Heparanase is highly reactive 50 kDa protein known
to induce tumor angiogeneses [236]. Heparanase is pref-
erentially expressed in both melanoma and carcinoma
[237]. Transfection of both nonmetastatic T lymphoma and
melanoma cell lines with the heparanase gene caused both
cell lines to become highly metastatic in vivo [236]. In
addition, T lymphoma cells transfected with the heparanase
gene saw a considerable increase in neovascularization near
implanted tumors when compared to the nontransfected T
lymphoma cells [236]. Heparanase stimulates angiogeneses
directly by promoting EC invasion and vascular sprouting
[3]. Heparanase also helps release bFGF that is bound to
heparin sulfate at the ECM [236], increasing local bFGF
levels. The increase in the local bFGF concentration is
thought to contribute to the increased neovascularization
measured near implanted tumors.

Interleukin-8, which is produced by macrophages, is
not an important factor in normal angiogeneses. How-
ever, IL-8 appears to be a central mediator of tumor-
derived angiogeneses. Elevated levels of IL-8 have been
documented in several types of neoplastic tissues [238].
The increased expression of IL-8 correlates with ampli-
fied neovascularization density [238, 239] as well as an
increase in tumor growth [238]. Melanoma cells forced to
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continually express IL-8 were highly tumorigenic and had
greater metastatic potential compared with parental and
control transfected cells [238]. An important characteristic
of IL-8 is its ability to increase levels of MMP-2 which
degrades the EC basement membrane and remodels the
ECM, initiating the early phase of tumor angiogeneses
[21]. IL-8-transfected melanoma cells displayed greatly
increased levels of MMP-2, while transfection of identical
melanoma cells with VEGF and bFGF did not affect MMP-
2 levels [240, 241] demonstrating that this is an impor-
tant but separate mechanism involved in tumor-induced
angiogeneses.

It is obvious that many different factors play an impor-
tant role in tumor angiogeneses. To date, VEGF has been
shown to play the most dominant role, but many other
factors such as IL-8, MMP-2, heparanase, TGF-β, and bFGF
also play an essential part in the process. Because so many
factors are involved with tumor angiogeneses, it is likely that
several of these factors must be inhibited simultaneously in
order to significantly reduce the unwanted angiogeneses and
eventual tumor metastasis.

3. Future Directions

Currently, investigation into mechanisms of angiogeneses
inhibition in cancer is an important and promising area of
research. Prohibiting angiogeneses is an important thera-
peutic approach for fighting cancer, reducing atherosclerosis,
and preventing blindness due to retinal neovasculariza-
tion in diabetic patients. In recent years, several new
angiostatic therapies have been tested and approved by
the FDA; examples include Avastin, Tarceva, and Lucentis
[242]; several others are currently being tested in phase III
trials throughout the country. Among them are possible
angiostatic treatments for many different types of cancer
including esophageal cancer, pancreatic cancer, lymphoma,
renal cell cancer, gastric cancer, and many others [82].
Important advances have also taken place in defining the
molecular understanding of angiogeneses. This includes a
greater understanding of both angiogeneses as a whole as
well as the mechanism of antiangiogenic drugs currently
being used. However, the many studies using anti-VEGF
treatments illustrate that our knowledge of the angiogenic
pathway remains incomplete. In the past, it was thought that
angiostatic treatment would create a form of cancer treat-
ment that would evade the problem of resistance [243, 244].
As clinical trials continue, it now appears that many tumors
can overcome the use of angiogenic inhibitors, thereby
acquiring a way to bypass the therapeutic angiogeneses
blockade [9, 82, 90]. Although there are several different
adaptive mechanisms that tumors may employ to overcome
antiangiogenic therapy, two concepts have emerged as the
most likely candidates [82]. The first is that tumors are able
to activate or upregulate alternative proangiogenic pathways
after the first pathway is inhibited. An example was observed
in animal models when a monoclonal Ab that specifically
blocked VEGFR signaling was used in mice with tumors.
The mice saw an initial response to the treatment, and the

tumors possessed reduced vascularity [245]. After a short
period of time, however, the tumors saw a reinitiation of
tumor angiogeneses. When the tumors were resected and
studied, they were found to express greater levels of mRNA
for the proangiogenic factors FGF and Ang-1. This change
in expression helps explain one possible method the tumors
are employing to overcome VEGF inhibition. To further
test the effect of upregulation of alternative proangiogenic
factors, a similar study was conducted in which some mice
were treated with VEGF inhibitor alone while others were
treated with a VEGF inhibitor as well as an FGF trap. Mice
treated with combinational therapy saw a great reduction
in vascularization and slowed tumor growth [245]. Yet
another study in mice showed that the induction of IL-8 was
able to maintain angiogenic capability in tumors that did
not express HIF-1α, an inducer of VEGF expression [246].
This alternative pathway illustrates another proangiogenic
pathway that tumors may use to increase vascularization.
Together, these studies have begun to shed light on why
anti-VEGF treatments alone may have seen limited results in
clinical trials.

The other theory to why tumors have been able to
withstand the anti-VEGF treatment is that resistant tumors
have increased pericyte support on their tumor vasculature.
The pericytes are believed to protect the remaining vessels
and defend against the anti-VEGF treatment [219, 247].
The hypothesis states that tumor pericytes are most likely
expressing appreciable levels of VEGF and possibly other
proangiogenic factors [247]. In addition, pericytes are capa-
ble of reducing the rate of EC proliferation which allows
EC maturation and stabilization in newly formed blood
vessels [248]. Currently, several ongoing clinical trials are
attempting to prevent tumor angiogeneses by inhibiting
pericyte association with tumor vasculature along with
angiogenic factors [82, 219].

These two ongoing theories showcase the current prob-
lems in the field of antiangiogenic research in cancer. After
several years of clinical trials, it appears that targeting one
angiogenic factor is not enough to permanently halt neo-
vascularization in most tumors. Although these results were
initially disheartening, they also opened up the possibility
of other angiostatic therapies. Many clinical trials now use
existing chemotherapeutic drugs or radiation along with
antiangiogenic drugs. This two-front attack has had more
success than antiangiogenic drugs or chemotherapy alone in
a majority of patients [5, 118, 249].

As research continues, more information is also being
uncovered about the angiogenic pathway. Increased under-
standing of the angiogenic pathway will allow for develop-
ment and use of drugs that can target several angiogenic
factors concurrently, allowing greater inhibition of angio-
geneses, and increasing the likelihood of therapeutic success.
Although the benefit of antiangiogenic treatments has not
been as great as initially anticipated, many advances have
come from their development and clinical use. However,
with time, it is likely that the success of angiogenic treatment
in cancer will continue to improve and we will come ever
closer to the original goal of curing cancer and other
angiogenic-related diseases.
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Ang: Angiopoieten
Ab: Antibody
AMD: Age related macular degeneration
CD: Cluster of differentiation
Eng: Endoglin
EC: Endothelial cell
EPC: Endothelial progenitor cell
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Tumor development is a complex process that relies on interaction and communication between a number of cellular
compartments. Much of the mass of a solid tumor is comprised of the stroma which is richly invested with extracellular matrix.
Within this matrix are a host of matricellular proteins that regulate the expression and function of a myriad of proteins that regulate
tumorigenic processes. One of the processes that is vital to tumor growth and progression is angiogenesis, or the formation of new
blood vessels from preexisting vasculature. Within the extracellular matrix are structural proteins, a host of proteases, and resident
pro- and antiangiogenic factors that control tumor angiogenesis in a tightly regulated fashion. This paper discusses the role that
the extracellular matrix and ECM proteins play in the regulation of tumor angiogenesis.

1. Introduction

Conventional cancer treatments typically target the epithe-
lial component of carcinomas, which represent a varying
proportion of tumors. More recently, a paradigm shift
has occurred wherein epithelial cells are being evaluated
as a functional and complex system along with stromal
components [1]. These stromal cells are typically recruited
by tumors and include fibroblasts, endothelial cells, smooth
muscle cells and immune cells. Recruitment of stromal
factors not only provide a structural extracellular matrix
(ECM) scaffold that provides structural support, but also
generates pleiotrophic effects which contribute to tumori-
genecity, thus a tumor phenotype is not only characteristic
of the transformed cells, but also the ECM and stroma
surrounding the cells. Stromal recruitment and alterations
in the ECM result in complex communication networks
between cancerous cells which may provide ideal targets for
future therapies [2, 3].

The extracellular matrix provides structural support
for cells within a tumor providing anchorage for cells
and separating tissues, however it also acts homoestatically
to mediate communication between cells and contributes

survival and differentiation signals. The ECM contains a
basement membrane that separates cells from the interstitial
matrix. At this junction, molecular components of the
ECM can be found including proteoglycan, nonproteoglycan
polysaccharides, and various fibrous proteins. The carbohy-
drate polymers and proteins are organized in such a way that
an interlocking meshwork exists and is the basic framework
for the ECM.

It is known that the ECM has structural components
that neoplastic cells can exploit to create a protumor
environment. Studies have found that injecting tumorigenic
cells into the site of origin (orthotopically) results in a
more replicable onset and progression in a variety of tumors
in different mouse models [2, 3]. Others have reported
the necessity of the native microenvironment in order to
accurately mimic the metastatic disease [4]. Our laboratory
has investigated this relationship between tumor cells and
the host stroma using an orthotopic model of epithelial
ovarian cancer. In this model, transformed epithelial cells are
injected directly under the ovarian bursa where they can then
colonize and grow. In this model, the ovarian epithelial cells
interact with the ovarian stroma and result in the formation
of primary serous adenocarcinoma, numerous secondary
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peritoneal lesions, and the formation of abdominal ascites
which closely replicate the features of human epithelial
ovarian cancer. The importance of the interaction between
the epithelial cells and the tumor stroma is apparent as this
interaction causes a reprogramming of the epithelial cells,
increasing their metastatic potential; when the tumorigenic
epithelial cells were injected intraperitoneally instead of
orthotopically, the lack of stromal interaction resulted in
the formation of small spheroids within the abdomen, as
opposed to well-differentiated peritoneal lesions generated
with the orthotopic model [5].

2. Tumor Angiogenesis

Investigation into the roles of the tumor stroma have
established that the ECM plays an important role in tumor
vascularization [6]. Cancer cells which have acquired several
mutations have the ability to be: self-sufficient in growth
signalling via activation of oncogenes or loss of tumor sup-
pressor genes, insensitive to antigrowth signals, unresponsive
to apoptotic events, capable of limitless replication, and
tumorigenic. Although all of these neoplastic properties are
necessary for tumor development, they are not sufficient to
become clinically relevant cancers unless the tumor is able to
recruit its own blood supply [8]. In most tumors, new blood
vessels are formed through a process called angiogenesis, in
which new blood vessels form from preexisting vasculature
[7, 8]. Tumors require the ability to establish an angiogenic
phenotype, which occurs via the angiogenic switch [9]. The
angiogenic switch is regulated by a balance between pro and
antiangiogenic factors and when the balance is disrupted,
pathological conditions such as cancer can result [10].

Proangiogenic factors such as growth factors and
cytokines stimulate the formation of tumor blood vessels.
Two of the most critical and widely studied proangiogenic
factors include vascular endothelial growth factor (VEGF)
[11] and basic fibroblast growth factor (bFGF) [12, 13]
(reviewed in [14]). These factors stimulate endothelial cells
to produce and export various proteolytic enzymes that
enable cell invasion and metastasis by degradation of the
extracellular and intracellular proteins of the ECM, allowing
endothelial cells to proliferate, and migrate into surrounding
tissues, [15]. Under normal physiologic conditions these
proteolytic enzymes are involved in wound healing and
matrix remodelling. Overexpression of VEGF [16, 17] and
bFGF [18–21] have been shown to promote tumorigenic
properties by triggering angiogenesis. Therefore, inhibition
of proangiogenic factors or upregulation of antiangiogenic
factors could lead to an effective therapeutic approach.
Ultimately, the angiogenic shift must favour expression of
antiangiogenic factors in order for vessel regression to occur.

3. Regulation of Angiogenesis by the ECM

The angiogenic process is complex and involves endothelial
cell proliferation and migration, degradation of the blood
vessel basement membrane and associated extracellular
matrix. Following endothelial cell proliferation and early

tube formation, newly formed vessels differentiate into
arterioles and venules, necessary to provide blood supply
to tumors [8, 22]. Remodelling of the ECM is an integral
component of the angiogenic process. A variety of mecha-
nisms have been documented about how the ECM plays a
pivotal role in regulating angiogenesis (reviewed by [23]).
The ECM is composed of a network of fibrous proteins
and glycosaminoglycans (GAGs). GAGs are carbohydrate
polymers that form proteoglycans that are involved in
both keeping the EMC and surrounding cells hydrated
and trapping and storing growth factors. Therefore, GAG
molecules may employ a variety of regulatory effects on
the accessibility of angiogenic factors [24, 25]. Release
of proteolytic enzymes leading to the degradation of the
ECM results in the release of ECM-bound growth factors
such as VEGF ([26]; reviewed by [25]). Heparan sulfate
glycosaminoglycans (HSGAGs) are a diverse family of GAGs
that include the syndecans, glypicans, perlecans and agrins.
Members of this group of proteins play a key role in the
modulation of angiogenesis. HSGAGs that are present on the
surface of endothelial cells have the ability to either inhibit or
promote neovascularization by mediating signalling through
VEGF receptors [27] or bFGF [28, 29]. As well, HSGAGs
can also act as a binding site for antiangiogenic factor
endostatin [30]. Fibrous proteins include collagen and elastin
both of which are well characterized structural proteins
components of the skin, connective tissue and blood vessel
walls. Collagen involvement in angiogenesis has recently
received a great deal of attention. Metabolic inhibition of
the synthesis of type I and IV inhibits capillary formation
on the CAM [31]. Data has shown that components of
the ECM can have both pro and antiangiogenic effects.
Proteases involved in degrading the ECM and often activated
during remodelling can promote angiogenesis by stimulating
migration of endothelial cells or by releasing proangiogenic
growth factors [32, 33]. Angiogenesis can also be inhibited
when antiangiogenic compounds are secreted from the
fragments formed during proteolytic cleavage of matrix
molecules [34, 35]. This paper will focus on proteases and
matrix-related molecules that have been found to influence
tumor angiogenesis.

4. ECM Proteins Involved in Remodeling and
Tumor Angiogenesis

Major ECM proteins that promote angiogenesis include
collagen, laminin and fibronectin. Collagen IV and laminin
are predominate proteins of the basal lamina, a 50 nm wide
ECM that provides structural support for endothelial cells
and creates a separation from the adjacent perivascular cells.
The majority of ECM proteins mediate angiogenesis through
arginine-glycine-aspartic acid (RGD) motifs which bind to
integrins that mediate outside in signalling. Endothelial cells
in a resting quiescent state exhibit the lowest mitotic index
of cells within the body [36]. Induction of angiogenesis
and remodelling of the ECM is characterized by increased
permeability and cytoskeletal and cell-to-cell contact changes
which results in newly formed focal contacts mediated
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primarily by integrins. Fibronectin is produced by both
activated endothelial and smooth muscle cells, levels are aug-
mented during angiogenesis by delivery of fibronectin from
circulation by increased vascular permeability. Fibronectin
contains the arginine-glycine-aspartic acid (RGD) protein
motifs that bind to the integrin α5β1. This integrin receptor
is markedly up regulated during angiogenesis and is over-
expressed in endothelial cells in tumors. Mice genetically
engineered to lack the α5 integrin subunit die during
embryogenesis due to fail of the yolk sac vasculature to form
properly [37–39]. The collagen integrin receptors (α1β1 and
α2β1) also play a positive role for angiogenesis. Use of a
potent and specific α1β1 inhibitor Obtustatin, is able to
inhibit angiogenesis in the chick chorioallantoic membrane
(CAM) assay and in the Lewis lung syngeneic model [40, 41].
Finally laminin peptides derived from the α1 chain mediate
angiogenesis in vitro [41–43]. Receptors involved in laminins
proangiogenic properties have not been fully elucidated,
α6β1 receptor may play important role in tube formation
[44].

Proteolytic activity of the ECM facilitates degradation
of the basement membrane, matrix remodelling, and cell
migration and invasion, all of which are essential for
angiogenesis. In order for angiogenesis to occur, activation
of proteases is essential. However, aberrantly excessive degra-
dation of the ECM does not permit developing vessels [32].
Therefore, in a similar fashion to the regulation of angiogenic
processes by angiogenesis by pro and antiangiogenic factors,
activation of proteolytic enzymes of the ECM is also tightly
regulated. There are two main classes of enzymes that have
been studied for their abilities to degrade and remodel
the ECM: the plasminogen activator (PA)/plasmin system
and matrix metalloproteinases (MMPs), which have been
reviewed for their roles in angiogenesis [45]. To date, a
number of MMPs have been shown to degrade the vascular
basement membrane and matrix in order to permit vascular
sprouting. The activity of these proteases is regulated by
endogenous tissue inhibitors of metalloproteinases (TIMPs)
which generally have antiangiogenic properties.

MMPs are a group of zinc-dependent proteases that are
involved in the degradation and remodelling of the ECM in
order for processes such as angiogenesis to occur. The MMP
family consists of over 20 proteases and many of them have
been implicated in tumorigenesis [32]. Those that have been
reported to have proangiogenic actions are described below.
By degrading the matrix, MMPs not only provide physical
space within the matrix for migration, but also provide
proliferation and differentiation signals to endothelial cells
by releasing cryptic sites on ECM proteins and soluble
growth factors. The involvement of MMPs in angiogenesis
has been supported through the use of knockout mice.
Studies involving knockout mice of the gelatinase type
MMPs (MMP-2 and MMP-9) have shown tumor angiogen-
esis [46]. Researchers have subsequently shown that MMP-
2 promotes an angiogenic phenotype, while suppression of
the protease inhibited angiogenesis [47]. MMPs cleave ECM
bound growth factors including proangiogenic factors [48].
Various MMPs have been found to cleave heparin bound
growth factors such as VEGF and bFGF, releasing soluble

forms which then exert proangiogenic actions and stimulate
the formation of new blood vessels [49]. In particular, it
was reported that MMP-9 stimulates the production of the
proangiogenic growth factor VEGF [50, 51]. Other members
of the MMP family have also been shown to enhance the
effectiveness of proangiogenic growth factors. Membrane
bound MMPs also mediate proangiogenic effects. Corneal
pocket implantation assays revealed that MT1-MMP can
potentiate the neovascularization effects of basic fibroblast
growth factor (bFGF) [52]. When cells that do not normally
express MT1-MMP were transfected with the matrix pro-
tease, angiogenesis was stimulated and in vivo, neovascular-
ization was associated with an increase in expression of VEGF
[53]. In a xenograft model of Glioma, cells that overexpressed
MT1-MMP were capable of remodelling a matrix in vitro and
had increased levels of angiogenesis in vivo. Consistent with
other studies, these changes in angiogenesis were correlated
with an increase in VEGF [54]. This is maintained during
situations in which MMPs are decreased, ultimately resulting
in a reduction in the levels of proangiogenic growth factors
[55]. Stromal recruitment of fibroblasts and immune cells
such as macrophages can also modulate MMP remodelling
of the stroma altering the signalling that ultimately results
in increases and decreases of angiogenesis. Recently loss
of PTEN signalling in stromal fibroblasts results in the
induction of ECM remodelling by the increase of the tran-
scriptional factor Ets2 which is an upstream target of MMP9
[56]. Protease mediated cleavage of the ECM also results
in the release of cryptic antiangiogenic factors. Cleavage of
basement membrane proteins, collagen XVIII and the α1, α2
and α3 chains of collagen IV release the angiogenic inhibitors
endostatin, arrestin, canstatin and tumstatin, respectively
[57]. Endostatin once release from mature collagen XVIII
binds to cell surface proteoglycans, VEGFR-2 and the α5β1
integrin to inhibit angiogenesis in vitro and in vivo [57].
Due to the longer half-life on these endogenous inhibitors of
angiogenesis, it has been hypothesized that they accumulate
in the serum of patients with larger primary neoplasia and
inhibit angiogenesis at distal sites and limit the growth
of metastatic foci until resection of the primary lesion
[58].

As mentioned, remodelling of the ECM is a tightly
regulated process. The inhibitory influence that the TIMPs
have on MMP expression and function therefore is an
important regulator of matrix degradation. Overexpression
of TIMP-1 has shown to suppress tumorigenesis, in part
due to its effects on the tumor vasculature. Immunostaining
revealed that mice that overexpressed the endogenous TIMP-
1 had significantly reduced tumor vessel density compared to
controls (REF). In vitro treatment with TIMP-1 showed that
tube formation was altered despite no significant changes
in endothelial cell proliferation. Decreased expression of
MMP-2 and MMP-9 in the tumors of TIMP-1 transgenic
mice but not in the in vitro experiments, suggest that
inhibition of the matrix degradation is not a direct effect
on MMPs, but may require the presence of a reactive stroma
[59]. In vitro, TIMP-2 decreases proliferation of endothelial
cells and inhibits angiogenesis in vivo [60, 61]. Other in
vivo experiments involving immunohistochemical analysis
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of tumors overexpressing TIMP-2 reported a decrease in
microvessel density compared to controls [62]. Although the
mechanisms by which protease inhibitors such as TIMP-2
inhibit angiogenesis are not well understood, it is thought
to be the result of a decrease in proangiogenic factors such
as VEGF [63] and bFGF [64]. TIMP-3 has also shown
to decrease angiogenesis, particularly through inhibition of
endothelial tube formation and disaggregation of endothe-
lial cells [65–67]. Support for TIMP-3 as a therapeutic
comes from studies involving animals that were deficient
in the protease inhibitor exhibited an increased angiogenic
phenotype [68]. TIMPs have been reported to not only
influence the vasculature, but in some cases, exert their
antiangiogenic properties through an MMP-independent
mechanism [69–71]. In 2003, Fernández et al. characterized
the antiangiogenic domains of TIMP-2, a protease inhibitor
which decreases endothelial cell proliferation. In this study,
they found that both terminal domains of the protein were
capable of inhibiting angiogenesis. It was also noted that
only the domain which does not function with MMPs was
able to inhibit mitogen-driven angiogenesis. This can be
interpreted that therapeutics that solely target MMPs to
inhibit angiogenesis might not be as effective as TIMPs
[72].

Another group of ECM proteins which have recently
been studied for their role in tumor angiogenesis are a
disintegrin and metalloproteinases (ADAMs) and a disin-
tegrin and metalloproteinase with thrombospondin motifs
(ADAMTs). Besides the addition of thrombospondin (TSP)
motifs on these proteases, the ADAMs are associated with
the membrane while the ADAMTs are secreted [73]. These
proteins belong to a similar family as MMPs and many of
them have been found to regulate angiogenesis directly or
through expression of MMPs. ADAM-17 has been reported
to play a role in angiogenesis as was evident from in vitro
experiments on endothelial cells. Inhibiting ADAM-17 not
only altered morphology of the endothelial cells but it also
decreased proliferation, leaving apoptosis unchanged. In
terms of elucidating how ADAM-17 influences angiogenesis,
this was determined to be the result of MMP-2 activation via
VEGF. The involvement of ADAM-17 was confirmed when
endothelial cells lacking the protein did not have an increase
in MMP-2 following VEGF treatment [74]. Evaluation of the
first thrombospondin repeat (TSR1) in ADAMTS5 revealed
inhibition of endothelial tube formation and proliferation
[75]. Unlike ADAM-17, ADAMTS5 induced endothelial cell
death even in the presence of VEGF, a potent proangiogenic
and growth promoting factor. ADAMTS1 and ADAMTS8
have also been identified for containing the antiangio-
genic domain (TSR1) of thrombospondin. Both these pro-
teins inhibited endothelial cell proliferation and suppressed
growth factor induced vascularization of various assays [76].
Luque et al., elaborated on the function of ADAMTS1 to
inhibit angiogenesis by decreasing VEGF. They found that
ADAMTS1 binds VEGF which ultimately interferes with its
ability to interact with its receptor VEGFR2, as was evident
from lack of phosphorylation [77].

The ECM protein SPARC is a multifunctional matricel-
lular glycoprotein that has been evaluated in various cancers

but its role as either a tumor promoter or inhibitor has been
controversial (reviewed by [78]). However, with respect to
its effect on blood vessels, SPARC has been reported to be
an antiangiogenic factor [79]. In this study, over-expression
of SPARC in a glioma cell line resulted in a decrease in
vascularity of xenograft tumors. It was also determined that
the antiangiogenic effects of SPARC were associated with
reduced tumor levels of VEGF [80]. SPARC also directly
inhibits endothelial cell binding to the extracellular matrix by
modulating extracellular calcium levels, effectively inhibiting
blood vessel migration through the tumor stroma [81].
Other studies have shown that SPARC interferes with the
growth promoting effects of VEGF on endothelial cells [82],
and promotes the assembly of tightly organized stroma that
does not permit blood vessel formation or tumor progression
[81].

Lastly is a group of ECM proteins classified as endoge-
nous inhibitors of angiogenesis which include various
antiangiogenic peptides, hormone metabolites and mod-
ulators of apoptosis [83]. Therapeutic drugs have been
developed based on matrix derived and nonmatrix-derived
endogenous angiogenic inhibitors [83, 84]. These inhibitors
can be classified based on whether they have solely angio-
genic actions or whether they have functions in addition to
angiogenic actions [84]. Of these, thrombospondin-1 was
the first protein recognized as an endogenous inhibitor of
angiogenesis [85] and has since become a popular target for
the treatment of various cancers. The role of TSP-1 as an
antiangiogenic protein will be extensively reviewed.

Another class of proteins which have recently gained
recognition for their potential role in tumor angiogenesis
are the bone morphogenic proteins (BMPs). BMPs belong
to the transforming growth factor beta (TGFb) superfamily
of proteins and to date, more than 20 members have been
identified [86]. An angiogenic role of the BMPs has been
suggested due to a number of BMP mutations found in
various vascular diseases and abnormal angiogenesis that
occurs when BMP signalling is disrupted (reviewed by [87]).
One of the mechanisms by which the BMPs have been
reported to influence angiogenesis is by stimulating the
secretion of proangiogenic growth factors such as VEGF
[88]. BMP expression is associated with promoting tube
formation and endothelial cell migration, whereas these
activities are inhibited when BMP function is impaired [89].
Although BMPs are thought to stimulate angiogenesis, there
have also been reports that demonstrate an antiangiogenic
role [90, 91].

Aside from a direct role on blood vessel formation,
recent studies have implicated interactions between BMPs
and proteins of the ECM which can ultimately affect
tumor growth and development. ECM proteins have been
reported to interfere with BMP signalling by altering the
bioavailability of TGFb (reviewed by [92]). BMPs are also
thought to play a critical role in metastatic processes. In a
model of prostate cancer, BMP-7 was shown to be highly
expressed in bone and soft tissue metastases compared to
the primary tumor and subcutaneous tumors formed from
prostate adenocarcinoma cells overexpressing BMP-7 had a
significantly reduced tumor volume compared to those with
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normal expression [93]. Similar results were reported in a
model of lung carcinoma [94] and these results illustrate
the relevance of the tissue microenvironment when studying
how BMPs affect tumor growth. It is thought that tumor cells
secrete BMPs which creates an environment that promotes
tumor cell growth and metastasis [95]. Studies have shown
that BMPs can contribute to decreased expression of various
MMPs [96–98]. A reduction in MMP expression would
permit metastatic cells to colonize and propagate in the
tissue. The role of BMPs in primary and secondary tumor
formation is not completely clear, however. Some evidence
points to the need for BMP inhibition before metastatic
spread can occur and it may be the case that the effects
of members of the BMP family may be context-specific.
In an ovarian cancer model, it was shown that overex-
pression of the BMP receptor, ALK3 decreases adhesion of
epithelial ovarian cancer cells in vitro reduces formation of
intraperitoneal tumors and ascites fluid in vivo [99]. Further
understanding of the role which BMPs play in the ECM
and with tumor angiogenesis will benefit therapeutic studies
which target angiogenesis, tumour growth, and metastatic
spread of disease.

5. TSP Family of Proteins

Thrombospondin was originally identified as thrombin-
sensitive protein by Baenziger et al., in the early 1970s. It
was later realized that the protein was a subunit of a larger
protein released from α granules of platelets in response
to activation by thrombin. The native protein was officially
named thrombospondin (TSP) [100, 101]. TSPs belong to
a family of multifunctional glycoproteins that have a high
affinity for matrix molecules, plasma proteins, ions, and
various cell surfaces. They are capable of binding to heparin
[102–104], fibronectin [105, 106], fibrinogen [106–108],
plasminogen [109], histidine-rich glycoprotein [110], type
IV collagen [111], and calcium [112, 113]. (For an extensive
list of macromolecules that interacts with TSP see [114]. TSP
is also capable of associating with various cell types and their
corresponding extracellular matrices [115–119]. Combined,
these diverse interactions allow TSP to be involved in cell-to-
cell and cell-to-matrix communications (reviewed by [120]).

TSP is a 450 kDA protein which is composed of three
150 kDA disulfide-linked polypeptide chains [101, 121–125].
Each subunit of the trimer consists of multiple domains:
an N-terminal globular domain, a region homologous to
procollagen, three types of repeated sequence motifs (type
1, type 2, and type 3 repeats) and a C-terminal globular
domain [126]. There are five family members, TSP-1, -2, -
3, -4 and -5 [127–129]. The TSP family can be divided into
two subgroups on the basis of their oligomerization and
molecular architecture. TSP-1 and -2 are trimers that have
the same set of structural domains and belong to subgroup
A. They are members of the thrombospondin type-1 repeat
(TSR) supergene family whereas the remaining members of
the family lack the TSR and the procollagen domain, are
pentamers and are part of subgroup B [130].

6. Thrombospondin-1 (TSP-1) and
Tumor Angiogenesis

Thrombospondin-1 (TSP-1) was the first of the five members
to be identified as a major component of blood platelets.
Since its discovery, TSP-1 has been implicated in the
regulation of cell growth and proliferation [131, 132],
cell motility [85, 133, 134], cytoskeletal organization [135,
136], inflammatory responses [137, 138], development and
differentiation of various cell types [139], regulation of
angiogenesis during wound healing [140], and tumorigenesis
[141] (reviewed by [114]).

Due to the complex structure of TSP-1, there are
multiple receptor binding domains located throughout the
peptide that are capable of various functions [126]. These
receptors include, low density lipoprotein receptor-related
protein (LRP), proteoglycans and sulfatides, CD36, inte-
grins, integrin-associated protein (IAP), and an unidentified
receptor located in the C-terminus [142]. Many membrane
proteins can also act as receptors for TSP-1 and activate
downstream signalling pathways [143].

Many human tumor cell lines express relatively low levels
of TSP-1 compared to normal or benign lines. It has also
been observed that cell lines with low metastatic potential
express higher levels of TSP-1 compared to metastatic lines
[144, 145]. This has further been validated in experiments
where TSP-1 transfection into human cancer cell lines
inhibited primary tumor formation [145, 146] and decreased
metastasis in vivo [145]. These results propose an inverse cor-
relation between TSP-1 expression and tumor aggressiveness,
whereby malignant progression is associated with reduced
levels of TSP-1 in certain cancers.

Overexpression of TSP-1 in cancer cell lines has been
shown to suppress tumor formation by targeting the vascula-
ture [145–150]. Studies involving introduction of TSP-1 into
cell lines derived from gliobastoma multiforme induced the
angiogenic switch to an antiangiogenic phenotype. Angio-
genesis was measured by in vitro endothelial cell migration
and in vivo corneal neovascularization assays [148]. Other
in vivo studies have manipulated TSP-1 via transfection
into human cancer cells lines and subsequent injection
into nude mice. Angiogenesis is typically assessed based
on microvessel density (MVD) which utilizes endothelial
cell-specific markers, such as cluster of differentiation 31
(CD31) in order to perform vessel staining and counts. A
decrease in MVD was observed in primary tumors that
formed from the TSP-1 transfectant cell lines [145]. TSP-1
overexpression experiments in a model of human squamous
cell carcinoma revealed consistent results in that tumor
growth, vessel number, and size were drastically decreased.
Histological examination demonstrated that tumors derived
from TSP-1 stable transfected cells exhibited extensive areas
of tumor cell necrosis which might have been due to
the antiangiogenic effects of TSP-1 on tumor vasculature
[149].

Clinical studies of patients with bladder, papillary thyroid
and epithelial ovarian cancer have investigated levels of
TSP-1 and correlated it with angiogenesis. This relationship
was established based on a significant association between
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TSP-1 expression and MVD count. Tumors from patients
that expressed high levels of TSP-1 had low MVD counts
and were therefore more likely to exhibit a decrease in
angiogenesis compared to control tissue. The inverse has
also been documented; a decrease in TSP-1 expression was
accompanied with high MVD counts which may contribute
to an angiogenic phenotype [151–155].

Most studies have attempted to relate vascularity with
expression of TSP-1 by probing tumor tissue with endothe-
lial cell specific markers. Few studies have evaluated the
expression of TSP-1 in hypo- compared to hypervascular
carcinomas. There are however various human carcinomas
with a varying degree of vascularization and have been
used to determine how diminished vascularity relates to
expression of TSP-1. It was found that a hypovascularized
human carcinoma had increased levels of TSP-1 [156]. These
results defend the inverse relationship that exists between the
degree of vascularization and TSP-1 expression. They also
support TSP-1 as an antiangiogenic protein that regulates
tumorigenesis.

TSP-1 expression has also been a predictor of tumor
recurrence and overall survival. In clinical studies of patients
with invasive bladder cancer and papillary thyroid carci-
noma, low TSP-1 expression, as determined by immunohis-
tochemistry, was associated with an increased probability of
disease recurrence and decreased overall survival [151, 154].
Clinical studies of invasive epithelial and cervical cancer have
revealed that TSP-1 expression is a valuable prognostic factor
[155, 157]. In another study of invasive epithelial ovarian
cancer, the majority of cases expressed high levels of TSP-1
which was associated with a higher survival rate compared
to cases where tumors expressed lower levels of TSP-1 [152].
The 5-year survival rate of oral squamous cell carcinoma
patients has also been shown to be significantly higher in
tumors that express high levels of TSP-1 [153]. Based on this
evidence, it is likely that TSP-1 possesses a tumor inhibitory
function in some cancers and it may be a useful tool to assess
prognosis.

7. Antiangiogenic Compounds and
Vessel Normalization

The concept of antiangiogenic therapy for the treatment of
various cancers was postulated in 1971 by Judah Folkman.
It was hypothesized that solid tumor growth depends on
angiogenesis in order to grow beyond 1-2 mm3. There-
fore, it was thought that angiogenic inhibitors might be
a potential therapeutic target; by blocking angiogenesis,
tumor dormancy could be initiated [7, 158]. In 1996,
Teicher proposed that antiangiogenic therapy would be most
effective if used in combination with chemotherapy. The
rationale was that the combinatorial effects would diminish
the tumor cells as well as the endothelial cells associated
with the tumor [159]. A hallmark of tumor angiogenesis
is that blood vessels are formed so rapidly that they often
become disorganized, torturous, and as a result have reduced
functional capacity [160]. These immature blood vessels
typically lack pericyte coverage, which may render them

more vulnerable to apoptotic signals [161]. In 2001, Jain
proposed the idea of tumor vasculature normalization as
the product of antiangiogenic treatment. Because of the
abnormal anatomy of tumor vessels perfusion is restricted,
resulting in areas of tumor hypoxia and necrosis. This
reduced blood flow to the tumor impairs the delivery of
cytotoxic chemotherapeutic agents to the tumor interior,
inhibiting their effectiveness, facilitating drug resistance
and tumor regrowth [162, 163]. Anti-angiogenic therapy
designed to target this abnormal, immature vasculature
could effectively prune back vessels and increase blood
flow, nutrient delivery, and waste removal. Combining vessel
normalization with chemotherapy would provide better
tissue perfusion of cytotoxic agents which induce apoptosis
of the tumor [164]. It has since been reported that agents
that inhibit proangiogenic factors alter the tumor vasculature
and increase the delivery of chemotherapeutics when used
in combination [165]. Recent studies have utilized the
antiangiogenic peptide, TSP-1 for the treatment of various
cancers and have found that the compounds are capable
of normalizing tumor vasculature [166]. We have shown
that TSP-1 directly inhibits VEGF and reduces its availability
to ovarian cells [167]. In addition, we have shown that
treatment with the TSP-1 mimetic peptide ABT-510 signif-
icantly reduces ovarian tumor volume and vascularity [168].
Importantly, treatment with ABT-510 decreased overall
blood vessel density, but increased the proportion of mature,
pericyte-covered blood vessels and decreased tumor tissue
hypoxia.

If normalized vessels increase the uptake of chemothera-
peutic agents they may allow the drugs to be administered at
lower doses, which would minimize their many deleterious
side effects. The benefits are also supported by the fact that
if the tumor vasculature is normalized instead of completely
diminished, the tumor will not undergo hypoxia which is the
major activator of VEGF, a potent proangiogenic factor.

8. The Thrombospondins and
Other EMC Proteins

The TSPs are also known to directly interact with other
ECM proteins in their regulation of tumor progression
and tumor angiogenesis. The Type 1 repeats of the TSP-1
and -2 genes inhibit MMP activity by preventing activation
of the MMP-2 and -9 zymogens [169]. Conversely, others
have reported that TSP-1 increases MMP-9 activity and
tumor cell invasion [170], suggesting that the interaction
between matricellular proteins may be context specific.
TSP-1 null mice have reduced expression of TGFβ, lower
collagen content and delayed wound closure [171]. We
also discovered that the ovaries of TSP-1 null mice were
hypervascularized, with increased expression of VEGF [5]. In
vivo, TSP-1 binds to a number of matrix glycosaminoglycans
including heparan sulfate [172] chondroitin sulfate [173]
and binds to members of the syndecan family, versican,
and cerbroglycan [172–174] and these proteoglycans are
thought to be important mediators of TSP-1. Aside from
MMPs, TSP-1 is also known to inhibit the activity of plasmin,
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Figure 1: Summary of various extracellular matrix (ECM) proteins that are involved in tumour angiogenesis. Activation of tumor-derived
ECM proteins permits communication between the tumor and its surrounding microenvironment. Regulating of angiogenesis can be directly
through MMP activation and degradation of the ECM or through and indirect mechanism. This involves interactions between various ECM
proteins and pro or antiangiogenic growth factors in order to alter angiogenesis. Ultimately, expression of the proangiogenic growth factor
can influence the angiogenic phenotype and determine whether vascular sprouting occurs in order to provide the tumor with the necessary
nutrients to survive.

urokinase plasminogen activator, and elastin [175, 176],
which are all key components of the extracellular matrix and
are important in facilitating vessel invasion into the stroma.
Aside from direct effects on VEGF expression and endothelial
cells, TSP-1 appears to have potent antiangiogenic effects
through its interaction with the extracellular matrix and on
a host of matricellular proteins.

9. Conclusion

Solid tumors exhibit significant structural complexity and
progression of the disease is regulated by a host of different
factors. This paper focused on the extracellular matrix
as a major contributor to tumorigenesis. Once cells have
undergone transformation and initiated the formation of a
tumor, they must interact with the surrounding environment
in order for tumor progression to occur [1]. This interaction
activates tumor-derived ECM proteins which can have
multiple effects on the tumor stroma in order to promote
angiogenesis, a process which is essential for tumor growth
[6]. The involvement of the ECM in tumor angiogenesis
includes degradation of the basement membrane, matrix

remodelling, and cell migration and invasion [32]. In this
paper, we focused on ECM proteins that have both direct
and indirect roles on the regulation of angiogenesis. Many of
the ECM proteins appear to affect angiogenesis by altering
expression of proangiogenic growth factors such as VEGF
and bFGF. Other ECM proteins such as SPARC, ADAMs,
and ADAMTs have also been investigated for their role
in angiogenesis. These proteins have been shown to have
direct antiangiogenic properties through their ability to
inhibit proangiogenic growth factors. Lastly, we reported on
the role of TSP-1 as it has been extensively studied with
respect to tumor angiogenesis. It has been well documented
that in vitro, TSP-1 decreases endothelial cell migration
and invasion and decreases tumor vasculature in vivo. The
involvement of ECM proteins in tumour angiogenesis is
summarized in Figure 1. The potent antiangiogenic effects of
TSP-1 have led to the development of mimetic peptides that
have shown significant antiangiogenic and antitumorigenic
effects in vivo. This review demonstrates the necessity for
investigation of the microenvironment of the tumor and also
supports the development of various therapeutics which can
target ECM proteins.
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Eph receptors and their ephrin ligands were identified in the late 1980’s. Subsequently, they were linked to different physiological
and pathophysiological processes like embryonic development, angiogenesis, and tumorigenesis. In this regard, recent work
focused on the distribution and effects of Eph receptors and ephrins on tumor cells and tumor microenvironment. The
purpose of this review is to outline the role of these molecules in physiological angiogenesis and pathophysiological tumor
angiogenesis. Furthermore, novel therapeutical approaches are discussed as Eph receptors and ephrins represent attractive targets
for antiangiogenic therapy.

1. Eph Receptors and Ephrins

1.1. Structure and Signaling. Eph receptors were identified
in the late 1980’s [1] and are known as largest family of
receptor tyrosine kinases. They consist of a glycosylated
extracellular domain with the immunoglobulin-like ligand-
binding site, followed by a cysteine-rich region and two
fibronectin type III repeats (Figure 1). Connected via a
single transmembrane spanning domain, the intracellular
region contains a juxtamembrane domain, a tyrosine kinase
domain, a sterile alpha motif, and a PDZ-(Postsynaptic
density 95-Discs large-Zonula occludentes-1) binding motif
[1, 2]. Eph receptors bind membrane bound ligands, the
ephrins, and both, receptors and ligands, are divided into
two subclasses A or B based on binding properties and
structural homologies. Class A ephrins are membrane-
bound via a glycosylphosphatidylinositol anchor and class
B ephrins contain a transmembrane domain and a short
cytoplasmic region with conserved tyrosine residues and
a PDZ-binding motif. Class A Eph receptors preferentially
bind all A-type ephrins and class B Eph receptors bind all B-
type ligands. However, there are some exceptions, as EphA1
primarily binds ephrinA1, EphA4 binds both, A- and B-
type ligands, and ephrinA5 binds EphA receptors as well as
EphB2 (Figure 2) [3–6]. Until today, 15 different receptors

and 9 ligands are known (https://eph-nomenclature.med
.harvard.edu/table 1.html).

In contrast to other receptor tyrosine kinases, Eph
receptors/ephrins show unique properties in their activation
and signaling. For the activation of the receptors not only
dimerization as in most receptor tyrosine kinases is required
but also multimerization of the ligands [7]. Multimer-
induced signaling seems to be different from signals of
normal dimers in so far as the degree of multimerization
of the ephrins accounts for the kind and strength of
biological effects [8]. As Eph receptors bind ligands which
are also membrane bound, cell-cell contact is needed for
Eph receptor activation. On the other hand, recent work
demonstrated that at least A-type ephrins can be released
from the cell surface [9, 10]. These soluble proteins were
shown to be functionally active and possibly represent an
additional signaling mechanism without mandatory cell
contact. Nevertheless, Eph receptor/ephrin signaling can
also proceed bidirectionally, “forward” and “reverse” [11–
13]. “Forward signaling” involves binding of ephrins by the
appropriate Eph receptor. This leads to autophosphorylation
of intracellular tyrosine residues of the Eph receptor and
further to activation of different downstream signal trans-
duction cascades [14, 15]. In the case of B-type ephrins,
signaling can also take place “reverse”, if the cytoplasmic
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Figure 1: Structure of Eph receptors and ephrin ligands. PDZ:
Postsynaptic density 95-Discs large-Zonula occludentes-1-protein,
GPI: glycosylphosphatidylinositol.

tail of the ephrin is phosphorylated which also results
in activation of different signaling cascades. Moreover, it
should be noted that ephrinA ligands might also have
the potency to reverse signaling (overview in [4]). Many
studies of the last decade indicate a complex cross-talk
between Eph receptors/ephrins and other signaling pathways
which is necessary for consistent biological functions. The
interactions between Eph receptors/ephrins and different cell
surface receptors, adhesion molecules, channels, pores, and
cell surface proteases are reviewed in [16].

Taken together, Eph receptors and their appropriate
ephrin ligands represent an essential communication system
that directs cell motility, repulsion and adhesion, cell-cell
and cell-matrix contacts in a number of biological processes.
Due to the focused topic of this article, only two of them,
angiogenesis and tumor angiogenesis, should be elucidated
in detail, while other processes will be outlined in brief.

1.2. Embryonic and Neural Development. Eph receptor/
ephrin signaling plays a crucial role in embryonic develop-
ment [17]. As an example, it has been shown that altered
expression of EphA3 and ephrinA5 leads to defects in gastru-
lation and somite development [18]. Furthermore, together
with integrin-α5 and fibronectin, Eph receptors/ephrins are
discussed to mediate mesenchymal-to-epithelial transition
and, hence, formation of somite boundaries [19].
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Figure 2: Major interactions of Eph receptors and ephrin ligands.

A further role of Eph receptor/ephrin signaling is sug-
gested in the developing and adult vertebrate brain. Due
to their complementary expression pattern, EphA4, EphB2,
EphB3, and their B-type ligands are implicated in the for-
mation of rhombomere boundaries. Thereby, bidirectional
signaling seems to be required for the restriction of cell
intermingling between neighboring rhombomeres [20, 21].
Furthermore, many studies analyzed the involvement of Eph
receptor/ephrin signaling in neuronal growth cone collapse,
leading to axon guidance by inhibition [17]. For instance,
studies on EphA4- and ephrinB3-null mice indicated that
both proteins are required for normal formation of the corti-
cospinal tract fibres, whereby Eph receptor forward signaling
is mandatory [22, 23]. The importance of proper ephrin
ligand expression for correct outgrowth of retinal ganglion
cell axons was analyzed by Hornberger and colleagues.
They demonstrated that unscheduled overexpression of
ephrinA2 in temporal axons leads to insensitivity of guiding
outgrowing axons of the caudate tectum by repulsion [24].
In the development of the visual system it was shown
that EphB2 and EphB3 receptors and B-type ephrins are
involved in axon pathfinding of retinal ganglion cells to
the optic disc and that deletion of both EphB2 and EphB3
leads to increased frequency of axon guidance errors in
this model [25]. Furthermore, the EphB2 receptor is also
involved in synaptic functions (synaptic plasticity) in the
adult mammalian central nervous system [26, 27]. In this
regard, Henderson and colleagues found that mice lacking
the EphB2 receptor show reduced synaptic N-methyl-D-
aspartate-mediated current and reduced long-term potenti-
ation in hippocampal and dentate gyrus synapses [28].

1.3. Tumorigenesis. Eph receptor/ephrin signaling plays not
only a role in physiological processes, but also in pathophysi-
ological processes such as tumorigenesis [7, 29]. Thus, many
ephrins and Eph receptors were found to be upregulated
in several human carcinomas such as breast, colon, liver,
prostate, and melanoma and are often associated with tumor
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progression and metastasis (for overview see [7, 29–31]). On
the other hand, also downregulation of Eph receptors can
lead to increased metastasis and carcinogenesis as shown for
EphA1 in colorectal cancer, EphA7 in prostate carcinomas,
and EphB6 in melanoma [32–34]. Thereby, Eph receptors do
not operate like classical oncogenic growth factor receptors,
because their activation does only in exceptional cases
influence proliferation of the tumor cells [35, 36]. Rather
dysregulation of Eph receptor activity seems to effect cell-
matrix attachment, cell-cell attachment, organization of
the cytoskeleton, and modification of tumor cell survival,
which could result in increased cellular motility, tumor cell
invasion, and metastasis. Cell-matrix attachment can be
influenced by Eph receptors via modulating the integrin
activity. For instance, EphA2 stimulation with ephrinA1
leads to decreased focal adhesion kinase (FAK) phosphory-
lation which further results in inactive conformation of inte-
grins and, finally, inhibition of integrin-mediated adhesion,
cell spreading, and migration [37]. It is assumed that also
small GTPases of the Ras and Rho family could be linked
to decreased integrin activation and cellular adhesion [38].
However, the modification of cell attachment is probably
dependent on the Eph receptor/ephrin ligand ratio. A high
expression of Eph receptor and low expression of ephrin
ligand could represent an “advantage” for tumor growth
and metastasis [29]. A possible cause for imbalanced Eph
receptor/ephrin ratio was recently analyzed by Winter and
colleagues who identified binding sites of multiple mRNA-
stabilizing and destabilizing factors at the 3’UTR sequences
of Eph/ephrin transcripts. They found that binding of HuR
protein (a member of the embryonic lethal abnormal vision
family of RNA-binding proteins [39]) to these regions
destabilized Eph/ephrin transcripts in tumor cell lines
[40].

The interaction of Eph receptors and ephrins with other
adhesion molecules such as E-cadherin could influence cell-
cell attachment. Thereby, it is assumed that E-cadherin
can influence the expression and cellular localization of
Eph receptors and vice versa [41–43]. The modification
of the cytoskeleton is another important prerequisite for
enhanced cellular motility and invasion, respectively, and
there exists evidence of involvement of Eph receptor/ephrin
signaling. For instance, EphA3/ephrinA5 signaling induces
growth cone collapse in retinal ganglion cells and cell
rounding, blebbing, and detachment in EphA3-expressing
human kidney epithelial cells and melanoma cell lines [44,
45]. In both studies it could be shown that Rho kinase is
involved in the observed effects. This was further confirmed
by Clifford and colleagues, who demonstrated that EphA3
receptor suppresses motility through regulation of Rho
GTPases in rhabdomyosarcoma cell lines [46]. Moreover,
Eph/ephrin signaling can influence cell survival as shown
recently by Feng and colleagues. They demonstrated that
overexpression of ephrinA2 in hepatocellular carcinoma
cells leads to enhanced tumor cell survival and proved
that this is caused by resistance to tumor necrosis factor-
α-(TNF-α-) induced apoptosis [47]. In this regard, Holen
et al. demonstrated in Jurkat TAg cells that signaling
through ephrinA induced activation of Scr and Akt kinases,

resulting in inhibition of antigen receptor-induced apop-
tosis [48]. Finally, it should be noted that some reports
describe functionally relevant Eph receptor mutations in
some tumor entities. For instance, mutations have been
identified in EphA3 in melanoma and glioblastoma, and
EphA3, EphA4, EphA7, and EphB6 in colorectal cancers
[49, 50].

2. Angiogenesis

Angiogenesis is defined as growth of new blood vessels
by sprouting from existing vessels [51, 52]. The lumen of
blood vessels is faced by a single-layer squamous epithelium
consisting of endothelial cells (ECs) which is separated from
the circumjacent outer layers by the basal membrane. In
small vessels (e.g., venules) ECs are enclosed by pericytes,
in larger vessels by elastin fibres, smooth muscle cells and
connective tissue. On one hand, ECs participate in the
generation of blood vessels during embryonic development;
on the other hand, they retain their ability to proliferation
and migration in adult organisms, where they renew the
inner wall of existing blood vessels and rebuild new ves-
sels, for instance, in uterus mucosa during menstruation
and wound healing. At the beginning of the formation
of a new capillary ECs form lateral pseudopodia which
develop to a hollow tube. This new capillary sprout expands
until it meets another capillary sprout for fusion, result-
ing in blood flow. This process is regulated by different
expression of surface molecules on arterial and venous
capillaries.

Angiogenesis is activated by signals from the target
tissues. The reaction of the ECs spans four periods: secre-
tion of proteases to cleave the basal membrane of the
parental capillary, migration of ECs towards the signal,
proliferation of ECs, and, finally, formation of tubes and
differentiation of the ECs. Activating signals are soluble
factors whose receptors are localized predominantly on ECs.
The most important factor is vascular endothelial growth
factor (VEGF) and its regulator hypoxia-inducing factor
(HIF-1α), which stimulates transcription of the VEGF gene
[51, 53]. Other important growth factors, like acidic and
basic fibroblast growth factor (aFGF, bFGF), can also initiate
angiogenesis, whereby they affect not only ECs but also
other cell types [51]. Additional vascular ECs-specific growth
factors involve four members of the angiopoetin family and
at least one member of the ephrin family, whereby those
factors have to operate highly coordinated to form functional
vessels. Finally, factors not specific for ECs are required
such as platelet-derived growth factor (PDGF) and tumor
growth factor-β (TGF-β) [54]. Generally, it is assumed that
VEGF functions as initiator of angiogenesis in development
and adult organisms (with formation of immature vessels),
followed by angiopoetin-1 and ephrinB2 function, necessary
for maturation and stabilization of the vessel [54]. Moreover,
angiogenesis is regulated not only by activating signals
but also by inhibitors, for instance, thrombospondin-1,
interferon-α, platelet factor-4, and angiostatin. To date, more
than 20 inducers or inhibitors of angiogenesis have been
identified [51].
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2.1. Role of Eph Receptors and Ephrins in Angiogenesis.
Concerning Eph/ephrin signaling in angiogenesis, the pair of
EphB4/ephrinB2 seems to play a key role. They are assumed
to define vascular borders due to their reciprocal distri-
bution: ephrinB2 on arteries and EphB4 on veins already
in early developmental stages [55–57]. The expression of
ephrinB2 persists until late embryogenesis and adulthood,
with distribution expanding from arterial ECs to surround-
ing smooth muscle cells and pericytes [54, 58]. Generally,
interplay between ECs and perivascular supporting cells
mediated by ephrinB2/Eph signaling is critical for vascular
development as shown in several studies [30]. For instance,
Foo and colleagues demonstrated that vascular smooth
muscle cells require ephrinB2 for normal association with
small-diameter blood vessels [59]. In this context, Oike et
al. showed that unscheduled ubiquitous ephrinB2 expression
in mice development leads to sudden death in embryonic
stages due to defective recruitment of vascular smooth
muscle cells to the ascending aorta [60]. Simultaneously, the
authors suggest that bidirectional signaling is mandatory and
that cell-to-cell repellent effects are important comparable
to their role in the development of the central nervous
system. In this regard, Füller et al. hypothesized that distinct
propulsive and repulsive effector functions of endothelial
ephrinB2 and EphB4 prevent intermingling of cells and
mediate spatial position signals during angiogenesis and
vessel assembly [61]. The importance of reverse signaling
through ephrinB2 for vascular development is outlined by
Adams et al. and analyzed in detail by Salvucci et al.,
who found that phosphorylation at the intracellular domain
of ephrinB is dependent of Src kinases and is assumed
to play a role in pericyte-to-ECs assembly into vascular
structures [62, 63]. Additionally, migration and proliferation
of ECs were analyzed by Steinle et al., who found that
stimulation of EphB4 receptors with ephrinB2-Fc fragments
leads to phosphorylation of Akt kinase and, furthermore,
to increased proliferation and migration of the ECs. The
authors show that this is mediated by the phosphatidylinos-
itol 3-kinase/Akt/endothelial nitric-oxide synthase/protein
kinase G/mitogen-activated protein kinase axis [64].

Beside EphB4/ephrinB2 other B-class Eph and ephrins
play a role in vascularization and angiogenesis. In this
regard, ephrinsB1, B3, and EphB2, B3, B4 are required for
the regulation of the formation of the vascular network
during cardiovascular development and for vascularization
processes in the female reproductive system [65–67]. Fur-
thermore, ephrinB1 is assumed to mediate ECs attachment
on extracellular matrix by activation of integrins [68].

In the case of A-class Eph/ephrins, mainly EphA2 and
ephrinA1 seem to be important for angiogenic processes.
For instance ephrinA1 is expressed in vascular develop-
ment during embryogenesis in murine endocardium, dorsal
aorta and primary head veins and later in intersomitic
vessels and the limb bud vasculature [69]. This implicates
that ephrinA1 expression corresponds to regions of vas-
culogenesis and/or angiogenesis, and presumably enhances
angiogenesis [55, 69]. Additional studies illuminated the
role of involved pathways. Referring to this, the role of
VEGF was analyzed by Cheng et al., who demonstrated

that soluble EphA2-Fc receptors inhibited VEGF-induced
survival, migration, sprouting of ECs and corneal angio-
genesis [70]. The authors furthermore show that TNF-α
induced ephrinA1 expression on ECs. This was found to
be mediated by JNK and p38MAPK signaling pathways,
leading to ECs migration and blood vessel assembly [71].
Another study showed that interaction of ephrinA1 with
EphA2 induced activation of PI3 kinase and Rac1 GTPase
leading to ECs aggregation and migration [72]. The role of
EphA2/ephrinA1 in adult angiogenesis was further analyzed
by different in vitro studies. For instance it was demonstrated
that ephrinA1 enhanced assembly of human umbilical
venous endothelial cells (HUVEC) in matrigel and that
soluble EphA2-Fc receptors inhibited microvessel formation
in a rat aortic ring assay [73, 74].

3. Tumor Angiogenesis

Angiogenesis can occur not only in physiological conditions
but also in abnormal processes such as tumorigenesis. It is
an early- to midstage event in many human cancers and a
crucial step for the transition of a small, harmless cluster of
mutated tumor cells into a large, malignant growth, capable
of spreading to other organs throughout the body [75].
Without angiogenesis tumor size is restricted due to lack
of nutrients, growth factors, and oxygen, resulting in coun-
terbalance of dying and proliferating cells. Hypoxia in solid
tumors occurs at a distance of≥70 μm from functional blood
vessels and it is generally accepted that tumors do not exceed
a volume of 1-2 mm3 without the induction of angiogenesis
[51, 76]. Tumor angiogenesis starts with the appearance
of proteins that promote neovascularization (angiogenesis).
Such proteins are produced by tumor cells themselves or
by infiltrating immune cells, such as macrophages [77].
Alternatively, angiogenic proteins can be mobilized by tumor
cells from the nearby tissue. Once the process is initiated it
cannot be controlled or even stopped by the malignant cells
[75]. Instead, newly dividing ECs release different proteins
that can stimulate the proliferation or motility of tumor cells,
leading to support of metastasis.

Generally, tumor cells produce two types of protein: one
kind stimulates angiogenesis the other inhibits it, which
lead to the hypothesis of an angiogenic switch in tumor
angiogenesis [51, 76]. The most prominent angiogenic
inducers are bFGF, aFGF, and VEGF with their corre-
sponding receptors on ECs and among inhibitors are α-
Interferon, platelet factor-4, and thrombospondin-1 [51].
FGF and other angiogenic factors can be sequestered in the
extracellular matrix of many cell types, for instance ECs,
and is believed to be released by proteolytic degradation of
the extracellular matrix [51, 78]. For inhibitors alternative
storage mechanisms are described: they are assumed to be
stored as cryptic parts of larger molecules that are not per se
inhibitors. Among them are a 29 kDa fragment of fibronectin
[79], a 16 kDa fragment of prolactin [80, 81], angiostatin
as fragment of plasminogen [82], a small fragment of
platelet factor-4 [83], a propeptide of type 1 collagen [84],
and a peptide fragment of endothelial growth factor [85].
The balance between angiogenic inducers and inhibitors
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determines whether the tumor can switch on angiogenesis,
whereby tumor angiogenesis is preferentially induced by a
loss or decrease in the production of inhibitors. Nevertheless,
the underlying mechanisms are still poorly understood and
dysregulation of transcription or the activation of different
proteases are under discussion.

An alternative way to facilitate tumor perfusion indepen-
dent of tumor angiogenesis is the concept of vasculogenic
mimicry [86, 87]. Thereby it is assumed that tumor cells
re-express endothelial and mesenchymal markers, normally
appearing on embryonic cells. This is accompanied by
induction of vascular structures mimicking blood vessels
and thus promoting tumor growth. For instance, metastatic
melanoma cells are able to constitute channels filled with
blood cells. This tubules exhibit a basal lamina but no ECs
and the formation seems not to be dependent of bFGF, TGF-
β, VEGF, PDGF, TNF-α, hypoxia, or integrins [87, 88]. In
consequence, the formation of tubular networks on one hand
results in better supply with nutrients and oxygen, on the
other hand it can facilitate the invasion of tumor cells into
the blood flow, thus, promoting metastasis [89]. Although
the underlying mechanisms are not fully understood, the
involvement of receptor tyrosine kinases, especially Eph
receptors, is strongly suggested. In an in vitro study Hess
and colleagues showed that transient knockout of EphA2
expression in aggressive uveal melanoma tumor cells resulted
in inhibition of tubular network formation [88]. Further the
authors found that phosphorylation of EphA2 by ephrinA1
leads to activation of downstream signaling kinases such as
FAK and PI3 kinase and, furthermore, to the formation of
vessel-like networks [90].

3.1. Role of Eph Receptors and Ephrins in Tumor Angiogenesis.
The first reports concerning a direct connection between Eph
receptor/ephrin signaling and tumor angiogenesis appeared
approximately 10 years ago. Nikolova and colleagues investi-
gated the B-class Eph receptors and ephrins and found a spa-
tially, temporarily, and hormonally coordinated expression
of EphB4 and ephrinB2 during normal mouse mammary
morphogenesis. The receptor was predominantly localized
in the myoepithelial cells surrounding the ducts and alveoli
whereas ligand expression was limited to the luminal epithe-
lial cells [91]. The disruption of the balanced expression
lead to onset of carcinogenesis with loss of ligand expression
and shift of receptor expression from myoepithelial cells sur-
rounding the ducts to ECs with progressive malignancy [91].
The importance of EphB4/ephrinB2 in tumor angiogenesis
and tumor growth was also demonstrated in recent work on
mouse models. In this regard, Kimura and colleagues found
that soluble ephrinB2-Fc molecules suppressed growth of
head and neck squamous cell carcinoma xenografts by
inducing maturation of vessels in the tumor [92]. Other
studies investigating the effects of EphB4/ephrinB2 on tumor
microvasculature, tumor growth, and survival of tumor cells
indicated that EphB4 could act as a survival advantage in
head and neck squamous cell carcinoma and in breast cancer,
respectively [93, 94]. Class A molecules were analyzed by
Ogawa et al. using two xenograft models from human breast
cancer and Kaposi sarcoma. They found both ephrinA1

and EphA2 expressed in tumor cells and endothelial cells
in these xenografts, and also in vasculature and tumor
cells of surgically removed human cancers [95]. A further
study revealed EphA2, in combination with VEGF, to be
overexpressed in squamous cell carcinoma of oral tongue
and, therefore, implicated in malignancy [96]. Today it is
known that Eph receptors and ephrins are expressed in
both tumor cells and tumor vasculature of many types of
cancer, often at higher levels than in endogenous tissue
[30]. Thereby, Eph receptor activation (forward signaling)
is important as demonstrated by different studies using
soluble receptors. Blocking EphA receptor signaling using
soluble EphA2-Fc and EphA3-Fc receptors decreased tumor
vascular density, tumor volume and cell proliferation in
vivo, suggesting that the soluble receptors inhibited blood
vessel recruitment by the tumor [74, 97, 98]. Furthermore,
EphA2 kinase function in the tumor microenvironment
seems necessary not only for tumor angiogenesis but also for
metastatic progression [99, 100].

Nevertheless, reverse signaling through ephrins is
another important factor in tumor angiogenesis. Expression
of truncated, soluble EphB4 receptor in breast cancer cells in
a mouse xenograft model (with ephrinB2 ligand primarily
expressed in the vasculature) increased tumor angiogenesis,
suggesting that soluble EphB4 promotes tumor growth
by stimulating angiogenesis through ephrinB2 signaling
[101]. Another study showed that EphB4 and ephrinB2 are
expressed by ECs of human malignant brain tumors and
overexpression of different EphB4 variants in blood vessels
in tumor xenografts leads to the assumption that EphB4 acts
as negative regulator of blood vessel branching and vascular
network formation [102]. The involvement of additional
Eph receptors in the switch of dormant tumors to the fast-
growing angiogenic phenotype was analyzed recently by
Almog and colleagues, who found increased EphA5 plasma
levels in mice and, furthermore, that mRNA levels in tumor
specimens of glioma patients correlated with disease stage.
Hence, among other investigated molecules, EphA5 receptor
possibly could represent a novel early cancer biomarker
[103].

An important question remains unanswered, concerning
the initiation of the altered Eph receptor/ephrin expression in
tumor cells and tumor vasculature. Until now it is not fully
understood which mechanisms lead to this dysregulation,
but it is hypothesized that hypoxia could play a role in
this context. For instance in a mouse skin flap model
of hypoxia Vihanto and colleagues showed that hypoxia
upregulates not only HIF-1α and VEGF but also EphB4,
ephrinB2, EphA2 and ephrinA1 both on mRNA and protein
levels up to 48 hours after induction of hypoxia [30,
104]. Furthermore, transcriptional profiles of umbilical cord
blood and bone marrow-derived stem and progenitor cells
showed that EphA3 gene (among many other genes) is
upregulated after hypoxia [105]. Another study, using HIF-
2α knockdown mice showed that also HIF-2α interacts in
hypoxia-induced tumor vascularization through activation
of at least ephrinA1 [106]. In contrast, in neonatal rats
exposed to chronic hypoxia, among others, expression of
HIF-2α and ephrinA1 was downregulated [107]. However,
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it remains an important field and the identification of
regulating mechanisms could provide novel targets for anti-
angiogenic cancer therapies.

4. Therapeutical Interventions Targeting Eph
Receptors and Ephrin Ligands

In contrast to many other therapeutic approaches, anti-
angiogenic therapy does not aim to destroy tumor cells
directly. Instead, it prevents tumor growth by its insufficient
supply with nutrients and oxygen as a result of omitted
blood vessel formation [75]. Numerous small molecule
inhibitors and neutralizing antibodies targeting regulators
of angiogenesis such as VEGF/VEGF receptors are recently
under development and in clinical evaluation [108]. For
instance, recently the Food and Drug Administration of
the U.S.A. approved the anti-VEGF-A-neutralizing antibody
Bevacizumab for treatment of stage III-IV colorectal cancer
in combination with chemotherapy and for treatment of
nonsquamous non-small cell lung cancers, as well as small
molecule tyrosine kinase inhibitors for treatment of renal cell
cancer (Sorafenib, Sunitinib) and hepatocellular carcinoma
(Sorafenib) [109]. As Eph receptors and ephrins are also sig-
nificantly involved in angiogenesis and tumor angiogenesis
and, therewith, in tumor progression and metastasis, they
represent important targets for cancer therapy [19, 30].

To date, there are different approaches to target Eph
receptors and/or ephrins, either extracellularly by preventing
receptor-ligand interactions or intracellularly through inhi-
bition of tyrosine kinases or modification of gene transcrip-
tion or translation (Figure 3). One of them is the application
of monoclonal antibodies, which show high specificity and
are already well established tools in tumor therapy. The first
ones were directed against EphA2 and showed a significant
inhibition of tumor growth in vitro [110, 111]. Furthermore,
effective targeting and internalizing into antigen-positive
tumors in different mouse xenograft models have been
reported for EphA3 and EphB2 monoclonal antibodies
[112, 113]. Although the specificity for a particular binding
partner is probably limited, another approach with great
potential represents blocking of the Eph receptor/ephrin
signaling between tumor cells and ECs by the introduction
of soluble Eph receptors. In this regard, it was demon-
strated that soluble monomeric EphB4 receptor resulted
in dramatically reduced tumor growth in mouse models
[114, 115]. Furthermore, Scehnet and colleagues fused the
extracellular domain of EphB4 with human serum albumin
for blocking ephrinB2 which results in inhibited migration
and invasion of Kaposi sarcoma cells in response to various
growth factors [116]. In addition, the role of A-class Eph
receptors was analyzed and inhibition of tumor angiogenesis
and suppressed tumor growth in vivo was demonstrated
for soluble EphA2-Fc and EphA3-Fc receptors [74, 97, 98].
Not only Eph receptors but also ephrins show therapeutic
potency as truncated soluble forms. In this regard, soluble,
monomeric ephrinA1 is a functional ligand for EphA2 in
glioblastoma multiforme and modulates processes relevant
to the progression of malignancy [10]. Beyond tumor pathol-
ogy, soluble ephrinB2-Fc or EphB4-Fc chimeras, respectively,

and soluble ephrinB2 were shown to reduce pathologic neo-
vascularization in the retina [117, 118]. Moreover, a possible
therapeutic strategy represents conjugation of ephrins to
gold-coated silica nanoshells, which was used to selectively
target prostate tumor cells [119]. An alternative strategy for
targeting Eph receptor/ephrin signaling is the application of
mimetic or antagonist peptides, which were generated so far
for A-class as well as for B-class Eph receptors [120–123].
Finally, an alternative “extracellular” strategy is described by
Yamaguchi and colleagues who investigated peptide-pulsed
dendritic cell vaccines and found that immunization with
dendritic cells pulsed with EphA2-derived peptides inhibited
tumor growth in vivo in EphA2-positive murine colorectal
adenocarcinomas [124].

Therapeutical strategies focusing on intracellular struc-
tures involve inhibitors, selective for a single or for multiple
tyrosine kinases. In this regard, several 2,5-dimethylpyrrolyl
benzoic acid derivatives have been generated as selective
small molecule inhibitors for EphA4 receptors, as well as 2,4-
bis-anilinopyrimidines for the inhibition of EphB4 receptors
[125–127]. In addition, various N-substituted 3-amino-
4-methylbenzamide based type II kinase inhibitors were
analyzed concerning their potency to inhibit EphB2 receptor
[128]. A well-characterized multiple-targeted tyrosine kinase
inhibitor is dasatinib. It is a dual Src/Abl kinase inhibitor,
whereby FAK, Crk-associated substrate, and EphA2 receptor
are assumed as additional targets. The inhibitor shows
potent anti-proliferative activity against hematologic malig-
nancies [129] and has recently been approved for treatment
of all stages of chronic myelogeneous leukemia [130].
Beneath its therapeutic effects in leukemias it was shown
that dasatinib blocks migration and invasion of human
melanoma cells without affecting proliferation and survival
[130]. Furthermore, it was demonstrated that dasatinib
blocks growth, migration and invasion of breast cancer
cells [131], induced apoptosis and inhibited proliferation
and invasion in different ovarian cancer cell lines [132]. Of
importance, dasatinib also showed therapeutic potency to
inhibit EphA2 in pancreatic cancer [133]. An additional con-
ceivable approach for therapies directed against intracellular
targets is the regulation of the gene expression using small
interfering RNA or antisense oligodeoxynucleotides. In this
regard, Kumar et al. demonstrated that knockdown of EphB4
expression leads to anti-tumoral effects in breast cancer in
vitro and in vivo [93]. Furthermore, it was demonstrated
that knockdown of EphA2 suppressed ephrinA1- and VEGF-
induced endothelial cell migration and inhibited cell prolifer-
ation and induced apoptosis in human glioma cells [70, 134].

In part the pharmacological approaches against Eph
receptor-/ephrin-mediated tumor angiogenesis discussed
above also provide the possibility to develop strategies for
imaging of tumor vascularization, for instance, by means of
fluorescent- or radiolabeled-small molecule kinase inhibitors
or peptide ligands.

Overall, difficulties targeting Eph receptor/ephrin signal-
ing in cancer therapy should be kept in mind. Heterogenous
expression patterns of various Eph receptors/ephrins in
tumor and normal tissue complicate the discrimination of
malignant cells from nonmalignant cells [135]. Furthermore,
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Figure 3: Potential target sites for Eph receptor/ephrin-associated antiangiogenic therapy. The illustrated strategies for intracellular
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the effects of Eph receptor-targeting agents on normal
epithelial cells are insufficiently analyzed until today [136].
Another limitation in targeting Eph receptors represents
the occasional opposing effects of one Eph receptor as
tumor suppressor and tumor promoter [136]. In this
regard, signaling of ephrinA1 and tumor cell-specific EphA2
suppresses processes like growth and migration, whereas
interaction of ephrinA1 with ECs-specific EphA2 seems to
stimulate these same effects [137]. Furthermore, the efficacy
of EphA2 antibody-based therapy may depend on tumor
type as no suppressive effect on tumor growth was observed
in a colorectal tumor model [138], whereas mice harboring
ErbB2 in mammary epithelium were sensitive to therapeutic
inhibition of EphA2 [139]. When targeting the Eph kinase
activity, it should be noted that inhibition is useful in tumors
where kinase activity promotes tumorigenesis (melanoma)
but may instead be ineffective or even detrimental for the
treatment of other types of cancer where Eph receptor
signaling suppresses tumorigenesis [136]. In addition, the
binding promiscuity of Eph receptors and ephrin ligands

as well as their capability to bidirectional signaling will
further complicate targeting strategies and increase the
potential for adverse side effects. Therapies designed to
either activate or block an Eph receptor may also alter
the signaling function of the ligand in adjacent cells [136,
140]. After all, possible interactions of Eph receptor/ephrin
therapeutic agents with other agents should be consid-
ered. It is assumed, that the kinase inhibitor imatinib can
counteract the anti-oncogenic effects of EphB4 agonists
in breast cancer [136]. On the other hand, chemothera-
peutic agents that target ErbB receptors may enhance the
effects of EphB4-targeted therapies [136]. Despite and due
to the mentioned limitations it is necessary to under-
stand the complex functions of Eph receptors/ephrins in
homeostasis and tumor progression to avoid undesirable
side effects or unintentional exacerbation of disease func-
tions [30]. In this regard, targeting Eph receptor/ephrin
signaling to inhibit tumor angiogenesis and, therewith,
tumor growth represents a promising approach in fighting
cancer.
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5. Conclusion

Eph receptors and their ligands, the ephrins, form a complex
cellular communication system. Its complexity is based on
the large number of different receptor and ligand molecules,
their promiscuous binding properties, the ability to bidi-
rectional signaling, formation of multimers, and crosstalk
with other signaling pathways and molecules. An intricacy,
we just begin to understand. Eph receptors and ephrins
are involved in embryonic development, development of
the nervous system, angiogenesis and also in tumorigenesis
and tumor angiogenesis, respectively. They mediate cell-
cell repellent effects, cell-cell and cell-matrix attachment,
they influence cell survival and cytoskeleton dynamics,
affecting cell motility, which could further result in tumor
progression, invasion and metastasis. In the last decade Eph
receptors and ephrin ligands were put in perspective to anti-
tumoral and anti-angiogenic therapy. To date, many different
therapeutic strategies targeting Eph receptors or ephrins
are pursued and hopefully result in improvement of cancer
treatment in the near future.
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Myeloid cells are a heterogeneous population of bone marrow-derived cells that play a critical role during growth and metastasis of
malignant tumors. Tumors exhibit significant myeloid cell infiltrates, which are actively recruited to the tumor microenvironment.
Myeloid cells promote tumor growth by stimulating tumor angiogenesis, suppressing tumor immunity, and promoting metastasis
to distinct sites. In this review, we discuss the role of myeloid cells in promoting tumor angiogenesis. Furthermore, we describe a
subset of myeloid cells with immunosuppressive activity (known as myeloid-derived suppressor cells). Finally, we will comment
on the mechanisms regulating myeloid cell recruitment to the tumor microenvironment and on the potential of myeloid cells as
new targets for cancer therapy.

1. Introduction

Angiogenesis, the growth of new blood vessels, occurs at
different stages during embryonic development, physiolog-
ical processes such as wound healing and reproduction, and
numerous diseases, including inflammation, tumor progres-
sion, and metastasis [1]. The human immune system is com-
posed of an innate and an adaptive branch. They both play
a key role in maintaining homeostasis within our organism.
The innate immune system is mainly composed of myeloid
lineage cells, such as macrophages, neutrophils, and mast
cells [2]. Under nontumor conditions, these cells provide
the first line of protection against pathogens. Importantly,
during tumor progression, myeloid cells are implicated in
promoting tumor angiogenesis, causing resistance against
antiangiogenic therapies in cancer, and suppressing the
immune response during cancer [3–5].

2. Angiogenesis and Vasculogenesis during
Tumor Growth

2.1. Angiogenesis. Neovascularization, the formation of
new blood vessels, plays important roles in development,

inflammation, and wound repair. Mammalian cells require
oxygen and nutrients for their survival and are therefore
located within 100 to 200 μm of blood vessels, the diffusion
limit of oxygen. In 1971, Dr. Judah Folkman observed that
neovascularization occurs around tumors and proposed that
new blood vessel growth is necessary to supply nutrients and
oxygen to tumor cells during exponential tumor growth [6].
These observations stimulated an intensive search for the
mechanisms regulating tumor angiogenesis. It is now known
that new blood vessels originate from preexisting vessels
by activation, proliferation and migration of endothelial
cells through a process named “angiogenesis” [4]. Specific
growth factors, such as vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF), stimu-
late the proliferation and migration of naturally quiescent
endothelial cells, resulting in the formation of new ves-
sel structures during embryonic development and tumor
growth [7]. Although tumor cells were first thought to drive
the cellular events underpinning tumor angiogenesis and
growth, considerable evidence has now emerged for the
central role of tumor infiltrating myeloid cells such as mono-
cytes, macrophages, and neutrophils in this phenomenon
[8–12].
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2.2. Vasculogenesis. Vasculogenesis is the coalescence of
new blood vessels from individual endothelial cells or
progenitor cells. Until recently, vasculogenesis was thought
to be restricted to the formation of the initial vascular
tree during embryonic vascular development. In 1997,
Asahara et al., [13] isolated mononuclear cells from human
peripheral blood that were enriched for expression of the
hematopoietic stem cell marker CD34 [13]. Upon culture in
endothelial growth media, these cells expressed endothelial
lineage markers, such as CD31, Tie2, and VEGF receptor 2
(VEGFR2), and incorporated into blood vessels in ischemic
tissues. These cells were therefore described as bone marrow
derived endothelial progenitor cells (EPCs). Subsequent
studies described a VEGFR2 and AC133 expressing subpopu-
lation of these CD34 positive circulating cells that could form
endothelial colonies in vitro [14, 15]. This suggested that
EPCs are able to differentiate into endothelial cells and that
such cells are incorporated into sites of active angiogenesis
including ischemia, tumor angiogenesis, and metastasis in
adult organisms [16, 17]. Since then, the study of circulating
EPCs has generated considerable interest and controversy.
Different markers, methods, and different kinds of cancer
models used to identify EPC probably contributed to the
widely divergent reports of the level of incorporation of these
cells into newly formed tumor blood vessels [5]. These levels
ranged from highs of 20% to 50% to lows of 5% or even less,
the lower levels being more common [18–20].

3. M1 and M2 Tumor Associated Macrophages

3.1. Classical and Alternative Activation. Monocytes and
macrophages belong to the myeloid cell lineage and derive
from myeloid progenitor cells. These precursor cells are
located in the bone marrow; upon maturation, mono-
cytes are released into the bloodstream. Circulating blood
monocytes migrate into tissues where they differentiate into
resident tissue macrophages.

Macrophages are activated in response to environmental
signals, including microbial products and cytokines. Acti-
vated macrophages can be divided into M1 (classical acti-
vated) and M2 (alternative activated) phenotype (Figure 1)
[21]. Classical activation occurs in response to bacterial
moieties such as lipopolysacharide (LPS) and immune stim-
uli such as interferon-γ (IFN-γ). M1 macrophages mediate
resistance against intracellular parasites and tumors and elicit
tissue disruptive reactions by secreting tumoricidal agents
such as tumor necrosis factor α (TNF-α), interleukin-12
(IL-12), reactive nitrogen (iNOS), and oxygen intermediates
(ROS). In addition, M1 macrophages promote T-helper-1
(Th1) responses. By contrast, M2 activated macrophages
come in different varieties depending on the eliciting sig-
nals, which include IL-4, IL-13, IL-10, and glucocorticoid
hormones. In general, M2 macrophages have an immune
suppressive phenotype and release cytokines including IL-10
that promote a Th2 immune response [22–24]. Macrophages
in tumors—usually termed tumor-associated macrophages
(TAMs)—often express the M2 phenotype. However, recent
evidence suggested that the phenotype of TAM varies with
the stage of tumor progression. M1 macrophages are often

abundant in chronic inflammatory sites, where tumors are
initiated and start to develop. Then the macrophages switch
to an M2-like phenotype as the tumor begins to invade,
vascularize, and develop [25].

3.2. Proangiogenic Phenotype. M2-like TAMs release a num-
ber of potent proangiogenic cytokines, such as VEGF-A,
VEGF-C, TNF-α, IL-8, and bFGF [26, 27]. Additionally, these
TAMs also express a broad array of proteases known to
play roles in the angiogenic process. These proteases include
urokinase-type plasminogen activator (uPA), the matrix
metalloproteinases MMP-2, MMP-7, MMP-9, and MMP-12,
and elastase [28, 29]. uPA and MMP support angiogenesis
by remodeling and breaking down the extracellular matrix
(ECM). Degradation of ECM leads to the mobilization of
growth factors and facilitates the migration of vascular cells
into new environments [30–32]. Strong correlations are
observed between TAM densities and vascular densities in
many human tumor types, suggesting that TAMs regulate
neovascularization. Importantly, high TAM densities are
indicative of poor prognoses in breast, prostate, ovarian, and
cervical cancers [33–35].

4. Myeloid Derived Suppressor Cells

4.1. Heterogeneous Family. Besides promoting angiogenesis,
a subset of myeloid cells can facilitate tumor growth by
their ability to downregulate the immune response against
cancer cells. These so-called myeloid derived suppressor
cells (MDSCs) are a heterogeneous population of cells that
consist of myeloid progenitor cells and immature myeloid
cells (IMCs). In healthy individuals, IMCs are generated in
the bone marrow. They quickly differentiate into mature
granulocytes, macrophages, or dendritic cells (DCs). In
contrast, in pathological conditions such as cancer, a partial
block in the differentiation of IMCs into mature myeloid
cells occurs, which results in the expansion of the MDSC
population. MDSCs can be found in the bone marrow (BM),
spleen, and tumor sites and have been identified in most
patients and in experimental mice with tumors based on
their ability to suppress T cell activation [36].

MDSCs lack the expression of cell surface markers that
are specifically expressed on monocytes, macrophages, or
DC. In mice MDSCs are uniformly characterized by the
expression of the cell surface molecules detected by antibod-
ies to Gr1 and CD11b. Gr1 includes the macrophage and
neutrophil markers Ly6C and Ly6G, respectively, whereas
CD11b (also known as integrin αM) is characteristic for the
myeloid-cell lineage. In recent years, several other surface
molecules have been used to identify additional subset
of suppressive MDSC, including CD80 [37], CD115 (also
known as macrophage colony-stimulating factor (M-CSF)
receptor, and CD124 (IL-4 receptor alpha chain (IL-4Ra))
[38].

In addition, nuclear morphology has also been used
to characterize mouse MDSC. MDSCs that are
mononuclear are considered “monocytic” and are
typically CD11b+ Ly6G+/− Ly6Chigh, whereas those with
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Figure 1: Cytokines produced in the tumor microenvironment can give rise to macrophages with distinct physiologies. Classical activated
macrophages (M1) arise in response to interferon γ (IFN-γ). M1 macrophages elicit tissue disruptive reactions by producing tumor necrosis
factor α (TNF-α), interleukin 12 (IL-12), reactive nitrogen, and oxygen intermediates. M1-activated macrophages are part of the polarized
Th1 response. M2 macrophages are generated in response to various stimuli, including IL-4, IL-13, IL-10, and glucocorticoids. Tumor-
associated macrophages have properties of M2-activated cells. They express many proangiogenic and angiogenic modulatory factors such
as IL-1β, IL-6, IL-8, vascular endothelial growth factors (VEGFs), and matrix metalloproteinases (MMPs). M2 macrophages are part of the
Th2 response.

multilobed nuclei are “granulocytic/neutrophil-like” and are
CD11b+Ly6G+Ly6C− [39, 40].

In cancer patients MDSCs are typically defined as
CD11b+CD14neg, cells that express the common myeloid
marker CD33 but lack the expression of markers of mature
myeloid and lymphoid cells, and of the MHC class II
molecule HLA-DR [41, 42]. In addition MDSCs have also
been identified within a CD15+ population in human
peripheral blood [43].

4.2. Mechanism of Immune Suppression by MDSC. Several
mechanisms have been associated with the immunosup-
pressive effects of myeloid cells, including secretion of
immunosuppressive cytokines, upregulation of nitric oxide
(NO), generation of ROS, and increased activity of L-
arginase [44].

Arginase, iNOS, ROS, and COX2: L-arginine plays a critical
role in the immunosuppressive activity of MDSC. T-cell
proliferation and activation depends on the availability of
L-arginine. L-arginine is a nonessential amino acid and is a
substrate for two enzymes, inducible NO synthase (iNOS or
NOS2) and arginase 1. MDSCs express both enzymes at high
levels [36]. Recent data suggests that the increased activity of
arginase 1 and iNOS in MDSC leads to enhanced L-arginine
catabolism, which results in a reduction or depletion of L-
arginine in the microenvironment. The lack of L-arginine
results in inhibition of T-cell function [41, 45].

MDSC-produced ROS inhibits CD8+ T cell by catalyz-
ing the nitration of the TCR and thereby preventing T
cell peptide-MHC interactions [46]. In addition, several
known tumor-derived factors, such as TGF-β, IL-3, IL-6,

IL-10, platelet-derived growth factor (PDGF), and granulo-
cyte macrophage colony stimulating factor (GM-CSF), can
induce the production of ROS by MDSC [36, 47].

Cyclooxygenase-2 (COX2) is a key factor in the activation
of MDSC, because it regulates the expression of arginase
1, iNOS and prostaglandin E2 (PGE2). PGE2 and COX2
are produced by many tumors and are major contributors
to the inflammatory milieu [48]. PGE2 was also shown to
upregulate CD11b+CD14−CD15+ MDSC in patients with
renal cancer [41]. Therefore, elevated PGE2 levels were
associated with higher levels and more suppressive MDSC.
COX2 inhibitors have proven clinical applications for the
treatment of colon cancer and intestinal polyposis [49].

Cytokines: MDSC-derived cytokines can suppress antitumor
immunity. Secretion of the type 2 cytokine IL-10 down-
regulates the production of the type 1 cytokine IL-12 in
macrophages. In addition, IL-10 and VEGF inhibit the
maturation of DC [50]. TGF-β has also been associated with
MDSC immune suppressive functions. In fibrosarcoma and
colon carcinoma tumor models, MDSC produced TGF-β in
response to IL-13 stimulation, which resulted in decreased
tumor immunosurveillance of cytotoxic T-cells [51, 52].

5. Various Protumorigenic Myeloid
Subpopulations

In recent times, most studies have analyzed the role that
TAM and MDSC have on tumor angiogenesis and pro-
gression. However, there is now increasing evidence to
show that various other myeloid subpopulations, such as
Tie2 expressing monocytes, neutrophils, eosinophils, mast
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cells, and dendritic cells, also actively participate in these
processes. In this paragraph we briefly discuss the likely
mechanisms by which these cells driving tumor angiogenesis
and progression.

5.1. Tie2 Expressing Monocytes. De Palma et al., [53] recently
identified a distinct lineage of myeloid cells that can be
distinguished from other monocytes by their expression
of the angiopoietin receptor Tie2 [53]. Although Tie2 is
broadly expressed on vascular endothelial cells and gen-
erally regarded as an EC specific marker, Tie2 expressing
monocytes (TEMs) are distinct from ECs and do not
incorporate in the tumor endothelium. TEMs are a small
monocyte subset that circulate in the mouse and human
peripheral blood and appear to be preferentially recruited
to tumors and other sites of angiogenesis [53]. In mouse
blood, TEMs express CD45, the pan leukocyte marker, and
CD11b, but do not express Gr1 (Ly6G/C), which is detected
on granulocytes, DC, and MDSC. TEMs are a subset of
tumor infiltrating F4/80+ macrophages. In distinct tumor
areas, TEM may account up to 30% of the total F4/80
macrophages [54, 55]. The close proximity of some TEMs to
the tumor vasculature suggested to De Palma and colleagues
that these cells might contribute to the regulation of tumor
angiogenesis. The specific elimination of TEM by suicide
gene strategy in mouse tumor models inhibited tumor
angiogenesis. Interestingly, ablation of TEM did not affect
the recruitment of TAM or neutrophils into these tumors,
suggesting that, rather than being precursors of TAM, TEMs
comprise a distinct monocyte subpopulation with potent
proangiogenic activity. However, it is not clear whether TEM
and TAM derive from a common monocytic precursor, or
whether tumor microenvironmental factors can induce TAM
to acquire a “TEM phenotype” or vice versa. It was suggested
that TEMs stimulate angiogenesis by expressing the potent
proangiogenic molecule bFGF (although the actual release of
this growth factors has yet to be demonstrated) [53].

5.2. Neutrophils. Neutrophils are phagocytic, polymor-
phonuclear cells and are the most abundant subpopulation
of leukocytes in the blood and are principally involved in
acute inflammatory response to invading microorganisms.
Increases levels of neutrophils have been observed in patients
with gastric, colon, and lung cancer [56, 57]. In humans,
neutrohils can be identified by the cell surface marker CD66b
(also known as CEACAM8), or by the cytoplasmic marker
myeloperoxidase (MPO) coupled with cell morphology. In
murine tumors, Gr1+ cells are usually considered to be
neutrophils or cells derived from neutrophil precursors.
However, it should be noted that murine MDSCs also express
Gr1+ [36].

The mechanism by which tumor-associated neutrophils
mediate or modulate tumor angiogenesis has not been
fully elucidated. Tumor-associated neutrophils are a major
source of MMP9 (along with macrophages and mast cells)
in various murine tumor models and so could promote
angiogensis by releasing potent angiogenic factors such as
VEGF that are usually sequestered in the ECM [58]. In

addition, TNFα-stimulated neutrophils undergo degranula-
tion and thereby releasing their intracellular VEGF storage,
which subsequently induces endothelial cell proliferation
and tube formation in vitro [59]. Recently Fridlender et
al. [11] described that tumor-associated neutrophils (TANs)
can be polarized in the tumor microenvironment into
N1 and N2 phenotype similar as described previously for
tumor-associated macrophages. Thereby, within the tumor
microenvironment, TGF-β induced and maintained a popu-
lation of TAN with an N2 tumor-promoting phenotype.

5.3. Eosinophils. Eosinophils are characterized by the expres-
sion of CCR3 and CD125. They are multifunctional leuko-
cytes implicated in the pathogenesis of numerous inflam-
matory processes including parasitic helminths infections
and allergic diseases [60]. Increased numbers of eosinophils
have been reported for several human tumors including oral
squamous cell carcinoma, gastrointestinal tumors, Hodgkin
lymphoma, and nasopharyngeal carcinoma [61–64]. The
highly potent and selective eosinophil chemoattractant
CCL11 (eotaxin), which binds to CCR3, was described
to mediate the recruitment of eosinophils to the tumor
microenvironment [65]. The role of eosinophils in the
tumor microenvironment remains unclear. Accumulation of
eosinophils in the necrotic region suggests that eosinophils
may promote necrosis and might have antitumor activ-
ity [66]. Alternatively, there is evidence to suggest that
eosinophils recruited to tumor sites can influence angiogen-
esis. Eosinophils contain VEGF in their secretory granules,
which are rapidly secreted upon activation with IL-15 [67].
In addition, TNFα-stimulated eosinophils release proangio-
genic factors like bFGF, IL-6, IL-8, PDGF, and MMP9 [68].
However, the release of proangiogenic factors of IL-15 and
TNFα-stimulated eosinophils has only been observed in vitro
and has yet to be confirmed in tumors.

5.4. Mast Cells. Mature mast cells (MCs) populate most
tissues but are found in highest numbers in the skin,
airways, and digestive tract, where they are thought to act
as a first line of defense against infiltrating pathogens and
parasites. MCs also have an important role in generating and
maintaining innate and adaptive immune responses as well
as the development of autoimmune disorders and tolerance.
MCs are usually identified by basic Giemsa or toluidine blue
staining, expression of cell surface markers such as C-kit
receptor (CD117) in human and CD34 in mice, or stored
cytoplasmic molecules including tryptase and chymase [69].
MC originate from the bone marrow as immature cells and
migrate to peripheral tissues where they mature in situ.
Mast cells are now recognized as an early and persistent
infiltrating cell type in many tumors, often entering before
significant tumor growth and angiogenesis occurred. Mast
cells accumulate at the boundary between healthy tissues
and malignancies and are often found in close association
with blood vessels within the tumor microenvironment.
They express many proangiogenic compounds such as VEGF,
bFGF, MMP9, TGF-β, TNFα, and IL-8. In several human
tumors increased MC density positively correlates with
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increased microvessel density and in some cases, with poor
prognosis [70].

5.5. Dendritic Cells. Dendritic cells (DCs) are specialized
antigen presenting cells that acquire, process, and present
tumor-associated antigens to T-cells for the induction
of antigen-specific tumor immune response. Two distinct
populations of DC exit in mouse and human tissues: (i)
myeloid DC (MDC) and (ii) plasmacytoid DC (PDC).
MDCs express CD11c and CD33 and lack CD45R, CD123,
and Lin, whereas PDCs are CD123+, CD45R+, CD4+,
CD11c−, ILT3+, ILT1−, and Lin− [71]. MDCs originate in
the bone marrow as immature cells (iDC) that lack the
classical mature DC markers, CD1a, CD83, CD40, and
CD86. Once they process foreign antigen, they become
activated, undergo maturation, and migrate to lymphoid
tissue where they initiate activation of antigen-specific T cells
[72].

By their potential capacity to activate tumor-specific T-
cell responses, DC play an important role in cancer immuno-
surveillance. Interestingly, circulating and tumor-infiltrating
DCs from cancer patients appear to be phenotypically and
functionally defective. Several tumor-derived factors have
been shown to be responsible for systemic and local DC
defects [73]. Beside the vast majority of reports of MDC
in cancer focusing on their suppressed immunoregulatory
function, it has become apparent that iDCs also promote
tumor neovascularization. For example, Conejo-Garcia and
colleagues [74] described a mechanism of tumor vascu-
logensis mediated by DC precursors. β-defensin mediated
recruited of DC precursors to tumors enhanced tumor vas-
cularization and growth in the presence of increased VEGF-
A expression. Thereby VEGF-A induced the simultaneous
expression of both, endothelial and DC markers, on DC
precursors and the DC precursors underwent endothelial-
like specialization. These cells were termed vascular leuko-
cytes (VLCs) and are highly present in human ovarian carci-
nomas. Depending on the milieu, VLCs can assemble into
functional blood vessels or act as antigen-presenting cells
[75].

A recent report underlined the important role of imma-
ture DC during tumor vascularization [76]. In this study
only tumor cells implanted with immature DC, but not
with mature DC, revealed increased neovascularization and
growth. In addition, complete depletion of DC in a trans-
genic CD11c+DTR-Tg mice model abrogated angiogenesis
in bFGF loaded Matrigels and inhibited the growth of
intraperitoneally injected B16 melanoma cells (although the
tumor model used in this study is uncommon).

Beside the role of immature DC/VLC in vasculogenesis,
immature DC might also promote angiogenesis. A recent
report showed that human iDCs upregulate proangiogenic
cytokines such as VEGF and IL-8 on exposure to severe
hypoxia in vitro [77]. Beside their proangiogenic role, VEGF
and IL-8 are also immunosuppressive cytokines capable to
inhibit DC maturation and so might act in an autocrine as
well as a proangiogenic manner if released by immature DC
in hypoxic tumor sites.

6. Myeloid Cell Mediate Resistance to
Antiangiogenic Drugs

Recently, Shojaei et al. [78] reported that accumulation
of CD11b+Gr1+ cells in tumors renders their refractory
to anti-angiogenic blockage by VEGF antibodies. Different
murine tumor cell lines were tested for their responsiveness
to anti-VEGF antibody treatment. Refractory tumors were
associated with significant increase in the frequency of tumor
infiltrating CD11b+Gr1+ cells compared to sensitive tumors.
Moreover, when normally sensitive tumor cells were mixed
with these cells that are resistant to anti-VEGF antibodies
and transplanted into other mice, the transplanted tumors
resist anti-VEGF antibodies. In contrast, CD11b+Gr1+ cells
isolated from sensitive tumors were unable to mediate
refractoriness to anti-VEGF treatment, indicating that the
tumor directly modulates CD11b+Gr1+ cells to promote
angiogenesis independent of VEGF. Gene array analysis
revealed an upregulation of G-CSF and monocyte chemo-
tactic protein 1 (MCP-1) in resistant tumors, both factors
known to be involved in the mobilization of bone marrow
derived myeloid cells to the peripheral blood. In addition,
proinflammatory factors such as macrophage inflamma-
tory protein 2 (MIP-2), IL-1 inducible protein, and IL-1β
were also upregulated in resistant tumors, while resistant-
mediating CD11b+Gr1+ cells revealed increased expression
of proinflammatory cytokine receptors such as IL-1, IL-4,
IL-11, and IL-13. Taken together, these findings suggest that
inflammation is an important aspect of tumor refractoriness
in response to anti-VEGF antibody treatment.

Fischer et al., [79] described the use of neutralizing
murine antiplacental growth factor (PlGF) monoclonal
antibody [79]. Anti-PlGF antibody inhibited growth and
metastasis of various tumors, including those resistant
to VEGF-receptor 2 (VEGFR2) inhibitors. In contrast to
anti-VEGFR2 treatment, anti-PlGF prevented infiltration of
angiogenic macrophages and severe tumor hypoxia and,
thus, did not switch on the “angiogenic rescue program”
which is considered to be responsible for the resistance to
anti-VEGFR2 treatment.

7. Mobilization and Recruitment of
Myeloid Cells into Tumors

Substantial evidence indicates that myeloid cells and their
precursors promote neovascularization in tumors and
inflammatory tissues. These cells are actively recruited to the
tumor microenvironment from the bloodstream. Immune
cell trafficking in vivo is regulated by chemokines and by
members of the integrin, immunoglobulin superfamily, and
selectin adhesion molecule families [80, 81]. Hypoxia, as
well as chemokines and their receptors, stimulates homing of
circulating myeloid cells to tissues. When tumors encounter
low oxygen tension, they adapt by promoting expression of
genes associated with angiogenesis, metastasis, and invasion.
This transcriptional response pathway is mediated to a
large extent by the dimeric transcription factor complexes
of hypoxia-inducible factors (HIFs) [82]. HIF1 activity
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Figure 2: Recruitment of diverse bone marrow-derived cell populations to the tumor microenvironment and their effects on tumor
progression. Tumor and stromal cells mobilize various subpopulations of tumor promoting bone marrow-derived cells to the peripheral
blood through secretion of cytokines and chemokines. Diverse chemoattractant factors promote the recruitment and infiltration of these
cells to the tumor microenvironment where they suppress the antitumor immunity or promote tumor angiogenesis and vasculogenesis or
raise refractoriness against anti-VEGF therapy.

promotes neovascularization by the induction of variety
of proangiogenic factors like VEGF-A, VEGFR1, PDGF-B,
bFGF, and angiopoietins that stimulate new blood vessel
formation within hypoxic areas. In addition, HIF activity also
regulates the expression of several chemoattractant factors,
including MCP-1, CSF-1, VEGF-A, TNFα, and SDF-1α, each
of them capable to attract myeloid cells to invade hypoxic
tissues [83].

MCP-1 (or CCL2) and RANTES (or CCL5) increased
the infiltration of TAM into primary tumors, including
breast and ovarian carcinomas, melanoma, and glioblastoma
[84–87]. Furthermore, MCP-1 and RANTES stimulate the
secretion of matrix-degrading enzymes, such as MMP9 and
MMP12 by macrophages.

IL-8 also serves as a monocyte chemoattractant. This
chemokine is also a proangiogenic factor and an autocrine
growth factor for several human tumor cell types [88]. IL-
8 stimulates the adhesion of monocytes, which express low
levels of the IL-8 receptors CXCR1 and CXCR2, to vascular
endothelium under flow conditions. These studies indicate
that IL-8 and CXCR-1/2 interactions play roles in monocyte
recruitment. Several cytokines and growth factors, including
colony stimulating factor-1 (CSF-1), VEGF, and PDGF, have
been implicated in the recruitment of monocytes into tumors
[89–91]. CSF-1 is produced by various types of human
tumors and is a potent chemoattractant for macrophages.

Coordinated expression of CSF-1 in macrophages and
epidermal growth factor (EGF) in mammary tumor cells
resulted in increased myeloid cell invasion into mammary
tumors [91].

IL-1β, another myeloid cell cytokine, increased infiltra-
tion of neutrophils and macrophages in a mouse model of
corneal neovascularization. In contrast, deletion of mono-
cytes by genetic approaches or by use of toxins significantly
suppressed IL-1β induced angiogenesis [92].

β-defensin may also serve as a recruitment factor
for myeloid lineage cells. β-defensin is a chemoattractant
factor for DC. Conjeo-Garcia and colleagues found that
the recruitment of dendritic precursor cells into tumors
required the presence of β-defensin [74]. Depletion of β-
defensin or inhibition of its receptor CCR6 using function-
blocking antibodies abolished the infiltration of dendritic
precursor cells into tumors. These studies indicate that
the ligand/receptor pair β-defensin/CCR6 is essential for
dendritic precursor cell recruitment.

A key role for SDF-1α in progenitor cell recruitment was
recently described [93]. Syngeneic tumors transplanted into
thrombocytopenic mice (such as Thpo-/- and Mpl-/- mice)
exhibited impaired neovascularization and reduced release
of the chemokine SDF-1α. Further studies demonstrated
that hematopoietic cytokines including soluble Kit-ligand
and thrombopoietin trigger the release of SDF-1α from
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platelets, which results in the mobilization of unique subset
of hemangiogenic progenitor cells (CXCR4+ VEGFR1+) to
neoangiogenic niches.

Du et al., [9] recently reported that HIF-1α, the direct
effector of hypoxia, induces recruitment of diverse bone mar-
row derived subpopulations, containing Tie2+, VEGFR1+,
CD11b+, and F4/80+, as well as EPC and pericyte progenitors
to promote neovascularization in glioblastoma. HIF-1α
contributed to the induction of SDF-1α in glioblastoma cells,
which in turn promoted tumor progression by recruiting
MMP9+ vascular modulatory bone marrow cells [9].

Recently Bv8, also known as prokineticin-2, was iden-
tified as a critical regulator for CD11b+Gr1+-mediated
angiogenesis. Bv8 and the related EG-VEGF were also
characterized as mitogens for specific endothelial cell types
[94]. Both Bv8 and EG-VEGF bind two highly homologous
G-protein-coupled receptors termed PKR-1 and PKR2. Bv8
expression was reported to be upregulated in CD11b+Gr1+

cells after tumor implantation [8]. Bv8 was shown to
mobilize hematopoietic cells such as CD11b+Gr1+ cells to
the blood and also stimulated the production of granulocytic
and monocytic colonies in vitro [95]. Notably, anti-Bv8
treatment of mice implanted with human tumors resulted
in a significant reduction in tumor growth and tumor
angiogenesis. This effect was associated with a reduction in
CD11b+Gr1+ mobilization from the bone marrow. Inter-
estingly G-CSF dramatically upregulates Bv8 expression [8,
96]. Hence, G-CSF produced by the tumor cells or tumor
associated fibroblast may result in an upregulation of Bv8
in the BM, which, in turn, results in the induction of
differentiation of myeloid progenitors and their mobilization
to the peripheral blood.

The immune suppressive molecule TGF-β has also been
implicated in myeloid cell functions. Experiments with a
transplanted and spontaneous mammary carcinoma demon-
strated increased levels of TGF-β in the tumor microenviron-
ment if the tumor cells were deficient for the type II TGF-
β receptor (Tgfbr2 KO). These authors demonstrated that a
deficiency in the receptor resulted in an increase in CXCL5
(ENA-78) and SDF-1α in the tumor microenvironment.
Further analysis targeting the CXCL5 receptor CXCR2 with
antagonist decreased the recruitment of CD11b+Gr1+ cells to
orthotopic transplanted Tgfbr2 KO breast adenocarcinomas
[97].

These studies demonstrate that a variety of inflammatory
stimuli can recruit diverse subsets of myeloid cells to invade
tumor tissue.

8. Conclusions

Links between chronic inflammation and cancer have been
recognized for several decades. Studies to understand the
recruitment of proangiogenic myeloid cells populations
and immunsuppressive MDSC and their contributions to
angiogenesis are ongoing. All these studies suggest that
several myeloid subpopulations may play roles during neo-
vascularization of tumors, mediating refractoriness to anti-
angiogenic therapies, or the escape from immune surveil-
lance (Figure 2). Much progress is needed with regards to

the characterization of markers to identify cells subsets that
have specific regulatory roles. This might further help to
understand why so many different characterized cell types
appear to have overlapping functions.

Myeloid cells represent novel targets for therapeutic
strategies. The mobilization and recruitment of myeloid cells
by the tumor defines myeloid cells as a potential delivery
system to target the tumor microenvironment. One such
approach was recently shown using TEM. Mice transplanted
with TEM expressing interferon α (IFN-α), a potent cytokine
with angiostatic and anti-proliferative activity [98] under the
Tie2 promotor, inhibited tumor progression in several tumor
models [99]. Targeting cytokines and cytotoxic proteins
to tumors by means of gene-modified myeloid cells thus
represents a promising strategy to treat cancer [100].

In contrast, the tumor promoting properties of myeloid
cells define these cells as putative targets for anticancer
therapies. Anti-angiogenic agents were already described to
be the most efficacious when combined with cytotoxic agents
and/or therapies targeted towards ablating myeloid cells [5,
101]. Furthermore, suppression of myeloid cell recruitment
to the tumor microenvironment offers a new strategy
to inhibit tumor neovascularization, while stimulation of
homing may promote tissue recovery from ischemia.
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Recent evidence supports a longstanding hypothesis that chronic stress can influence tumor growth and progression. It has been
shown that sympathetic neurotransmitters, such as catecholamines and neuropeptides, can affect both cancer cell growth and
tumor vascularization. Depending on neurotransmitter and type of tumor, these effects can be both stimulatory and inhibitory.
Norepinephrine (NE) and epinephrine (E) are potent stimulators of vascularization, acting both by inducing the release of
angiogenic factors from tumor cells and directly on endothelial cell (EC) functions. As a result, activation of the adrenergic system
increases growth of various types of tumors and has been shown to mediate stress-induced augmentation of tumor progression.
Dopamine (DA), on the other hand, interferes with VEGF signaling in endothelial cells, blocks its angiogenic functions and
inhibits tumor growth. Another sympathetic neurotransmitter coreleased with NE, neuropeptide Y (NPY), directly stimulates
angiogenesis. However, proangiogenic actions of NPY can be altered by its direct effect on tumor cell proliferation and survival. In
consequence, NPY can either stimulate or inhibit tumor growth, depending on tumor type. Hence, sympathetic neurotransmitters
are powerful modulators of tumor growth and can become new targets in cancer therapy.

1. Introduction

Stress is an inevitable element of our lives. Stressful events
activate the sympathetic nervous system and hypothalamic-
pituitary-adrenal axis, which lead to the release of biochemi-
cal mediators of stress, such as cortisol, catecholamines, and
neuropeptides [1, 2]. The elevated levels of these factors are
used as clinical markers of stress. These stress mediators
trigger a variety of physiological changes meant to improve
the performance of the organism, such as increasing blood
pressure and heart rate and enhancing the immune response.
Thus, a short, acute stress has been shown to exert various
beneficial effects. However, when stress becomes chronic, the
prolonged exposure to the same stress mediators, which were
beneficial in acute stress, often triggers pathological processes
and contributes to the development or exacerbation of
various diseases, including cancer [3].

Chronic stress has been implicated in the stimulation
of tumor development and progression by both clinical

and animal studies [4–6]. Initially, stress-induced suppres-
sion of the immune response was suggested as the major
mechanism of this phenomenon [7]. As opposed to acute
stress, which enhances immunity and has been shown to
increase resistance to cancer, chronic stress impairs immune
responses and in this way facilitates tumor growth [8, 9].
However, there is also growing evidence indicating that
stress mediators, such as glucocorticoids and sympathetic
neurotransmitters, can directly affect tumor cell proliferation
and survival as well as tumor angiogenesis. The direct effects
on tumor cells vary significantly between different stress
mediators and types of tumors [10–13]. In contrast, their
actions on tumor vascularization involve interactions with
common angiogenic factors, such as vascular endothelial
growth factor (VEGF), and seem to be universal between
different tumor types [5, 14–16]. Thus, stress mediators and
their receptors can become novel targets in antiangiogenic
tumor therapy. This review will focus on sympathetic
neurotransmitters and their effects on tumor vascularization.
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2. Norepinephrine and Epinephrine

Norepinephrine (NE) and epinephrine (E) belong to a family
of catecholamines and are one of the best characterized
stress neurohormones. NE is released primarily from the
sympathetic nerves, while E is mainly secreted from the
adrenal medulla. As the sympatho-adrenomedullary system
is responsible for the body’s fight-or-flight stress response,
circulating levels of both catecholamines are increased
during stress [17]. NE and E activate the same α and β
adrenoreceptors (AR), which are widely distributed in all
tissues.

Recently, NE and E have been implicated in stress-
induced augmentation of tumor growth and progression.
In an orthotopic model of ovarian carcinoma, the growth-
promoting effect of stress was mimicked by a β-AR agonist,
isoproternol, and blocked by its antagonist, propranolol [5,
6]. Similarly, activation of β-AR resulted in an increase in
metastases in animal models of lung and breast cancer [18,
19]. In all of the above models, the growth-promoting effects
of stress, as well as direct activation of β-ARs, was associated
with a significant increase in tumor vascularization, while β-
AR blockers reduced vessel density [5, 6]. Moreover, tumors
derived from stressed animals had elevated levels of VEGF
and other angiogenic factors, and the growth promoting
actions of β-AR activation was reduced by blocking the
VEGF pathway [5]. Thus, an increase in angiogenesis appears
to be the main mechanism of growth-promoting effects
of NE and E. Indeed, in various cancer cell types, such
as ovarian cancer, colon cancer, melanoma, pharyngeal
carcinoma, and multiple myeloma, activation of β-ARs
present on tumor cells led to a dramatic increase in synthesis
and release of angiogenic factors—VEGF, IL-8, and IL-6
[5, 16, 20–23]. These effects were mediated primarily via a
β-AR-dependent increase in cAMP levels, which resulted in
the activation of protein kinase A (PKA) and Src [5, 22].
Adrenergic stimulation has also been shown to increase the
secretion of metalloproteases, MMP-2 and MMP-9, which
further augment angiogenic and metastatic processes [21].
Interestingly, catecholamine-induced release of angiogenic
factors from tumor cells can be further enhanced by its
secretion from stromal cells, such as β-AR-positive tumor-
associated macrophages [24, 25].

Although the stimulatory effects of NE and E on the
release of angiogenic factors seem to be the major mecha-
nism of their tumor-promoting actions, these neurotrans-
mitters can also exert direct trophic effects on endothelial
cells (ECs) through α-ARs. Phenylepinephrine, a non-
vasoconstrictive α-AR agonist, has been shown to induce
EC proliferation and migration as well as promote capillary
formation. Interestingly, these effects were potentiated by
hypoxia [26]. Since tissue ischemia is known to stimulate
NE release from the sympathetic nerves [27], the direct
angiogenic effect of NE can be significantly enhanced in
hypoxic areas of tumors.

Thus far, the results of experimental studies have con-
firmed that AR agonists exert strong stimulatory effects
on tumor growth and agree that the release of angiogenic
factors is the main mechanism of these actions. These

discoveries open new possibilities of treatment with well-
known drugs, such as antagonists of ARs. Some clinical
data indicating decreased incidence of prostate cancer among
cardiovascular patients treated with β-blockers corroborated
the above findings [28, 29]. However, it is important to
remember that the indirect, pro-angiogenic effect of AR
agonists mediated by other angiogenic factors depends on
the presence of these receptors on tumor cells, thus it can
be tumor-specific. Moreover, the angiogenic actions of NE
and E can be further modified by their direct effect on
tumor cell proliferation and invasiveness, which in turn
may differ among various tumors. In many cancer cell
types, such as colon, ovarian, and prostate, these effects are
stimulatory [11, 12]. However, adrenergic stimulation can
also inhibit proliferation of some tumor cells, as shown in
melanoma and neuroblastoma [30, 31]. In breast cancer, on
the other hand, the reports are contradictory. The adrenergic
agonists seem to increase motility of cancer cells but at the
same time inhibit their proliferation [13, 32]. In agreement
with these data, another clinical study indicated no effect
of treatment with β-blockers on the risk of breast cancer
among cardiovascular patients [33, 34]. Thus, the success
of potential cancer therapy targeting ARs will depend on
the type of tumor, its receptor expression pattern, and
environmental factors, such as stress, which augment NE and
E effects.

3. Dopamine

Dopamine (DA) is not only a precursor of NE and E
but is also an important neurotransmitter in the brain
acting via two types of receptors—D1 and D2. In the
periphery, DA is synthesized in mesenteric organs as well
as released from sympathetic neurons and adrenal medulla
[17]. Levels of DA are elevated during stress, but rather
than mediating the fight-or-flight response, as NE and E
do, its role involves coping with stress [35]. DA also seems
to have opposite than NE and E effects on tumor growth.
It has been shown that administration of DA inhibits the
growth of various tumors, such as stomach, breast, and
colon cancers [14, 36]. Consistently, in mice lacking the DA
transporter, which is normally responsible for uptake of this
neurotransmitter, the elevated DA levels were associated with
reduced growth of Lewis lung carcinoma [37]. In gastric
cancer, the endogenous levels of DA were significantly lower
than those in surrounding healthy tissue, indicating that the
neurotransmitter acts as an endogenous tumor suppressant
that needs to be inactivated to allow tumor progression
[36].

The main mechanism of these growth-inhibitory actions
of DA involves its direct antiangiogenic effect on ECs. In
all animal models, treatment with DA led to a significant
reduction in tumor vascularization [14, 36, 37]. DA has also
been shown to block VEGF-induced EC proliferation, migra-
tion, and vascular permeability. Further studies revealed that
DA, acting through its D2 receptors, enhances endocytosis of
VEGF-R2 and decreases its membrane expression. This activ-
ity of DA interferes with VEGF signaling by reducing VEGF-
induced phosphorylation of its VEGF-R2 and preventing the



Journal of Oncology 3

Catecholamines

Sympathetic neurotransmitters

Neuropeptides

NE/E DA NPY

Tumor
cells

Vess
el

cAMP/PKA

Release of VEGF, IL-6, IL-8 VEGF signaling EC proliferation/migration

EC proliferation/migration

Vascularization Vascularization Vascularization

Tumor growth Tumor growth Tumor growth

Direct effects

on tumor cells
Direct effects

on tumor cells

+
−

+

−

β-AR α-AR D2 Y2R

EC

EC

Figure 1: Activation of sympathetic neurons results in release of various neurotransmitters—catecholamines and neuropeptides.
Norepinephrine (NE) and Epinephrine (E), belonging to a family of catecholamines, activate their β-adrenoreceptors (ARs) expressed on
tumor cells and stimulate release of angiogenic factors, such as vascular endothelial growth factor (VEGF) and interleukins. Moreover,
NE/E can directly induce endothelial cell (EC) proliferation and migration via their α-AR. Both of these processes lead to an increase
in tumor vascularization. Adrenergic stimulation can also affect proliferation, survival, and invasiveness of cancer cells. This effect may
be stimulatory or inhibitory, depending on tumor type. However, the proangiogenic actions of NE/E prevail over its direct effect on
tumor cells. In consequence, adrenergic activation leads to an increase in tumor growth in most of the investigated tumor types. Another
catecholamine, dopamine (DA), acts on its D2 receptors present on EC and interferes with VEGF signaling. As a result, dopamine reduces
tumor vascularization and inhibits tumor growth. Neuropeptide Y (NPY), coreleased with NE from sympathetic nerves, directly stimulates
EC proliferation and migration via its Y2Rs and increases tumor vascularization. However, NPY can also significantly alter the proliferation
and survival of tumor cells. These direct actions of NPY on tumor cells are powerful enough to overcome its angiogenic activities. In
consequence, the net effect of NPY varies in different types of tumors.

activation of downstream kinases—FAK and p42/44 MAPK
[38, 39].

In addition to its effect on mature ECs, DA has
also been shown to block VEGF signaling in endothelial
progenitor cells (EPCs). As a consequence, DA not only
inhibits trophic functions of VEGF in these cells but also
blocks their recruitment from bone marrow. It has been
shown that DA levels are decreased in the bone marrow
of tumor-bearing mice, which facilitates EPC mobilization
[40]. Since recent data strongly support a role for EPCs
in the tumor vascularization, DA effect on EPC func-
tion may significantly contribute to its growth-inhibitory
effect.

The role of DA in stress-induced changes in tumor
growth and progression has not been characterized. It seems
that DA is an endogenous inhibitory factor which requires
inactivation for tumor growth, rather than sympathetic
activation. However, in contrast to NE and E acting on
specific tumors, DA effects appear to be more universal,
influencing various tumor types, via its direct actions on ECs
and EPCs. Thus, DA receptor agonists may become attractive
antiangiogenic drugs in cancer therapy.

4. Neuropeptide Y

Neuropeptide Y (NPY) is a 36-amino-acid peptide coreleased
with NE from sympathetic nerves. The actions of the peptide
are mediated by multiple receptors-designated Y1–Y5 [41].
NPY is mainly known due to its anxiolytic effect in the brain
and central regulation of food intake. In the periphery, NPY
inhibits the release of NE after sympathetic stimulation and
acts as a vasoconstrictor [41]. There is also a growing number
of evidences that NPY is a growth factor for variety of cells.
The peptide has been shown to stimulate proliferation of
vascular smooth muscle cells and neuronal precursors, while
the trophic effect of NPY on ECs revealed its angiogenic
properties [42–47].

The main mechanism of NPY-induced angiogenesis
involves its direct effect on ECs. The peptide stimulates
proliferation and migration of ECs and promotes capillary
tube formation, while in vivo, endogenous NPY facilitates
vascularization of ischemic tissues [43, 46, 47]. These actions
are dependent on endothelial nitric oxide synthase (eNOS)
activation and, partially, on the VEGF pathway [46]. The
angiogenic activities of NPY are mediated mainly by its



4 Journal of Oncology

Y2Rs, since NPY-induced angiogenesis is severely impaired
in Y2R −/− mice [48, 49].

Due to its angiogenic properties, NPY has been impli-
cated in various pathological conditions associated with a
deregulation of tissue vascularization, such as retinopathy,
wound healing, atherosclerosis, and obesity [48, 50–52].
Recently, its role in tumor angiogenesis has also been
shown. In malignancies originating from neuroendocrine
tissues, such as neuroblastoma and Ewing’s sarcoma, NPY
released from tumor cells seems to be an essential fac-
tor involved in their vascularization. Antagonists to NPY
receptors blocked the effect of both neuroblastoma and
Ewing’s sarcoma-conditioned media on EC proliferation.
Consequently, treatment with exogenous NPY significantly
increased vascularization of subcutaneous xenografts derived
from both tumor cell types [10].

As in the case of NE and E, the angiogenesis-related
growth-stimulatory actions of NPY are further modified
by its direct effect on tumor cell growth and survival.
For example, in neuroblastoma, the peptide stimulates
proliferation of tumor cells via the same angiogenic Y2Rs,
thereby further augmenting the growth of neuroblastoma
xenografts. In contrast, in Ewing’s sarcoma, NPY induces
tumor cell apoptosis via Y1 and Y5Rs. As a result, exogenous
NPY inhibits growth of Ewing’s sarcoma xenografts in vivo,
despite increase in their vascularization [10].

Although neuroendocrine tumors, which synthesize and
release endogenous NPY, seem the most susceptible to tumor
growth regulation by this peptide, NPY and its receptors
have also been implicated in nonneuronal types of tumors.
For example, peptide YY (PYY), which belongs to the same
family of peptides and acts through the same receptors as
NPY, has been shown to inhibit proliferation of breast and
prostate cancer cells via Y4Rs and pancreatic cancer cells
via Y2Rs [53–56]. Thus, these direct effects on tumor cell
proliferation and survival are an important aspect of NPY
actions in tumors and are often potent enough to overcome
its angiogenesis-mediated growth-promoting effect.

Thus far, most of the studies addressing the role of stress
in promoting cancer growth focus on the best known stress
mediators—catecholamines and glucocorticoids. There are
no studies directly linking NPY with stress-induced tumor
growth and progression. However, systemic NPY levels are
also upregulated during stress, particularly those intensive
and prolonged in nature. Moreover, NPY is more stable than
both NE and glucocorticoids. Hence, once stimulated, the
elevated levels of NPY persist for a longer period of time
[57]. The physiological role of NPY is to help cope with stress
due to its central, anxiolytic effects [58, 59]. However, it has
been shown that elevated peripheral circulating levels of NPY
induced by intensive chronic stress can result in significant
deleterious effects, such as enhanced atherosclerosis and
diet-induced obesity, both of which are diseases associated
with intensive tissue growth and upregulated angiogenesis
[52, 60]. Thus, while high levels of NPY in the brain improve
stress coping, chronically elevated levels of the peptide in the
circulation can result in a variety of side effects. Whether
enhanced tumor growth is one of them remains to be
investigated.

5. Summary

As summarized above, the discoveries of recent years
provided a significant body of evidence confirming an
important role of sympathetic neurotransmitters and, conse-
quently, chronic stress in regulating of tumor vascularization
(Figure 1). This research opens new avenues for developing
novel therapeutics, as well as using already existing and well-
characterized drugs, such as β-blockers and DA receptor
agonists, in new clinical settings. This seems to be partic-
ularly important, since cancer diagnosis per se is usually a
stressful event for the patient. However, careful consideration
needs to be given to other actions of stress mediators,
such as cancer-specific effects on tumor cells themselves,
as well as changes in immune system, which can indirectly
affect tumor development and progression. Finally, since
patterns of neuro-hormonal activation vary with different
types of stress [17], tumor exposure to particular stress
mediators would vary, too. Thus, potential therapeutic value
of modifying particular stress pathways may be dependent on
a variety of factors.
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IL-17B is a member of the IL-17 cytokine family which have been implicated in inflammatory response and autoimmune diseases
such as rheumatoid arthritis. The founding member of this family, IL-17 (or IL-17A), has also been implicated in promoting
tumour angiogenesis through the induction of other proangiogenic factors. Here we examine the potential of recombinant human
IL-17B to contribute to the angiogenic process. In vitro rhIL-17B was able to inhibit HECV endothelial cell-matrix adhesion and
cellular migration and also, at higher concentrations, could substantially reduce tubule formation compared to untreated HECV
cells in a Matrigel tubule formation assay. This data suggests that IL-17B may act in an antiangiogenic manner.

1. Introduction

IL-17, initially termed CTLA-8, was identified in 1993
through subtractive hybridisation of a rodent cDNA library
and was found to share homology to the ORF13 gene of the
Herpesvirus saimiri. Subsequent studies identified both the
receptor for IL-17/CTLA-8 cytokine and the human version
of IL-17. IL-17 has been shown to induce IL-6 and IL-8
production together with enhanced expression of ICAM-
1 and NF-κB activity [1–3]. Since their initial discovery,
research into the IL-17 cytokine family has identified six
members, IL-17 (IL-17A) -IL-17F, which signal through a
family of IL-17 receptors, IL-17RA–IL-17RE (reviewed in full
in [4, 5]).

IL-17 can cause the induction of proinflammatory
factors, contributing to the immune response. However this
cytokine has also been shown to play a role in autoimmune
disorders such as rheumatoid arthritis [6–9]. Various studies
have also investigated the role of IL-17 in cancer progression,
discovering that IL-17 possesses both anti- and pro tumour
roles. IL-17-transfected haematopoietic tumours grafted
onto syngeneic immunocompetent mice grew at a signifi-
cantly reduced rate to mock transfected control tumours and
this reduction was associated with the enhanced generation

of CTLs [10]. Another study suggests that endogenous
IL-17 may be involved in tumour immunity and show
that MC38 colon cancer cells inoculated subcutaneously
developed significantly faster in IL-17-deficient mice than
wild-type mice and developed significantly more metastatic
foci than wild-type mice following intravenous injection of
MC38 [11]. The protumorigenic effects of IL-17 seem largely
due to its ability to contribute to the inflammatory response
and enhance angiogenesis. IL-17-transfected tumour cells
have been shown to enhance in vivo growth and show
significantly enhanced tumour vascularity compared to
control cells, whilst in vitro IL-17 treatment stimulated
vascular endothelial cell migration and cord formation and
caused upregulation of a number of proangiogenic factors
in fibroblasts and tumour cells [12]. Subsequent work has
shown that IL-17 could enhance HGF-, VEGF-, and bFGF-
induced vascular endothelial cell growth and thus may help
to mediate angiogenesis promoted through these growth
factors [13]. Elevated levels of serum IL-17 have been
detected in multiple myeloma patients, with levels being
significantly higher in stage II and III patients than in stage I
patients and in these patients serum IL-17 levels were found
to correlate positively with levels of VEGF, TNFα, and micro
vessel density [14].
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Currently there are few studies focusing on the IL-17B
member of the IL-17 cytokine family in cancer progression
and angiogenesis. IL-17B was initially cloned and charac-
terised in 2000 [15]. IL-17B shares approximately 27% amino
acid identity with IL-17, has a wider expression pattern with
transcripts being demonstrated in human adult pancreas,
small intestine, stomach, and testis, and can stimulate the
release of tumour necrosis factor alpha (TNFα) and IL-1β
in the THP-1 monocytic cell line [15]. IL-17B has also been
suggested to play an important role in inflammatory arthritis
[16]. In the current study we use rhIL-17B to assess the role
of IL-17B in the human HECV endothelial cell line and its
potential to impact on traits, such as cellular migration and
tubule formation, associated with the angiogenic process.

2. Methodology

2.1. Reagents, Cell Lines, and Culture Conditions. The human
HECV endothelial cell line was purchased from the European
Collection of Animal Cell Cultures (ECACC, Salisbury,
UK). Cells were routinely subcultured in Modified Eagle
Medium (DMEM) (PAA Laboratories Ltd., Somerset, UK)
supplemented with 10% Fetal Bovine Serum (PAA Labo-
ratories Ltd, Somerset, UK), penicillin, and streptomycin.
The cells were maintained in an incubator at 37◦C and 5%
CO2 humidity. Recombinant human IL-17B (rhIL-17B) was
purchased from R&D systems (Abingdon, UK).

2.2. Cell Function Assays

2.2.1. In Vitro Cell Growth Assay. The impact of rhIL-17B
on HECV cell growth was assessed using an in vitro cell
growth assay. Cells were seeded into a 96-well plate at a
seeding density of 3,000 cells/well and treated with a range
of rhIL-17B concentrations (0 ng/mL, 10 ng/mL, 50 ng/mL,
100 ng/mL, and 250 ng/mL). Triplicate plates were set up
and incubated for periods of overnight, 3 days or 5 days.
Following incubation, the medium was removed; cells were
fixed in 4% (v/v) formalin for 5 minutes, stained in 0.5%
(w/v) crystal violet for 5 minutes, and rinsed. The crystal
violet stain taken up by the cells was then extracted in a 10%
(v/v) acetic acid solution and cell growth was determined
spectrophotometrically using a Bio-Tek ELx800 multiplate
reader (Bio-Tek Instruments Inc., Vermont, USA).

2.2.2. In Vitro Matrigel Adhesion Assay. The impact of rhIL-
17B on HECV cell-matrix adhesion was assessed using an
in vitro Matrigel adhesion assay previously described [17].
In brief, wells of a 96-well plate were precoated with 5 μg
of Matrigel (BD Biosciences, Oxford, UK) before seeding
30,000 HECV cells in medium containing a range of rhIL-
17B concentrations (0 ng/mL control, 10 ng/mL, 50 ng/mL,
and 100 ng/mL). Cells were incubated for 45 minutes before
being subjected to intense washing to remove nonadherent
cells, fixed in 4% (v/v) formalin, and stained with 0.5% (w/v)
crystal violet. Adherent cells were subsequently observed
under a microscope and the number of adherent cells per
field were calculated in a number of random fields.

2.2.3. In Vitro Migration/Wounding Assay. A migration/
wounding assay was used to assess the impact of rhIL-17B
on HECV cellular migration. This protocol was modified
from a previously described method [18]. Briefly, cells were
cultured in a 24-well plate until they reached a near confluent
monolayer. This monolayer was subsequently scratched with
a 21G needle and the medium was replaced with fresh
medium containing a range of concentrations of rhIL-17B
(0 ng/mL control, 10 ng/mL, 50 ng/mL, and 100 ng/mL).
Cellular migration from the two wound fronts was tracked
and recorded over a 90-minute period using a time-lapse
video recorder (Panasonic, Japan). Migration rates were
those calculated at 15 minute-time intervals within the 90-
minute period using Optimas 6 motion analysis software.

2.2.4. In Vitro Matrigel Tubule Formation Assay. Matrigel
endothelial cell tube formation assays were set up to assess
any impact on angiogenic effect following treatment with
rhIL-17B at a range of concentrations (0 ng/mL, 10 ng/mL,
50 ng/mL, 100 ng/mL, and 250 ng/mL). The protocol used
was modified from that previously reported [19]. Briefly,
250 μg of Matrigel was seeded into a 96-well plate in serum-
free medium and left to gel in an incubator for a minimum
of 40 minutes. Once the Matrigel had set, 30,000 HECV
cells were seeded onto the Matrigel layer and incubated for
4-5 hours to allow tubule formation to occur. Following
incubation, any tubules that had formed were visualized
under low magnification and images captured. Total tubule
perimeter/field in these images were later quantified using
ImageJ software.

2.3. Statistical Analysis. All experimental procedures were
repeated a minimum of three independent times. Data was
analysed using Minitab 14 statistical package using a two-
sample two-tailed t-test to compare treated samples to that
of untreated controls. Values of P < .05 were taken as being
statistically significant.

3. Results and Discussion

3.1. rhIL-17B Had Little Impact on HECV Cell Growth over
a Range of Concentrations. rhIL-17B was added to the cells
at concentrations of 10 ng/mL, 50 ng/mL, 100 ng/mL, and
250 ng/mL and the growth rates were compared to those
an untreated control in order to determine the toxicity of
rhIL-17B. Treatment of HECV cells with rhIL-17B seemed
to have little effect on the growth rate of this cell line over
the incubation period and concentrations tested (Figure 1).
Following 3-day incubation at the various treatments, there
is very little variation between the growth rates of the treated
cells and the untreated control cells. Following a longer 5-day
treatment of HECV cells with rhIL-17B, a noticeable drop
in growth can be seen in the highest tested concentration
of 250 ng/mL; however all other treatment concentrations
show little variability in growth rates compared to untreated
control HECV cells. No significant difference was observed
at any concentration at any specific incubation period when
compared to the untreated control of the same incubation
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Figure 1: HECV growth was not affected by rhIL-17B treatment.
No significant difference in HECV growth rate was observed
following 3- or 5-day incubation periods between the untreated
(0 ng/mL) control and any other rhIL-17B treatment concentration
(10 ng/mL, 50 ng/mL, 100 ng/mL, and 250 ng/mL).

period. This suggests that IL-17B, at the tested concentra-
tions, does not play a significant role in the regulation of cell
growth in the HECV human endothelial cell line.

3.2. rhIL-17B Negatively Impacted on HECV Cell-Matrix
Adhesion and Migration. Treatment of HECV endothe-
lial cells with rhIL-17B could influence both cell-matrix
adhesion (Figure 2(a)) and cellular migration (Figure 2(b)).
Lower concentrations of rhIL-17B (10 ng/mL and 50 ng/mL)
had minimal effect on these two traits; however at the higher
concentration of 100 ng/mL a significant reduction in both
cell-matrix adhesion and cellular migration in comparison
to untreated control HECV cells was noticed. Treatment of
HECV cells with 100 ng/mL rhIL-17B reduced the capacity
of the cells to adhere to an artificial Matrigel basement
membrane (P = .004). Similarly, at this concentration,
rhIL-17B significantly reduced cell migration over a 90-
minute period where the migration rates of cells treated
with 100 ng/ml rhIL-17B were significantly lower than those
of the untreated control cells after 75 minutes (P = .048)
and at the experimental endpoint of 90 minutes (P =
.027). Thus, it appears that IL-17B, at higher concentrations,
may play a role in regulating HECV cell-matrix adhesion
and cell migration. A previous study has investigated the
role of IL-17 in endothelial cell migration in vitro, using a
modified Boyden chamber assay system, and demonstrated
a promotional effect of IL-17 on endothelial cell migration
[12]. Our study examined the impact of rhIL-17B on
endothelial cell migration using a wounding cell migration
system, and whilst differing methodology makes it difficult
to draw direct comparisons between IL-17 and IL-17B, our
results indicate a potential role for IL-17B in the migration
of HECV endothelial cells.
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Figure 2: (a) Effect of rhIL-17B on HECV cell-matrix adhesion.
A significant reduction in cell-matrix adhesion was observed
following treatment with 100 ng/mL rhIL-17B. (b) Effect of rhIL-
17B on HECV cell migration. Similarly, 100 ng/mL rhIL-17B
significantly inhibited HECV cell migration and a significant
difference compared to the untreated control in migration was
observed following 75- and 90-minute periods. ∗P < .05; ∗∗P <
.01.

3.3. rhIL-17B Can Reduce HECV Tubule Formation. Untreat-
ed HECV endothelial cells formed tubule-like structures
when seeded onto Matrigel demonstrating their angiogenic
potential. Treatment of these cells with rhIL-17B adversely
affected the capability of this cell line to form these tubule
structures (Figure 3). This adverse effect was most notable
at the highest concentration of 250 ng/mL where, following
quantification of tubule perimeter, a significant decrease in
tubules was observed in comparison to untreated control
cells (P = .023). Whilst a significant reduction in tubule
formation was only observed at the 250 ng/mL concentra-
tion, there does appear some marginal effects, following
quantification, of rhIL-17B on HECV tubule formation at
100 ng/mL and possibly even at 50 ng/mL, where mean total
perimeter length/field was generally reduced in comparison
to the untreated control, though both of these treatments did
not reach significance. Thus, this data suggests that IL-17B
may negatively impact on the angiogenesis process through
inhibiting formation of new vessels. This role for IL-17B
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Figure 3: rhIL-17B inhibited HECV endothelial cell tubule formation. (a) Representative pictures of tubule formation following incubation
with varying concentrations of rhIL-17B. (b) Histogram representing mean quantified total tubule length per field. A significant reduction
was observed following treatment with 250 ng/mL rhIL-17B. ∗P < .05.

seems to be in contrast with the proangiogenic effect of IL-
17 observed by Numasaki et al., whose study demonstrated
the capacity of IL-17 to enhance vascular endothelial cell
cord formation over a range of concentrations in vitro and
promote increased tumour vascularity in in vivo models
[12]. In this study Numasaki et al. showed an enhancement
of microvessel development at 50–500 ng/mL IL-17 concen-
trations. Whilst our study also tested a range of rhIL-17B
concentrations, significant result were only observed at the
higher dose (250 ng/mL) and little effect was observed at our
lowest tested concentration of 10 ng/mL. However, IL-17B
and its anti-angiogenic actions are not alone in the family.
Other members of the IL-17 family have also been suggested
to have anti-angiogenic influences at higher concentrations
and an anti-angiogenic role for IL-17F was seen in a study by
Starnes et al., which demonstrated the capacity of IL-17F to
inhibit capillary tubule formation in an in vitro endothelial
cell capillary tubule formation assay at concentrations of
100, 375, and 750 ng/mL [20]. Exerting biological functions
at a higher concentration appears to be a common feature
for the IL-17 family members. Another example is IL-17D,
which has significant effects at a concentration range of 500–
1000 ng/mL [21]. Thus, our data implies that IL-17B may
function differently to IL-17 in angiogenesis or may itself not
be acting as an independent angiogenic factor. Additionally,
the high concentrations needed to bring about significant
effects in vitro may limit the usefulness of IL-17B in vivo
where physiological concentrations of this cytokine are likely
to be substantially lower. Further investigation into both the
mode of action of IL-17B together with additional studies
examining the efficacy and toxicity of IL-17B over a range

of concentration in vivo are required to fully realise the
potential of this cytokine.

4. Conclusions

The data presented suggests that IL-17B may negatively
impact on the angiogenic process through its ability to
inhibit endothelial cell migration and tubule formation
whilst having little effect on endothelial cell growth. Thus,
it appears as though IL-17B could play an opposite role
to that of IL-17 in the angiogenic process which, whilst
also having little effect on endothelial cell proliferation,
promoted endothelial cell migration and tubule formation
[12], though direct comparisons between these two cytokines
using similar methodologies are required to identify any
contrasting roles. As far as the authors are aware, this data
is the first implicating a role for IL-17B in the angiogenesis
process. Additional work is required to fully investigate and
establish the effects, either direct or indirect, of IL-17B in
endothelial cells and to examine the efficacy of this cytokine
to impact on angiogenesis using in vivo models. Thus, initial
data suggests that IL-17B may hold potential as an anti-
angiogenic therapeutic; however, the high concentrations
needed to bring about any inhibition and how these would
be tolerated in vivo must also be considered in future
studies.
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Expression of sphingosine kinase-1 (SphK-1) correlates with a poor survival rate of tumor patients. This effect is probably due to
the ability of SphK-1 to be released into the extracellular medium where it catalyzes the biosynthesis of sphingosine-1-phosphate
(S1P), a signaling molecule endowed with profound proangiogenic effects. SphK-1 is a leaderless protein which is secreted by an
unconventional mechanism. In this paper, we will show that in human hepatocarcinoma Sk-Hep1 cells, extracellular signaling is
followed by targeting the enzyme to the cell surface and parallels targeting of FGF-2 to the budding vesicles. We will also show
that SphK-1 is present in a catalitycally active form in vesicles shed by SK-Hep1 and human breast carcinoma 8701-BC cells. The
enzyme substrate sphingosine is present in shed vesicles where it is produced by neutral ceramidase. Shed vesicles are therefore a
site for S1P production in the extracellular medium and conceivably also within host cell following vesicle endocytosis.

1. Introduction

Malignant tumors have the remarkable ability to adapt
their stromal environment to their benefit. They alter the
surrounding extracellular matrix and modify normal cell
behavior to facilitate tumor cell growth, invasion, immune
evasion, and angiogenesis [1].

Most of these effects are mediated by the release of
small vesicles from the tumor cells into the extracellular
medium. Shed vesicles are known to facilitate tumor inva-
sion [2–4], mainly by proteolytic enzymes associated with
their membrane [5–9]. Indeed, the vesicle membranes are
selectively enriched in some components including MMP-
9 [7] and other proteolytic enzymes [4, 6], together with
β1 Integrin and class I HLA molecules [7]. Enrichment of
ganglioside GD3 and caveolin-1 has also been reported [10].
Moreover, vesicles use several mechanisms to contribute to
tumor escape from immune reactions [11–16].

Notably, vesicles carry many proangiogenic growth fac-
tors, expressed differently depending on the vesicle origin,
and that act on endothelial cells to promote angiogenesis.
Indeed, FGF-2 was detected in vesicles shed by human
hepatocarcinoma Sk-Hep1 cells [17, 18]; VEGF was found
to be present in vesicles shed by human ovarian carcinoma
cells [19] and in vesicles shed by neurons and astrocytes
[20, 21]; angiogenin, IL-6, IL-8, VEGF, and TIMPs were
found in vesicles shed by glioblastoma tumor cells [22].
Additionally, the sphingolipid fraction of vesicles shed
by HT1080 fibrosarcoma and DU-145 human prostate
carcinoma cells also showed proangiogenic activity [23].
Sphingomyelin is a normal component of plasma mem-
branes where it is largely clustered in the outer mem-
brane leaflet. It is subjected to intense metabolism which
is responsible for the formation of a number of bioac-
tive metabolites including ceramide, ceramide-1-phosphate,
sphingosine, and sphingosine-1- phosphate (S1P) [24].
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Ceramide, generated by sphingomyelinase (SMase) action on
spingomyelin, appears to be a critical regulator of cell growth
arrest, differentiation, and apoptosis [25, 26]. Sphingosine is
formed by ceramide deacylation catalyzed by at least three
different isoforms of ceramidase, which differ in optimal pH,
primary structure, and cellular localization [27]. The enzyme
sphingosine kinase (SphK) catalyzes the formation of S1P
from sphingosine and ATP [28]. Two distinct SphK isoforms,
SphK-1 and SphK-2, have been cloned [29, 30]. SphK-1, the
more intensely researched isoform, is primarily localized in
the cytosol, but, following ERK dependent phosphorylation
elicited by various stimuli, it becomes translocated to the
plasma membrane [31]. SphK-1 has been shown to regulate
a wide variety of cellular processes, including the promotion
of cell proliferation, survival, and motility [32] and, just
as importantly, it possesses oncogenic potential [33]. Pre-
vious studies have established that SphK-1, like FGF-2 and
several other proteins, can be released in the extracellular
environment although it lacks a conventional secretory
signal sequence. The mechanism of SphK-1 secretion is
unconventional and likely involves a nonstandard pathway
independent of the endoplasmic reticulum/Golgi system;
the SphK-1 secretion mechanism is only known to require
functional actin dynamics [34]. Notably, the SphK product
S1P, among multiple biological activities, exerts a strong
proangiogenic effect which is known to act synergistically
with growth factors such as FGF-2 [35, 36] and VEGF
[35].

In this study we investigated whether vesicles shed
by hepatocarcinoma and carcinoma cultured cells con-
tain S1P-generating enzymes. The data from this research
demonstrates that neutral ceramidase (nCDase) and SphK-
1 are localized in vesicles, supporting the view that S1P
participates in the proangiogenic activity exerted by these
particles.

2. Materials and Methods

2.1. Cells and Culture Media. Human SK-Hep1 hepatocar-
cinoma cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum (FCS;
Euroclone, Celbio). Human breast carcinoma 8701-BC cells,
kindly provided by Profcessor Minafra [37], were grown in
RPMI 1640 supplemented with 10% fetal calf serum (FCS;
Euroclone, Celbio). Bovine GM7373 fetal aortic endothelial
cells were grown in Eagle’s minimal essential medium
(Euroclone, Celbio) supplemented with 10% FCS, vitamins,
and essential and nonessential amino acids.

2.2. Cell Extraction. Cells were removed from plate by a
scraper and centrifuged at 2000 g for 5 minutes; pelleted cells
were then resuspended in 300 μL of Triton X100 (1%) on
phosphate buffer saline (PBS). After 10- minute incubation
at room temperature, the cell extract was centrifuged at 800 g
for 10 minutes The amount of protein extracted from cells
was determined using the Bradford microassay method (Bio-
Rad, Segrate, Milan, Italy) employing bovine serum albumin
(Sigma-Aldrich) as a standard.

2.3. Vesicle Purification from Conditioned Medium. Vesicles
were purified from the conditioned medium as described
above [38]. Briefly, the medium was conditioned by culturing
subconfluent healthy cells for 3 or 24 hours and were cen-
trifuged at 2000 g for 10 minutes and at 4000 g for 15 minutes
The supernatant was ultracentrifuged at 105,000 g in a Ti-60
Rotor (Backman) for 90 minutes Pelleted vesicles were resus-
pended in PBS. The amount of isolated vesicles was deter-
mined by measuring the protein concentration using the
Bradford microassay method (Bio-Rad, Segrate, Milan, Italy)
using bovine serum albumin (Sigma-Aldrich) as a standard.

2.4. Western Blotting. After SDS-PAGE electrophoresis were
cast in 7.5% gels, proteins was blotted onto a nitrocellulose
membrane (Hybond; Amersham Biosciences) that was satu-
rated with 3% nonfat dry milk in Tris Buffer Saline 50 mM
pH 7.9/Tween 0.05% (TBS-T). After 5 washes in TBS-
T for 5 minutes each, the nitrocellulose membranes were
incubated overnight at 4◦C, with mouse monoclonal anti-
nCDase antibody 1 : 200 (kindly donated by Professor Ito,
Fukuoka, Japan) [39]. The primary antibody was followed
by peroxidase-conjugated anti-mouse antibodies (1 : 10000)
(Amersham Biosciences) for 1 hour at room temperature.
Immunocomplexes were visualized with the ECL Western
blotting kit (Amersham Biosciences) using Hyperfilm.

2.5. Confocal Immunofluorescence. Cells, seeded at low den-
sity (2.000 cells/well) onto microscope cover slips in 12-
well culture plates (Nunc), were grown overnight in the
complete medium and, when needed, for 3 more days in
a serum-free medium with three medium changes. SphK-1
and SphK-2 were detected by using as primary antibodies,
rabbit polyclonal anti-SphK-1 antibody (kindly donated by
Prof. Obeid, Charleston, SC, USA) [40] 1 : 100, and rabbit
polyclonal anti-SphK-2 antibodies 1 : 100 (kindly provided
by Dr. Nakamura, Kobe, Japan), respectively, [41]. Secondary
antibodies used were antirabbit TRITC-conjugated antibod-
ies (1 : 200 Sigma); β1 Integrin was detected using C27 anti-
β1 Integrin rat primary monoclonal antibody 1 : 150 [42]
and antirat TRITC conjugated secondary antibody (1 : 320,
Sigma). FGF-2 was detected using mouse monoclonal anti-
FGF-2 antibody (0.5 mg/mL 1 : 200, Upstate Biotechnology
type II) and Texas Redconjugated antimouse antibody
(1 : 200, Amersham Biosciences).

In order to stain nuclei, cells were fixed in 3.7% formalde-
hyde and then stained for 10 minutes with propidium iodide
(Sigma).

Immunostained cells were analyzed by confocal micro-
scopy (Olympus 1X70 with Melles Griot laser system).

2.6. Staining of Vesicle Lipids. Vesicle lipids were stained with
the lipophilic styryl compound FM4-64 (Molecular Probes).
Purified vesicles (180μg) were resuspended in 1 ml PBS and
stained with FM4-64 dissolved in PBS without calcium and
magnesium. FM4-64 was added at a final concentration of
5 μg/ml; samples were incubated at room temperature for
15 minutes. Stained vesicles were collected by centrifugation
at 50,000 g for 1 hour, resuspended in 50μl PBS and added to
GM7373 cells to monitor vesicle targeting.
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2.7. Transient Cell Transfection. SK-Hep1 cells were plated in
six-well culture plates at 3 × 105 cells/well and maintained
overnight in high-glucose DMEM containing 10% fetal
calf serum, 2 mM L-glutamine, 100 IU/ml penicillin, and
100 μg/ml streptomycin. The next day, cells were transfected
with SKpeGFP plasmid encoding for SphK-GFP chimera
(kindly donated by Professor Spiegel, Richmond, VA, USA)
[43]. Transfection was carried out using Lipofectamine
Reagent (GIBCO Life Technologies), according to the manu-
facturer’s instructions.

2.8. Sphingosine Kinase Assay. SphK activity was assayed
in isolated vesicles or serum-free conditioned medium as
described by Olivera et al. [28]. Briefly, 50 μg vesicle proteins
were resuspended in 100 μl of the reaction mixture which
contained 20 mM Tris-HCl, pH 7.4, 20% (v/v) glycerol,
1 mM β-mercaptoethanol, 1 mM EDTA, 1 mM sodium
orthovanadate, 15 mM sodium fluoride, protease inhibitors
(10 mg/ml leupeptin,10 mg/ml aprotinin, and 1 mM PMSF),
and 0.5 mM 4-deoxypyridoxine.

The serum-free conditioned medium was concentrated
approximately 40-fold before being employed for enzymatic
activity measurement.

The enzymatic reaction was initiated by adding 50 μM
sphingosine and 1 mM [γ32P] ATP. In some cases, assays
were performed which omitted sphingosine to evaluate the
availability of endogenous sphingosine. After 30- minutes
incubation at 37◦C, the reaction was terminated by adding
20μl 1 N HCl and 900 μl of chloroform/methanol/HCl
(100 : 200 : 1, v/v). Lipids were then extracted, separated
by TLC, labeled SIP and quantified by liquid scintillation
essentially as previously described [44]. Specific activity of
SphK was expressed as pmol of S1P produced/min/mg of
protein.

2.9. Neutral Ceramidase Activity Assay. NCDase activity
was determined using C12-NBD-ceramide as a substrate as
previously described [45]. Briefly, 100 pmol of C12-NBD-
ceramide (NBD-C12:0, d18:1) was incubated for 2 h at
37◦C with an appropriate amount of proteins in 20 μl of
25 mM Tris-HCl buffer pH 7.5 and 0.25% (w/v) Triton X-
100. Samples were then applied to a TLC plate, which was
developed with chloroform, methanol, and 25% ammonia
(90 : 20: 0.5, v/v). Spots corresponding to NBD-dodecanoic
acid and C12-NBD-ceramide were scraped, incubated with
methanol at 37◦C to extract the compounds from the silica,
and their fluorescence at 470/525 nm excitation/emission
wavelengths was measured using a Shimadzu 9000 spec-
trophotofluorimeter. The compounds were quantified using
a standard curve of known amounts of C12-NBD-ceramide
and NBD-dodecanoic acid.

3. Results

3.1. Immunolocalization of SphK-1 and Sphk-2 in 8701-
BC and Sk-Hep-1 Cells. In a first group of experiments,
expression and localization of SphK-1 and SphK-2 were
analyzed by immunofluorescence in 8701 BC carcinoma cells
and in Sk-Hep1 hepatocarcinoma cells (Figure 1).

Moreover, since it had been previously demonstrated that
β1 integrin is clustered in shed vesicles [7, 17], distribution
of the two proteins was compared with distribution of β1

integrin.
In both cell lines, the distribution of SphK-2 was quite

different from the distribution of β1 integrin (Figures 1(a)
and 1(b) line a). SphK-2 was indeed clustered in the cell
nucleus. However, it was absent in the cell membrane where
instead β1 integrin was located. In contrast, SphK-1 and
β1 integrin appear to colocalize at the plasma membrane
(Figures 1(a) and 1(b) line b). Moreover, as can more
clearly be seen in cells transiently transfected with GFP-
SphK-1 (Figure 2), both SphK-1 and β1 integrin seem to be
more dense in specific areas of the plasma membrane, and
clustering appears to occur in areas of the cell membrane
from which vesicles are released (Figure 2(d)).

3.2. Effects of Serum Addition on SphK-1 Trafficking toward the
Cell Periphery. In a previous study, we observed that vesicles
shed by Sk-Hep1 cells mediate FGF-2 release and that vesicle
shedding and release of FGF-2 were simultaneously induced
by the addition of serum to starved cells [17]. By monitoring
intracellular movements of the growth factor subsequent to
serum addition, we showed that within one hour FGF-2
was targeted to the cell periphery and to the cell nucleus
and nucleolus. FGF-2 movements toward the cell periphery
required actin filament integrity [18].

Similarly to FGF-2, SphK-1 is a leaderless protein
secreted by unconventional mechanisms [29, 34] whose
movement toward the cell periphery is mediated by actin
filaments [34]. We therefore theorized that the two proteins
could share a similar export mechanism and we analyzed
whether intracellular movements of SphK-1 were influenced
by serum addition and whether the enzyme colocalized with
FGF-2.

Intracellular distribution of SphK-1 was therefore ana-
lyzed by immunolocalization in starved cells as well as at
time intervals after serum addition and compared with FGF-
2 distribution. As shown in Figure 3, in starved cells the two
proteins did not colocalize. In SphK-1 they were partially
localized in small granules and in FGF-2 they were totally
dispersed.

Thirty minutes after the serum was added both proteins
were clustered in granules and showed a clear colocalization.
One hour after the serum was added large granules contain-
ing both proteins were present near the cell membrane. In
contrast, cell nuclei were exclusively stained by anti-FGF-2
antibodies.

These results suggest that FGF-2 and SphK-1 share a
similar transport mechanism toward the cell periphery and
that the two proteins are both likely to be targeted to the
budding vesicles.

3.3. Detection of an Active Form of SphK-1 in Shed Vesicles.
In order to establish if an active form of SphK-1 is shed
as a component of membrane vesicles, we ascertained
SphK activity in vesicles or cell-conditioned media in some
experiments. Results reported in Table 1 show that SphK-1
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Figure 1: Comparative analysis of β1 Integrin, SphK-2, and SphK-1 immunolocalization. (a) Localization in 8701-BC cells. (b) Localization
in Sk-Hep1 cells. Line a: Immunolocalization of β1 Integrin and SphK-2 showing a different distribution of the two molecules. Line b:
Immunolocalization of β1 Integrin and SphK-1. Arrows indicate colocalization areas. β1 Integrin was detected using FITC-conjugated
secondary antibodies and SphK-2 and SphK-1 using Texas red-conjugated secondary antibodies. Arrows indicate colocalization areas.

was clearly detectable in vesicles shed by Sk-Hep1 and 8701-
BC cells, although the activity was found to be greater in
vesicles shed by Sk-Hep1 cells.

SphK-1 activity was also tested in vesicle-deprived con-
ditioned media. No enzymatic activity could be detected in
serum-containing media, even when it was concentrated.

Instead, it was possible to detect a low SphK activity in
40-fold-concentrated serum-free medium that had been
conditioned by maintaining cells in culture for 24 h. As
shown in Table 1, when vesicles were collected from a
medium to which 2M NaCl had been added in order to
solubilize proteoglycans and other molecules unspecifically
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Figure 2: Comparative analysis of SphK-1 and of β1 Integrin localization in transfected Sk-Hep1 cells. (a) GFP-bound SphK-1 localization
in transfected cells. The protein is localized in cell membranes where it shows uneven clustering in small spots. (b) Immunolocalization
of β1 Integrin detected using Texas red-conjugated secondary antibodies. β1 Integrin is seen in cell membranes of both transfected and
non-transfected cells. Like SphK-1, β1 Integrin shows uneven clustering in small spots. (c) Double staining shows colocalization of the
two proteins in some areas of the plasma membrane (indicated by arrows). (d) Enlargement of a cell protrusion showing budding areas
(indicated by arrows) in which SphK-1 appears to have a preferential localization.
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Figure 3: Course of endogenous SphK-1 and endogenous FGF-2 targeting to the cell periphery over time, observed by immunolocalization
experiments. FGF-2 and SphK-1 immunolocalization at 0, 30, and 60 minutes after serum addition (lines (a), (b), (c), resp.) Sections 3 μm
from surface. FGF-2 was detected using Texas red-conjugated secondary antibodies; SphK-1 was detected using FITC-conjugated antibodies.
Arrows indicate granules of protein localization.
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Table 1: Enzimatic assay of SphK-1 activity.

Sample Incubation mixture with exogenous sphingosine Incubation mixture without exogenous sphingosine

SK-Hep1 vesicles 43.93 pmol/min/mg of protein 26.70 pmol/min/mg of protein

SK-Hep1 vesicles∗ 43.59 pmol/min/mg of protein

SK-Hep1 C.M. 2.23 pmol/min/mg of protein

8701 BC vesicles 14.44 pmol/min/mg of protein 12.61 pmol/min/mg of protein

8701 BC vesicles∗ 16.70 pmol/min/mg of protein

8701 BC CM 2.16 pmol/min/mg of protein
∗

Vesicles recovered from medium in which 2 M NaCl had been added.

Table 2

Sample Enzimatic activity of nCDase

8701 BC cells 2,08 pmol/min/mg of protein

8701 BC vesicles 5,25 pmol/min/mg of protein

bound to the vesicle membrane, the enzymatic activity was
not affected.

The addition of sphingosine increased labeled S1P
production; however, the catalytic activity of the enzyme
was also observed when this substrate was not added. This
result indicates that sphingosine is already present in shed
components of membrane vesicles.

Sphingosine is likely produced by nCDase, which is
known to be localized in plasma membranes and also found
in the extracellular medium [46, 47]. An enzymatically active
form of nCDase was actually found to be present in vesicles
shed by 8701 BC (Figure 4 and Table 2). Moreover, in Sk-
Hep1 cells, we observed colocalization of nCDase and β1

integrin (data not shown), indicating that it is also likely that
nCDase is present in vesicles shed by this cell line.

3.4. Fate of Shed Vesicles. Since S1P can be produced in the
membrane of shed vesicles, the molecule could remain, at
least in part, within the vesicle. Vesicles could adhere to the
plasma membrane of cells surrounding the tumor and S1P
could exert its effects by interacting with receptors localized
at the cell surface. On the other hand, vesicles could be
internalized by the host cell and consequently release S1P
inside cells where it could act as intracellular messenger.
In order to verify these hypotheses, we analyzed the targets
of shed vesicles after adding them to GM7373 cells, an
immortalized line of embryonic bovine aortic endothelial
cells.

For this purpose, vesicles released by Sk-Hep1 cells
were labeled for 15 minutes with the lipid marker FM4-
64. Labeled vesicles were then added to in vitro cultured
GM7373 cells which in turn had been labeled with antibodies
against β1 integrin. As shown in Figure 5, at 10 minutes after
incubation vesicles were observed to be bound to the cell
membrane, while after 20-minutes incubation most vesicles
were internalized and visible in the cytoplasm. At 30 minutes,
the signal borne by lipid marker FM4-64 was no longer
visible, indicating that the lipids of the vesicle membranes
had degraded. In principle therefore, vesicle-associated S1P
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Figure 4: Western Blot analysis for nCDase (a) and its densitomet-
ric analisys (b) on 8701BC vesicles and cell extracts.

could act on both membrane receptors and intracellular
targets.

4. Conclusions

Membrane vesicles shed by tumor cells appear to exert a
variety of effects on the surrounding cells. Vesicles are rich
in enzymatic activities able to modify extracellular medium
composition, thus facilitating tumor cell migration and
angiogenesis. Depending on their origin, they also convey
different signaling molecules which exert their effects on
lymphocytes, mesenchymal cells, and endothelial cells. Shed
vesicles have been shown to induce angiogenesis using a
variety of mechanisms including the action of proteins such
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Figure 5: Interactions of shed vesicles with endothelial cells. Vesicles shed by SK-Hep1 cells, labelled with lipid styryl dye FM4-64 (red
fluorescence), were added to GM7373 endothelial cells in which β1 Integrin was stained using FITC-conjugated secondary antibodies (green
fluorescence). Cells were incubated with vesicles, respectively, for (a) 10 minutes, (b) 20 minutes, and (c) 30 minutes. The arrows indicate
vesicle localization.

as FGF-2, VEGF, angiogenin, IL-6, IL-8, and TIMPs, and
lipid molecules such as sphingomyelin.

Based on the present results, nCDase and SphK-1 can
now be included among the signaling molecules transferred
by shed membrane vesicles, suggesting that S1P formed at
level of the vesicle membranes plays a role in the biological
processes regulated by these particles.

Interestingly, nCDase, here identified as a component
of shed vesicles, was previously identified in various sub-
cellular compartments such as endosomes, mitochondria,
and microdomains of the plasma membrane [39, 48] but
was also found to be involved in extracellular sphingolipid
metabolism [47]. In this regard it was demonstrated that
although nCDase is localized at the plasma membrane as a
type II integral membrane protein, the enzyme is released
in the extracellular medium after the proteolytic action of
secretases [49, 50]. Moreover, in agreement with the present
results, nCDase, together with acid SMase, was identified as
a component of a complex in the cell membrane domain
which is subjected to budding as well as in conditioned
medium associated with caveolin-1, a key structural protein
of caveole [51] which was also detected in shed vesicles [52].
SphK-1 is a secreted leaderless protein, and the shedding of
membrane vesicles appears to represent a mechanism which
accounts for its secretion. The presence of the enzymatic
protein in shed vesicles does not per se exclude the face
that other mechanisms may also participate in the release of
SphK-1. Indeed it was reported that, in FGF-1 overexpressing
NIH 3T3 cells, SphK-1 is secreted together with FGF-1 as
a component of a high molecular weight complex [53, 54].
However, SphK-1 is also secreted by cells which do not
express FGF-1, and in the absence of stress signaling which
induces FGF-1 secretion. Here we have demonstrated that at
least in some instances SphK-1 is secreted as a component of
shed vesicles. Since shed vesicles also contain nCDase, which
provides the rate-limiting substrate for S1P production by
catalyzing sphingosine generation, it is likely that these
particles cause sustained S1P production.

SphK-1 and S1P produced by its enzymatic activity
are able to mediate a network of paracrine signaling. It is

well known that acting on the two membrane receptors
SIP1 and SIP3, S1P induces morphogenesis in HUVEC cells
[35]. Moreover, since vesicles carry several other molecules
able to affect angiogenesis, the overall effects of vesicles
on surrounding endothelial cells will be amplified and
differently modulated depending on the specific composition
of the vesicles.

The exact mechanism by which the S1P message borne
by shed vesicles is delivered to the host cell remains to
be explored. Indeed, an attractive hypothesis is that after
interacting with the recipient cell plasma membrane, vesicles
are internalized via endocytosis. SphK-1 and SIP would
therefore be delivered into the cytoplasm of the receiving
cell, where, as already known, SIP could exert its intra-
cellular effects, regulating various processes among which
cell survival is prominent [55, 56]. Indeed vesicles were
shown to convey molecules, such as mRNA and iRNA, to the
cytoplasm of surrounding cells, and it was recently reported
that mRNA included in shed vesicles can be translated in
recipient cells following endocytosis [22].

Alternatively, because SphK-1 association with cell mem-
branes is strengthened by interaction with phosphatidylser-
ine following its phosphorylation [57] and since exposure
of phosphatidylserine on the outer leaflet is a hallmark of
shed membrane vesicles [58, 59], it can also be speculated
that SphK-1, localized in these particles, can generate S1P
in the extracellular environment. If this is the case, the
bioactive lipid generated outside the endothelial cells could
determine key effects on development and proliferation of
endothelial cells, acting as a ligand of S1P1 and/or S1P3

receptors [60, 61]. Independent of the action mechanism,
the ability of shed vesicles to carry on key enzymes for S1P
production which this study brought to light illuminates a
novel aspect of their biochemical properties which is relevant
to a complete understanding of their proangiogenic activity.
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Tumor vascularization is an essential modulator of early tumor growth, progression, and therapeutic outcome. Although
antiangiogenic treatments appear promising, intrinsic and acquired tumor resistance contributes to treatment failure. Clinical
inhibition of the molecular chaperone heat shock protein 90 (Hsp90) provides an opportunity to target multiple aspects of this
signaling resiliency, which may elicit more robust and enduring tumor repression relative to effects elicited by specifically targeted
agents. This review highlights several primary effectors of angiogenesis modulated by Hsp90 and describes the clinical challenges
posed by the redundant circuitry of these pathways. The four main topics addressed include (1) Hsp90-mediated regulation
of HIF/VEGF signaling, (2) chaperone-dependent regulation of HIF-independent VEGF-mediated angiogenesis, (3) Hsp90-
dependent targeting of key proangiogenic receptor tyrosine kinases and modulation of drug resistance, and (4) consideration
of factors such as tumor microenvironment that pose several challenges for the clinical efficacy of anti-angiogenic therapy and
Hsp90-targeted strategies.

1. Introduction

The concept of antiangiogenic targeting as a means to
suppress malignancy came to the forefront of cancer thera-
peutics in the early 1970s, based upon the pioneering work of
Folkman [1]. Tumor vascularization is a critical component
of cancer progression, malignancy, and metastasis. As rapidly
dividing cancer cells reach a critical tumor size, the mass out-
grows its supply of blood, oxygen, and nutrients. Continued
tumor growth depends upon the ability of microenviron-
mental stressors to trigger the activation of a complex and
intricately interconnected signaling network that culminates
in vascularization of the growing tumor. This activation
process is essential for initiation of the “angiogenic switch,” a
rate limiting event of tumor progression. Subsequent tumor
vascularization culminates in either enhanced angiogenesis,
the sprouting from local vessels, or vasculogenesis, the
formation of neovessels through bone marrow-derived cell
(BMDC) recruitment. Realization that the angiogenic switch
may represent a universal Achilles heel for all tumors,
coupled with elucidation of druggable targets within this

network, has invigorated the field of antiangiogenic therapy,
resulting in a rich pipeline of therapeutic compounds [2].

2. Emergence of Hsp90 Inhibitors as
Antiangiogenic Chemotherapeutic Agents

Although a number of antiangiogenic therapies are presently
in clinical use, the vast majority of these target a specific
molecule or receptor family [3]. Despite a relatively high
degree of specificity, the clinical efficacy of these therapies as
curative agents remains poor. Though initial responsiveness
may occur, the ultimate outcome is treatment resistance
due to drug-dependent selection of intrinsic and adaptive
resistance mechanisms. Therefore, attention has turned to
chemotherapeutics targeting heat shock protein 90 (Hsp90),
which simultaneously target multiple proangiogenic regu-
lators, and may thus weaken the signaling resiliency char-
acteristic of tumor cells. The prototypic Hsp90 inhibitor
geldanamycin (GA) demonstrates potent antiangiogenic and
antitumorigenic properties [4, 5]. At the molecular level,
Hsp90 plays a critical role in the proper folding of its
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client or substrate proteins [6] and also serves as a scaffold
protein to facilitate interactions between several receptor
tyrosine kinases (RTKs) and their substrates. Therefore,
Hsp90 inhibitors are unique as antiangiogenic agents in
that they regulate the activity of hundreds of proteins,
many of which support cancer growth [7–9]. In addition,
Hsp90 expression is increased in many cancers, allowing
sustained activation of cancer-specific dysregulated pathways
and the buffering of stress conditions characteristic of the
tumor microenvironment [10]. As a result, the evaluation
of emergent Hsp90 inhibitors is a current focus of drug
discovery efforts across multiple cancers [8, 9, 11].

The first discovered Hsp90 inhibitor, GA, is a nat-
urally occurring benzoquinone ansamycin [12] that acts
as a nucleotide mimetic to inhibit ATP-dependent Hsp90
chaperone activity. Although useful as a research tool, the
pharmacological liabilities of GA prohibit its clinical use [13]
leading to the development of subsequent generations of
Hsp90 inhibitors including the GA analog 17-(allylamino)-
17-demethoxygeldanamycin (17-AAG) and its water sol-
uble version 17-dimethylaminoethylamino-17-demethoxy-
geldanamycin (17-DMAG), both of which are being eval-
uated in multiple Phase I, II, and III clinical trials [14–
16]. Alternatively, Hsp90 function and angiogenesis may be
impaired by histone deacetylase (HDAC) inhibitors, that act
upon the chaperone in a manner distinct from compounds
that target its N-terminal ATP-binding pocket. Currently, the
HDAC inhibitor LBH589/Panobinostat is under evaluation
in Phase I and II trials [17]. The development of Hsp90
inhibitors, although in its infancy a decade ago, is now
coming to the forefront of cancer therapy, with over 13 new
entities being tested in a variety of preclinical models and
human trials [18]. The antiangiogenic and antitumor effects
of these agents will be discussed herein.

2.1. Rationale for Hsp90-Dependent Targeting of HIF.
Hypoxia inducible factor (HIF) is perhaps one of the most
potent proangiogenic proteins regulated by Hsp90. Of the
three known HIF isoforms, HIF-1 and HIF-2 contribute
to cancer progression and their widespread overexpression
in cancers correlates with increased mortality [19]. During
tumor growth, HIF transactivates genes to favor survival
under conditions of decreasing oxygen and nutrient avail-
ability [20]. A substantial number of these genes, such as
vascular endothelial growth factor (VEGF) (Figure 1), fall
within the category of proangiogenic cytokines, which col-
lectively tip the scales in favor of angiogenesis and neovascu-
larization as part of the angiogenic switch. Activation of this
HIF-driven angiogenic switch releases growth constraints
upon the tumor and sustains subsequent progression. Tumor
cells have evolved multiple mechanisms for upregulating
HIF expression and activity, most commonly via modulation
of the HIF-α subunit, normally a tightly regulated labile
protein subject to proteasomal degradation [21–23]. In
general, these mechanisms block oxygen-dependent prolyl
hydroxylase (PHD) enzymes from tagging HIF for degra-
dation, ultimately preventing its proteasomal degradation
via the von Hippel Lindau (VHL) ubiquitin ligase. VHL
can also be inactivated via genetic mutation, genetic loss, or

epigenetic suppression, all events most commonly associated
with hereditary and sporadic clear cell renal cell carcinoma
(CCRCC) [24, 25]. HIF overexpression correlates with highly
vascularized tumors, resistance to chemo- and radiotherapy,
and overall poor prognosis [26]. The essential role of HIF in
tumor angiogenesis has been functionally validated in many
models [27, 28], highlighting its importance and validity as a
clinical target.

Although no specific anti-HIF targeting strategies have
been approved, a number of currently utilized antiangiogenic
agents have suppressive effects upon HIF activity or synthesis
and diminish HIF-mediated VEGF expression [19]. Several
of these agents exhibit antiangiogenic and antitumorigenic
effects in preclinical models [29–32] and two specific HIF
inhibitors are being evaluated in Phase I trials, the small
molecule PX-478 [33], and the antisense oligonucleotide
EZN-2968 [34]. The use of Hsp90 inhibitors as a strategy to
target HIF emerged shortly after HIF was first identified as
an Hsp90 client protein [35]. Many of the antivascular effects
of Hsp90 inhibitors are likely due to the ability of this class of
inhibitors to downregulate HIF activity. We and others have
shown that both the HIF-1α and HIF-2α subunits are client
proteins for Hsp90 and that chaperone activity is required
for HIF stability and function [35–39]. Importantly, Hsp90
inhibitors, such as GA and its clinical derivative 17-AAG,
promote proteasomal degradation HIF-α in a PHD/VHL
and oxygen-independent manner, instead of utilizing the
ubiquitin ligase RACK1 [37, 40–42]. Thus, Hsp90 inhibitors
abrogate HIF signaling even in the absence of a functional
PHD/VHL system, suggesting that these pharmacological
agents may be able to dampen the constitutive HIF signaling
associated with most solid tumors. This notion is supported
by the ability of Hsp90 inhibitors to decrease VEGF secretion
from cancer cells, impair endothelial cell tubule formation
in vitro, and reduce in vivo tumor size and vascularization
[43–45].

2.2. Hsp90 as an Effector of VEGF Expression and Angiogenic
Activity. Although HIF is a main effector of VEGF-mediated
signaling, HIF-independent proangiogenic processes also
contribute to increased VEGF-dependent proangiogenic
signaling [46]. NFκB potently induces tumor vascularization,
in part through its ability to upregulate VEGF expression
through an IL-8/NFκB signaling axis [47] (Figure 1). Secre-
tion of IL-8, a potent proangiogenic factor, is mediated
through a variety of mechanisms including other cytokines,
cellular stress, and hypoxia (Figure 1) [48]. A positive
feedback loop has also been reported whereby NFκB can
induce IL-8 and angiogenin secretion to promote tumor
neovascularization through the recruitment of bone mar-
row derived cells [49]. Blockade of NFκB signaling in an
orthotopic model of ovarian cancer inhibited tumor growth,
reduced tumor angiogenesis, and suppressed VEGF and IL-8
expression [50]. In addition to its role in HIF-independent
upregulation of VEGF, NFκB has also been shown to
transcriptionally induce the physiological expression of HIF-
1 [51]; however, it is not known whether this pathway
may also exist in transformed cells. Although NFκB itself
is not a validated Hsp90 client protein, multiple direct
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Figure 1: Hsp90-dependent modulation of proangiogenic signaling pathways in cancer. Hsp90 regulates multiple arms of angiogenic signaling
in cancer. Key signaling molecules that are either direct clients or indirectly modulated by Hsp90 are shaded in red. One pathway that is
commonly upregulated during tumorigenesis is the HIF/VEGF signaling axis. Tumor hypoxia and other stimuli induce HIF expression and
subsequent activity, leading to a cascade of events that reinforce VEGF expression and angiogenesis. Importantly, several key mediators
of this pathway, including HIF and VEGFR, are dependent upon Hsp90 for their function. As indicated, RTK activation also potently
upregulates HIF via AKT/mTOR -mediated translation. RTKs additionally transactivate EphA2, a recently identified Hsp90 client protein
known to participate in tumor vascularization. Providing another level of complexity, HIF also upregulates the expression of several RTK
ligands (e.g., HGF and TGF-alpha), as well as RTK receptors (EGFR, IGFR), thereby reinforcing these signaling networks. Hsp90 additionally
plays a role in NFκB-dependent VEGF expression and regulates downstream effectors of VEGF signaling, including AKT-mediated eNOS
phosphorylation. Given the intertwining levels among Hsp90 and angiogenic signaling cascades, Hsp90 intervention is predicted to impair
signaling at many levels within these redundant pathways, with the overall effect of suppressing tumor angiogenesis.

modulators of NFκB activation are subject to regulation by
Hsp90, permitting Hsp90-inhibitor-mediated suppression of
NFκB [52–55]. Moreover, NFκB may directly regulate Hsp90
expression through two binding sequences in the Hsp90
promoter, [56] suggesting the possibility of a feedback loop
whereby Hsp90 inhibition decreases NFκB activity, which
may further decrease Hsp90 levels. It remains to be seen
whether these HIF-independent angiogenic regulators of
VEGF are appropriately suppressed upon Hsp90 inhibitor
treatment in relevant preclinical models.

In addition to its involvement in both HIF and
NFκB mediated VEGF production, Hsp90 also modulates
downstream effectors of VEGF-dependent signaling. VEGF
mediates many of its proangiogenic effects through stim-
ulation of the enzyme endothelial nitric oxide synthase
(eNOS). In endothelial cells, activated eNOS leads to nitric
oxide (NO) synthesis and release [57], which in turn
promotes angiogenesis through endothelial cell proliferation

and migration, as well as having effects on blood flow
through modulation vascular tone and permeability [58, 59].
Mechanistically, VEGF binds to and activates the VEGF-R2
receptor, promoting phosphorylation of associated Hsp90
[60]. This phosphorylated Hsp90, in turn, serves as a scaffold
to facilitate the association between eNOS and AKT, thereby
promoting AKT-dependent phosphorylation and activation
of eNOS (Figure 1) [61]. Microenvironmental factors such
as hypoxia may facilitate angiogenesis by increasing the
interaction between Hsp90 and eNOS concomitant with
increased AKT activity in endothelial cells [62]. The asso-
ciation between eNOS and Hsp90 can be further stabilized
by sphingosine-1-phosphate (S1P), a bioactive lipid induced
during hypoxia in an HIF-dependent manner [63, 64],
and reciprocally, S1P may stimulate HIF activity [65] and
elicit chemoresistance [66]. Given that VEGFR, AKT, eNOS,
and NFκB share a dependence upon Hsp90, [67, 68]
(Figure 1), Hsp90 inhibitors have the potential to target
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multiple steps of this pathway, as demonstrated by the
potent suppression of VEGF and NO release both in vitro
[69, 70] and in preclinical models [71, 72]. Additionally,
17-AAG directly inhibits transcription of eNOS mRNA in
the in vitro angiogenic HUVEC (human umbilical vein
endothelial cells) model, although the mechanism remains
unknown [71]. Moreover, Hsp90 inhibitors decrease the
expression of activated AKT and eNOS in HUVEC cells,
concomitant with inhibitory effects upon tubule formation
[72]. Therefore, the antiangiogenic properties of Hsp90
inhibitors are due in part to their ability to suppress HIF-
dependent and independent VEGF expression and dampen
the signaling potential of VEGF through modulation of
VEGFR, AKT, and eNOS function. In light of these functions,
Hsp90 chemotherapeutics have the potential to potently
suppress tumor angiogenesis by attenuating the secretion
of cancer-derived angiogenic factors as well as by blocking
paracrine and autocrine signaling in the tumor-associated
endothelium.

2.3. Hitting Hard: Hsp90 Inhibition as a Multifaceted Strategy
to Combat Tumor Vascularity and Drug Resistance. Although
VEGF plays a pivotal role in tumor angiogenesis and VEGF-
targeted agents represent the cornerstone of many antian-
giogenic approaches in malignant disease, the majority of
these initially responsive tumors subsequently acquire drug
resistance [3]. Broadly speaking, antiangiogenic tyrosine
kinase inhibitors (TKIs) act by neutralizing VEGF/VEGFR
signaling, VEGFR in combination with other proangiogenic
RTKs, or target distinct RTKs that may not include VEGFR
[3, 73, 74]. Common among all TKI-initiated strategies is
a lack of durable response, an outcome that represents the
biggest clinical challenge with TKI therapy. This universal
property of therapeutic failure is a product of both de
novo resistance, due to the inherent genetic complexity and
heterogeneity of tumors, and to acquired resistance, a result
of the plasticity and signaling redundancy characteristic of
tumor cells [3, 75–77]. In the case of failure of VEGF-targeted
therapy, the activation of compensatory mechanisms fosters
adaptation and independence from VEGF signaling [78].
Compensatory and redundant signaling is a characteristic
of several cancer types, such as glioblastoma multiforme
(GBM), wherein activation of PDGF, MET, and EGFR
family members collectively limits the therapeutic efficacy
of specific TKI agents [79]. Importantly, the ability of
angiogenic cytokines to activate their cognate RTK receptors
is also a major determinant in conferring chemoresistance.
Therefore, the salient finding that RTKs comprise the largest
category of Hsp90 client proteins [7, 68, 80] (Figure 1) holds
clinical promise for the ability of Hsp90-directed agents
to suppress angiogenic signaling and overcome therapeutic
resistance in diverse cancers. The following section will
discuss Hsp90-modulated effectors of RTK driven angiogen-
esis, highlight several redundant signaling mechanisms con-
tributing to drug resistance, and outline prospects for Hsp90
intervention and opportunities for reversal of this resistance.

The PDGF-FGF-VEGF signaling module represents a
highly integrated pathway commonly activated in a num-
ber of cancers. The PDGF-α receptor participates in cell

transformation, regulation of vascular permeability, and
VEGF expression [81, 82]. Highlighting the complexity
and interconnectedness of angiogenic signaling, PDGF also
synergizes with FGF to stimulate neovascularization [83]
and FGF, in turn, cooperates with VEGF to stimulate
blood vessel maturation and function [84]. Clinically, several
antiangiogenic TKIs are currently approved as inhibitors for
these growth factor/RTK pairs, such as imatinib mesylate
(gleevec), sorafenib, and others [85]. The interconnectedness
of these pathways suggests a potential benefit of combining
TKIs in antiangiogenic therapy, supported by the clinical
observation that combination of a pan-VEGFR inhibitor
(sunitinib) with a PDGF inhibitor (AGO13736) delayed
tumor progression more effectively in cytokine refrac-
tory renal cancer [86]. The EGF-IGF-HGF-VEGF signaling
module represents another proangiogenic molecular hub.
Activation of the MET RTK receptor by its ligand, hepatocyte
growth factor (HGF), which may be upregulated by a HIF-
dependent pathway [87], has pleiotropic angiogenic effects
including upregulation of VEGF and its receptor [88], as
well as stimulation of HIF-mediated VEGF secretion [89].
MET also cooperates with epidermal growth factor receptor
(EGFR) through the downstream effectors PI3K/AKT [77].
EGFR family members EGFR and HER2 are overexpressed
in many cancers and are integral to tumor progression, in
part due to their ability to stimulate release of angiogenic
factors including VEGF [90]. Continuing the theme of cross-
communication, EGFR and HER2 cooperate with IGFR
through the PI3K pathway to synergistically increase vessel
growth [91]. Although cancer cells harboring amplified MET
are initially sensitive to MET TKIs in vitro, they evade this
inhibition, despite durable MET inhibition, via reactivation
of EGFR and downstream mediators [92]. Antiangiogenic
TKIs targeting these receptors are being evaluated in Phase
I and II clinical trials [3].

The targeting of EGFR with gefitinib provides a well-
characterized scenario illustrating the pleiotropic mecha-
nisms at play in drug evasion. One common mechanism
for therapeutic escape is conferred by secondary mutations
in RTKs that impair the ability of targeted therapeutics
to recognize and block receptor function. For example,
although at least three EGFR TKIs are in clinical trials
(imatinib, gefitinib, and erlotinib), resistance occurs with
a frequency of 70% in lung cancer patients, due to the
acquisition of secondary mutations in the kinase domain
[76, 93]. Another caveat is that gefitinib treatment results
in the activation of signaling pathways that collectively serve
to limit its antitumor activity and allow acquired resistance
to emerge. A number of these resistance mechanisms have
been identified in both preclinical and clinical studies and
include activation of oncogenic signaling, HGF, VEGF,
and PI3K/AKT activation, the latter of which plays a role
in de novo resistance and sustenance of EGFR activation
in a number of cancers [77, 85, 94–98]. A number of
studies implicate the contribution of IGF-1R and FGFR
as participants in both intrinsic and acquired resistance
to EGFR TKIs [98]. These findings strongly advocate the
use of combination therapy as a means to overcome this
signaling redundancy and subsequent drug resistance. In
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support of this notion, it was demonstrated that coad-
ministration of gefitinib and an IGF-1R inhibitor (NVP-
AEW541) in a gefitinib resistant xenograft model reversed
drug resistance [99]. Other reports also document the
importance of cotargeting downstream molecules, including
the Hsp90 regulated effectors PI3K/mTOR and MEK, in
regaining drug responsiveness in EGFR mutant cancers [98].
These examples highlight the large scope of compensatory
mechanisms utilized by tumor cells and the need for broad
acting agents and/or combinatorial approaches such as those
represented by Hsp90-directed chemotherapeutics.

The inherent ability of Hsp90-targeted agents to suppress
multiple proangiogenic receptors and effector proteins bodes
well for their prospects in overcoming the redundancy of
signaling required for adaptive responses. In support of this
premise, geldanamycins (GAs) destabilize MET, inhibit its
angiogenic function [100], and suppress coordinate signaling
effectors that elude receptor-specific targeting strategies [92].
Blocking Hsp90 also inhibits IGFR and PDGFR function
and reduces their angiogenic potential in vivo [45, 101].
Similarly, GAs suppress EGFR/HER2 signaling, impair mul-
tiple pathways associated with receptor upregulation, and
reduce tumor growth and vascularization in vivo [45, 102,
103]. Importantly, TKI resistant EGFR mutant receptors
are exquisitely sensitive to Hsp90 inhibitors and these
agents synergize with EGFR inhibitors [104]. Interestingly,
clinical administration of 17-AAG led to tumor regression
in HER-2 positive metastatic breast cancer patients [105],
demonstrating the oncogene-addicted nature of this tumor.
The basis for the poor response in HER-2 negative subtypes
remains unknown, given that Hsp90 inhibition also cotargets
pivotal downstream effectors of RTK signaling, such as FAK,
MAPK, and AKT [67, 106, 107], which would be expected
to amplify their suppressive effects and thwart adaptive
responses. This ability of Hsp90 inhibition to fundamentally
alter network circuitry in tumor cells bodes well for their
ability to potentiate the efficacy of targeted or cytotoxic
drugs administered in tandem, a notion supported by its
synergistic antitumor and antivascular in numerous in vitro
and preclinical models [104, 108–112].

3. EphA2 Receptor as a Conduit for RTK
Activation and a Driver of Angiogenesis

The Eph RTK superfamily is of recent interest in relation to
proangiogenic proteins targeted by Hsp90-directed therapy.
Several of the 16 Eph RTKs demonstrate functions pertaining
to vessel development during embryogenesis and in cancer
[113]. In particular, the EphA2 receptor is emerging as a piv-
otal regulator of physiological and pathological angiogenesis.
EphA2 plays an essential role in developmental angiogenesis,
as null endothelial cells fail to undergo cell migration and
vascular assembly both in vitro and in vivo [114]. A definitive
role for EphA2 in malignancy is illustrated by diminished
tumor growth, angiogenesis, and metastasis in EphA2 defi-
cient mice [115]. Furthermore, EphA2 is commonly detected
in the tumor associated vasculature, where it facilitates
angiogenesis [116–118]. EphA2 is overexpressed in a number
of human malignancies, particularly in highly vascular

GBM tumors, where it serves as a prognostic factor [119].
Unlike most other ligand/RTK interactions, the association
of ephrinA1 ligand with the EphA2 receptor is inhibitory, due
to subsequent internalization and proteasomal degradation
of the receptor [113, 120]. In cancers, ligand expression is
downregulated during the malignant process [119], leading
to constitutive EphA2 signaling. In terms of therapeutic
options, no clinical TKIs against EphA2 have yet been
developed, nor have any already approved clinical agents
been shown to target EphA2. However, targeting of EphA2
signaling by either siRNA-mediated suppression of receptor
expression [121] or administration of a selective antibody
[122] are approaches that have demonstrated efficacy in
preclinical models. Highlighting an alternative therapeutic
approach, we found that EphA2 receptor activity requires
Hsp90 function [123] and, further, that Hsp90-targeting
agents interfere with EphA2-mediated signaling and pro-
mote receptor destabilization. Therefore, Hsp90 inhibition
may represent a therapeutic approach to neutralize receptor
function and reduce the aggressiveness of EphA2-driven
cancers.

In keeping with the theme of cross-communication,
EphA2 is earning its place as an essential member of
an expanding network of protumorigenic effectors. First,
EGFR activation drives MAPK signaling, which leads to
its upregulation in a number of aggressive cancers [124].
Secondly, EGFR family members co-opt EphA2 to promote
cell motility and proliferation [115, 125]. Third, EphA2 also
cooperates with VEGFR, as demonstrated by its requirement
for VEGF-induced endothelial cell migration and tubule
formation [126]. Finally, EphA2 function is transduced by
its ability to complex with AKT, the latter of which is
activated by diverse RTK ligands (EGF, FGF, HGF, and
PDGF) [120]. This multifaceted mechanism for EphA2
activation reinforces the theme of the previous section in
that the effective blockade of EphA2 signaling will require
the simultaneous cotargeting of multiple RTKs. Growth
factor-mediated AKT phosphorylation in turn leads to
AKT-dependent EphA2 phosphorylation, which facilitates
EphA2/AKT complex formation (Figure 1). Formation of
this signaling unit is critical for tumor cell migration and
invasiveness. Although it remains unclear how this pathway
mechanistically translates to angiogenic potential, AKT is a
known mediator of angiogenic processes [127] and AKT-
mediated EphA2 phosphorylation within GBM-associated
tumor vasculature increases with malignancy [120]. Given
that AKT is a validated Hsp90 target protein [128] activated
in a number of malignancies, and that AKT acts as a con-
duit for EphA2 signaling, Hsp90-targeting strategies should
be effective in blocking EphA2/AKT-dependent angiogen-
esis. Interestingly, most of the aforementioned angiogenic
cytokines are also reported to stimulate VEGF secretion,
due in part to their ability to stimulate HIF translation
via mTOR, a downstream effector for AKT. As recently
reviewed [19], many of the aforementioned TKIs also down-
regulate HIF translation. Collectively, cytokine-mediated
activation of RTKs, and subsequently of AKT, stimulates HIF
translation, thereby potentiating VEGF-dependent signaling
and sustained angiogenesis (Figure 1). In a recent twist,
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it was shown that HIF-2 regulates both the expression
and activation of multiple RTKs [129]. Furthermore, the
suppression of HIF dramatically improves tumor responses
to Sunitinib in colon cancer cells and strikingly prolonged
complete responses in half of the tumor bearing mice [130].
This demonstrated ability of HIF to regulate RTK signaling
and potentiate the effects of antivascular agents further
emphasizes the complexity and cross-pollination of these
signaling pathways and supports the rationale for utilizing
Hsp90-targeted agents as a strategy to cotarget HIF proteins
and proangiogenic RTKs.

4. Murky Waters: Clinical Challenges of
Hsp90 Inhibition

Although Hsp90 sustains a multitude of angiogenic pro-
cesses critical for cancer progression, and Hsp90-targeted
agents demonstrate favorable responses across multiple
cancers in preclinical models, they have fared less well
in the clinic. Recent clinical failures include the use of
17-AAG in advanced prostate cancer and CCRCC [131,
132], the latter a particularly surprising outcome given
the putative HIF-dependent and angiogenic nature of this
tumor. However, these patients had already presented with
advanced metastatic disease, and it is therefore unclear
whether improved responses might have been observed with
earlier intervention. This section will evaluate some of the
more complex issues and potential pitfalls that may offer
insight into the variable clinical response of these inhibitors,
including pharmacologic considerations, undesired effects of
Hsp90-directed therapy, and role of the tumor microenvi-
ronment.

4.1. Toxicity, Metabolism, and Delivery. Discordance between
Hsp90-targeted efficacy in preclinical models compared
with less favorable clinical outcomes may be due to a
number of pharmacologic factors, independent of the ability
of these agents to target the appropriate protumorigenic
pathways. One issue may pertain to drug formulation,
as 17-AAG/Tanespimycin is a substrate for the multidrug
resistance (MDR) transporter P-glycoprotein, and the related
MRP efflux pump [133]. Acquired resistance of cells via
this mechanism has been observed in cell culture [134].
Another caveat is that drug potency requires reduction by
NAD(P)H:Quinone Oxidoreductase I (NQO1) [133, 135,
136]; yet information is lacking on NQO1 expression profiles
in treated patients. A new generation of purine-based Hsp90
inhibitors was subsequently developed [137] whose activity
does not depend upon this reduction event [134]. Purine-
based compounds are currently at the forefront of Hsp90
inhibitor advancement with several derivatives exhibiting
increased potency and decreased toxicity when compared to
17-AAG [138]. Furthermore, these agents are not subject
to metabolism by NQO1/DT-diaphorase enzymes nor to
efflux by P-glycoprotein, and tumor cells in culture that have
acquired resistance to 17-AAG remain susceptible to these
newer agents [134, 139]. Therefore, despite disappointing
early clinical results with 17-AAG, clinical enthusiasm for the
next generation of Hsp90 inhibitors remains high.

4.2. Molecular Caveats of Hsp90 Inhibition. In addition to
drug formulation challenges, inhibition of cellular Hsp90
initiates a heat shock response [140] that triggers activation
of heat shock factor 1 (HSF-1) [140] and corresponding
upregulation of prosurvival chaperones Hsp27, Hsp70, and
Hsp90. This heat shock response antagonizes drug potency in
vitro and in vivo [140–143]. Furthermore, HSF-1 expression
is essential in supporting malignant transformation [144].
A heat shock response is similarly initiated with the newer
purine derivatives [139, 142] and therefore represents a
characteristic associated with this general class of Hsp90
targeting agents. However, it may be possible to address this
undesired effect through combination treatments. For exam-
ple, cisplatin suppresses 17-AAG-mediated HSF-1 activation
and synergistically promotes tumor cell death in vitro [145].
It remains to be seen whether clinical modulation of the HSF-
1-mediated heat shock response may enhance the clinical
efficacy of Hsp90-directed therapy.

Another less well-understood consideration involves
molecular factors that may alter the efficiency of Hsp90-
mediated client destabilization. Many Hsp90 client proteins
are destabilized via the concerted action of ubiquitin ligases
and the proteasomal pathway; however little is known about
the molecular effectors involved in client destabilization
following Hsp90 inhibition. Taking HIF as an example, we
have previously demonstrated that the association of HIF
with its dimerization partner ARNT promotes dissociation
of Hsp90 from HIF, with resultant protection from Hsp90
inhibiting agents [40]. Since that report, others have doc-
umented additional HIF binding or accessory proteins that
may share a similar propensity to modulate the efficiency
of Hsp90 directed HIF degradation [42, 146, 147], high-
lighting the previously unappreciated molecular complexity
associated with Hsp90-targeted therapy. Recently, a group
demonstrated that expression of Cullin5, a ubiquitin ligase,
was required for optimal degradation of HIF and ErbB2
[148]. Importantly, Cullin5 expression is decreased in an
overwhelming majority of breast cancers [149], suggesting
that tumor cells may acquire the ability to evade or limit the
destabilization effects of Hsp90-dependent chemotherapy
upon subsets of clients. The identification of these modifiers
and an analysis of their expression in human cancers may
be required to gauge the clinical potential of Hsp90-directed
therapy against specific clients or signaling pathways.

4.3. Fighting a Tiger: Contribution of Stroma to Tumor
Angiogenesis and Malignant Progression. Another factor in
the disconnect between preclinical results and efficacy in
patients is likely attributed to the influence of the tumor-
adjacent stromal tissue. The tumor stroma, which influences
the microenvironment surrounding the neoplastic lesion, is
a driving force of both tumor growth and vascularization.
This heterogenous stroma is comprised of a variety of cell
types, including fibroblasts/myofibroblasts, smooth muscle
cells and endothelial cells, immune cells, and bone marrow
progenitor cells (Figure 2) [150], all of which collaborate
to spur tumor growth. Clinically, an abundant fraction of
the tumor reactive stroma is composed of cancer-associated
fibroblasts (CAFs), or myofibroblasts, whose presence is
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Figure 2: Potential for Hsp90 intervention strategies in curtailing angiogenic processes. Tumor stromal cells, such as cancer-associated
fibroblasts (CAFs) and endothelial cells (ECs), communicate with tumor cells via their secretion of cytokines and thus contribute to the
angiogenic switch (1). Cytokines from recruited BMDC progenitors contribute to this milieu to further stimulate tumor vascularization
(1). Hsp90 inhibition may prevent HIF-driven cytokine release from tumor and stromal cells (i.e., SDF-1, VEGF, HGF, etc.), as well as
HIF-mediated CXCR4+ expression in BMDCs, with the potential effect of curtailing recruitment of CXCR4+ progenitors to the tumor.
Hsp90 inhibition also attenuates cytokine signaling via RTK inhibition (i.e., VEGFR, PDGFR), which may collectively prevent or delay the
angiogenic switch. Therapeutic approaches utilizing radiotherapy (RT), tyrosine kinase inhibitors (TKIs), or Hsp90-targeted agents suppress
tumor vascularization and growth (2). This initial reduction in vascularity may promote tumor hypoxia (3), subsequent HIF activation, and
SDF-1 secretion, the latter of which may further stimulate BMDC recruitment (4). Hsp90 inhibitors are similarly predicted to suppress
BMDC recruitment and HIF-driven cytokine secretion as in (1). Alternatively, when challenged with reduced HIF expression and decreased
BMDC recruitment, tumor cells may coopt the vasculature of normal tissue (5). In this scenario, Hsp90 suppression is predicted to reduce the
efficiency of EC-derived factors that support this process. The overall efficacy of Hsp90 inhibition upon tumor vascularization will depend
upon the balance of Hsp90-dependent and Hsp90-independent signaling effectors driving the angiogenic process.

recognized as a risk factor for neoplastic transformation.
This tumor supporting function is due to their ability to
upregulate ECM proteins and secrete growth factors and
cytokines, (i.e., fibroblast growth factor (FGF), connective
tissue growth factor (CTGF), stromal-derived factor (SDF-
1) and VEGF), thereby creating conditions that constitute
an optimal milieu for tumor development [151, 152].
CAFs robustly stimulate tumor angiogenesis and cancer
progression in a number of xenograft models [153–157].
Myofibroblasts are also a component of nontumorigenic
fibrotic tissue, such as in gastric, pancreatic, and hepatic
stellate cells, which similarly secrete angiogenic cytokines and
support paracrine signaling in adjacent epithelial cells [158].
Hypoxic signaling further drives fibrogenesis [159], and the
hypoxia-mediated upregulation of VEGF and angiogenic
cytokines from stellate cells perpetuates the fibrotic and
hypoxic cycle [158, 160].

Given that myofibrolasts support and sustain cancer
progression, there is heightened interest in agents that

may target the CAF-rich stroma [161]. Although Hsp90-
targeted strategies are predicted to interfere with the VEGFR,
PDGFR, and TGF beta receptor signaling that participates
in tumor-stromal communication, reports examining the
ability of either TKIs or Hsp90 inhibitors to attenuate
CAF/stellate signaling are limited. Multi-TKIs reverse prop-
erties associated with the activated stellate phenotype in
vitro and in vivo [162, 163], concomitant with reduced
tumor vascularity [164], and Imatinib inhibits PDGF/AKT
signaling and ECM production in breast stromal fibroblasts
[165]. Hsp90 inhibitors exhibit cytotoxicity against CAFs
derived from gastric cancer [44], which are potent mediators
of tumor angiogenesis [166]. Interestingly, Hsp90 inhibition
suppresses the reactive stromal phenotype in hepatic stellate
cells, prior to initiating apoptosis [167], suggesting that
Hsp90-targeted agents may be effective in reducing stromal
support of tumorigenic progression.

Given that CAFs promote tumor vascularization in
part via their ability to stimulate endothelial cell function,
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attention has now shifted to the ability of TKIs to cotarget the
tumor endothelium. The stromal vasculature is comprised
of endothelial cells and perivascular pericytes, the latter of
which provide both survival signals and structural support
to facilitate a mature and functional vasculature [168]. The
pathways crucial to EC-pericyte communication and vascu-
lar stabilization include PDGF/PDGFR and VEGF/VEGFR
signaling. Secretion of PDGF from cancer cells stimulates
VEGF upregulation in pericytes via a PI3K/AKT mechanism,
which protects ECs from apoptosis [169]. Furthermore,
PDGF signaling is essential for tumor vascularization in a
preclinical model of pancreatic cancer [170] and upregulated
PDGF signaling is a characteristic of the tumor stroma in
a preclinical model of cervical cancer [171]. In the latter
example, expression of the PDGF receptor was primarily
localized to stromal fibroblasts and pericytes, and inhibition
of PDGFR signaling with Imatinib decreased pericyte cover-
age of tumor endothelial cells, concomitant with suppression
of tumor vascularity and growth.

Hsp90 inhibitors are well characterized in their ability to
suppress tumor vasculature and growth in multiple preclin-
ical models; yet their specific effects upon endothelial cells
and pericytes remain largely unexplored. A limited number
of reports demonstrate that Hsp90 inhibition reduces pro-
liferation, differentiation, motility, and angiogenic signaling
in normal human endothelial cells [72, 139] and may elicit
death of normal vascular smooth muscle cells (representative
of pericytes) at high concentrations [44], but the molecular
mechanisms for these effects remain obscure. The precise
molecular effects of Hsp90 inhibition within the tumor-
associated vasculature have not been clarified, and use of nor-
mal cells that resemble components of the tumor vasculature
may not accurately reflect the tumor endothelium. Further,
Hsp90 inhibitors may differentially destabilize proteins in
tumor and vascular cells [101], illustrating the potential for
differential tumor and stromal responses to therapeutics.
Importantly, Hsp90 therapeutics may exhibit preferential
uptake and selectivity for tumor tissue, proportional to
the cancer specific hyperactivity of the Hsp90 chaperone
[172, 173], inviting the question of whether these agents will
effectively target components of the nontumorigenic stroma.

4.4. The Tumor Stroma as an Enabler of Therapeutic Resis-
tance. Clinically, chemoresistance may be due to a failure
to target the proangiogenic signaling derived from tumor
stroma, a notion supported by the ability of CAFs to mediate
drug sensitivity [174, 175]. Endothelial cells also contribute
to chemoresistance, as demonstrated by the use of temo-
zolomide in the treatment glioblastoma multiforme (GBM).
While temozolomide exhibits toxicity against GBM cells in
culture, glioma-derived endothelial cells are refractory to
treatment, thus offering a possible explanation for the clinical
failure of these agents [176]. Similarly, the ability of pericytes
to protect against EC apoptosis [169] implicates their poten-
tial role in attenuating the efficacy of chemotherapeutics.
In support of this notion, dual inhibition of PDGFR and
VEGFR signaling is synergistic in reducing pericyte coverage
of tumor endothelium, and this combination is maximally
effective in suppressing tumor growth over either agent alone

in a mouse model of pancreatic islet cancer [177]. In addition
to its role in chemoresistance, the tumor stroma also plays
a major role in mediating the response to radiotherapy
(RT). It is established that RT induces the expression and
secretion of VEGF and proangiogenic cytokines in cancer
cells, stromal endothelial cells, and fibroblasts [178–180].
This cytokine upregulation stimulated by the initiation of
vascular repair mechanisms and HIF-dependent signaling
[181, 182] represents a major barrier to chemosensitivity
[183–185].

Antiangiogenic TKIs have met with limited success
in combating radioresistance, despite their impairment of
proangiogenic RTK signaling in both tumor and stromal cells
[186]. Although not yet validated clinically, we, and others,
have shown that Hsp90 inhibition imparts radiosensitivity
to various cancer cell types in culture and in vivo [187–189].
While the basis for this enhancement is not well defined,
Hsp90-dependent HIF targeting is one likely mechanism,
supported by the finding that blockade of HIF/VEGF signal-
ing, coupled with RT, potently destroys tumor vasculature in
a xenograft model [190]. In further support of the ability
of Hsp90 inhibition to impair this signaling axis, Hsp90-
directed therapy overrides the protective effects of VEGF-
mediated signaling in endothelial cells, in part through
inhibition of AKT [191]. Since many of the RT-induced
wound repair response pathways depend upon a number of
Hsp90 clients, including HIF, AKT, MEK/ERK, PDGFR, and
VEGFR, Hsp90 inhibition represents an alternate approach
to impair multiple radioresponse regulatory proteins and
improve outcome. In fact, it remains a possible, though
unconfirmed notion, that the ability of Hsp90 inhibitors
to destabilize interactions between ECs and pericytes may
underlie their ability to suppress tumor vascularity and
potentiate chemo- and radiosensitivity. However, given that
optimal responses to the combination of anti-VEGF therapy
with RT occur during the “normalization window” charac-
terized by stabilization of the tumor vasculature subsequent
to enhanced pericyte coverage [192], the use of Hsp90
inhibitors will have to be judiciously applied for optimal
therapeutic benefit.

Similar to RT, vascular targeting agents exacerbate tumor
hypoxia and activate HIF signaling, events antagonistic to
treatment objectives. HIF activation stimulates cytokine
secretion and recruitment of circulating BMDCs (Figure 2),
which may replenish vascular components such as peri-
cytes, CAFs, and myeloid cells. Mobilization of BMDCs to
hypoxic areas promotes neovascularization and contributes
to cancer aggressiveness and drug resistance [2, 193, 194].
Although factors regulating BMDC recruitment are not well
defined, tumor hypoxia and the HIF-regulated cytokines
VEGF and SDF-1 are established as major effectors in the
recruitment of VEGFR and CXCR4 expressing BMDCs [49,
195, 196] (Figure 2). In a well-validated preclinical model,
hypoxic or irradiated glioma cells each secreted factors
that stimulated the homing of hematopoietic progenitors
in a HIF-dependent manner [197]. The enhancement of
tumor hypoxia via genetic or pharmacologic interference
with VEGF signaling similarly recruited BMDCs and fueled
aggressiveness [198, 199] (Figure 2). It remains to be seen
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whether Hsp90-directed therapy may effectively suppress
HIF-mediated recruitment of BMDCs and whether attenu-
ated recruitment may be sufficient for tumor suppression.
Indeed, BMDC recruitment was diminished in a HIF-1
knockout mouse model of glioma; yet tumor cells became
invasive and continued to thrive via cooption of the host
vasculature [200]. In this example, the host cells were
still competent to respond to tumor-mediated HIF/VEGF
signaling, leaving open the possibility that Hsp90 inhibition,
which would target HIF signaling in conjunction with VEGF
mediated responses, may thwart this undesired adaptive
event (Figure 2).

Another level of complexity is due to the nature of
angiogenic compensation, in that HIF-independent com-
pensatory mechanisms, such as NFκB-dependent cytokine
release, can also promote BMDC recruitment [49]. Hsp90
inhibitors have the potential to impair a subset of HIF-
independent mechanisms, for example, by virtue of their
ability to suppress effectors such as NFκB. Although the role
of Hsp90-dependent signaling within the context of BMDC-
mediated neovascularization has not been explored, the
ability of Hsp90 inhibitors to suppress BMDC stimulatory
properties upon multiple myeloma cells in a coculture model
[72] suggests that these agents may indeed have utility in
preventing some aspects of BMDC-derived neovasculariza-
tion. However, these agents are likely to incur a number
limitations, given the recent identification of a subset of
myeloid cells that are refractory to VEGF-dependent therapy,
due to expression of G-CSF and Bv8, the latter of which
drives local angiogenesis, as well as BMDC recruitment [199,
201]. As these ligands activate G-coupled protein receptors
(GPCRs) that may not rely upon Hsp90 function, it is
possible that this alternative angiogenic pathway will be
immune to Hsp90-directed therapy. It therefore remains to
be determined whether the lack of durable clinical response
of Hsp90-directed therapy is due to an inability to suppress
BMDC recruitment, to inhibit vascular cooption, or to
suppress these compensatory angiogenic pathways. A further
characterization of these pathways may pave the way to
more successful regimens that employ rationally designed
combination therapies.

4.5. The Road to Nirvana: Improving Preclinical Models,
Drug Analyses, and Clinical Correlates. With the overarching
goal of understanding the basis for clinical responses to
Hsp90-targeted therapy, a continuum of models must be
evaluated, each with its inherent strengths and weaknesses.
Although cell-based in vitro models are necessary to decipher
defined molecular signaling events, these systems do not
recapitulate the complexity of the tumor microenvironment,
such as dimensionality, matrix incorporation, or stromal
communication, all factors that influence antiangiogenic
responses [202, 203]. Xenograft models, which embody
much of the complexity of the tumor microenvironment,
are a necessary prerequisite for evaluating the utility of
antiangiogenic agents in distinct cancers. However, the
majority of these models utilize immunocompromised mice,
which lack the full complement of immune components that
may contribute to stromal dependent angiogenesis. Some of

these differences invariably account for the ability of Hsp90
inhibitors, and other chemotherapeutics, to exhibit more
potent tumor efficacy in preclinical models compared with
their clinical responses. Immune competent genetic models
of progressive cancer that more closely mimic the complexity
of human malignancy represent valuable tools for dissection
of stepwise genetic events in this process and may also
help pinpoint when antiangiogenic agents would be most
efficacious.

Another caveat to deciphering optimal treatment regi-
mens is imparted by the molecular heterogeneity of cancers.
Functionally, this is exemplified by the differential wiring
of signaling networks, and the corresponding differential
response to Hsp90 inhibition, a trait similarly reflected with
other chemotherapeutics. These varying responses likely
reflect the distinct molecular signatures driving cancer sur-
vival, each with a unique dependence upon Hsp90 function
[204], combined with disparate local microenvironments
from the periphery to the core. Moreover, differential client
affinity in diverse cell and cancer types [205] hints at more
complex molecular regulation. Further, the recent revelation
that an average human tumor may have upwards of 20,000
mutations [206, 207] strongly supports the rationale for ther-
apeutic strategies incorporating more broadly acting drugs,
such as those represented by the category of Hsp90-directed
agents. In addition to tumor cell heterogeneity, components
of the tumor vasculature may demonstrate comparable
complexity. In support of this notion, VEGF resistant
CAFs may upregulate PDGF signaling [175] and promote
chemoresistance. Similarly, the tumor endothelium exhibits
significant heterogeneity of expressed surface molecules,
as validated with use of phage display technology, based
upon the principle of differential homing of peptides to the
vasculature [208–210]. Interestingly, this approach identified
distinct molecular signatures of the tumor endothelium that
occur in a stage specific manner, with clinical implications
for the variable tumor responses observed for TKIs. In
a preclinical model of cervical cancer, a subset of TKI
agents demonstrated preferential activity at distinct tumor
stages, implicating their selective effects upon either tumor
initiation or signaling events activated at later stages [171]. In
this model, combination treatments (i.e., cotargeting VEGFR
and PDGFR) demonstrated improved antitumor activity
of progressive tumors, illuminating that optimal targeting
approaches may need to consider prevention and inter-
vention strategies as a component of the heterogeneity of
the tumor-associated vasculature. Similar dynamic treatment
analyses in well-defined preclinical models will further define
optimal clinical usage for Hsp90 inhibitors.

In addition to allowing a dynamic evaluation of drug
efficacy, preclinical models are useful tools to assess complex
drug-dependent molecular changes. A subset of microRNAs
was recently identified as components of the angiogenic
switch in a genetic model of pancreatic cancer. Strikingly,
these same targets were similarly upregulated in patients and
modulated preclinically following treatment with Sunitinib
[211]. Although a comparative detailed genetic analysis has
not yet been performed with Hsp90 inhibitors, one group
evaluated pharmacodynamic markers and resultant tumor
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angiogenesis [139], while another performed a proteomic
and genetic analysis to identify a number of gene and protein
changes [212]. Further preclinical models that incorporate
dynamic molecular analyses have great potential for eval-
uating the effects of emerging Hsp90 inhibitors. Similarly,
clinical trial design is likely to benefit from the incorporation
of increasingly sophisticated molecular endpoints. Although
the evaluation of changes in tumor burden and disease
progression are established components of the clinical
evaluation of anticancer agents, according to the RECIST
(response evaluation criteria in solid tumors) criteria [213],
these endpoints may not be optimal in obtaining nuanced
information about tumor responses and changes within
the tumor microenvironment. For example, in trials with
Hsp90-targeted agents, a pertinent endpoint would entail the
monitoring of drug-dependent depletion of relevant cancer-
causing client proteins. In a recent Phase II trial of 17-AAG
in melanoma, differential drug responses were observed for
client proteins from patient tumors [214], which may have
implications for clinical outcome. Therefore, the ability to
dynamically image Hsp90-dependent client depletion in vivo
would be a clinically valuable addition to these trials. At
least two reports demonstrate the feasibility of noninvasively
viewing the dynamic expression of Hsp90 client proteins in
real time in preclinical models [215, 216], suggesting that
incorporation of these approaches into clinical trial design
may be feasible.

More recently, a number of clinical trials have included
increasingly sophisticated molecular endpoints to gauge
drug responses. In a phase II trial of 17-AAG in metastatic
prostate cancer, the relation between drug treatment and
PSA was monitored, as were a limited number of serum
derived cytokines and markers from peripheral blood [131].
In a carefully designed trial of a pan-VEGF inhibitor in
GBM, MRI imaging of tumor vascularity discerned a window
of vascular normalization [217]. Importantly, this group
also identified several vascular modulators that correlated
with tumor progression, such as circulating endothelial
cells (CECs) and a subset of cytokines, such as SDF-1.
In another detailed study by this group, a comprehensive
genetic analysis of angiogenic markers revealed that anti-
VEGF therapy induced SDF-1 and inflammatory pathways
in rectal cancer [218]. This integrative analysis of stage
specific molecular and genetic alterations, coupled with the
evaluation of surrogate biomarkers, represents a promising
approach to better understand and possibly predict fluctua-
tions in the clinical response to Hsp90 inhibitors. Looking
forward, it must be determined whether and how Hsp90
inhibitors modulate signaling, angiogenic genes/microRNAs,
cytokines, circulating endothelial and progenitor cells, tumor
stroma, and which of these alterations are prognostic for
tumor response or relapse. Whether the expanded repertoire
of proteins targeted by Hsp90 inhibitors, compared with the
relatively specific subset of proteins targeted by clinically
approved antiangiogenic TKIs, will be an asset or a liability in
the clinic remains to be determined. A more comprehensive
understanding of the mode of action of Hsp90 inhibitors will
position us to harness the power of these agents and design
more effective strategies to diminish cancer lethality.
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Angiogenesis is a critical component of tumor growth. A number of growth factors, including VEGF, FGF, and HGF, have been
implicated as angiogenic growth factors that promote tumor angiogenesis in different types of cancer. Ets-1 is the prototypic
member of the Ets transcription factor family. Ets-1 is known to be a downstream mediator of angiogenic growth factors.
Expression of Ets-1 in a variety of different tumors is associated with increased angiogenesis. A role for other selected members of
the Ets transcription factor family has also been shown to be important for the development of tumor angiogenesis. Because Ets
factors also express a number of other important genes involved in cell growth, they contribute not only to tumor growth, but to
disease progression. Targeting Ets factors in mouse tumor models through the use of dominant-negative Ets proteins or membrane
permeable peptides directed at competitively inhibiting the DNA binding domain has now demonstrated the therapeutic potential
of inhibiting selected Ets transcription factors to limit tumor growth and disease progression.

Ets-1 is the prototypic member of the Ets transcription
factor family [1]. Several studies have demonstrated a role
for Ets transcription factors in the regulation of endothelial-
specific genes including VEGF-R1, VEGF-R2, Tie1, and
Tie2. Whereas, the Ets factors Ets-1 and Ets-2 potently
transactivate the Flt-1 gene promoter, they do not appear
to regulate the Tie1 or Tie2 gene promoters [2, 3]. Ets-1
has been shown to cooperate with HIF-2α in the setting of
hypoxia to regulate the expression of the VEGF-R2 [4, 5].
In contrast, the Ets factor ELF-1 is a potent transactivator
of the Tie1 and Tie2 genes [2, 3]. ELF-1 has been shown
to regulate other genes involved in angiogenesis including
angiopoietin-2 and endothelial nitric oxide synthase [6, 7].
Ets-2 regulates the expression of CD13/aminopeptidase N
(APN) in human endothelial cells [8]. Knockdown of Ets-
2 in human endothelial cells using siRNA oligonucleotides
significantly reduced the ability of the endothelial cells to
form tubes and capillary networks. The selectivity of the
different Ets factors to transactivate different target genes also
correlates with their ability to bind to specific conserved Ets
binding sites within these genes. However, when the DNA
binding domain is highly homologous, as is the case for Ets-1
and Ets-2, there may be a significant overlap with respect to
their downstream target genes.

Ets factors can be subcategorized into subfamilies based
on DNA and protein sequence homology. For example,
Elf-1, Nerf-2, and Mef are highly related and belong to
one subfamily. Similarly Fli1 and ERG constitute another
subfamily, as do Ets1 and Ets2. The subfamily members
often have overlapping functions [9]. From an evolutionary
standpoint, this built-in redundancy may be protective
against the effects of genetic mutations of the individual
family members for critical developmental processes such as
vasculogenesis. The DNA binding domain of the Ets family
of proteins is a highly conserved region of approximately 85
residues that shares a strong sequence homology and three-
dimensional structural scaffold that closely mimics the helix-
turn-helix family of DNA binding proteins [10, 11]. Previous
investigations have clearly established that the several highly
conserved residues that are localized within the recognition
helix, H3, are responsible for anchoring the Ets domain
through requisite DNA contacts within the major groove.
However, residues within the turns separating helices H2 and
H3 and the first two β-strands are also involved in critical
phosphate backbone contacts within the DNA minor groove.

Expressions of selected Ets factors are also enriched at
sites of active blood vessel development during embryo-
genesis. The Ets transcription factor Fli-1 is enriched in
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the developing blood vessels of zebrafish embryos [12]. ELF-
1 is highly expressed in extra-embryonic and embryonic
blood vessels of the developing mouse and chicken embryos
[7, 13]. The Ets factor Ets-1 is also enriched in the developing
blood vessels of the chicken, and antisense oligonucleotides
have been shown to inhibit angiogenesis when delivered to
the chicken chorioallantoic membrane [14]. Homozygous
inactivation of Ets1 is associated with abnormalities in T cell
function, but with no defects in vascular development or
angiogenesis [15]. Similarly, while Ets2 is a critical regulator
of trophoblast function during extraembryonic development
it is dispensable for development of the embryo proper [16].
Mice with a homozygous hypomorphic mutant of Ets2, in
which the conserved threonine 72 phosphorylation site is
mutated, and Ets2T72A/T72A mice are viable and appear nor-
mal [17]. When both Ets-1 and Ets-2 were simultaneously
targeted, this led to striking defects in vascular development
[18].

In addition to their role in regulating endothelial cell
restricted genes, Ets factors have also been shown to function
upstream and downstream of a number of angiogenic growth
factors [19]. Overexpression of Ets-1 in tissues is associated
with increased expression of both vascular endothelial
growth factor (VEGF) and hepatocyte growth factor (HGF).
Neutralizing antibodies to VEGF and HGF markedly atten-
uate the angiogenic effects of overexpressing Ets-1. Ets-1
regulates the expression of several downstream targets in
endothelial cells that promote an angiogenic phenotype
including the VEGF receptors (VEGF-R1 and VEGF-R2),
urokinase, and several matrix metalloproteinase’s (MMPs)
including MMP-1, MMP-3, MMP-9 (Figure 1). Interestingly,
HGF is also capable of inducing the expression of Ets-1,
thereby creating a positive feedback loop at sites where either
Ets-1 or HGF is expressed. In addition to HGF, fibroblast
growth factor (FGF) and VEGF gene expression are regulated
by Ets-1 [20, 21]. More recently, the chemokine CCL2
(MCP-1/JE) has been shown to promote angiogenesis and
one of the main downstream effectors is Ets-1 [22]. The
particular downstream targets identified in response to CCL2
in endothelial cells are the β3 integrins. Ets-1 is also involved
in the regulation of CCL2 expression [23].

Several studies support a role for Ets-1 expression in the
development of tumor angiogenesis in many different types
of human cancer. Increased expression of Ets-1 in tumors
is often associated with a worse prognosis (summarized in
Table 1). In ovarian cancer, for example, Ets-1 expression
strongly correlates with the degree of angiogenesis in the
primary tumor and the development of metastatic lesions
[24]. The prognosis is also significantly worse in those
patients with high levels of Ets-1 expression in the tissues
derived from the primary cancer. The survival rate of
patients with histologically demonstrated high levels of Ets-1
expression at 24 months was 30% whereas that of patients
with low levels was 70% [25]. These statistics support the
overall concept that Ets-1 expression in ovarian cancers
contributes to tumor growth and progression that is at least
in part mediated by an increase in the degree of angiogenesis.
Additional factors promoting tumor growth and progression
are discussed below.

Esophageal squamous cell carcinoma (ESCC) is asso-
ciated with a late presentation due to limited symptoms
early in the disease. However, once detected, ESCC is a
highly aggressive tumor with a propensity to metastasize.
Ets-1 is overexpressed in 44/55 (80%) of tumor tissues
obtained from patients with ESCC [26]. VEGF expression
was observed in most of the Ets-1 overexpressing tissues and
was strongly correlated with lymphnode metastasis. Kaplan-
Meier survival analysis for patients with concomitant tissue
expression of Ets-1 and VEGF demonstrated a significantly
worse disease free survival. This again supports the concept
that increased angiogenesis in Ets-1 expressing tumors is
associated with increased tumor progression and a worse
prognosis.

VEGF and Ets-1 are also highly expressed in breast carci-
noma [27]. Ets-1 is expressed in 53% of tumors of patients
with newly diagnosed breast cancer. Ets-1 overexpression in
breast cancer is associated with more invasive tumors and
a significantly poorer prognosis [28]. At 5 years, less than
20% of patients with Ets-1 negative tumors have relapsed,
compared to nearly 50% of those with Ets-1 expressing
tumors. The expression of Ets-1 strongly correlated with
the microvessel density within the tumors and lymph node
involvement. In a study of 123 patients with primary breast
cancer followed for 62 months, Ets-1 expression correlated
strongly with VEGF expression and was an independent
predictor of poor prognosis [28]. As a result of these
findings, antiangiogenic therapy is currently being evaluated
as adjunctive therapy for breast cancer.

In a study of 60 patients with uterine cancer a strong
Ets-1 expression was observed in 66% of patients, and was
associated with increased tumor microvessel density [34].
In patients with cervical carcinoma, high Ets-1 expression
was observed in tissues obtained from 25/60 (42%) patients
and was also associated with a high microvessels density
[30]. Furthermore, the 24-month survival rate of patients
with high ets-1 expression was significantly worse at 54%
compared to 92% for those patients with low expression of
Ets-1 in the tumors. These results also support a role for Ets-
1 in tumor progression that is at least in part mediated by
increased angiogenesis.

Ets-1 expression has also been shown to correlate with
higher microvessel density and a worse prognosis in patients
with gastric cancer [31]. Of the 102 patients with primary
gastric carcinoma, not involving invasion into the muscularis
propria or subserosa, Ets-1 expression was observed in 76%
of patients. The 5-year survival rate for these patients was
67% for patients with Ets-1 positive tumors and 89% for
those with Ets-1 negative tumors. Ets-1 expression has also
been evaluated in patients with colorectal carcinoma [32].
High Ets-1 expression was observed in 48.4% of patients
and correlated strongly with increased microvessel density
and the expression of VEGF. Similar to the studies in uterine
cancer, this study also supports a role for expression of Ets-
1 in cancer progression that is at least in part mediated by
increased angiogenesis.

The role of Ets-1 in human brain cancer has also been
evaluated. Ets-1 expression was evaluated in 81 primary and
20 recurrent astrocytic tumors [33]. 65% of glioblastomas
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Table 1: Summary of Ets-1 expression, microvessel density (MVD), and prognosis in human cancer.

Tumor type Number % Ets-1 positive∗ MVD/VEGF Prognosis∗∗

(1) Ovarian [24] 30 66 increased MVD 2 years survival:

10% Ets-1 (+); 60% Ets-1 (−)

(2) Ovarian [25] 30 50 increased MVD 2 years survival:

30% Ets-1 (+); 70% Ets-1 (−)

(3) Esophageal [26] 55 80 increased MVD not evaluated

(4) Breast [27] 48 71 increased MVD not evaluated

(5) Breast [28] 123 62 not evaluated 5 years relapse free survival:

55% Ets-1 (+); 85% Ets-1 (−)

(6) Endometrial [29] 60 66 increased VEGF not evaluated

(7) Cervical [30] 60 42 increased MVD 2 years survival:

54% Ets-1 (+); 92% Ets-1 (−)

(8) Gastric [31] 102 76 increased MVD 5 years survival:

67% Ets-1 (+); 89% Ets-1 (−)

(9) Colon [32] 95 48 increased MVD not evaluated

(10) Brain [33] 101 32 not evaluated not evaluated

“Number” refers to number of patients in the study.
∗% refers to percent of primary tumors that express Ets-1.
∗∗% refers to percent of patients that are relapse free at different time points with primary tumors that expressed Ets-1 (+) or did not express Ets-1 (−).
“MVD/VEGF” refers to evaluation of either VEGF expression or microvascular density (MVD) in the tumors
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Figure 1: The role of Ets-1 in tumor development, progression, and angiogenesis. The role of Ets-1 is depicted during different stages of
neoplasia from the epithelial-mesenchymal transition (EMT) to tumor growth, invasion, metastasis, and tumor angiogenesis. (∗) denotes
those genes that are regulated by Ets-1.

(grade IV astrocytomas) stained for Ets-1, 25% of anaplastic
astrocytomas (Grade III) were positive for Ets-1, and none
of the low-grade astrocytomas (Grade II) stained positively
for Ets-1. Therefore the expression of Ets-1 was significantly
associated with the tumor grade. Normal brain tissue did
not express significant amounts of Ets-1 protein. Ets-1 also
appears to play a role in regulating tumor angiogenesis
in neuroblastomas [35]. Ets-1 expression is higher in
undifferentiated human neuroblastomas. Ets-1 expression is

stimulated by gastrin-releasing peptide (Grp) that stimulates
neuroblastoma growth, and the induction of Ets-1 in these
cells promotes the expression and secretion of the angiogenic
chemokine interleukin-8.

The expressions of Ets factors have also been shown to
be up-regulated in a number of hematological malignancies
either through translocations or through overexpression.
One example of an Ets factor that is involved in several
different types of hematological malignancies is Tel (ETV6).
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The hematological malignancies include chronic myeloid
leukemia, acute myeloid leukemia, acute lymphoblastic
leukemia, and non-Hodgkin’s lymphoma [36, 37]. The
evidence that angiogenesis plays a pathophysiological role in
leukemia has been well documented [38]. Angiogenesis in
human leukemias is demonstrated by increased microvessel
density (MVD) in the bone marrow, and is associated with
the increased expression of hypoxia inducible factor 1α (HIF-
1α), the increased expression of multiple angiogenic factors
including VEGF, bFGF, and angiopoetin-2, and a reduction
in the expression of endogenous angiogenesis inhibitors such
as thrombospondin-1 [39]. Because ETV6 has been shown
to be important for yolk sac angiogenesis, its upregulation in
several hematological malignancies also suggests that it may
likely play an important role in regulating angiogenic factors
in hematological malignancies. Furthermore, because several
of the Ets factors have been shown to function as downstream
effectors of angiogenic factors, targeting ETV6 and other Ets
factors in these cancers may not only limit direct tumor
cell growth but also may limit the local microenvironment
through inhibitory effects on angiogenesis.

With regard to tumor progression, a number of factors
have been shown to promote tumor growth and/or pro-
gression. Some of these are directly regulated by Ets factors,
while others act synergistically with Ets to regulate specific
target genes. One of the earliest events in the development
of tumors from epithelial cells is the so-called epithelial
to mesenchymal transition (EMT). This process has been
associated with increased expression of RhoC, loss of E-
cadherin, and acquisition of mesenchymal characteristics.
It has recently been shown that the expression of RhoC is
regulated by Ets-1 [40]. The tumor stroma is believed to be
an important contributor to some of the most malignant
characteristics of epithelial tumors. It has recently been
shown that targeted deletion of the tumor suppressor PTEN
in stromal fibroblasts of mouse mammary glands accelerates
the initiation, progression, and malignant transformation
of mammary epithelial tumors [41]. More importantly, it
was found that loss of PTEN in the stromal fibroblasts was
associated with an increase in the expression of Ets-2. The
deletion of Ets-2 and PTEN was associated with a decrease
in tumor vasculature and the recruitment of macrophages,
resulting in fewer and smaller tumors than deleting PTEN
alone. There are other recently described links to certain Ets
proteins and the development of tumor angiogenesis. For
example, the Wilm’s tumor suppressor WT-1 was detected
in the endothelium of angiogenic blood vessels of 95% of 113
tumors of different origins. Ets-1 and WT-1 have overlapping
expression patterns. It was shown that silencing of WT-1 in
endothelial cells reduced cell proliferation, cell migration,
and endothelial tube formation and that silencing of WT-
1 diminished the expression of Ets-1 in the tumors [42].
Mutations of the tumor suppressor gene von Hippel-Lindau
(VHL) are associated with highly vascularized tumors that
in part have been linked to stabilization of the transcription
factor hypoxia-inducible factor (HIF), which upregulates
proangiogenic factors such as vascular endothelial growth
factor (VEGF). Down regulation of VHL in endothelial cells
has recently been linked to Ets-1 activation via increased

FGF signal transduction [43]. In Kaposi’s sarcoma angio-
genesis is associated with the induction of angiopoeitin-2
the expression of which is regulated by the transcription
factors AP-1 and Ets-1 [44]. Another important gene for
the regulation of tumor angiogenesis, wound healing, and
fibrosis is connective tissue growth factor (CCN2). Under
pathological conditions, such as wound healing or tumor
formation it has recently been shown that Ets-1 competitively
inhibits the function of another Ets factor Fli-1 to promote
the expression of CCN2, thereby promoting extracellular
matrix deposition during cancer [45].

From a therapeutic standpoint, recent studies support
important role for Ets factors as critical transcriptional
regulators of tumor angiogenesis. Local administration of
a dominant-negative form of Ets-1, encoding the DNA
binding domain, significantly blocked tumor angiogenesis
and tumor growth [46]. Similarly, in a pancreatic mouse
cancer model of angiogenesis, the local administration of
a dominant negative Ets-1 peptide using and adenoviral
vector significantly blunted tumor growth and blood vessel
density [47]. By targeting the DNA binding domain, these
therapeutic agents very likely target subfamilies of Ets factors,
for example, Ets-1 and Ets-2, rather than being entirely
selective for a particular Ets factor [7].

Administration of dominant negative Ets proteins has
not been successfully used to block tumor growth system-
ically. Another strategy that has been used to inhibit the
function of transcription factors is the use of membrane
permeable peptides. For example, a peptide with a mem-
brane permeable sequence and the nuclear localization signal
sequence of the transcription factor NF-κB can block nuclear
import of this transcription factor upon activation [48]. The
inhibitory function of this peptide, however, was not specific
to NF-κB, and also inhibited other transcription factors such
as AP-1, NFAT, and STAT1 from entering the nucleus [49].
Another membrane permeable peptide with the ability to
interfere with DNA binding of a transcription factor was
recently demonstrated using the Tet repressor (TetR) of
Escherichia coli synthesized in tandem with a cell membrane
transducing peptide. This peptide was able to repress the
expression of a tetracycline responsive reporter unit stably
transfected into the genome of HeLa cells [50]. Membrane
permeable peptides consisting of the terminal portion of the
DNA binding domain of the Ets factor Elf-1 in tandem with
the HIV TAT peptide readily cross the cell membrane and
enter the nucleus of cells where they are able to block the
function of the Ets factor Elf-1. These peptides were success-
fully used to systemically block the growth of B16 melanoma
tumor cells in vivo [7]. Furthermore, the identification of
relatively short peptides of 30 to 40 amino acids long that can
selectively block the DNA binding of specific transcription
factors, or subsets of transcription factors, suggests that
this may be a very potent novel approach toward targeting
transcription factors as a therapeutic modality to inhibit
tumor growth and angiogenesis. Although these peptides
have been used successfully to block tumor growth in small
animals, there may be certain limitations. First the cost
of making these peptides may be prohibitive for use on
a much larger scale in man. Second, if the peptides are
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to be used repeatedly, the peptides may be immunogenic
and antibodies directed against the peptides may eventually
limit their use. With recent advances in drug discovery,
the identification and/or development of small molecule
inhibitors of subfamilies of Ets factors may be possible
in the future by taking advantage of structural similarities
among the subfamilies in the DNA binding domain or other
functionally conserved regions of the proteins. Although
transcription factors have historically been poor drug targets,
the advances in computational chemistry may ultimately lead
to the identification of selective inhibitors of Ets and other
transcription factors.
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Renaud Grépin and Gilles Pagès

Institute of Developmental Biology and Cancer UMR 6543, University of Nice Sophia Antipolis, CNRS,
Centre Antoine Lacassagne, 06189 Nice, France

Correspondence should be addressed to Gilles Pagès, gpages@unice.fr

Received 16 November 2009; Accepted 5 January 2010

Academic Editor: Arkadiusz Dudek
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Tumour angiogenesis, described by Folkman in the early seventies, is an essential, complex, and dynamic process necessary for the
growth of all solid tumours. Among the angiogenic factors secreted by the tumour cells, the Vascular Endothelial Growth Factor
(VEGF) is one of the most important. Most types of human cancer cells express elevated levels of this proangiogenic factor and
its receptors. New molecules, called anti-angiogenic, are developed to impair VEGF pathway and tumour vasculature. Despite
important results, the clinical benefits of anti-VEGF therapy are relatively modest and usually measured in weeks or months.
Why following anti-angiogenic therapy do some patients respond transiently and then why does tumour grow again and disease
progress and which compensatory mechanisms could explain the anti-angiogenic treatment failure?

1. Introduction

Tumour angiogenesis, as described by Folkman in the early
seventies and confirmed today [1], is an essential, complex,
and dynamic process necessary for the growth of all solid
tumours. It stipulates that a tumour cannot grow through
a defined volume if it is not vascularized. The cores of
solid tumours rapidly undergo hypoxic with low oxygen
levels and nutrients deficiency. Tumour cells counteract
this process by producing angiogenic factors responsible
for growth and migration of quiescent endothelial cells of
proximal blood vessels. The consequence is the creation of
a new vascular network to supply the tumour with oxygen,
nutrients, growth factors, proteolytic enzymes, tumours
cells, and dissemination in host [2, 3]. Tumour angiogenesis
and hypoxia are considered as hallmarks of solid tumours
[4, 5]. Among the angiogenic factors secreted by tumour
cells, the Vascular Endothelial Growth Factor (VEGF) is one
of the most important. Different stimuli are responsible of
its production. Among them hypoxia was one of the first
described. During the angiogenic switch, the frail existing
balance between pro- and anti-angiogenic factors is broken
in favour of proangiogenic factors [6]. Most types of human

cancer cells express elevated levels of VEGF. They also express
VEGF receptors at their surface including VEGF-R1,2,3,
VEGF-R3 participating to lymphangiogenesis [7–11]. All
these results have allowed the development of therapeutic
tools targeting VEGF (Bevacizumab) [12] or their receptors
(Tyrosine kinase inhibitors) [13].

2. Examples of Antiangiogenic Treatments
Commonly Used in Metastatic Cancers

For example, Bevacizumab (Avastin, Roche), a humanized
neutralizing monoclonal antibody against VEGF, is the first
anti-angiogenic molecule approved by the FDA in 2004. This
antibody, which is becoming an important anti-angiogenic
treatment, is commonly used in association with a cytotoxic
chemotherapy for late stages of colon cancer, nonsmall-
cell lung cancer, breast cancer, glioblastoma, and metastatic
renal cell carcinoma (mRCC). Sorafenib tosylate (Nexavar,
Bayer) and Sunitinib malate (Sutent, Pfizer), two small
tyrosine kinase inhibitors (TKI), target multiple signaling
pathways including VEGF and platelet-derived growth fac-
tors (PDGFs). Sorafenib and Sunitinib are approved by the
FDA to treat mRCC as a single agent. Sunitinib is used in
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gastrointestinal stromal tumours (GISTs) and Sorafenib is
used for treating patients with liver cancer. Every year a
variety of new anti-angiogenic molecules are developed with
more than 800 clinical trials [14].

Despite important results, the clinical benefits of anti-
VEGF therapy are relatively modest and usually measured in
weeks or months [15]. In some cases patients do not respond
to anti-VEGF treatments. For example, Bevacizumab used
as a single agent to treat colorectal and nonsmall-cell lung
tumours is inefficient [12, 16]. Recently a phase III study of
Bevacizumab plus chemotherapy in early-stage colon cancer
did not meet its primary endpoint for lowering the risk
of the cancer recurrence compared to chemotherapy alone
[17]. Discontinuous TKI treatments (4 weeks on/2 weeks
off) in patients with metastatic breast cancer or mRCC
can carry the risk of tumour progression during drug-free
break periods [18, 19]. Thereby, in a preclinical model, rapid
tumour revascularisation has been reported after removal
of anti-VEGF therapy [20]. Multiple angiogenesis inhibitors
have been therapeutically validated in preclinical cancer
models and several in clinical trials. Why following anti-
angiogenic therapy do some patients respond transiently and
then why does tumour growth again and disease progress?
Which compensatory mechanisms could explain the anti-
angiogenic treatment resistance?

The fraction of nonresponsive patients included in
anti-angiogenic clinical trials such as anti-VEGF antibody
treatment or tyrosine kinase inhibitors is significant [13,
15, 21]. In these cases anti-angiogenic treatment does not
permet to obtain beneficial effects. Hence, there is no
cessation or retardation of the tumour growth or increase
of survival. Resistance to anti-angiogenic agents can be
the result of intrinsic tumour resistances or acquired resis-
tances. Different mechanisms can explain these resistances
including redundant angiogenic factors with upregulation
of alternative angiogenic signals, induction of hypoxia,
selection of more aggressive tumour cells, recruitment of
bone marrow-derived proangiogenic cells and inflammatory
cells invasion, modification of vascular pericyte coverage,
and vessel cooption.

2.1. The Angiogenic Redundancy and Alternative Proangio-
genic Pathways. The angiogenic redundancy is the first
resistance mechanism identified following anti-VEGF ther-
apy [22, 23]. VEGF is the predominant angiogenic fac-
tor in human tumours. However, during tumour devel-
opment redundant proangiogenic factors could be pro-
duced including Fibroblast Growth Factors (FGFs), Platelet
Derived Growth Factors (PDGFs), Placenta Growth Factor
(PlGF), and Tumour Necrosis Factor-α (TNF-α) [24–26]
(Figure 1(1)). For example, in early-stage breast cancers
VEGF is the major proangiogenic factor whereas in late-stage
additional angiogenic molecules are produced including
FGF-2 [23].

Preclinical and clinical anti-VEGF studies have shown
that tumours can grow despite VEGF pathway inhibition
due to angiogenic redundancy. In a preclinical model of
pancreatic neuron-endocrine cancer, after few days of anti-
VEGFR2 antibody (DC101) treatment, the vascular density

of tumours is reduced and tumours have regions of acute
hypoxia. Histological analysis shows that tumours have a
wide front of tumour invasion compared to controls and
tumours are more invasive after one week of treatment
and this increases after four weeks of continuous treatment.
Despite the disruption of VEGF angiogenic switch follow-
ing long-term treatment, a phenotypic resistance to anti-
VEGFR2 therapy emerges. During this phase, the tumour’s
revascularization is increased indicating an active tumour
angiogenesis. This progression phase is linked to enhanced
production of redundant angiogenic factors, such as FGF
family members. If mice are treated with anti-VEGFR, then
with FGF-trap just before tumour vasculature regrowth, the
tumour growth and neovascularization are attenuated. This
independence of VEGF pathway is associated with hypoxia-
mediated induction of proangiogenic factors such as FGF-
1 and 2, ephrin A1 and 2, and angiopoietin 1 [22]. A
synergism between the low expression of two angiogenic
factors such as FGF-2 and PDGF-bb could be sufficient to
promote angiogenic response although it is expressed at
low levels [27, 28]. Following anti-VEGF therapy, levels of
plasmatic placental growth factor (PlGF) are increased and
seem to be implicated in the angiogenic redundancy [26,
29]. In experimental studies, VEGF-sensitive and resistant
tumours respond to PlGF antibody treatment, this antibody
enhances the efficiency of anti-VEGFR2 therapy, and it
reduces tumour angiogenesis and metastasis without induc-
ing hypoxia [24]. Moreover, anti-PlGF prevents infiltration
of angiogenic macrophages. However, clinical studies on
VEGF-trap, that binds both VEGF-A and PlGF, do not show
an additional benefit compared to Bevacizumab. The with-
drawal of one proangiogenic factor could be counterbalanced
by production of compensatory angiogenic growth factors
and/or chemokines leading to angiogenic rescue program
[30]. To prevent angiogenic redundancy different actors
implicated in tumour angiogenesis might be targeted at the
same time.

2.2. Hypoxia: A Major Inducer of Angiogenic Redundancy.
Antiangiogenic therapies reduce and normalize tumour
vasculature but increase intratumour hypoxia [31, 32]
(Figure 1(2)). Hypoxia and overexpression of hypoxia-
induced factor-1 (HIF-1) have been associated with radiation
therapy and chemotherapy resistance, selection of invasive
and metastatic cells, and a poor clinical prognosis of solid
tumours [33]. HIF-1 is considered as the major regulator
of angiogenic actors following hypoxia. It regulates a lot
of genes involved in angiogenesis (VEGF, PlGF, VEGFR-
1), proliferation and migration of endothelial cells (such
as VEGF, PlGF, FGF2, CXCL12/CXCR4, PDGF), pericytes
recruitment (PDGF, Ang-1), and modification of vascular
permeability (VEGF/VEGFR-1, Ang-2) [34, 35].

The treatment of recurrent glioblastoma patients with a
tyrosine kinase inhibitor targeting VEGF receptors initially
leads to disease stable but resistances appear after few weeks.
The development of resistance following VEGF blockade
is associated with an increase of circulating levels of basic
FGF, stromal cell-derived factor 1 alpha (SDF1α), two genes
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Figure 1: Molecular mechanisms involved in tumor anti-angiogenesis therapies resistance. (1) Following anti-VEGF therapies, redundant
angiogenic factors are produced by tumour cells. Antiangiogenic treatments reduce and normalize tumour vasculature but increase
intratumour hypoxia (2). Hypoxia induces SDF-1α which recruits BMDCs such as CD11b+Gr1+, redundant angiogenic factors (1), and
activates HGF/c-MET pathway (5). BMDCs are activated by factors secreted by stroma cells (SDF-1∝, G-CSF, and IL-6). Inhibition of VEGF
induces endothelial cells apoptosis and pericytes attachment to endothelial cells is loosed (5). New vessels could be recruited to tumour
site by vessel cooption (6). Finally mechanisms involved in tumor anti-angiogenesis resistances lead to select more invasive and metastatic
tumour cells (3).

controlled by HIF-1, and viable circulating endothelial cells
[13, 34, 36].

Hepatocyte Growth Factor (HGF) is a potent mitogenic,
motogenic, morphogenic factor, and also an important actor
in angiogenesis and tumour growth [37–39]. HGF induces
and activates its membrane tyrosine kinase receptor c-MET.
Whereas HGF is mostly produced by mesenchymal cells [40],
c-MET is expressed by different cell types such as vascular
and lymphatic endothelial cells and pericytes [41]. Thereby,
HGF effects are not limited to endothelial cells. HGF binds
c-MET and induces its homodimerization and autophospho-
rylation; then c-MET activates signal transduction pathways
such as Src, Akt, MEK, STAT3 [42] and leads to increase
expression of VEGF and VEGF/R in endothelial cells [43].
C-MET and HGF are deregulated and correlated with poor
prognosis in a lot of human cancers. The receptor can be
constitutively phosphorylated, its gene mutated or amplified
in tumours. HGF/c-MET promotes cell invasiveness and
triggers metastases through angiogenic pathway [44]. It
has been described, in lung cancer patient specimens, that

HGF is colocalized with fibroblasts. When lung cancer cells
and HGF-producing fibroblasts are injected into mice, the
tumour becomes resistant to EGFR-TKIs treatment. The
stromal fibroblasts seem to an actor in TKI treatment
resistance by producing angiogenic factors such as HGF
[45]. In a pancreatic cancer model it has been shown that
HIF-1 increases c-MET expression in cancer cells and HGF
secretion by fibroblast cells [46]. Hypoxia induces HGF/c-
MET signaling pathway that leads to matrice membrane
degradation and increase of cell migration towards blood or
lymphatic vessels (Figure 1(5)).

The plasma-membrane bound Notch receptor ligand,
Delta-like ligand 4 (DLL4), can be an alternative angiogenic
pathway which participates to anti-angiogenic treatment
failure. DLL4 is highly expressed by vascular endothelial
cells and induced by VEGF. It interacts with Notch cell-
surface receptors to act as a negative feedback inhibitor
downstream of VEGF signaling to restrain the sprouting
and branching of new blood vessels [47, 48]. Inhibition of
DLL4-Notch signaling induces an increase in vessel density
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but these blood vessels are abnormal and not perfused.
Therefore intratumour hypoxia is increased and leads to
induction of transcription of proangiogenic genes regulated
by HIF-1 [48–50]. Moreover, tumours that have an intrinsic
resistance to anti-VEGF therapy are responsive to inhibition
of DLL4/Notch signaling [51].

2.3. Selection of More Invasive Tumour Cells. The angiogenic
inhibitors normalize tumour vasculature, reduce tumour
size, but increase local hypoxia (Figure 1(3)). It has been
shown that tumour cells cultured under hypoxia condi-
tions can become more invasive and metastatic [52]. More
recently, two studies support the hypothesis that under anti-
angiogenic treatment, cancer cells become more invasive
and metastatic to migrate to normoxic location. Thereby,
in mouse models of pancreatic neuron-endocrine carcinoma
and glioblastoma, the primary tumour size decreases after
one week of Sunitinib. This anti-angiogenic treatment seems
to select more aggressive cancer cells and local tumour
cell invasion and distant metastasis are increased. Further-
more, tumours and disseminated liver metastases of animals
present more regions of hypoxia compared to untreated
control tumours. The proportion of invasive tumours during
long-term continuous treatment and the invasive phenotype
are not reverse even when the anti-angiogenic treatment is
lifted [53]. Another study suggests, by metastasis assays, that
a short-term of TKIs treatments reduces tumour growth but
increases the incidence of metastasis, facilitates metastatic
dissemination of tumour cells, and decreases overall survival
of animals. This observation is not reverted when mice are
treated one week before tumour cells implantation [54].

2.4. Recruitment of Bone Marrow Derived Proangiogenic Cells
and Inflammatory Cells Invasion. Antiangiogenic therapies
normalize vessels but increase intratumoral hypoxia which
lead to recruitment of bone marrow derived cells (BMDCs,
endothelial and pericytes progenitors, tumour associated
macrophages, immature monocytic cell and myeloid cells)
(Figure 1(4)). These cells produce a lot of different proan-
giogenic factors and can constitute an adaptive mechanism
of resistance in low oxygen context. Preclinical and clinical
studies have revealed that the number of myeloid cell-derived
suppressor cells (MDSCs), such as CD11b+Gr1+ cells, is
increased in tumours and peripheral blood of tumour-
bearing animals and in blood and spleen of cancer patients
[55]. Furthermore the invasion of tumour by these myeloid
cells is associated with tumour growth and progression and
also contributes to refractoriness to anti-VEGF antibody
treatment [56, 57]. Tumours and stromal cells secrete inter-
leukin 6 (IL-6), SDF-1α, and granulocyte colony-stimulating
factor (G-CSF), three factors implicated in CD11b+Gr1+
cells mobilization and activation [58, 59]. G-CSF expression
by tumour or stromal cells is crucial for refractoriness [56].
Moreover, patients treated by tyrosine kinase inhibitors,
such as Sorafenib or Sunitinib, or by Bevacizumab plus
chemotherapy could be neutropenic [60, 61]. Studies have
shown that with a recombinant G-CSF treatment, the use
of hematopoietic growth factors for treating patients with

neutropenia can mobilize endothelial-cell progenitors and
CD11b+Gr1+ [62–64].

Furthermore, SDF-1α expression by endothelial cells is
increased by HIF-1 following hypoxic conditions. BMDCs
expressed the SDF-1α receptor CXCR4 and are recruited
to the ischemic tissue by cell tropism to SDF-1α. SDF-1α
upregulation is associated with anti-angiogenic treatment
resistance in patients with glioblastoma [13]. Following
Sunitinib treatments, levels of SDF-1α and G-CSF are
increased dose-dependently in healthy mice and cancer
patients [26]. Thereby, in hepatocellular carcinoma, the
plasmatic level increase of SDF-1α and IL-6, in patients
treated with Sunitinib, is associated with a poor outcome
[65]. During Bevacizumab therapy, plasmatic levels of SDF-
1α are increased in patients with rectal cancer and seem to
be associated with distant metastasis after three years [66].
Could SDF-1α be considered as a biomarker of response
or resistance to anti-angiogenic treatment [67]? In response
to SDF-1α and Lysyl Oxidase gradient, CD11b+Gr1+ cells
will be recruited at premetastatic sites and promote tumour
metastasis through matrix metalloproteinase 2 (MMP2)
production [68, 69]. In the tumour microenvironment
and proangiogenic culture conditions, these cells acquire
endothelial cell properties [64]. CD11b+Gr1+ cells promote
tumour angiogenesis by production of angiogenic factors
such as Bv8, a protein related to endocrine-gland derived-
VEGF [63] and matrix degrading enzymes like the matrix
metalloproteinase 9. Some tumours recruit CD11b+Gr1+
cells from the bone marrow to the tumour site and others
do it in response to anti-VEGF treatment [70].

2.5. Tumour-Associated Endothelial Cells and Pericytes.
Tumour-associated endothelial cells and pericytes were
generally assumed to be genetically stable and to have a
low mutational rate [71]. Antiangiogenic therapies target
endothelial cells which develop less drug resistance than
tumour cells. Finally, recent studies have shown that normal
and tumour-associated endothelial cells are different and
can be tumour type-dependent, aneuploid, and acquire
genotypic alterations [72, 73]. Therefore, these endothelial
cell alterations in tumour environment can induce a complex
crosstalk between angiogenic pathways and increase anti-
angiogenic therapies resistances. Endothelial cells secrete
PDGF-bb. It mediates proliferation and migration of per-
icytes which express PDGF-R β [74]. Endothelial cells
can induce pericyte recruitment in order to be protected
from anti-VEGF therapy. This leads to an increase of
mature vessels covered with pericytes [75, 76]. Pericytes
are vascular smooth muscle lineage cells closely associated
with the endothelial cells; this contact enhances endothelial
cell survival [77]. These cells are important for vascular
development, endothelial cells permeability, vessel stabiliza-
tion by matrix deposition and/or release, vessel maturation,
and remodeling [78]. Pericytes secrete paracrine factors
that stimulate signaling pathways implicated in endothelial
cell differentiation and survival and then modulating vessel
stabilization and maturation [74, 79, 80]. Moreover, in
context of tumours or in response to treatments, pericytes
express different proteins compared to normal conditions
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[81]. Anti-VEGF therapies lead to a 80% destruction of the
tumour vasculature [82]. Furthermore, vascular sprouting is
suppressed, blood flow arrested in some vessels, and finally
some tumour vessels regress and others are normalized [32,
83–85]. Inhibition of VEGF pathway may induce endothelial
cell apoptosis and/or selection of endothelial cells which
express less VEGFR-2 [86] (Figure 1(5)). This reduction
of expression is reversible and high reexpression of this
receptor corresponds with the return of tumour vessels’
dependence for VEGF [20]. VEGFR-2 blockade can lead to
the upregulation of angiopoietin 1 that increases pericyte
coverage of vessels [87]. Despite the endothelial cells’ regres-
sion and pericyte changes, the vascular basal membrane
of tumours persists and provides a potential scaffold for
tumour revascularization and a storage site for angiogenic
growth factors [82, 88]. In preclinical study, after 7 days of
treatment, endothelial sprouts grew into empty sleeves of
basal membrane just one day after anti-VEGF withdrawal.
After 7 days, the tumour’s regrowth is complete and pericyte
phenotypes reverse to return to baseline. Furthermore,
tumour vessels become functional, reacquire the dependence
to VEGF, and remain sensible to anti-VEGF therapy [20].
Targeting endothelial cells and pericytes by inhibition of
VEGF pathway and PDGF receptor with tyrosine kinase
inhibitors can increase the efficacy of treatments [89].
Moreover, tumour pericytes have abnormal shapes, lose
the attachment to endothelial cells, and contribute to the
aberrant tumour vasculature [90]. Contrariwise, the loss
of pericyte attachment may disrupt the vascular integrity,
increases the risk of hemorrhage, and facilitates the transit
and dissemination of tumour cells in circulatory system.

2.6. Vessel Cooption. Patients treated by anti-angiogenic
therapy are mainly patients with metastases for which other
treatments are no longer available. In vasculature-rich organs
such as brain, liver, and lung, primary tumours cells and
metastases could coopt with the neighboring quiescent
normal blood vessels [91] (Figure 1(6)). In rat brain, one or
two weeks after C6 glioma cell implantation, small tumours
are vascularized without angiogenic response [92]. In early
stage of cooption, the tumour growth is angiogenesis inde-
pendent. Tumours vessels display characteristics of normal
vessels. Hence, they will be less sensitive to anti-angiogenic
molecules [93, 94].

3. Conclusion

The establishment of a new vascular network by angio-
genic process is one part of the basis of solid tumour
development and dissemination of tumour cells in the
organism as metastasis. The core of the tumour rapidly
undergoes hypoxic and tumour cells counteract this process
by producing angiogenic factors responsible for growth and
migration of quiescent endothelial cells of proximal blood
vessels. Among the angiogenic factors, the VEGF is one of
the most important. Targeting the VEGF/VEGFR pathway
represents a major advance in cancer treatments and an
important therapeutic option. Despite the transient effect of
these expansive anti-VEGF treatments, the enduring clinical

responses are rare. Pre-clinical and clinical trials suggest a
host response to VEGF inhibition implicated in treatment
failure and can participate to progression of secondary
disease. Furthermore, the mechanisms of action of anti-
angiogenic drugs and resistances against these molecules
vary according to the tumour. Resistance or evasion to
anti-angiogenic therapies in preclinical models is more and
more reported. For example, anti-angiogenic treatments
not only normalize tumour vasculature but also reduce
pericyte coverage and increase tumour hypoxia and tumour
cells can acquire a more invasive; however the molecular
mechanisms are not fully understood. Hence, it is crucial
to highlight molecular mechanisms or actors implicated in
this phenomenon of resistance in order to anticipate the best
responders to the treatment and to improve anti-angiogenic
drugs or to develop new agents. Tumours produce multiple
factors and animal models suggest that different pathways
are activated under or following anti-angiogenic therapies.
Hence, targeting complementary pathways implicated in
tumour angiogenesis would be more efficient. At last, it
is also important to find predictive biological markers
of objective response or involved in resistance to anti-
angiogenic drugs in order to improve therapy efficacy or
to propose alternative anti-angiogenic therapy in case of
treatment failure.
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Tumor angiogenesis is a complex process resulting from many signals from the tumor microenvironment. From preclinical
animal models to clinical trials and practice, targeting tumors with antiangiogenic therapy remains an exciting area of study.
Although many scientific advances have been achieved, leading to the development and clinical use of antiangiogenic drugs such as
bevacizumab, sorafenib, and sunitinib, these therapies fall short of their anticipated benefits and leave many questions unanswered.
Continued research into the complex signaling cascades that promote tumor angiogenesis may yield new targets or improve upon
current therapies. In addition, the development of reliable tools to track tumor responses to antiangiogenic therapy will enable a
better understanding of current therapeutic efficacy and may elucidate mechanisms to predict patient response to therapy.

1. Introduction

Angiogenesis, the formation of new blood vessels from a pre-
existing vascular network, is a crucial process during tumor
development. New vessels are needed to supply the tumor
with nutrients for sustained local growth and to enable
distant metastases [1]. The idea of tumors promoting their
own angiogenesis through the secretion of then unknown
factor(s) was first proposed in the 1930s by Gordon Ide
[2]. In 1945, Glenn Algire [3] noticed that tumors grew
significantly faster than normal tissues in part because of
the ability to stimulate the growth of new vessels to provide
oxygen and nutrients. In late 1960s, work by Bruce Warren,
Melvin Greenblatt and Philippe Shubik [4, 5] supported the
crucial role of tumor angiogenesis in malignant tumorige-
nesis. Their studies confirmed the hypothesis that tumors
secrete soluble substances that promote vessel formation.
Folkman reported the isolation of such a substance from a
Walker 256 carcinoma grown in rats and called it a “tumor
angiogenic factor” (TAF). In 1971, Folkman proposed that

tumors cannot grow beyond a certain size without inducing
angiogenesis and proposed that inhibiting tumor angio-
genesis could prevent local tumor growth and formation
of distant metastases [6, 7]. Since then extensive research
has focused on the identification of proangiogenic factors
produced by tumor cells and strategies to block their action.

In 2004, bevacizumab (Avastin, Genentech, Inc.) became
the first antiangiogenic drug approved by the Food and Drug
Administration (FDA) for use in patients with metastatic
colorectal cancer [8]. Since then bevacizumab has been
approved for several other tumor types including breast,
renal cell carcinoma, nonsmall cell lung cancer (NSCLC),
and glioblastoma. Additionally, other antiangiogenic drugs
were developed, such as sunitinib malate (Sutent, Pfizer,
Inc.) and sorafenib tosylate (Nexavar, Bayer Pharmaceuticals
Corp.), which are FDA approved for renal cell carcinoma
and for gastrointestinal stromal tumors and hepatocellular
carcinoma, respectively. The results of the antiangiogenic
therapy in clinic have been disappointing as compared to the
promising data from preclinical animal studies. Therefore,
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there is much to be learned about tumor angiogenesis and
how best to utilize antiangiogenic therapy. In this review
we will discuss the mechanisms of tumor angiogenesis and
clinical application of antiangiogenic therapy.

2. Molecular Mechanisms of
Tumor Angiogenesis

Growing tumors secrete a number of growth factors that
can induce angiogenesis. One predominant factor that
stimulates tumor angiogenesis is vascular endothelial growth
factor A (VEGF). VEGF was initially identified as Vascular
Permeability Factor (VPF) in 1983 by Harold Dvorak and
Donald Senger in the conditioned medium of a guinea pig
cancer cell line [9]. In 1989, Napoleone Ferrara’s group
reported the isolation and sequencing of an endothelial cell
specific mitogen from pituitary cells and called it VEGF [10].
In the same issue of Science, Daniel T. Connolly reported
cloning a gene encoding VPF that turned out to be identical
with VEGF [11].

VEGF stimulates proliferation and migration of vascular
endothelial cells (ECs). It also promotes survival, inhibits
apoptosis, and regulates permeability of ECs. VEGF belongs
to a family of growth factors that includes VEGF-B, -C,
-D, -E, and placental growth factor (PlGF) [12]. Alternative
splicing of the VEGF gene results in formation of four
major isoforms of VEGF of varying molecular weights
(VEGF121, VEGF165, VEGF189, and VEGF206). The main
difference between these isoforms is bioavailability of VEGF
for receptor binding. VEGF121 exists as a highly soluble circu-
lating form while VEGF206 remains bound exclusively to the
extracellular matrix (ECM) and is released upon proteolytic
cleavage by metalloproteinases (MMPs) or plasmin [13].
VEGF165 is the predominantly active isoform that can be
found both circulating in plasma and bound to ECM [12].

The biological functions of VEGF are mediated upon
binding to receptor tyrosine kinases Vascular Endothelial
Growth Factor Receptor-1, -2 (VEGFR1, 2). VEGFR1 binds
VEGF, VEGF-B, and PlGF [14, 15]. VEGFR1 participates
in embryonic vessel development, and is proposed to
facilitate hematopoiesis and recruitment of endothelial cell
progenitors to tumor blood vessels from bone marrow
[12]. VEGFR1 binds VEGF with high affinity (KD ∼ 10–
20 pM), which is significantly stronger than the affinity of
VEGF-VEGFR2 interaction. The mechanisms through which
VEGFR1 functions have not been elucidated completely.
Genetic data suggest that during embryonic development
VEGFR1 functions as a negative regulator of VEGF activity.
Mice deficient in VEGFR1 (e.g., VEGFR1−/−) die in utero
from an over abundance of endothelial cells that are
disorganized [16]. Furthermore, mice engineered to express
VEGFR1 lacking the tyrosine kinase domain (flt-1TK−/−)
develop normally with a fully functional vascular network
[16]. Additionally, the extent of VEGFR1 involvement in
adult angiogenesis is not well-defined [17, 18]. There are
numerous reports of selective blockade of VEGFR2 activity
in tumors resulting in reduced angiogenesis and tumor
growth [19–23] suggesting that VEGFR1 activity is not
required for VEGF-induced angiogenesis in pathological

conditions. However, the function of VEGFR2 is defined
more clearly.

VEGFR2 is the key mediator of VEGF-driven angiogene-
sis. VEGFR2 is crucial during embryonic vascular develop-
ment. Heterozygous and homozygous VEGFR-2 knockout
mice die in utero due to disrupted vasculogenesis and
hematopoiesis [24]. Upon VEGF binding, VEGFR2 under-
goes auto-transphosphorylation and downstream effectors
including phospholipase C gamma, protein kinase C, Raf,
the MAP kinase signaling cascades, and the PI3K and
FAK pathways are activated, leading to endothelial cell
proliferation, migration, and survival (Figure 1) [25, 26].
VEGFR3 binds VEGF-C and -D and is directly involved
in formation of the lymphatic vasculature physiologic and
tumor development [27, 28]. There is also experimental
evidence that VEGFR3 mediated activation of lymphatic
endothelial cells is crucial for metastasis [29]. Neuropilin-1
(Nrp-1) and Neuropilin-2 (Nrp-2) are coreceptors originally
identified for their involvement in neuronal guidance, and
that bind members of collapsin/semaphorin protein family
[30]. The Nrps can also bind to certain heparin binding
isofoms of VEGF (e.g., VEGF165) to enhance the binding of
VEGF to VEGFR1, and VEGFR2 (Figure 1) [31, 32]. Nrps
lack tyrosine kinase domains but do contain an intracellular
PDZ domain, which has been suggested to facilitate VEGF
specific signaling.

VEGF expression within tumors is regulated by oxygen
levels, growth factors and cytokines, and oncogene acti-
vation/tumor suppressor inactivation [26]. Hypoxia in the
tumor microenvironment is one of the most important
factors influencing expression of VEGF. Hypoxia inducible
factor-1 (HIF-1) is a transcription factor that regulates
expression of certain genes in response to intracellular
oxygen levels [33, 34]. It consists of two subunits: alpha
(α) and beta (β). Normoxic conditions favor ubiquitin-
dependent proteosome-mediated degradation of HIF-1α
subunit, while oxygen deprivation stabilizes and enhances
HIF-1α/HIF-1β dimerization. These dimers interact with a
hypoxia response element (HRE) in the promoter region
of many genes, including VEGF [35–37]. VEGF expression
is also regulated via paracrine or autocrine release of
growth factors and cytokines such as platelet-derived growth
factor (PDGF), epidermal growth factor (EGF), keratinocyte
growth factor, insulin-like growth factor (IGF), transforming
growth factors alpha and beta (TGF-α, -β), interleukin
1α and 6 (IL-1α, -6) and prostaglandins (PGE2) [38–43].
During tumorigenesis, certain genetic mutations in the
ras oncogene or Wnt-signaling pathways may also lead to
elevated expression of VEGF [44, 45]. Tumor-derived VEGF
may also function in an autocrine manner [46]. Receptors for
VEGF (e.g., VEGFR1, VEGF2, Nrp1, Nrp2) are expressed on
multiple cancer cell lines [47, 48], and there is evidence that
VEGF can function as a cell survival factor for tumor cells
and vascular endothelial cells within the tumor [49, 50].

The idea of vascular progenitor cells derived from bone
marrow that incorporate into the tumor vasculature is
exciting and controversial [51]. Circulating VEGF as well
as other growth factors produced by tumor can mobilize
variety of hematopoietic cell populations that express CD45,
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Figure 1: VEGF signaling interactions. The VEGF family can bind to VEGFR1, VEGFR2, and VEGFR3 inducing signaling cascades to
promote vasculogenesis, angiogenesis, and lymphangiogenesis, respectively.

VEGFR1, VEGFR2, VE-cadherin, tie-2 or CXC chemokine
receptor 4 [52–56]. There is a significant discrepancy among
the published studies regarding the percentage contribution
of bone marrow-derived cells into the formation of tumor
vasculature—numbers vary between as high as 50% to as
low as 5% [52, 57–59]. However, Robert Kerbel’s group
observed that after exposure to chemotherapy or vascular
disrupting agents (VDAs), there is a significant efflux of
circulating bone marrow-derived cells (BMDC) homing to
the sites of tumor vasculature [60, 61]. This phenomenon
may have a potent clinical application if confirmed in human
studies. Using agents that can block incorporation of BMDCs
may contribute to better outcomes of chemotherapy by
interfering with tumor angiogenesis.

3. Clinical Applications of
Antiangiogenic Therapy

The VEGF pathway can be targeted therapeutically at various
molecular levels. Currently two major concepts are studied
in the clinical setting: blocking VEGF from binding to its
extracellular receptors with VEGF antagonists (antibodies,
VEGF-Trap) or inhibiting VEGF signaling with tyrosine

kinase inhibitors (TKIs) [62]. As previously mentioned,
bevacizumab is a humanized, VEGF-neutralizing antibody
that was the first antiangiogenic agent approved by the
FDA for use in cancer patients. In 2004, a pivotal phase
III clinical trial demonstrated a 4.6 months survival benefit
of adding bevacizumab to chemotherapy in patients with
metastatic colorectal cancer [8]. After the encouraging data
from this trial were published, patients with other solid
malignancies were enrolled into a multitude of clinical trials
that added bevacizumab into the standard treatment of
care. However, the results from many of these clinical trials
are disappointing. Most patients fail to achieve long-term
benefits with bevacizumab plus chemotherapy [63]. Selected
groups of patients respond with tumor shrinkage, disease
stabilization, or improvements in survival that are counted
in months rather than years [64].

A new approach to anti-VEGF therapy currently being
evaluated is genetically engineered fusion proteins that
function as molecular “traps” for VEGF. Aflibercept (VEGF-
Trap, Regeneron Pharmaceuticals, Inc.) is a recombinant
fusion protein that binds both VEGF and PlGF with high
affinity. It is composed of the extracellular domains of
VEGFR1 and VEGFR2 that are fused to the Fc region of
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human IgG [65]. Currently, there are more than 40 ongoing
trials (http://clinicaltrials.gov/) that explore this therapy in
solid and hematologic malignancies.

Small molecule TKIs with antiangiogenic activity are
another important area of active clinical research. Unlike
monoclonal antibodies (i.e., bevacizumab) or fusion proteins
(i.e., aflibercept), TKIs are small molecules that interfere
directly with tyrosine kinase activity (Figure 2). Since the
intracellular domain targeted by TKIs is structurally similar
in many tyrosine kinase receptors, a single TKI usually inter-
feres with the activity of multiple receptors [66]. Sunitinib
and sorafenib are multitargeting TKIs that can block activity
angiogenic targets such as of VEGFR1, 2, 3, platelet-derived
growth factor (PDGF) receptors and c-Kit or RET. After con-
firmed clinical benefit for sunitinib and sorafenib in selected
patient groups [67, 68], there are now a variety of ongoing
clinical trials recruiting patients from a broad spectrum of
solid malignancies (http://www.clinicaltrials.gov/).

4. Mechanisms of Action of
Antiangiogenic Agents

Various agents that target tumor angiogenesis are currently
under investigation in different cancer types in many clinical
trials [62]. While some of these agents show more encour-
aging results than the others, a common clinical problem
is the lack of effective tools to monitor tumor response to
these novel therapies [69]. The Response Evaluation Criteria
in Solid Tumors (RECIST) criteria that are commonly used
to monitor tumor response may not be an effective or even
accurate measure of response to antiangiogenic agents. As an
example, antiangiogenic agents will often enhance the central
necrosis of tumors without changing the overall tumor size,
which is a central parameter in RECIST evaluation [70].

An area of intense debate is how antiangiogenic agents
actually work in terms of combating cancer [71]. According
to the Folkman hypothesis, interference with tumor angio-
genesis results in either inhibition of new vessel formation
or progressive loss of existing vessels supporting tumor
growth. An inadequate blood supply caused by a reduction of
the vascular network in response to antiangiogenic therapy,
slows and eventually prevents tumor growth and causes the
tumor to regress to a “state of dormancy”, which can be
clinically undetectable [7]. Evidence for this paradigm can
be found in preclinical studies where fast-growing human
tumors are treated with anti-VEGF therapy for long periods
of time [72, 73].

An alternative explanation for anti-VEGF activity and
possibly antiangiogenic agents in general is anchored in the
heterogeneity of tumor vasculature. A minority of tumor
blood vessels are associated intimately with pericytes and
as a result are more functional and stable [74]. These
vessels are not as dependent on VEGF stimulation for
survival. In contrast, a large proportion of tumor blood
vessels are tortuous, leaky, and immature, lacking interac-
tions with pericytes. Furthermore, these vessels are more
dependent on survival signals provided by VEGF and other
growth factors. When VEGF levels are decreased via therapy
these vessels regress, leaving behind a more stable vascular

network. There is also compelling evidence that VEGF
actively suppresses pericyte recruitment, therefore blocking
VEGF activity may also result in the active recruitment of
pericytes to remaining blood vessels [75]. As a result, the
vasculature that remains in the face of anti-VEGF therapy
consists of a higher percentage of pericyte associated blood
vessels that are more efficient in function. This process has
been termed “normalization” by Jain who hypothesizes that
anti-VEGF therapy actually “normalizes” tumor vasculature
and transiently improves blood flow within the tumor,
thus enhancing the delivery of chemotherapy [76, 77].
Additionally, because stable vessels within the tumor are
less leaky, interstitial pressure may decrease and thereby
facilitate tissue penetration of chemotherapy. A supportive
corollary to this is that antiangiogenic therapy has been
shown to increase the efficacy of radiation therapy due to
transient improvement in tumor oxygenation as a result
of antiangiogenic treatment and vascular normalization
[71, 78].

5. Monitoring Clinical Response to
Antiangiogenic Therapies

The majority of noninvasive techniques used to assess the
effects of antiangiogenic therapy do not directly visualize
tumor blood vessels. Rather surrogate markers for vascular
function such as blood flow are used commonly. These tech-
niques rely on the fact that during the course of treatment
blood flow within the tumor changes, either increasing due
to normalization or decreasing due to diminished blood
supply and vessel regression [79–81]. Hemodynamic changes
within the tumor vasculature remain the major surrogate
markers for majority of these techniques. Clinically relevant
imaging techniques include magnetic resonance imaging
(MRI), computed tomography (CT), positron emission
tomography (PET), and ultrasound (US). Each of these
techniques can be used with appropriate contrast media
to evaluate hemodynamic function within tissues including
solid tumors.

Perfusion dynamic contrast-enhanced (DCE) MRI has
been used successfully in both preclinical and clinical models
to follow hemodynamic function [82]. DCE-MRI makes
use of paramagnetic tracers, mostly consisting of a low-
molecular-weight gadolinium (Gd) and is the standard
method for measurement of vascular function in clinical
trials of antiangiogenic drugs [83]. Signal enhancement
obtained by DCE-MRI depends on tissue perfusion and per-
meability, contrast concentration, and extravascular space
volume [84]. DCE-MRI has been especially useful in clinical
studies of patients with liver and brain tumors [85–90],
and has been investigated as a possible pharmacodynamic
biomarker sorafenib therapy in metastatic renal carcinoma
[91].

CT-based perfusion imaging techniques are also used
to assess the vascular effects of antiangiogenic treatments
[92, 93]. Although DCE-MRI gives better spatial resolution
and is a superior method for brain imaging studies, CT still
remains a preferred method for imaging structures within
the thorax, abdomen, and pelvis. Thus some clinical studies
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Figure 2: Inhibition of VEGF signaling pathways. Several classes of drugs have been developed to combat VEGF-mediated tumor
angiogenesis. Monoclonal anti-VEGF antibodies (e.g., bevacizumab) and soluble receptor constructs (e.g., VEGF-Trap) bind to the
VEGF and PlGF preventing their interaction and signaling through VEGFR1 and VEGFR2. Tyrosine kinase inhibitors (TKIs) inhibit the
intracellular tyrosine kinase activity of VEGF receptors, blocking downstream signaling.

investigating antiangiogenic agents have used perfusion
CT rather than DCE-MRI to evaluate tumor blood flow
[94–96].

In addition, PET-based imaging techniques are widely
used in clinical oncology [97]. PET uses positron-emitting
tracers, of which H15

2 O can be used to study tumor blood flow
and this method has been used in clinical trials with good
results [98]. H15

2 O is a positron-emitting tracer that can dif-
fuse freely into the tissues and its tissue uptake correlates with
blood perfusion [99]. Both H15

2 O PET and DCE-MRI are
useful for monitoring tumor microvasculature. H15

2 O PET is
particularly useful in the assessment of tissue perfusion while
DCE-MRI measures also vascular permeability. A major
disadvantage of both methods is their limited availability for
patients because they require highly skilled and trained staff,
that is, typically only available in large radiology or nuclear
medicine departments.

Worldwide, ultrasound (US) is one of the most com-
monly used noninvasive imaging techniques. It provides
anatomical information and can also be used to assess
physiological function (e.g., blood flow with doppler ultra-
sound) or to serve as a therapeutic tool (e.g., high frequency
ultrasound ablation of the tissue) [100, 101]. Because blood
is only slightly less echogenic than surrounding tissue,
US is not very effective for imaging small blood vessels.
However, the introduction of US contrast agents expanded
the clinical and research applications of US especially in

the area of vascular imaging. Microbubbles (MB) are small
particles (1–10 μm) consisting of a gaseous core and a shell
of protein (e.g., albumin) or lipid mixture [102] that can
be injected intravenously and are promising US contrast
agents. MBs are intravascular tracers that do not extravasate
unless there is structural damage to the vessel wall. When
injected intravenously, MBs enhance the echogenicity of the
blood pool and enable distinction of vascular structures
from the surrounding tissue. Within in an ultrasound
field MB resonate in response to the ultrasound wave and
can enhance both grey scale images and flow mediated
doppler signals. Their high echogenic properties are due
to the difference of compressibility of the gaseous core
within the MB and the surrounding blood components
and tissue [103]. MB have proven their usefulness in
clinical echocardiography, especially in the evaluation of
systolic myocardial function, ejection fraction, delineating
endocardial border, and myocardial blood flow [104–106].
Imaging metastatic deposits or primary liver tumors (e.g.,
hepatocellular carcinoma) with contrast US is an example
of the clinical application for MB-enhanced US imaging
[107, 108]. The liver is one of the organs, that is, most
commonly affected by distant metastases, and early detection
of small (subcentimeter) lesions by contrast-enhanced US
is of clinical significance [109–111]. Comparative studies of
the sensitivity and specificity of PET, CT, DCE-MRI, and
MB-enhanced US for detection of tumor perfusion showed
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that contrast US is an effective and correlative method with
significant clinical potential [112, 113].

MB behave hemodynamically like red blood cells, cir-
culate freely after injection and are small enough to reach
the capillary microcirculation [114]. The idea of targeted
imaging using contrast US is based on the selective accumu-
lation of MB in specific vascular beds that can be reached
by US wave and subsequently imaged. MB with an albumin-
containing shell can adhere to endothelial cells that are
activated by inflammatory cytokines, or activated leukocytes,
which enables MB to be targeted passively to the areas of
vascular inflammation [115–117]. MB can be also targeted
actively to specific vascular beds by conjugation of targeting
moieties (e.g., antibodies or peptides) to the MB shell [118–
120]. In preclinical studies, MB have been targeted to various
endothelial markers expressed on inflamed or ischemic
tissues such as the myocardium or kidney [121–123].
Although tumor endothelial cells are often thought to be
genetically normal, work by Hida et al. has demonstrated that
mouse endothelial cells harvested from tumor xenografts are
aneuploid and have abnormal centromeres [124]. Perhaps
related to this cytogenetic abnormality, tumor endothelial
cells express specific molecules that are absent or expressed at
a much lower levels on endothelium in normal noncancerous
tissue. Thus, the tumor vasculature is an attractive subject
for imaging with targeted MB and US [125, 126]. The list
of potential target molecules selective for tumor vasculature
is growing and includes growth factor receptors, integrins,
ephrins, endoglin, tumor endothelial markers (TEMs), and
markers of cell stress (see Table 1 at supplementary material
available at 10.1155/2010/652320).

The development of surrogate markers of pathological
angiogenesis to monitor the response of patients to antian-
giogenic therapy is of critical importance if antiangiogenic
strategies are to be a viable modality for cancer therapy.
Contrast US using targeted MB can be an efficient tool
to monitor the expression of surface markers by tumor
endothelial cells. This strategy can be used to visualize tumor
blood vessels and in addition can follow the expression level
of markers that are known to be altered by antiangiogenic
therapy. VEGFR2 is a commonly used marker of vascular
endothelial cells and has been used by multiple groups as a
molecular target for MB. Animal models of angiosarcoma,
glioma, and breast cancer showed that VEGFR2 targeted MB
enhanced US imaging in evaluation of tumor angiogenesis
[127, 128]. Recently, our group evaluated vascular response
to antiangiogenic and chemotherapy in mouse models of
pancreatic cancer using MB targeted against VEGFR2, the
VEGF:VEGFR complex, and endoglin [20]. Using three
different formulations of tumor vessel specific MB and US,
we were able to noninvasively monitor vascular function
of subcutaneous and orthotopic pancreatic tumors in mice.
We found that targeting to VEGFR2, endoglin, or the
VEGF:VEGFR complex was specific for tumor vasculature as
there was no signal enhancement in nontumor tumor tissue.
Further, we found that anti-VEGF therapy or treatment
with gemcitabine reduced the expression of the molecular
targets bound by targeted MB. Our contrast US intensity
data correlated with immunohistochemical analysis of tumor

samples, providing the first indication that targeted MB
could be used to follow expression of a cell surface target.
Additionally, these studies also validated that gemcitabine
can effect endothelial cells in tumors. Other groups have
since confirmed our findings using targeted MB to image
the response of tumor vessels to the therapy [129]. These
data and the work of others [130–133] that conclusively
demonstrate the utility of contrast US using targeted MB
support the clinical evaluation of such strategies as a method
for following response to antiangiogenic therapy in cancer
patients.

6. Toxicities of Antiangiogenic Therapies

VEGF signaling is involved in many normal physiologic
processes such as hemostasis, vascular homeostasis and
integrity, and the maintenance of endothelial function
in kidney glomeruli [134]. Following the introduction of
bevacizumab into the clinic, toxic side effects became
apparent. The most common side effects of bevacizumab
and other antiangiogenic agents are hypertension (3–36 %
of patients) and proteinuria (21–64 % of patients) [135].
Although the exact pathophysiological mechanism is not
yet fully understood, there is evidence coming from both
animal and clinical models, that bevacizumab increases
the risk of renal thrombotic microangiopathy [136]. It has
been shown in animal models that after binding to VEGF,
bevacizumab-VEGF immune complexes can be deposited
in the glomerular basement membrane contributing to the
development of both proteinuria and hypertension [137].
Bevacizumab has also been shown to increase the incidence
of hemorrhagic and thrombotic events in cancer patients.
One of the most serious side effects observed in lung cancer
patients are hemoptysis and pulmonary hemorrhage. In
a phase II clinical trial, NSCLC patients with squamous
histology were at a higher risk of developing fatal bleeding,
that was most likely related to tumor necrosis and proximity
of tumor to the large vessels [138]. Based on this observation
bevacizumab is not recommended for squamous NSCLC.
In addition, bevacizumab is not recommended for patients
with pre-existing conditions that may predispose for either
thrombotic or hemorrhagic events (e.g., brain metastases).
Bevacizumab can also potentiate the incidence of side effects
that are specific to chemotherapy treatment like neutropenia,
infections, and thrombocytopenia [139]. There have also
been reports of potentially serious toxicities such as nasal
septum perforation, reversible posterior leukoencephalopa-
thy syndrome (severe hypertension, cortical blindness, and
seizures) or osteonecrosis of the jaw, although these events
are very rare [140–142]. TKIs have a unique toxicity profile
and are more commonly associated with rash due to
blocking EGFR activity and gastrointestinal symptoms like
nausea, diarrhea due to the administration of the drug.
Hypertension is the predominate toxicity associated with
sorafenib and sunitinib treatment due to their antiangiogenic
specificities [143]. Endothelial cell production of nitric oxide
and prostacyclin is required for mediating vasodilatation and
controlling blood pressure. These mediators are stimulated
by VEGF-induced VEGFR2 signaling, which is blocked
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by sorafenib and sunitinib treatment. Further, TKIs have
recently been reported to increase patient risk of bleeding
events due to interruption of VEGF-mediated vascular
homeostasis [144].

7. Future Directions

Despite the modest survival benefits observed in clinical
practice, antiangiogenic therapy remains an attractive con-
cept. Only five years have passed since the first antiangiogenic
drug was approved by the FDA for a clinical use. Although
we have learned important lessons about this new class of
cancer drugs, many questions still remain. The multitude
of ongoing clinical trials testing both the new agents and
different combinations of agents with already established
clinical benefits, may shed light on multiple questions
regarding antiangiogenic therapy [145]. Better selection of
patients, including the therapeutic schedule of antiangio-
genic therapy (i.e., adjuvant versus palliative), monitoring of
clinical response, and better toxicity profile of antiangiogenic
drugs are among the most important clinical aspects that the
ongoing clinical trials will address. In addition, intrinsic and
acquired resistance of tumors to antiangiogenic therapies
is a growing concern in the clinic, as most patients fail
to show sustained benefit with continuous therapy [146].
There are many possible mechanisms of resistance to
antiangiogenic therapy that are being actively investigated.
One possibility is the activation of alternative molecular
pathways resulting in ongoing angiogenesis in response
to the presence of a selective inhibitor (e.g., fibroblast
growth factor (FGF), interleukin-8, ephrins, angiopoietins,
SDF-1 pathway activation, and increased VEGF expression
following epidermal growth factor blockade) [147–149].
Also, resistance has been linked to an unresponsiveness of
pericyte-covered tumor vessels to antiangiogenic therapies
[150, 151], and to the hypovascularity and low levels of
de novo angiogenesis characteristic of some tumors (e.g.,
pancreatic cancer) [152]. Although antiangiogenic therapies
have entered into clinical practice, we still lack a reliable
marker(s) of treatment efficacy. Studies on noninvasive
marker(s) such as blood levels of circulating growth factors,
cytokines and/or endothelial progenitor cells gave mixed
results and are not validated at the present time for a clinical
use [153]. Future studies that involve complex proteomic-
based analysis may help to find a noninvasive way to not only
monitor the effects by also to better select patients who may
benefit from antiangiogenic therapies.
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The TGF-β pathway controls a broad range of cellular behavior including cell proliferation, differentiation, and apoptosis of various
cell types including tumor cells, endothelial cells, immune cells, and fibroblasts. Besides TGF-β’s direct effects on tumor growth
and its involvement in neoangiogenesis have received recent attention. Germline mutations in TGF-β receptors or coreceptors
causing Hereditary Hemorrhagic Teleangiectasia and the Loeys-Dietz syndrome underline the involvement of TGF-β in vessel
formation and maturation. Several therapeutic approaches are evaluated at present targeting the TGF-β pathway including
utilization of antisense oligonucleotides against TGF-β itself or antibodies or small molecule inhibitors of TGF-β receptors. Some
of these therapeutic agents have already entered the clinical arena including an antibody against the endothelium specific TGF-β
class I receptor ALK-1 targeting tumor vasculature. In conclusion, therapeutic manipulation of the TGF-β pathway opens great
opportunities in future cancer therapy.

1. TGF-β Pathway

The TGF-β superfamily consists of over 30 structurally
related multifunctional proteins, including three TGF-β
isoforms (TGF-β1, 2, and 3), three forms of activin, and
over 20 bone morphogenic proteins (BMPs), which control
a broad range of cellular behavior such as cell growth,
differentiation and apoptosis in various cell types including
tumor, immune, and endothelial cells as well as fibroblasts
[1–5].

Ligand signaling is mediated through two related single
transmembrane type I and type II receptors, which together
comprise the only known family of serine/threonine kinases
[6–8]. In mammals, there are five different type II (TGFBR2,
ActR-IIa, ActR-IIb, BMPR2, AMHRII) and seven type I
receptors, also named activin receptor-like kinases (ALK-
1-7) [7, 9]. In most cases, the receptor combination is
important for the binding of a specific ligand, but the
TGF-β family members often bind to more than one type
II and type I receptor combination [10]. Upon ligand
binding, the type I and type II receptors form a heteromeric

complex, presumably consisting of two type I and two type
II receptors. The type II receptor exhibits a constitutively
active kinase which transphosphorylates and activates the
type I receptor in a glycine- and serine-rich region known
as GS-box [11]. The activated type I receptor propagates the
downstream signaling by phosphorylating specific receptor-
regulated SMAD proteins (R-SMAD) [12, 13]. R-SMADs
interact with SMAD-4, the only known common mediator
SMAD (CoSMAD) in mammals, and form heteromeric
complexes which translocate to the nucleus where they
influence gene expression (by binding to the DNA and acting
as transcription factors, coactivators, and corepressors) [14–
17].

The TGF-β pathway has several feedback mechanisms,
which regulate the duration of the signaling. One of the
feedback mechanisms is mediated by inhibitory SMADs (I-
SMAD), in humans SMAD-6 and SMAD-7, which compete
with the R-SMADs for binding to the type I receptor, but
without the ability to transduce the downstream signal. I-
SMADs also recruit the E3 ubiquitin ligases SMAD ubiquitin
related factor-1 and -2 (Smurf-1 and -2), which ubiquitinate
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Figure 1: TGF-β signaling cascade. Upon ligand binding the con-
stitutively active kinase of the type II receptor transphosphorylates
and activates the type I receptor. Type III receptors lack any kinase
activity but they act as accessory receptors and facilitate ligand
binding to the type I and II receptors. Downstream signaling
is mediated via R-SMADs which are phosphorylated by the
activated type I receptor and form a complex with CoSMADs. This
complex translocates to the nucleus where it induces transcription
of downstream signaling. I-SMAD proteins represent important
negative feedback structures, since they can block the signaling via
competitive binding to the type I receptors or R-SMADs. R-SMAD:
receptor-regulated SMAD; CoSMAD: common mediator SMAD; I-
SMAD: inhibitory SMAD; TF: transcription factor.

the SMADs and type I receptors, resulting in protein degra-
dation [18–23].

In humans, two accessory TGF-β superfamily receptors
have been described which have a more indirect role in
TGF-β signaling: betaglycan and endoglin. The later is
mainly expressed in endothelial cells [24–26]. These type III
receptors are structurally related transmembrane receptors
with short intracellular domains that lack any enzymatic
motif but contain many serine and threonine residues. They
facilitate the binding of ligand to the type I and type
II receptors [27]. A soluble form of endoglin has been
described, most likely generated by proteolytic shedding,
that antagonizes the membrane bound form [28]. The
components of the TGF-β pathway are shown schematically
in Figure 1.

2. TGF-β Signaling in Cancer

2.1. Hereditary Cancer Syndromes. Several hereditary cancer
syndromes with mutations in TGF-β superfamily mem-
bers are known. The autosomal dominant familial juvenile
polyposis syndrome (JPS) is the most common of the
hamartomatous syndromes which occurs with an incidence

of about one per 100.000 births [29]. Patients develop
numerous polyps not only in the colon or rectum but also in
the proximal gastrointestinal tract. Although most juvenile
polyps are benign, malignant transformation occurs with a
lifetime risk of colorectal carcinoma of approximately 70%.
In addition, the risk of pancreatic, gastric, and duodenal
carcinoma is increased [29]. Germline mutations in different
members of the TGF-β superfamily have been described in
JPS. In every fourth patient a mutation in the type I receptor
ALK-3 (BMPR1A) is found [30]. In 15% of cases SMAD-
4 is mutated [30]. Furthermore, mutations in the endoglin
gene have been described, but the incidence is unknown
[31].

Hereditary nonpolyposis colorectal cancer (HNPCC)
is the most common hereditary predisposition for the
development of colorectal cancer. HNPCC results from
germline mutations within genes involved in the DNA
mismatch repair system, leading to microsatellite instability.
Since the TGFBR2 gene contains a 10-base pair polyadenine
repeat microsatellite sequence, it is an apparent target for
inactivation caused by errors of the DNA mismatch repair.
Indeed, a mutated form of TGFBR2 can be observed in up to
80% of colon cancer patients with HNPCC [32, 33].

The autosomal cancer syndrome Cowden Syndrome
(CS) and Bannayan-Riley-Ruvalcaba (BRR) disease are nor-
mally associated with a phosphatase and tensin homolog
(PTEN) gene mutation. However, in one patient with CS
and BRR symptoms but without PTEN mutation an ALK-3
mutation was found [34].

2.2. Dysregulated Expression in Cancer Patients. For several
pathologies, especially cancer, a correlation between the
expression level of a TGF-β superfamily member and the
severity of the related disease has been identified, which
makes the concerning TGF-β family member a diagnostic,
prognostic, or predictive marker.

2.2.1. Transforming Growth Factors. In 1986, Nishimura et
al. detected elevated TGF-β levels in the urine of patients
suffering from advanced cancer stages compared to healthy
donors [35]. Since then, increased serum levels of TGF-β1
have been implicated as a prognostic marker of advanced
disease and poor prognosis in multiple cancer types such
as gastric carcinoma, colorectal cancer, bladder carcinoma,
prostate cancer, breast cancer, lung cancer, esophageal
adenocarcinoma, and melanoma [36–44]. But nevertheless
TGF-β levels are not yet used as tumor markers in clinical
routine.

2.2.2. Bone Morphogenic Proteins. Bone morphogenic pro-
teins can also serve as prognostic markers, since the BMP-
7 expression is increased in malignant melanomas and their
metastases, which correlates with a shorter time to tumor
recurrence [45]. Furthermore, high BMP-6 levels predicted
development of distant metastasis in primary prostate cancer
[46]. On the other hand, the mRNA level of BMP-2 was
significantly decreased in breast cancer tumors compared to
normal breast tissue [47].
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2.2.3. TGF-β Receptors. The expression of TGF-β superfam-
ily receptors within tumor cells can be a prognostic marker.
Reduced ALK-5 and TGFBR2 expression correlates with
a shorter survival rate of colon cancer patients, as does
reduced expression of the coreceptor betaglycan in breast
and prostate cancer patients [48–50]. Low expression levels
of TGFBR2 have been observed in patients with chronic
myeloid leukemia [51]. In addition, mutations in ALK-5
and TGFBR2 have been described for other haematological
malignancies, but it seems to be a rare event [52, 53]. A
significant association between loss of BMPR2 expression
and tumor grade was found in bladder transitional cell
carcinoma [54]. In contrast, high expression of type III
coreceptor endoglin was mainly detected on immature blood
vessels in prostate tumors and had a negative impact on
patient’s survival as well as with response rates in breast
cancer or cervical cancer [55–58]. Calabro et al. detected
elevated levels of soluble endoglin that correlated with low
TGF-β1 levels in patients with acute myeloid leukemia or
chronic myeloproliferative disorders [59]. However none of
these markers is used in routine clinical practice.

3. TGF-β Signaling in Endothelial Cells

Several members of the TGF-β superfamily are expressed
in endothelial cells and play an important role in angio-
genesis and vasculogenesis. The targeted inactivation of
TGF-β signaling components in mice revealed the pathway’s
crucial role in vascular morphogenesis. For example, ani-
mals lacking TGF-β1, ALK-5, ALK-1, endoglin, or various
SMAD proteins die at midgestation during embryogenesis
due to defects in vascular development of the yolk sac
[10, 60–62].

In humans, the Hereditary Hemorrhagic Teleangiectasia
(HHT, also named Rendu-Osler-Weber syndrome) is an
autosomal dominant disease in which vascular dysplasia
results in teleangiectasia and arteriovenous malformations.
Two forms with different clinical characteristics have been
described: HHT type 1 patients have a mutation in the
endoglin gene whereas HHT type 2 is characterized by
a mutation in the ALK-1 gene. Together these mutations
account for about 80% of all HHT patients [6, 63–65]. In
2005, another autosomal dominant syndrome with muta-
tions in TGF-β receptors was described: the Loeys-Dietz
syndrome. Patients have a very high risk for aortic dissection
or rupture. Analysis of 52 families with a history of Loeys-
Dietz syndrome revealed somatic mutations either in the
type I receptor ALK-5 or in the type II receptor TGFBR2
[66, 67].

3.1. Functional Aspects of TGF-β Signaling in Endothelial
Cells. In endothelial cells the type I TGF-β receptors, which
have been investigated most thoroughly, are ubiquitously
expressed ALK-5 and endothel-specific ALK-1. Previously,
it was believed that ALK-5 and ALK-1 had opposite roles
in angiogenesis and might balance the activation state
of endothelium. Several investigators observed increased
proliferation and migration when the TGF-β/ALK-1 pathway

had been stimulated whereas stimulation of the TGF-β/ALK-
5 pathway led to inhibition of endothelial cell proliferation
and migration [68, 69]. This opposing effect was thought
to be mediated by activation of SMAD-1/5/8 by ALK-1 and
SMAD-2/3 by ALK-5 [68]. Due to activation of different
intracellular pathways, specific changes in gene transcription
can be observed. Goumans et al. revealed that the inhibitor
of DNA binding 1 (ID-1), a helix-loop-helix (HLH) protein
that can form heterodimers with members of the basic HLH
family of transcription factors, is a specific downstream signal
of ALK-1, whereas the proteinase inhibitor plasminogen
activator inhibitor-1 (PAI-1) is induced by ALK-5 activation
[68].

More recently published data might alter the presumed
relationship between ALK-1 and ALK-5. David et al. showed
that not TGF-β1 but the bone morphogenic proteins 9
and 10 are likely to be the physiological ligands for ALK-
1. Binding of BMP-9 to the ALK-1 and BMPR2 complex
potently inhibited endothelial cell proliferation and migra-
tion [70]. The increase of angiogenesis in ECs upon ALK-
1 activation in former studies was due to TGF-β1 binding
to the ALK-1/TGFBR2 complex. Thus, the role of ALK-
1 is dependant of type II receptor expression and ligand
availability. Interestingly, both pathways signal via activation
of SMAD-1, -5, and -8 although these SMADs have been
described as characteristic BMP downstream signals [71].
Hence, additional elements must be involved in regulation
of the ALK-1 pathway driving it either to the pro or
antiangiogenic direction. Indeed, cross-talk between the
TGF-β pathway with other pathways such as the mitogen-
activated protein kinase (MAPK), the phosphatidylinositol-
3 kinase (PI3K) or the Hedgehog pathways have been
described [72].

Very recently, a possible explanation for the requisite role
of ALK-1 and ALK-5 in angiogenesis has been described.
Shao et al. demonstrated that ALK-1 and ALK-5 are both
essential for the regulation of vascular endothelial growth
factor (VEGF), which is believed to be the central growth
factor in angiogenesis. TGF-β1/ALK-5 stimulation elevated
the m-RNA levels of VEGF in bovine aortic ECs, whereas
BMP-9/ALK-1 stimulation led to decreased VEGF m-RNA
levels. Proliferation and migration assays were in line with
these observations [73].

A remaining question is the interdependence between
ALK-1 and ALK-5. Whereas Goumans et al. proposed that
ALK-5 mediates a TGF-β-dependent recruitment of ALK-1
into the receptor complex and that ALK-5 kinase activity is
essential for optimal ALK-1 activity [68]. Shao et al. observed
opposite effects. They found some hints that ALK-1 acts
independently of ALK-5 but that ALK-5 might actually be
dependent of ALK-1 [73]. Hence, interdependence between
ALK-1 and ALK-5 seems to be apparent, yet it has to be
clarified which of the receptors is the leading force.

4. TGF-β Receptor Expression in Leukemia

Since endothelial and hematopoietic cells have a common
stem cell, the so-called hemangioblast, many immature
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hematopoietic cells share cell surface receptors with endothe-
lial cells, such as receptors for hematopoieitc growth factors,
for example, GM-CSF or erythropoietin [74, 75]. Our group
investigated expression of ALK-1 and ALK-5 in various
leukemic cells lines and samples from patients with acute
myeloid leukemia (AML). We found that both receptors are
expressed in most cases implying that both ALK-1 and ALK-
5 are involved in autocrine or paracrine growth stimulation
in AML (manuscript in preparation).

In a recent study, an association between high ID-1
expression and poor prognosis in patients with AML has
been described. ID-1 is the typical downstream mediator of
ALK-1 signaling although enhancement of ID-1 expression
by other tryrosine kinase receptors such as FLT3 cannot be
excluded in a subgroup of patients [76]. However, data about
dysregulated TGF-β signaling in hematologic malignancies
are rare, since only few reports in lymphoid neoplasms or
myeloid leukemia have been published [52, 53, 77, 78].

5. TGF-β Signaling Pathway as
a Therapeutic Target

Because of the enormous number of observed alterations in
the TGF-β pathway in cancer patients, the development of
therapeutic substances seems to be evident.

In fact, there are different reasons why the inhibition
of the TGF-β pathway might be a promising target for
anticancer therapies. First, the direct effect on tumor cells
has to be stressed. Secondly, as described above, the TGF-β
pathway plays an important role in endothelial cell behavior
and therefore in angiogenesis. Antiangiogenic therapies
belong to the most promising therapeutic concepts which
are currently under development. Thirdly, TGF-β is one
of the most potent naturally immunosuppressors [79, 80].
Mice deficient for TGF-β1 develop a harmful syndrome with
multifocal, mixed inflammatory cell response, and tissue
necrosis, leading to organ failure and death [4]. Furthermore,
suppression of TGF-β signaling in T cells by transduction
with a truncated TGFBR2 resulted in severe autoimmune
reactions [81]. The immune response of cancer patients is
often suppressed, since many advanced tumors overexpress
TGF-β resulting in inhibition of IL-2-dependant prolifer-
ation and differentiation of NK and T cells [82, 83]. In
addition, TGF-β recruits different immune cells to the tumor
microenvironment: monocytes and macrophages promote
tumor invasion, angiogenesis and metastasis whereas mast
cells secrete numerous tumor promoting factors [83].
Figure 2 summarizes the main tumor promoting effects of
dysregulated TGF-β signaling.

Targeting the TGF-β pathway should therefore not only
affect the tumor cells by itself; moreover a decreased tumor
vascularization and strengthening the patient’s immune
responses should be achieved. Numerous in vitro and in
vivo studies have been performed, accounting for these
different strategies to inhibit tumor growth and to target
various components within the TGF-β pathway including
ligands, receptors and even downstream signals. Some of
these studies passed the preclinical phase with success and
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proliferation and

migration

Tumor
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Tumor cell
proliferation

Dysregulated

TGF-β signaling

Figure 2: Dysregulation of the TGF-β pathway promotes tumor
growth. An unbalanced TGF-β pathway can cause advanced
tumorigenesis due to several cellular changes. On the one hand,
the dysregulation has a direct effect on tumor cells leading to
elevated tumor cell proliferation. Secondly, endothelial cells are
affected which results in increased angiogenesis and therefore in
tumor vascularization. Finally immune responses are attenuated
due to inhibition of T cell proliferation and migration caused by
dysregulated TGF-β signaling.

phase I and II clinical studies have been started. Table 1
gives a short overview of preclinical and clinical studies using
agents targeted at TGF-β family members.

Representing the central factor of the pathway, TGF-β is
the preferred target structure in most cases. For example,
Yang et al. developed transgenic mice expressing a TGF-β
antagonist consisting of a soluble TGF-β type II receptor
fused with the Fc domain of a human IgG1. The number of
metastases was reduced both in a tail vein metastasis assay
with melanoma cells and in crosses with a transgenic mouse
model of metastatic breast cancer [101]. A neutralizing pan-
TGF-β antibody prevented radiation-induced acceleration of
metastatic cancer progression in a transgenic mouse model
of metastatic breast cancer [102]. The pan-TGF-β antibody
GC-1008 was tested in a phase I clinical study with 22
patients with renal cell carcinoma or malignant melanoma
(NCT00356460). Treatment was well tolerated with mainly
grade 1-2 toxicity including skin rash, fatigue, headache
and gastrointestinal symptoms. 5 patients achieved stable
disease or better and one patient with skin disease achieved
a partial response with >75% reduction of target lesions
[84].

Several studies concentrated on the restoration of
immune responses. In a prostate cancer xenograft model a
reduction in tumor weight was observed after implantation
of tumor-reactive CD8+ T cells which were TGF-β insensitive
due to introduction of a dominant-negative TGF-β type
II receptor vector [103]. Yamamoto et al. utilized direct
hemoperfusion treatment with specific immunosuppres-
sive substance adsorption columns for TGF-β ablation in
rats bearing a TGF-β-producing hepatocellular carcinoma.
TGF-β serum levels were decreased after hemoperfusion
treatment leading to restored T lymphocyte response,
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Table 1: Overview of preclinical and clinical studies using agents targeted at TGF-β family members.

Class of substance Target Drug Study

Human anti-TGF-β mAb TGF-β GC1008
Phase I study on renal cell carcinoma and malignant
melanoma (NCT00356460 and NCT00899444) [84]

TGF-β2 antisense compound TGF-β2 AP12009

Phase I study on pancreatic and colorectal neoplasms
and melanoma (NCT00844064)

Phase II study on glioblastoma and anaplastic
astrocytoma (NCT00431561) [85, 86]

Phase III study on anaplastic astrocytoma
(NCT00761280)

Belagenpumatucel-L
Phase II study on advanced nonsmall lung cancer
(NCT01058785) [87]

TGF-β type I and type II receptor
small molecule inhibitor

TGF-β type I
and type II
receptors

LY2109761 Preclinical studies [88–94]

Human anti-ALK-1 mAb ALK-1 PF-03446962 Phase I on advanced solid tumors (NCT00557856)

ALK-5 small molecule inhibitor ALK-5
SB431542 Preclinical studies [95, 96]

SD208 Preclinical studies [97, 98]

SM16 Preclinical studies [78, 99]

Chimeric antiEndoglin antibody Endoglin TRC105
Phase I on advanced or metastatic solid cancer
(NCT00582985) [100]

decelerated tumor growth and longer survival times [104].
Fujita et al. observed similar results using plasmid DNA
encoding the extracellular domain of the TGF-β type II
receptor fused to the human IgG heavy chain; after plasmid
injection in the proximity of established murine lymphomas
an increased number of tumor antigen-specific CD4+ and
CD8+ cells could be detected in tumor-draining lymph nodes
[105].

Another promising approach which has entered clinical
phase I and II trials is to inhibit TGF-β function by means
of antisense oligonucleotides (AS-ODNs). In a preclinical
trial, local intracranial administration of TGF-β2 AS-ODNs
was combined with systemic tumor vaccine in a rat glioma
model. Only the combination of both substances led to
a significantly prolonged survival [106]. Increased survival
of glioma patients who had received whole-cell vaccines
comprising autologous tumor cells genetically modified by
a TGF-β2 antisense vector was observed in a phase I
study [107]. A phase II trial with belagenpumatucel-L, a
TGF-β2 antisense gene-modified allogeneic tumor vaccine,
is ongoing in patients with advanced nonsmall cell lung
cancer (NCT01058785) [87]. The antitumorigenic effect of
antisense oligonucleotides was supported by phase II trials
with the TGF-β2 inhibitor AP12009. In comparison to
standard chemotherapy, treatment with AP12009 resulted in
prolonged survival of patients with anaplastic astrocytoma
[85]. Consistently, patients with high-grade glioma achieved
a higher survival rate at 24 months and showed significantly
more responders after 14 months when AP12009 treat-
ment was compared to standard chemotherapy protocols
[86].

Therapeutic concepts against TGF-β receptors were
almost exclusively targeted at ALK-5, in most cases using
small molecule inhibitors such as SB431542 which showed

similar results in several in vitro and in vivo stud-
ies. SB431542 caused inhibition of proliferation, TGF-β-
mediated morphognic changes, and cellular motility of
glioma cells in vitro. This effect was due to blocked
phosphorylation of SMADs leading to reduced transcription
of PAI-1 and VEGF which are key mediators in cell invasion
and neoangiogenesis [95]. Javelaud and collegues analyzed
the role of TGF-β in murine melanoma metastasis to bone.
Both the therapy with SB431542 as well as tumors transduced
with the inhibitory protein SMAD-7, showed significantly
less osteolyses, longer survival and lower expression levels
of osteolytic factors such as parathyroid hormone-related
protein and interleukin-11 [96].

Another ALK-5 small molecule inhibitor, SD208, led
to decreased tumor growth and metastasis in a murine
mamma carcinoma and pancreatic adenocarcinoma model.
Furthermore, antiangiogenic effects could be observed in
both studies with a reduced microvessel density and altered
expression levels of angiogenesis-related factors like FLT-
1, Neuropillin-2 and VEGF-C, respectively [97, 98]. In
addition, treatment of CD34+ cells isolated from patients
with myelodysplastic syndrome with SD208 led to in vitro
enhancement of hematopoiesis [78]. Furthermore in a
malignant mesothelioma mouse model, the ALK-5 inhibitor
SM16 significantly decreased tumor growth which could be
ascribed to a CD8+ antitumor response [99].

The substance LY2109761 inhibits both TGF-β type I
and type II receptors [88]. An orthotopic murine model of
metastatic pancreatic cancer and a liver metastasis model
proved the efficacy of LY2109761, since tumor growth and
spontaneous metastases were reduced whereas the animals’
survival was prolonged [89]. Similar effects were observed
in an experimental colorectal cancer mouse model [90].
Gianelli’s group performed several studies with LY2109761
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in hepatocellular carcinoma. Tumor progression was delayed
due to inhibition of vascular invasion as well as disturbance
of cross-talk between hepatocellular carcinoma cells and
stroma or endothelial cells. In a xenograft chick embryo
model, LY210976 treatment caused even enhanced inhi-
bition of tumor growth and reduced microvessel density
compared to bevacizumab-treated animals. However, the
strongest antitumoral effect was observed when combining
both substances [91–93]. Myelo-monocytic leukemic cells
cocultured with bone marrow derived mesenchymal stem
cells were stimulated with TGF-β1 which led to inhibition
of spontaneous and cytarabine-induced apoptosis. This
prosurvival signaling was neutralized with LY2109761 [94].

Although no in vitro data about specific ALK-1 inhibitors
have been published so far, a clinical phase I study testing a
human antiALK-1 antibody in patients with advanced solid
tumors is ongoing (NCT00557856).

Since its expression is restricted to endothelial cells with
higher expression levels in tumor-associated endothelium
compared to normal tissue, the accessory receptor endoglin
may represent a promising target for anticancer therapy
[108]. Antitumorigenic and antiangiogenic effects could be
observed in several in vivo tumor models using antiendoglin
antibodies [109–112]. For example, Uneda et al. used
multiple metastasis models with murine mamma carcinoma
and colon adenocarcinoma cells to test the effect of sev-
eral antiendoglin antibodies targeted at different endoglin
epitopes. Under treatment, metastases were suppressed and
microvessel density was effectively reduced as measured by
Matrigel plug assay [109, 113]: a phase I clinical trial with the
human/murine chimeric antiendoglin monoclonal antibody
TRC105 in 19 patients with solid cancer. Treatment was well
tolerated with mainly grade 1-2 toxicity including fatigue,
anemia, proteinuria and diarrhea. One patient with hormone
refractory prostate cancer obtained a complete PSA response
and 3 patients had prolonged stable disease (NCT00582985)
[100].

6. Outlook

The results of numerous in vitro studies with cell lines,
in vivo mouse models and clinical trials show that the
TGF-β pathway plays an important role in cancer progression
and represents a promising target for anticancer therapy.
Targeting TGF-β isoforms, TGF-β receptors as well as
downstream signaling proteins yielded satisfactory results,
since a reduction in tumor load was observed in most cases.

Manipulating TGF-β signaling implies the great advan-
tage of affecting at least three important structures in
tumor progression: in addition to the direct antitumor
effect, endothelial and immune cells will be targeted.
Although restoration of the immune system is a desirable
achievement in cancer therapy, the complete inhibition of
TGF-β1 might have fatal consequences. For example, TGF-
β1 deficient mice develop a lethal syndrome accompanied
by a multifocal, mixed inflammatory cell response and
tissue necrosis, leading to organ failure [4]. Furthermore,
abrogation of TGF-β signaling in T cells by introduction of

a truncated TGFBR2 results in severe autoimmune reactions
[81].

In addition, TGF-β1 plays an important role in fibroblast
biology, since it is a relevant growth factor for extracellular
matrix formation in fibroblasts due to its stimulation of
collagen, fibronectin and proteoglycan synthesis [114]. Due
to TGF-β signaling, fibroblasts suppress the activation of
tumor-promoting paracrine signaling which would target
epithelial cells and could lead to epithelial to mesenchymal
transition [115]. Bhowmick et al. inactivated the TGFBR2
gene in mouse fibroblasts which resulted in intraepithelial
neoplasia in prostate and invasive squamous cell carcinoma
of the forestomach [115]. Coimplantation of TGFBR2-
deficient mammary fibroblasts with mammary carcinoma
cells promoted tumor growth and invasion as compared to
wild-type fibroblasts [116].

These examples reveal the great difficulty in targeting the
TGF-β pathway. Perhaps targeting the type I receptor ALK-1
or the accessory receptor endoglin might represent a solution
to this discrepancy since expression of both receptors seems
to be restricted to endothelial cells which could limit side
effects. Therefore, results of phase I studies are awaited
where patients with advanced solid tumors will be treated
with an ALK-1 or an endoglin antibody (NCT00557856
and NCT00582985, resp.). These studies might resolve this
question.

Integrating all results underlines the complexity in
TGF-β signaling in endothelial cells. In some extent, this
may be due to different experimental settings since TGF-β
superfamily members have often been overexpressed or
downregulated in in vitro models using plasmid vectors.
Furthermore, although discussed as important ALK-1 ligand
in the regulation of angiogenesis, no physiological data about
BMP-9 or BMP-10 expression in endothelial or tumor cells
exist.

7. Conclusion

We conclude that the TGF-β pathway might be a promis-
ing therapeutic target in anticancer therapy due to its
involvement in several mechanisms including endothelial
and immune cell biology that are most important for
tumor progression. On the other hand, since the TGF-
β pathway affects a broad range of cellular behavior, it
is an ambitious approach to restore the delicate balance
of physiological signaling. Therefore manipulation of the
pathway bears the risk of adverse effects and of therapeutic
success. Comprehensive investigations that comprise the
interactions between tumor cells, fibroblasts, endothelial and
immune cells are indispensable.
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BMP/Smad1 signaling by specifically competing with the
Smad4 tumor suppressor,” Genes & Development, vol. 12, no.
2, pp. 186–197, 1998.

[19] H. Hayashi, S. Abdollah, Y. Qiu, et al., “The MAD-related
protein Smad7 associates with the TGFβ receptor and

functions as an antagonist of TGFbeta signaling,” Cell, vol.
89, no. 7, pp. 1165–1173, 1997.

[20] T. Imamura, M. Takase, A. Nishihara, et al., “Smad6 inhibits
signalling by the TGF-β superfamily,” Nature, vol. 389, no.
6651, pp. 622–626, 1997.

[21] P. Kavsak, R. K. Rasmussen, C. G. Causing, et al., “Smad7
binds to Smurf2 to form an E3 ubiquitin ligase that targets
the TGF β receptor for degradation,” Molecular Cell, vol. 6,
no. 6, pp. 1365–1375, 2000.

[22] A. Nakao, M. Afrakhte, A. Moren, et al., “Identification of
Smad7, a TGFβ-inducible antagonist of TGF-β signalling,”
Nature, vol. 389, no. 6651, pp. 631–635, 1997.

[23] C. Suzuki, G. Murakami, M. Fukuchi, et al., “Smurf1 regu-
lates the inhibitory activity of Smad7 by targeting Smad7 to
the plasma membrane,” The Journal of Biological Chemistry,
vol. 277, no. 42, pp. 39919–39925, 2002.

[24] J. L. Andres, K. Stanley, S. Cheifetz, and J. Massagué,
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Tumor differentiation enhances morphologic and microvascular heterogeneity fostering hypoxia that retards intratumoral drug
delivery, distribution, and compromise therapeutic efficacy. In this study, the influence of tumor biologic heterogeneity on the
interaction between cytotoxic chemotherapy and selenium was examined using a panel of human tumor xenografts representing
cancers of the head and neck and lung along with tissue microarray analysis of human surgical samples. Tumor differentiation
status, microvessel density, interstitial fluid pressure, vascular phenotype, and drug delivery were correlated with the degree of
enhancement of chemotherapeutic efficacy by selenium. Marked potentiation of antitumor activity was observed in H69 tumors
that exhibited a well-vascularized, poorly differentiated phenotype. In comparison, modulation of chemotherapeutic efficacy by
antiangiogenic selenium was generally lower or absent in well-differentiated tumors with multiple avascular hypoxic, differentiated
regions. Tumor histomorphologic heterogeneity was found prevalent in the clinical samples studied and represents a primary and
critical physiological barrier to chemotherapy.

1. Introduction

Despite concerted efforts for more than five decades, curative
response to chemotherapy remains elusive in majority of
solid malignancies [1]. Efforts in discovering novel anti-
cancer agents without similar efforts in understanding and
overcoming physical barriers within tumors are unlikely
to radically change chemotherapeutic efficacy in the clinic.
Tumor being a heterogeneous three-dimensional composite
of various components, factors at coarser physiological scales
can and does influence tumor response [2]. For an optimum
chemotherapeutic efficacy, the drug has to extravasate,
diffuse to distant tumor cells, be transported inside the cells,
bind to the specific target, and induce cell death. Only when
an anticancer agent is able to affect each and every individual

proliferating cancer cells in effectively inducing tumor cell
death, can it result in a complete remission (CR) or a cure.
Factors within the tumor microenvironment that impede
drug delivery and distribution are likely to result in tumor
regrowth and resistance irrespective of the drug’s efficacy in
vitro.

Tumor drug delivery system constituted predominantly
of abnormal vasculature, lack pericyte coverage, have abnor-
mal branching patterns and shunt perfusion, prestasis, stasis
and reversal of flow [3]. This dilated, chaotic and leaky
vasculature with an intermittent or unstable blood flow
contributes to an adverse and high intratumoral interstitial
fluid pressure (IFP) that retards delivery and distribution of
drugs from the vessels into the tumor [4]. We have previously
demonstrated that differentiated regions in squamous cell
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carcinoma and adenocarcinoma do not contain blood vessel
and contribute to heterogeneity in microvessel distribution
that physiologically further retards an optimal intratumoral
drug delivery and distribution [5–7]. Various strategies
for improving drug penetration include improving tumor
blood flow, enhancing vascular permeability, reducing IFP,
and modifying the extracellular matrix [2]. For example,
use of antiangiogenic agents has been shown to result in
a favorable improvement in extent and quality of tumor
perfusion while reducing vascular permeability and tumor
IFP as a result of tumor vascular normalization [5, 7].
While there has been an ongoing effort in improving
tumor drug penetration in order to improve therapeu-
tic efficacy, newer approaches are required to overcome
tumor architectural and morphologic barriers that foster
therapeutic resistance by adversely affecting tumor drug
delivery.

In our earlier studies, we have observed that high
but nontoxic doses of antiangiogenic organoselenium com-
pounds such as 5-methylselenocysteine (MSC) and seleno-
methionine (SLM) act as selective modulators of chemother-
apeutic efficacy of a broad range of anticancer drugs
(irinotecan, taxanes, platinum complexes, doxorubicin and
cyclophosphamide) that are currently used in the clinic [8].
Administration of MSC (0.2 mg/mice/day per oral starting
7 days before irinotecan) in combination with irinotecan
(100 mg/kg i.v. weekly× 4) was found to enhance therapeutic
response from 20% and 30% CR with the drug alone to 100%
CR in uniformly well-vascularized poorly differentiated col-
orectal carcinoma HCT-8 and head and neck squamous cell
carcinoma (HNSCC) FaDu, respectively [8]. In contrast, this
therapeutic synergy was less dramatic in well differentiated
xenografts such as the colorectal adenocarcinoma HT-29
and HNSCC A253 (0% and 10% CR with the drug alone
to 20% and 60% CR with the combination, resp.). In
subsequent studies, we demonstrated that this therapeutic
synergy was the result of enhanced tumor drug delivery and
distribution as a consequence of an improved tumor vascular
normalization and tumor IFP [5, 7].

In this study, we examined the influence of tumor
histologic heterogeneity on the interaction between cytotoxic
chemotherapy and selenium (Se) using a panel of surgical
human tumor xenografts representing cancers of the head
and neck (A253, well differentiated and poorly differentiated
patient tumor derived HNSCC xenografts) and lung (H69,
A549). Tumor differentiation status, microvessel density,
interstitial fluid pressure, tumor blood, volume and perme-
ability were correlated with the degree of enhancement of
chemotherapeutic efficacy by selenium. Additionally, tissue
microarray (TMA) analysis of human surgical samples was
also performed to examine the occurrence and relevance of
the observed biologic heterogeneity.

2. Materials and Methods

2.1. Tumor Model. The human cancer cell lines H69 (small
cell lung cancer, SCLC), A549 (nonsmall cell epithelial lung
carcinoma, NSCLC), and A253 (well differentiated head and
neck squamous cell carcinoma) were originally obtained

from American Type Culture Collection (Manassas, VA)
and xenografts were established in ∼8 week old female
athymic nude mice (Foxn1nu, Harlan Sprague Dawley, Inc.
Indianapolis, IN) as previously described [6]. Human poorly
differentiated squamous cell carcinoma (SCC) surgical sam-
ple #17073 (maxillary sinus, PDSCC) and well differentiated
SCC #16653 (larynx, WDSCC) were obtained in house
at Roswell Park Cancer Institute and were maintained
in SCID (C.B-Igh-1bIcrTac-Prkdcscid/Ros) mice. Mice were
assessed for tumor growth using digital vernier calipers for
measuring tumor burden (mm3) using the formulae: 1/2
(L × W2), where L and W are the longest and shortest
axis in mm as per established method [8]. All studies were
performed in accordance with Institute Animal Care and Use
Committee-approved protocols and each treatment group
had a minimum of 4 animals per group.

2.2. Patient Samples of Cancer. Formalin/paraffin sections
of human cancer surgical TMA containing 0.6 mm cores
from head and neck, colorectal, and lung cancer were
studied for presence or absence of differentiated structure,
microvessel distribution (MVD), and tumor hypoxia. Tumor
vessels were detected using CD34 marker for endothelial cells
and hypoxia was determined using carbonic anhydrase IX
(CAIX) staining as per methods described earlier [9].

2.3. Drugs and Chemicals. MSC or SLM (1 mg/mL, Sigma,
St. Louis, MO) was administered orally as a sterile
saline solution at the maximum tolerated dose of 0.2 mg/
mouse/day [8] or 8 mg/kg/day for 14 days, starting at least
3 days after tumor implantation. Taxotere (Sanofi-Aventis,
Bridgewater, NJ) was administered as a single intravenous
dose of 60 mg/kg while irinotecan (Pharmacia & Upjohn,
New York, NY) was administered at a weekly schedule of
100 or 200 mg/kg ×4. Doxorubicin (Bedford Laboratories,
Bedford, OH) was administered as a single intravenous
dose of 30 mg/kg, 24 hours after the MSC dose on day
14. Albumin-GdDTPA was obtained from the Contrast
Media Laboratory, Department of Radiology (Dr. Robert
C. Brasch), University of California at San Francisco (San
Francisco, CA). For the combination chemotherapy with
MSC/SLM, MSC or SLM was given 7 days before therapy
and continued daily for 7 more days after the last dose of the
chemotherapeutic drug.

2.4. Immunohistochemistry. MVD determination was done
using CD31 in mouse and CD34 in human tumor TMAs.
CD31 and alpha-smooth muscle actin (α-SMA) double
staining was used to detect endothelial cells and pericytes,
respectively, as described previously [5]. Briefly, 5–8 μm
cryosections were fixed in cold acetone (−20◦C) for 15
minutes and following quenching with endogenous perox-
idase were incubated with rabbit polyclonal SMA antibody
(1 μg/mL or 1/500) (Abcam, Cambridge, MA), biotinylated
goat antirabbit secondary antibody (1/250) (Vector Labs)
for 30 minutes, and CD31 antibody (B.D. Biosciences
Pharmingen, Franklin Lakes, NJ) at a concentration of 10 μg/
mL for 60 minutes. An isotype-matched negative control
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was used in all cases. Immunostaining of tumor vasculature
in the TMAs was done using antihuman CD34 (DAKO,
Carpinteria, CA) used at 1/50 dilution for 90 minutes at
room temperature followed by 30 minutes incubation with
Streptavadin complex (Zymed Lab, Inc., San Francisco, CA)
as per methods described earlier [5–7]; CAIX immunos-
taining, the primary antibody M75 (gift from Dr Pastorek,
Institute of Virology, Slovak Republic) was used at 20 μg/mL
for 90 minutes followed by 30-minutes incubation with
Streptavadin complex (Zymed Lab, Inc., San Francisco, CA)
as described earlier [5–7]. Hypoxia inducible factor 1-α
(HIF-1α) was detected with a multilayer, amplified method
after antigen retrieval with Target Retrieval Solution (TRS,
Dako Carpenteria, CA) in a pressure cooker. The method
was developed and optimized at our Core Facility [10].
All immunohistochemical interpretation and analysis was
carried out under the supervision of a board-certified and
experienced pathologist (KT).

2.5. Magnetic Resonance Imaging. Tumor-bearing mice were
imaged in a 4.7 T horizontal bore MR scanner (GE NMR
Instruments, Fremont, CA). The imaging protocol and data
analysis methods for estimating the vascular volume and
permeability of tumors using the intravascular contrast
agent, albumin-GdDTPA, have been previously described
[11, 12]. The change in tumor T1-relaxation rate of tumors
(ΔR1) was calculated over approximately 30–50 minutes post
contrast. ΔR1 values were measured in the kidneys as a
measure of vascular relaxation enhancement and used to
compute vascular volume (y-intercept of the linear regres-
sion line) and permeability (slope of the linear regression
line) tumor/blood fit. Image processing and analysis were
carried out using commercially available medical imaging
software Analyze PC, Version 7.0 (AnalyzeDirect, Lenexa,
KS).

2.6. In Vivo Tumor IFP Measurements. MSC-induced chan-
ges in tumor IFP were monitored in A253, H69, and A549
xenografts in vivo real-time using microcatheter pressure
transducers in externally accessible tumors and in normal
tissue as per method described earlier [5, 7]. The inter-
stitial fluid pressure within the tumor microenvironment
was measured-using a modified “wick-in-needle” technique
using custom-designed instrumentation broadly based upon
an earlier published design [13]. Briefly, measurements were
made with a MikroTip Catheter Transducer (Model SPR-524,
Millar Instruments) via a 23.5 gauge wing-tipped infusion
needle catheter. The transducer was interfaced to a PC using a
pressure control unit (PCU-2000, Millar Instruments) via an
USB analog-to-digital converter (Model DT9816 Data Trans-
lation, Marlboro MA). The software used to acquire the data
was developed in the laboratory using DT Measure Foundry
Ver. 4.0.7 (Data Translation, Marlboro, MA). The needle
was inserted into the tumor, with measurements made every
few millimeters; thus three to six measurements were made
within each tumor, and the average value was used. Prior
to each measurement, the apparatus was aspirated to ensure
that no tissue was clogging the needle, and the instrument

was zeroed. The instrument was calibrated before and after
each experiment to ensure proper function, using a custom
built water-column manometer. Mice with subcutaneous
tumors (N = 4–8 per group) were used to assess the IFP
measurements under anesthesia at time points equivalent to
24 hours post 14 days of MSC.

2.7. Determination of Intratumoral Doxorubicin Distribu-
tion Gradient. The influence of MSC on drug distribution
gradient (N = 47 or more linear paths 90 pixels long
using multiple sections from tumors) was assessed using
fluorescence microscopy as described earlier [5]. Two hours
post doxorubicin administration, animals were euthanized
and the harvested tumor frozen and ∼5–10 μm thick frozen
sections were used. An average of 4 maximum intensity
projection images with a resolution of 0.23 μm was acquired
using identical acquisition parameters under 63× objective
of Leica confocal microscope [5] and the digitized images
were used further for image analysis.

2.8. Image Analysis. CD31 positive endothelial cell clusters
in multiple high-power fields (400×) covering non-necrotic
areas of the whole tumor sections were used to determine
MVD. Tumor vascular maturation index (VMI) was derived
by calculating the total number of CD31+ α-SMA+ areas and
areas positive for CD31 alone in double-stained (CD31/α-
SMA) tissue sections using Analyze (AnalyzeDirect, Over-
landPark, KS) [5]. The mean intensity of doxorubicin
autofluorescence at various distances away from the blood
vessels was calculated using Analyze.

2.9. Statistical Analysis. Results are expressed as mean ±
standard error of the mean and the differences between the
mean of the groups were analyzed using unpaired two-tailed
Student t-test (GraphPad Version 5.00, GraphPad Software,
San Diego, CA). Linear regression analysis was carried out
to determine statistical significance of DCE-MRI-measured
parameters and intratumoral drug distribution gradient. A
P value <.05 considered statistically significant.

3. Results

3.1. Histological Characteristics of Tumor Xenografts. While
H69 (Figure 1(d)) is a poorly differentiated small cell
lung carcinoma, HNSCC A253 (Figure 1(a)) and the non-
small cell lung adenocarcinoma A549 (Figure 1(g)) are
well and moderately differentiated tumors, respectively.
CD31 immunostaining shows H69 (Figure 1(e)) to be uni-
formly well-vascularized while A253 (Figure 1(b)) and A549
(Figure 1(h)) xenografts have differentiated regions that are
devoid of blood vessels and are thus consequently hypoxic
as seen by presence of CAIX immunostaining (arrows,
Figures 1(c) and 1(i), resp.). While very few cells were
found to be CAIX positive in smaller H69 tumors (<1000
mg, Figure 1(f(a))), the larger H69 tumors (>2000 mg,
Figure 1(f(b))) had the characteristic perinecrotic hypoxia.
As shown in Figure 1(j), #17073 is a PDSCC while #16653 is
a WDSCC (Figure 1(m)). The hallmark of surgical PDSCC
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Figure 1: Photomicrographs of human cancer cell line xenografts A253, H69, A549 along with human HNSCC surgical samples-derived
xenografts #17073 and #16653. (Left panels, H&E; middle panels, CD31 immunostaining to visualize microvessels; right panels, CAIX
immunostaining to visualize tumor hypoxic regions; original magnifications, ×100). Poorly differentiated H69 (d) is uniformly well
vascularised (e) and has no regions of hypoxia (f(a)) in the ∼250 mg tumor but has perinecrotic hypoxic regions in larger (>2000 mg)
tumor (f(b), arrow). Similar vascular arrangement (k) is seen in viable regions of the poorly differentiated HNSCC #17073 (PDSCC) which
though has hypoxic regions ((l), arrow) around the many necrotic regions seen in the growing tumor. In contrast, A253 and A549 have
differentiated regions ((a), arrow & (g)) that being avascular ((b), (h), arrows) are hypoxic ((c), (i), arrows). Surgical sample derived well
differentiated HNSCC #16653(WDSCC) has a highly differentiated morphology due to presence of many well differentiated ((m), arrow)
regions that are avascular (n) and hypoxic ((o), arrow).

xenografts was the presence of many necrotic regions
throughout the tumor. These necrotic regions did not
contain viable tumor cells or any vasculature and were sur-
rounded by CAIX positive hypoxic cells (arrow, Figure 1(l)).
Though the other regions in the PDSCC exhibited a uniform
microvessel distribution (Figure 1(k)), these necrotic regions
contribute to a histomorphological heterogeneity that is
not conducive to an optimal intratumoral drug delivery
and distribution. The surgical WDSCC xenograft contained
several well differentiated regions (arrow, Figure 1(m)) that
are without microvessels (Figure 1(n)) and are surrounded
by rims of CAIX positive hypoxic proliferating cells (arrow,
Figure 1(o)).

3.2. Effect of MSC on Tumor Growth. As shown in
Figure 2(a), the HNSCC A253 grew at a faster pace than
the lung xenografts H69 and A549. Treatment with MSC
resulted in a reduction of tumor burden when compared
to the untreated controls (Figure 2(b)) by 30%, 62%, and
36% in A253 (1952 ± 32.07 versus 1360 ± 59.75, N = 6),
H69 (279.5 ± 106.60 versus 105 ± 31.84, N = 4) and
A549 (552.50 ± 60.62 versus 353.40 ± 68.16, N = 4),
respectively, albeit significantly only in A253 (P < .0001).
Untreated PDSCC and WDSCC xenografts grew slower than
control A253 tumors (Figure 2(c)). Treatment with MSC
for 2 weeks did not lead to a significant reduction in
tumor burden when compared to untreated controls in both
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Figure 2: Effect of MSC on tumor growth ((a), (c)) and tumor volume ((b), (d)) at the end of 14 days treatment.

PDSCC (541.9 ± 167.2 versus 561.80 ± 107.30, N = 6) and
WDSCC (363.80 ± 68.53 versus 338.50 ± 65.63, N = 6–8)
xenografts (Figure 2(d)).

3.3. Effect of MSC on MVD, IFP, and Drug Delivery.
Poorly differentiated untreated H69 xenografts were highly
vascularized compared to the untreated well differentiated
HNSCC A253 (P = .002) and NSCLC A549 (P = .008)

tumors. As shown in Figure 3(a), the antiangiogenic effect of
MSC (0.2 mg/mouse/day × 14) led to a 59%, 62%, and 6%
reduction in MVD compared to untreated control tumors in
A253 (4.63 ± 0.87 versus 11.23 ± 1.87, P = .03), H69 (9.28
± 0.82 versus 24.29 ± 1.45, P = .008) and A549 (6.60 ± 1.50
versus 7.05 ± 2.23, P = .88) respectively. No differences in
MVD of normal mouse liver tissue were observed (data not
shown). Tumor vascular maturation index (VMI), that is,
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Figure 3: (a) Bar graphs show MVD counts per high-power field (HPF) (original magnification, 400×) in the untreated versus MSC-treated
xenografts and surgical samples following 14 days of MSC treatment (0.2 mg/mouse/day). Significant reduction in MVD was seen in A253
and H69 xenografts after 14 days of MSC treatment with no changes seen in A549 xenografts or the surgical samples. (b) MSC led to an
improved vascular maturation in A253, H69, A549 xenografts and PDSCC but did not induce any change in WDSCC and normal liver. (c)
Treatment with MSC (0.2 mg/mouse/day × 14) led to a lowering of interstitial fluid pressure in A253 but not in H69 and A549 xenografts.
(d) As a consequence, there was a significant improvement in tumor doxorubicin fluorescence intensity gradient in A253 xenografts but not
in H69 or A549 xenografts. (e) MSC did not result in an improvement in tumor doxorubicin fluorescence intensity gradient in the surgical
samples PDSCC and WDSCC.
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the percentage of endothelial cells associated with pericytes,
showed an increase of 31.38%, 49.93% and 6.38% in A253,
H69 and A549 xenografts, respectively (Figure 3(b)). Tumor
IFP was higher in the untreated HNSCC xenograft A253
compared to the untreated lung tumor xenografts that were
lower by 31% and 71% in H69 and A549, respectively. As
shown in Figure 3(c), treatment with MSC led to a significant
reduction in tumor IFP in A253 compared to the untreated
controls (6.78 ± 0.45 versus 13.26 ± 1.15, P = .002) but
this reduction was less dramatic in the lung xenografts—
H69 (7.38 ± 0.75 versus 9.13 ± 0.84, P = .18) and
A549 (3.58 ± 0.91 versus 3.89 ± 0.66, P = .79). The
net effect of MSC on tumor vasculature and IFP was a
significantly (P = .0001) increased intratumoral doxorubicin
gradient in A253 xenografts while there was no significant
increase in the overall drug gradient in the lung xenografts
(Figure 3(d)). Interestingly, at a distance of ∼90 μm from
tumor blood vessels, all the MSC-treated tumors showed a
significantly higher doxorubicin concentration as measured
by the fluorescence intensity compared to the non-MSC-
treated A253 (91.38 ± 4.81 versus 66.90 ± 3.21, P = .001),
H69 (68.06 ± 2.60 versus 59.17 ± 1.41, P = .003), and A549
(62.21 ± 1.84 versus 53.94 ± 1.58, P = .0008) xenografts.

In contrast, the untreated human surgical samples of
HNSCC had a higher MVD (17 ± 0.3 in PDSCC, and 19
± 0.41 in WDSCC) compared to HNSCC A253 xenograft
(11.23 ± 1.87) (Figure 3(a)). Though treatment with MSC
did not lead to a significant reduction in MVD in PDSCC
compared to untreated controls (16 ± 0.13 versus 17 ± 0.3),
there was a significant increase in tumor vascular maturation
(84.39 ± 1.06 versus 76.57 ± 1.48, P < .001) (Figure 3(b)).
In WDSCC, MSC did not lead to any reduction in MVD
(20.90 ± 0.35 versus 19.36 ± 0.4) or improvement in
VMI (86.82 ± 1.45 versus 89.10 ± 1.03). The intratumoral
doxorubicin gradient was not significantly different in both
the surgical samples (Figure 3(e)). At a distance of ∼90 μm
from tumor blood vessels, MSC-treated tumors showed a
significantly higher doxorubicin concentration as measured
by the fluorescence intensity compared to the non-MSC
treated PDSCC (56.13 ± 0.94 versus 52.96 ± 0.94, P = .047).
A similar increase was not seen in the well differentiated
WDSCC at ∼90 μm from tumor blood vessels. Instead, a
significant increase in doxorubicin fluorescence intensity
was seen at a distance of ∼50 μm within the avascular
well differentiated hypoxic foci in the MSC-treated tumors
compared to the non-MSC-treated tumors (63.62 ± 2.11
versus 56.32 ± 1.96, P = .02).

3.4. Influence of Histologic and Vascular Heterogeneity on
Tumor Vascular Response to Selenium. In order to examine
changes in vascular function following selenium treatment,
noninvasive MRI was utilized. Changes in vascular volume
and permeability were estimated in tumor-bearing mice
following treatment with MSC (0.2 mg/day× 14) and com-
pared to untreated controls. As shown in Figure 4, only
A549 tumors showed a significant reduction (P < .001) in
vascular volume compared to untreated control tumors (n =
4 per group). No significant differences in tumor vascular
volume and permeability were observed between control and

selenium-treated mice for H69 (P > .05; N = 3 controls,
N = 4 MSC), A253 (P > .05; N = 9 controls, N = 7
MSC), poorly differentiated (P > .05; N = 8 controls,
N = 12 MSC), and the well differentiated patient tumor-
derived HNSCC xenografts (P > .05; N = 6 per group).

3.5. Modulation of Antitumor Activity. We had earlier
reported that MSC (0.2 mg/mouse/day p.o. starting 7 days
prior to and continuing daily till end of chemotherapy) in
combination with the maximum tolerated dose of irinotecan
(100 mg/kg i.v. weekly × 4) resulted in an increase in cure
rates (CR) in A253 xenografts from 10% with irinotecan
(100 mg/kg weekly × 4 i.v.) alone to 60% with the combi-
nation [8]. As can be seen in Figure 5(a), the small cell lung
cancer xenograft H69 gives a 100% CR either with irinotecan
(100 mg/kg weekly × 4 i.v.) alone or in combination with
SLM. The CR with taxotere (60 mg/kg × 1 i.v) alone was
80% that increased to 100% when used in combination with
SLM. These high cure rates were obtained when treatments
were initiated at ∼100 mm3 size of tumor in H69 tumor
xenografts. H69, a uniformly well vascularised tumor with
relatively small pockets of necrosis, is an attractive preclinical
model for determining the influence of tumor morpholog-
ical heterogeneity on synergistic chemotherapeutic efficacy
in combination with antiangiogenic agents. To determine
if this activity of combination treatment was persistent
against larger tumors, studies were carried out using larger
H69 tumors (∼1000–1500 mm3). These large H69 tumors
contain multiple necrotic regions surrounded by hypoxic
CAIX positive tumor cells (Figure 1(f(b)) and, thus, are less
homogeneous compared to the smaller (<1000 mg) H69
tumors. As seen in Figure 5(b), a CR of 0% and 20% with
taxotere alone and in combination with SLM and a CR of
20% and 60% with irinotecan alone and in combination with
SLM, respectively were achieved. In contrast, the moderately
differentiated non-small cell lung carcinoma A549 had 0%
cures either with the drug alone or in combination with
MSC.

In order to further investigate this therapeutic efficacy of
Se in combination chemotherapy, 2-patient tumor-derived
HNSCC xenografts with varying differentiation status were
used. Both xenografts were strongly positive for hypoxia
as determined by CAIX immunostaining. As can be seen
in Figure 5(c) and Figure 5(d), treatment with irinotecan
(100 mg/kg weekly × 4 i.v.) alone gave a cure rate of 0% and
37.5% in WDSCC and PDSCC, respectively. In combination
with MSC there was no significant improvement in CR
except in WDSCC where the CR increased to 14%. Since
our earlier studies [8] have indicated the possibility of dose
escalation to double the normal MTD of irinotecan, due to
the additional chemoprotective properties of MSC, we used
this higher dose of irinotecan (200 mg/kg weekly × 4, i.v.) in
another group of mice bearing these human cancer surgical
samples. As can be seen in Figure 5(d), MSC in combination
with this higher irinotecan dose resulted in a higher response
of 75% CR and 25% partial response in PDSCC. No such
improvement in response was seen in the surgical WDSCC.
Thus, enhancement in therapeutic efficacy by antiangiogenic
MSC in combination of chemotherapy is higher in tumors
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Figure 4: Change in relative vascular permeability and vascular volume as a result of treatment with MSC in H69 (a), A549 (b), A253 (c),
PDSCC (d), and WDSCC (e) tumors as assessed by DCE-MRI.

that are relatively more homogeneous versus in tumors that
are highly heterogeneous such as in the WDSCC.

3.6. Patient Samples of HNSCC, Colorectal, and Lung Cancer.
In order to determine the relevance of tumor morphologic
heterogeneity in influencing efficacy of antiangiogenic ther-
apy such as MSC/SLM, we studied the prevalence of archi-
tectural heterogeneity in solid tumor malignancies in terms
of tumor cell differentiation, vascularization, and hypoxia
using TMAs derived from patient surgical cancer specimens
from three different disease sites—head and neck, colorectal,
and lung. As summarized in Table 1, 51% of HNSCCs
are poorly differentiated while 41% of HNSCCs are well
differentiated (41%). Most (47%) HNSCC show presence
of hypoxia marker CAIX. Figures 6(a) and 6(d) shows the
representative tumor vascular distribution (arrow, brown)
in poorly and well differentiated HNSCC with regions of

hypoxia stained for CAIX immunostaining (Figures 6(b)
and 6(e)) and HIF-1α (Figures 6(c) and 6(f)). In colorectal
cancers, the majority were found to be moderately differen-
tiated cancers (79%) and hypoxic (CAIX, 63%) (Table 1).
Figures 6(g) and 6(j) show typical distribution of tumor
MVD (arrow, brown) with regions of hypoxia stained for
CAIX (Figure 6(k), arrow, brown) and HIF-1α (Figure 6(l),
brown) immunostaining in the well differentiated colorectal
cancers. NSCLC also presented itself predominantly (86%) as
a moderately differentiated cancer with 41% of tumors being
hypoxic (CAIX positive). Figure 6(m) shows the distribution
of vessels (brown) in lung cancer (arrow, brown) while
Figure 6(n) and 6(o) depict the distribution of hypoxia as
assessed using CAIX (brown, arrow) and HIF-1α, respec-
tively in lung cancers. The majority of solid malignancies
studied was found to have the hallmark of a heterogeneous
tumor architecture that is not conducive for an optimal
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Figure 5: Response to cytotoxic drugs alone and in combination with MSC in H69 lung xenografts when treatment was started at∼100 mm3

tumor volume (a), at ∼1000 mm3 tumor volume (b), and in human surgical samples of HNSCC WDSCC and PDSCC.

intratumoral drug delivery and distribution and, thus, will
not respond optimally to monotherapy or to the synergistic
modulation by an antiangiogenic agents such as MSC/SLM
used in combination setting.

4. Discussion

The effectiveness of traditional and novel anticancer agents
is limited by physical barriers that compromise tumor drug
delivery at therapeutically meaningful concentrations. Our
knowledge and understanding of tumor vasculature and
hypoxia has increased over the past few decades, but if this
understanding is not tied to the morphologic or cellular
heterogeneity arising out of tumor tissue differentiation,

progress in treating solid malignancies will remain inade-
quate. Drug penetration in the tumor tissues is by convection
and/or diffusion. Convection depends on both hydrostatic
and osmotic pressure gradients between vascular space and
interstitial space, vascular permeability, surface area; and the
volume and structure of extracellular matrix [2]. Diffusion
is determined by concentration gradients. Since tumor IFP
is often elevated to the level of microvascular pressure, it
retards extravasation of macromolecules that must penetrate
distances of up to 200 μm within the tumors in order to
reach all viable cells [2]. While many studies have reported
an association between low IFP and therapeutic response
[14, 15], some others have not found such association [2, 16].
Obviously, a lowered IFP by itself may not be the panacea for
improving drug delivery and therapeutic response.
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Figure 6: Photomicrographs of tumor tissue microarrays (TMAs) from surgical samples of head and neck squamous cell, colorectal, and
lung carcinoma. (Left panels, CD34 immunostaining to visualize microvessels; middle panels, CAIX immunostaining and right panels, HIF-
1α immunostaining (brown, nuclear) to visualize tumor hypoxic regions; original magnifications, ×200). Poorly differentiated TMAs are
relatively uniformly well vascularised ((a), (g), arrows) with some regions of hypoxia as measured by CAIX ((b), arrow, (h)) and HIF-1α
((c), (i)). In contrast, the well differentiated tumors have large differentiated regions that are avascular ((d), (j), (m), arrows) and more
strongly hypoxic as seen with CAIX ((e), (k), (n), arrows) and HIF-1α ((f), (l)) immunostaining. Most lung adenocarcinomas were negative
for HIF-1α staining (o).

Differentiated cells do not lead to tumor propagation
and metastasis but can result in a morphologic heterogeneity
that hinders optimal intratumoral drug delivery [6]. While
many studies have focused on the individual cancer cells,
stromal cells and the vascular network, there are few studies
on the effect of tumor histomorphologic heterogeneity in
drug resistance. Tumor tissue architecture is an important
factor that influences drug delivery. For instance, the higher
cell density in differentiated regions of tumors prevents the
sprouting and growth of blood vessels [6]. This combined
with a reduced interstitial space and volume of extracellu-
lar matrix results in lower intratumoral drug penetration
[2].

SCC and adenocarcinoma are the most common his-
tological types of solid malignancies. In well differenti-
ated forms of SCC, tumor cells nests are often observed
with a closely packed arrangement of individual tumor
cells without stroma or microvessels. Tumor cells in these
differentiated regions (Figure 1(a), arrow) or the lumen
structure (Figure 1(h), arrows) seen in adenocarcinoma do
not receive adequate blood supply causing hypoxia, limited
drug delivery and resulting in sanctuaries for proliferating
cells that escape therapy. In contrast, the poorly differentiated
parts of these tumors or in tumors that are wholly poorly dif-
ferentiated, microvessels are uniformly distributed providing
blood supply to most such parts of the tumors. In our study,
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Table 1: Prevalence of histomorphologic heterogeneity in human cancers.

Cancer
disease site

Total
evaluable
tumors

Tumor differentiation status CAlX immunostaining HIF-1α immunostaining

(% of Total) (% of Total) (% of Total)

Well Diff Mod. Diff Poorly Diff <33% 33–67% >67% <33% 33–67% >67%

Head and
neck

198 41% (72% CAIX+) 8% (50% CAIX+) 51% (38% CAIX+)
25% 8% 14% 9% 4% 8%

Total—47% of all tumors Total—21% of all tumors

Colorectal 57 12% (57% CAIX+) 79% (64% CAIX+) 9% (60% CAIX+)
28% 5% 30% 7% 2% 12%

Total—63% of all tumors Total—21% of all tumors

Lung 102 3% (0% CAIX+) 86% (42% CAIX+) 11% (36% CAIX+)
23% 10% 8% 3% 1% 0%

Total—41% of all tumors Total—4% of all tumors

MSC treatment led to a lower tumor burden in all three
human tumor xenografts albeit only significantly in A253
xenografts. This effect was not seen in the human surgical
samples of head and neck cancers-PDSCC and WDSCC.
Greater optimal therapeutic synergy of antiangiogenic Se
compounds in combination to anticancer drug was observed
in the morphologically less heterogeneous large human
SCLC cell line xenograft H69 compared to more heteroge-
neous NSLC A549 that had a lower, relatively normalized
MVD, IFP, or an improved drug delivery. In contrast, A253
despite being well differentiated shows a better response
to the combination therapy as reported earlier [8]. This
is as a consequence of MSC-induced vascular modulation
that led to a significant lowering of MVD, an improved
VMI and IFP, thereby resulting in an increased intratumoral
drug gradient. The heterogeneous differentiated human
NSCLC A549 with a lower but relatively matured MVD
did not show a marked modulation to antiangiogenic Se
in terms of reduction in MVD, IFP or an improved VMI.
Hence, it did not respond with a higher efficacy to the
combination chemotherapy with Se. Interestingly, in SCLC
H69, the synergy persisted even when the tumors were
allowed to grow to ∼1–1.5 g before the start of therapy. H69,
a representative SCLC with uniformly poorly differentiated,
well-vascularised tumor, contains few small necrotic foci
and had the least morphologic heterogeneity in terms of
its cellular architecture and vascular distribution amongst
the xenografts studied. As shown in Figure 1(d), the more
homogeneous morphologic feature of this tumor facilitates a
better drug penetration and distribution within the tumor.
This translates into a better therapeutic response. We had
earlier reported similar results in the poorly differentiated
human tumor xenografts HNSCC FaDu and colorectal HCT-
8 that has a similar uniform vasculalarized homogeneous
morphology and in which treatment with MSC resulted
in a significant modulation of the vascular parameters and
IFP [5, 7]. The antiangiogenic effect in terms of reduction
in MVD was the highest in H69 (62%) and A253 (59%)
and was minimal in A549. Despite a significant reduction
in MVD and a dramatic improvement in VMI (49.93%),
there was no significant difference in IFP or in the vascular
parameters assessed with DCE-MRI in H69 xenografts. In all
three tumor xenografts, treatment with MSC led to increased
doxorubicin fluorescent intensity at a distance of ∼90 μm

from vessel wall. These MSC-induced changes in vascular
parameters and IFP resulted in a significant increase in
response rates in H69 and A253 xenografts. Despite the
minimal reduction in MVD, MRI revealed a statistically
significant reduction in vascular volume of A459 tumors
following selenium treatment (Figure 4). It is plausible
that this dramatic reduction in perfusion contributes to
decreased chemotherapeutic delivery leading to a minimal
therapeutic response with combination therapy in this tumor
model.

SCLC, being poorly differentiated, homogeneous, and
well vascularized, is sensitive to chemotherapy. Regrowth
and resistance in the clinic has been associated with cellular
differentiation in these cancers induced in part by the agents
themselves [17]. Thus, an effective first line chemother-
apeutic regime that can kill most of the cancer cells is
likely to be more efficacious in such tumors and the use of
antiangiogenic agents such as Se in the combinatorial setting
is likely to be the most promising especially in chemo-naive
patients. In contrast, the heterogeneous surgical samples of
HNSCC did not show any significant MVD reduction by Se.
The improvement in VMI was significant but modest (∼8%)
in the poorly differentiated surgical sample #17073 but was
not significant in well differentiated #16653. Both these
surgical samples did not show any MSC-induced increase in
doxorubicin concentration gradient immediately adjacent to
tumor vasculature and MSC did not result in an enhanced
synergistic therapeutic response of irinotecan at its MTD
in both these tumors. Unlike the poorly differentiated and
uniformly vascularized FaDu, HCT8, and H69 xenografts,
PDSCC is relatively less homogeneous due to the presence
of irregular and large regions of hypoxia and necrosis
that does not facilitate therapeutic exposure of drugs in
meaningful concentration to all proliferating cancer cells
(Figure 1(l)). Since Se has chemoprotective effect [8] and
allows for dose escalation to higher than MTD, we treated
a subset of the mice bearing these surgical specimens with
MSC in combination with double the MTD of irinotecan.
At this dose, MSC did result in a significant increase in
CR (75%) in the surgical sample of PDSCC but showed
no change in the surgical sample WDSCC. The histological
structure of WDSCC is extremely heterogeneous due to the
presence of many keratinized well differentiated avascular
(Figure 1(m), arrow), hypoxic regions (Figure 1(o), arrow).
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Such regions do not allow penetration of an effective drug
in a therapeutically meaningful concentration in the rim
region surrounding these differentiated regions. This causes
proliferating cells within these rims to escape therapy and
allow tumor repopulation and regrowth [6]. Further, the
remnant tumor after therapy generally contained mainly
differentiated regions remaining as survivor—a pointer to
their contribution to drug resistance [6].

As previously reported [18], poorly differentiated tumor
xenografts such as FaDu and HCT-8 have a slightly
faster doubling time (∼2.5 to 3 days) compared to their
well differentiated counterparts such as A253 and HT-29
(∼3.5 days), respectively. In our studies, the PDSCC had
a similar doubling time of 3.5–4 days while the WDSCC
had a doubling time of more than 5 days (Figure 2(c)).
The lung cancer xenografts had a slower proliferation rate
with the poorly differentiated SCLC xenografts H69 showing
a doubling time of 6.1 days [19] while the differentiated
NSCLC was found to have a doubling time of ∼8.3 days
in our studies (Figure 2(a)). It is likely that due to the
presence of more uniformly distributed and often higher
number of blood vessel, the poorly differentiated tumors
tend to proliferate and grow faster. Proliferating cells are
more sensitive to chemotherapy while the uniform dis-
tribution of vessels in poorly differentiated tumors makes
the tumor easily accessible to anticancer drugs especially
after tumor vascular normalization by antiangiogenic agents
including MSC/SLM. From the results, one can surmise that
chemomodulation of an antiangiogenic agent such as MSC
will be most optimal in tumors where it can significantly
reduce MVD, increase VMI, and as a consequence lead to
a reduced IFP. In tumors such as the A549 and WDSCC
where the untreated controls showed a presence of either
high (WDSCC) or a low (A549) MVD, and the addition
of the antiangiogenic agent did not change the VMI, the
chemomodulation effect of antiangiogenic agents in com-
bination chemotherapy is unlikely to lead to a significantly
high response. The higher the degree of tumor morphologic
heterogeneity, the less likely is the synergistic effect of
antiangiogenic agents in combination chemotherapy. There
remains an urgent need in developing novel agents that
can abrogate tumor morphological heterogeneity in order to
increase chemotherapeutic response in the clinic.

Similar to observations by others, our results indicate
that CAIX and HIF-1α do not always co-localize in the same
tumor regions [20, 21]. CAIX is a more robust indicator of
physiologic hypoxia while HIF-1α can often be transiently
upregulated by acute hypoxia or by other non-hypoxia
related factors [22].

The results of our TMA analysis, even with limited tissue,
indicate presence of histological architectural heterogeneity
in majority of HNSCC, colorectal and lung cancers. This
heterogeneity is not conducive for optimal intratumoral
drug delivery and distribution leading to the suboptimal
chemotherapeutic response seen in the clinic. It is also likely
to compromise synergistic efficacy of antiangiogenic agents
in combination with anticancer agents. Morphologically
homogeneous tumors such as SCLC, FaDu, and HCT-
8 are more likely to respond to antiangiogenic agents in

combinatorial chemotherapy setting especially in chemo-
naive cases.

Currently available antiangiogenic agents are limited by
host tissue toxicity, are cost prohibitive [23], and suffer
from the lacunae that most tumors can easily overcome the
blockade of a single specific proangiogenic molecule through
bypassing onto other proangiogenic markers/pathways. In
fact, recent reports suggest an alarming trend towards
increased metastatic and aggressive disease in the tumors
surviving antiangiogenic therapy in both the clinical and
preclinical model [24, 25]. Since Se is part of the mam-
malian physiology, it is relatively well tolerated and affects
multiple upstream targets such as HIF-1α, Cox-2, and iNos
[26] important for cancer survival and progression and is
likely to have a better success as an antiangiogenic agent
in combination chemotherapy [27]. Inhibition of HIF-1α,
a critical master gene that regulates tumor angiogenesis,
growth, survival, and resistance, has been shown recently
to be through downregulation of reactive oxygen species
and stabilization of prolylhydoxylase 2 and 3 by MSC [28].
This inhibition results in the observed antiangiogenic effects
of MSC besides sensitizing the small but therapy resistant
population of HIF-1α positive, hypoxic cell population to
the cytotoxic effects of the chemotherapeutic agents used
in the combination therapy with MSC [28]. Unlike other
antiangiogenic agents, Se also asserts its anticancer efficacy
independent of antiangiogenic effects through various mech-
anisms such as redox cycling, altering protein-thiol redox
status and methionine mimicry [29]. Since the dose levels of
Se used in the preclinical studies have been attained in the
clinic [30], it is a clinically viable antiangiogenic agent that
can enhance therapeutic efficacy of chemotherapy in various
solid malignancies especially those with a relatively well-
vascularised and homogenous tumor architecture. Further,
the protective effect of Se on healthy tissues from the adverse
effects of cytotoxic drugs [8] allows for drug dose escalation
to higher than their MTDs. Our current data and our earlier
published data [5, 7] demonstrate that a nontoxic dose of Se
is a promising antiangiogenic agent for use in combination
chemotherapy especially against solid tumors with little or
no morphological heterogeneity such as what is seen in SCLC
H69, HNSCC FaDu and the colorectal cancer HCT-8.
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[10] M. M. Vaughan, K. Tóth, S. Chintala, and Y. M. Rustum,
“Double immunohistochemical staining method for HIF-
1a and its regulators PHD2 and PHD3 in formalin fixed
paraffin embedded tissues,” Applied Immunohistochemistry
and Molecular Morphology, 2010.

[11] F. Demsar, T. P. L. Roberts, H. C. Schwickert, et al., “A MRI
spatial mapping technique for microvascular permeability and
tissue blood volume based on macromolecular contrast agent
distribution,” Magnetic Resonance in Medicine, vol. 37, no. 2,
pp. 236–242, 1997.

[12] M. Seshadri, R. Mazurchuk, J. A. Spernyak, A. Bhat-
tacharya, Y. M. Rustum, and D. A. Bellnier, “Activity of the
vascular-disrupting agent 5,6-dimethylxanthenone-4-acetic
acid against human head and neck carcinoma xenografts,”
Neoplasia, vol. 8, no. 7, pp. 534–542, 2006.

[13] U. Ozerdem and A. R. Hargens, “A simple method for measur-
ing interstitial fluid pressure in cancer tissues,” Microvascular
Research, vol. 70, no. 1-2, pp. 116–120, 2005.

[14] C.-H. Heldin, K. Rubin, K. Pietras, and A. Ostman, “High
interstitial fluid pressure—an obstacle in cancer therapy,”
Nature Reviews Cancer, vol. 4, no. 10, pp. 806–813, 2004.

[15] B. D. Curti, W. J. Urba, W. G. Alvord, et al., “Interstitial pres-
sure of subcutaneous nodules in melanoma and lymphoma
patients: changes during treatment,” Cancer Research, vol. 53,
no. 10, pp. 2204–2207, 1993.

[16] F. G. Herrera, P. Chan, C. Doll, et al., “A prospective phase I-
II trial of the cyclooxygenase-2 inhibitor celecoxib in patients
with carcinoma of the cervix with biomarker assessment of the

tumor microenvironment,” International Journal of Radiation
Oncology Biology Physics, vol. 67, no. 1, pp. 97–103, 2007.

[17] E. Brambilla, D. Moro, S. Gazzeri, et al., “Cytotoxic chemo-
therapy induces cell differentiation in small-cell lung carci-
noma,” Journal of Clinical Oncology, vol. 9, no. 1, pp. 50–61,
1991.

[18] R. G. Azrak, S. Cao, H. K. Slocum, et al., “Therapeutic synergy
between irinotecan and 5-fluorouracil against human tumor
xenografts,” Clinical Cancer Research, vol. 10, no. 3, pp. 1121–
1129, 2004.

[19] C. A. Kanashiro, A. V. Schally, M. Zarandi, B. D. Hammann,
and J. L. Varga, “Suppression of growth of H-69 small cell
lung carcinoma by antagonists of growth hormone releasing
hormone and bombesin is associated with an inhibition of
protein kinase C signaling,” International Journal of Cancer,
vol. 112, no. 4, pp. 570–576, 2004.
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Solid tumors are known to recruit new blood vessels to support their growth. Therefore, unique molecules expressed on tumor
endothelial cells can function as targets for the antiangiogenic therapy of cancer. Current efforts are focusing on developing
therapeutic agents capable of specifically targeting cancer cells and tumor-associated microenvironments including tumor blood
vessels. These therapies hold the promise of high efficacy and low toxicity. One recognized strategy for improving the therapeutic
effectiveness of conventional chemotherapeutics is to encapsulate anticancer drugs into targeting liposomes that bind to the cell
surface receptors expressed on tumor-associated endothelial cells. These anti-angiogenic drug delivery systems could be used
to target both tumor blood vessels as well as the tumor cells, themselves. This article reviews the mechanisms and advantages of
various present and potential methods using peptide-conjugated liposomes to specifically destroy tumor blood vessels in anticancer
therapy.

1. Introduction

One of the primary goals of a successful cancer treatment
regimen is to deliver sufficient amounts of drug to tumors
while minimizing damage to normal tissues. Most chemo-
therapeutic agents enter normal tissues in the body with ind-
iscriminate cytotoxicity and do not preferentially accumulate
at tumor sites. At times the dose reaching the tumor may be
as little as 5% to 10% of the doses accumulating in normal
organs [1, 2]. One reason for the inability for drugs to
accumulate at target sites is that the interstitial fluid pressure
(IFP) in solid tumors is higher than in normal tissues, that
blocking transcapillary transport of chemotherapeutic drugs
or antibodies [3–5]. In this way, the anticancer effect is
decreased and toxic effect to normal cells is increased. Fear
of severely harming the patients often limits the dose of
anticancer drugs that can be given to a patient. These lower
than optimal doses elicit incomplete tumor responses which
leads to disease relapse and drug resistance. Therefore, most
cancer drugs fail in clinical studies not because they are
ineffective in killing cancer cells but because they cannot be

administered in doses high enough to eradicate the tumor
without severely harming the patient.

Several approaches have been developed to improve the
ability of anticancer drug to more specifically target tumors
and avoid normal organs. One of the most effective strategies
is to encapsulate drugs in particles that deliver them
preferentially to tumor sites. For example, liposome particles
have been found able to deliver radionuclides, genes, and
chemotherapeutic agents to tumor sites. [6–10]. Another
promising strategy is to encapsulate anticancer drugs in
liposomes conjugated with moieties, such as antibodies and
peptides, that target particular types of target tumor cells or
tumor vasculatures [11–13]. Use of internalizing ligands for
targeting liposomes conjugated with such moieties makes it
possible to deliver the chemotherapeutic drugs encapsulated
within them to the cytosol through the receptor-mediated
endocytosis [14–17]. This article reviews the current research
in developing liposomal drug delivery systems that use
peptide ligands to target blood vessels in solid tumors. We
discuss the identification of peptides that can target tumor
blood vessels and the use of targeting and nontargeting
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Figure 1: Selection of peptides that target tumor blood vessels using in vivo phage display. Peptide or antibody libraries are expressed as
fusion proteins with a coat protein (pIII) of a bacteriophage, and the fused proteins are displayed on the surface of the virion. A phage-
displayed peptide library was injected through the tail vein of tumor-bearing mice. Eight minutes after injection, the mice were perfused
through the heart. Phage recovered from the tumor was amplified and reinjected in mice for another four rounds. Tumor-targeting phages
were further identified by in vivo tumor-homing assay, synthetic peptide binding and competition assay, and immunohistochemical staining.
The identified peptides can be used as ligands to recognize cell surface markers or tumor antigens to develop targeted therapy. SCID mice
bearing human cancer xenografts were successfully treated with ligand-conjugated antiangiogenic targeting liposomes.

liposomes to encapsulate and deliver chemotherapeutic
drugs to tumor sites.

2. Inhibiting Angiogenesis

Virtually every conventional cytotoxic drug has been found
to be antiangiogenic in in vitro and in vivo models [18].
One treatment approach known as metronomic therapy
uses frequent administrations of low-dose antiangiogenic
agents to destroy vessels in tumors while decreasing the
toxicity to normal tissues [19–21]. For example, it has been
found in mice that frequent administration of relatively low,
noncytotoxic doses of liposome-encapsulated doxorubicin
can shrink various solid tumor xenografts [13, 16]. The
antiangiogenic agent bevacizumab (Avastin), a humanized
monoclonal antibody against vascular endothelial growth
factor (VEGF), has been used with some success to treat
advanced colon cancer. One study compared the effect
using three chemotherapeutic agents alone to treat advanced
colon cancer with using the three agents combined with
bevacizumab [22]. They found that the combined use of
chemotherapeutic agents and bevacizumab extended overall
survival by approximately 4.7 months compared to the use
of chemotherapeutic agents alone [22]. Other angiogenesis
inhibitors, including sunitinib and sorafenib, have also been

found to improve clinical outcomes when used to treat
various cancer types [23, 24].

The targeting of proliferating endothelial cells in the
blood vessels of tumors has several advantages. First,
endothelial cells in malignant tumors are genetically stable,
nonmalignant, and rarely drug resistant, compared to the
cancer cells [19, 21]. However, some recent studies show that
tumor-associated endothelial cells can acquire cytogenetic
abnormalities while they are in the tumor microenvironment
[25, 26]. Second, the destruction of endothelial cells using
this method amplifies the drugs antitumor effect. It has been
reported that the elimination of one endothelial cell can
inhibit the growth of as many as a hundred tumor cells
[27, 28]. Third, antiangiogenic therapy decreases IFP within
the tumor allowing better penetration by chemotherapeutic
agents [29–32]. For example, Jain found that bevacizumab
could decrease IFP by normalizing tumor vasculature and
decreasing vascular leakage [29, 33]. Fourth, antiangiogenic
therapy is known to inhibit the growth of both primary
and metastatic solid tumors. Finally, intravenously injected
angiogenesis inhibitors can directly reach endothelial cells.

In addition, we can take advantage of the differences
between endothelial cell plasma membrane proteins (i.e.,
vascular zip codes) to develop drug delivery systems capable
of guiding therapeutic or imaging agents to a particular
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Figure 2: Generation of peptide-conjugated liposomes targeting tumor blood vessels. A single lipid bilayer membrane separates an internal
aqueous compartment from the external medium. Doxorubicin was encapsulated in the internal compartment. Drug molecules are tightly
packed (10,000 to 15,000 molecules per liposome) in a gel phase. Tumor-homing peptide ligands were coupled to NHS-PEG-DSPE [N-
hydroxysuccinimido-carboxyl-polyethylene glycol-derived distearoylphosphatidylethanolamine] in a 1 : 1.5 molar ratio [13, 14, 50]. The
reaction was completed and confirmed by quantifying the remaining amino groups using TNBS (Trinitrobenzenesulfonate) reagent [51].
Peptidyl-PEG-DSPE was transferred to preformed liposomes after coincubation at a temperature above the transition temperature of the
lipid bilayer [52]. There were 500 peptide molecules per liposome [53]. The mean diameter of the targeting liposome is approximately 75 nm
[2, 13].

organ or tumor [34, 35]. Endothelial cells of blood vessels
within solid tumors express certain molecular structures that
are absent or minimally detectable in normal blood vessels
[13, 36, 37]. These structures can be used as molecular targets
for antitumor treatment.

3. Identifying Peptides That Target
Tumor Blood Vessels

The key to delivering drugs specifically to these targets is to
identify and use ligands that specifically bind to and that can
be internalized by endothelial cells in tumors. Combinatorial
peptide libraries displayed on microorganisms have become
a research tool for identifying cell surface-binding peptides
that can become targets for antitumor treatment. Of the
many molecular display techniques, phage display has been
the most popular approach. Phage display is a selection
technique in which a peptide or protein is fused with a coat
protein of bacteriophage and displayed on the surface of
the virion. Phage-displayed random peptide libraries have
helped researchers map B-cell epitopes [38–40], discover
protein-protein contacts [41, 42], and identify bioactive pep-
tides bound to receptors [43, 44] or proteins [45, 46]. Peptide
libraries can be used to find disease-specific antigens [47, 48]
and cell- [2, 49] and organ-specific peptides [16, 35, 36].

Recently, using affinity selection (biopanning) of phage-
displayed peptide libraries, researchers have discovered
molecules that are expressed on tumor blood vessels exclu-
sively [16, 34–36]. The strategy for identifying tumor-
targeting ligands and developing ligand-mediated targeted
therapy is shown in Figure 1. Researchers have used in

vivo affinity selection of phage libraries to identify peptides
that interact with the molecules found on endothelia in
tumors [34, 36]. The NGR peptide motif targets angio-
genic blood vessels [36] and the tumor-homing property
of NGR motif relies on recognition of a CD13 isoform
selectively expressed within tumor blood vessels [54]. Com-
pared with the nontargeting liposomal doxorubicin (Caelyx),
NGR peptide-conjugated Caelyx significant improvements
in survival was seen in clinically relevant animal models
of neuroblastoma, ovarian, and lung cancers [17]. Another
peptide, SP5-52, has been found to recognize blood vessels
created in tumors but not normal blood vessels in severe
combined immunodeficiency (SCID) mice bearing solid
tumors. Several selected phage clones display Pro-Ser-Pro,
a motif crucial to peptide binding to tumor neovasculature
[13]. Several tumor homing peptides have been found to
bind to blood vessels in surgical specimens of human cancer
and they have also been found to home to tumor tissues of
different human tumor xenografts as confirmed by in vivo
homing assays [16]. These studies found a greater correlation
between increased tumoral accumulation of the targeting
liposomes and antitumor efficacy than the accumulation of
free drugs or drugs formulated in the nontargeting liposomes
[2, 13, 16].

4. Drug-Encapsulated Liposomes

Most of the drug delivery systems approved for marketing
are liposomal- or lipid-based formulations or therapeutic
molecules linked to polyethylene glycol (PEG) [6, 10, 55,
56]. One such product is PEGylated liposomal doxorubicin,
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Figure 3: Diagram of the molecular mechanism of peptide-conjugated liposomes on cancer therapy. These liposomes prolong circulation
time in blood and improve pharmacokinetic and biodistribution of their encapsulated drugs. After intravenous administration, liposomes
are large enough to be excluded from normal endothelium. In solid tumors, the angiogenic tumor vasculature becomes leakiness that
particulate liposomes can extravasate and localize in the tissue interstitial space making it possible for more drug delivering liposomes to
accumulate within the tumor by EPR effect. Coupling liposomes with peptides targeted to tumor cells or tumor vasculature further enhances
the specificity and accumulation of liposomes in the tumor. On arrival in the tumor tissues, the liposomes are bound and internalized
by tumor cells or tumor-associated endothelial cells through receptor-mediated endocytosis, fused with the low pH compartments of the
endosomes, and subsequently broken down the liposomes and to release encapsulated drugs into the intracellular space of the cells.

which is known as Doxil in the US and Caelyx in Europe
[57]. It is currently approved for the treatment of AIDS-
related Kaposi’s sarcoma and recurrent ovarian cancer
in North America, Europe, and other countries, and for
metastatic breast cancer in Europe. Liposome-encapsulated
doxorubicin has been found to significantly improve the
therapeutic index of doxorubicin both in preclinical [58–60]
and in clinical studies [61–64]. An important advantage of
PEGylated liposomal doxorubicin is that the heart muscle
uptakes much less of it than free doxorubicin [58, 65].
One study found no cardiotoxicity in 40 patients receiving
cumulative doses of 500–1500 mg/m2 of doxorubicin [62].
Free doxorubicin, on the other hand, is limited to a max-
imum recommended cumulative dose of 450–550 mg/m2.
Colbern et al. found that the activity of PEGylated liposomal
doxorubicin 1-2 mg/kg was almost equivalent to that of free
doxorubicin 9 mg/kg in mouse Lewis lung carcinoma [59].
One clinical study reported that most (>98%) of the drug
circulating in the blood stream remains in encapsulated in

liposomes [61], suggesting that little of the liposomal drugs
will be leaked to the circulation system during its journey to
the tumor tissues.

The hyperpermeability of tumor vasculature is a key
factor for the success of liposome-delivered chemotherapy
agents. The “leakiness” of the angiogenic tumor vasculature
is estimated to have an average pore size of 100–600 nm [66].
These pores are significantly larger than the gap junction
found in normal endothelium, which are typically <6 nm
wide [67]. Liposomes with diameters of approximately 65–
75 nm [13, 14, 50] are small enough to passively infiltrate
tumor endothelium but large enough to be excluded from
normal endothelium. Hence, they selectively extravasate into
the tumor interstitial space. In the tissue of solid tumors,
vasculature becomes so permeable that particulate liposomes
can extravasate and localize in the tissue interstitial space
[6, 10]. In addition, tumor tissues frequently lack effective
lymphatic drainage [3], which means that the liposomes
can be retained longer. Together, these factors increase the
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accumulation of the drug within the tumor, which has been
referred to as the “enhanced permeability and retention
(EPR) effect” by Maeda et al. [68, 69]. EPR-mediated passive
tumor targeting by liposomes can increase the concentration
of drugs in solid tumors by as much as ten times, compared
to free drugs [70].

Passively targeted liposomal drug delivery systems have
some disadvantages. Normal organ uptake of liposomes leads
to accumulation of the encapsulated drug in mononuclear
phagocytic system cells in the liver, spleen, and bone marrow
[63], which may present hazards to these tissues. For
example, with increased circulation time of these drugs may
come increased toxicity inducing such problems as hand-
foot syndrome, mucositis, and hematological toxicities such
as neutropenia, thrombocytopenia, and leucopenia [71–74].
Therefore, ongoing research aims at enhancing the tumor
site-specific action of the liposomes by attaching ligands to
surface molecules of tumor cells and tumor vasculature, a
process called active or ligand-mediated targeting liposomes
[5, 6, 13, 75].

5. Peptide-Mediated Targeting Liposomes

The disadvantage of the passive PEGylated liposomes can be
overcome by creating ligand-mediated targeting liposomes
with more selective anticancer activity. The activity of anti-
cancer drugs can be enhanced by coupling targeting moieties
to the surface of liposomes to promote selective binding
to tumor-associated antigens and facilitate the delivery of
drug-containing liposomes to the intended cellular sites. This
drug delivery system has a higher drug-to-carrier ratio than
immunoconjugates and multivalent presentation of ligands,
which increases their binding avidity [11].

Antibodies that bind to tumor-specific antigens have
so far yielded little success as a drug delivery system
for solid tumors, which make up more than 90% of all
cancers in humans. Although monoclonal antibodies have
shown clinical potential as tumor targeting agents, they
are limited by their large molecular size and poor tumor
penetration [76], by the immunogenicity associated with
immunoliposomes, and by their toxicity to liver and bone
marrow from nonspecific antibody uptake. These limitations
can be overcome by using peptide ligands, which are smaller,
less immunogenic molecules, and easier to produce and
manipulate. Furthermore, peptide ligands have moderate
affinity to antigens, which is beneficial because extremely
high affinity of antibody-binding can impair tumor pen-
etration [77]. Compared with antibody ligands, peptide
ligands can improve tumor penetration and decrease MPS
clearance of conjugated liposomes [50, 78]. The increasing
use of peptides as targeting ligands has been aided by the
use of phage display to identify novel ligands (Figure 1).
Researchers have already produced liposomes conjugated
with ligands that specifically target tumor cells or tumor
vasculature [5, 16, 17].

Peptide-conjugated liposomes have three main compo-
nents: anticancer drug, a liposome carrier, and targeting
peptide (Figure 2). Remote loading methods such as the
ammonium sulfate method [13, 79] and the pH gradient

method [80] can encapsulate weak bases such as doxorubicin
or vinorelbine into the liposomes with more than 95%
efficiency. Schedule-dependent drugs such as vinca alkaloids,
topotecan, and 5-fluorouracil are also potential candidates
for liposomal delivery because they can extend the time when
cancer cells are exposed to therapeutic levels of the drug.

The bioavailability and pharmacodynamics of liposome-
encapsulated chemotherapeutic drugs must be considered
in developing these delivery systems. To take advantage of
the EPR effect, liposomes need to have long half-lives so
that the drug stays within the carrier as long as possible
in blood circulation until it accumulates in diseased tissues
[81]. Once liposomes are localized to a solid tumor, the
drug they contain must be released and become bioavailable
at a rate remains therapeutically effective for a period of
time. The rate of active drug’s release into tumor cells, not
the total drug concentration in the tumor tissues, is critical
for measuring the actual bioavailability of the liposomal
drug [16]. Some targeting liposomes have not been found
to have greater therapeutic efficacy than passive liposomal
drugs, possibly because the lack of internalizing ligands
does not give the drug greater access inside tumor cells
[82, 83]. Drug delivery can be further enhanced if the
liposome-attached ligands bind selectively to internalizing
antigens which would help increase the concentration of
drugs inside tumor or tumor-associated endothelial cells
resulting in higher drug concentration inside the cells [13,
15, 84, 85]. This binding to internalizing antigens by ligands
can induce receptor-mediated endocytosis of liposomes into
endosome compartments with low pH, where the liposomes
break down and release the encapsulated drug into the
intracellular space (Figure 3). These steps lead to higher
intracellular drug concentration and greater destruction or
inhibition of tumor cells. Studies have confirmed greater
cytotoxic effects produced by liposomes with peptides that
target internalizing antigens through enhanced specificity
and improved drug bioavailability [2, 16].

The use of drug-encapsulated liposomes with ligands
to target tumor blood vessels allows us to destroy both
tumor blood vessels and tumor cells. In mice bearing
human cancer xenograft, low dose of peptide-conjugated
liposomal doxorubicin has been found to markedly inhibit
vascularization and reduce total volume and weight of
tumors [13, 16, 17]. The immunofluorescent analysis of the
tumors in several studies has revealed an association between
significant decreases in microvessel density and increases in
the apoptosis of tumor cells and tumor-associated endothe-
lial cells. The severe damage to tumor vasculature caused
by peptide-conjugated liposomal doxorubicin throughout
the tumors suggested an improvement in chemotherapeutic
efficacy over nontargeting liposomes and conventional drugs
[13, 16, 17]. This dual action may produce a greater, more
durable anticancer effect than is found with the use of simple
antiangiogenic therapy.

One peptide-conjugated liposome can deliver over ten
thousand anticancer drug molecules directly into target
tumor cells efficiently and effectively. The targeted and
sustained release of the drug molecules can increase the
maximum tolerated dose (MTD) of the cytotoxic drugs
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and dramatically lower dose-limiting toxicities, and in turn
prevent treatment delay or discontinuation. The affinity of
targeting ligands may allow the liposomes to move past the
high IFP barrier within tumors [4, 5, 13, 16].

Advances in nanotechnology and molecular biology are
moving us closer to developing an ideal “multifunctional
smart nanodrug delivery system” using various types of lig-
ands and drugs based on the kinds of diagnosis, imaging, or
therapy needed. Such smart nanodrug delivery systems will
allow accurate, specific, and noninvasive disease treatment,
early diagnosis, and monitoring. In the future, combining
ligands that specifically bind to cancer cells (including cancer
stem cells) and tumor blood vessels with multifunctional
liposomal drug delivery systems may help improve the
effectiveness of cancer treatment and minimize the side
effects traditionally associated with chemotherapy.

6. Conclusions

The development of highly selective anticancer drugs that
can discriminate between tumor cells and normal cells is
the most important goal of current oncology research. The
potential use of ligand-conjugated liposome-encapsulated
drugs to target tumor cells and vasculature is very promising.
Peptides that specifically bind to tumor targets can be cou-
pled to the PEG terminus of sterically stabilized liposomes
and subsequently precisely deliver chemotherapeutic agents
to tumor cells or blood vessels. Peptide-mediated liposomes
that target vasculature are a new generation of chemotherapy
delivery systems with superior pharmacokinetics, controlled
biodistribution, efficacy, and safety profiles.

Acknowledgment

H-C. Wu is supported by the funding from Academia Sinica
and National Science Council, Taiwan.

References

[1] K. Bosslet, R. Straub, M. Blumrich, et al., “Elucidation of the
mechanism enabling tumor selective prodrug monotherapy,”
Cancer Research, vol. 58, no. 6, pp. 1195–1201, 1998.

[2] D. E. K. Chang, C. T. Lin, C. H. Wu, and H. A. N. C. Wu,
“A novel peptide enhances therapeutic efficacy of liposomal
anti-cancer drugs in mice models of human lung cancer,” PLoS
ONE, vol. 4, no. 1, article e4171, 2009.

[3] R. K. Jain, “Transport of molecules in the tumor interstitium: a
review,” Cancer Research, vol. 47, no. 12, pp. 3039–3051, 1987.

[4] C. H. Heldin, K. Rubin, K. Pietras, and A. Ostman, “High
interstitial fluid pressure—an obstacle in cancer therapy,”
Nature Reviews Cancer, vol. 4, no. 10, pp. 806–813, 2004.

[5] H. C. Wu, D. K. Chang, and C. T. Huang, “Targeted-therapy
for cancer,” Journal of Cancer Molecules, vol. 2, pp. 57–66, 2006.

[6] T. M. Allen and P. R. Cullis, “Drug delivery systems: entering
the mainstream,” Science, vol. 303, no. 5665, pp. 1818–1822,
2004.

[7] D. A. Sipkins, D. A. Cheresh, M. R. Kazemi, L. M. Nevin, M. D.
Bednarski, and K. C. P. Li, “Detection of tumor angiogenesis
in vivo by alphaVbeta-targeted magnetic resonance imaging,”
Nature Medicine, vol. 4, no. 5, pp. 623–626, 1998.

[8] A. G. Niethammer, R. Xiang, J. C. Becker, et al., “A DNA vac-
cine against VEGF receptor 2 prevents effective angiogenesis
and inhibits tumor growth,” Nature Medicine, vol. 8, no. 12,
pp. 1369–1375, 2002.

[9] J. D. Hood, M. Bednarski, R. Frausto, et al., “Tumor regression
by targeted gene delivery to the neovasculature,” Science, vol.
296, no. 5577, pp. 2404–2407, 2002.

[10] K. Cho, X. U. Wang, S. Nie, Z. Chen, and D. M. Shin,
“Therapeutic nanoparticles for drug delivery in cancer,”
Clinical Cancer Research, vol. 14, no. 5, pp. 1310–1316, 2008.

[11] T. M. Allen, “Ligand-targeted therapeutics in anticancer
therapy,” Nature Reviews Cancer, vol. 2, no. 10, pp. 750–763,
2002.

[12] F. Pastorino, C. Brignole, D. Marimpietri, et al., “Vascular
damage and anti-angiogenic effects of tumor vessel-targeted
liposomal chemotherapy,” Cancer Research, vol. 63, no. 21, pp.
7400–7409, 2003.

[13] T. Y. Lee, C. T. Lin, S. Z. U. Y. Kuo, D. E. K. Chang, and H. A.
N. C. Wu, “Peptide-mediated targeting to tumor blood vessels
of lung cancer for drug delivery,” Cancer Research, vol. 67, no.
22, pp. 10959–10965, 2007.

[14] T. Y. Lee, H. A. N. C. Wu, Y. U. N. L. Tseng, and C. T.
Lin, “A novel peptide specifically binding to nasopharyngeal
carcinoma for targeted drug delivery,” Cancer Research, vol. 64,
no. 21, pp. 8002–8008, 2004.

[15] P. Sapra and T. M. Allen, “Internalizing antibodies are nec-
essary for improved therapeutic efficacy of antibody-targeted
liposomal drugs,” Cancer Research, vol. 62, no. 24, pp. 7190–
7194, 2002.

[16] D.-K. Chang, C.-Y. Chiu, S.-Y. Kuo, et al., “Antiangiogenic
targeting liposomes increase therapeutic efficacy for solid
tumors,” Journal of Biological Chemistry, vol. 284, no. 19, pp.
12905–12916, 2009.

[17] F. Pastorino, D. D. Paolo, F. Piccardi, et al., “Enhanced antitu-
mor efficacy of clinical-grade vasculature-targeted liposomal
doxorubicin,” Clinical Cancer Research, vol. 14, no. 22, pp.
7320–7329, 2008.

[18] G. Bocci, K. C. Nicolaou, and R. S. Kerbel, “Protracted
low-dose effects on human endothelial cell proliferation and
survival in vitro reveal a selective antiangiogenic window for
various chemotherapeutic drugs,” Cancer Research, vol. 62, no.
23, pp. 6938–6943, 2002.

[19] T. Browder, C. E. Butterfield, B. M. Kräling, et al., “Antiangio-
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Angiogenesis has been well recognized as a fundamental part of a multistep process in the evolution of cancer progression, invasion,
and metastasis. Strategies for inhibiting angiogenesis have been one of the most robust fields of cancer investigation, focusing on
the vascular endothelial growth factor (VEGF) family and its receptors. There are numerous regulatory drug approvals to date
for the use of these agents in treating a variety of solid tumors. While therapeutic efficacy has been established, challenges remain
with regards to overcoming resistance and assessing response to antiangiogenic therapies. Prostate cancer is the most common
noncutaneous malignancy among American men and angiogenesis plays a role in disease progression. The use of antiangiogenesis
agents in prostate cancer has been promising and is hereby explored.

1. Introduction

Angiogenesis is a complex, dynamic process that involves
multiple pathways that converge to affect carcinogenesis,
proliferation, and tumor growth. Since the inception of the
concept of angiogenesis by Dr. Judah Folkman decades ago,
a substantial body of research has emerged and currently
forms the groundwork for establishing antiangiogenesis as
an important part of the armamentarium in cancer therapy.
Furthermore, investigation of signaling pathways, molecules,
drugs, as well as mechanisms of resistance may lead to
a better understanding of angiogenesis and the develop-
ment of strategies incorporating antiangiogenic drugs with
chemotherapy in various tumor types, such as prostate
cancer.

Prostate cancer is the leading noncutaneous malignancy
among American men in North America. In 2009 alone, it
is estimated that 192,280 new cases will be diagnosed and
more than 27,000 deaths will occur from this disease [1].
Hormonal therapy remains the cornerstone of treatment
for men who have androgen-responsive metastatic disease.

While most men will respond to sequential hormonal
manipulations, castration resistant prostate cancer (CRPC)
eventually ensues. The demonstration of survival benefit
using docetaxel-based therapy [2, 3] led to the approval
by the Food and Drug Administration (FDA) in 2004 of
docetaxel and prednisone for the treatment of metastatic
CRPC. Since then, no other drug has been approved for
metastatic CRPC, thus creating an area of increased unmet
medical need.

Extensive studies on angiogenesis in prostate cancer to
date have revealed that angiogenesis plays a role in the prog-
ression of prostate cancer. Microvessel density, a measure-
ment of prostate cancer angiogenesis, has been shown to
be a predictor of metastasis and survival [4]. Thus, targeting
angiogenesis has been the subject of several clinical investi-
gations.

2. Pathways Involved in the Angiogenic Process

Since the introduction of the concept that tumors would not
grow beyond a pinhead size in the absence of blood vessel
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growth [5], our understanding of the role that angiogenesis
plays in cancer has robustly expanded. Angiogenesis is a
complex process that involves an interplay between various
regulatory proteins, proangiogenic stimuli, endothelial cell
activation, as well as proliferation and migration, governed
by molecular and cellular mechanisms, resulting in reorgani-
zation into new blood vessels [6]. The theory of the “angio-
genic switch” describes the dynamic transition to a malignant
tumor phenotype that promotes neovascularization, the
absence of which is a rate-limiting step in carcinogenesis
[7–10]. Several factors may trigger proangiogenic factor
expression. Hypoxia, for instance, regulates the production
of several angiogenic cytokines such as fibroblast growth
factor 2 (FGF-2), vascular endothelial growth factor (VEGF),
transforming growth factor-beta (TGF-β), tumor necrosis
factor-alpha (TNF-α), and interleukin-8 (IL-8), among oth-
ers. The overall tumor microenvironment is also instrumen-
tal in the recruitment of proangiogenic factors [11], although
the resulting tumor neovasculatures are characterized by
inefficient, permeable, and leaky vessels [12].

Vascular Endothelial Growth Factor Pathway (VEGF). Per-
haps the most widely studied pathway in the angiogenic
signaling process involves triggering VEGF and its receptors.
The VEGF family has more than 7 members, including
VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, PlGF, and
Trimeresurus flavoviridis (T.f.) svVEGFs [13]. VEGF-A is
the prototype VEGF ligand, playing a key role in tumor
angiogenesis. VEGF-A binds and activates two receptors,
namely, VEGFR1 (Flt-1 or fms-like tyrosine kinase receptor
1) and VEGFR2 (KDR/Flk-1), and it has varying roles in
the promotion of endothelial cell differentiation, cell growth,
tubular formation, and migration [14]. Neutralization of
the VEGF-A ligand has, therefore, been the subject of
investigation in the last decade, leading to the first FDA drug
approval of its class, Bevacizumab (Avastin; Genentech, Inc.,
South San Francisco, CA). Other strategies for targeting the
VEGF pathway involve the inhibition of key enzymes such
as tyrosine kinase inhibitors or use of decoy receptor fusion
proteins.

3. Prostate Cancer: Experience with Use of
Antiangiogenic Agents

Early studies yielded promising results of VEGF inhibition in
various murine tumor models [15, 16]. In prostate cancer,
elevated circulating VEGF and other soluble growth factors
have been demonstrated to be predictive of biochemical
progression in men undergoing radical prostatectomy [17].
Measurements of angiogenesis using microvessel density
have also been shown to be a prognosticator for survival
and metastasis [4, 18, 19]. The utility of microvessel density
has also been shown to improve prediction of cancer staging
from prostate biopsies, beyond the well-known contributory
factors afforded by existing risk features such as Gleason
scores and prostate-specific antigen (PSA) levels [20]. In a
prospective study among 572 men diagnosed with prostate
cancer in the Health Professionals Follow-Up Study, those

with the most irregular and primitive microvessel density
as measured by staining CD34 were more likely to have
lethal and aggressive prostate cancer [21]. This section will
discuss varying agents used in the treatment of prostate
cancer including thalidomide, bevacizumab, and the tyrosine
kinase inhibitors.

3.1. Thalidomide. Thalidomide (alpha-N-phthalimidogluta-
rimide; Thalomid, Celgene, Summit, NJ) has emerged as a
potent treatment for several disease entities and has been
currently approved by the FDA in the United States, includ-
ing for the treatment of Multiple Myeloma [22]. Although
its antiangiogenic properties are not clearly understood,
several in vitro assays have suggested that the antiangiogenic
properties could be secondary to the inhibition of secretion
of two angiogenic cytokines, namely, VEGF and FGF from
both tumor and stromal cells [23, 24]. Evidence to date
suggests that this occurs independently of thalidomide’s
immunomodulatory properties and that the downregulation
of integrins perhaps results in the inhibition of endothelial
cell migration and adhesion [25]. Although thalidomide
has predominantly been studied in hematologic malignan-
cies, activity in solid tumors has also been demonstrated.
Thalidomide in prostate cancer has been used alone or in
combination with chemotherapy in CRPC. An earlier study
using thalidomide in an open-label phase II randomized
trial compared low-dose (200 mg/day) and high-dose (up
to 1200 mg/day) thalidomide in 63 patients [26]. Results
showed a modest response with 27% of the patients having a
reduction in the serum PSA levels of ≥40%. Four patients
in the low-dose arm showed sustainable response of >150
days with a >50% decrease in PSA. The demonstration of
the potential activity of thalidomide and preclinical evidence
demonstrating that chemotherapy could enhance the activity
of antiangiogenic agents [27] led to the combination of
thalidomide with docetaxel [28]. This randomized phase II
study of docetaxel, with or without 200 mg of thalidomide,
enrolled 75 patients with chemotherapy-naive metastatic
CRPC. Docetaxel, at a dose of 30 mg/m2 given intravenously,
was administered weekly for 3 out of 4 weeks, with a 1-week
rest period during the 4th week. The trial was launched prior
to the TAX 327 trial which demonstrated the superiority
of docetaxel every 3 weeks; thus, the weekly dose was
administered. PSA declines of at least 50% were greater in
the combined docetaxel and thalidomide arm compared to
the docetaxel alone arm, with better progression-free survival
(PFS) which was not statistically significant (median PFS
of 3.7 months in docetaxel group and 5.9 months in the
combined group (P = .32)) [29]. The side effects were
manageable although thrombotic events were seen in the
combination arm which was later alleviated by institution of
thromboprophylaxis. Further overall survival analysis of this
trial showed an improvement in the 18-month survival in the
combination arm versus docetaxel alone arm (69.3% versus
47.2%, P < .05) [30].

To this end, a search for a more efficacious and less
toxic thalidomide analog such as lenalidomide was studied in
prostate cancer. A phase I study to determine the maximum
tolerated dose (MTD) and to characterize the side-effect
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profile and pharmacokinetics (PKs) of lenalidomide in
patients with advanced refractory solid tumors was launched
[31]. Forty-five patients were enrolled, of whom 36 patients
had prostate cancer. Dose levels used were 5 mg, 10 mg,
15 mg, 20 mg, 25 mg, 30 mg, 35 mg, and 40 mg. The dosing
schedule was modified from continuous daily to 21 out of 28
days of dosing due to the observed side effects. Interestingly,
stable disease was seen in 12 out of 44 evaluable patients, 9
of whom had prostate cancer. A phase I dose-escalation trial
using docetaxel at 60 mg/m2 and 75 mg/m2 every 21 days,
combined with lenalidomide at varying doses from 10 mg
to 30 mg on days 1–21, showed promising responses with
manageable toxicity [32]. There were 31 patients evaluable
for PSA response. PSA declines of >50% were seen in 47%
(8 out of 17) previously untreated patients and 50% (7 out
of 14) previously treated patients. The promising activity
seen in prostate cancer, as well as the demonstrated activity
using thalidomide, has led to an ongoing phase II trial using
the combination of lenalidomide, docetaxel, prednisone,
and bevacizumab, in chemotherapy-naive patients with
metastatic CRPC at the National Cancer Institute [33].

3.2. Bevacizumab. Bevacizumab is the most widely stud-
ied antiangiogenic inhibitor and the first of its class to
be approved by the United States FDA. It has gained
approval predominantly in combination with chemotherapy
for metastatic colorectal cancer, lung, breast, renal cell
cancer, and Glioblastoma multiforme [34]. Bevacizumab is
a humanized IgG1 monoclonal antibody developed from a
murine monoclonal antibody targeting the human VEGF
ligand, specifically the major isoforms of VEGF-A. The
initial studies using a murine monoclonal antibody targeting
VEGF on several human cancer cell lines in vivo showed
promising results [15, 35]. However, initial single agent
studies in prostate cancer were disappointing[36]. Fifteen
patients with metastatic CRPC were treated at a dose of
10 mg/kg of bevacizumab every 2 weeks for 6 total infusions.
No objective or partial responses were observed by day 70 in
the 8 patients who had measurable disease. Only 4 patients
had PSA declines, none more than 50%. Although single-
agent bevacizumab lacked significant activity in prostate
cancer, as in most other solid tumors, the encouraging results
from other clinical trials using combined bevacizumab
and chemotherapy led to a Cancer and Leukemia Group
B (CALGB) trial 90006 that combined bevacizumab with
docetaxel and estramustine [37]. The CALGB 90006 trial
enrolled 79 patients, and a 77% PSA decline rate of 50% was
observed (in the 58 of 75 patients with sufficient PSA data)
[37, 38]. The estimated time to progression was 9.7 months
and the overall survival was 21 months.

Similar promising results were shown in a phase II, open-
label trial at the National Cancer Institute (NCI) utilizing
a combination of bevacizumab at 15 mg/kg every 3 weeks,
in combination with docetaxel 75 mg/m2 every 3 weeks,
thalidomide 200 mg daily, and prednisone 10 mg daily, with
thromboprophylaxis using a low-molecular weight heparin.
This trial enrolled 60 patients with metastatic CRPC, with
a median age of 66 years (range 44–79), and predominantly
high-risk features, including a median Gleason score of 8, on-

study PSA of 99 ng/mL (range: 6.0–4,399), and prestudy PSA
doubling time of 1.6 months (0.3–18.2, 81% <3 months).
As of the last followup [39], 51 patients (88%) had PSA
declines of >50%, with median >50% PSA decline duration
of 11 cycles (0–45). Furthermore, the overall response rate
was 63% of the 32 patients with measurable disease, with a
complete response (CR) seen in 2 patients, partial response
(PR) in 18 patients, and stable disease (SD) in 11 patients.
This combination was tolerable with expected adverse-effects
that included febrile neutropenia in 5 patients, syncope in 5
patients, gastrointestinal perforation or fistula in 3 patients,
and thrombosis or bleeding in 5 patients. The estimated
median PFS was 18.2 months.

Another CALGB study that evaluated bevacizumab in
prostate cancer was CALGB 90401 which had the primary
objective of comparing overall survival between men with
chemotherapy-naive metastatic CRPC treated with standard
of care docetaxel 75 mg/m2 every 21 days and prednisone
5 mg twice daily versus docetaxel 75 mg/m2, prednisone
5 mg twice daily, and bevacizumab 15 mg/kg every 21 days.
The study completed accrual in December 2007 and results
are currently awaited. The study was powered to detect a
25% improvement in overall survival in the bevacizumab
arm [40].

3.3. VEGF Trap. Another strategy for targeting VEGF is
through blocking the VEGF receptors. One of the most
potent VEGF-R blockers is a novel decoy receptor fusion
protein comprised of the extracellular domain 2 of VEGFR-
1 and domain 3 of VEGFR-2 fused to the constant region
(Fc fragment) of human IgG1 [41]. Earlier studies using
truncated soluble VEGF-R1 inhibitors exhibited effective
inhibition of VEGF but had poor pharmacokinetic profile
and had to be administered more frequently and at high
concentrations [42, 43]. VEGF Trap (Aflibercept; Sanofi
Aventis, Paris, France and Regeneron, Tarrytown, New York)
is a human fusion protein that binds and neutralizes the
major VEGF isoforms including VEGF-A, VEGF-B, as well
as platelet-derived growth factor (PlGF) [44]. A phase I
dose escalation study using aflibercept in combination with
docetaxel 75 mg/m2 every 3 weeks has been reported [45],
with recommended dosing of aflibercept at 6 mg/kg. A phase
III trial has been launched in metastatic CRPC patients with
a primary objective of improvement in overall survival for
metastatic CRPC and a planned accrual of 1,200 patients who
will be randomized to either VEGF Trap in combination with
standard docetaxel and prednisone or standard docetaxel and
prednisone alone [46].

3.4. Tyrosine Kinase Inhibitors. Tyrosine kinases are key
enzymes that modulate various cellular processes that affect
signaling for tumor growth, proliferation, and survival [47].
Several tyrosine kinase inhibitors have been used in the
treatment of prostate cancer. Sorafenib (Nexavar; Bayer
HealthCare Pharmaceuticals Inc., Wayne, NJ) and sunitinib
(Sutent; Pfizer, New York, NY) lead the agents that have
been used. Sorafenib not only inhibits VEGF but functions
as a multi-tyrosine kinase inhibitor that has been shown
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in preclinical models to inhibit wild-type and mutant b-
Raf and c-Raf kinase isoforms in vitro. In addition, this
agent also inhibits various pathways, including p38, c-kit,
VEGFR-2, and PDGFR-β in varying concentrations, affecting
tumor growth as well as possibly promoting apoptosis by
events downstream of c-Raf [48, 49]. Clinical studies using
sorafenib have been done in various phase II studies but have
shown only modest activity and no robust PSA declines. In a
phase II study using sorafenib in 22 patients, no PSA declines
of 50% were noted [50]. However, there was discordance
between PSA rise and improvement in bone lesions by bone
scintigraphy scan in two patients. This led to further accrual
of the trial to the accrual goal of 46 patients [51]. Other
phase II studies using sorafenib showed similar minimal PSA
activity in spite of radiographic improvements [52–56].

Sunitinib malate is another small molecule inhibitor
targeting VEGFR-1 and VEGFR-2, along with PDGF-R, c-
kit, and RET kinases [57]. This agent has been shown to
exhibit some activity in prostate cancer. However, similar to
sorafenib, sunitinib exhibited few PSA declines and several
patients had clinical and radiographic improvements despite
PSA rises [58]. The use of these agents, therefore, raises the
question of whether adequate assessments are being used
in analyzing the treatment effects using these multikinase
inhibitors or perhaps they are best combined with other
agents, such as chemotherapy.

Cediranib (Recentin; AstraZeneca, London, UK) is
another agent that inhibits tyrosine kinases of VEGF recep-
tors. This is an oral, potent, indole-ether quinazoline ATP-
competitive compound that inhibits proliferation via inhibi-
tion of all 3 VEGF receptors [59]. A phase I study using cedi-
ranib in prostate cancer showed dose-limiting toxicity occur-
ring at 30 mg dose, with a dose of 20 mg/day being the MTD
[60]. A phase II study in docetaxel-resistant metastatic CRPC
showed encouraging results, with 13 of 23 evaluable patients
having decreases in soft tissue lesions, 4 of whom met criteria
for partial response [61]. Shrinkage of metastatic visceral dis-
ease to the lymph nodes, lung, liver, and bone was observed
although the PSA levels have not corresponded with imaging
responses. Similar to sorafenib, posttreatment PSA declines
were noted in patients following drug discontinuation, in the
absence of administration of a new drug treatment.

4. Mechanisms of Resistance

It was initially believed that angiogenesis inhibition carries
little potential risk for resistance [62]. However, recent stud-
ies suggest that this may not be the case. For instance, exper-
iments using mouse endothelial cells isolated from human
tumor xenografts when compared to normal endothelial
cell counterparts showed acquired cytogenetic abnormalities
[63]. Furthermore, regrowth of tumors during treatment
with antibodies to VEGFR1 and R2 after an initial period
of growth suppression was seen in a pancreatic islet cell
tumor murine model, suggesting development of pheno-
typic resistance to VEGFR2 blockade [64]. This resistance
to VEGF blockade involves various possible mechanisms,
including an adaptive evasion or intrinsic nonresponsiveness
of tumors [10, 65]. Adaptive evasion suggests upregulation

of alternative signaling pathways to circumvent the blocked
angiogenic pathway, recruitment of bone-marrow derived
proangiogenic cells, or increased surrounding pericyte cov-
erage. Intrinsic nonresponsiveness, on the other hand,
suggests innate indifference of the tumor to antiangiogenic
therapy, which supports the clinical observation that not
all patients respond to antiangiogenic therapy. These obser-
vations certainly have clinical implications since strategies
to obviate these acquired or inherent resistances must be
sought. Strategies that include combination or sequential
approach of antiangiogenic therapies may be one approach
to address this. In addition, genetic variability in the VEGF
promoter can be used as a potential predictive biomarker for
bevacizumab activity.

5. Future Directions

Angiogenesis inhibitors have the potential to enhance ther-
apeutic options for patients with prostate cancer. Various
combinations, not limited to chemotherapy, have been used
with promising results. For instance, interesting results
have been seen using a combination of bevacizumab with
the autologous dendritic cell-based vaccine sipuleucel-T
(Provenge; Dendreon, Seattle, WA) in patients with bio-
chemical recurrence [66]. This vaccine has demonstrated
improved overall survival relative to placebo in a phase III
trial in metastatic CRPC [67] and may warrant further inves-
tigation with bevacizumab. With the success seen in various
other tumor types using antiangiogenesis, similar results are
likely seen in prostate cancer. However, several challenges
remain, including the use of appropriate assessment tools
for measuring response in metastatic prostate cancer and
the use of candidate surrogate biomarkers for correlating
response. Perhaps the use of pharmacogenetics may help
in identifying patients who may benefit or develop undue
toxicity from the use of antiangiogenic agents. For instance,
in a trial using bevacizumab in breast cancer patients, varying
single nucleotide polymorphisms (SNPs) in the regulatory
regions of the VEGF gene may predict for improved median
overall survival or protection from hypertension, which is
one of the most commonly encountered toxicity with the use
of bevacizumab [68]. The benefit of angiogenesis inhibitors
has become a reality in several tumor types, with significant
potential in prostate cancer.
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Increased expression of lymphangiogenesis factors VEGF-C/D and heparanase has been correlated with the invasion of cancer.
Furthermore, chemokines may modify matrix to facilitate metastasis, and they are associated with VEGF-C and heparanase. The
chemokine CXCL7 binds heparin and the G-protein-linked receptor CXCR2. We investigatedthe effect of CXCR2 blockade on the
expression of VEGF-C/D, heparanase, and on invasion. CXCL7 siRNA and a specific antagonist of CXCR2 (SB225002) were used
to treat CXCL7 stably transfected MCF10AT cells. Matrigel invasion assays were performed. VEGF-C/D expression and secretion
were determined by real-time PCR and ELISA assay, and heparanase activity was quantified by ELISA. SB225002 blocked VEGF-
C/D expression and secretion (P < .01). CXCL7 siRNA knockdown decreased heparanase (P < .01). Both SB225002 and CXCL7
siRNA reduced the Matrigel invasion (P < .01). The MAP kinase signaling pathway was not involved. The CXCL7/CXCR2 axis is
important for cell invasion and the expression of VEGF-C/D and heparanase, all linked to invasion.

1. Introduction

Breast cancer is the most common malignancy in women,
and metastasis is the number one cause of mortality in breast
cancer [1]. Breast cancer treatments that target the steps of
metastasis are needed. An important part of metastasis is
invasion [2, 3]. Invasion depends in part on degradation of
extracellular matrix (ECM) and interaction with molecules
formed in the process. Recently, increasing attention has
been paid to chemokines that may modify breast cancer
cells and the surrounding matrix to facilitate metastasis. Fur-
thermore, there is evidence that chemokines, VEGF-C, and
heparanase are interrelated in the process of invasion [4–6].
Increased expression of the lymphangiogenesis factors and
heparanase has been correlated with progressive disease in
certain cancers [6]. Peritumoral lymphangiogenesis involves
the secretion of specific glycoproteins designated vascular
endothelial growth factor C (VEGF-C) and (VEGF-D) that
act on lymphatic endothelium, and are components of an
established signaling system for tumor lymphangiogenesis

[7]. Increased lymph node metastases are correlated with
increased expression of VEGF-D and VEGFR3 by immuno-
histochemistry in invasive breast cancer [8].

Heparanase is an endo-β-glucuronidase that cleaves
heparan sulfate (HS) side chains of heparin sulfate pro-
teoglycan (HSPG). Heparanase activity has been correlated
with cell invasion associated with breast cancer metastasis, a
consequence of structural modification of HS that alters the
extracellular matrix [9, 10]. However, classical mammalian
heparanase is an intracellular enzyme and is not specific
to metastatic sites [11–13]. Therefore, another source of
heparanase may come from chemokines which are secreted.

Chemokines are a family of small molecular weight
proteins. CXCL7 is a member of the CXC subfamily of
chemokines which can be further subdivided on the basis
of the presence of the tripeptide motif glutamate-leucine-
arginine (ELR). All ELR+-CXC chemokines act through CXC
chemokine receptor type1 or type2 (CXCR1 and CXCR2)
[14]. CXCL7, has dual functions of heparin binding and is
a ligand to the G-protein linked receptor CXCR2 [15].
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Until recently, CXCL7 gene expression was thought to
be restricted to cells within the megakaryocytic lineage
[16, 17], as well as to neutrophils and lymphocytes. Recent
reports have suggested that other cell types may produce
this chemokine as well [18–23]. Despite studies on increased
expression of CXCR2 in breast cancer, reports on CXCL7 in
breast cancer are limited.

Earlier studies from our laboratory have shown that
the malignant breast cancer cells express more CXCL7 than
premalignant MCF10AT cells. CXCL7-transfected MCF10AT
breast cells have much higher heparanase activity than
premalignant MCF10AT cells. CXCL7-transfected MCF10AT
cells are as invasive as malignant breast cancer cells [24]. In
addition, the expression of VEGF C and D is increased in
these transfectants [5].

Heparanase and the lymphangiogenesis factors VEGF-C
and VEGF-D are two important markers closely related to
the metastasic capabilty of breast cancer. In this paper, we
hypothesize that CXCL7 increases the expression of VEGF-
C, VEGF-D, and heparanase, and increases cell invasion via
CXCR2 signaling, all linked to tumor lymphangiogenesis and
metastasis.

2. Methods

2.1. Cell Culture and Plasmid Stable Transfection. The
MCF10AT cells [25] were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM)/F 12 (1 : 1) containing 5% horse
serum, supplemented with 10 μg/ml bovine insulin, EGF
(20 ng/ml), hydrocortisone (0.5 μg/ml), and cholera toxin
(100 ng/ml). Cells were cultured at 37◦C in a 5% CO2

atmosphere. All cell culture reagents were obtained from
Gibco (Grand Island, NY). Approximately, 1× 106 cells/well
were plated in 6-well plates in medium containing 5%
horse serum to grow overnight to 60%–70% confluency.
Transfection of the plasmid was performed by using Lipo-
fectamine 2000 (Invitrogen, USA). The cells were divided
into blank control group, negative control group, and the test
group. Only Lipofectamine 2000 was used for transfection
in the blank control group. Plasmid PEGFP -N1 was used
for transfection in the negative control group. Plasmid
PEGFP -N1-CXCL7 was used for transfection in the test
group. The cells were transfected with the mixture of plasmid
and Lipofectamine 2000 (1: 3) in 2 ml serum-free medium.
At 24 hours after transfection, the medium was replaced
by normal medium containing 5% FBS and antibiotics up
to 72 hours post-transfection. Since the MCF10AT cells
were transfected cells, G418 could not be used for the
selection of the stably transfected cell line. Therefore, we
submitted the cells for the flow cytometry sorting by using
the EGFP antibody. The transfected cells were picked out for
subculture. For sh-RNA plasmid transfection we used the
same method the described above. The sh-PPBP plasmids
were purchased from ORIGENE (Rockville, MD).

2.2. In Vitro Invasion Assays. Briefly, BioCoat Matrigel
invasion chambers (Becton-Dickinson, Bedford, MA) were
rehydrated according to the manufacturer’s instructions. Cell

suspensions (2.5 × 105 cells per 2 ml serum-free medium)
were added to the top chamber, and complete medium in the
lower chamber. For control, inserts without Matrigel were
used. The cells were allowed to invade the Matrigel at 37◦C
in 5% CO2 for 48 hours. The noninvading cells on the upper
surface of membrane were removed from the chamber by
gentle scrubbing with a cotton swab, and the invading cells
on the lower surface of the membrane were stained with the
Quick-Diff stain kit (Becton-Dickinson). After two washes
with water, the chambers were allowed to air dry. Membranes
were mounted on glass slides and counted manually under
a light microscope. Cells were counted in five high power
fields (40x magnification). The number of invading cells was
expressed as a percentage by the following: the mean number
of the cells invading through the Matrigel insert membrane
divided by the mean number of cells migrating under control
insert membrane conditions multiplied by 100. All assays
were performed in triplicate.

2.3. Quantitative Real-Time PCR. RNA was extracted using
the RNeasy Mini Kit (catalog no. 74,804; Qiagen, Valencia,
CA), including treatment with DNase I to prevent genomic
DNA contamination using RURBO DNA-free Kit (catalog
no. AM1907; Ambion, Foster City, CA) according to the
manufacturer’s instructions. Total RNA (two micrograms)
was reverse-transcribed to cDNA by using the SuperScript
III First-Strand Synthesis System (catalog no. 18080-051;
Invitrogen, Carlsbad, CA), according to the manufacturer’s
protocol. Three replicate samples were used for the three
cell lines. The primer sequences used for the reactions
are in Table 1 along with expected products and GenBank
accession numbers. The thermocycler parameters were as
follows: an initial step at 95◦C for 10 min., 40 cycles of 95◦C
for 20 sec., 58◦C for 30 sec., and 72◦C for 20 seconds. The
cycle threshold values were used to calculate the normalized
expression of VEGFC/D against β-actin. qRT-PCR was
performed in ABI 7500 Sequence Detection System using a
SYBR Green detection system (catalog no. 170- 8880; Bio-
Rad Laboratories). By identifying the threshold cycle (CT) for
expression of mRNA, the ΔCT for VEGF-C/D was calculated
and compared to vector transfected control cells; CXCL7
transfected cells and SB225002-treated CXCL7 transfected
cells. The ΔCT was converted into a ratio (target A/target B =
2−ΔCT) describing the comparison of the relative expression
of VEGF-C/D (target A) to β-actin (target B) for each of
the lines. The Delta-delta model was used for comparison of
relative expression RT-PCR results for VEGF-C/D.

2.4. Protein Quantification. VEGF-C and VEGF-D protein
concentrations in conditioned media were measured by
enzyme-linked immunosorbent assay (ELISA) using human
VEGF-C or VEGF-D ELISA Development System (catalog
no. DVEC 00 and DVED00, R&D Systems, Minneapolis,
MN). Measurements were done at least in duplicate for 2
dilutions. The optical density at 570 nm and 450 nm was
determined for each well using the plate reader. Then the
reading at 570 nm was subtracted from the reading at 450 nm
for each well.
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Table 1: Summary of primers for Real-Time PCR.

Gene: VEGF-C

GenBank Accession No.: NM 005429

Product size: 128 bp

Primers:

Forward: 5′-GCCACGGCTTATGCAAGCAAAGAT-3′

Reverse: 5′-AGTTGAGGTTGGCCTGTTCTCTGT -3′

Gene: VEGF-D

GenBank Accession No.: NM 004469

Product size: 132 bp

Primers:

Forward: 5′-CGATGTGGTGGCTGTTGCAATGAA -3′

Reverse: 5′-GCTGTTGGCAAGCACTTACAACCT -3′

Gene: beta-actin

GenBank Accession No.: X00351

Product size: 125 bp

Primers:

Forward: 5′-GGACTTCGAGCAAGAGATGG-3′

Reverse: 5′- AGCACTGTGTTGGCGTACAG -3′

2.5. Heparanase Activity Measurement. The protein concen-
tration of the serum-free conditioned medium was measured
by the Bradford assay (BioRad, Richmond, CA, USA). The
heparanase activity of the conditioned medium was assessed
as heparan sulfate degrading enzyme activity using the
Heparan Degrading Enzyme Assay Kit (catalog no. MK412,
Takara, Ootsu, Japan). The duration of a series of assays was
100 min., including 45 min. of enzyme degradation reaction.
One unit of heparanase activity defined the activity which
degraded 0.063 ng of biotinylated heparin sulfate in 1 min.
at 37◦C and pH 5.8. The detection limit of this assay was
0.1 U/mL. Each value of heparanase activity was normalized
by protein concentration (U/g protein).

2.6. Western Blotting. Cells were processed for protein
extraction and western blotting using standard procedures.
Briefly, the cells were harvested in PBS, counted, and
lysed in the RIPA buffer (catalog no. R0278, SIGMA, St.
Louis, MO) with protease inhibitor cocktail (catalog no.
P8340, SIGMA, St. Louis, MO), and samples were kept at
4◦C. Protein concentration was determined for all samples
using the Bio-Rad protein assay (catalog no. 500-0006, Bio-
Rad, Richmond, CA). The equal-volume samples (50 μg)
were separated by SDS-PAGE on a 10% polyacrylamide
gel and transferred onto nitrocellulose membrane (catalog
no. 162-0114, Bio-Rad, Richmond, CA) using transfer tank.
Immunodetection was performed using pERK1/2 (catalog
no. 9101, Cell Signaling Technology) and ERK1/2 (catalog
no.9102, Cell Signaling Technology), then developed by ECL
(catalog no. PRN 2106, GE Healthcare, Waukesha, WI) and
was photodocumented.

2.7. Statistical Analysis. Results are expressed as mean ±
standard error of the mean (SEM), unless indicated other-
wise. For statistical analysis, one-way ANOVA was used, and

significance was defined as P < .05. Graphs were generated
using GraphPad Prism (GraphPad Software, San Diego, CA).

3. Results

3.1. CXCR2 Antagonist SB225002 Reduced Invasion of
Matrigel by Stably CXCL7-Transfected MCF10AT Cells. To
further verify CXCL7 function in cell invasion, a selective
nonpeptide CXCR2 antagonist SB225002 [26] was used
to check whether it can inhibit the invasive ability of
MCF10AT cells transfected with CXCL7. MCF10AT cells
were stably transfected with CXCL7 plasmid. After 48 hours
of incubation, cells were added into the Matrigel invasion
chamber; meanwhile, SB225002 (1.1 μM) was also added
into the chamber. Several concentrations of SB225002 were
tested (0.5, 0.7, 0.9, 1.1, 1.3, and 1.5 μM) and 1.1 μM had the
best inhibitory effect similar to that reported by Levashove
et al. [23]. After 48 hours, cells were fixed and stained
with Diff-Quick. The decrease in the percent invasion of
Matrigel by the cells is shown in Figure 1 . Treatment with
SB225002 resulted in 18.06%±0.76% invasive cells compared
with 55.7% ± 1.4% in nontreated CXCL7 stable transfected
MCF10AT cells. Thus, the CXCR2 antagonist blocked the
invasive ability of CXCL7 stably transfected MCF10AT cells.

3.2. Expression and Secretion of Lymphangiogenesis Fac-
tor VEGF-C and VEGF-D by Stable CXCL7 Transfected
MCF10AT Cells Are Blocked by SB225002. To investigate the
effect of SB225002 on expression and secretion of VEGF-C
and VEGF-D by stable CXCL7-transfected MCF10AT cells,
we cultured the cells with and without SB225002 (1.1 μM).
After 48-hour treatment, the media and the cells were
collected. Expression of mRNA for lymphangiogenic factors
VEGF-C and VEGF-D was determined by quantitative
real-time polymerase chain reaction (qRT-PCR) assay. The
expression levels of mRNAs for VEGF-C, VEGF-D, are
shown in Figure 2(a). β-actin was used as an internal control.
Compared with vector-transfected MCF10AT cells, CXCL7-
transfected MCF10AT cells showed 11-fold higher VEGF-
C and 18-fold higher VEGF-D expression. Administration
of SB225002 antagonist resulted in a significant (P <
.01) inhibition of VEGF-C (3.5-fold) and VEGF-D (3-fold)
mRNA expression. Next, we examined the secretion of the
VEGF-C and VEGF-D by ELISA assay. The secretion levels
of VEGF-C, VEGF-D are shown in Figure 2(b). Both VEGF-
C and VEGF-D secretion from the CXCL7-transfected cells
were significantly (P < .01) increased compared with the
vector-transfected control group (VEGF-C, 3-fold; VEFG-
D, 2.5-fold). Our data also showed a significant (P < .05)
inhibition in VEGF-C and VEGF-D secretion by SB225002-
treated cells compared with control treated cells. Thus the
CXCR2 antagonist decreases VEGF-C and VEGF-D mRNA
and protein expression.

3.3. CXCL7 siRNA Inhibited Heparanase Activity and Inva-
sion of CXCL7 Stably Transfected Cells. Next, we examined
whether CXCL7 siRNA inhibited the elevated heparanase



4 Journal of Oncology

0

10

20

30

40

50

60

70

In
va

si
on

ce
lls

(%
)

CXCL7 stable transfected
Vector transfected control
SB225002 −

+
−

−
−
+

+

−
+

∗

Figure 1: CXCR2 antagonist SB225005 reduced the invasion of MCF10AT stably transfected with CXCL7 using a BD BioCoat Matrigel
invasion assay (6-well plates), 1.25 x 105 cells/ml were inoculated onto the membrane in serum-free medium. For the blocking experiment,
there was serum-free medium containing SB225002 (1.1 μM) in the upper chamber. The lower chamber contained complete medium, and
the control membrane did not have Matrigel by which to measure the migration of cells. After 48 hours, membranes were fixed, stained, and
photographed, then the percent invasion was determined. Triplicate assays were done. Results are reported per cell line as percent invasion
± (mean number of cells invading Matrigel membrane/mean number of cells migrating through control membrane) ×100 (P < .01).
(Upper) SB225002 significantly decreased the invasion of CXCL7-stable transfected MCF10AT cells compared with notreated cells. (Lower)
Membranes were stained by Diff-Quik kit and were photographed (original magnification x 20).

activity of CXCL7-stably transfected cells. Cells were trans-
fected with CXCL7 siRNA or control siRNA, and after
48 hours, the CM was collected. Compared with control
siRNA treatment, CXCL7 siRNA-transfected cells showed
significant (P < .01) inhibition of heparanase enzymatic
activity (Figure 3(a)). The same results were obtained after
using a Microcon filter to remove molecules less than 30 kD
(which includes CXCL7) from CM, verifying by ELISA that
CXCL7 is not present after filtering. And then, retesting for
heparanase activity were performed.

To further confirm the increased invasion after trans-
fection by CXCL7, we used the CXCL7 siRNA to block
the CXCL7 signal. Matrigel invasion assays were performed
with cells transfected with CXCL7 siRNA or control siRNA.
The decrease in the percent invasion of Matrigel by the
cells is shown in Figure 3(b). Treatment with siRNA resulted
in 16% ± 1.2% invasive cells compared with 37% ± 2.5%
by MCF10AT cells transfected with CXCL7. Thus, CXCL7
siRNA inhibits the invasion of MCF10AT cells transfected
with CXCL7.

3.4. Expression and Secretion of Lymphangiogenesis Fac-
tor VEGF-C and VEGF-D by Stable CXCL7 Transfected
MCF10AT Cells Are Silenced by sh-PPBP Transfection. To
further confirm the increased expression and secretion of
lymphangiogenesis factors VEGF-C and VEGF-D after trans-
fection by CXCL7, we used the sh-PPBP to silence the CXCL7
signal. To investigate the effect of sh-PPBP on expression and
secretion of VEGF-C, VEGF-D of stable CXCL7-transfected
MCF10AT cells, we cultured the cells transfected with sh-
PPBP or control (sh-con). After 48 hours of transfection,

the media and the cells were collected. Expression of the
mRNA of lymphangiogenic factors VEGF-C and VEGF-D
was determined by quantitative real-time polymerase chain
reaction (qRT-PCR) assay. The expression levels of mRNAs
for VEGF-C, VEGF-D, are shown in Figure 4(a). β-actin
was used as an internal control. Compared with vector-
transfected MCF10AT cells, CXCL7-transfected MCF10AT
cells showed 11-fold higher VEGF-C and 18-fold higher
VEGF-D expression. The sh-PPBP transfection resulted in a
significant (P < .01) silencing of VEGF-C (66%) and VEGF-
D (68%) mRNA expression. Next, we examined the secretion
of the VEGF-C and VEGF-D by ELISA assay. The secretion
levels of VEGF-C, VEGF-D are shown in Figure 4(b). Both
VEGF-C and VEGF-D secretion from the CXCL7-transfected
cells were significantly (P < .01) increased compared with the
vector-transfected control group (VEGF-C, 3.3-fold; VEFG-
D, 4.4-fold). Our data also showed a significant (P < .05)
silencing in VEGF-C (65%) and VEGF-D (68%) secretion by
sh-PPBP transfected cells compared with sh-con transfected
cells.

3.5. ERK1/2 Mitogen-Activated Protein Kinase Pathway Is
not Involved in CXCL7-CXCR2-Mediated Stimulation of
Lymphangiogenic Factors VEGF-C, VEGF-D in Human Breast
Cancer Cells. The MAP kinase pathway is important for
growth, differentiation, and migration, and is considered
a dominant signaling pathway for CXCR2 [27, 28]. To
investigate the mechanism by which the CXCL7-CXCR2
axis is involved in the stimulation of lymphangiogenic
factors VEGF-C, VEGF-D toward invasion by human breast
cancer cells, we investigated the involvement of ERK1/2
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Figure 2: SB225005 blocked VEGF-C and VEG-D mRNA expression by CXCL7-transfected MCF10AT cells. CXCL7-stably transfected
MCF10AT cells were cultured with and without SB225002 (1.1 μM). After 48-hour treatment, the media and the cells were collected. (a)
Quantitative analysis of VEGF-C and VEGF-D mRNA expression. Total RNA was extracted, and real-time qRT-PCR was performed. β-actin
was applied as internal control. Triplicate determinations were performed. The differences between the cell lines were significant (P < .01).
(b) Quantitative analysis of VEGF-C and VEGF-D protein secretion by the CXCL7-stable transfected MCF10AT cells. Protein concentration
in CM was measured by ELISA using human VEGF-C and VEGF-D ELISA Development System. Measurements were done at least in
duplicate for 2 dilutions. The optical density of each well was determined using plate reader by subtracting the reading at 570 nm from the
reading at 450 nm. VEGF-C/D content in CM of SB225002-treated group was significantly lower than untreated group (P < .05).

MAP kinases by western blotting. Stable CXCL7-transfected
MCF10AT cells did not induce ERK1/2 phosphorylation in
comparison with the vector transfected control cells, and
there is no difference in ERK1/ 2 MAP kinase expression in
stable CXCL7 transfected MCF10AT cells compared to vector
controls (Figure 5).

4. Discussion

Although many molecules have been implicated in cancer
metastasis, the detailed mechanism of tumor metastasis is
still not completely understood. Recently, the interest in
chemokines in cancer research has been increasing as new
chemokines are being identified and investigated. Working
along with many other molecules, the chemokines and
their receptors expressed by both the cancer and its stroma
influence growth, dormancy, angiogenesis, and invasion [3,
6, 29]. The CXCR4/CXCL12 (SDF-1) axis was the most

common interaction that has been shown to be involved in
many different human malignancies, including breast cancer,
ovarian cancer, and prostate cancer [30, 31]. However,
CXCR4 interactions alone did not completely explain the
pattern of metastasis of cancer.

There are 4 families of chemokines (C, CC, CXC,
and CX3C) based on the arrangement of cysteine residues
near the N terminus [32, 33]. The CXC group can be
further subdivided on the basis of presence of the tripeptide
motif glutamate-leucine-arginine (ELR) adjacent to the
CXC motif. All ELR+-CXC chemokines act through CXC
chemokine receptor type 1 or type 2 (CXCR1 or CXCR2),
which are transmembrane G-protein-coupled receptors [32].
ELR+-CXC chemokines can stimulate angiogenesis. Those
without the ELR motif inhibit angiogenesis [34, 35]. Secre-
tion of stromal cell-derived factor-1 (SDF-1)/CXCL12 and
expression of CXCR4 have been identified to be associated
with breast cancer metastasis [36]. Although CXCR4 was
more highly expressed in the breast cancer cells tested by
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Figure 3: CXCL7 siRNA decreased heparanase activity and invasion of CXCL7-stably transfected cells. The CXCL7 MISSION siRNA was
used to effectively knockdown heparanase activity and the invasion of CXCL7-stably transfected cells while the nontargeting siRNA was used
as a control. CXCL7-stable transfected MCF10AT cells (2× 105) were transfected with 100 pmol of each siRNA by using the Lipofectamine
2000 transfection reagent (Invitrogen) after 48 hours in culture. (a) Quantifying heparanase activity. The CM was collected 24 hours later
and analyzed by heparanase-degrading enzyme assay kit. Indicated amounts of cell lysate were incubated with biotinylated heparan sulfate
at 37◦C for 45 minutes, and enzyme activity was determined using an ELISA-type assay. Color was developed using the substrate supplied in
the kit, and plates were read at 450 nm using a microplate reader. Decreased heparanase activity in CXCL7 siRNA. (b) Invasion of Matrigel.
Using a BD BioCoat Matrigel invasion assay (6-well plates), 1.25× 105 cells/ml were inoculated onto the membrane in the upper chamber in
serum-free medium. The lower chamber contained complete medium, and control membrane did not have Matrigel to measure migration
of cells. Triplicate assays per group were completed. Results reported per cell line as % invasion = (mean number of cells invading Matrigel
membrane/mean number of cells migrating through control membrane) ×100. CXCL7 siRNA significantly inhibited the invasion of CXCL7
stable transfected MCF10AT cell, while the control siRNA did not. Results compared by one-way ANOVA (P < .01).

Müller et al. [37] than the other CXCRs, the expression
of CXCR2 was also increased compared with the remain-
ing receptors. CXCL7, which is a member of the ELR-
CXC chemokines, binds with CXCR2 receptors, stimulating
angiogenesis and association with neutrophils and other
immune components [38]. Inhibition of CXCR2 function on
endothelial cells has been shown to inhibit tumor growth, for
lung cancer and renal cell cancer models [39, 40].

The use of a small selective antagonist for CXCR2
(SB225002) represents an attractive targeted therapeutic
approach [26]. Previous work in our laboratory showed that
breast cancer cells coexpress CXCL7 and CXCR2, which may
act as a potential autocrine mechanism in breast cancer.
The malignant cell line MCF10CA1a.cl1 strongly expressed
CXCL7 and has much higher invasive ability than MCF10AT.
MCF10AT cells gained invasive ability after they were trans-
fected with CXCL7. Thus, CXCL7-transfected MCF10AT
cells were as invasive as malignant cells, suggesting that
CXCL7 may have a role in the invasion process. Therefore,
targeting its receptor, CXCR2, seemed an obvious choice.

By using CXCL7-stably transfected MCF10AT cells
treated by SB225002, invasion was decreased significantly
compared with CXCL7-transfected cells, which might
involve CXCL7 autocrine activity with CXCR2. The present
study did not examine whether SB225002 could block the
invasive ability of isogenic malignant cells (MCF10CA1a.cl1)
or other malignant cell lines, which would be an interesting
focus for future study.

Lymphangiogenesis refers to the formation of new lym-
phatic vessels that may occur in normal developing tissues
or in tumors. Overexpression of VEGF-C or VEGF-D can
lead to lymphangiogenesis, intralymphatic tumor growth
and formation of lymph node metastases [41, 42]. VEGF-
C and VEGF-D are ligands for VEGFR-3 (also termed fms-
like tyrosine kinase 4, Flt-4), a tyrosine kinase receptor
that is expressed predominantly in lymphatic endothelial
cells [43]. The breast cancer cells secrete VEGF-C, VEGF-
D which directly interact with the receptor. This paracrine
relationship may lead to further changes in the breast
cancer cells leading to invasion. Chemokine and VEGF-C
interactions have been reported in a model of cross-talk
for lymphatic endothelial cells and melanoma cells [4]. In
our study, both the selective CXCR2 antagonist and sh-
PPBP suppresses the elevated expression and secretion of
VEGFC/D by the CXCL7-transfected MCF10AT cells. These
results support the notion that the CXCL7/CXCR2 axis plays
an important role in cancer cell lymphangiogenesis.

The chemokine connective tissue-activating peptide
(CTAP-III), which is an N-truncated derivative of CXCL7,
has been reported to have heparanase activity [15, 44].
The heparanase activity of chemokines may be important
for modification of matrix [15]. Heparanase activity is
also responsible for the egress of metastatic tumor cells
and other blood-borne cells from the vasculature. Inhibi-
tion of heparanase activity results in decreased metastasis.
Recently, expression of VEGF-C was shown to be induced
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Figure 4: The sh-PPBP suppress VEGF-C and VEGF-D mRNA expression and secretion by CXCL7-transfected MCF10AT cells. We cultured
the cells transfected with sh-PPBP or control sh-con. After 48 hours treatment, the media and the cells were collected. (a) Quantitative
analysis of VEGF-C and VEGF-D mRNA expression. Total RNA was extracted, and real-time qRT-PCR was performed. β-actin was applied as
internal control. Triplicate determinations were performed. The differences between the cell lines were significant (P < .01). (b) Quantitative
analysis of VEGF-C and VEGF-D protein secretion by the CXCL7 stable transfected MCF10AT cells. Protein concentration in CM was
measured by ELISA using human VEGF-C and VEGF-D ELISA Development System. Measurements were done at least in duplicate for
2 dilutions. The optical density of each well was determined using plate reader by subtracting the reading at 570 nm from the reading at
450 nm. VEGF-C and VEGF-D content in CM of sh-PPBP-transfected group was significantly lower than the control group (P < .05).

by heparanase in prostate cancer cells, epidermoid can-
cer cells, breast cancer cells, and melanoma [6]. In this
study, heparanase activity in the CM of CXCL7-transfected
MCF10AT cells was tested, and it was determined that
the CXCL7-transfected cells demonstrated increased secreted
heparanase activity. This elevated activity was inhibited
by CXCL7 siRNA. In addition, silencing CXCL7 inhibited
the invasive ability of CXCL7-transfected MCF10 AT cells
which further elucidates its role in invasion. The expression
of VEGF-C and VEGF-D mRNA and protein was also
decreased in these transfectants by shRNA, thus linking
the expression of the chemokine CXCL7 to VEGF-C and
VEGF-D, heparanase expression, and invasive ability. The
MCF10 model of progressive breast disease provides isogenic
cell lines with increasing malignant potential to study the
steps of metastasis. Additional breast cancer cell lines and
breast cancer tissue can be tested specifically for CXCL7
expression and effects on lymphangiogenesis, heparanase
expression and invasion in the future. Lymphangiogenesis in
human breast cancer samples can be correlated with clinical
parameters and CXCL7/CXCR2 staining.

To explain the mechanism by which the CXCL7-
CXCR2 axis is involved in the stimulation of lymphan-
giogenic factors VEGF-C, VEGF-D, increased invasion and
heparanase expression in human breast cancer cells. We
investigated the MAP kinase signaling pathway [45, 46].
We demonstrated that CXCL7-stable transfected MCF10AT
cells do not activate ERK1/2 MAP kinase signaling. We
did not observe a difference of ERK1/2 kinase in CXCL7-
stable transfected MCF10AT cells compared with control
cells. This result suggests the involvement of different
pathways other than MAP kinase signaling for the CXCL7-
CXCR2 axis activation. In general, the activation of G-
protein coupled receptors (GPCRs) like CXCR2 leads to
the dissociation of the α subunit from the β,γ-dimer
when GDP is replaced by GTP [47]. Both subunits can
activate many signaling pathways including phospholipase C
and adenyl cyclase. When specifically considering CXCR2,
information from CXCL8 might shed some light on other
potential pathways for CXCL7 since these two chemokines
have 48% identity in their amino acid sequences and both
bind CXCR2 [48]. CXCL8 binding to CXCR2 activates
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Figure 5: ERK1/2 mitogen-activated protein kinase is not active
in CXCL7 stable transfected MCF10AT cells. Briefly, the cells were
harvested in PBS, counted and lysed in the RIPA buffer with
protease inhibitor cocktail. Protein concentration was determined
for all samples using the Bio-Rad protein assay. The equal-
volume samples (50 μg) were separated by SDS-PAGE on a 10%
polyacrylamide gel and transferred onto nitrocellulose membrane.
Immunodetection was performed using pERK1/2 and ERK1/2,
then developed by ECL. Stable CXCL7 transfected MCF10AT cells
did not induce ERK1/2 phosphorylation compared to the vector
transfected control cells. Furthermore, the expression of ERK1/2
was the same in stable CXCL7 transfected MCF10AT cells compared
to vector controls.

the Rac/PI3K, Rho and Ras pathways [49]. Therefore, the
CXCL7/CXCR2 axis may activate pathways other than the
MAP kinase pathway, including Rac/PI3K, Rho and Ras
pathways.

5. Conclusions

In the present paper we showed that both the selective
CXCR2 antagonist SB225002 and sh-PPBP suppress VEGF-
C, VEGF-D expression and secretion in CXCL7-transfected
MCF10AT cells. Furthermore, we also observed that both
SB225002 and CXCL7 siRNA reduced the invasion of
CXCL7-stably transfected MCF10AT cells, confirming the
role of the CXCL7/ CXCR2 axis in cell invasion, possibly
through the receptor’s signaling mechanism. However,
this does not involve the MAP kinase signaling pathway as
has been described for other ELR+ CXC chemokines like
IL-8. It has also been shown that CXCL7 siRNA knocked
down heparanase activity in transfected MCF10AT cells,
suggesting an important role for CXCL7 in heparanase
expression. Taken together, these data would support
that the CXCL7/CXCR2 axis may be important in breast
cancer metastasis. Therapeutics aimed at antagonizing CXC
chemokine action, including CXCL7, may be beneficial in
preventing invasion and thus the spread of breast cancer.

Acknowledgments

The authors thank Beverly Torok-Storb, M.D., Ph.D., at the
Fred Hutchinson Cancer Research Center, for the gift of
CXCL7pIRES-enhanced green fluorescence protein plasmid,
and Dr. Fred Miller for ongoing discussion about breast

cancer models. This paper was supported by funding from a
VA Merit Review grant (M. A. Kosir) and research funding
from the Office of Vice President of Research (OVPR) at
Wayne State University (M.A.Kosir).

References

[1] A. Jemal, R. Siegel, E. Ward et al., “Cancer statistics, 2008,” CA
Cancer Journal for Clinicians, vol. 58, no. 2, pp. 71–96, 2008.

[2] W. Wang, S. Goswami, K. Lapidus et al., “Identification and
testing of a gene expression signature of invasive carcinoma
cells within primary mammary tumors,” Cancer Research, vol.
64, no. 23, pp. 8585–8594, 2004.

[3] W. Wang, J. B. Wyckoff, S. Goswami et al., “Coordinated reg-
ulation of pathways for enhanced cell motility and chemotaxis
is conserved in rat and mouse mammary tumors,” Cancer
Research, vol. 67, no. 8, pp. 3505–3511, 2007.

[4] A. Issa, T. X. Le, A. N. Shoushtari, J. D. Shields, and M.
A. Swartz, “Vascular endothelial growth factor-C and C-
C chemokine receptor 7 in tumor cell-lymphatic cross-talk
promote invasive phenotype,” Cancer Research, vol. 69, no. 1,
pp. 349–357, 2009.

[5] M. Yu, Z. Tang, S. Alousi, R. S. Berk, F. Miller, and M. A. Kosir,
“Expression patterns of lymphangiogenic and angiogenic
factors in a model of breast ductal carcinoma in situ,”
American Journal of Surgery, vol. 194, no. 5, pp. 594–599, 2007.

[6] V. Cohen-Kaplan, I. Naroditsky, A. Zetser, N. Ilan, I. Vlo-
davsky, and I. Doweck, “Heparanase induces VEGF C and
facilitates tumor lymphangiogenesis,” International Journal of
Cancer, vol. 123, no. 11, pp. 2566–2573, 2008.

[7] T. Julian, V. Fourchotte, S. Anderson, et al., “Predictive
factors that identify patients not requiring a sentinel node
biopsy: continued analysis of the NSABP B-32 sentinel node
trial. Poster 2003,” San Antonio Breast Cancer Symposium,
December 2006.

[8] Y. Nakamura, H. Yasuoka, M. Tsujimoto et al., “Flt-4-positive
vessel density correlates with vascular endothelial growth
factor-D expression, nodal status, and prognosis in breast
cancer,” Clinical Cancer Research, vol. 9, no. 14, pp. 5313–5317,
2003.

[9] E. Zcharia, S. Metzger, T. Chajek-Shaul et al., “Molecular
properties and involvement of heparanase in cancer pro-
gression and mammary gland morphogenesis,” Journal of
Mammary Gland Biology and Neoplasia, vol. 6, no. 3, pp. 311–
322, 2001.

[10] I. Vlodavsky and Y. Friedmann, “Molecular properties and
involvement of heparanase in cancer metastasis and angiogen-
esis,” Journal of Clinical Investigation, vol. 108, no. 3, pp. 341–
347, 2001.

[11] V. Vreys and G. David, “Mammalian heparanase: what is the
message?” Journal of Cellular and Molecular Medicine, vol. 11,
no. 3, pp. 427–452, 2007.

[12] O. Goldshmidt, E. Zcharia, R. Abramovitch et al., “Cell
surface expression and secretion of heparanase markedly
promote tumor angiogenesis and metastasis,” Proceedings of
the National Academy of Sciences of the United States of
America, vol. 99, no. 15, pp. 10031–10036, 2002.

[13] N. Komatsu, M. Waki, M. Sue et al., “Heparanase expression
in B16 melanoma cells and peripheral blood neutrophils
before and after extravasation detected by novel anti-mouse
heparanase monoclonal antibodies,” Journal of Immunological
Methods, vol. 331, no. 1-2, pp. 82–93, 2008.



Journal of Oncology 9

[14] A. Ludwig, F. Petersen, S. Zahn et al., “The CXC-chemokine
neutrophil-activating peptide-2 induces two distinct optima
of neutrophil chemotaxis by differential interaction with
interleukin- 8 receptors CXCR-1 and CXCR-2,” Blood, vol. 90,
no. 11, pp. 4588–4597, 1997.

[15] A. J. Hoogewerf, J. W. Leone, I. M. Reardon et al., “CXC
chemokines connective tissue activating peptide-III and neu-
trophil activating peptide-2 are heparin/heparan sulfate-
degrading enzymes,” Journal of Biological Chemistry, vol. 270,
no. 7, pp. 3268–3277, 1995.

[16] E. Brandt, A. Ludwig, F. Petersen, and H.-D. Flad, “Platelet-
derived CXC chemokines: old players in new games,” Immuno-
logical Reviews, vol. 177, pp. 204–216, 2000.

[17] C. Zhang, P. Gadue, E. Scott, M. Atchison, and M. Poncz,
“Activation of the megakaryocyte-specific gene protein (PBP)
by the Ets family factor PU.1,” Journal of Biological Chemistry,
vol. 272, no. 42, pp. 26236–26246, 1997.

[18] N. Hda, M. Haisa, A. Igarashi, D. Pencev, and G. R. Groten-
dorst, “Leukocyte-derived growth factor links the PDGF and
CXC chemokine families of peptides,” FASEB Journal, vol. 10,
no. 11, pp. 1336–1345, 1996.

[19] A. Walz and M. Baggiolini, “A novel cleavage product of β-
thromboglobulin formed in cultures of stimulated mononu-
clear cells activates human neutrophils,” Biochemical and
Biophysical Research Communications, vol. 159, no. 3, pp. 969–
975, 1989.

[20] A. Schaffner, C. C. King, D. Schaer, and D. G. Guiney,
“Induction and antimicrobial activity of platelet basic protein
derivatives in human monocytes,” Journal of Leukocyte Biology,
vol. 76, no. 5, pp. 1010–1018, 2004.

[21] A. El-Gedaily, G. Schoedon, M. Schneemann, and A.
Schaffner, “Constitutive and regulated expression of platelet
basic protein in human monocytes,” Journal of Leukocyte
Biology, vol. 75, no. 3, pp. 495–503, 2004.

[22] L. Kruidenier, T. T. Macdonald, J. E. Collins, S. L. F. Pender,
and I. R. Sanderson, “Myofibroblast matrix metalloproteinases
activate the neutrophil chemoattractant CXCL7 from intesti-
nal epithelial cells,” Gastroenterology, vol. 130, no. 1, pp. 127–
136, 2006.

[23] Z. B. Levashova, N. Sharma, O. A. Timofeeva, J. S. Dome, and
A. O. Perantoni, “ELR+-CXC chemokines and their receptors
in early metanephric development,” Journal of the American
Society of Nephrology, vol. 18, no. 8, pp. 2359–2370, 2007.

[24] Z. Tang, M. Yu, F. Miller, R. S. Berk, G. Tromp, and M. A. Kosir,
“Increased invasion through basement membrane by CXCL7-
transfected breast cells,” American Journal of Surgery, vol. 196,
no. 5, pp. 690–696, 2008.

[25] P. J. Dawson, S. R. Wolman, L. Tait, G. H. Heppner, and F. R.
Miller, “MCF10AT: a model for the evolution of cancer from
proliferate breast disease,” American Journal of Pathology, vol.
148, no. 1, pp. 313–319, 1996.

[26] J. R. White, J. M. Lee, P. R. Young et al., “Identification
of a potent, selective non-peptide CXCR2 antagonist that
inhibits interleukin-8-induced neutrophil migration,” Journal
of Biological Chemistry, vol. 273, no. 17, pp. 10095–10098,
1998.

[27] K. L. Dunn, P. S. Espino, B. Drobic, S. He, and J. R. Davie,
“The Ras-MAPK signal transduction pathway, cancer and
chromatin remodeling,” Biochemistry and Cell Biology, vol. 83,
no. 1, pp. 1–14, 2005.

[28] S. Yoon and R. Seger, “The extracellular signal-regulated
kinase: multiple substrates regulate diverse cellular functions,”
Growth Factors, vol. 24, no. 1, pp. 21–44, 2006.

[29] B. S. Yadav, S. C. Sharma, R. Singh, G. Singh, and V. Kumar,
“Postmastectomy radiation and survival in patients with
breast cancer,” Journal of Cancer Research and Therapeutics,
vol. 3, no. 4, pp. 218–224, 2007.

[30] A. Muller, B. Homey, H. Soto et al., “Involvement of
chemokine receptors in breast cancer metastasis,” Nature, vol.
410, no. 6824, pp. 50–56, 2001.

[31] A. Zlotnik, “Involvement of chemokine receptors in organ-
specific metastasis,” Contributions to Microbiology, vol. 13, pp.
191–199, 2006.

[32] T. Kakinuma and S. T. Hwang, “Chemokines, chemokine
receptors, and cancer metastasis,” Journal of Leukocyte Biology,
vol. 79, no. 4, pp. 639–651, 2006.

[33] D. Rossi and A. Zlotnik, “The biology of chemokines and their
receptors,” Annual Review of Immunology, vol. 18, pp. 217–
243, 2000.

[34] R. M. Strieter, P. J. Polverini, S. L. Kunkel et al., “The
functional role of the ELR motif in CXC chemokine-mediated
angiogenesis,” Journal of Biological Chemistry, vol. 270, no. 45,
pp. 27348–27357, 1995.

[35] B. J. Rollins, “Chemokines,” Blood, vol. 90, no. 3, pp. 909–928,
1997.

[36] A. Orimo, P. B. Gupta, D. C. Sgroi et al., “Stromal fibroblasts
present in invasive human breast carcinomas promote tumor
growth and angiogenesis through elevated SDF-1/CXCL12
secretion,” Cell, vol. 121, no. 3, pp. 335–348, 2005.

[37] A. Müller, B. Homey, H. Soto et al., “Involvement of
chemokine receptors in breast cancer metastasis,” Nature, vol.
410, no. 6824, pp. 50–56, 2001.

[38] P. von Hundelshausen, F. Petersen, and E. Brandt, “Platelet-
derived chemokines in vascular biology,” Thrombosis and
Haemostasis, vol. 97, no. 5, pp. 704–713, 2007.

[39] M. P. Keane, J. A. Belperio, Y. Y. Xue, M. D. Burdick, and R.
M. Strieter, “Depletion of CXCR2 inhibits tumor growth and
angiogenesis in a murine model of lung cancer,” Journal of
Immunology, vol. 172, no. 5, pp. 2853–2860, 2004.

[40] J. Mestas, M. D. Burdick, K. Reckamp, A. Pantuck, R. A.
Figlin, and R. M. Strieter, “The role of CXCR2/CXCR2 ligand
biological axis in renal cell carcinoma,” Journal of Immunology,
vol. 175, no. 8, pp. 5351–5357, 2005.

[41] M. Jeltsch, A. Kaipainen, V. Joukov et al., “Hyperplasia of
lymphatic vessels in VEGF-C transgenic mice,” Science, vol.
276, no. 5317, pp. 1423–1425, 1997.

[42] S. A. Stacker, C. Caesar, M. E. Baldwin et al., “VEGF-
D promotes the metastatic spread of tumor cells via the
lymphatics,” Nature Medicine, vol. 7, no. 2, pp. 186–191, 2001.

[43] A. Kaipainen, J. Korhonen, T. Mustonen et al., “Expression
of the fms-like tyrosine kinase 4 gene becomes restricted
to lymphatic endothelium during development,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 92, no. 8, pp. 3566–3570, 1995.

[44] M. Rechter, O. Lider, L. Cahalon et al., “A cellulose-binding
domain-fused recombinant human T cell connective tissue-
activating peptide-III manifests heparanase activity,” Biochem-
ical and Biophysical Research Communications, vol. 255, no. 3,
pp. 657–662, 1999.

[45] S. Singh, K. C. Nannuru, A. Sadanandam, M. L. Varney, and
R. K. Singh, “CXCR1 and CXCR2 enhances human melanoma
tumourigenesis, growth and invasion,” British Journal of
Cancer, vol. 100, no. 10, pp. 1638–1646, 2009.

[46] J. Heidemann, H. Ogawa, M. B. Dwinell et al., “Angiogenic
effects of interleukin 8 (CXCL8) in human intestinal microvas-
cular endothelial cells are mediated by CXCR2,” Journal of
Biological Chemistry, vol. 278, no. 10, pp. 8508–8515, 2003.



10 Journal of Oncology

[47] S. Singh, K. C. Nannuru, A. Sadanandam, et al., “CXCR1 and
CXCR2 enhances human melanoma, Premont RT, and
Lefkowitz RJ,” Nature Reviews Molecular Cell Biology, vol. 3,
pp. 639–650, 2002.

[48] K. J. Laing and C. J. Secombes, “Chemokines,” Developmental
and Comparative Immunology, vol. 28, no. 5, pp. 443–460,
2004.

[49] J. Gavard, X. Hou, Y. Qu et al., “A role for a CXCR2/phos-
phatidylinositol 3-kinase γ signaling axis in acute and chronic
vascular permeability,” Molecular and Cellular Biology, vol. 29,
no. 9, pp. 2469–2480, 2009.



Hindawi Publishing Corporation
Journal of Oncology
Volume 2010, Article ID 732680, 8 pages
doi:10.1155/2010/732680

Case Report

Immunomodulatory Agents with Antivascular Activity in
the Treatment of Non-Small Cell Lung Cancer: Focus on TLR9
Agonists, IMiDs and NGR-TNF

Angelo Corti,1 Monica Giovannini,2 Carmen Belli,2 and Eugenio Villa2

1 Division of Molecular Oncology and IIT Network of Molecular Neuroscience, San Raffaele Scientific Institute University Hospital,
60 Olgettina St, 20132 Milan, Italy

2 Oncology Department, San Raffaele Scientific Institute University Hospital, 20132 Milan, Italy

Correspondence should be addressed to Angelo Corti, corti.angelo@hsr.it and Monica Giovannini, giovannini.monica@hsr.it

Received 23 October 2009; Accepted 18 March 2010

Academic Editor: Arkadiusz Dudek

Copyright © 2010 Angelo Corti et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Standard treatments for nonsmall cell lung cancer (NSCLC), such as surgery, chemotherapy, and radiotherapy, often lead to
disappointing results. Unfortunately, also the various immunotherapeutic approaches so far tested have not produced satisfactory
results to be widely applied in the clinical practice. However, the recent development of new immunomodulatory agents may open
promising therapeutic options. This paper focuses on PF3512676, lenalidomide, and NGR-TNF, that is, drugs belonging to three
different classes of immunomodulatory agents, that are also capable to affect tumor blood vessels with different mechanisms, and
discusses the potential role of such agents in NSCLC treatment strategy.

1. Introduction

Lung cancer is the leading cause of cancer death in both men
and women and one of the leading causes of death worldwide
[1]. Non small cell lung cancer (NSCLC) represents ∼
80% of all types of lung cancer. Most patients present
with locally advanced (stage III) or metastatic (stage IV)
cancer [2, 3]. Despite chemotherapy treatment, sometimes
in combination with radiotherapy, most patients die of
disease progression, due to acquired or intrinsic resistance
to chemotherapeutic drugs. Various immunotherapeutic
approaches have been also attempted, ranging from the use
of nonspecific immunostimulants like Bacillus Calmette-
Guerin (BCG) to more specific strategies, unfortunately
often with disappointing results [4, 5]. However, the recent
improvement of our understanding of how the immune
system works, the identification of new target antigens,
and the development of new immunomodulators capable
to affect the immune system and the tumor neovasculature
could open new therapeutic options that deserve further
investigation.

This review discusses the potential role of three
immunomodulatory agents that, besides regulating immune
cells, can also affect the tumor neovasculature with different
mechanisms and to different extent. In particular we discuss:
(a) PF3512676, a Toll-like receptor 9 agonist primarily
endowed of immunomodulatory activity, (b) lenalidomide,
an immunomodulator with antiangiogenic properties and
(c) NGR-TNF, an immunomodulatory agent with strong
vascular damaging activity.

2. PF3512676 (TLR9 Agonist)

Toll like receptors (TLRs) are a family of highly conserved
receptors that regulate innate antigen-specific immunity
via the recognition of pathogen-associated molecular pat-
tern [6–9]. TLR9 is expressed in endosomes of B and
T lymphocytes, plasmocytoid cells, and dendritic cells
[10]. Immunostimulatory oligonucleotides containing cer-
tain CpG sequence motifs stimulate the innate and adaptive
immune response and have been under investigation for
treating infectious diseases, allergies, asthma, and cancer
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Figure 1: Proposed mechanism of action of PF-3512676. In the first phase, PF-3512676 activates a rapid induction of innate immune
response through TLR9 stimulation in B cell and plasmocytoid cells. This may restore defective plasmocytoid dendritic cell function, induces
IFN secretion (all IFN types), and activates NK and NKT cell. A later induction of adaptive immune response may then occur through
dendritic cell mediated activation of antigen-specific T cells, monocytes and polymorphonuclear leukocytes, promotion of killer T cells and
production of antibodies by B cells.

[11–16]. Through TLR9 signalling pathway, immunostimu-
latory oligonucleotides activate a complex cascade that leads
to increased production of proinflammatory cytokines and
chemokines and stimulation of an immune response with
antitumor effects [17–21]. Bioengineered immunomodula-
tory oligonucleotides have been developed to stimulate the
immune system of various animal species, as well as purified
and cultured human immune cells [22–24]. Several new
immunomodulatory oligonucleotides have been evaluated
in models of human cancer [25–27]. Among these, PF-
3512676 (ProMune) is particularly promising. It contains
unmethylated cytosine and guanine (CpG) motifs and a
nuclease-resistant phosphorothioate backbone [28]. It is
an agonist of the TLR9 expressed in plasmocytoid cells
and B cells [28]. The anticancer activity of PF-3512676 is
related to direct and indirect immunomodulation of both
innate and adaptive immune responses [29]. Plasmocytoid
dendritic cells stimulated by PF-3512676 express increased
levels of MHC I and II and costimulatory molecules (leading
to improved antigen presentation) secrete cytokines and
chemokines that enhance natural killer (NK) cell activity
directed toward tumor cells, present tumor specific antigens
and costimulatory molecules to B and T cells, and generate
long-living antigen specific cytotoxic T-lymphocytes and
antibody responses [30]. A good indicator of activation and
maturation of dendritic cells by PF-3512676 is the produc-
tion of IFNα and the subsequent induction of interferon-
inducible protein 10 (IP-10), an antiangiogenic cytokine
[28, 31]. Furthermore upregulation of CD86 and CD80
on B cells induced by PF-3512676 and secretion of IL-
10 and IL-6 demonstrate its strong stimulatory properties
[30]. A schematic representation of the mechanism of action
of PF-3512676 is shown in Figure 1. The clinical safety
and efficacy of PF-3512676 have been evaluated in 18
clinical studies [30, 32]. Overall, 889 subjects were enrolled
in these trials, where PF3512676 was administered via

subcutaneous, intravenous, intralesional, or intramuscular
routes as monotherapy or in combination with monoclonal
antibodies or with chemotherapeutic agents. Immunological
responses (such as induction of innate/adaptive immune
responses with moderate to abundant cellular infiltrates of
lymphocytes proven in tumor biopsies) leading in some
cases to tumor regression were observed in patients with
melanoma, renal cell carcinoma, non-Hodgkin lymphoma
and non small cell lung cancer [28, 30, 33–38]. Focusing
on NSCLC, a phase II study enrolling 112 chemonaive
patients with NSCLC was conducted. The patients received
PF3512676 in combination with platinum and taxane dou-
blet chemotherapy at a dose of 0.2 mg/kg, sc, on the 2nd and
3rd weeks of a 3-week chemotherapy cycle [39, 40]. Twenty-
eight (37%) patients had a partial or complete response
with the combination of chemotherapy and PF-3512676
and 7 (19%) with chemotherapy alone. The combination
of chemotherapy and PF-3512676 was well tolerated even
if there was an excess of myelosuppression. The most com-
monly reported PF-3512676 related events were reversible
local injection reactions, such as erythema, pain, induration,
warmth and swelling, or systemic flu-like symptoms (fatigue,
pyrexia, headache, chills, arthralgia and myalgia). Based on
these preliminary data, two phase III trials were conducted
to test the efficacy of PF-3512676 in combination with
platinum based chemotherapy in advanced NSCLC patients.
Unfortunately, both studies failed to prove the superiority of
the combination after an interim analysis by an independent
data monitoring safety committee [41], showing also a worse
toxicity profile for the PF-3512676 arm [42, 43].

3. Lenalidomide (Immunomodulatory
Imide Drug)

Another promising drug class among immunomodulatory
agents is represented by Immunomodulatory imide Drugs
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Figure 2: Proposed mechanism of action of lenalidomide. This drug can inhibit endothelial cell migration and adhesion possibly by
downregulating endothelial cell integrins and angiogenesis. Lenalidomide can also induce immunomodulatory effect by activating T
and NKT cells, which in turn release cytotoxic mediators, and by inhibiting the release of proinflammatory cytokines in the tumor
microenvironment. The antiangiogenic effect is a major component of lenalidomide antitumor activity in solid tumors.

(the so-called IMiDs). Thalidomide is the IMiDs progenitor.
Second generation IMiDs are lenalidomide, pomalidomide
and ENMD-0995. Thalidomide has emerged as a potent
treatment for several disease entities. Although originally
marketed in Europe as a sedative and antiemetic, reports of
teratogenic effects [44] led to its withdrawal in the market
in 1961 [45]. Thalidomide-associated congenital malfor-
mations were later explained as impaired vasculogenesis
suggesting that a similar mechanism may contribute to
prevent the growth of tumor blood vessels [46, 47]. In the
cancer setting, thalidomide is currently used in multiple
myeloma patients [48].

Lenalidomide is the first 2nd generation IMiD to be
approved for clinical use. It has been registered as 2nd line
treatment in association with dexamethasone in patients
with multiple myeloma [49]. However, the therapeutic utility
of this drug may not be limited to haematological malig-
nancies. It was synthesized based on the structural backbone
of thalidomide, by adding an amino group at position 4
of the phthaloyl ring and removal of the carbonyl group
of the 4-amino-substituted phthaloyl ring. Such structural
changes were designed to enhance its immunomodulatory
and antitumor activity [49, 50]. Despite the proven clinical
activity of the IMiDs the exact mechanism of their antitumor
activity remains elusive. It is possible that the antitumor
activity of lenalidomide is mediated through multiple non-
mutually exclusive processes that primarily depend on the
type of tumor cells and their microenvironment. Data on
lenalidomide’s mechanism of action, mostly derived from
studies on multiple myeloma and B cell malignancies can
likely be applied also to solid tumors. Lenalidomide has
been shown to inhibit TNF-α [51, 52], IL-6 and other
proapoptotic cytokines and proinflammatory mediators [49,
53], and to activate proapoptotic signals triggered by Fas-

mediated cell death, such as caspase-8 (but not caspase-
9) [49]. Lenalidomide downregulates antiapoptotic proteins
like the cellular inhibitor of apoptosis protein 2 and FLICE
inhibitor protein. Nuclear factor-kB is also directly inhibited
by lenalidomide [49]. Lenalidomide is a potent stimulator of
lipopolysaccharide-induced IL-10, as well as costimulators of
T cells that are partially activated through the T-cell receptor,
in the CD8+ subset [54, 55]. Furthermore, it induces increase
in IL-2 and IFNγ secretion and upregulation of CD40L
expression on anti-CD3 stimulated T cells, resulting in
activation of natural killer cells, and thus improving host
immunity against tumor cells [56]. Compared to thalido-
mide, lenalidomide is 50 to 2000 times more potent in stim-
ulating T-cell proliferation and activation and 50–100 times
more potent in augmenting IL-2 and IFNγ production [49].
In contrast with PF-3512676, which shows a predominant
immunomodulatory activity, IMiDs are also proapoptotic
agents and strong angiogenesis inhibitors. Indeed, various
in vitro assays have demonstrated the antiangiogenic activity
of IMiDs [57–60]. This activity is believed to be secondary
to the inhibition of secretion of angiogenic cytokines, such
as vascular endothelial growth factor (VEGF) and fibroblast
growth factor (FGF), from both tumor and stromal cells. In
addition, lenalidomide has been shown to inhibit endothelial
cell migration and adhesion, perhaps by downregulating
endothelial cell integrins [61, 62]. Lenalidomide is reported
to downregulate key cytokines such as TNF-α, IL-6, IL-8 and
VEGF, that is, cytokines which favour tumor cell survival,
proliferation and, possibly, resistance to therapy, mainly by
affecting the tumor vasculature [50]. A schematic represen-
tation of lenalidomide’s mechanism of action is shown in
Figure 2. In solid tumors, lenalidomide proved to have a
good safety profile both in monotherapy and in combination
with chemotherapy showing results in terms of antitumor
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Figure 3: Proposed mechanism of the tumor homing properties of NGR-TNF. Ultra low dose NGR-TNF can interact more efficiently with
CD13-positive tumor vessel, compared to CD13-negative normal vessels, by virtue of high avidity interactions of the CNGRC domain with
CD13 and of the TNF domain with TNF receptors (TNF-Rs), thereby triggering local activation of endothelial cells, and inducing leukocyte
adhesion molecules, cytokine secretion, procoagulant activity, and apoptosis.

activity in several tumor types and also in NSCLC [63–67].
In fact, Miller et al. tested the feasibility of lenalidomide at a
dose escalated from 5 to 10 to 25 mg/day in 20 patients with
solid tumors refractory to standard treatment [64]. Moderate
dose-dependent and reversible haematological toxicity was
observed. One partial response and three stable diseases were
documented; of these patients three had NSCLC diagnosis.
This study recommended 25 mg/day, orally, of lenalidomide
as single agent for 4 weeks followed by 2-week rest period.
Similarly, Kalmadi et al. explored safety and tolerability of
lenalidomide in association with docetaxel and carboplatin
in 14 patients with advanced solid tumors [67]. No treatment
related deaths or irreversible toxicities were recorded. Five
patients achieved partial response; 5 out of 9 patients had
NSCLC. Docetaxel (60 mg/m2) and carboplatin (AUC 6) on
day 1 with lenalidomide 5 mg daily orally for 2 weeks of a
21 day cycle was the maximum tolerated dose without the
use of prophylactic growth factors. Clinically, lenalidomide
shows a different and more manageable toxicity profile
compared to thalidomide, causing greater haematological
toxicity (neutropenia and thrombocytopenia) but much less
neurological toxicity [49].

4. NGR-TNF

NGR-TNF is an engineered TNF derivative with improved
neovasculature homing properties. This drug, developed and
initially tested at our Institute, is made of tumor necrosis fac-
tor α (TNF) fused to CNGRC, a peptide ligand of aminopep-
tidase N (CD13) overexpressed in tumor neovasculature
[68–70]. A schematic representation of this drug and of
the potential mechanism underlying its improved avidity

for tumor blood vessels is shown in Figure 3. Experiments
in animal models have shown that NGR-TNF, because of
its tumor vasculature homing properties, is endowed of
greater therapeutic activity and lower toxicity than TNF,
enabling systemic administration of therapeutic doses [68,
71]. NGR-TNF can promote antitumor responses primarily
by damaging the tumor vasculature. This provides the
rationale for using NGR-TNF as a single agent. In addition,
it has been demonstrated that ultra-low doses of NGR-
TNF (picograms/mouse) are sufficient to alter permeability
in tumor vessels of tumor-bearing mice and improve the
penetration of various chemotherapeutic drugs in tumor
tissues, including melphalan, doxorubicin, cisplatin, gemc-
itabine, and paclitaxel [71–73]. Thus, NGR-TNF may have
a dual pharmacological effects, acting both as a vascular
damaging agent and as an enhancer of chemotherapy. In
principle, NGR-TNF could be exploited either to improve
the penetration of conventional doses of chemotherapeutic
drugs in tumors, favoring their local antitumor and immune
adjuvant effects, or to reduce the dose of chemotherapeutic
drugs and their toxicity, including that against cells of the
immune system. This combined strategy might also benefit
from the ability of TNF to promote anti-tumor immune
responses [74, 75]. Interestingly, targeted delivery of TNF
alone or in association with chemotherapy has been shown
to cure tumors in animal models and to induce protective
immunity [68]. This suggests that the immune response,
and in particular T-cell dependent mechanisms, represent
an important arm of NGR-TNF activity. TNF targeted to
vessels might also enhance the production of endothelial
immuneregulating cytokines or chemokines and/or upregu-
late endothelial adhesion molecules, favoring extravasation
of immune cells, and improving the ability of the immune
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system to cope with residual tumor cells [76]. A schematic
representation of NGR-TNF mechanism of action is shown
in Figure 3.

Various Phase I and Phase II clinical studies have
been undertaken with NGR-TNF in solid tumors showing
manageable toxicity profile and evidence of disease control,
particularly in hepatocarcinoma, pleural mesothelioma, and
colorectal cancer [77–80]. At our institution, we are currently
testing low-dose NGR-TNF both as a single agent and
in combination with chemotherapeutic agents, such as
antracyclines and cisplatin, in several solid tumors, such as
pleural mesothelioma, NSCLC and small cell lung cancer.
Further studies are warranted to confirm NGR-TNF as a
treatment option for NSCLC patients.

5. Conclusions

Standard treatment options for NSCLC patients, who are
mostly diagnosed in advanced stage of disease, often lead
to disappointing results. Immunotherapy is a promising
approach in several tumors and preliminary but promis-
ing data are arising also for lung cancer. Despite initial
attempts to treat NSCLC with immunomodulatory agents
were unsuccessful, the development of new drugs endowed
of immunomodulatory and antivascular activity have stim-
ulated further clinical studies. The first agent we focused
on (PF-3512676) is an example of an immunomodulatory
agent with modest antivascular activity. Unfortunately, also
this drug eventually turned out to be ineffective in large
phase III trials for advanced NSCLC. However, the promising
early findings, in terms of efficacy and toxicity, obtained with
lenalidomide and NGR-TNF, that is, two immunomodula-
tory agents endowed with strong antivascular activity, may
suggest that these compounds could play a role in the treat-
ment of NSCLC, both as single agents and in combination
with chemotherapeutic drugs. These combinations could be
the key to move a step forward in improving prognosis in
NSCLC patients.
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Recently, new information relating to the potential relevance of chronic hepatic inflammation to the development and progression
of hepatocellular carcinoma (HCC) has been generated. Persistent hepatocellular injury alters the homeostatic balance within
the liver; deregulation of the expression of factors involved in wound healing may lead to the evolution of dysplastic lesions into
transformed nodules. Progression of such nodules depends directly on the development and organization of a vascular network,
which provides the nutritional and oxygen requirements to an expanding nodular mass. Angiogenic stimulation promotes intense
structural and functional changes in liver architecture and physiology, in particular, it facilitates transformation of dysplasia
to nodular lesions with carcinogenic potential. HCC depends on the growth and spreading of vessels throughout the tumor.
Because these vascular phenomena correlate with disease progression and prognosis, therapeutic strategies are being developed
that focus on precluding vascular expansion in these tumors. Accordingly, an in-depth study of factors that promote and support
pathological angiogenesis in chronic hepatic diseases may provide insights into methods of preventing the development of HCC
and/or stimulating the regression of established HCC.

1. Introduction

In recent years an appreciable worldwide increase in the inci-
dence of tumors, such as hepatocellular carcinoma (HCC),
has occurred in association with changes in socioeconomic
development, which include potentially relevant changes
in lifestyles [1]. Development of HCC is known to be
triggered by factors that lead to chronic hepatic injury
and deregulation of the normal process of wound healing,
which promote persistent stimulation of profibrotic and
proangiogenic processes that lead to significant structural
changes in the liver and functional changes in hepatic
physiology [2].

Formation of new blood vessels (angiogenesis) is closely
related to the development of HCC. Indeed, HCC is a
highly vascularized tumor, a feature that has implications for

investigative procedures applied for its detection [3]. Among
features of the vasculature of the liver, not found in other
tissues, are the hepatic sinusoids, characteristics of which
include the presence of hepatic sinusoidal endothelial cells
(LSECs) that possess distinctive fenestrations and pericytes
or hepatic stellate cells (HSCs); sinusoids have the ability
to synthesize liver-specific factors, such as angiopoietin-
like 3 (Angpl3). Angiogenesis in HCC depends on the
same fundamental principles of activation, proliferation and
migration of endothelial cells that occur in other tumors and
diseases in which enhanced angiogenesis occurs [4].

Neoplastic tissue requires a supply of oxygen and nutri-
ents. Thus, avascular solid tumors only grow to a certain
size and then undergo regression, if their metabolic demands
are not met [5]. For continued growth, it is necessary for a
tumor to orchestrate the formation of a functioning system
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of blood vessels, which allows the delivery of metabolites
(including growth factors) and cells (immunological cells
and other cellular precursors) to the tumor environment.
This process involves neo-vascularization of the tumor or
tumor angiogenic switch [6, 7]. Once the requirements
for tumor growth are met as a result of angiogenesis,
the tumor mass then becomes restricted by surrounding
normal tissue, which degenerates and is replaced by tumor
tissue. These phenomena stimulate further immune-driven
angiogenesis; formation of more blood vessels tends to
ameliorate tissue damage. Moreover, spatiotemporal dereg-
ulation of pathological angiogenesis may lead to newly
formed vessels having abnormal architecture and function;
the frequently immature and anomalous characteristics of
tumor vasculature tend to facilitate the spread of tumor cells
[8]. If disseminated tumor cells become located in other
tissues, the whole process of tumorigenesis may reoccur with
the result that secondary tumors are generated (Figure 1).

2. Factors That Stimulate Angiogenesis

Hypoxia and inflammation are the main factors that stim-
ulate angiogenesis. Hypoxia promotes angiogenesis as a
consequence of signalling mediated by hypoxia-inducible
transcription factors [9]. Inflammation increases vascular
permeability and promotes chemokine-mediated recruit-
ment of monocytes, macrophages, platelets, mast cells and
other leukocytes that can synthesize angiogenic cytokines
and growth factors [10, 11].

Specifically, hypoxia impairs the hydroxylation of HIF-
1alpha and hence, reduces its subsequent degradation by
proteasome. Consequently, HIF-1alpha accumulates in the
cytosol, thereby facilitating its interaction with beta subunits
and translocation to the nucleus, with the consequent mod-
ulation of the expression of many angiogenesis-promoting
genes that contain hypoxia-responsive elements (HREs)
(Figure 2).

Furthermore, tissue injury triggers an immune response,
in which immune cells in peripheral blood extravasate
into the damaged tissue, where they mediate restoration
of tissue homeostasis. However, if the injury and associ-
ated inflammation persist, continuing endothelial activation
would promote the infiltration of immune factors and
cells into the focus of inflammation; this process may
stimulate the proliferation and migration of endothelial cells,
the prerequisites for the generation of new blood vessels
(Figure 3) [12]. Thus, a close relationship between chronic
inflammation, angiogenesis and cancer, recently the subject
of several reviews [13–17], would be expected.

3. Phases of Angiogenesis

The formation of new functional blood vessels depends on
precise regulation of the molecular effectors that promote the
different processes involved [13, 14].

Endothelial cell budding is facilitated by vasodilatation,
loosening of interendothelial contacts and leakage from
pre-existing vessels. These phenomena allow extravasation

of plasma proteins that, together with ECM components,
facilitate the laying down of a provisional scaffold for
migrating endothelial cells (EC). Nitric oxide (NO), the
angiogenic properties of which have been well characterized
[18–20], is the main factor responsible for vasodilata-
tion. Vascular endothelial growth factor (VEGF) increases
vascular permeability. The basement membrane (mainly
collagen type IV and laminin) and the ECM (collagen
type I and elastin) must undergo degradation to allow
subsequent migration and proliferation of EC. This process is
mediated by specific proteinases, which include plasminogen
activator. Proteolysis of ECM leads to the exposure of cryptic
epitopes and release of ECM-embedded factors that promote
migration and proliferation of EC [21, 22].

ECs proliferate in response to growth factors secreted
by themselves or by surrounding cells, such as hepatic
stellate cells, leukocytes, hepatocytes and Kupffer cells. The
most thoroughly characterized of these growth factors is
VEGF, which is a multifunctional protein that binds to
two tyrosine kinase receptors that are designated kinase
insert domain receptor (KDR) and fms-like tyrosine kinase
receptor (Flt-1) [23]. VEGF, whose promoter contains
hypoxia-inducible factor-responsive elements (HREs), plays
a crucial role virtually in all pathological situations in which
angiogenesis occurs. The therapeutic potential of strategies
aimed at blocking its mechanism of action is currently being
evaluated [24].

A VEGF-induced increase in vascular permeability facili-
tates interchange of metabolites and cells between peripheral
blood and surrounding tissues. The vasculature constitutes
a structural and functional barrier to the transfer of cells
and solutes, which may traverse vascular endothelium by
paracellular and/or transcellular routes [25]. The former
route implies the rupture of intercellular junctions, while the
latter route involves the organization of caveolae or vacuolar
vesicles to generate an intracellular conduit.

VEGF can increase the permeability of the endothe-
lium by enhancing both routes of transfer across vascular
endothelium. Signalling mediated by VEGFR2 promotes
the phosphorylation of vascular endothelial cadherin (VE-
Cadh), which impairs its binding to the actin cytoskeleton
and, hence, leads to deterioration of intercellular junctions.
In addition, this phenomenon is enhanced by VEGF-
mediated dissociation of the VE-PTP phosphatase of VE-
Cadh. Furthermore, the increase of VE-Cadh endocytosis,
as well as the improvement in pathways of transcytosis
mediated by VEGF, may account for associated vascular
integrity and modulation of permeability [26]. As the deliv-
ery of antiangiogenic and antitumor drugs to subendothelial
tumor tissue is promoted by increased vascular permeability,
methods of modulating the transcellular transfer of drugs are
being studied in depth with the aim of enhancing the efficacy
of pharmacotherapies for cancer.

In addition to VEGF, proliferation of EC may be
stimulated by other growth factors, such as acidic and
basic fibroblast growth factors (aFGF, and bFGF), hepato-
cyte growth factor (HGF) and transforming growth factor
(TGF) [27–29]. An orderly proliferation of EC leads to the
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exponential tumor growth and facilitates dissemination of tumor cells to secondary locations, where pathological angiogenesis may again be
initiated.
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Figure 2: Oxygen-dependent regulation of HIF-1α: in normal
oxidative conditions, HIF-1α is hydroxylated and it becomes
ubiquitinated by VHL. Subsequently, HIF-1α is degraded by the
proteasome. In contrast, low oxygen tension leads to stabilization
of HIF-1 and its interaction with beta subunit, which triggers
translocation to the nucleus and modulation of the transcription
of diverse genes that are involved in the response to hypoxia.

formation of a lumen [30, 31]. A structured 3-dimensional
network of vessels of uniform size then develops, with its
organization being regulated by mechanisms that involve
signalling pathways for determination of branching and
formation of basement membrane and ECM components,
as well as migration of cells and their differentiation. Mat-
uration of nascent vessels requires recruitment of pericytes,
and formation of a new basement membrane and ECM to

Innate immunity driven angiogenesis
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Neutrophil

Macrophage

Leukocyte stimulant

NK

DC

Figure 3: Innate immunity-driven angiogenesis: immune cells,
mostly neutrophils and monocyte-macrophages, mediate initial
tunnel formation in certain models of angiogenesis. Other myeloid
cell types, such as dendritic cells (DCs) and natural killer cells (NK),
produce angiogenic factors that attract endothelial cells that become
essential components of developing blood vessels. Adapted from
Noonan et al., 2008.

provide structural stabilization [31]. Both physical forces
and specific different molecules contribute to these processes
(Figure 4).

Additionally to the induction of proliferation of EC,
effective angiogenesis also requires stabilization of nascent
blood vessels, and formation of interendothelial cell junc-
tions and lumens. Angiopoietin-1 (Ang-1) stabilizes nascent
vessels by binding to the Tie-2 receptor, thereby modulating
junctional molecules [32] and facilitating communication
between EC and mural cells [33]. However, an excess of
Ang-1 increases stiffness and inhibits branching of vessels.
Angiopoietin-2 (Ang-2) may mediate opposing effects: in the
absence of VEGF, it antagonizes Ang-1, thereby destabilizing
vessels, inducing death of EC and leading to regression of
vessels; in the presence of VEGF, however, it facilitates the
branching of vessels [33, 34].

Zhang et al. [35] evaluated the expression of angiogenic
factors in specimens of HCC and nonneoplastic hepatic
tissue. They found a higher expression of Ang-2, and lower
expression Ang-1 in HCC than in nonneoplastic tissue,
suggesting that these molecules may play a role in angio-
genesis associated with carcinogenesis and progression of
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HCC. Pappeti and Herman have reported that pathological
angiogenesis associated with tumors is different from that
associated with physiological processes [36]. Under normal
conditions vascular inactivity and stabilization are mediated
by Ang-1, Ang-2, and Tie-2; in pathological angiogenesis
an abnormal Ang-2/Ang-1 ratio, in the presence of VEGF,
plays a critical role in the transformation of noncancerous
liver tissue to HCC by initiating early neovascularization.
Vajkoczy et al. [37] reported that the earliest stage of tumor
development is initiated by VEGF, VEGF receptor-2 and
Ang-2 interacting with host vessels. Therefore, augmented
expression of Ang-2, and downregulation of Ang-1, acting
via the Tie2 receptor in the presence of VEGF, play important
roles in initiating early neovascularization and transforma-
tion of noncancerous hepatic tissue to HCC.

4. Physiological Angiogenesis

Experimental animal models of liver regeneration after par-
tial hepatectomy have enabled the development of functional
sinusoids to be studied. Resection of two thirds of the
total liver mass results in stimulation of quiescent hepa-
tocytes, and activation of numerous transcription factors
that modulate many genes involved in the proliferation of
hepatocytes [38–40]. An exponential increase in the number
of hepatocytes leads to definitive architectural and functional
changes in the liver; avascular clusters of cells are generated
that induce the differentiation and subsequent replication

of the other types of hepatic cells, notably liver sinusoidal
endothelial cells (LSECs), hepatic stellate cells (HSCs), and
other EC precursors mobilized from the bone marrow.
All of these different types of cell migrate and interact
with the emerging mass of hepatocytes; they augment
the metabolic functions, including energy metabolism, of
hepatocytes and provide structural support of the maturing
hepatic parenchyma. Subsequently, fullyfunctional sinusoids
are generated about six to eight days after hepatectomy
[41, 42].

5. Pathological Hepatic Angiogenesis

While physiological hepatic angiogenesis during liver regen-
eration leads to the formation of new functional sinu-
soids, pathological angiogenesis, which occurs in many
chronic liver diseases, is characterized by the appearance
of capillarized vascular structures [16, 43] (Figure 5). Such
anomalous intrahepatic vascular organization impairs the
physiological interplay between sinusoids and parenchymal
cells. Hepatic injury is exacerbated by enhanced activation
of immunological responses and generation of more intense
hypoxic areas.

Most chronic liver diseases are characterized by diffuse,
chronic processes of inflammation, necrosis and fibrosis
[2]. Altered mechanisms of chronic wound healing in
response to persistent liver injury lead to an imbalance
in the expression of many cytokines, growth factors and
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Figure 5: Hepatic angiogenesis: during liver regeneration, newly
formed sinusoids have normal architecture consistent with their
physiological roles. In contrast, pathological hepatic angiogenesis
leads to the capillarization of hepatic sinusoids with the result
that the structure of sinusoids becomes distorted and characteristic
endothelial fenestrations are lost.

metalloproteinases (MMPs), which deregulate pathways of
physiological angiogenesis and, hence, lead to structural and
functional hepatic disorganization [44]. These phenomena
induce accumulation of an excess of extracellular matrix,
the composition of which becomes altered by the deposition
of fibrillar collagen (type I) rather than physiological sinu-
soidal collagen (type IV). Subsequently, the characteristic
fenestrations of LSEC become blocked, and the physiological
interchange of oxygen and metabolic factors is hampered.
The deposition of fibrous tissue increases resistance to blood
flow and, consequently, impairs the delivery of oxygen to the
parenchyma; the resulting tissue hypoxia exacerbates tissue
injury.

Our group described the existence of abnormal vascular
architecture in the liver of patients with autoimmune
hepatitis and primary biliary cirrhosis; these intrahepatic
structural changes were associated with an increase in the
expression of VEGF and angiopoietins [45]. Similar changes
in VEGF and angiopoietins have been reported in the serum
and liver tissue of patients with other chronic liver diseases,
including chronic hepatitis B and, more recently, chronic
hepatitis C [34, 46].

The development of HCC has long been related to
chronic hepatocellular injury. Malignant transformation of
hepatocytes may take place in regenerative nodules that
undergo dysplastic changes. However, a potential con-
tribution of hepatocytic precursors cannot be dismissed.
Uncontrolled proliferation of hepatocytes generates hypoxic
hepatic nodules that promote the stimulation of mechanisms
that mediate the angiogenic switch, a phenomenon that has
both diagnostic and therapeutic relevance [47–49].

In addition to the development of pharmacologic inter-
ventions directed at modulating many of the signalling
routes involved in cell proliferation, survival and invasion
[50], the hypervascular characteristics of HCC have also

encouraged therapeutic approaches that focus on inhibiting
progression of the vascular network present in incipient
malignant nodules and the distinctive tumor vasculature in
established HCC [51, 52]. In many advanced malignancies,
effective delivery of therapeutic drugs to the tumor is limited
by specific complex features of tumor tissue. Recently,
delivery of pharmacologic agents to malignant nodules has
been enhanced by adopting measures that facilitate the
transcellular route of molecular trafficking [53].

In summary, the relevance of chronic hepatocellular
injury to the development of HCC has been emphasized. In
particular, the significance of angiogenesis in the progression
of chronic hepatic disease to hepatic malignancies has been
highlighted. A role for deregulation of different stages of
angiogenesis in the establishment of advanced tumours and
their subsequent dissemination to other tissues has become
recognized. Accordingly, the in-depth study of regulatory
mechanisms that mediate angiogenesis in pathological con-
ditions would appear to be indicated. One specific aim
of such an initiative would be to augment the efficacy
of currently available therapies for chronic (inflammatory)
hepatic disease and HCC.
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M. López-Cabrera, and R. Moreno-Otero, “Evidence of angio-
genesis in primary biliary cirrhosis: an immunohistochemical
descriptive study,” Journal of Hepatology, vol. 42, no. 1, pp.
124–131, 2005.

[46] P. Sanz-Cameno, S. Martin-Vilchez, Y. Rodriguez-Munoz, et
al., “Intrahepatic angiopoietin-2 protein expression modula-
tion by hepatitis c virus: MAPK, PI3K and reactive oxygen
species (ROS) implication,” Journal of Hepatology, vol. 48,
supplement 2, pp. S230–S231, 2008.

[47] M. Borzio, S. Fargion, F. Borzio, et al., “Impact of large
regenerative, low grade and high grade dysplastic nodules in
hepatocellular carcinoma development,” Journal of Hepatol-
ogy, vol. 39, no. 2, pp. 208–214, 2003.

[48] L. R. Roberts and G. J. Gores, “Hepatocellular carcinoma:
molecular pathways and new therapeutic targets,” Seminars in
Liver Disease, vol. 25, no. 2, pp. 212–225, 2005.

[49] T. Takayama, M. Makuuchi, S. Hirohashi, et al., “Malignant
transformation of adenomatous hyperplasia to hepatocellular
carcinoma,” The Lancet, vol. 336, no. 8724, pp. 1150–1153,
1990.

[50] D. Hanahan and R. A. Weinberg, “The hallmarks of cancer,”
Cell, vol. 100, no. 1, pp. 57–70, 2000.

[51] M. Fernández, D. Semela, J. Bruix, I. Colle, M. Pinzani, and
J. Bosch, “Angiogenesis in liver disease,” Journal of Hepatology,
vol. 50, no. 3, pp. 604–620, 2009.

[52] Z. F. Yang and R. T. P. Poon, “Vascular changes in hepatocel-
lular carcinoma,” Anatomical Record, vol. 291, no. 6, pp. 721–
734, 2008.

[53] M. Simionescu, D. Popov, and A. Sima, “Endothelial transcy-
tosis in health and disease,” Cell and Tissue Research, vol. 335,
no. 1, pp. 27–40, 2009.



Hindawi Publishing Corporation
Journal of Oncology
Volume 2010, Article ID 468725, 8 pages
doi:10.1155/2010/468725

Review Article

Angiogenesis and Lymphangiogenesis of Gastric Cancer

Yasuhiko Kitadai

Department of Medicine and Molecular Science, Hiroshima University Graduate School of Biomedical Sciences,
1-2-3 Kasumi, Minami-ku, Hiroshima 734-8551, Japan

Correspondence should be addressed to Yasuhiko Kitadai, kitadai@hiroshima-u.ac.jp

Received 26 October 2009; Accepted 8 February 2010

Academic Editor: Kalpna Gupta

Copyright © 2010 Yasuhiko Kitadai. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Tumor angiogenesis is the result of an imbalance between positive and negative angiogenic factors released by tumor and host cells
into the microenvironment of the neoplastic tissue. The stroma constitutes a large part of most solid tumors, and cancer-stromal
cell interactions contribute functionally to tumor growth and metastasis. Activated fibroblasts and macrophages in tumor stroma
play important roles in angiogenesis and tumor progression. In gastric cancer, tumor cells and stromal cells produce various
angiogenic factors, including vascular endothelial growth factor, interleukin-8, platelet-derived endothelial cell growth factor, and
angiopoietin. In addition, Helicobacter pylori infection increases tumor cell expression of metastasis-related genes including those
encoding several angiogenic factors. We review the current understanding of molecular mechanisms involved in angiogenesis and
lymphangiogenesis of human gastric cancer.

1. Introduction

Gastric cancer is the world’s second leading cause of
cancer death [1]. In Asian countries such as Korea and
China, gastric cancer is the leading cause of cancer death.
Conventional therapies for advanced-stage gastric cancer
include surgery, chemotherapy, and radiotherapy, but the
prognosis for advanced-stage disease remains poor. Novel
therapeutic strategies are needed, but their development
depends on understanding cancer biology, especially changes
that occur on the molecular level. A large number of
genetic and epigenetic alterations in oncogenes and tumor
suppressor genes as well as genetic instability determine the
multistep process of gastric carcinogenesis [2]. In addition,
the molecular events that characterize gastric cancer differ,
depending on the histologic type, whether intestinal- or
diffuse-type gastric cancer [2].

Tumor tissue, including gastric cancer, consists of both
tumor cells and stromal cells. Tumor growth and metastasis
are determined not only by tumor cells themselves but
also by stromal cells. Recent studies have shown that
interactions between tumor cells and activated stromal
cells create a unique microenvironment that is crucial for

tumor growth and metastasis (Figure 1) [3, 4]. The organ-
specific microenvironment can influence the growth, vas-
cularization, invasion, and metastasis of human neoplasms
[5].

Angiogenesis and lymphangiogenesis are both essential
for tumor growth and metastasis. Increased vascularity
enhances the growth of primary neoplasms by supplying
nutrients and oxygen, and it provides an avenue for hema-
togenous metastasis [6, 7]. Weidner et al. [8] first reported
a direct correlation between the incidence of metastasis and
the number and density of blood vessels in invasive breast
cancers. Similar studies have confirmed this correlation in
gastrointestinal cancers [9–12]. Induction of angiogenesis
is mediated by a variety of molecules released by tumor
cells as well as host stromal cells [6, 7]. Clinical prognosis
depends on whether lymph node metastasis has occurred.
The growth of lymphatic vessels (lymphangiogenesis) in
the tumor periphery correlates with lymphatic metastasis
in cases of gastric cancer [13, 14]. Lymphangiogenesis is
regulated by members of the vascular endothelial growth
factor (VEGF) family and their receptors. Herein, we discuss
the role of angiogenic and lymphangiogenic fact-ors in the
growth and metastasis of human gastric cancer.
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Figure 1: Interaction between gastric cancer cells and stromal cells influences angiogenesis and lymphangiogenesis through various
angiogenic factors and cytokines.

2. Tumor Angiogenesis in Gastric Cancer

2.1. VEGF-A. Gastric cancer cells produce various angio-
genic factors. Of these, VEGF (now termed VEGF-A) is
considered one of the strongest promoters of angiogenesis of
gastrointestinal tumors [15]. VEGF-A is released by cancer
cells. Fibroblasts and inflammatory cells in tumor stroma
are also sources of host-derived VEGF-A [16]. VEGF-A, also
known as vascular permeability factor, is a secreted protein
that may, in addition, play a pivotal role in hyperpermeability
of the vessels [17]. Several groups of investigators have
reported a correlation between VEGF-A expression and
microvessel density (MVD) of human gastric cancer [11,
18, 19]. VEGF-A-positive tumors have been shown to have
a poorer prognosis than that of VEGF-A-negative tumors
[10, 12, 20].

The prognosis of gastric cancer depends on both his-
tologic type and disease stage [21]. Intestinal-type gastric
cancer tends to metastasize to the liver in a hematogenous
manner. In contrast, diffuse-type gastric cancer is more
invasive; dissemination is predominantly peritoneal. Factors
responsible for liver metastasis and peritoneal dissemination
have not yet been identified, however, we have found that
the angiogenic phenotype differs between intestinal-type
and diffuse-type gastric cancers [11, 19]. In comparison
to diffuse-type gastric cancer, the intestinal-type is more
dependent on angiogenesis. Intestinal-, but not diffuse-type,
tumors have been shown to express high levels of VEGF-A,
and the level of VEGF-A expression correlates significantly
with vessel count [11, 19]. In contrast, fibroblast growth

factor (FGF)-2 expression is higher in diffuse-type tumors,
especially scirrhous-type tumors [22]. These findings suggest
that VEGF-A promotes angiogenesis and progression of
human gastric cancers, especially those of the intestinal-type.

Peripheral blood VEGF-A levels, that is, serum and/or
plasma concentrations of VEGF-A, have been examined in
patients with malignant disease. Ohta et al. [23] examined
VEGF-A levels in peripheral blood and the tumor drainage
vein and then evaluated these in relation to clinicopathologic
features of gastric cancer. They found that the peripheral
blood plasma VEGF-A level is increased in patients with
venous invasion and that the increase correlates with lymph
node metastasis. The level of VEGF-A in plasma from
peripheral veins is a sensitive marker for the progression of
gastric cancer.

2.2. Interleukin (IL)-8. IL-8 is a multifunctional cytokine
that can stimulate division of endothelial cells. IL-8 can
induce migration of some tumor cells [24] and has been
implicated in the induction of angiogenesis in such diverse
diseases as psoriasis and rheumatoid arthritis and in some
malignant diseases. IL-8 is a known angiogenic factor present
in human lung cancer [25, 26] and is also produced by
melanomas [27] and bladder [28] and prostate [29] cancers.
We examined expression of IL-8 in human gastric cancer and
found that most tumor tissues express IL-8 at levels higher
than those in the corresponding normal mucosa [29, 30].
The IL-8 mRNA level in neoplasms correlates strongly with
vascularization, suggesting that IL-8 produced by tumor
cells regulates neovascularization. To provide evidence for
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a causal role of IL-8 in angiogenesis and tumorigenicity
of human gastric cancer, we introduced the IL-8 gene into
several human gastric cancer cell lines. Gastric cancer cells
transfected with the IL-8 gene and injected orthotopically
into the gastric wall of nude mice produce fast-growing,
highly vascular neoplasms [31].

Gastric cancer cells express not only IL-8 but also IL-8
receptor A (CXCR1) and IL-8 receptor B (CXCR2) [32]. In
vitro treatment of human gastric cancer cells (MKN-1 cells)
with exogenous IL-8 enhances the expression of epidermal
growth factor receptor (EGFR), matrix metalloproteinase
(MMP)-9, VEGF-A, and IL-8 mRNAs. In contrast, such
treatment decreases expression of E-cadherin mRNA. IL-8
treatment increases the invasive capacity of gastric cancer
cells, and IL-8 expression is associated with MMP-9 activity.
Collectively, these findings indicate that human gastric
cancer cells express receptors for IL-8 and that IL-8 may
have autocrine/paracrine roles in the progressive growth of
human gastric cancer.

The prognosis for patients with gastric cancer expressing
high levels of IL-8 and VEGF-A is significantly poorer than
that for patients whose tumors express low levels [20]. A
high level of IL-8 in the drainage vein of gastric cancer is
associated significantly with a relatively short disease-free
survival period [33].

2.3. Platelet-Derived Endothelial Cell Growth Factor (PD-
ECGF). PD-ECGF, an endothelial cell mitogen that was
initially purified to homogeneity from human platelets, has
chemotactic activity for endothelial cells in vitro and is
angiogenic in vivo [34]. PD-ECGF was shown to be identical
to thymidine phosphorylase, an enzyme involved in pyrim-
idine nucleoside metabolism [35]. PD-ECGF expression is
elevated in several types of solid tumor including colon
cancer [36, 37]. We reported that PD-ECGF is associated
with angiogenesis of human colon cancer [38]. PD-ECGF
is expressed at high levels in vascular tumors that express
low levels of VEGF-A [38]. In such colon cancers, the major
source of PD-ECGF is the infiltrating cells. A positive associ-
ation between PD-ECGF expression and MVD has also been
reported for human gastric cancer [39–41]. In human gastric
cancer, PD-ECGF is expressed more frequently in infiltrating
cells than in tumor epithelium [39]. An association exists
between PD-ECGF expression by infiltrating cells, VEGF-
A expression by tumor epithelium, and vessel counts in
intestinal-type gastric cancer but not in diffuse-type gastric
cancer [39].

2.4. Angiopoietin. The angiopoietin family growth factors
have been identified as ligands for Tie-2. Angiopoietin-
1 activates Tie-2, leading to receptor autophosphorylation
upon binding, and it simulates endothelial cell migration
in vitro and contributes to blood vessel stabilization by
recruitment of pericytes [42]. Angiopoietin-2 is a natural
antagonist for Tie-2 receptor [43]. As such, it antagonizes
angiopoietin-1-vessel maturation and regulates blood vessel
growth, regression, or sprouting, depending on the presence
of VEGF [43]. VEGF-A/VEGFR2 is mainly involved in the
initiation of angiogenesis, whereas the angiopoietin/Tie2

system is related to remodeling and maturation of vessels
[44]. Angiopoietin-1 and -2 are reported to be highly
expressed in human gastric cancer [45, 46]. Inhibition of
angiopoietin-1 by antisense expression vector was shown
to reduce tumorigenesis and angiogenesis of gastric cancer
xenografts in nude mice [47]. Production of angiopoietin-
2 also contributes to tumor angiogenesis of gastric cancer
in the presence of VEGF by induction of proteases in
endothelial cells [48].

3. Tumor Lymphangiogenesis in Gastric Cancer

The VEGF family includes VEGF-A, -B, -C, -D, -E, and
-F and placental growth factor (PlGF) [49]. VEGF-C and
VEGF-D are ligands for VEGF receptor (VEGFR)-3 and
VEGFR-2. VEGFR-3 is a tyrosine kinase receptor, that is,
expressed predominantly in the endothelium of lymphatic
vessels [50]. Skobe et al. [51] described VEGF-C as a lym-
phangiogenic factor that can selectively induce hyperplasia of
the lymphatic vasculature. A significant correlation between
lymph node metastasis and VEGF-C expression has been
reported in gastric cancer [13, 14]. Onogawa et al. [52]
examined expression of VEGF-C and VEGF-D by immuno-
histochemistry in 140 archival surgical specimens of submu-
cosally invasive gastric cancer. VEGF-C immunoreactivity
was associated with lymphatic invasion, lymph node metas-
tasis, and increased MVD. There was no association between
VEGF-D immunoreactivity and clinicopathologic features.
These results suggest that VEGF-C is a dominant regulator
of lymphangiogenesis in early-stage human gastric cancer.

VEGFRs are expressed by a wide variety of cancer cell
lines. VEGF-A and VEGFR-1/2 are coexpressed in a number
of cancers, including cancers of the breast [53], prostate [54],
colon [55], and pancreas [56, 57], suggesting that VEGF-
A directly influences tumor cell growth via an autocrine
mechanism. VEGFR-3 has also been detected on several types
of malignant cells, although the significance of such expres-
sion remains unclear. We recently examined the expression
and function of VEGFR-3 in gastric cancer cells [58]. In
vitro treatment of gastric cancer cell line KKLS, which
expresses VEGFR-3, with the ligand of this receptor, VEGF-
C, stimulated cell proliferation and increased expression of
mRNAs encoding cyclin D1, PlGF, and autocrine motility
factor [58]. Thus, VEGF-C may act in both an autocrine
fashion and paracrine fashion to promote angiogenesis and
further the growth of human gastric cancer.

Other growth factors are reported to be lymphangio-
genic, such as FGF-2 [59] and platelet-derived growth factor
(PDGF)-BB [60]. The lymphangiogenic effect of FGF-2
appears to be indirect, that is, it occurs via VEGF-C or -D.
We recently found that gastric cancer cells produce PDGF-BB
and that dilated lymphatics in the tumor periphery express
PDGF receptor-β (Kodama et al., unpublished data), sug-
gesting that PDGF-BB is a regulator of lymphangiogenesis in
gastric cancer. Angiopoietin-2 is crucial for establishing the
lymphatic vasculature. VEGF-C/VEGFR-3 signaling is a key
primary proliferation pathway for lymphatic vessels, whereas
angiopoietin-2 is importantin later remodeling stages [61].
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The importance of FGF-2, PDGF-BB, and angiopoietin-2
for lymphatic metastasis of human gastric cancer is still
unknown.

4. Tumor-Stromal Cell Interaction in
Tumor Angiogenesis

Tumor stroma consists of activated fibroblasts (myofibrob-
lasts), smooth muscle cells, endothelial cells, and inflamma-
tory cells, including macrophages. Macrophages migrating
to tumor stroma are called tumor-associated macrophages
(TAMs). The role of TAMs in tumor progression is compli-
cated. Although activated macrophages may have antitumor
activity, tumor cells are reported to escape the antitumor
activity of TAMs [62]. It has become clear that TAMs are
active players in the process of tumor progression and inva-
sion. Indeed, removal of macrophages by genetic mutation
has been shown to reduce tumor progression and metastasis
[63]. One important characteristic of macrophages is the
potential for angiogenic activity. Activated macrophages
produce various factors that induce angiogenesis in wound
repair [64] and in chronic inflammatory diseases [65,
66]. Upon activation by cancer cells, TAMs can release
diverse growth factors, proteolytic enzymes, and cytokines.
In clinical studies, high numbers of TAMs have been
shown to correlate with high vessel density and tumor
progression [67–69]. We previously reported that TAM
infiltration into tumor tissue correlates significantly with
tumor vascularity in human esophageal and gastric cancers
[67, 68]. Ishigami et al. [69] also found direct associations
between the degree of TAM infiltration and depth of tumor
invasion, nodal status, and clinical stage in cases of gastric
cancer. Macrophage recruitment is mediated by a variety
of chemoattractants, including monocyte chemoattractant
protein-1 (MCP-1/CCL2) and macrophage inflammatory
protein 1α (MIP-1α/CCL3). Of the CC chemokines, MCP-
1 is one of the most potent [70]. We found that MCP-
1 produced by tumor cells is associated significantly with
macrophage infiltration and malignant behavior, such as
angiogenesis, tumor invasion, and lymphatic infiltration [67,
68]. Transfection of the MCP-1 gene into gastric cancer
cells was shown to cause strong infiltration of macrophages
into tumors and enhanced tumorigenicity and metastatic
potential in a mouse orthotopic implantation model [71].
Because activated macrophages produce VEGF-A, IL-8, FGF-
2, and PD-ECGF, MCP-1 expressed by gastric cancer cells
plays a role in angiogenesis via recruitment and activation
of macrophages.

Activated fibroblasts in cancer stroma are prominent
modifiers of tumor progression and are therefore called
cancer-associated fibroblasts (CAFs) [72, 73]. CAFs have
gene expression profiles that are distinct from those of nor-
mal fibroblasts [74], and they acquire a modified phenotype,
similar to that of fibroblasts associated with wound healing.
Tumor tissue contains abundant growth factors, cytokines,
and matrix-remodeling proteins; thus, tumors are likened
to wounds that never heal [75]. Although the mechanisms
that regulate activation of fibroblasts in tumors are not fully

understood, PDGF, transforming growth factor-β, and FGF-
2 are known to be partly involved [72, 73, 76]. We previously
reported that CAFs and pericytes express PDGF receptor, and
targeting the PDGF receptor on stromal cells inhibits growth
and metastasis of human colon cancer [76, 77]. Therefore,
CAFs might serve as novel therapeutic targets in cancer
patients.

5. Helicobacter pylori (H. pylori) Stimulates
Angiogenesis of Gastric Cancer

A recent advance in understanding the pathogenesis of
gastric cancer is recognition of the role of H. pylori in gastric
carcinogenesis. H. pylori infection is thought to contribute
significantly to the pathogenesis of atrophic gastritis, intesti-
nal metaplasia, and peptic ulcer. Epidemiologic studies have
indicated that infection with H. pylori is a risk factor for
gastric cancer, and in 1994 the WHO/IARC classified this
bacterium as a definite biologic carcinogen [78]. In addition,
inoculation of the stomach of Mongolian gerbils with H.
pylori was shown to be associated with the occurrence of
chronic gastritis, intestinal metaplasia, and adenocarcinoma
[79, 80]. A recent study showed that H. pylori penetrates
normal, metaplastic, and neoplastic epithelia to cause a
strong immune-inflammatory response and promote gastric
carcinogenesis [81]. H. pylori is a potent activator of nuclear
factor-kB (NF-kB) in gastric epithelial cells. Activation of
NF-kB by H. pylori infection induces a variety of cytokines,
angiogenic factors, MMPs, and adhesion molecules [82, 83].
The relation between H. pylori infection and angiogenesis
has been studied increasingly over the past few years. We
reported previously that H. pylori-infected gastric cancer
patients show greater tumor vascularity than that of gastric
cancer patients after H. pylori eradication [84], suggesting
that H. pylori infection influences angiogenesis of gastric
cancer. Some studies suggested that the cagA-positive H.
pylori strain plays an important role in tissue remodeling,
angiogenesis, cancer invasion, and metastasis [85–87]. Crab-
tree et al. [85] reported that H. pylori infection induces IL-8
production by gastric epithelium. We found that coculture
of gastric cancer cells with H. pylori induces expression of
mRNAs encoding IL-8, VEGF-A, angiogenin, urokinase-type
plasminogen activator, and MMP-9 by gastric cancer cells
[86]. Wu et al. [87] also reported that H. pylori influences
expression of VEGF-A and MMP-9 and promotes gastric
cell invasion via COX-2- and NF-kB-mediated pathways.
Expression of COX-2 was found to correlate significantly
with VEGF expression and MVD in gastric cancer [88, 89].

6. Antiangiogenic Therapy Against
Gastric Cancer

A novel category of anticancer drugs, “molecular-targeted
drugs”, has become available. Angiogenesis is considered
one of the most important molecular targets for anticancer
therapy because it is essential for tumor growth and
metastasis. VEGF is one of the most potent angiogenic
factors and is expressed in almost all human solid tumors
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investigated, such as colorectal, esophageal, gastric, lung,
breast, renal, and ovarian cancers [9, 12, 15, 90]. In these
cancers, expression of VEGF correlates with advanced stage
disease and poor prognosis. Therefore, inhibiting VEGF is
a rational strategy for treating cancer [91]. Bevacizumab
is a humanized monoclonal antibody that targets VEGF.
Significant prolonged survival has been reported in patients
with metastatic colorectal cancer treated with bevacizumab
in combination with cytotoxic chemotherapy [92]. Similar
improvement were observed in patients with breast and non-
small cell lung cancers. A randomized trial evaluating the
efficacy of this agent in patients with gastric cancer (the
AVAGAST study) is now being conducted internationally;
Japan and Korea are included [93]. Several other strategies
targeting the VEGF signaling pathway have been developed,
including use of soluble receptors binding directly to VEGF
ligand, anti-VEGFR antibodies, and VEGR tyrosine kinase
inhibitors. These next-generation targeted agents are being
evaluated in early clinical studies [91, 93].

7. Future Perspectives

Tumor cells are genetically unstable and biologically hetero-
geneous, and these are the principal causes of the failure of
systemic chemotherapies. It has been believed that endothe-
lial cells and CAFs in tumor stroma are genetically stable and
that these cells will not become drug resistant in response
to antivascular therapy. However, recent studies showed that
endothelial cells in certain tumor vessels are aneuploid and
that they express neoplastic markers [94]. Recently, investi-
gators have come to appreciate the significance of other cell
types, such as pericytes and vascular smooth muscle cells,
that make up vascular structures and are essential for the
function and survival of endothelial cells. The structure and
function of vessels differ in different tissues and in tumors
at different sites. Inhibition of activated stromal cell com-
ponents including TAMs and CAFs may effectively alter the
tumor microenvironment involved in tumor angiogenesis
and progression. Understanding the cellular and molecular
mechanisms that regulate vascularization of tumors may
facilitate development of effective antivascular therapies.
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Telomere homolog oligonucleotides (T-oligos) activate an innate telomere-based program that leads to multiple anticancer effects.
T-oligos act at telomeres to initiate signaling through the Werner protein and ATM kinase. We wanted to determine if T-oligos
have antiangiogenic effects. We found that T-oligo-treated human melanoma (MM-AN) cells had decreased expression of vascular
endothelial growth factor (VEGF), VEGF receptor 2, angiopoeitin-1 and -2 and decreased VEGF secretion. T-oligos activated
the transcription factor E2F1 and inhibited the activity of the angiogenic transcription factor, HIF-1α. T-oligos inhibited EC
tubulogenesis and total tumor microvascular density matrix invasion by MM-AN cells and ECs in vitro. In melanoma SCID
xenografts, two systemic T-oligo injections decreased by 60% (P < .004) total tumor microvascular density and the functional
vessels density by 80% (P < .002). These findings suggest that restriction of tumor angiogenesis is among the host’s innate
telomere-based anticancer responses and provide further evidence that T-oligos may offer a powerful new approach for melanoma
treatment.

1. Introduction

Angiogenesis, the formation of new blood vessels, is essential
for tumor growth and metastasis [1] and inhibition of
angiogenesis is an important new approach for therapy of
many cancers [1, 2]. A principal regulator of angiogenesis is
vascular endothelial growth factor (VEGF) [3]. The VEGF
family is comprised of at least five genes (VEGF A through
E), of which the most potent activators of angiogenesis are
VEGF-A and VEGF-B [4]. Analysis of the VEGF-A (termed
VEGF here and elsewhere in the text) gene promoter region
has revealed numerous potential transcriptional activator
sites [4]. One of the best studied stimuli for VEGF synthesis
and secretion is hypoxia, which acts by upregulating hypoxia
inducible factor-1α (HIF-1α) [5]. Inhibition of HIF-1α
may therefore decrease angiogenesis by reducing VEGF

levels and potentially other proangiogenic factors, such
as angiopoeitin-1 and -2 (Ang-1 and Ang-2) [6–8], basic
fibroblast growth factor (bFGF), and platelet derived growth
factor (PDGF), all well known regulators of angiogenesis [1].

The role of E2F1 in apoptosis is well recognized. It can
act in concert with p53 or independent of p53 to induce
apoptosis [9]. T-oligos, telomere homolog oligonucleotides,
activate p53 and E2F1, resulting in apoptosis [10]. However,
in p53 null cells like malignant melanoma AN cells (MM-
AN), apoptosis is induced by the p53 homolog p73 [11],
presumably acting coordinately with E2F1. Moreover, E2F1
has also been reported to inhibit angiogenesis [9, 12]. While
E2F1 decreases VEGF production in fibroblasts through p53
activation [12], its effect on angiogenesis in cells that lack
functional p53, such as MM-AN cells has not been studied
[11, 13].
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Several lines of evidence suggest that normal cells have
an integrated program of genome-protective responses,
functionally analogous to the bacterial SOS response [14],
that is based in the telomeres and appears to be abrogated
in malignancy [15]. Telomeres, the ends of chromosomes, are
maintained in a loop configuration by insertion of the single-
stranded 3′ overhang into the proximal telomere duplex [16].
Disruption of this loop structure by removal of the principal
binding protein TRF2 (telomere repeat binding factor 2)
leads to exposure and digestion of the overhang and activa-
tion of ATM (ataxia telangiectasia mutated) and its effector
protein p53, followed by apoptosis or senescence, depending
on cell type [16]. Knockdown of another telomere-associated
protein, the protection of telomeres-1 (POT-1), also expected
to expose the TTAGGG telomere repeat sequence, activates
ATR (ataxia telangiectasia and Rad3-related), leading to
similar downstream effects [16, 17]. Moreover, treatment
of malignant cells with RNAi to knockdown the expression
of TER, the RNA subunit of telomerase, rapidly alters the
expression of many genes in a pattern predicted to reduce
cancer cell proliferation and invasiveness [18], then leads to
apoptosis in a time course far too rapid to be attributable
to the expected loss of telomerase activity and consequent
telomere shortening, suggesting that other telomere-based
effects are responsible [18].

Our laboratory has described several anticancer proper-
ties of oligonucleotides homologous to the telomere repeat
sequence TTAGGG (T-oligos) [10, 11, 13, 15, 19–28]. T-
oligos provided to cultured cells rapidly accumulate in
the nucleus and mediate DNA damage responses without
digestion of the telomere overhang or other detectable effects
on genomic DNA [10, 13, 15, 19, 23, 25, 26, 29]. T-
oligos activate the ATM kinase [21, 27], upregulate and
activate p53 [30, 31], as well as upregulate and/or activate its
homolog p73, E2F1, p16INK4a, p33, p27, and p95/Nbs1, and
phosphorylate the histone variant protein H2AX [11, 13, 21,
22, 24, 25]. In addition, T-oligos promote differentiation of
melanoma cells and downregulate the inhibitor of apoptosis
protein IAP/livin in these cells [13]. T-oligo effects require
WRN [22], the protein mutated in the progeroid cancer-
prone Werner syndrome [32], and are associated with
formation of classic DNA damage foci at telomeres [22].
In combination, these signaling cascades result in induction
of apoptosis, autophagy, and/or senescence selectively in
cancer cells [13, 19, 27, 28]; while in normal cells they
lead to transient cell cycle arrest, increased DNA repair
capacity and adaptive differentiation [19, 21, 23, 25–27, 30].
Complementary, unrelated, or scrambled oligonucleotides
comparably accumulate in the nucleus, but do not cause
DNA damage-like signaling or affect growth, differentiation
or survival of malignant cells [11, 13, 15, 19, 21, 24, 27, 28].

Because the T-oligo-induced transcription factors p53,
p73, and E2F1 are known to affect endothelial cell (EC)
survival, differentiation, and proliferation during tumor
angiogenesis [12, 33, 34] and because blocking angiogenesis
would be an additional anticancer mechanism of action for
T-oligos, we asked whether T-oligo treatment inhibits tumor
angiogenesis. We now report that T-oligo inhibits angiogen-
esis in the aggressive human melanoma cell line MM-AN,

derived from a metastatic melanoma [35], by decreasing
production and secretion of proangiogenic factors in both
tumor cells and ECs. As well, T-oligo treatment decreases the
number of total and functional (perfused) vessels in flank
tumors of MM-AN cells in SCID mice after two systemic
injections.

2. Materials and Methods

2.1. Cell Cultures. Human microvascular endothelial cells
(HMVECs) and human umbilical vein endothelial cells
(HUVECs) were obtained at passage 2 and used by passage
4–6. Cells were maintained in EGM-2 medium with 2%
FBS plus growth factors (bullet kit) (Cambrex Bio Sciences,
Walkersville, MD). Human melanoma MM-AN and EP cells
[35] were cultured in modified Eagle’s medium (MEM)
(Mediatech, Inc., Herndon, VA) supplemented with fetal
bovine serum (FBS 2%), calf serum (CS 8%), and antibiotic-
antimicotic. Human breast adenocarcinoma (MCF-7) and
ovarian adenocarcinoma (OVCAR3) cells were cultured and
maintained according to ATCC recommendations. All cells
were incubated at 37◦ with 5% CO2.

2.2. Oligonucleotides. We used a 16-base 100% telomere
homolog with the sequence 5′-GTTAGGGTTAGGGTTA-
3′ and phosphodiester backbone. The oligonucleotide was
synthesized by Midland Certified Reagent (Midland, TX) and
then diluted from a 2 mM stock in medium to obtain a final
concentration of 40 μM.

2.3. Quantitative Real-Time Polymerase Chain Reaction (qRT-
PCR). MM-AN, EP, MCF-7, and OVCAR3 cells were grown
in their corresponding media and treated once with dilu-
ent or 40 μM T-oligo. For qRT-PCR, we performed a
reverse transcription reaction then amplified specific genes
as described [36]. mRNA expression levels were assessed
for E2F1, ANG-1, and ANG-2. The sequences used were
as follows: E2F1 forward: CGGTGTCGTCGACCTGAACT,
E2F1 reverse: AGGACGTTGGTGATGTCATAGATG, E2F1
probe: TGCCGAGGTGCTGAAGGTGCAG; ANG-1 for-
ward: CAGAAAACAGTGGGAGAAGATATAACC, ANG-
1 reverse: TGCCATCGTGTTCTGGAAGA, ANG-1 probe:
CAACATGGGCAATGTGCCTACACTTTC; ANG-2 for-
ward: GGCTGGGCAATGAGTTTGTC, ANG-2 reverse:
CCCAGTCCTTCAGCTGGATCT; ANG-2 probe: ACC-
GGTCAGCACCGCTACGTGC.

2.4. Electromobility Shift Assay (EMSA). Cells were treated
with diluent or 40 μM T-oligo and harvested 0, 1, 16, and 32
hours after treatment. EMSAs were carried out as described
[10] using a total of 5 μg of nuclear protein per lane. The
assay was performed using consensus sequences of E2F1
and HIF-1α transcription factors (Santa Cruz Biotechnology,
CA). The specificity of the bands was confirmed by using
either ×25 or ×50 excess of cold probe as competitor and
mutant oligos as control. As an additional negative control,
nuclear extracts were incubated with a specific competing
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E2F1 antibody before adding the radioactive (32P-labelled)
consensus oligonucleotides.

2.5. Western Blot Analysis. Cells were treated with T-oligos,
harvested at various times, snap-frozen, and stored at−70◦C.
Total cellular protein was isolated and 50 μg of total protein
was processed for western blot analysis as described [10].
Antibody reactions were performed with the following anti-
bodies: anti-E2F1 (Neomarkers, Inc., Fremont, CA), anti-
VEGF-A (sc-507, Santa Cruz Biotechnology, Inc, Santa Cruz,
CA) that recognizes all VEGF-A isoforms, and anti-VEGF-
R2 (a kind gift from Dr. Nader Rahimi, Departments of
Ophthalmology and Biochemistry, Boston University School
of Medicine).

2.6. VEGF Enzyme-Linked Immunosorbent Assay (ELISA).
The Human VEGF Immunoassay kit (Quantikine, R&D
Systems, Minneapolis, MN) was used to compare the release
of VEGF into the medium by ECs and MM-AN cells. Each
cell type was cultured in its appropriate medium and treated
with either diluent or T-oligo (40 μM). The conditioned
medium was collected at 24, 48, and 72 hours after treatment
and frozen at −70◦C until it processed for ELISA. The assay
was performed according to the manufacturer’s protocol
(R&D Systems). The plate was read using the Tecan Spectra
model 96 Well Microplate Reader (MTX Lab Systems,
Vienna, VA).

2.7. Tubulogenesis Assay. 200 μL of Matrigel basement mem-
brane matrix (phenol-red free) (BD Biosciences, Bedford,
MA) was added per 4-well chamber slide and allowed to
solidify for 1 hour at 37◦C. HUVECs (50,000 cells) were then
added to each chamber in 500 μL of medium as described
[37]. Cells were treated at the time of plating with diluent,
40 μM, 80 μM, or 120 μM of T-oligo. Some of the cells treated
with 40 μM of T-oligo were retreated a second time at 2
hours postplating, at the time tube-formation could first be
detected by phase microscopy. Some cells that were treated
twice with 40 μM of T-oligo received a third treatment
6 hours after plating. Tube-formation was observed and
photographed at numerous time points starting from 2 hours
and up to 24 hours after treatment. Of note, after tubular
structures formed in control wells, they stayed intact up to
72 hours (data not shown). Image-Tool (The University of
Texas Health Science Center in San Antonio, San Antonio,
TX) software was used to quantify the length of tubular
structures.

2.8. Invasion Assay. The BioCoat Matrigel Invasion Chamber
(BD Biosciences, Bedford, MA) was used for this assay.
MM-AN cells were treated with diluent or 40 μM T-oligo
and media were collected after 72 hours, based on ELISA
data (MM-AN conditioned media). Conditioned MM-AN
medium was then used as the chemoattractant for the assay.
ECs and MM-AN cells were grown on the inserts (upper
chambers) and allowed to invade through the Matrigel and
attach to the membrane as described in the manufacturer’s
protocol. Invasion was assessed after 22 hours by staining

with Diff-Quick (Fisher, Atlanta, GA) bisected membranes
from the bottom of the chambers (containing the invading
cells) as described in the manufacturer’s protocol. Of note,
we believe that any effect on ECs or MM-AN invasion cannot
be attributed to residual active T-oligos in the conditioned
medium, diffusing into the upper chamber and killing MM-
AN cells, because T-oligos are rapidly degraded in serum-
containing medium. With a measured half-life for a 12-base
telomere homolog of 4–6 hours [38], the 16-base T-oligo
would thus have been present in the medium after 72 hours
of conditioning at an estimated (1/2)12 or 107-fold less than
the initial therapeutic concentration.

2.9. SCID Melanoma Flank Xenograft Model. All studies
were approved by Boston University’s IACUC Committee.
2 × 106 MM-AN cells were injected subcutaneously into the
flank of 6 week old SCID mice (Fox-Chase Cancer Center,
Philadelphia, PA). Mice (5-6 per treatment group) were
injected via tail vein with T-oligo or diluent alone when
tumors were first palpable (2-3 mm diameter). Tumor sizes
were recorded every 2-3 days throughout the experiment
using electronic callipers and all animals were sacrificed 4
weeks after tumor inoculation. The diagnosis of melanoma
was confirmed histologically on sections of each nodule cut
through the center of the clinical tumor.

2.10. Quantification of Tumor Microvessel Density. All studies
were approved by Boston University’s IACUC Committee.
2 × 106 MM-AN cells were injected subcutaneously into
the flank of 6 week old SCID mice (Fox-Chase Cancer
Center, Philadelphia, PA). Then mice (5-6 per treatment
group) were injected via the tail vein with T-oligo or
diluent alone (60 nmoles/injection, 15 mg/kg) when tumors
were first palpable (2-3 mm diameter). Microvascular density
(MVD) in bisected tumors were assessed 24 hours after
two systemic injections of T-oligos by using two EC-specific
markers CD31 (PECAM-1) [12] and Bandeurea simplicifolia
(BS)-1 lectin conjugated to Rhodamine (Vector Laboratories,
Burlingame, CA) [39]. To measure functional MVD in
the tumor tissue, 30 minutes before sacrifice a set of
mice (5 per treatment group) were anesthetized and were
perfused with 0.5 mg (in 100 μl of isotonic solution) of
Rhodamine-conjugated BS-1 lectin as described [40, 41]. To
measure total MVD, 6 μm cross-sections of bisected tumor
tissue (of the same mice perfused with BS-1 lectin) were
stained with CD31 primary antibody followed by FITC-
labelled secondary antibody as described [12]. Samples were
photographed using a multicolour fluorescence microscope
(Nikon, Nikon Instruments Inc, Melville, NY), and analyzed
using a digital image analysis system (Nikon). The diagnosis
of melanoma was confirmed histologically in tumor sections
of each nodule.

2.11. Statistical Analysis. ANOVA with post hoc analysis
by Scheffe and Bonferroni-Dunn and unpaired t-Test were
performed using StatView (SAS Institute, Inc., Version 5.0).
Statistical significance was established at P < .05.
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Figure 1: T-oligo treatment down-regulates expression of VEGF, Ang-1, Ang-2 and decreases VEGF production in MM-AN cells. MM-AN
cells were treated once at time 0 with either 40 μM T-oligo or diluent alone. (a) Western blot analysis of VEGF protein level. (b) Densitometric
analysis of VEGF protein levels (after loading adjustment against actin expression) represented as a percent of time 0 level. Graphs represent
pooled data (mean ± SEM) from three independent experiments. (c) and (d) Quantitative real time-PCR (qRT-PCR) of MM-AN cells
treated with either 40 μM T-oligo or diluent alone. Results are presented as percent of time 0 (set at 100%) and examined over 48 hours for
both control and T-oligo-treated cells. ANG-1 gene expression. (c) ANG-2 gene expression. (d) These experiments are repeated twice with
similar results. (e) MM-AN cells were treated with 40 μM T-oligo or diluent alone. The culture medium was collected after 24, 48, and 72
hours. Cumulative VEGF protein released into the medium was measured by ELISA. Results represent data pooled from triplicate dishes for
each time point and treatment condition. Changes over time are calculated as percent of the 24 hours values (set at 100%).

3. Results

3.1. T-oligo Treatment Decreases the Expression and Level of
Angiogenic Factors and Reduces VEGF Release into MM-AN
Cell Medium. MM-AN cells were treated once with T-oligo
or diluent alone, provided in fresh medium, and processed
for western blot analysis. Compared to diluent, T-oligo
decreased VEGF protein level at 24 hours (P < .01) by ∼41%
and at 48 hours (P = NS) by ∼32% (Figures 1(a) and 1(b)).
In addition, after 48 hours T-oligo treatment reduced ANG-1
mRNA (P < .01) by ∼60% (Figure 1(c)) and ANG-2 mRNA

(P < .04) by ∼45% (Figure 1(d)). Similar decreases in VEGF
(Supplemental Figures 1(a)–1(c) and ANG-1 (Supplemental
Figures 2(a)–2(c)) mRNA were seen in a second human
melanoma line EP, as well as in other malignant cell types.

Paired dishes of MM-AN and ECs were treated with
40 μM T-oligo or diluent alone once. Medium was collected
after 24, 48 and 72 hours and VEGF level in the medium
was measured by ELISA. In ECs (HMVEC and HUVEC),
there was a∼50%–75% variable and statistically insignificant
decrease in VEGF release into the medium over time in
both diluent- and T-oligo-treated cells (data not shown).
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In contrast, total VEGF release from MM-AN cells in
diluent-treated dishes rose progressively over 72 hours to
∼600% (of 24-hours VEGF levels), while VEGF release in
T-oligo-treated dishes was decreased (P < .0008) by ∼30%
over the 72-hours experiment after a single dosing at time
0 (Figure 1(e)). Thus, T-oligo not only decreased VEGF
protein expression in tumor cells but also the release of
this potent angiogenic factor into the surrounding culture
medium.

3.2. T-oligo Upregulates E2F1 Gene Expression, Protein Level,
and DNA Binding Activity and Decreases the DNA Binding
Activity of the Angiogenic Transcription Factor HIF-1α. E2F1
mRNA expression was increased at 24 hours (P < .0001) by
∼41% and at 48 hours (P < .0001) by ∼100% in T-oligo-
treated MM-AN cells compared to control (Figure 2(a)).
Similar increases in E2F1 mRNA were seen in a second
human melanoma line EP, as well as in other malignant cell
types (Supplemental Figures 3(a)–3(c)). T-oligo treatment
also increased E2F1 protein level at 24 hours to ∼218% and
at 48 hours to ∼286% (P < .02) of control values (Figures
2(b) and 2(c)). In addition, there was a doubling in E2F1
DNA binding activity 32 hours after treatment compared to
diluent-treated cells (Figures 2(d) and 2(e), compare lane 3
versus 4).

MM-AN cells were treated once with T-oligo or diluent
alone and nuclear proteins were harvested up to 32 hours
after treatment to evaluate DNA binding activities of the
angiogenic transcription factor HIF-1α. There was ∼80%–
95% decrease in HIF-1α DNA binding activity at 1 and 16
hours after treatments (Figures 2(f) and 2(g), lanes 3 versus
4, and 5 versus 6, respectively). These data suggest that T-
oligo-mediated inhibition in DNA binding activity of HIF-
1α transcription factor contributes to decreased expression of
the angiogenic factors, VEGF and ANG-1, whose promoters
contain binding sites for HIF-1α [42].

3.3. T-oligo Inhibits Matrigel Invasion by Melanoma Cells and
ECs. We used MM-AN medium collected 72 hours after
addition of T-oligo or diluent alone (MM-AN conditioned
media: T-oligo CM or diluent CM) as the chemoattractant
for an in vitro invasion assay [43]. MM-AN and HMVECs
were both evaluated for invasion through Matrigel to
determine if T-oligo treatment reduces the chemoattractant
properties of MM-AN cells. As recommended by the man-
ufacturer of the Matrigel invasion kit, after 22 hours of
incubation the invading cells were fixed, stained and counted
for each membrane. MM-AN cells plated above T-oligo CM
had a ∼96% decrease in invasion (P < .03) through Matrigel
(Figures 3(a) and 3(b)). HMVECs plated on inserts coated
with Matrigel and exposed to T-oligo CM had a ∼40%
reduction in Matrigel invasion compared to controls, but
this did not reach statistical significance (P < .08) (Figures
3(c) and 3(d)). These findings demonstrate that T-oligos
reduce the migration/invasion of MM-AN cells towards
chemoattractant stimuli and, possibly, to a lesser degree
affect HMVECs. This is consistent with the observation
that MM-AN cells elaborate factors that promote migration

and invasion of tumor cells, like VEGF and ANG-1, and
that these factor(s) are reduced as a result of T-oligo
treatment.

3.4. T-oligo Treatment Decreases the Expression of VEGF
and VEGFR-2 in Endothelial Cells. Because VEGF signal-
ing through VEGFR-2 is principally responsible for EC
survival, proliferation, migration, and angiogenesis [44–
47], we examined the effect of T-oligo treatment on these
proteins. HMVECs and HUVECs were grown and treated
with 40 μM T-oligo or diluent alone. Compared to diluent-
treated control cells there was a decrease (P < .004) of
∼86% in VEGF expression at 24 hours and an insignificant
decrease of ∼50% at 48 hours in T-oligo-treated samples
(Figures 4(a)–4(c)). In addition, in T-oligo-treated HMVECs
and HUVECs there were ∼29% (P = NS) and ∼59% (P <
.04) reduction in the protein level of VEGFR-2 at 24 and
48 hours, respectively (Figures 4(d)–4(f)). Thus, T-oligo-
mediated antiangiogenic effects on ECs may be, in part, due
to inhibition of VEGF-VEGR2 axis.

3.5. T-oligo Inhibits EC Function In Vitro in Tubulogenesis
Assay. HMVECs were plated on Matrigel in 4-well chamber
slides in serum-containing medium and treated with diluent
alone or increasing concentrations of T-oligo. Tube-like
structure formation was maximal in controls at 22 hours
and formal comparisons were made after 2–22 hours, as
customary for this assay [39]. By 22 hours, in cells treated
once with either 40 μM or 80 μM T-oligo there was a ∼
19% reduction in average tube length compared to cells
treated with diluent alone (P = NS) (Figures 5(a) and
5(b)). Cells treated with two separate doses of 40 μM T-
oligo at plating and 2 hours after plating showed a ∼35%
reduction in average tube length (P < .03). Cells treated once
at plating with 120 μM T-oligo showed a ∼58% reduction
in average tube length compared to the diluent-treated cells
(P < .001). A reduction of ∼83% (P < .0001) in tube
length was observed in cells treated with 3 separate doses
of 40 μM T-oligo (40 μM ×3) added to the medium at the
time of plating and then at 2 and 6 hours (Figures 5(a)
and 5(b)). These results indicate that T-oligo inhibits EC
function in a manner dependent on the dose and frequency
of administration, with the caveat that the very large amount
of oligos administered, rather that specific telomere-based T-
oligo initiated signalling may have contributed to the effect
observed. In our future experiments, we plan to examine the
effect of large and/or fractioned T-oligo doses on survival of
ECs.

3.6. Systemic Administration of T-oligo Reduces Tumor Angio-
genesis and Vessel Patency In Vivo in a SCID Mouse Xenograft
Model. In melanoma tumors inoculated into SCID mice,
we determined the effect of systemic T-oligo injection on
melanoma angiogenesis by evaluating functional and total
vessel density in tumor tissue (5 mice per group). When
tumors became palpable (2-3 mm in diameter, day 5 to 14
after inoculation) we injected T-oligo (60 nmoles/injection,
15 mg/kg) via the tail vein (IV) and injected again after
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Figure 2: T-oligo treatment increases E2F1 expression/activity and decreases HIF-1α DNA binding activity in MM-AN cells. Cells were
treated with 40 μM T-oligo or diluent alone and harvested at various times. (a) The pellets were examined by qRT-PCR for E2F1 mRNA
level, shown as a percent of time 0 levels (mean ± SEM) for 2 separate experiments in triplicate. (b) The pellets were also examined by
western blot analysis for E2F1 protein levels. Actin expression was used as an internal loading control. (c) Densitometric analysis of E2F1
protein expression after loading adjustment by actin, represented as a percent of time 0 levels. Results are pooled data (mean ± SEM) from
three independent experiments. (d) The DNA binding activity of E2F1 was analyzed by EMSA. No difference in E2F1 DNA binding activity
was detected between the treatment groups at 16 hours (lane 1 versus 2) but E2F1 DNA binding activity doubled in T-oligo treated cells at
32 hours (lane 3 versus 4). Specificity of bands was confirmed by preincubating the nuclear protein of T-oligo-treated cells harvested at 32
hours with ×25 cold probe (lane 4 versus 5) and by supershift of E2F1 protein/DNA and E2F1 competing antibody complex (lane 4 versus
6). (e) Quantification of the band intensity of DNA binding activity is represented as relative density untis (RDU) for both treatment groups
at 16 and 32 hours after treatment. E2F1 EMSA was repeated 2 times with similar results. (f) Nuclear protein was isolated from cells and
processed for electromobility shift assay (EMSA) for evaluation of HIF-1α DNA binding activity. Specificity of the bands was confirmed
by preincubating the nuclear protein extract of cells treated with diluent for 32 hours with ×25 cold probe (not labelled with 32P) and
mutant HIF-1α consensus sequence for 20 minutes before incubating the nuclear extracts with 32P-labeled consensus oligonucleotides. HIF-
1α EMSA was repeated 2 times with similar results. (g) Densitometric analysis of the protein/DNA complex bands for HIF-1α is graphed as
relative densitometric units (RDU).
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Figure 3: T-oligo treatment inhibits Matrigel invasion by MM-AN cells and HMVECs. MM-AN cells were treated with 40 μM T-oligo
or diluent alone. The culture medium was collected after 72 hours. The conditioned medium harvested after 72 hours was used as the
chemoattractant for the invasion assay for MM-AN and HMVECs. MM-AN cells were plated on the inserts and allowed 22 hours to move
through the pores on the membrane in the bottom of the inserts toward the medium in the lower chamber, interpreted as invasion of the gel.
The experimental inserts had a layer of Matrigel, whereas control inserts (not shown) did not. After 22 hours cells that moved through the
pores in the membrane were fixed, stained and photographed. (a) Representative images for MM-AN cells are shown. Small open circles are
the pores in the membrane, not cells. (b) The total number of cells was counted for 3 membranes for each treatment condition and graphed
as a number of cells (mean ± SEM) for both treatment groups. The assay was repeated twice with identical results. (c) Representative images
for HMVECs treated as described for MM-AN above are shown. Small open circles are the pores in the membrane, not cells. (d) The total
number of HMVECs were counted for 3 membranes for each treatment condition and graphed as an average number of cells for each
treatment group (mean ± SD). The assay was repeated twice with identical results. Reductions approached but did not reach statistical
significance.

6 hours, then harvested tumors 24 hours after the second
T-oligo injections. Representative images of tumor cross-
sections were immunostained to identify all vessels as well
as functional (patent) vessels 24 hours after T-oligo injection
(Figure 6(a)). Compared to control-injected mice there was
more than ∼80% decrease (P < .002) in functional vessels
in T-oligo-injected mice (Figure 6(b)). There was also more
than ∼60% decrease (P < .004) in total vessels in T-
oligo-injected mice (Figure 6(c)). These data corroborate
our in vitro findings (Figures 4 and 5) and demonstrate
that two systemic administrations of T-oligo reduce tumor
angiogenesis and vessel patency in vivo (Figures 6(a)–
6(c)).

To determine the effect of systemic T-oligo treatment
on melanoma growth, in SCID xenograft model MM-
AN cells were injected subcutaneously in the flank. When

tumors became palpable (2-3 mm in diameter, day 5 to
14), the mice received daily systemic injections of T-oligo
(60 nmoles/injection, 15 mg/kg BID) or vehicle for 5 days
only. In control animals, tumors increased in volume from
6.96 ± 2.9 mm3 on day 6 to 88.04 ± 19.72 mm3 on day
27 (Figure 6(d), blue line). In contrast, in T-oligo treated
animals, whose tumors were the same size as in controls
on day 6 (6.48 ± 2.57) there was very little tumor growth
through day 15 (6.48 ± 2.57 versus 9.92 ± 3.8 mm3) and
thereafter a slower and statistically insignificant increase in
volume to 29.65 ± 10.47 mm3 by day 27 (Figure 6(d), pink
line). Thereby, in T-oligo-treated mice tumor growth was
inhibited (P < .003) by ∼53% after ∼4 weeks, when the
experiment was terminated. These data demonstrate that
systemic administration of T-oligo for only 5 days has a
persistent inhibitory effect on melanoma growth. We have
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Figure 4: T-oligo decreases VEGF and VEGFR-2 protein levels in normal endothelial cells. HMVEC and HUVEC were treated with 40 μM
T-oligo or diluent alone and harvested for western blot analysis over 48 hours. (a) VEGF protein expression in HMVEC. Here and elsewhere
actin expression was used to adjust the loading. (b) VEGF protein expression in HUVEC. (c) Combined densitometric analysis of VEGF
expression in HMVEC and HUVEC as a percent of time 0 levels, after loading adjustment. (d) VEGFR-2 protein expression in HMVEC. (e)
VEGFR-2 protein expression and HUVEC, and (f) Combined densitometric analysis, as in (c).

also evaluated T-oligos toxicity in several internal organs of
SCID mice 24 hours after the last IV injections (15 mg/kg
BID for 5 days). No systemic toxicity was observed in bone
marrow, liver, intestines, brain, lungs and kidneys of T-oligo-
injected mice (Figures 7(a)–7(f)).

4. Discussion

Tumor angiogenesis is essential for tumor growth and
metastasis [1]. Without active angiogenesis tumor diameter
rarely exceeds 2-3 mm [1, 48]. Angiogenesis is mediated
through release of angiogenic factors by tumor cells and
cells in the tumor stroma and microenvironment including,
but not limited to, endothelial cells [48]. We now report
that telomere homolog oligonucleotides (T-oligos) decrease
the synthesis and release of angiogenic factors by ECs
and melanoma cells, inhibit EC tubulogenesis and impede
melanoma cells and ECs from invading matrix (Matrigel).
In addition, systemic administration of T-oligos decreases
tumor vascularity in vivo.

EC migration, proliferation and differentiation are all
essential processes for tumor angiogenesis [1]. EC prolifer-
ation, in vitro tubulogenesis, and survival are all known to
be stimulated in large part by VEGF [49]. Decreased VEGF
levels or inhibition of receptor activation in ECs often corre-
late with decrease in tumor size and metastatic potential [50].
VEGF binds to the extracellular domain of the VEGFR-1 (Flt-
1) and VEGFR-2 (Flk-1), inducing receptor dimerization
and activation of tyrosine kinases by autophosphorylation,
leading to angiogenesis, increased vascular permeability, and
EC proliferation and survival [49]. It is generally accepted
that VEGFR-2 is the major mediator of these effects [51].
We found that T-oligo decreases the expression of VEGFR-
2 by HMVEC and HUVEC (Figures 4(c) and 4(f)). Other
investigators reported that receptor tyrosine kinase inhibitors
(TKIs) such as sunitinib and dasatinib reduce signaling
through the RAF/MEK/ERK pathway that is activated by lig-
and binding to angiogenic receptors like VEGFR-2, PDGFR-
β, FH-3 and c-kit [52], indirectly inhibiting tumor growth
by affecting tumor angiogenesis [52]. By reducing VEGF-R2
level, T-oligos appear to have similar effects.



Journal of Oncology 9

Diluent 40 μM ×1 80 μM ×1

120 μM ×1 40 μM ×2 40 μM ×3

(a)

40
μ

M
×3

12
0
μ

M
×1

40
μ

M
×2

80
μ

M
×1

40
μ

M
×1

D
ilu

en
t

0

5000

10000

15000

20000

Tu
be

le
n

gt
h

(p
ix

el
s)

P = NS P = NS
P < .03 P < .001

P < .0001

P = NS

(b)

Figure 5: T-oligo treatment inhibits EC tubulogenesis in vitro. HMVEC cells were plated on Matrigel in four-well chamber slides and treated
in triplicate with T-oligo or diluent alone, as described in the text. (a) All representative images are taken 22 hours after plating cells into
chambers, the time of biggest differences among treatment conditions. (b) The length of tube-like structures was quantified as total average
tube lengths per visual field from 3 separate chambers for each treatment condition. The differences in the length of tube-like structures were
quantified (in pixels) in at least 3–5 representative photographs per chamber/treatment condition using computer-assisted image analysis.

VEGF also induces leakage within tumor vessels, allowing
tumor cells to infiltrate blood vessels and migrate into the
blood stream [53]. Hence, changes in angiogenic factors
even early in tumor formation can affect metastasis and
spread [53] and inhibiting VEGF production by T-oligos
would be expected to reduce the metastatic potential of
tumor cells [53]. Additionally, increased blood vessel per-
meability within the tumor may interfere with adequate
delivery and retention of chemotherapeutic agents [54, 55].
Indeed, certain antiangiogenic agents that prevent tumor
vessel leakage (a phenomenon called “vessel normalization”)
were shown to enhance the delivery of chemotherapeutic
agents into tumors [56]. Thus, combination treatment with

antiangiogenic factors together with conventional chemo-
therapeutic agents may be superior to using the latter alone.
Furthermore, because VEGF is likely required for migration
and recruitment of ECs, T-oligo-me diated VEGF reduction
would also likely decrease the number of blood vessels in
the tumor [1, 6]. Our present findings suggest that T-oligos
may induce potent antiangiogenic effects, enhancing their
attractiveness as a therapeutic option for cancer.

In addition to VEGF and its receptors, angiopoietin 1 and
2 (ANG-1 and ANG-2) and their tyrosine kinase receptor
Tie-2 have been identified as major players in the processes
of growth and remodelling of tumor vasculature [57, 58].
ANG-1 activates the Tie-2 signalling pathway [58]. Although
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Figure 6: T-oligo decrease tumor angiogenesis and melanoma tumor volumes in mouse SCID xenografts. (a) Representative images of
6 μm tumor cross-sections immunostained with CD31 (green) and TopRo-3 (blue-nuclei) and perfused in vivo with BS-1 lectin (red),
to determine tumor microvascular density (MVD) per high power field (HPF) ×40 magnification. Both functional and total vessels were
examined in 5 mice/group. Arrows indicate CD31 (+) vessels that are considered nonfunctional (not perfused) whereas arrowheads indicate
double (+) BS-1 lectin/CD31 vessels that are considered functional (perfused in vivo). (b) Percent functional vessels (red-BS-1 lectin staining)
in T-oligo injected mice, taking MVD in vehicle injected mice as 100%. (c) Percent total vessels (green-CD31 staining) in T-oligo injected
mice, taking MVD in vehicle injected mice as 100%. (d) SCID mice were injected with MMAN cells into the flank. T-oligo or vehicle was
injected daily for up to 5 days when tumors were first palpable (2-3 mm diameter). Average tumor volume/animal was recorded over 4-weeks
in 5-6 mice/group.
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Figure 7: Evaluation of T-oligos toxicity in internal organs of SCID mice 24 hours after the last IV injection (15 mg/kg BID for 5 days). (a)
Bone marrow, displaying a mixture of myeloid and erythroid precursor cells as well as plasma cells. Scattered megakeryocytes are also present.
There is no evidence of bone marrow suppression or toxicity. (b) Liver lobule with a central vein surrounded by hepatocytes. The cells display
a fixation artifact but otherwise appear normal. There is no evidence of cellular necrosis or apoptosis. (c) Jejunal mucosa displaying normal
arrangement of villi lined by tall columnar cells. Both the mucosa and the submucosa appear normal. Fragments of normal pancreatic acinar
tissue are seen in the bottom left of the image. (d) Section of the brain showing normal brain architecture with typical neuronal ganglia and
scattered small dark glial cells in a pink neuropil background. (e) Normal lung tissue displaying multiple alveoli as well as bronchioles lined
with cuboidal epithelial lining. (f) The kidney displays two normal glomeruli that are surrounded by tubules with cuboidal epithelium.

under certain conditions ANG-2 may inhibit ANG-1 effect,
in an in vivo mouse model for melanoma [59] and in
glioma cells [60] increased expression of ANG-2 is thought
to stimulate angiogenesis. Another angiogenic factor, HIF-
1α, a transcription factor that is activated by hypoxia, exerts
its effect by upregulating VEGF levels. We found that T-
oligo treatment inhibits HIF-1α activity and ANG-1 and
ANG-2 expression in melanoma cell line and decreases VEGF
synthesis secretion in these cells, strongly suggesting that T-
oligo-mediated effects on tumor angiogenesis are transcrip-
tional and ultimately affect several angiogenic molecules.

Our laboratory has previously shown that T-oligo
increases p73 level in the p53 null MM-AN cells and
that blocking p73 expression by RNAi decreases T-oligo-
induced apoptosis in these cells [11]. Like p53, p73 is
known to inhibit angiogenesis, primarily through VEGF
down-regulation [34]. Therefore, we assume that in MM-
AN cells T-oligo decreases VEGF production, in addition to
its effect on HIF-1α, by activating p73 through induction
of E2F1. However, in cells with functional p53, we assume
that T-oligo-induced p53 and p73 would cooperate to
inhibit angiogenesis. Furthermore, E2F1 is known to induce
apoptosis in part by its effect on p73. Thus, induction
of E2F1 by T-oligos [11] also contributes to tumor cell
apoptosis. E2F1 is reported to be upregulated by active
(phosphorylated) ATM [61]. We have previously shown that
T-oligo treatment activates (phosphorylates) ATM [21, 27].
Moreover, the E2F1 promoter contains binding sites for
E2F1 [62]. We therefore suggest that T-oligo regulates E2F1

first via ATM-mediated phosphorylation of E2F1 [61] and
that E2F1 then further transcriptionally upregulates E2F1 by
binding to its own promoter. Indeed, we show that T-oligo
increases E2F1 mRNA and protein levels as well as its DNA
binding activity in human MM-AN melanoma cells, further
confirming our previous finding that E2F1contributes to T-
oligo effects [11].

The T-oligos used in the present experiments have phys-
iologic readily hydrolysable phosphodiester linkage, unlike
for example antisense DNA in which phosphorothioate or
other nonhydrolyzable linkage is employed to increase the
molecule’s half-life (T 1/2). Hydrolyzable linkage is required
for initiation of T-oligo signalling [22] and, despite the
known short T 1/2, approximately 4–6 hours in serum-
containing medium for a 12-base 100% telomere homolog
[38], nevertheless this allows for the cellular responses
observed in the present and previous experiments to evolve
over 3–5 days [11, 13, 19, 21, 22, 24–28]. This may reflect
the fact that at least in vitro T-oligos rapidly enter the
nucleus [11, 22, 24, 27] and that, once in the nucleus,
such oligos have a far longer T 1/2 [63]. The efficacy of
these presumptively short-lived T-oligos may also reflect
the likelihood that, after interaction of the oligos with the
Werner protein and formation of DNA damage-like foci at
telomeres [22], signalling through the DNA damage response
pathways may continue even if the T-oligos have been
hydrolyzed, at least through 48 hours at which time the DNA
damage foci can still be observed by immunohistochemistry
[22].
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In earlier studies, we have shown that T-oligos inhibit
tumor growth in SCID mouse models by inducing cell cycle
arrest, differentiation, apoptosis, and senescence [13, 15, 27].
We now show that T-oligos also inhibit angiogenesis. Angio-
genesis inhibition encompassing both ECs and melanoma
cells, in combination with other T-oligo-mediated anti-
tumor effects [11, 13, 22, 25, 27], likely combine to
significantly decrease melanoma burden in established SCID
mouse models, as reported in our earlier publications
[13, 27]. These multiple diverse responses are all mediated
through activation and/or upregulation of DNA damage
response proteins. They are thus reminiscent of the less
complex but very well characterized bacterial SOS response,
a genome-protective mechanism that enhances survival of
prokaryotic organisms in the face of DNA damage [14]. The
telomere-based DNA damage-like signalling initiated by T-
oligos may be viewed as an evolutionarily perfected parallel
mechanism in mammalian cells that addresses the threat to
genomic integrity posed by malignant transformation [64].

In summary, the present paper indicates that T-oligos
exert multiple antiangiogenic effects. These data reinforce
prior evidence that T-oligo therapy may offer a powerful new
approach to treatment of human primary melanoma and
possibly other human malignancies, with several conceptual
advantages over the currently lionized targeted therapy
approach [64].
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Due to the prominent angiogenesis that occurs in malignant glioma, antiangiogenic therapy has been attempted. There have been
several molecular targets that are specific to malignant gliomas, as well as more broadly in systemic cancers. In this review, I will
focus on some topics related to molecular therapeutic targets for glioma angiogenesis. First, important angiogenic factors that
could be considered molecular targets are VEGF, VEGF-induced proteins on endothelial cells, tissue factor, osteopontin, αvβ3

integrin, and thymidine phosphorylase as well as endogenous inhibitors, soluble Flt1, and thrombospondin 1. Second, hypoxic
areas are also decreased by metronomic CPT11 treatment as well as temozolomide. Third, glioma-derived endothelial cells that
are genetically and functionally distinct from normal endothelial cells should be targeted, for example, with SDF-1 and CXCR7
chemokine. Fourth, endothelial progenitor cells (EPCs) likely contribute towards glioma angiogenesis in the brain and could be
useful as a drug delivery tool. Finally, blockade of delta-like 4 (Dll4) results in a nonfunctioning vasculature and could be another
important target distinct from VEGF.

1. Introduction

Malignant gliomas tend to be highly vascularized and con-
tain hypoxic regions. Therefore, an antiangiogenic strategy
is promising for malignant gliomas [1, 2]. In this review,
I focus on some molecular therapeutic targets for glioma
angiogenesis: (1) angiogenic factors, (2) hypoxia, (3) glioma-
derived endothelial cells, and (4) resistance to antiangiogenic
therapy. The problem of how to treat patients who fail to
respond to antiangiogenic therapy remains a challenge, and
the mechanisms of resistance are being studied. The potential
mechanisms by which tumor cells can evade antiangio-
genic therapy include upregulation of non-VEGF-mediated
pathways of angiogenesis, recruitment of bone marrow-
derived cells, increased pericyte coverage, and increased use
of preexistent vasculature by invasion [3].

2. Angiogenic Growth Factors in Glioblastoma

Vascular endothelial growth factor (VEGF) is a major
angiogenic factor in glioblastoma [4]. VEGF is localized
within tumor cytoplasm and endothelium (Figure 1). VEGF

is predominantly located in the perinecrotic area, which
is referred to as the pseudopallisading area and appears
to be hypoxic. By contrast, there are few VEGF positive
cells in low-grade astrocytomas and no VEGF positive cells
in the normal brain. We initially demonstrated increased
expression of VEGF in malignant glioma tissues, with
both ELISA (Figure 2) and immunohistochemistry. We also
demonstrated high VEGF protein concentrations in the cyst
fluid from glioma, but VEGF was not detectable in the serum.

VEGF-related angiogenic factors have been also clearly
demonstrated in glioma tissues by RT-PCR and immunohis-
tochemistry. Tissue factor is highly expressed in malignant
gliomas associated with VEGF expression (Figure 3) [5].
Also, osteopontin and αvβ3 integrin, which are also induced
by VEGF in endothelium, are predominantly expressed in
tumor endothelium. Another angiogenic factor, thymidine
phosphorylase, is also only expressed in malignant gliomas,
but not in low-grade glioma or normal brain (Figure 4) [6].

Endogenous angiogenesis inhibitors are important
molecules in the delicate balance of angiogenic potential in
tumors. The soluble form of the VEGF receptor 1 (sFlt-1)
is a measurable, potent, and specific VEGF inhibitor. The
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Figure 1: VEGF localization in gliomas. (a)–(c) Glioblastoma. VEGF localizes in the cytoplasm of the tumor cells and tumor capillary around
the necrosis and the tumor periphery. (d) Anaplastic astroctytoma. (e) Diffuse astrocytoma. (f) Normal brain. Original magnification (a, c)
×50, (b, d, e, f) ×200.
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Figure 2: VEGF concentration in the various brain tumors.

concentrations of sFlt-1 and VEGF have been measured in
glioma tissues by ELISA. A VEGF/sFlt-1 ratio greater than 1
is a worse prognostic factor in glioblastomas (Figure 5) [7].
The significance of the VEGF/sFlt-1 ratio as a prognostic
factor is greater than for the VEGF concentration alone,
suggesting that the angiogenic balance between angiogenic
factor and its inhibitor is important in tumor angiogenesis.
Experimentally, transfection of human glioma cells with sFlt-
1 demonstrated low expression of VEGF mRNA compared
to transfection with an empty vector. The tumor growth of
these sFlt-1 transfectants was inhibited, but the inhibitory
activity was limited [7]. Another endogenous angiogenic
inhibitor, thrombospondin1 (TSP1), was introduced into
human U87 glioma cells by transfection (Figure 6). The
glioma growth of the TSP1 transfectant was significantly
inhibited compared to those of parent and vector-alone
transfectants (Figure 7) [7]. These clinical and experimental
data support the importance of angiogenic balance as a key
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Figure 3: Tissue factor and VEGF mRNA expression in human glioma samples. Tissue factor expression was frequent and highly observed
in glioblastomas associating with VEGF expression.

Table 1: Inhibition of angiogenesis in the chick chorioallantoic
membrane assay.

Suramin
(μg/disk)

Embryos
evaluated

(positive/total)
% of inhibition

0 0/10 0

30 0/7 0

250 2/8 25

500 5/10 50

1000 12/17 71

1500 7/7 100

factor in antiangiogenic therapy. This is likely because these
endogenous angiogenesis inhibitors are upregulated in
malignant gliomas, as a consequence of the upregulation of
angiogenic factors.

The general growth factor receptor inhibitor, suramin,
was investigated for its antiangiogenic action [8]. Suramin
inhibited physiologic angiogenesis in a dose-dependent man-
ner, based on the chorioallantoic membrane (CAM) assay
(Table 1). Suramin inhibited the bFGF-induced endothelial
expression of urokinase-type plasminogen-activator (uPA)
using gelatin zymogram (Figure 8). uPA is closely related to
the initiating step of angiogenesis, degradation of the extra-
cellular matrix. Using a rat intracranial C6 glioma model,
suramin inhibited Ki67 labeling of the tumor endothelium
(Figure 9) [9]. All of these data suggest that suramin can
inhibit physiological and tumor angiogenesis at multiple
levels.

Recently, the anti-VEGF antibody, bavacizumab, has
been used in the treatment of glioblastoma [10]. The
growth inhibitory effect is dramatic, especially when deter-
mined with MRI enhancement and MRI perfusion study
[11]. Interestingly, ACNU (1-(4-amino-2-methyl-5-pyrim-
idinyl)-methyl-3-(2-cholroethyl)-3-nitrosourea hydrochlo-
ride) chemotherapeutic agents resulted in upregulation of
VEGF mRNA in glioma cells (Figure 10) [12]. A similar
effect on upregulation of VEGF has been demonstrated by
irradiation of glioma cells. Thus, the combination of VEGF
antagonism, that is, VEGF antibody in the initial glioma
therapy, is a reasonable strategy in ACNU chemotherapy
and in radiation therapy (Figure 11). The VEGF antibody is
attractive for attacking tumor stem cells, as a new strategy

to combat glioblastomas, because the VEGF antibody could
inhibit maintenance of glioma stem cells by destroying
glioma vascular niche [13, 14], in contrast to the effects
of radiation or other chemotherapeutics. However, the
antiangiogenic antiglioma effect is transient (Figure 12).
Congruent with the results obtained in orthotropic mouse
models of GBM, four recent clinical studies have implicated
proinvasive adaptation in humans, as observed by MRI,
in a subset of GBM patients who developed multifocal or
diffuse recurrence of the tumor during a course of anti-
VEGF therapy with bevacizumab, as in our case [15–17].
Thus, there is a clear need for alternative strategies after
bevacizumab failure.

3. Hypoxia in Gliomas

One of the mechanisms of resistance to angiogenic treatment
is the presence of hypoxic regions in glioma tissues. Hypoxia-
inducible factor 1α (HIF1α) is induced by hypoxia and
is upstream of VEGF mRNA expression. Immunohisto-
chemical expression of HIF-1α clearly correlated with the
degree of glioma malignancies and predicted survival among
patients with malignant gliomas (Figure 13) and the degree
of necrosis on MRI (data not shown). Therefore, HIF-
1α has been the focus of antiangiogenic treatment [18].
Downregulation of HIF-1α in glioma cells using siRNA
resulted in growth inhibition and an angiosuppressive
effect on glioma growth (unpublished data). Metronomic
chemotherapy is a promising strategy to overcome resis-
tance to antiangiogenic treatment [19]. We demonstrated
that SN38, the active metabolite of CPT11, exhibited an
antiangiogenic effect (Figure 14). SN38 inhibited HIF-1α
and VEGF mRNA and protein expression of glioma cells
in a dose- and time-dependent manner [20]. Metronomic
CPT11 treatment of gliomas exhibited growth inhibitory
effects without systemic toxicity, that is, through comparison
of body weight loss that was not observed by conventional
CPT11 treatment. Tumor tissues treated with metronomic
CPT11 exhibited decreased expression of HIF-1α protein
and pimonidazole expression, which were indicative of areas
of hypoxia by immunohistochemistry (Figure 15). A recent
advance in glioma chemotherapy is the discovery of temo-
zolomide. Temozolomide is a powerful chemotherapeutic
agent that prolongs overall survival of initial glioblastoma
by up to 2.5 months [21]. More recently, the feasibility
of bevacizumab with radiation therapy and temozolomide
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Figure 4: Thymidine phosphorylase immunohistochemistry in human gliomas. Glioblastoma shows intense immunoreaction for thymidine
phosphorylase both in tumor and endothelial cells (a). Diffuse astrocytoma shows no expression (b). Some of the tymidine phosphorylase
positive cells (c) are macrophages ((d) serial section of (c)). Thymidine phosphorylase positive glioblastoma (e) reveals a high apoptotic
index ((f) serial section of (e)), while Thymidine phosphorylase negative glioblastoma (g) reveals a low apoptotic index ((h) serial section of
(g)). Original magnification ×200.

in newly diagnosed high-grade gliomas has been reported
[22, 23]. Interestingly, temozolomide has an inhibitory
effect on HIF-1α expression and endothelial cell tube
formation [24]. The metronomic temozolomide treatment
is reasonable and clinical results have been demonstrated
[25, 26].

4. Glioma-Derived Endothelial Cells

Many studies focusing on tumor angiogenesis and endothe-
lial biology are based on established normal cells lines that is,
human umbilical vein endothelial cells (HUVECs). Whether
or not tumor endothelial cells and normal endothelial cells
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are genetically and functionally identical remains controver-
sial. Comparisons between tumor-derived and normal ECs
have been made for a variety of systemic tumors [27]. They
have shown that tumor endothelium exhibits a phenotype of
activated ECs, as reflected in the high expression of angio-
genic molecules, that is, VEGFR, the angiopoietin receptor
Tie2, and the adhesion molecules ICAM-1, E-selectin, and
CD44. In recent publications, researchers have suggested that
the tumor-associated ECs derived from GBM tissues have
different phenotypic and functional properties compared to
normal ECs [28, 29]; these differences may result in less
effective antiangiogenic therapy if the target molecules are
only expressed in normal blood vessels. Moreover, these
publications have not mentioned the potential for interac-
tions between tumor cells and tumor-derived endothelial
cells. We isolated tumor endothelial cells from human
glioblastoma samples using flow cytometry, cultured them,
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Figure 12: Clinical course of a case with recurrent malignant glioma with bevacizumab and CPT11 treatment. After 3 cycles enhanced tumor
and perifocal edema is markedly diminished (Bev 2 m). However, after 6 cycles T2 high intense tumors regrow with minimal enhancement
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Figure 13: Malignant glioma survival with hypoxia inducible
factor 1α (HIF-1α) expression on immunohistochemistry. HIF-1α
expression is a negative prognostic factor.

and analyzed the genetic differences between these cell types
and HUVEC regarding the mRNA and protein expression
of angiogenic factors and chemokines. Glioblastoma-derived

endothelial cells (GBMECs) exhibited high expression of
VEGF, SDF-1, and CXCR7 mRNA compared to HUVEC,
and GBMECs exhibited no expression of CXCR4 mRNA
(Figure 16, unpublished data). We are now investigating
functional differences between GBMECs and HEUVEC as
well as the interaction between GBMECs and glioma cells
using a coculture system. To obtain successful results with
antiangiogenic therapy, tumor endothelial cells should be
targeted in the future.

5. The Role of Endothelial Progenitor Cells
on Tumor Angiogenesis

Another important mechanism of resistance to antiangio-
genic treatment is related to EPCs. EPCs are introduced
into tumor angiogenesis by tumor stimuli from the bone
marrow. We investigated the role of EPCs on glioma angio-
genesis. C6 glioma cells (5 × 106 cells) were stereotactically
implanted into the brain. After 7 days, EPCs (3 × 105 cells)
that were harvested from umbilical cord blood [30] were
intravenously injected via the tail vein. Seven days after the
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Figure 18: EPC homing to glioma vasculature. 11 days after injection of GFP labeled EPCs, EPCs localize lectin labeled glioma vasculature.

EPC injection, the rats were sacrificed and the C6 gliomas
in the brain were fixed and stained with CD31. EPC-injected
C6 glioma demonstrated a large narrow vascular network.
The vessel length is significantly longer than EPCs in an
uninjected tumor (Figure 17). Fluoroscopy demonstrated
that GFP-labeled EPCs localized along with lectin-labeled
tumor vessels (Figure 18). This result suggests that EPC
could induce homing to the glioma vasculature and that
this characteristic of tumor vasculature homing is useful
when considering EPCs as drug delivery tools. If the EPCs
contain angiogenesis inhibitors, the angiogenesis inhibitor
is automatically delivered to the tumor vasculature. To date,
this new strategy has not been published.

6. Molecular Targets of Glioma Angiogenesis
in Future

Finally, the question remains, what are the current possible
target molecules for glioma angiogenesis? Norden et al. [31]
reported some molecules other than VEGF. Among them,
delta-like 4 (Dll4) remains promising, because the mech-
anisms of angiosuppression are quite different to those of
VEGF and the role of Dll4 is reciprocal to VEGF [32, 33].
Remarkably, Dll4 and VEGF are the only known genes for
which loss of a single allele results in embryonic lethality
due to failure to form a functional vasculature. Dll4 is
exclusively expressed by endothelial cells; therefore, this
ligand is a potential therapeutic target. Although blocking
Dll4 appears to promote angiogenesis, the neovasculature
is functionally abnormal and it cannot support tumor cell
survival [34]. Preclinical studies have shown that blockade of
Dll4 was effective in inhibiting the growth of tumors that are
resistant to VEGF inhibition [32]. Whereas most of current
antiangiogenesis approaches act through the reduction or
elimination of tumor blood vessels, Dll4 blockade results
in the formation of a nonfunctional vasculature that is
unable to support tumor growth. This paradoxical strategy
for targeting tumors will be the focus of intense research for
years ahead.

Furthermore, the expression of recombinant toxic pro-
teins that specifically target tumor endothelium appears
to be promising [35]. Fusion proteins directed against
urokinase-type plasminogen-activator receptor (uPAR) may

be appropriate for targeting endothelial cells in the tumor
vasculature compared with normal endothelium, as uPAR
may be preferentially expressed in proliferating endothelium.
The efficacy of protein DTAT13 that was synthesized to target
uPAR on the neovasculature and uPAR- and interleukin-
13-expressing glioblastoma cells has been demonstrated on
glioma growth in vitro and in vivo [36].

7. Conclusion

Anti-angiogenesis therapy for malignant gliomas is promis-
ing by not only inhibiting angiogenesis but also through
alteration of the tumor microenvironment, that is, the tumor
vascular niche. Moreover, various combinations of strategies
including the development of new molecular targets have
been investigated. Overcoming resistance to antiangiogenic
therapy with minimal side effects should be considered.
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Glioblastoma (GBM) is the most common primary brain tumor occurring in America. Despite recent advances in therapeutics,
the prognosis for patients with newly diagnosed GBM remains dismal. As these tumors characteristically show evidence of
angiogenesis (neovascularization) there has been great interest in developing anti-angiogenic therapeutic strategies for the
treatment of patients with this disease and some anti-angiogenic agents have now been used for the treatment of patients with
malignant glioma tumors. Although the results of these clinical trials are promising in that they indicate an initial therapeutic
response, the anti-angiogenic therapies tested to date have not changed the overall survival of patients with malignant glioma
tumors. This is due, in large part, to the development of resistance to these therapies. Ongoing research into key features of the
neovasculature in malignant glioma tumors, as well as the general angiogenesis process, is suggesting additional molecules that
may be targeted and an improved response when both the neovasculature and the tumor cells are targeted. Prevention of the
development of resistance may require the development of anti-angiogenic strategies that induce apoptosis or cell death of the
neovasculature, as well as an improved understanding of the potential roles of circulating endothelial progenitor cells and vascular
co-option by tumor cells, in the development of resistance.

1. Introduction

Malignant gliomas include WHO grade IV gliomas, also
known as glioblastomas (GBM), and WHO grade III
gliomas referred to as anaplastic gliomas (AG) (anaplastic
astrocytoma, anaplastic oligodendroglioma, and anaplastic
oligoastrocytoma). GBM is the most common primary brain
tumor occurring in the United States of America; approxi-
mately 10,000 new cases are diagnosed each year [1, 2]. In
this review, we will focus on the status of antiangiogenic
therapy for GBM, as these tumors characteristically show
evidence of angiogenesis (neovascularization) on histologic
examination. Despite recent advances in therapeutics, the
prognosis for patients with newly diagnosed GBM remains
dismal; the median survival is 15 months when treated
with the current standard of therapy, which is a combina-
tion of maximal surgical resection followed by concurrent

chemoradiation and six months of adjuvant temozolomide
[3]. Most patients with GBM develop tumor recurrence
after the above therapy, and many centers are now treating
these patients with bevacizumab (a monoclonal antibody to
vascular endothelial growth factor (VEGF) that was recently
approved by the FDA). Although clearly of benefit to some
patients, the majority die within 6-9 months after initiation
of anti-VEGF therapy [4–6]. Other antiangiogenic agents
also have been examined in phase I or II clinical trials for
patients with GBM, and promising results have emerged;
however, a statistically significant increase in overall survival
has not been reported to date. It is now becoming apparent
that tumors also can act to enhance their vasculature through
other mechanisms such as “co-option” of the existing
vasculature. The contribution of these processes to tumor
vascularization and their potential effects on anti-angiogenic
therapies is an emerging field of great interest.
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2. The Biology of Brain Tumor Vascularization

GBMs are among the most vascular tumors known and
hence the tumor-associated vasculature is an attractive ther-
apeutic target [7]. It is now well established that tumors can
promote the formation of new vessels through the process
of angiogenesis. It is thought that when a tumor reaches a
certain size, the requirements for oxygen and nutrients lead
to the growth of new blood vessels [8, 9]. The neovasculature
that is formed in GBM never completely matures; however,
this leads to an atypical vasculature that is constantly
undergoing remodeling. There also is evidence to suggest
that prior to the triggering of the process of formation of
new vessels, tumor cells can obtain the necessary nutrients
and oxygen by “co-opting” existing blood vessels [10]. This
process appears to occur in very small tumors and appears
to be dependent on the microenvironment in the specific
organ and perhaps on the tumor type. In transplanted C6 rat
gliomas in the rat brain co-option of existing blood vessels by
tumor cells occurred initially when the tumors were several
mm in diameter, and this was followed by vascular regression
and ultimately by the development of a neovasculature [10].
Moreover, the process of vasculogenic mimicry [11], in
which tumor cells function as blood vessel lining cells, may
contribute to the blood supply in malignant tumors. Most
of the research concerning tumor vasculature has focused on
the mechanisms that promote the formation of new blood
vessels through the process of angiogenesis and it is these
mechanisms that have been targeted in the development
of antiangiogenic therapies. Currently, relatively little is
known concerning the mechanisms underlying co-option
of blood vessels and vasculogenic mimicry, the effects of
anti-angiogenic therapies on these processes, or the role of
these processes in the activity of, or resistance to, the anti-
angiogenic therapies that have been developed.

2.1. Angiogenic Growth Factors: Their Receptors and Function.
The signaling of VEGF, a proangiogenic growth factor, is
important for GBM angiogenesis and involves paracrine
interactions between the glioma cells, and the inflammatory
cells that secrete VEGF, and the tumor-associated endothelial
cells (EC) that express receptors for VEGF (VEGFR) [9].
The VEGF gene family is composed of five members: VEGF-
A, VEGF-B, VEGF-C, VEGF-D, and the placental-derived
growth factor (PlGF) [10–12]. Of these, family members
VEGF-A, VEGF-B, and PlGF are involved in vascular
angiogenesis, whereas VEGF-C and -D regulate lymphatic
angiogenesis [9]. VEGF-A was originally discovered as a
factor that induces vascular permeability, and has since been
shown to be an important EC mitogen [13, 14]. It belongs
to the platelet-derived growth factor (PDGF) superfamily
and is located on chromosome 6 [15]. Once secreted by the
tumor cells, stromal cells or ECs, VEGF can be tethered in
the extracellular matrix (ECM) due to an association with
proteoglycans or glycosaminoglycans [16, 17].

The main receptors for VEGF-A are VEGFR1 and
VEGFR2 [15]. These receptors are upregulated on the ECs in
GBM as compared to the ECs of normal brain [18]. VEGFR-
2 is a major mediator of the mitogenic and angiogenic effects

of VEGF through its activation of the phosphatidyl inositol
3-kinase (PI3K)/protein kinase B (AKT) and RAF-MAPK
kinase-(MEK-) extracellular signal-regulated (ERK) MAP
kinase pathways [15].

Basic fibroblast growth factor (bFGF) is another proan-
giogenic growth factor that is upregulated in GBM, in which
it is expressed focally by tumor cells and also is expressed
by the vasculature [19, 20]. The receptors for bFGF include
FGFR1, FGFR2, and FGFR4. FGFR1 is upregulated in GBM
and is expressed by both the tumor cells and the tumor ECs.
FGFR4 is expressed only by the tumor cells, and FGFR2 is
not expressed in the tumors but it is expressed in the normal
brain [21, 22]. As is the case for VEGF, once secreted by
the tumor cells, stromal cells or ECs, bFGF can be tethered
in the ECM due to an association with proteoglycans or
glycosaminoglycans [16, 17]. Binding of bFGF to its receptor
results in activation of the protein kinase Cα (PKCα) pathway
[23, 24] and the ERK pathway [23, 25].

In addition to VEGF and bFGF, several other proangio-
genic molecules have been implicated in the initiation or
amplification of angiogenesis in GBM including stem cell
factor (SCF) and interleukin-8 (IL-8), hepatocyte growth
factor and urokinase [26–30]. SCF mediates its signals
through activation of the c-KIT receptor and may be of
particular interest in GBM as its overexpression is associated
with a shorter survival in patients with malignant glioma
[31]. IL-8 is a chemokine that is synthesized by macrophages,
ECs (where it is stored in the Weibel-Palade bodies), and
other cell types (such as epithelial cells) [32, 33]. IL-8 is
released from macrophages as a result of a host inflammatory
response and activates ECs through the chemokine-1 and 2
receptors (CXCR1 and CXCR2) [34].

Finally, in normal blood vessels, angiopoietin-1 (Ang-
1) is expressed by pericytes, binds the Tie2 tyrosine kinase
receptor expressed on the associated EC and signals for
survival and stabilization of the blood vessel [35, 36]. In
GBM there is increased expression of both Ang-1 and its
antagonist angiopoietin-2 (Ang-2); Ang-2 is expressed by
the ECs, whereas Ang-1 is expressed by the tumor cells
and is not expressed by the tumor blood vessels [37]. This
has led investigators to speculate that Ang-2 may have a
proangiogenic function in the neovasculature of tumors. Of
note, Ang-2 expression has been implicated in the co-option
process as described below [10].

2.2. Proteolytic Degradation of the Basement Membrane,
Endothelial Cell Sprouting, and Tube Formation. Proteolytic
degradation of the EC basement membrane by matrix met-
alloproteinases (MMPs) exposes the ECs to ECM proteins
that can regulate angiogenesis and promote EC movement
or sprouting [11, 28, 31]. These cell-ECM interactions occur
through specific receptors and binding partners expressed
on the EC surface, such as integrin cell adhesion receptors
that recognize specific ECM molecules [9, 28, 34, 38, 39]. In
addition, integrin receptors cooperate, collaborate, or cross-
talk with growth factor receptors in a specific manner to
enhance the signaling of both the integrin and the growth
factor receptor. For example, in the chick chorioallantoic
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membrane model of angiogenesis, integrins αvβ5 and αvβ3,
which are expressed on the EC, bind ligands in the chorioal-
lantoic membrane and promote EC survival, proliferation,
and sprouting (migration) by cooperating with VEGFR2
and FGFR, respectively [39]. At the same time, activation of
the platelet-derived growth factor (PDGF) receptor signaling
pathway recruits pericytes to the new EC tube, where they
deposit ECM proteins that aid in the formation of a new EC
basement membrane, inducing the expression of fibronectin
and nidogen-1 by the ECs [40–43]. Pericyte recruitment
to the EC tube also promotes the upregulation of certain
integrin receptors (α6β1, α3β1, α1β1, and α5β1) on the
ECs that mediate the interaction of the EC with fibronectin,
nidogen-1, and laminin in the new basement membrane
[42, 43].

Pericytes are necessary for stabilization of the new EC
tube. The finding that EC tubes lacking pericyte coverage
become dilated [42] suggests that pericyte coverage of
the EC tube is necessary for maintaining the appropriate
vessel diameter. This concept is consistent with the dilated
and tortuous blood vessels that are observed on histologic
examination of many GBM tumors and suggests that this
may be associated with the reduced pericyte coverage of
blood vessels observed in these tumors [36, 44].

Endothelial progenitor cells (EPCs) from the bone
marrow may also contribute to the neovasculature. EPCs
are mobilized from the bone marrow by the cytokine
stromal-derived factor-1α (SDF-1α) [45] that is expressed
by angiogenic vessels in GBM, SDF1α binds to the G
protein-coupled chemokine 4 receptor (CXCR4) expressed
on circulating EPCs and also on tumor vessels [46]. A role
for the SDF1α/CXCR4 signaling pathway in the development
or maintenance of the GBM neovasculature is suggested
by a report that demonstrated that the administration of a
CXCR4 antagonist to an orthotopic xenograft mouse model
of GBM inhibited tumor growth [47].

2.3. Abnormalities in the Neovasculature of GBM and Hypoxia.
The failure of the GBM neovasculature to mature completely
results in an atypical neovasculature that demonstrates exces-
sive leakiness and lacks a normal blood brain barrier (BBB).
Electron microscopic examination of the neovasculature in
GBM has revealed that the tight junctions and adherens
junctions (important contributors to the BBB) are abnormal
and that the actin filaments associated with the junctions are
disorganized [48]. These changes likely decrease the osmotic
gradient between the vasculature and interstitium, elevating
the interstitial fluid pressure in the tumor [49]. This has
certain important clinical implications. First, the elevated
interstitial fluid pressure can compromise drug delivery to
the GBM. Second, the abnormalities in the neovasculature
may enhance tumor cell access to the vasculature and aid in
tumor cell migration and invasion along the EC basement
membrane to previously uninvolved brain tissue.

In addition, the neovasculature in GBM demonstrates
prominent thrombosis, promoting local hypoxia within the
tumor. This local hypoxia is exacerbated by the rapid growth
of these tumors, which frequently results in an extensive

necrotic core that further accentuates the hypoxic microenvi-
ronment. Hypoxia can promote tumor angiogenesis through
activation of the transcription factor hypoxia-inducible
factor -1α (HIF-1α) which, in turn, enhances production
of proangiogenic growth factors. Normally, the von Hippel-
Lindau (VHL) molecule inhibits the function of HIF-1α but
hypoxia destabilizes VHL causing it to dissociate from HIF-
1α. This results in HIF-1α binding to the hypoxia response
element (HRE) in the promoter of several proangiogenic
factors (i.e., VEGF and SDF-1α) thereby initiating their
transcription [45, 50]. A second HIF family member, HIF-
2α, is also activated by hypoxia and likely plays a role
in promoting tumor angiogenesis in GBM [51]. Li and
colleagues [51] have recently demonstrated that HIF-2α is
preferentially expressed in glioma stem cells, in comparison
to nonstem tumor cells and normal neural progenitors. Their
work showed that HIF2α, not HIF1α, is selectively activated
in glioma stem cells by hypoxia, inducing the expression of
VEGF. In tumor specimens, HIF2α colocalized with markers
of cancer stem cells. Furthermore, targeting HIF in glioma
stem cells inhibited self-renewal, proliferation, and survival
in vitro, and attenuated the tumor initiation potential of
glioma stem cells in mouse xenografts. Therefore, HIF2α
likely represents a promising new therapeutic target in
patients with GBM [51].

2.4. Role of Cancer Stem Cells in Tumor Angiogenesis. In
recent years, a minor population of cells has been identified
in GBM and other malignant tumors that has characteristics
of tumor-initiating cells. These cells have been referred to
as cancer stem cells (CSCs) and in the case of GBM are
referred to as glioma stem cells [52–54]. There is still some
debate regarding the appropriate definition of CSCs, but
an emerging consensus holds that these cells are capable of
self-renewal, sustained proliferation, and initiating tumor
formation when injected in very low numbers into an
immunocompromised mouse host [55]. Of particular rele-
vance to this review, a small but growing number of papers
have suggested that CSCs promote angiogenesis in tumors.
For example, Bao and colleagues (2006) demonstrated that
conditioned media from glioma stem cells significantly
promoted EC migration, proliferation, and tube formation
as compared to conditioned media from nonstem glioma
cells [56]. Consistent with this observation, Calabrese and
colleagues (2007) showed that ECs interact closely with
brain tumor stem cells in the perivascular location (this
has been termed a vascular niche) and secrete factors that
maintain these cells in a stem cell-like state [57]. Investigators
have speculated that this vascular niche is an important
target for therapeutic intervention, as disruption of the niche
microenvironment can ablate the growth of CSCs and arrest
tumor growth [57, 58]. It should therefore be borne in mind
that this is a potential mechanism by which anti-angiogenic
drugs could inhibit brain tumor growth [57]. Most recently,
Folkins and colleagues (2009) compared the angiogenesis in
tumor xenografts from C6 glioma cells containing either a
low or a high fraction of CSCs, and found that CSC-high
xenograft tumors demonstrated an increased microvessel
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density and blood perfusion, as well as inducing greater
mobilization and recruitment of bone marrow-derived EPCs
to the tumors [59]. Also, the CSC-high C6 cultures and
xenograft tumors expressed higher levels of VEGF and SDF1,
and blocking of these proangiogenic factors resulted in a
reduction in the growth of the tumors compared to that
observed with CSC low C6 cells [59]. These data suggest
that CSCs do contribute to tumor angiogenesis by promoting
both local EC activity and systemic angiogenic processes that
involve the recruitment of bone marrow-derived EPC in a
VEGF-and SDF1-dependent manner [59].

2.5. Role of Bone Marrow-Derived Progenitor Cells in Tumor
Angiogenesis. There is evidence that the adult bone marrow
plays a significant role in endothelial and lymphatic neovessel
formation that supports tumor growth and invasion [60, 61].
As the brain lacks a lymphatic system, lymphatic neovessel
formation is not relevant for GBM. The nonhematopoietic
(CD45−) bone marrow-derived population of cells that likely
contribute to tumor angiogenesis, bone marrow-derived
EPCs, may directly contribute to the EC layer by merging
with the wall of a growing blood vessel and differentiating
into ECs, thereby providing an alternative source of ECs
[62]. The circulating EPCs originally reported by Asahara
et al. (1997) (defined as CD34+/ VEGFR2+) were shown
to be capable of differentiating into an EC phenotype
that expressed EC markers in vitro, and to be capable
of incorporating into neovessels at sites of ischemia [62].
Shaked and colleagues (2006) showed that administration
of a vascular disrupting agent, such as combretastatin, or
chemotherapeutic drugs, such as Paclitaxel or 5-fluorouracil,
to a mouse model of cancer resulted in the recruitment of
bone marrow-derived EPCs to the tumor as well as severe
tumor necrosis [63]. Other studies have suggested that circu-
lating EPCs may contribute to tumor neovascularization in
mouse models of cancer [64].

It should be noted that the contribution of circulating
EPCs to neoangiogenesis has been questioned and the
markers that identify bone marrow-derived EPCs have been
debated vigorously [65, 66]. The reported level of incor-
poration of circulating EPCs into new blood vessels varies
considerably and ranges in different studies from 5% to 50%
[53, 63, 65, 67]. In addition, technical challenges exist in
identifying vessel-incorporated bone marrow-derived EPCs.
Most recently, Rafat and colleagues (2009) suggested that in
12 patients with GBM higher numbers of circulating EPCs
appeared to correlate with a significantly higher tumor vessel
density, as compared to patients with lower numbers of
circulating EPCs [68]; however, this observation needs to be
validated in a larger study.

Bone marrow-derived hematopoietic cells have also
been reported to contribute to tumor angiogenesis and
invasion. Unlike the circulating EPCs discussed above,
these cells are CD45+, and they include myeloid pro-
genitor cells identified as GR1+CD11b+ in the mouse
(in the human CD3+, CD14+, CD19+, CD57+ and
HLA-DR negative) [69], CD11b+F4/80+ tumor-associated
macrophages (TAMs) [70], Tie2-expressing monocytes

[71], CXCR4+VEGFR1+ hemangiocytes [72], bone marrow-
derived circulating cells that comprise a heterogeneous
population of myeloid cells identified as CD45+CD11b+ in
the mouse and human [73], platelet-derived growth factor
receptor (PDGFR)+ pericyte progenitors [74], and vascular
endothelial-(VE-) cadherin+ CD45+ leukocytes [75]. Sup-
porting their potential importance in the response of the
tumor to therapy, Shojaei and Ferrara reported that the
recruitment of bone marrow-derived GR1+ myeloid cells
resulted in a tumor that was refractory to treatment with
inhibitors of VEGF [76]. In general, the above CD45+

bone marrow-derived cells are not thought to incorporate
into the EC layer of the new vasculature; rather, some of
the above cells are thought to incorporate into the tumor
neovasculature as perivascular cells where they function to
promote angiogenesis through paracrine mechanisms, such
as local secretion of VEGF [73].

2.6. Co-Option of Existing Blood Vessels Occurs in Very Small
Tumors. As discussed above, there is evidence to suggest
that in small tumors, in which the neovasculature has not
developed, the tumor cells obtain the necessary nutrients and
oxygen needed for growth by co-opting existing blood vessels
[10]. Of note, in transplanted C6 rat gliomas in the rat brain
co-option of existing blood vessels by tumor cells occurred
initially when the tumors were several mm in diameter, and
this was followed by vascular regression and ultimately by
the development of a neovasculature [10]. The same study
also showed co-option of existing blood vessels with the
propagation of rat mammary cancer cells in the rat brain
and with the metastasis of Lewis lung cancer cells to the
lung after intravenous injection. In each of these models,
Ang-2 expression was upregulated at the co-opted blood
vessels, suggesting a role for Ang-2 signaling in the co-option
process [10]. Vessel co-option has been observed in several
other tumors, including melanoma, ovarian carcinoma, and
Kaposi sarcoma (reviewed in [11]).

Another mechanism contributing to the blood supply
in malignant tumors is vasculogenic mimicry [11]. In
vasculogenic mimicry, tumor cells function as blood vessel
lining cells and this has been described in several types of
malignant tumors, including melanoma [11].

3. Clinical Use of Antiangiogenic Agents

3.1. VEGF Inhibitors. Bevacizumab is a monoclonal antibody
directed toward VEGF that has become the prototype of anti-
angiogenic agents in clinical use for treatment of GBM (see
Table 1). In a phase II clinical trial, 68 patients with recurrent
malignant glioma (33 AG and 35 GBM) were treated with
bevacizumab and irinotecan in two cohorts (see Table 2).
The combination therapy produced an impressive initial
radiographic response rate of 57% for GBM and 61% for
AG [5, 77]. This compared favorably with the benchmark
response rate for temozolomide therapy at the first tumor
recurrence, 5% for patients with recurrent GBM and 35% for
patients with recurrent AG [78–80]. With the combination
of bevacizumab and irinotecan the progression-free survival
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Table 1: Examples of antiangiogenic agents in clinical trial for patients with high grade glioma.

Drug Type Targets

ABT-510 Thrombospondin-1 mimetic peptide CD36 receptor

AMG 102 Monoclonal antibody HGF/SF

Aflibercept Soluble decoy receptor VEGF-A,B, PlGF

Bevacizumab Monoclonal antibody VEGF-A

Brivanib Tyrosine kinase inhibitor FGFR, VEGFR2

Cediranib Tyrosine kinase inhibitor VEGFR1–3, PDGFRβ, c-Kit

Cilengitide RGD synthetic peptide Integrins αvβ3, αvβ5

CT-322 Fibronectin (adnectin)-based inhibitor VEGFR1–3

Dasatinib Tyrosine kinase inhibitor PDGFRβ, Src, BCR-ABL, c-Kit, EphA2

Imatinib Tyrosine kinase inhibitor PDGFRβ, BCR-ABL, c-Kit

Lenalidomide Immunomodulatory and anti-inflammatory FGF pathway

Pazopanib (GW786034) Tyrosine kinase inhibitor VEGFR1–3, PDGFRβ, c-Kit

Sorafenib Tyrosine kinase inhibitor VEGFR2,3, BRAF, PDGFRβ, c-Kit, Ras, p38α

Sunitinib Tyrosine kinase inhibitor VEGFR2, PDGFRβ, Flt3, c-Kit

Tandutinib (MLN518) Tyrosine kinase inhibitor PDGFRβ, Flt3, c-Kit

Vandetanib (ZD6474) Tyrosine kinase inhibitor VEGFR2, EGFR, RET

Vatalanib (PTK787) Tyrosine kinase inhibitor VEGFR1–3, PDGFRβ, c-Kit

XL-184 Tyrosine kinase inhibitor VEGFR2, Met, RET, c-Kit, Flt3, Tie-2

A more complete listing of anti-angiogenic agents in clinical trials for patients with high grade gliomas can be found at the National Institutes of Health
website http://www.clinicaltrials.gov/ when searching for “glioma, brain cancer, glioblastoma, and angiogenesis”.

at six months (PFS-6) was 43% for recurrent GBM patients
and 59% for AG patients, and this was an improvement over
the accepted PFS-6 standard of 15% for GBM patients and
31% for AG patients treated with temozolomide [79, 80].
Therapy with bevacizumab and irinotecan also resulted in
neurological improvement and a reduction or discontinua-
tion in the use of corticosteroid treatment in 31% of patients.
The regimen was well tolerated; only one CNS hemorrhage
was reported in 68 patients treated, eight patients were
taken off of the study for thrombotic complications (four
patients with pulmonary embolism (PE), two with deep
vein thrombosis, one with thrombotic thrombocytopenic
purpura, and one with thrombotic stroke), and two patients
died (one with PE and one with a thrombotic stroke).
Other side effects reported included, proteinuria, fatigue,
and gastro-intestinal toxicity; these have been described
with bevacizumab therapy for other types of cancer. Other
prospective and retrospective studies have demonstrated
initial radiographic response rates of between 35% and
50% with the combination of bevacizumab and cytotoxic
chemotherapy [4, 81–83].

As irinotecan has limited activity as a single agent, a phase
II randomized clinical trial was performed to evaluate the
benefit of the addition of irinotecan to bevacizumab. In this
clinical trial 167 patients with recurrent GBM received either
bevacizumab alone or bevacizumab in combination with
irinotecan; there was no statistically significant difference in
the median overall survival (OS) for bevacizumab therapy
alone (9.2 months) when compared to the combination
bevacizumab and irinotecan therapy (8.7 months) [6].
A recent study evaluated the approach of bevacizumab
monotherapy in patients with recurrent GBM followed

by irinotecan combined with bevacizumab [84]. In this
study, 17/48 patients (35%) achieved an initial radiographic
response and the PFS-6 was reported to be 29%. Addition
of irinotecan to patients who progress on bevacizumab
monotherapy failed to produce an objective radiographic
response in any of the 19 patients [84]. Bevacizumab
is presently being evaluated in the upfront setting with
temozolomide and radiation in two randomized phase III
trials sponsored by the Radiation Therapy Oncology Group
and Hoffmann-La Roche [85, 86].

Other VEGF/VEGFR-targeted inhibitors include, Afliber-
cept, a soluble VEGF decoy or hybrid receptor that consists of
portions of VEGFR-1 and -2 fused to an immunoglobulin G1
Fc region [87–89] and Cediranib (AZD2171), a pan-VEGFR
tyrosine kinase inhibitor with activity against PDGFR and c-
KIT [90] (see Table 1).

4. Multikinase Receptors Inhibitors (MTKI)

A number of MTKIs have been studied in GBM patients
(see Tables 1 and 2) including, Imatinib [95–99], Sorafenib
[100–102], Sunitinib [103], Vandetanib (ZD6474) [104–
107], Vatalanib (PTK787) [91, 108–114], and XL184 [92,
115–117].

5. Other Anti-Angiogenic Agents

Other anti-angiogenic agents evaluated in GBM (see Tables
1 and 2) include, Thalidomide [93, 118–123], Lenalidomide
[124, 125], Tamoxifen [126–129], Enzastaurin (LY317615)
[130, 131], and the integrin inhibitor Cilengitide [94, 132,
133].
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Table 2: Selected clinical trials in patients with recurrent high grade glioma

Agent Phase Diagnosis Number of patients
and Histology

Response Rate PFS-6

Bev + Ir [5, 77] II Recurrent MG 68 (33 AG, 35 GBM) 43% GBM, 59% AG

Bev versus Bev + Ir [6] II Recurrent GBM 85 GBM (Bev) Vs
82 GBM (Bev +Ir)

RRR = 28% (Bev), RRR = 37%
(Bev +Ir)

42% (Bev) versus
50% (Bev + Ir)

Aflibercept [89] II Recurrent MG 48 (16 AG, 32 GBM) 50% AG30% GBM

Cediranib [90] II Recurrent GBM 16 GBM 56%

Vatalanib [91] I/II Recurrent GBM 55 GBM PR = 4%, SD = 56%

XL184 [92] II Recurrent GBM 26 GBM PR = 38%

Thalidomide [93] II Recurrent MG 39 (14 AG, 25 GBM) PR = 6%, MR = 6%, SD = 33%

Cilengitide [94] II Recurrent GBM 81 GBM 16%

Abbreviations: Bev: bevacizumab, Ir: Irinotecan, PFS-6: progression free survival at 6 months, MG: malignant glioma, GBM: glioblastoma, AG: anaplastic
glioma (includes anaplastic astrocytoma, anaplastic oligodendrogioma and anaplastic oligoastrocytoma), RR: response rate, RRR: radiological response rate,
PR: partial response, SD: stable disease, MR: minor response, TMZ: temozolomide, and XRT: radiation.

6. Challenges in Evaluating the Response to
Anti-Angiogenic Therapy with Imaging

The Macdonald Criteria have been used since 1990 to define
response or progression in clinical trials of malignant glioma
[134]. The Macdonald Criteria, based on WHO Criteria,
utilizes measurement of the largest cross-sectional area of
tumor on contrast-enhanced CT or MRI scan. Malignant
gliomas can be irregular in shape, include large necrotic
cavities, or be partially or completely nonenhancing, creating
difficulty in accurately measuring the largest cross-sectional
area on contrast-enhanced CT or MRI scan. In addition,
the interpreter needs to take into account concurrent cor-
ticosteroid use and changes in neurological function. Thus,
response evaluation based on finding a difference in the
largest cross-sectional area of tumor on contrast-enhanced
CT or MRI is even more difficult with anti-angiogenic
therapy.

Clinical trials with drugs that modify signal transduction
through the VEGF signaling pathway (e.g., bevacizumab, and
cediranib) can produce a rapid decrease in enhancement
after initiation of therapy [5, 135], resulting in an apparent
high response rate. Some of the changes observed on
contrast-enhanced CT or MRI scan result from a rapid
normalization of abnormally permeable blood vessels and
are not due to an antitumor effect. Anti-angiogenic therapy
likely decreases vascular permeability and restores at least
in part the integrity of the BBB, this leads to less contrast
leakage from the vasculature. There is evidence that VEGF
pathway-targeted anti-angiogenic drugs likely alter the image
characteristics of enhancing tumor more effectively than
of nonenhancing tumor. Hence the extent of reduction
in contrast enhancement may not reflect true antitumor
activity of the anti-angiogenic agent. Not infrequently, the
radiographic image observed after anti-angiogenic therapy
suggests a radiographic response that is more impressive
than the clinical benefit derived from the therapy. The term
“pseudoresponse” has been used to define the situation
wherein the contrast-enhanced MRI suggests an antitumor

effect that does not correlate with a true clinical benefit
[136]. Therefore, treatment response based on radiographic
images is probably not an optimal end point for clinical
trials evaluating anti-angiogenic agents. The international
Response Assessment in Neuro-Oncology (RANO) Working
Group has developed new criteria for evaluating tumor
response in malignant gliomas that take into account both
enhancing and nonenhancing tumor (best visualized on
T2 and fluid-attenuated inversion recovery (FLAIR) MRI
sequences) images [136]. This working group proposes that
increased T2-FLAIR signal likely reflects growing tumor,
such as when it appears outside of the radiation field, it
produces mass effect, or it involves the cortical ribbon, and
when it occurs in the absence of other potential explanation.

7. Resistance to Anti-Angiogenic Therapy

Although the anti-angiogenic therapy of patients with malig-
nant glioma has resulted in a small increase in the PFS-6,
in general these agents have failed to produce a sustained
clinical response. For example, patients with malignant
glioma treated with a VEGF inhibitor have shown tem-
porary improvements, seen as reduced edema on imaging
or tumor stabilization on imaging; however, the tumors
ultimately progress after a brief response. In patients with
tumor progression during treatment with bevacizumab, the
downhill clinical course is often rapid, and may be fueled by
discontinuing the agent. In a retrospective analysis, patients
with malignant glioma who were treated with a second line
regimen containing bevacizumab after failure of treatment
with an initial therapy combination of bevacizumab and a
cytotoxic agent had a median PFS of only 37.5 days [137].
Shaked and colleagues showed that treatment withdrawal of
a vascular disrupting agent, such as combrestatin, to a mouse
model of cancer resulted in the development of an aggressive
and angiogenic tumor [63]. Supporting the concept that
malignant tumors ultimately develop resistance to therapy
with a VEGF inhibitor, two recent studies (one of which
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included a xenograft mouse model of GBM) suggested that
treatment with a VEGF inhibitor alters the natural history
of the tumor and promotes a highly invasive and metastatic
phenotype [138, 139].

The anti-angiogenic therapy failures described above
are thought to be due to the development of resistance
to anti-angiogenic therapy. Resistance to anti-angiogenic
therapy has been broadly classified as either adaptive or
intrinsic [140]. Animal models of malignant glioma and
of other malignant tumors have shown that tumors adapt
to treatment with angiogenesis inhibitors by upregulating,
or acquiring, an alternate mechanism(s) to sustain tumor
growth, which has been termed “adaptive evasive resistance”.
This can occur even when the specific target of the anti-
angiogenic agent remains successfully inhibited. Adaptive
resistance along with intrinsic resistance is thought to
be the reason for the progression of malignant tumors
treated with anti-angiogenic therapy. In tumors that show
an initial response to anti-angiogenic therapy, adaptive
evasive resistance is thought to be the main mechanism
for the development of resistance, that is, blockade of
one proangiogenic growth factor can lead to upregulation
of an alternate proangiogenic growth factor [141]. For
example, in a study of GBM patients treated with the pan-
VEGFR inhibitor cediranib (AZD 2171), blood levels of the
proangiogenic factors bFGF and SDF1α were noted to be
higher in patients at the time of tumor progression or relapse
as compared to the levels observed during the phase in
which the patients showed a response to cediranib therapy
[142].

Recruitment of vascular progenitor cells from the bone
marrow may aid in the process of adaptive evasive resis-
tance. Certain anti-angiogenic therapies can cause regression
of tumor vessels resulting in hypoxia and lead to the
recruitment of various bone marrow-derived progenitor
cells. Bone marrow-derived progenitor cells (including both
vascular progenitor cells and vascular modulatory cells)
can be recruited through hypoxia-induced HIF1α activation
resulting in the expression of the downstream effector SDF1α
[45, 143–146]. GBM tumors with low HIF1α levels contain
fewer bone marrow-derived cells and exhibit lower levels
of angiogenesis and tumor growth, as compared to GBM
tumors with high HIF1α levels [146]. This suggests that the
recruitment of bone marrow-derived progenitor cells may
constitute a mechanism for the development of adaptive
evasive resistance to anti-angiogenic therapy.

One reason for the initial response to bevacizumab
therapy reported for some patients with GBM may be
that the GBM neovasculature typically contains a reduced
density of pericyte coverage [36]. Pericytes are important
constituents of blood vessels in general and of tumor blood
vessels, they provide prosurvival signals to ECs. ECs are
thought to induce pericyte recruitment, thereby promoting
their own survival. Two of the best characterized prosurvival
signals for ECs are VEGF and the signals derived from
pericyte association with ECs [36]. Tumor vessels lacking
adequate pericyte coverage are more vulnerable to VEGF
inhibition as they lack the pro-survival signal from pericytes
[147]. Blood vessels covered with the normal density of

pericytes probably survive therapy with a VEGF inhibitor
as the pericytes can signal for EC survival or quiescence
[148, 149].

Finally, the possibility of the development of an alter-
native mechanism, such as co-option, for tumor cells to
acquire oxygen and nutrients must be considered in terms
of resistance. Notably, in an orthotopic mouse model of
GBM treated with a VEGFR selective kinase inhibitor or with
a multitarget VEGFR kinase inhibitor, tumor progression
(growth) ultimately occurred that was highly invasive.
Perivascular tumor invasion similar to tumor co-option
of blood vessels was observed at autopsy. Moreover, two
other recent studies have suggested that tumor co-option
of pre-existing blood vessels can support a more invasive
tumor cell phenotype and tumor growth after VEGF- or
VEGFR2-targeted therapy [150, 151]. As Ang-2 signaling
has been implicated in mediating blood vessel co-option
in the untreated early C6 rat glioma model of malignant
glioma [10], human GBM tumors were immunostained
for Ang-1 and Ang-2 and it was reported that Ang-2
expression was upregulated at tumor co-opted blood vessels.
Whether the co-opted blood vessels that were observed post
anti-angiogenic therapy also showed upregulation of Ang-2
remains to be determined.

The second mechanism of resistance to anti-angiogenic
therapy that has been suggested is an intrinsic or inherent
resistance [140]. This concept stems from the observation
that a minority of patients do not appear to respond to anti-
angiogenic therapy. It has been suggested that this may be
due to the pre-existing activation of multiple proangiogenic
signaling pathways or a pre-existing inflammatory cell
infiltrate that provides a source of tumor VEGF resulting in
vascular protection [140].

8. The Blood-Brain Barrier (BBB) and
the Challenges of Drug Delivery

Drug concentrations within the central nervous system are
dependent on multiple factors that include, the permeability
of the agent across the BBB, the extent to which it is actively
transported out of the brain, and the volume of distribution
in the brain parenchyma [152]. The BBB is an anatomic-
physiologic barrier that is formed by multiple components,
including tight junctions between endothelial cells, pericytes,
and the astrocytic foot processes. This barrier selectively
allows entry of some substances, such as glucose, lipid-
soluble molecules, and oxygen, while preventing entry of
other substances. It is important to understand that although
the BBB may be disrupted in some areas of a GBM, a
substantial proportion of glioma cells can be located in
areas with an intact BBB. The magnitude of tumor vascular
permeability varies within these tumors, with the greatest
permeability being found in the tumor core and a relatively
intact BBB at the proliferating tumor edge. The presence
of an intact BBB in some areas of the tumor and the
presence of a partially functional BBB in other areas of the
tumor can prevent the effective delivery of active therapeutic
compounds.



8 Journal of Oncology

The BBB expresses high levels of drug efflux pumps such
as P-glycoprotein (P-gp), breast cancer-resistance protein
(BCRP), and other multiple drug resistance proteins (MRPs)
that actively remove chemotherapeutic drugs from the brain
[153]. Efflux transport systems such as by P-gp and the
MRPs at the brain capillary ECs may play a role in limiting
the passage of therapeutic agents across the BBB [154].
For example, the brain distribution of the tyrosine kinase
inhibitor imatinib is reduced by active efflux via the P-
glycoprotein [155]. The BCRP drug efflux transport pump
is expressed in a number of normal tissues, in addition to
the BBB [156]. Modulation of drug transporters represents a
new potential strategy to improve efficacy of targeted agents.
Anti-angiogenic agents such bevacizumab that mainly target
the EC on the luminal side of the vessel may not depend on
the ability to cross the BBB; however, this remains a concern
for tyrosine kinase inhibitors like imatinib.

9. Biomarkers of Angiogenesis

Currently, there are no validated biomarkers to monitor the
progress or response to anti-angiogenic therapy in patients
with malignant glioma or other cancers [157]. Two promis-
ing biomarkers for assessment of angiogenesis in malignant
tumors are the number of circulating endothelial cells
(CECs) and the number of circulating endothelial progenitor
cells (EPCs). A growing body of literature suggests that
the number of CECs and circulating EPCs is significantly
elevated in patients with different types of cancer [65].
Furthermore, in a small number of preclinical animal studies
successful antitumor response to anti-angiogenic therapy
was correlated with changes in the number of CECs and
circulating EPCs [158]. Rafat and colleagues have evaluated
the number of circulating EPCs in the blood of patients
with malignant glioma, and reported that they were higher
in patients with GBM as compared to healthy volunteers
[68]. Higher tumor blood vessel densities were noted in the
patients with GBM having higher numbers of circulating
EPCs as compared to those patients with lower numbers of
circulating EPCs [68]. This supports the further evaluation of
circulating EPCs as a novel biomarker for the assessment of
angiogenesis and for the assessment of the response to anti-
angiogenic therapy in patients with GBM.

Measurement of VEGF plasma levels may not be a gen-
erally useful biomarker of tumor angiogenesis. For example,
baseline plasma VEGF levels are not correlated with survival
outcome for patients with metastatic colorectal cancer or for
patients with metastatic nonsmall cell lung cancer [159, 160].
As expected, the plasma level of VEGF in patients with GBM
and brain metastases is elevated as compared to normal
healthy volunteers. In patients with metastatic breast cancer
higher plasma levels of VEGF were associated with shorter
time of progression [161]. Thus, additional studies need to be
performed to determine whether the measurement of plasma
VEGF levels is useful in monitoring the response to anti-
angiogenic therapy in general and to VEGF inhibitor therapy.
As previously noted, blood levels of bFGF and SDF1α were
noted to be higher in patients at the time of relapse as

compared to levels observed in the response phase in patients
with recurrent GBM treated with cediranib [142].

10. Unanswered Questions

Despite the remarkable progress in our understanding of
the process of angiogenesis and the potential promise of
targeting these processes for the treatment of GBM, several
critical questions need to be addressed. These include
questions regarding the fundamental processes involved in
GBM vascularization and their role in the failure of therapy.
Pressing questions in this category are: (1) are the GBM
tumors in patients that have failed bevacizumab or other
anti-angiogenic therapy avascular, or are the tumors co-
opting the existing blood vessels to obtain the oxygen and
nutrients needed?, (2) is the angiopoietin signaling pathway
driving a blood vessel co-option process in human GBM that
have failed therapy with a VEGF inhibitor or other anti-
angiogenic agent?, and (3) do cancer stem cells (or glioma
stem cells) promote angiogenesis in malignant gliomas and
could we target them specifically with novel therapy?

There also is an urgent need to improve the ability
to assess the effects of the anti-angiogenic therapies on
angiogenesis (rather than tumor growth). Questions in
this category include: (1) does the number of CECs and
circulating EPCs in patients with tumors correlate with
the tumor grade, and could their number be used to
monitor anti-angiogenic therapy? (Phenotyping circulating
EPCs with a comprehensive set of endothelial, progenitor,
and hematopoietic markers should be performed to address
the issue of what are the appropriate markers to be used to
identify circulating EPCs in patients [65]), (2) what is the
contribution of circulating EPCs to angiogenesis in untreated
virgin tumors?, and (3) could a biomarker be identified that
would aid in identifying adaptive evasive resistance (escape
pathways) that should be targeted when a patient’s tumor
develops resistance to anti-angiogenic therapy?

11. Conclusions

Anti-angiogenic therapy appears to be a promising and
novel approach for the treatment of malignant brain tumors.
Clinical trials have shown improvement in the short-term
progression-free survival. The response of patients with
GBM to therapy with a VEGF inhibitor likely depends,
at least in part, on whether the tumor neovasculature
contains a normal density of pericytes, how capable the
tumor is in co-opting pre-existing blood vessels, and whether
previously co-opted blood vessels exist in the tumor. A
better understanding of the mechanisms of resistance to
anti-angiogenic therapy is needed such that we can improve
our treatment strategies for these patients. The development
and optimization of biomarkers to measure angiogenesis in
tumors, such as quantitation of the numbers of CECs and
circulating EPCs, will potentially help us identify patients
that are responding to, or failing, anti-angiogenic therapy.
Theoretically, these markers could also be used to identify the
subset of patients that would benefit from anti-angiogenic
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therapy and thereby individualizing therapy for patients with
malignant tumors, such as GBM. In addition, new anti-
angiogenic therapies that induce apoptosis of the ECs in the
neovasculature are needed, as this type of anti-angiogenic
therapy may be less likely to induce therapeutic resistance.
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Despite advances in surgery, radiation therapy, and chemotherapeutics, patients with malignant glioma have a dismal prognosis.
The formations of aberrant tumour vasculature and glioma cell invasion are major obstacles for effective treatment. Angiogenesis
is a key event in the progression of malignant gliomas, a process involving endothelial cell proliferation, migration, reorganization
of extracellular matrix and tube formation. Such processes are regulated by the homeostatic balance between proangiogenic and
antiangiogenic factors, most notably vascular endothelial growth factors (VEGFs) produced by glioma cells. Current strategies
targeting VEGF-VEGF receptor signal transduction pathways, though effective in normalizing abnormal tumor vasculature,
eventually result in tumor resistance whereby a highly infiltrative and invasive phenotype may be adopted. Here we review recent
anti-angiogenic therapy for malignant glioma and highlight implantable devices and nano/microparticles as next-generation
methods for chemotherapeutic delivery. Intrinsic and adaptive modes of glioma resistance to anti-angiogenic therapy will be
discussed with particular focus on the glioma stem cell paradigm.

1. Introduction

Glioblastoma multiforme (GBM) (WHO grade IV astrocy-
toma) is amongst the most vascular and aggressive of all solid
tumors and continues to have an extremely poor prognosis.
They are the most common primary brain tumor in adults,
with about 4800 new cases each year in the United Kingdom
(∼17500 per year in the USA), comprising approximately
one percent of all tumor diagnoses. The tumor is charac-
terized on histological examination by poorly differentiated
neoplastic astrocytes, with cellular polymorphism, nuclear
atypia, mitotic activity, necrosis, vascular proliferation and
thrombosis [1]. The tumors are highly infiltrative (though
distant metastasis is rare) and inevitably recur, even after
gross macroscopic surgical resection. However, studies have
demonstrated that complete (>90%) resection is associated
with survival benefit in both adults [2] and children [3].
Current first choice adjuvant therapy in adults subsequent

to maximal surgery is radiation therapy (usually 60 Gy in
30 fractions) with concomitant temozolomide, an alkylating
agent. This regime has shown a significant survival benefit
[4], extending median survival from 12.1 to 14.6 months.
Although a significant improvement, the long-term survival
of these patients is still extremely limited with only 8%
surviving for four years (compared to zero survivors in the
radiotherapy only arm).

In childhood, low-grade astrocytomas are the most com-
mon tumor type with high-grade gliomas (HGG) making up
10%–15% of tumors diagnosed [5], a total of around 50–70
cases per year in the U.K. Paediatric central nervous system
tumors however account for more expected life years lost
than any other tumor group and are now the leading cause
of cancer deaths in children, following improvements in sur-
vival rates for the leukemias. Treatment broadly follows adult
regimes with surgery and radiotherapy being accompanied
by alkylating agents. Comparatively, little research has been
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performed in children regarding therapy and the molecular
genetics of high-grade glioma, and although pediatric HGG
may resemble adult GBM on histopathological criteria, there
are significant differences both clinically and within the
molecular biology of the tumors. Long-term survival is more
frequent in children, especially those under three years old
and it may be that radiotherapy can be avoided in this
age group [6]. All modalities of treatment have potentially
devastating side effects, often resulting in severe neurological
disability. Pathways controlling the generation of new blood
vessels (angiogenesis) are frequently implicated in both
adult and pediatric tumors. Many genome wide studies
have implicated proangiogenic pathways including vascular
endothelial growth factor (VEGF) [7], epidermal growth
factor (EGF) [8], and platelet-derived growth factor (PDGF)
[9]. HGG are in general extremely vascular tumors with
evidence of widespread production of new blood vessels.
Efforts are currently underway to target these pathways
therapeutically with the hope of developing effective novel
treatments for HGG that are better tolerated than current
cytotoxic chemotherapy.

It is clear that novel therapies are needed for this
tumor to improve the current situation. Here we evaluate
current antiangiogenic therapies (summarized in Table 1)
and mechanisms of resistance for malignant glioma and
consider the development of novel methods of drug delivery
to overcome the problem of achieving therapeutic drug
concentrations within the CNS caused by the impermeability
of the blood brain barrier (BBB).

2. Glioma Angiogenesis and Invasion

Glioma vasculature formation occurs through two distinct
processes. Glioma angiogenesis is a process involving the
genesis of new blood vessels from rerouting and remodeling
of preexisting vessels. Neoangiogenesis mainly develops in
late embryonic development and during adulthood as a
result of tissue demands [10]. Vasculogenesis (blood vessel
arrangement) was classically considered an embryonic pro-
cess but has since been identified in tumors as the de novo
formation of primitive blood vessels by the differentiation of
circulating bone marrow-derived endothelial progenitor cells
[11]. Among solid tumors, glioblastoma multiforme displays
the most angiogenic features and highest degree of vascular
proliferation and endothelial cell hyperplasia [12]. Angio-
genesis is thus a key pathologic event in glioblastoma tumors
and is necessary for the progression of a localized neoplasm
to a highly aggressive tumour. Moreover, malignant gliomas
also require angiogenesis to establish a source of nutrients
and oxygen and to eliminate cellular waste products [13].

2.1. The Molecular and Cellular Angiogenic Switch. Glioma
angiogenesis is initiated when the homeostatic balance
between pro-angiogenic and anti-angiogenic stimuli is dis-
rupted in favor of the former, resulting in activation of pro-
angiogenic signaling pathways. These stimuli are secreted
by both cellular sources (glioma cells, endothelial cells and
microglia) and environmental triggers (extracellular matrix

(ECM), hypoxia) [14, 15]. The transition towards neo-
angiogenesis is referred to as the “angiogenic switch” and
is increasingly viewed as a rate-limiting secondary event in
multistage carcinogenesis [16].

The initial stage in the formation of new blood vessels
involves the breakdown of native vessels. Angiopoietin-1
(Ang-1) and its receptor Tie-2 are key components of this
process and Ang-1 is increased in GBM tumor cells [17,
18]. Glioma cells first accumulate around existing cerebral
blood vessels and lift off astrocytic process, leading to the
disruption of normal contact between endothelial cells and
the basement membrane [18]. Subsequently, these blood
vessels become apoptotic and undergo involution. Vascular
collapse ensues and results in the death of neighboring tumor
cells and the formation of necrotic zones. Hypoxia arises in
these regions resulting in expression of hypoxia inducible
factor-1 (HIF-1). In GBMs, HIF-1α is primarily localized
in pseudopalisading cells around areas of necrosis and in
tumor cells infiltrating the brain at the tumor margin [19].
HIF-1α is a transcriptional master regulator that activates a
plethora of genes, the protein products of which function
to either increase oxygen availability or to allow metabolic
adaptation to oxygen deprivation [20]. In this context, HIF-
1α transcriptionally activates VEGF which in turn initiates
and promotes glioma angiogenesis (see Mediators of glioma
angiogenesis below) [21, 22].

Following regression of native blood vessels, the
basement membrane and surrounding ECM are degraded
to allow for endothelial cell invasion. The matrix-
metalloproteinases (MMP)-2 and 9 are major factors for
this event in brain tumor angiogenesis and MMP-2 and
MMP-9 expression is associated with a poor outcome in
glioma patients [23, 24]. Upon breakdown of the basement
membrane, endothelial cells proliferate and migrate toward
tumor cells that express pro-angiogenic factors. Activation
of endothelial cells results in upregulation of cell surface
adhesion/migration molecules, in particular αvβ3, α5β1, and
CD44 [25].

2.2. Pro-Angiogenic Mediators in Glioma

2.2.1. Vascular Endothelial Growth Factor. The VEGF family
of growth factors and their receptors are the most important
mediators of glioma angiogenesis. VEGF ligands (VEGF-A,
VEGF-B, VEGF-C, VEGF-D, and placenta growth factor)
bind to and activate the VEGF receptor (VEGFR) tyrosine
kinases (VEGFR-1 and VEGFR-2). Specifically, VEGF-A is
upregulated in glioblastoma and regulates endothelial cell
survival, proliferation, vascular permeability, and migration
primarily via VEGFR-2 [26, 27]. VEGF-A is primarily
induced by tissue hypoxia via the HIF-1α pathway. The
hypoxic microenvironment leads to dissociation of von Hip-
pel Lindau protein from HIF-1α, preventing its proteasomal-
mediated degradation and permitting HIF-1α binding to
hypoxia response elements in the promoter region of several
pro-angiogenic factors, such as VEGF [28]. In addition to
HIF-1α, a variety of growth factors can also upregulate
VEGF expression, including transforming growth factor
(TGF)-β, EGF, PDGF-B, and basic fibroblast growth factors
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(FGF) [29–31]. The end result of VEGF signaling in the
glioma neovascular niche is the production of immature
highly permeable blood vessels with poor maintenance
of the blood brain barrier and parenchymal edema [32].
VEGF also functions as a prosurvival factor for endothelia,
mediated by suppression of p53, p21, p16, and p27, Bax pro-
apoptotic protein and activation of phosphatidylinositol-3
kinase (PI3K)/Akt and Ras/mitogen activated protein kinase
(MAPK) pathways [33, 34].

2.2.2. Fibroblast Growth Factor. Similar to VEGF, fibroblast
growth factor (FGF) is expressed by glioma cells and their
adjacent blood vessels [9]. FGF-receptor 1 is upregulated in
endothelial cells while FGF-receptor 4 is expressed primarily
in tumor cells [35, 36].

2.2.3. Platelet-Derived Growth Factor. In addition to
endothelial cell migration, pericyte (mesenchymal-like cells,
associated with the walls of small blood vessels) migration
is an important part of the process of tumor vasculogenesis
[37]. PDGF secretion by activated endothelial cells recruits
pericytes to the site of newly formed vessels and contributes
to the development of a new basement membrane [38].
Of the two PDGF tyrosine kinase receptors (PDGF-α and
PDGF-β), PDGF-α is expressed in an autocrine manner
in glioma cells, whereas PDGF-β is expressed in glioma
endothelium and pericytes, particularly the latter, suggesting
its importance in the migration of pericytes into newly
formed blood vessels [39].

2.2.4. Tumor Necrosis Factor. Tumour necrosis factor (TNF)-
α is a potent inflammatory cytokine found in malignant
gliomas and other cells including reactive astrocytes. TNF-
α induces tumor angiogenesis indirectly via the activation
of other angiogenic factors, most notably VEGF [40].
Furthermore, VEGF is upregulated in human gliomas upon
TNF-α treatment, mediated through the Sp1 transcription
factor [41].

2.2.5. Integrins. Integrins are transmembrane receptor
molecules that facilitate endothelial cell migration and
invasion and specifically, integrin-αvβ3 correlates to glioma
tumor grade and glioma cell proliferation [42, 43].

2.2.6. Matrix Metalloproteinases. MMP-2, and MMP-9 are
highly expressed in astrocytomas and correlate with his-
tological grade. Both proteins are detected in tumor and
endothelial cells [44]. MMPs are involved in the prote-
olytic degradation of ECM components and facilitate cell
motility during angiogenesis [45]. Upregulation of MMPs
is required for the angiogenic effects of TGF-β and VEGF
and MMP-2 and MMP-9 proteolytically cleave and activate
TGF-β, thus promoting tumour invasion and angiogenesis
[46, 47].

Table 1: Anti-angiogenic agents trialled in high-grade glioma and
their respective targets.

Antibody Therapies Major Molecular Targets

Bevacizumab Free VEGF-A

IMC-3G3 PDGFR alpha

Ramucirumab VEGFR-2

Nimotuzumab EGFR

AMG-102 Hepatocyte Growth Factor

VEGF-trap Decoy receptor for VEGF

Tyrosine Kinase Inhibitors

Cediranib VEGFR/PDGFR/c-Kit

Sorafenib VEGFR/PDGFR/c-Kit/Raf

Sunitinib VEGFR/PDGFR

AE788 EGFR/VEGFR

Erlotinib EGFR

Imatinib PDGFR/Bcr-abl/c-Kit

Dasatanib Src kinases

Signal Pathway Inhibitors

Enzastaurin Protein Kinase C

Rapamycin/Temsirolimus mTOR

Tipifarnib Ras

Other Agents

Thalidomide/Lenalidomide NO/TNF alpha/IL-6

Celecoxib Endostatin

Cilengitide Integrins αvβ3 and αvβ5

2-methoxyestradiol HIF1α

Prinomastat MMPs 2,9,13 and 14

SAHA(Vorinostat) Histone deacetylase

2.2.7. AntiAngiogenic Mediators in Glioma. A number of
anti-angiogenic factors have been described and are func-
tionally relevant to tumor angiogenesis. Angiostatin is
derived from degradation of plasminogen by proteases such
as cathepsin D and MMPs and functions as an endogenous
anti-angiogenic factor [48]. Murine models reveal that
angiostatin impairs glioma angiogenesis and tumor growth
through binding of αvβ3 on proliferating endothelial cells,
resulting in apoptosis [49, 50].

The thrombospondins (TSPs) are another family of
proteins that function as anti-angiogenic factors. TSP-1 is
expressed on platelets, endothelial cells and smooth muscle
cells in normal tissue [51]. TSP-1 reduces endothelial cell
proliferation and induces apoptosis in vitro [52], TSP
peptides derived from TSP-1 decrease glioma angiogenesis
and tumor growth in mice [53].

Endostatin is a similar anti-angiogenic molecule, formed
by proteolytic cleavage of collagen-18 in glioblastoma base-
ment membrane by elastase, cathepsin-L and specific MMPs
[54]. Endostatin-mediated angiogenesis blockade includes
binding to α5β1 integrin, inhibition of VEFGR-2, and
decreased expression of the anti-apoptotic molecule, Bcl-2
[55].

2.3. Glioma Invasion. Animal models of glioma invasion
fail to accurately mimic the invasiveness of human glioma
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cells along white matter tracts. Alternative models such
as matrigel invasion chambers and xenograft lines serially
passaged in vivo have therefore been more informative
for study. Glioma cell invasion requires four distinct pro-
cesses: (i) detachment of invading cells from the primary
tumor mass, involving destabilization and disorganization
of cadherin-mediated junctions, downregulation of neural
cell adhesion molecule and CD44 cleavage which anchors
the primary mass to the ECM by the metalloproteinase
ADAM; (ii) adhesion to the ECM, mediated by integrins,
particularly αvβ3 which binds fibronectin in the ECM; (iii)
degradation of the ECM by proteases such as MMP-2 and
MMP-9; and (iv) cell motility and intracellular contractility,
mediated by cytoplasmic mediators such as myosin [10].
Invasion along white matter tracts allows gliomas to extend
at a microscopic level beyond surgical resection cavities
or radiation treatment fields [56]. Glioma cells migrate in
a similar fashion to nontransformed neural progenitors,
whereby a prominent leading cytoplasmic process is followed
by a burst of forward movement by the cell body. This
raises the intriguing question of whether stem/progenitor-
like cells in glioma have a causative role in glioma invasion,
migration and metastases. Indeed glioma stem (or stem-
like) cells are highly invasive and are able to invade across
the corpus callosum along white matter tracts [57, 58].
Such stem cell models may contribute significantly to future
glioma invasion models.

3. Anti-Angiogenic Therapies

3.1. Antibody Therapies. One of the most well-established
anti-angiogenic therapies is bevacizumab (Avastin, Roche).
This is an IgG1 monoclonal antibody against free VEGF-A
in the circulation, to which it binds, preventing attachment
to the VEGF receptor and activation of a pro-angiogenic
stimulus. Bevacizumab was originally developed for use in
metastatic colorectal and nonsmall cell lung cancers, and has
subsequently also been approved by the European Medicines
Agency for use in metastatic breast and kidney cancers [59].
In view of the high levels of new vessel formation in GBM,
many groups have now used bevacizumab for the treatment
of this tumor, often in combination with irinotecan (a
topoisomerase inhibitor).

There are currently two phase III trials (NCI and
Hoffman La Roche) recruiting newly diagnosed glioblas-
toma patients for double-blind placebo-controlled studies
comparing surgery, radiotherapy and temozolomide with
or without bevacizumab, results of which will be of huge
interest.

Phase two trials in patients with recurrent disease have
yielded very encouraging results [60] with 6-month progres-
sion free survival (PFS) rates of 46% and 6-month overall
survival (OS) rate of 77% (n = 35 patients) for bevacizumab
plus irinotecan in GBM [61]. The same group demonstrated
6-month PFS and OS of 55% and 79%, respectively, for
the same agents in recurrent anaplastic astrocytoma (WHO
grade III glioma) [62]. Radiological response rates were
reported as 57%–63%. Similar response rates have also been

observed by other groups in small scale series [63, 64]. As a
comparator for this and other trials described, the six-month
progression free survival for temozolomide as monotherapy
in relapsed GBM has been reported as 21% [65].

Although initial response rates in the desperate situation
of recurrent GBM are encouraging, it is clear that this
response is temporary, and tumors eventually progress
regardless. Attempts to modify bevacizumab regimes with
second agents introduced at progression have not proved
successful with 6-month PFS of 0%–2% [60, 66]. A particular
concern with antibody therapy is its ability to cross the
BBB. Clearly bevacizumab may be effective at reducing VEGF
levels within the circulating volume, but it has not yet been
demonstrated what effect it may have on paracrine VEGF
pathways within the tumor and brain parenchyma itself, as
it is probably unable to cross the BBB, although this barrier
may be deficient in tumors.

Bevacizumab is in general well tolerated with few serious
side effects, with approximately 10% of patients having to
discontinue treatment in the trials to date. Serious side effects
reported include intracerebral haemorrhage, bowel perfo-
ration, and thromboembolism. Predicting patients likely to
respond to a particular therapy is an area likely to be of
increasing significance as more therapies are developed, and
more is known of the molecular biology of these tumors. One
trial to date has reported that high immunohistochemical
VEGF A expression was significantly associated with like-
lihood of radiographic response, but not overall survival
[67]. VEGF single nucleotide polymorphisms may also be
indicative of response rates [68].

It has been reported that recurrence after bevacizumab
therapy is more likely to be diffuse and distant to the
primary tumor location [64, 69]. One possible concern is
that the therapy could be inducing increased cell migration
within the tumor to escape from areas of hypoxia created by
the drug. This diffuse infiltration may not be immediately
obvious on conventional gadolinium-enhanced MRI and
novel MRI techniques may be required to investigate this
phenomenon [70]. It is unclear whether enlarging areas of
T2 hyperintensity truly represent tumor invasion or simply
increasing edema, with mismatch of clinical and radiological
pictures [59].

A similar approach to bevacizumab is VEGF-Trap
(Aflibercept—Sanofi/Regeneron). This is a fusion protein
soluble decoy receptor with a high affinity for VEGF A [71]. It
has been shown in animal glioma models to have significant
antitumor activity [72], and phase I/II human clinical trials
are underway (NCI).

Early stage trials (NCI) are being undertaken into other
monoclonal antibodies directed against PDGFRα (IMC-
3G3) or VEGFR-2 (ramucirumab), which seems to show
promise in early trials in other malignancies [73]. A
German randomised controlled trial of nimotuzumab (an
EGFR receptor antibody) in newly diagnosed glioblastoma
is ongoing. This antibody, along with the similar anti-
EGFR antibody cetuximab, has been shown to radiosensitise
glioma cells in a mouse model, with nimotuzumab having
increased anti-angiogenic and antiproliferative effects [74].
AMG 102 (an antihepatocyte growth factor antibody) has
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shown promising effects in vitro in combination with an
anti-EGFR antibody [75].

3.2. Small Molecule Inhibitors. In recent years, there has
been much interest in developing inhibitors of various
components of the angiogenic pathway. Many of these
compounds are of relatively low molecular weight, allowing
improved penetration of the BBB and the cytoplasm or
nucleus of cells. However, they may still be targeted by
drug extrusion systems (e.g., PGP or MDR) and intracellular
concentrations may be lowered as a result. In this way,
precise molecular targets can be modulated, with the hope
of efficacious anti-angiogenic therapy with minimal effect
on normal nonangiogenic tissue. The compounds of this
type are also usually able to be taken orally, with good
tolerability in most trials to date. Agents have been or are
in the development process for many molecular targets and
they will be summarised here. Many of the small molecule
inhibitors act on, for example, multiple molecularly related
receptor tyrosine kinases. This may have some advantages in
allowing targeting of entire angiogenic pathways, potentially
more effective than simply targeting single growth factors or
receptors.

3.3. Vascular Endothelial Growth Factor Inhibitors. In addi-
tion to antibody-based approaches targeting free VEGF,
compounds have been developed to target the functioning
of the VEGF receptor. An example of this class is cediranib
(Recentin/AZD2171—Astra-Zeneca). This is an indole-ether
quinazoline that inhibits tyrosine kinase receptors, partic-
ularly all subtypes of the VEGF receptor, and has some
activity against the PDGF and c-Kit receptors. A phase II
trial of cediranib showed a radiological response rate of 56%,
with 6-month PFS of 26% in recurrent glioblastoma [59].
The same trial [76] also demonstrated that after just one
day of cediranib treatment, magnetic resonance imaging can
demonstrate changes in vascular permeability and flow using
Ktrans type techniques. Microvessel volume decreased back
towards normal values and these changes were maintained
until around the 56 day scan. When the authors com-
bined measures of permeability, microvessel volume, and
circulating IV collagen, the “vascular normalisation index”
created was an excellent predictor of response and overall
survival [77]. The same study also demonstrated reduction
in the number of viable circulating endothelial cells and
circulating progenitor cells which increased in number when
the tumors progressed or relapsed. As well as decreasing
new vessel formation, it is hypothesised that the process of
normalisation of already formed vessels may enhance the
effect of radiotherapy by reducing hypoxia and may enhance
the delivery of other chemotherapeutic agents to the tumour.
Strategies to extend this window of normalisation before the
tumour begins to revert may need to be explored.

Sorafenib (Nexavar—Bayer/Onyx) inhibits a broad range
of kinases including serine/threonine and receptor tyrosine
kinases. Pathways known to be inhibited by this drug
include VEGFR, PDGFR-β, c-Kit, and their downstream
effectors C-Raf and B-Raf kinases. This in turn leads to

decreased MEK 1, 2, ERK and MAPK activity, pathways
implicated in cell proliferation as well as angiogenesis
[78]. Sorafenib in combination with bortezomib [32] (a
proteasome inhibitor) or rottlerin [79] (a protein kinase C
inhibitor) has demonstrated efficiency against glioma cell
lines, and several phase I/II trials are underway in both newly
diagnosed and recurrent GBM. The drug has already been
approved for use in renal cell carcinoma, and in common
with other anti-angiogenic therapy, hypertension and fatigue
are not uncommon side effects. Perhaps of greater concern
is the risk of intracerebral haemorrhage which has been
reported as higher than usual in patients with renal cell
carcinoma cerebral metastases treated with VEGF inhibitors
[80].

Sunitinib (Sutent—Pfizer) is an inhibitor of VEGF and
PDGF-β receptors which has also been used with some
success in metastatic renal cell carcinoma. It has demon-
strated efficacy in reducing new blood vessel formation, with
corresponding survival benefit in both subcutaneous and
intracerebral murine glioma models [81] and is currently
undergoing phase I/II trials in recurrent GBM in humans.
Although a potent inhibitor of angiogenesis, and demon-
strating beneficial effects in many animal models, some
studies have demonstrated an apparent increase in metastatic
behavior of tumors under certain situations, perhaps due
to a preconditioning effect on the tumor microenvironment
[82, 83]. These findings may echo the increased T2 signal
change seen in GBM patients treated with VEGF inhibitors.

AEE788 (Novartis) is an inhibitor of EGFR, and at higher
concentrations, VEGFR. This agent had also shown promise
in mouse xenograft models when used in combination with
everolimus [84], an mTOR pathway inhibitor related to
rapamycin (sirolimus). Phase I/II clinical trials are underway
currently in recurrent GBM, but further development may be
suspended. Other agents being investigated include vatalanib
and pazopanib, both VEGF inhibitors with some anti-PDGF
activity.

3.4. Other Tyrosine Kinase Inhibitors. In addition to
the VEGF inhibitors described with anti-PDGF activity,
molecules have been developed specifically targeting the
PDGF receptor and pathway. The most widely used of these
is imatinib (Glivec—Novartis), a small molecule tyrosine
kinase inhibitor active against PDGF, Bcr-abl, and c-Kit.
Although well tolerated, single agent imatinib had very
limited effect against high-grade glioma in adults, particu-
larly in patients on anticonvulsants [85, 86]. Trials are now
being undertaken to ascertain whether more effective results
can be obtained by the use of imatinib in combination
regimes, for example, with vatalanib [87] or temozolo-
mide. Dasatanib, another multikinase inhibitor targeting Src
kinases, is currently in early stage clinical trials and has
shown promising antiglioma effect in vitro, particularly in
combination with temozolomide [88]. NCI phase II studies
of another multikinase inhibitor tandutinib are currently
ongoing, one in combination with bevacizumab.

Erlotinib (Tarceva—OSI/Roche), is a selective EGFR
antagonist that has been used in lung cancer. A phase II study
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has shown very promising results with median survival of
19.3 months after diagnosis, compared to 14.1 months for
historical controls [89], though a phase II trial of its use as
monotherapy in recurrent GBM was disappointing [90]. Sev-
eral further trials are ongoing, including in conjunction with
bevacizumab. Gefitinib (Iressa—Astra Zeneca) is another
selective EGFR antagonist that binds the ATP binding site
of the EGF receptor. Disappointing results in the ISEL lung
cancer trial [91] led to it being partially withdrawn in the
United States, but hopes remain that a subset of patients with
tumours containing appropriate EGF pathway mutations
may have some benefit. Studies are ongoing in glioma,
especially of its use in combination with other therapy, for
example, everolimus [92], though a phase II trial showed
limited benefit as monotherapy in recurrent GBM [93].

Other drugs developed to inhibit downstream kinases
include enzastaurin (Eli Lilly) a selective protein kinase C β-
inhibitor which suppresses phosphorylation of many targets
including Akt, inhibiting development of xenografted glioma
[94]. A phase I trial has showed some promising effects,
although dosage was limited by thrombocytopenia and pro-
longed QT syndrome [95]. The mTOR pathway has also been
targeted therapeutically, initially as immunomodulatory
therapy for prevention of transplant rejection, but interest
in its antineoplastic properties has increased in recent years.
This pathway is of interest as it integrates multiple upstream
cell signalling mechanisms to regulate protein synthesis,
potentially allowing the effects of multiple growth factor
receptors to be controlled. Rapamycin (Sirolimus—Wyeth)
is a macrolide produced by the bacterium Streptomyces
hygroscopicus that was originally isolated from soil samples
from the island of Rapa Nui (Easter Island). It binds FKBP12
and this combination then inhibits the mTOR pathway.
Rapamycin and its analogues temsirolimus and everolimus
are currently undergoing phase I/II clinical trials, both as
mono- and combination therapy. Temsirolimus has shown
promise in published clinical trials, with extended time to
progression [96].

3.5. Other Agents. Thalidomide (Celgene), a piperidinyl
isoindole, has a broad spectrum of anti-angiogenic mech-
anisms, possibly including suppression of endothelial cell
nitric oxide-induced migration, inhibition of TNFα and
VEGF/IL-6 suppression [97]. In phase II clinical trials, the
results have been somewhat mixed, with some groups report-
ing encouraging outcomes [98, 99], but others showing
limited activity [100]. The addition of thalidomide and the
cyclo-oxygenase-2 inhibitor celecoxib (shown to decrease
angiogenesis in vitro through up regulation of the endoge-
nous inhibitor endostatin) to temozolomide did not improve
progression free survival [101]. The use of thalidomide can
be limited by adverse effects such as thrombosis or peripheral
neuropathy and analogues have been developed such as
lenalidomide [102].

Cilengitide (EMD pharmaceuticals) is a cyclic arginine-
glycine-aspartic acid peptide that selectively inhibits inte-
grins αvβ3 and αvβ5. In a phase II trial, the higher dose regime
demonstrated a 6 month PFS of 15% in recurrent GBM

[103] and trials are ongoing for its use in combination with
temozolomide in newly diagnosed GBM. Other potential tar-
gets are the HIFs, which upregulate pro-angiogenic cellular
factors in response to low-tissue oxygen partial pressure. The
oestrogen derivative 2-methoxyestradiol (2ME2/Panzem—
EntreMed) inhibits HIF1α mediated VEGF expression and
directly downregulates HIF1α levels, as well as suppressing
microtubule structure formation [97]. Clinical trials of
2ME2 in association with nanocrystal colloidal dispersion
are ongoing. Research interest has also focused on attempts
to inhibit matrix metalloproteinases (MMPs), important
mediators of new vessel growth and tumour invasion.
Prinomastat (Agouron) is a hydroxamate-based selective
inhibitor of MMPs 2, 9, 13, and 14, which had mixed results
in clinical trials in lung cancer [103], with trials in GBM
completing at present. Farnesyl transferase inhibitors such
as tipifarnib (Zarnestra—Johnson & Johnson) block the
farnesylation of the Ras signalling molecule that is needed
for it to fulfil its downstream effects in the signalling cascade
that occurs after activation of growth factor receptors. Whilst
evidence of benefit has been reported in one phase II trial
[104], another found no benefit when given as preradiation
sensitizer [105].

Histone deacetylase inhibitors (HDACi) are emerging
as a promising class of anticancer agent, which act by
alleviating transcriptionally silenced pathways in tumors,
such as tumor suppressor pathways. HDACi have also been
shown to possess antiinvasive and anti-angiogenic potential
with SAHA/vorinostat currently undergoing phase II trials
for recurrent GBM [106–108]. Although it is unclear whether
these compounds have anti-angiogenic effects in glioma,
we have revealed anti-proliferative and pro-apoptotic effects
using the HDACi Trichoststin A in pediatric glioblastoma
cells (R. Rahman, manuscript in preparation).

3.6. Pediatric Tumours. Very few trials of anti-angiogenic
therapy have been performed in pediatric high-grade glioma.
As previously stated, this is unfortunate as it is increasingly
clear that it may not be possible to extrapolate results from
adult trials to pediatric practice as genome wide studies
indicate that there may be key differences in the molecular
biology of HGG in different age groups.

Chemotherapy administered to children has often been
performed in a metronomic fashion with the intention
of targeting the tumor endothelium, and studies utilising
thalidomide have been undertaken, with a subset of patients
having prolonged PFS [109]. A phase I study of cilengitide
demonstrated good response in patients completing the
treatment and a phase II study is planned. Erlotinib has
been evaluated in a phase I trial in children, adolescents, and
young adults with newly diagnosed HGG [110], with evalu-
ation proceeding. A phase I trial of imatinib in children with
newly diagnosed brainstem and recurrent malignant gliomas
showed some concerns with intratumoral haemorrhage and
dose limiting toxicity in patients with brain stem glioma but
seemed well tolerated in recurrent glioma [111]. Tipifarinib
has been used in a phase I trial in brainstem glioma [112]
and a phase II trial in several high-grade brain tumours
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with good tolerability but little effect [90]. A phase I trial of
semaxanib (SU5416) was terminated early due to the sponsor
ceasing development of the drug, although prolonged disease
stabilisation was seen in 25% of patients given the higher
dosage [113].

4. Mechanisms of Glioma
Anti-Angiogenic Resistance

Benefits of anti-angiogenic therapy both in preclinical set-
tings and to patients are at best transitory, typically in the
form of tumor stasis or shrinkage and in few cases, increased
survival. Inevitably this period of clinical benefit (measured
in weeks/months) is followed by restoration of tumor growth
and progression [114]. Indeed, inhibiting VEGF does not
appear to block tumour progression. Such resistance to anti-
angiogenic therapy is counter-intuitive to the proposition
that angiogenesis is essential for the progression of malignant
glioma. Knowledge of the mechanistic basis governing anti-
angiogenic resistance is required to fine-tune and better
specify future treatment protocols using these drugs. The
current status quo proposes two general modes of resistance
to angiogenesis inhibitors, particularly those targeting VEGF
and related pathways: adaptive (evasive) resistance, and
intrinsic (preexisting) resistance (Figure 1) [115]. Multiple
mechanisms are likely to underlie both modes of resistance.

4.1. Adaptive (Evasive) Resistance. An evolving hypothesis is
that angiogenic tumors acquire the means to functionally
evade the angiogenesis blockade induced by angiogenesis
inhibitors [116–119]. Evasive resistance is indirect in so
much as alternative means to sustain tumor growth are
activated but the specific therapeutic target of the anti-
angiogenic agent remains inhibited (Figure 1, top) [119].
Activation and/or upregulation of alternative pro-angiogenic
signaling pathways may be one distinct adaptive mechanism,
whereby substitution of a pro-angiogenic factor reestab-
lishes neovascularization [120]. Evidence for FGF-dependent
revascularization has come from a clinical investigation
of glioblastoma patients being treated with the VEGFR
inhibitor cediranib. After a measureable response phase, a
relapse/progression phase was associated with higher blood
levels of FGF2 compared to the same patients during the
response phase [76]. Evaluation of the prevalence of this
mechanism in human gliomas would be greatly facilitated
by studying tissue obtained from patients undergoing re-
resection subsequent to recurrence after anti-angiogenic
therapy.

Recruitment of vascular progenitor cells and pro-
angiogenic monocytes from the bone marrow is another
distinct mechanism of resistance. Anti-angiogenic therapy-
induced blood vessel regression may lead to hypoxia, creating
conditions permissive for the recruitment of a heterogeneous
population of bone marrow-derived monocytic cells that
promote angiogenesis [115]. Specifically, these cells consist
of endothelial and pericyte progenitors which differentiate
into endothelial cells forming the inner lining of blood
vessels, or pericytes that envelop blood vessels, respectively

[121]. In GBM, HIF-1α recruits various pro-angiogenic bone
marrow-derived CD45+ myeloid cells, and tumors lacking
HIF-1α exhibit few such cells and are severely impaired
in their angiogenic and tumor growth phenotypes [122].
These studies provide a mechanistic rationale for how
hypoxic tension can create an environment that promotes
neovascularization.

Although inhibition of VEGF signaling pathways causes
vessel regression, a few thin vessels remain, densely and
tightly covered with pericytes. Protective coating by pericytes
presumably helps the tumor endothelium to survive and
grow during the course of any anti-angiogenic therapy
regime [121]. The contribution of this mode of resistance in
GBM is undefined at present.

The switch to a condition of increased invasiveness with-
out angiogenesis is another method of evasive adaptation.
This phenotype was first described in orthotopic GBM
mouse models, where neovascularization was blocked by
genetically deleting VEGF and HIF-1α. GBM cells coopted
normal blood vessels (perivascular invasion) to achieve the
required vasculature in a dispersed fashion [123].

4.2. Intrinsic (Cellular) Resistance. A considerable minority
of GBM patients tested in clinical trials for bevacizumab,
sorafenib, and sunitinib failed to show even transitory
clinical benefit [76]. As no period of tumor stasis was
evident, these tumors are refractory to angiogenic therapy.
It is plausible that the preexistence of FGF2 and other pro-
angiogenic factors in late-stage GBM tumors could enable
continued angiogenesis using redundant pathways during
anti-angiogenic treatment.

Of particular interest is the glioma cell-type that
is nonresponsive to anti-angiogenic therapy (and other
chemotherapeutics). The stem cell paradigm for malig-
nant gliomas presents tumour-initiating events as occurring
within the genome of a cellular entity with intrinsic or
acquired stem/progenitor cell-like properties. Glioma stem
cells (GSC) have been reported to promote angiogenesis
and vasculogenesis via increased expression of VEGF and
stromal-derived factor 1 [124, 125]. Tumors enriched for
GSCs showed increased vessel density, increased endothelial
cell proliferation and tubule formation, increased endothelial
progenitor mobilization, and recruitment of bone marrow-
derived cells [125]. Although it may be counter-intuitive
to expect GSCs, which by definition represent a very small
minority of glioma tumor cells, to make a meaningful
contribution to glioma angiogenesis, it is important to
note that during early tumor-initiation or the seeding of
a metastatic lesion, the GSC fraction would constitute a
much greater proportion of the tumor mass. Therefore, it
is conceivable that GSCs provide the necessary signals to
trip the angiogenic switch early during the tumor growth
of primary and/or metastatic tumors. Moreover, the hypoxic
microenvironment has recently been shown to promote the
expansion of GSC populations and promote a more stem-like
phenotype in nonstem cell glioma populations [126, 127].

Regardless of whether the glioma cell of origin is a
tissue-specific stem/progenitor cell or the specificity of
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Figure 1: Mechanisms of glioma resistance to anti-angiogenic therapeutic modalities. (Top) Adaptive (evasive) resistance. After an initial
transitory response phase, the tumor switches to mechanisms that induce neovascularization and renewed tumor growth and progression,
thereby evading therapeutic blockade. These consist of pro-angiogenic factor substitution (typically dependence on FGF and angiopoietin
signalling in cases of VEGF blockade), recruitment of endothelial cells and pericytes from the bon-marrow, protection of existing tumor
blood vessels via increased pericyte coverage and increased tumor cell invasiveness whereby tumor cells invade adjacent normal tissue
to achieve vascular sufficiency. (Bottom) Intrinsic (cellular) resistance. From the outset, some gliomas are nonresponsive to angiogenesis
blockade. This may be accounted for by the preexistence of multiple redundant pro-angiogenic signals, which would allow for continued
angiogenesis during anti-angiogenic insults. In addition, glioma stem cells (GSCs) (green circles) have been identified as key mediators of
glioma angiogenesis and may share intrinsic cell survival and lifespan prolonging characteristics with normal tissue stem cells. Specifically,
GSCs may reside in a noncycling quiescent state, thus blocking entry of drugs through the tumor cell membrane and may express relatively
high levels of ABC-drug transporters, enabling a multi-drug resistance phenotype via efflux of drugs from the tumor cell. Red lines, tumor
blood vessels.

cell surface antigens in delineating tumor-initiating glioma
cells, the evidence that a subpopulation of glioma cells
shares certain cardinal properties of stem cells and early
progenitors (namely capacity for self-renewal and multi-
lineage differentiation) provides a conceptual and technical
framework in which to understand cellular resistance to
therapies such as anti-angiogenic agents. It is logical to
query whether surviving glioma cells intrinsically resistant to
angiogenic therapy share characteristics with normal tissue
stem cells which permit a long lifespan, such as cellular
quiescence, expression of ATP-binding cassette (ABC) drug
transporters, and increased DNA repair capacity.

Malignant gliomas that are resistant to chemotherapeu-
tics often display a multidrug resistance phenotype due to
reduced cellular drug accumulation through ABC membrane
efflux pumps [128]. In addition, tissue stem cells generally

reside in the G0 stage of the cell cycle and are only
induced to activate self-renewal and differentiation programs
when the respective tissue needs to be repopulated. It is
possible that the expression of ABC transporters and the
quiescent state of malignant GSCs may be key determinants
of intrinsic nonresponsiveness to anti-angiogenic therapies,
by the extrusion of agents from the cell, and by providing a
barrier for entry of agents into the cell, respectively (Figure 1,
bottom). In addition, studies have shown that GSCs promote
radioresistance by preferential activation of the DNA damage
response [124].

A number of caveats for these hypotheses emerge how-
ever. The expression profiles of drug resistance-related ABC
transporters did not differ between primary and secondary
glioblastomas and no correlation to recurrent tumors was
evident [128]. Moreover, glioma cell populations sorted
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for the expression of the ABCG2-transporter, revealed that
both ABCG2+ and ABCG2− populations exhibited similar
tumorigenicity [129]. Regarding the noncycling nature of
GSCs, direct evidence for the prevalence of quiescence
in glioma is lacking. Through studies of stem cell and
proliferation marker expression coupled with telomerase
enzymatic activity, we find evidence for lower proliferation
levels in childhood ependymoma cell populations enriched
for stem cells (R. Rahman, unpublished findings). However
we cannot discriminate between a general reduced rate
of proliferation in the population as a whole or to the
existence of a quiescent subset within the total population. It
remains to be elucidated whether the aforementioned modes
of intrinsic GSCs are necessary and sufficient to achieve
intrinsic resistance in malignant glioma. The relationship
between the hypoxic glioma microenvironment and GSCs
may also impact upon future therapy as it has recently been
shown that HIF proteins are preferentially activated in GSCs
compared to nontumor cells [130]. Better understanding in
this respect will aid development of novel agents specifically
targeting GSCs.

5. Future Therapeutic Directions

The question of how to prolong the sometimes excellent
shortterm results of anti-angiogenic therapy is the subject of
much investigation. Current trials are focusing on combina-
tion approaches using multiple therapies to target different
pathways concurrently with the hope of preventing the use
of different pathways to evade the inhibition of a single
molecule. Novel agents are also underdevelopment which
will target the previously discussed pathways more effectively,
and also with the aim of controlling mechanisms not yet fully
elucidated.

One promising new field that may yield effective means
of controlling the angiogenic process is that of microRNAs.
These are short (20–23 base pair) conserved sequences that
are transcribed but not translated. First identified in C.
elegans in the early 1990s, it is only in the last 10 years
that their true importance has been recognized [56]. They
act by binding complementary sequences on messenger
RNA and interfering with (usually downregulating) the
translation of the mRNA into protein. There are now several
hundred recognised miRNA known to regulate human
gene translation, with approximately 50% of cancer related
genes having known miRNA regulators. High-grade gliomas
have characteristic profiles of miRNA expression [131–133],
and the differences between HGG, low-grade gliomas, and
normal tissue may give important clues as to how these short
RNA sequences control tumor growth and development,
including angiogenesis [134]. In other brain tumors such
as medulloblastoma [135], particular miRNAs have been
shown to be closely linked to the molecular machinery
driving the tumor. Various miRNA [136–138] have been
shown to be over or underexpressed in adult HGG with
changes in the particular miRNA identified profoundly
influencing glioma growth. miRNA has been shown to be
crucial to normal brain development [139, 140] and to the

processes of blood vessel creation and angiogenesis in normal
development [141] as well as in pathological processes such
as tumors. It has also been shown in glioma cell lines that
the upregulation of VEGF and other factors in response to
hypoxia may be governed by miRNA expression levels [142].

Therapeutically, it has been demonstrated that the effect
of a particular miRNA can be strongly inhibited by engi-
neered oligonucleotide sequences, so-called “antagomirs”,
with consequent decreased levels of related protein synthesis
[143]. It has been demonstrated in a murine liver cancer
model that dramatic reduction in tumor burden can be
achieved by reactivating expression of miR-26a which is
down-regulated in liver cancer [144]. In human brain tumors
it has been shown that miR-296 is elevated in tumor-related
endothelial cells of new vessels and that this miRNA may
govern growth factor receptor expression [145]. It seems
likely that much work will focus on elucidating which are
the key miRNAs in GBM, how to antagonise/upregulate
them and on the delivery vectors that would be necessary
to use them in clinical trials [146]. A recent in vitro report
showed good activity against CD133+ glioma stem cells
by a combination of imatinib and the miRNA 451 [147].
Complete dispersion of neurospheres was observed at low
concentrations of the combined reagents.

5.1. Polymeric Controlled Release for Intracranial Drug Deliv-
ery. Over the past two decades, a variety of approaches
to enhance intracranial chemotherapeutic drug delivery
have been investigated. Local therapies (via injection) are
diffusion limited and may not reach areas distant to the site
of injection. One approach is polymeric-controlled release
for direct delivery of agents to intracranial tumors. The
rationale of such an approach is to improve upon the efficacy
and reduce the debilitating side effects of current systemic
chemotherapeutics. An attractive feature of biodegradable
polymers is that they completely erode during drug delivery
and are cleared from the body. The majority of biodegradable
polymers undergo erosion simply by water permeating into
the polymer matrix [148].

There are two main methods of utilising polymeric
controlled release for intracranial drug delivery: implantable
devices and nano- or microparticles for injection.
Implantable biodegradable polymeric devices provide a
practical means of localizing the chemotherapeutic agents
specifically at the tumor site. An additional advantage
of direct intracranial drug delivery is that the need for a
chemotherapeutic agent to cross the BBB is eliminated.

The most common copolymer system used intracra-
nially is polybis (p-carboxyphenoxy) propane-sebacic acid
(p (CPP-SA)). This delivery system has been characterized
for a variety of drugs and is in clinical use [149]. Many
controlled release systems are based on an implantable wafer.
The p(CPP-SA) wafer loaded with 1,3-bis (2-chloroethyl)-1-
nitrosourea (BCNU), also known as carmustine, is available
clinically as Gliadel [150]. Gliadel is implanted intracranially
after surgical debulking of the tumor. It is commonly used for
local delivery of BCNU to high-grade gliomas after resection
and is associated with increased survival [151]; however drug
diffusion from the site of implantation is limited.
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Implantable poly(lactic-co-glycolic acid) (PLGA) matri-
ces loaded with chemotherapeutics are currently under
development [149]. In an analogous method to Gliadel,
the use of biodegradable PLGA wafers containing BCNU
has been investigated and research in this area is ongoing
[152]. Biodegradable polymer matrices based on polymers
of lactide and glycolide are a popular platform for local
drug delivery. PLGA particles have been used as a controlled
delivery system for proteins, drugs, cytokines, hormones,
enzymes, vaccines, and chemotherapeutic agents [153–156].
The composition of the PLGA allows the control of the
degradation rate and therefore the control of drug release
kinetics [157].

In addition to controlled release via wafers, polymers
can also be harnessed to aid delivery of chemotherapeutic
drugs to the brain by injection of polymeric nano- or
microparticles. To date, minimally invasive systemic delivery
of drugs to the brain remains a challenge that has given
rise to the development of new drug-targeting technologies.
Many forms of systemic chemotherapy are excluded from
the central nervous system by the BBB and the high
systemic concentrations necessary to cross the BBB often
lead to several side effects [158, 159]. The use of nano- or
microparticles for drug delivery to the brain appears to be a
promising option to overcome these problems.

The advantage of polymer particles lies in the route of
administration. Nano- or microparticles may be injected
stereotactically to any site in the brain due to their size
and spherical shape [160]. This is less invasive than the
implantation of polymeric wafers [149]. Recently, BCNU-
loaded PLGA microspheres were developed in vitro for
intracranial administration by cerebral stereotaxy, which
could potentially be administered repeatedly [161]. The use
of PLGA particles to deliver drugs other than BCNU is
also being investigated. Benny and colleagues demonstrated
the delivery of two endogenous anti-angiogenic inhibitors,
hemopexin (PEX) and a fragment of platelet factor 4 (PF-4)
(PF-4/CTF), in vitro and in vivo for human glioma therapy
using PLGA microspheres, with glioma growth inhibition
observed.

Over the last decade, coating polymeric particles with a
surfactant has also been investigated to enhance intravenous
delivery of chemotherapeutic drugs to the brain. As evi-
denced by a number of studies, poly(butyl cyanoacrylate)
(PBCA) nanoparticles coated with polysorbate 80 (Tween
80) facilitate brain delivery of a number of drugs that are
unable to cross the BBB in free form [162]. Polysorbate 80
also proved to be effective for brain delivery of different types
of nanoparticles such as poly (alkyl cyanoacrylate) and solid
lipid nanoparticles [163, 164]. Polysorbate 80-coated PBCA
nanoparticles have been found to selectively adsorb certain
plasma proteins from the blood. These proteins promote
receptor-mediated endocytosis of the polymer particles by
the endothelial cells forming the BBB, thus facilitating
delivery of the nanoparticle-encapsulated drug to the brain
[165].

The effectiveness of the polysorbate 80-coated PBCA
nanoparticles for brain delivery was most clearly demon-
strated by the high antitumor effect of nanoparticle-bound

doxorubicin against intracranial glioblastoma in rats [166].
A different type of surfactant, poloxamer 188 (Pluronic F68),
was also found to be effective for brain delivery by PBCA
particles [167, 168]. Recently, Gelperina and colleagues
showed that both polysorbate 80 and poloxamer 188 were
also able to facilitate brain delivery for PLGA nanoparticles
[169].

Harnessing polymeric controlled release in the form of
implants and injectable particles is proving to be a promising
area of investigation for intracranial drug delivery. Ongoing
and future research into this innovative drug delivery
method will strive to address the need for controllable
intracranial drug delivery for glioma therapy.

6. Summary and Perspectives

Although the transitory efficacy of anti-angiogenic inhibitors
such as those targeting VEGF signalling pathways are
disappointing, with a temporary period of response fol-
lowed by relapse, these results must be considered in the
context of standard of care therapy for malignant glioma,
in particular GBM. These strategies also typically exhibit
an initial response followed by inevitable resistance and
tumor progression. Also, the majority of patient trials have
involved recurrent glioma tumors at a late-stage of disease
progression. Studies of anti-angiogenic therapies in patients
with newly diagnosed malignant glioma will help determine
whether these agents have greater efficacy in an earlier
setting.

Approaches to overcome anti-angiogenic resistance may
include more potent anti-angiogenic agents, synergistic
strategies with drugs that inhibit other relevant targets,
or multi-targeted single agents that simultaneously inhibit
several crucial targets. The optimum protocol for the use
of anti-angiogenic therapy in combination with cytotoxic
chemotherapy and radiation therapy is as yet unclear for
gliomas and needs to be refined. The concept of a “window”
for increased therapeutic effectiveness, opened by anti-
angiogenic therapy through normalization of vasculature, is
also being explored and may impact on regimes adopted in
future trials. Combination therapy with drugs that target
glioma invasion is a promising approach due to concerns
that anti-angiogenic therapy may lead to infiltrative tumor
growth. Furthermore, future modes of chemotherapeutic
delivery such as stereotactic injection of nanoparticles and
tumor site-specific implants concomitant with surgical resec-
tion may circumvent the inefficiency and reduce the toxicity
of systemic drug delivery and lead to a more targeted and
minimally invasive therapeutic approach to glioma.

Increasing evidence for the persistence of stem cell-
like cells in glioma may shift therapeutic approaches to
target these cell populations. With the elucidation of the
role of GSCs in glioma angiogenesis, it is tempting to
speculate that much of the observed intrinsic resistance
and non-responsiveness to anti-angiogenic therapies is due
to inherent properties of GSCs. We await a generation of
cytotoxic agents that specifically target glioma cells with
stem cell/progenitor properties. Combination strategies with
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such compounds and anti-angiogenic drugs may be an
exciting future avenue, where the latter mode of therapy
chemosensitizes the tumor prior to a direct cytotoxic hit on
GSCs.

A number of pertinent questions remain to be better
understood, answers of which will influence future modes
of therapy: are GSCs enriched in regions of hypoxia so
prevalent in GBM tumors? Is the cell type resistant to
anti-angiogenic therapy, the same cell type resistant to
chemotherapy and/or radiation therapy? What distinguishes
anti-angiogenic glioma cells with adaptive resistance and
those with intrinsic resistance? Can the same glioma cell type
within a given tumor exhibit both modes of anti-angiogenic
resistance and what are the implications for therapy if so?
What are the roles of bone marrow-derived cells and stromal
cells in the process of anti-angiogenic resistance? Are GSCs
involved in invasion, migration, and metastases and are such
cells the same GSCs that initiated the primary tumor?

Research into glioma tumor biology will be required to
identify novel targets amenable to anti-angiogenic therapy.
In conjunction, the development of novel methods for
chemotherapeutic delivery will continue to advance our
understanding of targeting tumor angiogenesis with wider
application for other solid tumors. Disruption of glioma
neovascularisation not only remains an attractive method of
intervention but provides a model to better overcome glioma
resistance.
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Progression of malignant brain tumors is dependent upon vascularity and is associated with altered ganglioside composition
and distribution. Evidence is reviewed showing that the simple monosialoganglioside, GM3, possesses powerful antiangiogenic
action against the highly vascularized CT-2A mouse astrocytoma, which primarily expresses complex gangliosides. Brain tumors
expressing high levels of GM3 are generally less vascularized and grow slower than tumors that express low levels of GM3.
GM3 inhibits angiogenesis through autocrine and paracrine effects on vascular endothelial growth factor (VEGF) and associated
receptors. GM3 should be a clinically useful compound for managing brain tumor angiogenesis.

1. Introduction

Malignant brain cancer persists as a catastrophic illness and
is the second leading cause of cancer death in children
[1–4]. The failure to effectively manage malignant brain
cancer has been due in large part to the highly invasive
nature of the disease and to the unique anatomical and
metabolic environment of the brain, which prevents the
large-scale resection of tumor tissue and impedes the
delivery of therapeutic drugs. Invasion/metastasis involves
the dissemination of tumor cells from the primary neoplasm
to surrounding tissue and distant regions. In addition, the
invasive cells establish a microenvironment facilitating col-
onization (angiogenesis and further proliferation), resulting
in macroscopic malignant secondary tumors [5, 6]. Tumor
cell invasion is correlated with tumor angiogenesis (vascu-
larity), as prognosis is generally worse for brain tumors that
are more vascular than for those that are less vascular [7–9].
Consequently, therapies that can simultaneously target both
angiogenesis and invasion could provide effective longer-
term management of malignant brain cancer.

2. Glycosphingolipids and Angiogenesis

Gangliosides are a family of cell surface-enriched glycosph-
ingolipids that have long been implicated in tumorigenesis
[10–12]. These molecules contain an oligosaccharide head

group attached to a lipophilic ceramide, consisting of a
sphingosine base and a long-chain fatty acid (Figure 1). The
presence of sialic acid (N-acetylneuraminic acid, NeuAc)
distinguishes the gangliosides from other glycosphingolipids.
Gangliosides are anchored in the outer surface of plasma
membranes through their ceramide moiety, which allows the
head group to modulate numerous cell surface events such as
growth, migration, adhesion, and signaling [12–15].

The structurally simple monosialoganglioside GM3
contains a single terminal sialic acid (Figure 1). N-
acetylneuraminic acid is the predominant sialic acid species
expressed in mammalian brain gangliosides [16, 17]. In
contrast to N-acetylneuraminic acid, N-glycolylneuraminic
acid is a predominant sialic acid species expressed in
gangliosides from nonneural tissues of most nonhuman
species (rodents, bovine, etc.) [17]. As humans lack the
gene for the synthesis of N-glycolylneuraminic acid [18, 19],
expression of N-glycolylneuraminic acid in gangliosides of
human cells or tissues is attributed to contamination from
exposure to nonhuman serum or from diet [17, 20, 21]. The
involvement of gangliosides in angiogenesis is dependent on
the intact molecules as neither asialo species nor sialic alone
influence angiogenesis [22].

GM3 modulates the function of several receptors impli-
cated with angiogenesis to include those for the insulin-
like growth factor-1 (IGF-1), basic fibroblast growth factor
(b-FGF), epidermal growth factor (EGF), platelet-derived
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Table 1: Association of GM3 levels to the vascularity of experimen-
tal brain tumors∗.

Ganglioside Distribution Vascularity

Brain Tumors GM3 Complex Gangliosides

Mouse

EPEN High Low Low

CBT-1 High Low Low

CBT-3 High Low Low

CBT-4 Low high High

CT-2 Low High High

CT-2A Low High High

Human

U87MG Low High High
∗All mouse brain tumors were produced from implantation of 20-
methylcholantherene into the ventricle (EPEN), the cerebrum (CT), or the
cerebellum (CBT) of C57BL/6J mice as we previously described [43].

GalNAcT
SA

SA

SA

SASA

Gal-Glc-Cer

GalNAc-Gal-Glc-Cer

Gal-GalNAc-Gal-Glc-Cer

Gal-GalNAc-Gal-Glc-Cer

Gal T-II

ST-IV

(GM3)

(GM2)

(GM1)

(GD1a)

Figure 2: Pathway for the synthesis of ganglioside GM2 from GM3
by GalNAc-T. GalNAc-T adds a beta-linked N-acetylgalactosamine
residue to the galactose of GM3 to form GM2, a key step required
for the synthesis of complex gangliosides, GM2, GM1, and GD1a.
Antisense targeting of the GalNAc-T gene reduces GD1a content,
while increasing GM3 content [7].

growth factor (PDGF), vascular endothelial growth factor
(VEGF), and cell adhesion molecules including the integrins
[7, 12, 23–28]. GM3 also reduces proliferation and enhances
apoptosis of rapidly proliferating neural stem cells [29].
Furthermore, Alessandri, Ziche, and coworkers originally
found that several complex gangliosides (GM2, GM1, GD3,
GD1a, GD1b, and GT1b) enhanced the action of angiogenic
inducers, whereas ganglioside GM3 was inhibitory [30–32].
These observations suggest that GM3 could have therapeutic
potential against tumor cell proliferation and angiogenesis.

GQ1b
GT1b

GD1b

GT1a
GD1a

GD3

GM1

GM2

GM3
GM4

Stds C V T

GD1a

GM1

GM2

GM3

Figure 3: High-performance thin-layer chromatographic analysis
of ganglioside distribution in the CT-2A astrocytoma: Control
untransfected CT-2A (C), CT-2A transfected with empty vector
alone (V), and CT-2A transfected with the antisense sequence
to the GalNAc-T gene (T). Synthesized gangliosides appear as
double bands due to ceramide structural heterogeneity. Analysis
of synthesized gangliosides and standards (left lane) was as we
described [7]. Knockdown of the GalNAc-T gene elevated GM3
content, while reducing GD1a content in the antisense T cells.

The ratio of GM3 to the proangiogenic gangliosides
GD3 and GD1a (GM3/GD3; GM3/GD1a) is lower in more
metastatic and aggressive tumors than that in less metastatic
tumors [7, 33–35], suggesting that elevated expression
of complex gangliosides enhances tumor malignancy. In
contrast to most human glioma tumor tissues, which contain
high levels of the pro-angiogenic ganglioside GD3 [36–41],
GD3 is not heavily expressed in mouse brain tumors or
in most cultured human brain tumor cells [17, 42–44].
Although GM3 is also expressed in malignant human brain
tumors, we think that GM3 expression in these tumors might
serve to regulate or to counteract the pro-angiogenic action
of GD3 and other complex gangliosides.

3. Evidence Supporting the Anti-Angiogenic
Action of GM3 in Brain Cancer

Table 1 summarizes data from our previous studies on
the association of GM3 expression with the angiogenic
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Figure 4: Ganglioside shift reduces growth, VEGF gene and protein expression, and vascularity in the CT-2A astrocytoma: Control
untransfected CT-2A (C), CT-2A transfected with empty vector alone (V), and CT-2A transfected with the antisense sequence to the GalNAc-
T gene (T). (a) The values are expressed as mean mg wet weight± SE.∗: significant compared to control C and V tumors at the P < .01 level.
CT-2A (n = 10), CT-2A/V (n = 12), and CT-2A/TNG (n = 14) independent tumors. (b) RT-PCR and Western blot for VEGF. Other
details are in [7]. (c) Vascularity determined using factor VIII-immunostained microvessels per ×200 field (hpf, high-powered field) from
tissue sections as we described [7].



4 Journal of Oncology

C V T

β-actin

NP-1

HIF-1α

VEGF

(a)

VEGF HIF-1α NP-1
0

0.5

1

1.5

∗

∗

∗R
el

at
iv

e
in

te
n

si
ty

CT-2A
CT-2A/V
CT-2A/TNG

(b)

Figure 5: Ganglioside shift reduces VEGF, HIF-1α, and NP-1 gene expression in CT-2A- cultured cells: Control untransfected CT-2A (C),
CT-2A transfected with empty vector alone (V), and CT-2A transfected with the anti-sense sequence to (a) the GalNAc-T gene (T). VEGF
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Experimental conditions are as we described [7]. The gene to β-actin levels are expressed as the means of three independent samples± SE.∗:
Significant compared to control C and V cells at (b) the P < .01.

Control GM3 treated

Figure 6: GM3 reduces CT-2A tumor vascularity when added to the tumor microenvironment. Small fragments of the CT-2A tumor were
grown in Matrigel that contained either no GM3 (control) or GM3 (40μM). The tumor was grown in Matrigel for approximately two weeks
in the flank of the syngeneic host C57BL/6 mice according to our standard procedures [7, 34]. Florid vascularization and the number and
size thrombotic vessels were noticeably less in the presence than in the absence of GM3. Similar results were found in two independent
experiments.

properties of multiple experimental mouse and human
brain tumor models [17, 44, 45]. This survey shows that
brain tumors with high GM3 expression are less angiogenic
(vascularized) than brain tumors with low GM3 expression.
GM3 expression was also correlated with greater cell-cell
adhesion and slower growth [14, 44]. We later showed
that the gene-linked knockdown of GM3 expression in

the experimental ependymoblastoma (EPEN) tumor, which
contains GM3 as the only ganglioside, increased vascularity
(angiogenesis) [34]. An opposite effect was observed in the
highly angiogenic CT-2A astrocytoma when we upregulated
GM3 expression (below). These and other findings led us
to conclude that the ratio of GM3 to complex gangliosides
(GM1, GD1a, GT1b) can influence the angiogenic properties
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Control GD1a (40 μM) GM3+GD1a (40 μM each)

Figure 7: GM3 inhibits the pro-angiogenic effects of GD1a in the in vivo Matrigel assay. Matrigel alone (control) or containing GD1a or
GD1a with GM3 was injected subcutaneously (s.c.) in SCID mice as we described [49]. Plugs were photographed (12.5×) on day 7 after
Matrigel injection.

of a broad range of brain tumor types and are consistent
with previous findings on the role of GM3 in other systems
[22, 29, 32, 41, 46–49].

4. Anti-Angiogenic Action of GM3 in
the CT-2A Astrocytoma

The CT-2A astrocytoma was produced following implan-
tation of the chemical carcinogen, 20-methylcholanthrene,
into the cerebral cortex of C57BL/6J mouse according to
the procedures of Zimmerman and Arnold [44, 50]. The
CT-2A tumor grows rapidly, is deficient in the phosphatase
and tensin homologue/tuberous sclerosis complex 2, and is
highly angiogenic [7, 51, 52]. We used an antisense construct
to inhibit GalNAc-T expression in CT-2A cells as shown
in (Figure 2). This caused a significant shift in ganglioside
distribution, elevating GM3 content while reducing GD1a
content (Figure 3).

The shift in ganglioside distribution significantly reduced
growth, VEGF gene and protein expression, and blood
vessel density in the orthotopically grown CT-2A tumors
(Figure 4). Moreover, the shift in ganglioside distribution
reduced gene expression for hypoxia inducible factor 1a
(HIF-1α) and the VEGF coreceptor neruropilin-1 (NP-1)
in the CT-2A cultured cells (Figure 5). This is interesting
as HIF-1α is a transcription factor that regulates VEGF
expression through the PI-3k/Akt signaling pathway [51, 53–
55]. Viewed collectively, these data show that endogenous
upregulation of GM3 reduces growth and angiogenesis in
the rapidly growing and highly vascularized CT-2A mouse
astrocytoma.

It was initially unclear, however, whether it was the
elevation of GM3, the reduction of the pro-angiogenic
ganglioside GD1a, or the change in GM3/GD1a ratio that
was responsible for the reduction in CT-2A angiogenesis. It
is well documented that gangliosides are shed from tumor
cells into the microenvironment where stromal (endothelial)
cells take them up to influence tumor progression [56–

60]. Our most recent findings show that GM3, by itself,
markedly reduces CT-2A vascularity when grown in the
in vivo Matrigel model (Figure 6). These findings suggest
that GM3 could be applied as a drug therapy directly
to the tumor site and to surrounding areas following
surgical tumor resection in humans. Alternatively, GM3
could be applied in liposomes as a pharmacotherapy for
preformed tumors. Our findings in brain tumor cells are
also consistent with previous findings in rabbit cornea
showing that GM3 applied directly to tissue is anti-
angiogenic [32]. Viewed, collectively, our findings indicate
that GM3 has powerful anti-angiogenic action against the
CT-2A astrocytoma when present in the microenvironment
and can counteract the pro-angiogenic effects of complex
gangliosides.

Further evidence for a direct anti-angiogenic role of
GM3 came from our recent studies with human umbilical
vein endothelial cells, HUVEC. We found that GM3, by
itself, significantly suppresses VEGF-induced proliferation
and migration of HUVEC [49]. Moreover, GM3 significantly
blocks GD1a-induced angiogenesis in the in vivo Matrigel
assay (Figure 7). GD1a is a complex ganglioside associated
with enhanced angiogenesis [7, 61]. The suppression of
VEGF receptor 2 and Akt phosphorylation underlies the
anti-angiogenic effect of GM3 on HUVEC (Figure 8).
Additionally, the EPEN tumor, which expresses only GM3,
has few blood vessels relative to tumors that express complex
gangliosides [44, 45]. Consistent with our findings, Chung
and coworkers recently showed that GM3 could suppress
angiogenesis through the inactivation of VEGF-induced sig-
naling by direct interaction with VEGFR-2 [47]. GM3 treat-
ment could also reduce in vivo vascularity in the Lewis lung
carcinoma model [47], while van Cruijsen et al. showed that
vascularity was less and patient survival was better for non-
small cell lung carcinomas that contained more GM3 than
less GM3 [62]. Hence, GM3 is anti-angiogenic through its
inhibition of the proangiogenic actions of complex ganglio-
sides as well as through its direct inhibition of endothelial cell
growth.
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Figure 8: GM3 inhibits VEGFR-2 and Akt phosphorylation in HUVEC. HUVECs were incubated with GM3 (100 ng/ml) in endothelial
basal medium (EBM) for 24 hours and were then stimulated with VEGF (100 ng/ml) for 5 minutes as we described [49]. (a) Cell lysates
were prepared and measurement of VEGFR-2 and Akt phosphorylation over total was analyzed using Western blots [49]. (b) VEGFR-2
and (c) Akt phosphorylation were significantly lower in GM3-treated HUVEC than in control HUVEC (P < .001). Values are expressed as
means± SEM (n = 3 independent experiments).

In summary, our results show that GM3 inhibits brain
tumor angiogenesis. GM3 targets both tumor cells and
endothelial cells. Although GM3 is elevated in human
malignant brain tumors, its concentration is less than
that of complex gangliosides especially GD3. We suggest
that increasing the ratio of GM3 to complex gangliosides
may be effective in reducing angiogenesis and growth in
human glioblastomas. Our findings suggest that pharma-
cological application of GM3 is warranted as a potential

nontoxic anti-angiogenic therapy for malignant brain
cancer.
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Angiopoietins and Tie2 are angiogenic-specific ligand and receptor complex that have been shown to play a critical role in tumor
angiogenesis. Angiopoietin-2 (Ang2) is one of four ligands for receptor Tie2 and it is the naturally occurring antagonist to Tie2,
inhibiting the action of Angiopoietin-1 (Ang1). Over the last decade, significant research has focused on elucidating the role of
Ang2 in cancer biology and its exact role in tumor angiogenesis remains elusive. In this study we have focused on establishing
the role of Ang2 in angiogenesis of malignant astrocytomas. We have demonstrated that Ang2 significantly enhances the vascular
growth of malignant astrocytomas and constant upregulation of Ang2 throughout all phases of tumor growth generates abnormal
vascular structures that are not typically seen in human astrocytomas, suggesting that Ang2 plays a tumor stage-dependent role
and is not a consistently elevated throughout all growth stages of malignant astroctyomas.

1. Introduction

Based on the originally proposed paradigm by Holash et al.,
Angiopoietin-2 (Ang2) works in concert with VEGF to
promote neoangiogenesis, and in the absence of VEGF,
vessels that have been destabilized by Ang2 will undergo
apoptosis and regress. Ang2 is the naturally occurring
antagonist to Ang1 and inhibits Ang1-induced activation of
Tie2/TEK. Though there has been numerous biochemical
data to support this paradigm [1–7], there is sufficient data
to suggest a more complex role for Ang2. For example, at
high concentrations Ang2 acts as an agonist of Tie2/TEK,
providing a prosurvival signal to endothelial cell (EC), which
is a similar function as Ang1 [1]. Although all tumor
models show an upregulation of Ang2, its role in tumor
angiogenesis has proven to be quite complex and variable,
depending on the tumor model investigated [8–14]. Ang2
upregulation is seen primarily in EC of small cell lung
cancer, hepatocellular carcinoma, neuroblastoma, gastric
cancer, colon cancer, and Kaposi sarcoma, with Ang2 being
associated with poor prognosis in many of these tumors
[8–16].

Upregulation of Ang2 along with VEGF upregulation
suggests that vessel destabilization by Ang2 is a critical step
required to allow for VEGF-induced neoangiogenesis. In
astrocytomas, Ang2 has been found to be upregulated in
GBMs compared to LGAs and NB [11, 17–19]. The source
of Ang2 is mainly reported to be the EC; however, one study
and our own unpublished data suggest that Ang2 may also
be expressed by malignantly transformed astrocytoma cells
[11]. A noteworthy observation made by Stratmann et al. is
that expression of Ang2 appears to be vessel size- or vessel
type-dependent [20]. Ang2 expression was confined to EC of
smaller vessels and not seen in larger vessels suggesting that
Ang2 promotes in-situ angiogenesis and is more intimately
involved with capillary-like vascular structures in tumors
[18, 20].

A more recent study identifies Ang2 as a marker of tumor
cell invasion in high-grade astrocytomas, with little Ang2
expression seen in the center of human GBM compared
to the invasive peripheral edge of the tumors where Ang2
is expressed by both the vascular and neural elements
[13]. They also found that upregulation of Ang2 in U87
xenografts had a pronounced invasive phenotype compared
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to the parental U87MG xenografts that had no Ang2
expression [13]. They propose that Ang2 confers a more
invasive phenotype to the tumor cells via either activation
of MMP-2, independent of Tie2/TEK receptor activation, or
perhaps via activation of integrins [13].

In this study, we have focused on deciphering the distinct
contribution of Ang2 to GBM angiogenesis and vessel devel-
opment. We have found that Ang2 promotes vascular growth
of GBMs. Additionally, Ang2 induces vascular architectural
changes that are pathological and aberrant in comparison
to control tumor vessels. This aberrancy in vasculature is
not seen in human GBMs, which suggests that Ang2 is not
constantly upregulated in human tumors and alludes to a
stage-dependent upregulation of Ang2.

2. Materials and Methods

2.1. Cells and Reagents. Established human U87-MG GBM
cells were obtained from American Type Culture Collection
(ATCC, Rockville, MD) and U373-MG cell lines were a
gift from B. Westermark (Uppsala, Sweden). These GBM
lines were chosen as they provide variability in their degree
of baseline Angiopoietin and VEGF-A expression [17], in
addition to variable tumorigenicity potential and differences
in genetic aberrations. They were maintained in Dulbecco’s
minimal essential medium (DMEM) (Cellgro, Herndon, VA)
supplemented with 10% FBS and penicillin-streptomycin
antibiotics.

2.2. Stable Clones

2.2.1. Constitutively Overexpressing Clones. Full-length hu-
man ANG2 cDNA (a gift from K. Alitalo, Helsinki, Finland)
was subcloned into the pSec vector (Invitrogen) to allow
generation of Myc-Histidine epitope-tagged constructs. The
Ang-Myc/HIS sequence was subcloned into the BamH1
and EcoR1 sites of the pCAGG vector that contained a
CMV promoter along with a chicken β-actin enhancer
element. Stable cell lines expressing Ang2, were generated by
transfection of the vector “pCAGG-Ang-Myc/HIS-Zeocin”
into U87 and U373 GBM lines using Lipofectamine 2000
(Gibco/BRL) as per the manufacturer’s instructions. Twenty
stable clones, selected with 1mg/ml of Zeocin (Invitrogen),
were examined for Ang2 expression by western blot analysis
as described below. Two single clones with highest expression
of Ang2 above baseline parental levels, as well as one pooled
clone of Ang2 were selected for each of the three GBM lines
(U87:Ang2, U373:Ang2). Corresponding control stable cell
lines were generated using empty-vector transfectants.

2.2.2. Tetracycline Inducible Clones Overexpressing Angiopoi-
etins. As described previously, stable Tet-Off U87-MG cells
were established [21]. Briefly, U87-MG cell lines were trans-
fected with pTet-Off (Clontech, Palo Alto) vector and stable
clones selected and maintained in 1 mg/mL and 500 μg/mL
of G418, respectively. Thirty of the Tet-Off clones were
assayed by transfecting with the reporter construct pTRE-
LUC and subsequent examination of luciferase activity with

a luciferase assay. The highest tetracycline inducible clone
was selected to generate double stable Tet-Off cell lines
(data not shown). Double stable Tet-Off U87-MG cell lines
overexpressing Ang2 were generated by cotransfecting U87-
MG:Tet-Off stable cells with pTRE-Ang2 with the pTK-
Puromycin vector. Stable clones were selected in 3 mg/mL
of Puromycin, and twenty clones were tested for induction
of Ang2 expression by immunoprecipitation followed by
western blotting, as described below. For control U87-
MGTet-off double stable cell lines, pTRE-Red vector express-
ing the ds-RED fluorescent protein was used. In vitro
testing of tetracycline induction of Ang2 expression was
determined using varying doses of Doxycycline, with the
most tightly regulated clones expressing Ang2 selected for in
vivo experiments.

2.3. In Vivo Tumor Models

2.3.1. Subcutaneous Models. Subcutaneous xenografts were
generated by growing U87-MG stable clones overexpressing
Ang2 in the flanks of NOD-SCID mice. For each stable
clone, seven mice were injected with 107 cells suspended in
300 μL of PBS, with five mice injected with control empty
vector transfectants. Tumor growth was measured biweekly,
using calipers by two observers in a blinded fashion. Tumor
volume was calculated using the formula: (diameter2×
length)/2. As per animal protocol, mice were sacrificed by
cervical dislocation after 100 mg/kg BrDU injection (Sigma-
Aldrich). Tumors were cut in cross sections, with two
cross-sections kept in formaldehyde for paraffin blocks and
immunohistochemical analysis and the remaining tumor
stored in liquid nitrogen. All in vivo tumor models were
repeated in duplicate.

2.3.2. Intracranial Models. For orthotopic xenograft models,
Tet-Off regulated human U87-MG:Ang2 cells (106) were
stereotactically injected 3 mm deep into the frontal cortex
of NOD-SCID mice. Mice were treated with Dox in the
drinking water with three doses of 0, 1, and 10 mg/mL.
These doses were selected based on prior published studies
demonstrating that Dox crosses the blood-brain barrier
efficiently to regulate gene expression in the brain [21].
When animals exhibited symptoms consistent with failure
to thrive or raised intracranial pressure, the mice were
sacrificed by perfusion fixation after BrDU injection and
tail vein injection of 2% Evans Blue solution (2 mL/kg) to
determine intraluminal blood flow and vessel permeability.
The time interval between the injection of Evans Blue and
the perfusion and killing of the mice was approximately 30
minutes. All in vivo experiments were repeated in duplicate.

2.4. Tumor Vascularity. Four different tumor portions
were each cut at 5 μm consecutive paraffin sections and
stained with the EC specific marker anti-FactorVIII (DAKO;
1 : 2000), followed by detection with an avidin-biotin
complex method-3,3′-diaminobenzidine (VectaStain Elite;
Vector Laboratories) system. Microvessel density (MVD) was
calculated by counting the number of hollow lumen vessels



Journal of Oncology 3

in ten high-power fields (HPF:500x) and in five HPF at
vascular “hot spots”. Areas that included abnormal vascular
structures, such as glomeruloid bodies, were not included
in the MVD count as the functional status of these vascular
units in both human and xenograft tumors is not known.
All analyses were carried out using the MicroComputer
Image Device (MCID-Imaging Research, Inc.) linked to a
color CCD camera (Sony DXC 970 MD) mounted on a
transmitted-light microscope (Zeiss Axioskop). IHC for EC
and SMC staining was performed using FactorVIII antibody
and smooth muscle antigen (SMA) staining.

2.5. Immunohistochemistry. Standard hematoxylin and eosin
(H&E) staining and immunohistochemical analysis was
performed on 5 μm tissue sections from paraffin embed-
ded tissue blocks. Primary antibodies used include: Fac-
torVIII (rabbit polyclonal antibody #A0082; DAKO; used at
1 : 2500) and a polyclonal goat anti-Ang2 antibody (1 : 200
and 1 : 400, Santa Cruz). Secondary antibody was a goat
antimouse antibody (Zymed) used at 1 : 200, and antigens
were detected using the avidin-biotin complex method
(Vector Laboratories) and diaminobenzidine substrate.

2.6. Statistical Analysis. All analyses were completed using
StatView 4.1 for the Macintosh (Abacus Concepts, Berkeley,
CA). All errors were calculated as the standard error of
the mean (S.E.M.). One-tailed Student’s t-test was used to
compare means (two sample, unequal variance) with P < .05
considered statistically significant.

3. Results

3.1. Overexpression of Ang2 in GBM Cell Lines. Parental
U87MG and U373MG cells have no detectable Ang2 (Figures
1(a) and 1(b)) [17]. Overexpression of Ang2 did not alter
the in vitro proliferation rate, morphology, or the VEGF
expression of the cells compared to parental controls (data
not shown). Stable transfectants overexpressing the highest
levels of Ang2 (A2-1) and one pooled (A2-p) clone were
selected for subsequent experiments (Figures 1(a) and 1(b)).
Tet-Off regulated Ang2 stable clones were also established in
U87MG cells, with the most tightly regulated clones selected
for in vivo studies (Figure 1(c)). In the U87MG:Ang2 Tet-
Off clone, Dox at 5000 ng/mL was sufficient to decrease Ang2
expression to undetectable levels, as seen in control cell lines
(Figure 1(c)).

3.2. Effect of Ang2 on Tumor Growth and Proliferation.
We assessed the impact of Ang2 on the growth of GBM
xenografts in both subcutaneous (s.c). and intracranial
(i.c.) tumor models using stable cell lines of U87MG
and U373MG overexpressing Ang2 (Figure 1(b)). In s.c.
xenografts, Ang2 overexpression resulted in a significantly
faster tumor growth and larger final tumor size compared
to controls (Figure 1(b) and Table 1). In i.c. xenografts, Ang2
conferred a growth advantage as suggested by a significant
decrease in survival and tumor proliferation (Figure 1(c)
and Table 2). The response to Ang2 was dose-dependent

with respect to survival, tumor proliferation, and vascularity
(Figure 1(c) and Table 2). Mice treated with 0 mg/mL of
Dox in the drinking water, hence those with xenografts
expressing high levels of Ang2, had a significantly shorter
survival time, and tumor proliferation was increased by 2.2-
fold compared to the mice receiving either 1 or 10 mg/mL of
Dox, which had comparable survival to controls (Figure 1(c)
and Table 2). Ang2 is not expressed endogenously by U87MG
cells (Figure 1(a)), therefore, addition of Dox can completely
turn-off exogenous Ang2 and result in similar tumor growth
and survival of mice as that of controls.

Ang2 upregulation resulted in increased MVD and
altered vessel size and EC distribution in both s.c. and i.c.
xenografts (Figure 2, Tables 1 and 2). Additionally, in both
s.c. and i.c. U87MG:Ang2 xenografts, there was an abnormal
vascular architecture, characterized by preponderance of
small vessels, “cord”-like distribution of EC and whirling
of EC present throughout the tumors, in addition to
increased numbers of dilated vessels (Figure 2(a)i and ii).
The alterations in the microvasculature were dependent on
levels of Ang2 expression that were regulated by Dox in the
i.c. U87MG:Ang2 models (Figure 1(b) and Table 1). At high
levels of Ang2 (0 mg/mL Dox), a large number of dilated
vessels were present, along with abnormal EC distribution
throughout the tumor (Figure 2(b)). With Dox suppression
(10 mg/mL Dox) of Ang2, EC distribution, vessel size, and
the overall microvasculature architecture returned to similar
structural patterns as is seen in control U87MG tumors
(Figure 2(b) and Table 2). These vascular alterations have not
been reported previously; though the recent publication by
Hu et al. [13] and Lee et al. [19] makes the observation of
impaired angiogenesis by Ang2, they do not report similar
structural changes as ours on tumor vascularity.

4. Discussion

Astrocytomas angiogenesis is postulated to be highly tumor
stage-dependant. At their initial growth phase, they coopt
and parasitize existing host vessels in an attempt to support
their growth, thus the first phase being independent of the
tumor angiogenic process [18, 22–24]. The second growth
phase begins when the host mounts a defensive response and
the parasitized vascular supply regresses resulting in tumor
hypoxia and necrosis, which in turn triggers upregulation of
Ang2 and VEGF [23, 24]. Therefore, Ang2 appears to play a
highly phase-dependent role in the progression of malignant
astrocytomas. It plays a pivotal role in the cooption of
host vessels in the initial phase; and in supporting in-
situ tumor angiogenesis, while in the second phase it
allows destabilization of mature vessels, by antagonizing
Ang1-mediated Tie2/TEK activation, in order to facilitate
mitogenic stimulation of ECs by VEGF and promoting
tumor neovascularization [22, 24]. However, the role of Ang2
in tumor angiogenesis remains controversial.

We have found that Ang2 upregulation, in both s.c. and
i.c. xenografts, led to an increase in growth rate, final volume
and proliferation of GBMs along with an increase in tumor
angiogenesis. Ang2 upregulation resulted in an alteration of
vascular structures, marked by abnormal EC distribution,
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Figure 1: Effect of Ang2 over-expression on growth of GBM xenografts. Stable clones of U87 and U373 were generated to over-express Ang2
constitutively. Neither of the cell lines expresses Ang2 at baseline. One highest expressing clone and one pooled clone of each cell line was
grown as subcutaneous models. Ang2 restricted tumor growth in U373 (a) tumors while it conferred a growth advantage in U87 tumors (b).
Similarly, a growth advantage was maintained in U87 intracranial xenografts as evidenced by a significantly lowered survival time of mice
with these grafts compared to mice with control tumors, and this increased tumor growth was dose dependent on Ang2 (c).
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Figure 2: Effect of Ang2 on tumor vascularity. Immunohistochemical analysis of tumor vessels as determined by Factor VIII stains was
performed on Ang2 upregulated xenografts. (a) i) subcutaneous and ii) intracranial tumors of U87MG:Ang2 demonstrated in addition
to an increase in MVD, abnormal EC distribution with fine “cord” like-structures dispersed throughout the tumor, areas of EC whirling
(inset ii) and dilated vessels. This process was seen in both the intracranial and subcutaneous xenografts and was dependent on the level of
Ang2 expression. (b) Tumors with high levels of Ang2 expression (No Dox in the drinking water) had a small, highly infiltrative EC pattern
together with dilated vessels, whereas these structural changes are lost with turning off of Ang2 using 1 mg/mL, and to a greater extent at
10 mg/mL, of Dox in the drinking water.

Table 1: Effect of Ang2 on subcutaneous xenograft models of GBM.

U87MG:Ctl U87MG:Ang2 U373:Ctl U373MG:Ang2

n = 8 n = 15 n = 15 n = 15

Final Tumor Size (cm3)
2.01 5.7 ∗ 3.18 5.96

(SEM 0.3) (SEM 0.4) (SEM 0.3) (SEM 0.5)

P = 4× 10−4 P = 6× 10−5

Proliferation Index
0.23 0.75∗ 0.042 0.28

P = .0042 P = .001

MVD (vessels/HPF) mean of 10 counts
2.12 9.5∗ 3 3.9∗

(SEM 0.1) (SEM 0.1) (SEM 0.1) (SEM 0.2)

P = .001 P = .001

SEM = Standard Error of Mean
∗indicates statistical significance.

with EC forming “cord” or capillary-like structures and areas
of EC whorling present throughout the tumor, in addition
to a high number of dilated vessels. In the model used in
this study, there is constant upregulation of Ang2 throughout
all stages and phase of GBM tumor growth, potentially

providing a continual trigger for host vessel cooption and
promoting in-situ angiogenesis, thereby increased tumor
growth.

On the other hand, Lee et al. have demonstrated a
complex temporal and stage-dependent role for Ang2 [19].
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Table 2: Effect of Ang2 on intracranial U87MG xenografts.

U87MG:Ctl
U87MG:Ang2

no. Dox. 1 mg/mL Dox 10 mg/mL Dox

n = 10 n = 10 n = 10 n = 10

Overall survival (days)
63.7 54.7∗ 71.7∗ 74.4

(SEM = 2.3) (SEM = 3.3) (SEM = 2.3) (SEM = 3.5)

P = .015 P = .021 P = .0149

Proliferation index
0.043 0.094∗ 0.038∗ 0.035∗

(SEM = 0.01) (SEM = 0.01) (SEM = 0.00) (SEM = 0.00)

P = .0039 P = .3989 P = .4262

MVD (vessels/HPF) mean of 10 counts
5.8 8.8∗ 4.6∗ 4.0∗

(SEM = 0.478) (SEM = 0.859) (SEM = 0.616) (SEM = 0.785)

P = .0132 P = .038 P = .0189

They observe a bimodal expression pattern of Ang2 in
astrocytomas and support the postulate that Ang2 is a
vessel destabilize, seen at sites of tumor cell growth, tumor
periphery, and around sites of necrosis, presumably to
promote neoangiogenesis and support tumor cell growth
[19]. However, quite contrary to what one would predict
based on this observation, Lee et al. also found that Ang2
treatment of U87MG xenografts did not promote but rather
restricted astrocytoma growth. Moreover, at first glance these
results appear to be in opposition with our observations;
however, on closer analysis, both findings can be seen
as corroborative and together explain the complex tumor
phase-dependent role of Ang2. Lee et al. treated the U87MG
i.c. xenografts on day 4 after tumor implantation followed
by biweekly injections of Ang2, whereas in our model Ang2
is upregulated constantly throughout all stages of tumor
growth. The difference between the level and stages of Ang2
upregulation in the two models supports the postulate that
Ang2 plays a highly tumor stage-dependent role. Another
evidentiary data that Ang2 plays a stage dependent role in
glioma angiogenesis is the fact that tumor vascular structures
observed in our xenograft models are not evident in human
GBM specimens, indicating that Ang2 is not upregulated
throughout all stages of human GBMs, and most likely plays
a very precise role at specific stages of GBM growth.

The mechanism by which Ang2 causes abnormal vascular
structures is not established. The abundant “cord” or
capillary-like vessels in the U87MG:Ang2 xenografts may
be a result of Ang2-mediated modulation of EC motility,
migration, and invasion. Hu et al. demonstrate regions of
Ang2-expressing tumors actively invading the brain, high
levels of MMP-2 expression, and increased angiogenesis.
The direct impact of Ang2 on EC invasion in vivo remains
unknown.

Additionally, Ang2 is known to influence the fate of new
tumor vessels, differentiating them into capillaries versus
arteries or venous structures. We observe dilated vessels
throughout the GBM xenografts. The most likely explanation
is that Ang2 presents an inhibitory signal, preventing Ang1-
mediated maturation by of the newly formed tumor vessels.
Taken together our data indicates that increased Ang2 pro-
motes angiogenic growth of GBMs. Constant upregulation

of Ang2 throughout all phases of tumor growth results in
the abnormal vascular structures seen in our xenografts
that are not present in human GBMs, suggesting that Ang2
upregulation in GBMs is very much a tumor stage dependent
process and not constant throughout all stages of GBM
growth. Future studies are required to decipher the precise
temporal role of Ang2 and whether the combinatorial impact
of other angiogenic cytokines with Ang2 can be used for
therapeutic targets in treatment of GBMs.
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Angiogenesis is essential for malignant tumor growth. This has been documented for solid tumors, and there is emerging
evidence suggesting that tumor progression of hemato-lymphoid malignancies also depends on the induction of new blood vessel
formation. The most important pro-angiogenic agent is vascular endothelial growth factor (VEGF), activating VEGF receptors 1
and 2. The available data on angiogenesis in hemato-lymphoid malignancies such as acute leukemias, myelodysplastic syndromes,
myeloproliferative neoplasms, multiple myeloma and lymphomas, point towards the significance of autocrine and paracrine
VEGF-mediated effects for proliferation and survival of leukemia/lymphoma cells in addition to tumor vascularization. Anti-
angiogenic strategies have become an important therapeutic modality for solid tumors. Several anti-angiogenic agents targeting
VEGF-related pathways have are also being utilized in clinical trials for the treatment of hemato-lymphoid malignancies, and in
some instances these pathways have emerged as promising therapeutic targets. This review summarizes recent advances in the basic
understanding of the role of angiogenesis in hemato-lymphoid malignancies and the translation of such basic findings into clinical
studies.

1. Introduction

New blood vessel formation (angiogenesis) is fundamental to
tumor growth and spread. In adults, physiological angiogen-
esis is limited to a small number of specific processes, such
as wound healing, tissue repair, and the female reproductive
cycle [1]. The pioneering work of Judah Folkman led to
the recognition that angiogenesis plays an important role in
tumor development, progression, and metastasis [2]. Tumors
require nutrients and oxygen to grow, and new blood vessels,
formed by angiogenesis, provide these substrates. Tumor
blood vessels are generated by various mechanisms, such
as cooption of the existing vascular network, expansion
of the host vascular network by budding of endothelial
sprouts (sprouting angiogenesis), remodeling and expansion
of vessels by the insertion of interstitial tissue columns
into the lumen of preexisting vessels (intussusceptive angio-
genesis), and homing of endothelial cell precursors (EPC;

CEP) from the bone marrow or peripheral blood into the
endothelial lining of neovessels (vasculogenesis) [3]. Bone
marrow-derived progenitor cells contribute significantly to
neovascularization in a variety of tumors [4, 5].

The key mediator of angiogenesis is the vascular endothe-
lial growth factor (VEGF). Its expression is regulated by a
plethora of intrinsic and extrinsic factors, with hypoxia and
hypoglycemia being the major stimuli [6]. Hypoxia-induced
transcription of VEGF mRNA is mediated by binding of
hypoxia-inducible factor 1 (HIF-1) [7]. Cytokines may also
modulate angiogenesis by regulating VEGF expression, for
example, tumor necrosis factor (TNF)-α increases VEGF
mRNA in glioma cells [8], and transforming growth factor
(TGF)-β results in the induction of VEGF mRNA and protein
in human lung adenocarcinoma cells [9]. In solid tumors,
intratumoral hypoxia and HIF-1 mediation have been found
to be a key angiogenesis triggering event [10]. Less is known
about the exact trigger mechanisms of VEGF expression
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Figure 1: Possible vascular endothelial growth factor- (VEGF) and VEGF receptor-related (e.g., Flk-1, i.e., VEGFR-2) autocrine and
paracrine loops in hemato-lymphoid neoplasms; insert: receptor tyrosine kinase activity and signaling cascades through VEGFR-2.

in hemato-lymphoid tumors, but mechanisms analogous to
those observed in solid tumors are anticipated [11, 12]. Tight
control of angiogenesis is maintained by a balance of endoge-
nous antiangiogenic and proangiogenic factors. VEGF has
a key, rate-limiting role in promoting tumor angiogenesis
and exerts its effects by binding to one of three tyrosine
kinase receptors (Figure 1): VEGF receptor-1 (VEGFR-1;
fms-like tyrosine kinase-1, Flt-1), VEGFR-2 (human kinase
domain region, KDR/murine fetal liver kinase-1, Flk-1),
and VEGFR-3 (Flt-4). VEGFR-1 (ligands include VEGF-
A, -B, and placental growth factor [PIGF]) and VEGFR-2
(ligands include VEGF-A, -C, and -D) are predominantly
expressed on vascular endothelial cells, and activation of
VEGFR-2 appears to be both necessary and sufficient
to mediate VEGF-dependent angiogenesis and induction
of vascular permeability [13, 14]. Both receptor tyrosine
kinases are expressed in all adult endothelial cells except the
brain. VEGFR-1 is also expressed on hematopoietic stem
cells (HSC), vascular smooth muscle cells, monocytes, and
leukemic cells [15, 16], while VEGFR-2 is expressed on
endothelial progenitor cells and megakaryocytes [17, 18].
Although the exact contribution of VEGFR-1 signaling to
angiogenesis is unclear, it has been shown that VEGFR-1
directly cooperates with VEGFR-2 via heterodimerization, as
well as binding two additional VEGF homologues, VEGF-
B and PIGF [19]. VEGFR-3, largely restricted to lymphatic
endothelial cells, binds the VEGF homologues VEGF-C and
VEGF-D and may play an important role in the regulation of
lymphangiogenesis.

VEGF and VEGFR represent significant anticancer ther-
apy targets that elegantly bypass potential tumor-related
treatment barriers [13]. VEGF signaling inhibition has been
shown to result in significant tumor growth delay in a wide
range of animal models [20]. In the case of VEGF, even

a single VEGF allele knock-out led to embryonic lethality
in mice [21]. The clinical benefit of this approach has also
been confirmed, and concerted efforts in recent years have
resulted in a number of novel antiangiogenic agents [22]. The
first antiangiogenic agent to be approved was bevacizumab
(Avastin, Genentech), a humanized anti-VEGF monoclonal
antibody. Administration of bevacizumab, in combination
with cytotoxic chemotherapy, conferred benefits to patients
with metastatic colorectal cancer, nonsquamous, nonsmall
cell lung cancer, and metastatic breast cancer [23–25], and
it is now under investigation for patients with relapsed
and refractory acute leukemia in combination with stan-
dard chemotherapy [26]. Additionally, two small-molecule
inhibitors targeting VEGFR and other kinases, sorafenib
(Nexavar, Bayer and Onyx pharmaceuticals) and sunitinib
(Sutent, Pfizer), have been approved based on their effi-
cacy in treating renal cell- and hepatocellular carcinoma
[27, 28]. A growing number of antiangiogenics are now
either in various stages of clinical development or in
clinical use as components of standard regimens (Table 1).
The major classes of antiangiogenic therapy include (1)
direct anti-VEGF acting molecules (anti-VEGF antibod-
ies, VEGF-antisense nucleotides), (2) immunomodulatory
drugs (IMIDs) with antiangiogenic properties, (3) receptor
tyrosine kinase inhibitors that target VEGFR signaling as
well as receptors of other (proangiogenic) factors, (4) the
antiendothelial approach of metronomic therapy, and (5)
other new compounds targeting signaling downstream to
proangiogenic growth factors, such as mammalian target
of rapamycin (mTOR) inhibitors, histone deacetylases’
(HDAC) inhibitors, and proteasome inhibitors.

Several studies suggested that angiogenesis plays an
important role, as might autocrine and paracrine VEGF/
VEGFR-related loops in hemato-lymphoid malignancies
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Table 1: Summary of clinical trials and approved antiangiogenic therapies in hemato-lymphoid malignancies.

Drug class Target Study entities Approved for

Anti-VEGF strategies

Bevacizumab (Avastin) VEGF-A
AML, MDS, CLL, CML, NHL,

MM
Metastatic colorectal cancer,
NSCLC, breast cancer

RTK inhibitors

Vatalanib VEGFR1-3, PDGFRβ, CD117
AML, PMF, MDS, CML, DLBCL,

MM

Cediranib (Recentin) VEGFR1-3, PDGFRβ, CD117 AML, MDS, CLL

Immunomodulators

Thalidomide AML, MDS, MPN, CLL, NHL,
MM

MM

Lenalidomide (Revlimid) AML, MDS, CLL, NHL MM, 5q-MDS

such as acute and chronic leukemias, myelodysplastic
syndromes (MDS), myeloproliferative neoplasms (MPN),
lymphomas, and multiple myeloma (MM) [29–39] (Fig-
ure 1). Moreover, angiogenesis appears to be targeted
even by conventional chemotherapy in hemato-lymphoid
malignancies; for example, patients with acute myelogenous
leukemia (AML) show increased microvessel density (MVD)
in the bone marrow with subsequent MVD reduction under
chemotherapy and return to normal levels in cases of
complete remission (CR) [31]. This review will focus on the
current knowledge of angiogenesis and antiangiogenic ther-
apies (related to classes 1 to 3 of antiangiogenic treatment
approaches) in hemato-lymphoid malignancies.

2. Acute Leukemias

Leukemias have been ever since associated with angiogenesis
since the AML cell line HL-60 was first used to clone the
VEGF gene [40]. The first demonstration that leukemia
progression might be accompanied by an increase of bone
marrow vascularization was provided by Judah Folkman’s
group [41], who demonstrated that the bone marrow of
acute lymphoblastic leukemia (ALL) patients had increased
blood vessel content compared to normal counterparts.
Detailed analysis of bone marrow sections from ALL patients
led to the development of a model to illustrate their irregular,
albeit abundant, bone marrow vasculature. Moreover, it
was also shown that urine and peripheral blood samples
from ALL patients contained elevated levels of proangiogenic
growth factors, namely, basic fibroblast growth factor (bFGF)
and VEGF, which correlated with the increase of bone
marrow angiogenesis [41, 42]. These studies raised the
question of whether the growth of other types of hemato-
lymphoid malignancies is also accompanied by increased
angiogenesis, while proving that the basic molecular/cellular
mechanisms occurring during leukemia expansion might
be similar to those seen in solid tumors. The existence of
an “angiogenesis switch”, first proposed for solid tumors
[43], was therefore suggested to apply to hemato-lymphoid
malignancies as well. “Angiogenesis switch” in leukemia

is documented by increased bone marrow MVD (Figures
2(a) and 2(b)), increased expression of HIF-1, multiple
proangiogenic factors (VEGF, bFGF, angiopoietin-2), soluble
VEGFR, and decreased expression of endogenous angiogen-
esis inhibitors, such as thrombospondin-1 [11, 12].

In a recent study by Norén-Nyström et al. [44], MVD,
analyzed on 185 bone marrow biopsies, was higher in T-
ALL compared to B-ALL. In the B-ALL group, cases with
t(12;21) were characterized by a low MVD, while patients
with hyperdiploid leukemia showed a high MVD. There
was a correlation between MVD and white blood cell count
in high-risk B-ALL patients. In addition, patients with a
high marrow reticulin fiber density and high MVD had
an unfavorable outcome. Similarly, in previously untreated
AML, increased levels of plasma VEGF correlated with
reduced survival and lower remission rates [45]. Moreover,
the level of plasma/serum VEGF correlated with the number
of circulating blasts [46], indicating the probable cellular
origin of this proangiogenic factor. Such in vivo clinical
studies are further supported by in vitro demonstrations
of the capacity of leukemia cells to produce proangiogenic
growth factors such as VEGF and bFGF [47–49]. Impor-
tantly, leukemia cells release increased amounts of proan-
giogenic factors in response to proinflammatory molecules,
suggesting interactions with other cell types (e.g., the bone
marrow stroma). In contrast to the abundant literature
demonstrating that acute leukemia cells secrete significant
amounts of angiogenesis activators such as VEGF, fewer stud-
ies have addressed the possibility that reduced production
of angiogenesis inhibitors by these cells might also trigger
the neovascularization process by shifting the local (bone
marrow) angiogenesis balance [50, 51]. In addition to the
modulation of bone marrow angiogenesis by leukemia cells,
it was demonstrated that subsets of cases express endothelial-
specific tyrosine kinase receptors, such as VEGFR-1, -2,
and -3, or members of the FGF receptor family [49, 52,
53]. Recent studies showed that even hematopoietic stem
cells (HSC) express VEGFR and are capable of generating
functional autocrine loops that support their proliferation
and survival [54], raising the question of whether this might
be of relevance for leukemic stem cells.
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Figure 2: (a) Microvascular architecture in normal bone mar-
row highlighted by CD34; note single capillaries. (b) Increased
microvessel density in acute myelogenous leukemia and in (c)
myeloproliferative neoplasm; note dilated sinus and atypical
megakaryocytes in the latter.

2.1. Antiangiogenic Therapy in Acute Leukemias. Beva-
cizumab is a humanized murine antihuman VEGF mon-
oclonal IgG1 antibody that blocks the binding of human
VEGF to its receptors, thereby also disrupting autocrine and
paracrine survival mechanisms mediated by VEGFR-1 and
VEGFR-2 [55]. In a Phase II clinical trial by Karp et al., beva-
cizumab was administered after chemotherapy to adults with
refractory or relapsed AML [26]. Bevacizumab 10 mg/kg
was administered on day 8 after cytarabine beginning day
1 and mitoxantrone beginning day 4. Forty-eight adults
received induction therapy and the overall response was 23
of 48 (48%), with CR in 16 (33%). Eighteen patients (14
CR and 4 partial responses) underwent one consolidation
cycle and 5 (3 CR and 2 partial responses) underwent allo-
geneic transplant. Median overall and disease-free survivals

for CR patients were 16.2 months (64%, 1 year) and 7
months (35%, 1 year), respectively. Bone marrow samples
demonstrated marked MVD decrease after bevacizumab
administration. VEGF was detected in pretreatment serum
in 67% of patients tested, increased by day 8 to 52%, and
decreased to 93% (67% undetectable) 2 hours after beva-
cizumab administration. Currently, bevacizumab is being
evaluated as treatment option for newly diagnosed AML
in combination with cytarabine and idarubicin in a phase
II study.

Thalidomide, originally marketed as a sedative and
antiemetic drug, was withdrawn from use subsequent to
reports of teratogenicity in the 1960s. The initial use
of thalidomide was the treatment of erythema nodosum
leprosum. It has been shown that thalidomide has important
immunomodulatory effects in that it decreases TNF-α
synthesis and selectively modulates T-cell subsets, shifting
the T-cell population towards T helpers [56]. The interest
in thalidomide as an antineoplastic agent rose after demon-
stration of its antiangiogenic activity in a rabbit model of
corneal neovascularization that was induced in response to
bFGF [57]. This report led to thalidomide application in
MM, where it demonstrated a clinical benefit. Thalidomide
and the newer IMIDs (e.g., lenalidomide) have been shown
to significantly decrease the expression of the proangiogenic
factors VEGF and interleukin-6 (IL-6) in MM [58]. The
newer IMIDs were found to have 2-3 times more potent
antiangiogenic activity than thalidomide in various in vivo
assays [59]. The antiangiogenic activity of IMIDs has been
shown to be independent of their immunomodulatory
effects [60]. In AML patients, thalidomide therapy was
assessed alone and in combination with other compounds.
In a phase II study by Thomas et al. [61], thalidomide
was analyzed in patients with relapsed or refractory AML
previously treated with cytarabine-containing regimens. A
total of 16 patients were treated with 200–800 mg/d oral
thalidomide. Overall, one patient (6%) achieved CR lasting
for 36 months, and two patients had a transient reduction
in marrow blasts from 8% and 7% to less than 5%. There
was no correlation between reduction of angiogenesis marker
levels and response. In a phase I/II trial by Steins et al. [62],
a dose-escalating trial was performed to study the safety and
efficacy of thalidomide in 20 AML patients. Thirteen patients
were assessable for both toxicity and response, tolerating
a maximum dose of 200–400 mg/d for at least 1 month.
Overall, adverse events were fatigue, constipation, rash, and
neuropathy (grades 1 to 2 in most patients). In 4 patients,
a partial response, defined as reduction of at least 50% of
the blast cell infiltration in the bone marrow accompanied
by increases of platelet counts and hemoglobin values,
was observed. In parallel, MVD significantly decreased in
these 5 patients during treatment with thalidomide. In a
study by Barr et al. [63], thalidomide was examined in
combination with fludarabine, carboplatin, and topotecan
in 42 patients with poor prognosis AML, and 10 of 42
(24%) patients achieved a CR. Serious thrombotic adverse
events were observed in 5 patients, suggesting that the
combination of cytotoxic chemotherapy and thalidomide
may be thrombogenic despite significant thrombocytopenia.
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VEGF levels did not correlate with response to therapy, while
a trend towards decreased MVD was noted in patients who
achieved CR.

Small tyrosine kinase inhibitors that target VEGFR are
a further important class of antiangiogenic drugs with
application to AML, although their efficacy in hemato-
lymphoid neoplasias, especially AML, might be attributable
to inhibition of a variety of pathways, particularly those
related to c-kit and flt3.

Vatalanib (formerly PTK787/ZK 222584) is an oral
angiogenesis inhibitor that is active against VEGFR and
PDGFR tyrosine kinases, thereby offering a novel approach
to inhibiting tumor growth [64] by interfering with the ATP
binding sites of VEGFR. In our phase I study, vatalanib was
well tolerated and showed clinical activity in a variety of
solid tumors [65]. In MM, its action primarily reduces the
number of tumor microvessels and dilates the remaining
vessels [66, 67]. Ongoing studies are now evaluating the
efficacy of vatalanib in combination with imatinib in a phase
I/II trial for patients with AML, PMF, and blast phase of
chronic myelogenous leukemia. Vatalanib was studied in a
phase I clinical trial alone or in combination with cytosine-
arabinoside and daunorubicin in patients with MDS and
AML [68]. Sixty-three patients received vatalanib at doses
of 500–1000 mg/bid orally. At 1000 mg/bid, dose-limiting
toxicities resulting in lethargy, hypertension, nausea, emesis,
and anorexia were observed. CR was observed in 5 of 17
evaluable AML patients treated with vatalanib combined
with chemotherapy. The authors concluded that vatalanib
is generally well tolerated and can be given in combination
with chemotherapy in patients with MDS and AML. In a
recent study by Barbarroja et al. [69], vatalanib was examined
in combination with idarubicin in 4 AML cell lines and 7
AML patient samples. Vatalanib decreased VEGF levels and
VEGFR phosphorylation in AML cells, which showed FLT3
internal tandem reduplications/mutations (ITD), raising
questions about the actual targeted tyrosine kinase (VEGFR
of flt3).

Cediranib (AZD2171, Recentin) is a potent inhibitor of
both VEGFR-1 and VEGFR-2; it also has activity against c-
kit, PDGFR-β, and VEGFR-3 at nanomolar concentrations
[70]. In our study, cediranib was well tolerated up to
45 mg/d in patients with a broad range of solid tumors [71],
with the most common adverse side-effects being diarrhea,
dysphonia, and hypertension. In a phase I study with
cediranib in 35 AML patients, the most common adverse
events were diarrhea, hypertension, and fatigue. Six patients
experienced an objective response (3 each at 20 and 30 mg).
Dose- and time-dependent reductions of soluble VEGFR-2
were observed, and there was a correlation between cediranib
exposure and plasma VEGF levels [72].

3. Myelodysplastic Syndromes

In MDS, VEGF is overexpressed by immature myeloid cells in
the bone marrow and associated with increased bone marrow
vascularity [52]. MVD parallels disease progression from
refractory anemia to secondary AML [32]. MDS patients

also have increased proangiogenic factors in peripheral
blood [73]. Higher levels of VEGF were found by immuno-
histochemistry and corroborated by reverse transcriptase-
polymerase chain reaction in patients with refractory anemia
with excess blasts (RAEB) and RAEB in transformation
(RAEB-T), compared to patients with refractory anemia
(RA) and with ringed sideroblasts (RARS) or normal bone
marrow controls [74]. These differences were thought to
result from expression of VEGF in immature myeloid cells
in RAEB and RAEB-T. To evaluate the interplay between
angiogenesis and cytokines, we conducted a study of 89
MDS cases and showed [34] that TNF-α expression and
bone marrow MVD correlated with each other as well.
Importantly, thalidomide, a drug that modulates T-cell
function and inhibits TNF-α activity as well as angiogenesis,
is under investigation in clinical trials for the treatment of
MDS [29, 75].

3.1. Antiangiogenic Therapy in Myelodysplastic Syndromes. A
combination therapy of thalidomide and 5-azacytidine, a
hypomethylating drug, was assessed in 40 patients with MDS
and AML [76]. Hematological improvement was observed
in 15 of 36 patients (42%), stable disease was observed in 5
of 36 patients (14%), 10 of 36 patients (28%) had disease
progression, and six had CR. Lenalidomide, a synthetic
compound derived by modifying the chemical structure
of thalidomide, has also shown immunomodulatory and
antiangiogenic properties and lower adverse effects rates
[77]. Lenalidomide was investigated in a study of 148 MDS
patients with 5q deletion [78]; 112 patients (76%) had a
reduced need for transfusions, and 99 (67%) eliminated the
need entirely regardless of karyotype complexity. Among
85 evaluable patients, 62 showed cytogenetic improvement,
and 38 of that 62 showed complete cytogenetic remission.
Therefore, lenalidomide was approved as a monotherapy
for the treatment of transfusion-dependent MDS patients
with 5q deletion with or without additional cytogenetic
abnormalities.

4. Multiple Myeloma

MM is characterized by proliferation of malignant plasma
cells that accumulate in the bone marrow and often produce
a monoclonal immunoglobulin. MM was the first hemato-
lymphoid malignancy in which increased angiogenesis was
detected [36, 79]. New vessel formation in the bone marrow
seems to play an important role in the pathogenesis of
MM [80, 81]. Increased bone marrow MVD in patients
with MM also appears to be an important prognostic
factor [82]. Malignant plasma cells can secrete various
cytokines, including VEGF, bFGF, and hepatocyte growth
factor (HGF), all known for their proangiogenic activity [83].
It has been shown that MM cells are capable of secreting
VEGF in response to IL-6 stimulation, and in response to
this VEGF stimulation, microvascular endothelial cells and
bone marrow stromal cells in turn secrete IL-6, a potent
growth factor for malignant plasma cells, thus closing a
paracrine loop [84, 85]. Rajkumar et al. showed a gradual
increase of bone marrow angiogenesis along the disease
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spectrum from monoclonal gammopathy of undetermined
significance (MGUS) to smoldering MM, newly diagnosed
MM, and relapsed MM [86], though the expression levels
of VEGF, bFGF, and their receptors were similar among
MGUS, smoldering MM, and newly diagnosed MM [87],
suggesting that MVD increase in plasma cell neoplasias could
be a function of chronology. In a recent study, Pour et al.
examined 96 MM patients at diagnosis and after high-dose
chemotherapy with regard to angiogenesis factor/inhibitor
concentrations in the peripheral blood and bone marrow
plasma [88]. Based on a significant decrease of VEGF and
hepatocyte growth factor levels, and a significant increase
in TSP-1 thrombospondin-1 concentrations in the bone
marrow plasma of patients who achieved complete or very
good partial response versus those who had partial or no
response, they concluded that a reduction in the rate of
angiogenesis had occurred.

4.1. Antiangiogenic Therapy in Multiple Myeloma. Thalido-
mide monotherapy in a phase II trial of 84 patients with
relapsed and refractory MM who had received doses ranging
from 200 to 800 mg/d resulted in an overall response rate
of 32%. The 2-year event-free and overall survival were
20 and 48%, respectively [89, 90]. In combination with
dexamethasone, the response rate was 63% compared to
41% with dexamethasone alone in patients with newly diag-
nosed MM [91]. Subsequent to these studies, thalidomide
was approved for the treatment of newly diagnosed MM.
In 2 phase III trials, lenalidomide in combination with
dexamethasone resulted in remarkable response rates and
significantly less toxicity than thalidomide [92, 93], and
increased the response rate from 22.5% to 59.2% compared
to dexamethasone alone in patients with previously-treated
relapsed/refractory MM. Lenalidomide was approved in
combination with dexamethasone for second-line treatment
of MM.

5. Myeloproliferative Neoplasms

The available data on angiogenesis and expression of VEGF
and VEGFR in the bone marrow of patients with BCR-
ABL1-negative MPN suggest a significant increase of MVD
(Figure 2(c)), especially in primary myelofibrosis (PMF),
which might inversely correlate with survival [30, 33, 94–
97]. The identification of an acquired somatic mutation
in the JAK2 gene, resulting in a valine to phenylalanine
substitution at position 617 (JAK2-V617F), has provided
new insights into the pathogenesis of BCR-ABL1-negative
MPN, which is found in most patients with polycythemia
vera (PV) and in about 50% of patients with essential
thrombocythemia (ET) and PMF [98, 99]. The correlations
between angiogenesis and JAK2 status in MPN have been
addressed in two studies with contradictory results [100,
101]. In a recent study [30], we found a significantly
increased MVD and VEGF expression in MPN compared to
controls, particularly in cases with high JAK2-V617F mutant
allele burdens. Our results imply that higher activity of Jak2-
related pathways, as observed in cases with higher JAK2-

V617F mutant allele burdens, may influence angiogenesis
in MPN. This assumption is further supported by our
observation that the number of VEGF expressing cells did
not rise concurrent with the increasing JAK2-V617F mutant
allele burden regardless of rising MVD. Further support is
provided by the study of Zhu et al. showing that H-2g,
a glucose analog of the blood group H antigen, mediates
endothelial cell chemotaxis and induces expression of the
proangiogenic factors VEGF and bFGF through pathways
involving Jak2 and phosphoinositide-3 kinase that could be
abolished by treatment with the respective inhibitors AG490
and LY294002 [102]. The importance of VEGF/Jak2/STAT5
pathways in angiogenesis is substantiated by evidence from
another study as well suggesting tight interactions between
VEGF and Jak2 [103]. Thus, it could be speculated that in
at least some hemato-lymphoid neoplasms, such as BCR-
ABL1-negative MPN, key tumor-related gate-keeping genetic
mechanisms might also directly influence angiogenesis. A
very recent study identified the JAK2-V617F mutation in
microdissected endothelial cells form the liver veins of Budd-
Chiari syndrome patients [104], raising the hypothesis that
endothelial cells in PV are direct players in the neoplastic
process.

5.1. Antiangiogenic Therapy in Myeloproliferative Neoplasms.
In a phase II study of 44 PMF patients, the efficacy of
thalidomide monotherapy was assessed [105]. Seventeen
of 41 evaluable patients (41%) receiving treatment for
at least 15 days showed a response. CR (without rever-
sal of bone marrow fibrosis) was achieved in 4 patients
(10%), partial response in 4 patients (10%), and hema-
tological improvements of anemia, thrombopenia, and/or
splenomegaly were observed in 9 patients (21%). A further
phase II thalidomide and placebo study assessed the efficacy
of thalidomide in the treatment of anemia in PMF [106].
The primary outcome was a 2 g/l increase of hemoglobin
levels resulting in a 20% reduction of transfusion needs.
At 180 days, in an intention-to-treat analysis, no difference
was observed between the thalidomide and placebo groups
with regard to hemoglobin levels. In phase II studies with
lenalidomide monotherapy in patients with symptomatic
PMF, the overall response rates were 22% for anemia, 33%
for splenomegaly, and 50% for thrombocytopenia [107].
In a combination study of lenalidomide with prednisone
in 40 PMF patients [108], responses were recorded in 12
patients (30%) and are ongoing in 10 (25%), with a median
time to response of 12 weeks. Three patients (7.5%) had
partial response and nine (22.5%) had clinical improve-
ment lasting a median of 18 months. Overall response
rates were 30% for anemia and 42% for splenomegaly.
Interestingly, all eight JAK2-V617F-positive responders also
experienced a reduction of the baseline mutant allele
burden.

In another study, vatalanib was administered to 29 PMF
patients at doses of 500 or 750 mg/bid. One patient (3%)
achieved CR and 5 (17%) achieved clinical improvement.
Cumulatively, these studies indicated that vatalanib had
modest activity in PMF patients [109].



Journal of Oncology 7

6. Lymphomas

MVD is significantly higher in nodal lymphomas, particu-
larly in those that are highly proliferative, than in reactive
lymph nodes (Figures 3(a) and 3(b)) [35, 110–113]. In
extranodal lymphomas, for example, cutaneous T-cell and
B-cell lymphomas, MVD are higher than in normal skin
or benign cutaneous lymphoproliferative disorders [114–
116]. The interplay between lymphoma cells and tumor
vessels is complex [117]; lymphoma-specific chromoso-
mal aberrations such as t(8;14), t(11;14), and t(14;18)
were discovered in tumor endothelial cells, calling into
question the histogenesis of B-cell lymphoma vasculature
[118]. Lymphoma growth and progression appear to be
promoted by at least two distinct angiogenic mechanisms:
autocrine stimulation of tumor cells via expression of
VEGF and VEGFR by lymphoma cells, and paracrine
influences of the proangiogenic tumor microenvironment
on both local neovascular transformation and recruit-
ment of circulating bone marrow-derived EPC [119]. The
lymphoma microenvironment has been increasingly rec-
ognized as influencing neoplastic progression, in part by
modulating angiogenic responses to distinct proangiogenic
growth factors and cytokine milieu. In follicular lym-
phoma and diffuse large B-cell lymphoma (DLBCL), large-
scale gene expression profiling studies demonstrated that
genetic signatures expressed by stromal and infiltrating
immune cells defined distinct prognostic groups [120,
121]. In the study of Lenz et al. [121], DLBCL gene-
expression signatures correlated with survival. A multivariate
model, created from three gene-expression signatures termed
“germinal-center B-cell”, “stromal-1”, and “stromal-2”, pre-
dicted survival and was influenced by differences in immune
cells, fibrosis, and particularly angiogenesis in the tumor
microenvironment.

The prognostic and predictive value (as possible treat-
ment target) of MVD and angiogenic factors in lymphomas
is still controversial due to the heterogeneity of diseases,
different classifications, and methods for analysis (immuno-
histochemistry, serum levels of angiogenic markers, mRNA
extraction, etc.). In B-cell lymphomas, VEGF protein and
mRNA have been identified in DLBCL, mantle cell lym-
phoma (MCL), central nervous system DLBCL, and viral-
related lymphomas [122]. A large study of 200 patients
showed that high pretreatment levels of both serum VEGF
and bFGF were independent prognostic factors for survival
in multivariate analysis [123]. In a study with de novo
DLBCL treated with anthracycline-based therapy, increased
tumor vascularity was associated with poor overall survival
independent of the international prognostic index [124].
Our results on the in situ expression of VEGF in B-cell
lymphomas did not suggest a prognostic value, but showed
distinct expression patterns among the different entities with
higher prevalence in DLBCL [35]. Since VEGF expression in
lymphomas parallels their proliferative activity [110–112],
our findings of strong VEGF expression (20 out of 109
cases, 18%) and highest MVD in DLBCL were not surprising
(Figure 2(b)) [35]. We found no direct correlation between
increased MVD and VEGF expression in DLBCL.

(a)

(b)

Figure 3: (a) Microvascular organization of the cortical (B-cell-)
zone of a normal lymph node highlighted by CD34; note a perifol-
licular condensation of microvessels and paucity inside the follicle.
(b) Increased microvessel density in a mantle cell lymphoma case;
insert: vascular endothelial growth factor expression in a diffuse
large B-cell lymphoma case highlighted by immunohistochemistry.

Regarding MVD, follicular lymphoma is of special inter-
est. Several studies have recognized increased vascularization
in the perifollicular compartment of affected lymph nodes
[35, 111, 113, 125]. The MVD inside the neoplastic follicles
seems similar to that in reactive lymph nodes and somewhat
lower than in DLBCL and MCL. Koster and Raemaekers
[113] showed that in follicular lymphoma, increased vas-
cularization is associated with improved clinical outcome.
Furthermore, VEGF expression seemed not to be involved in
follicular lymphoma angiogenesis.

In T-cell lymphomas, the VEGF gene is overexpressed
in both microdissected lymphoma- and endothelial cells
of angioimmunoblastic T-cell lymphoma (AITL) [126].
Accordingly, VEGF protein expression was also found in both
types of cells in lymph nodes and bone marrow samples with
AITL involvement.

In Hodgkin lymphoma (HL), VEGF is expressed along
with HIF-1, VEGFR-2, and platelet-derived endothelial
growth factor (PDGF) and its receptor (PDGFRα) at both
the protein and RNA levels [127, 128]. MVD seems also
to be increased in HL, especially in progressive disease
[128].

6.1. Antiangiogenic Therapy in Lymphomas. Given the low
proportion of DLBCL cases strongly expressing VEGF and
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the lack of correlation between VEGF and MVD in DLBCL,
it could be anticipated that bevacizumab application in
DLBCL would be not very successful, explaining the low
observed response rates. In a phase II study of the Southwest
oncology group, single agent bevacizumab was examined
in 52 DLBCL or MCL patients in first or second relapses
of aggressive lymphomas [129]. Patients were treated with
bevacizumab at 10 mg/kg every 2 weeks, resulting in a six-
month progression-free survival of 16% with a response
rate of 2%, and median duration of response or stable
disease of 5.2 months (range 3.5–72.7). Treatment was
generally well tolerated, with grade 3 hypertension being the
most significant adverse side effect in two patients. Clinical
trials combining active chemotherapy regimens with VEGF-
targeted agents are currently in progress. Thalidomide was
evaluated in a study of 19 patients with recurrent/refractory
lymphomas until disease progression or prohibitive toxicity
was observed [130]. One patient (5%) with evidence of
recurrent gastric mucosa-associated lymphoid tissue B-cell
lymphoma achieved CR, and 3 patients (16%) achieved
stable disease. There is more promising data with lenalido-
mide treatment of indolent lymphomas, including follicular
lymphoma [131, 132], with reported response rates about
30% in pretreated patients, but the significance of lenalido-
mide effects other than modulation of angiogenesis, for
example, immunomodulation, should be considered in this
instance.

Given this strong VEGF production in AITL, it is not
surprising that the results of anti-angiogenesis therapy in
relapsed AITL are promising. There are published case
reports [133, 134] with successful bevacizumab treatment in
AITL leading to remissions lasting for several months. One
patient received 4th line bevacizumab leading to CR lasting
for 10 months; another received 5th line bevacizumab
leading to CR with such excellent tolerability that an
allogeneic transplant could be planned. Furthermore, there is
additional small, but promising, body of evidence in favor of
thalidomide [135–137] and lenalidomide [http://www.org/
ASCOv2/Meetings/Abstracts?&vmview=abst detail view&
ID=65&abstractID=30959]. In peripheral T-cell lymphoma,
antiangiogenic substances are not yet integrated in primary,
curative-intended therapies. In the relapsed, palliative
setting, however, there are some promising data, especially
with lenalidomide (25 mg/d during 3 weeks in a 4-week
cycle) [138], including unpublished data on 24 T-cell
lymphomas, including 7 patients with AITL [http://www.as-
co.org/ASCOv2/Meetings/Abstracts?&vmview=abst detail
view&confID=65&abstractID=30959]. In these heavily pre-
treated patients, the response rate was 30%, and long-lasting
remissions were also observed in the responding patients.

After a successful tumor growth delay by bevacizumab
administration in a xenograft HL model, Reiners et al.
also showed some promising effects of combined gem-
citabine/bevacizumab regimen in heavily pretreated HL
patients with multiple relapses [139]. In a combination study,
thalidomide was examined with vinblastine in patients with
refractory HL [140]; of the 11 patients, 4 showed a partial
response to treatment (response rate 36%) and two patients
had stable disease.

7. Conclusion

Angiogenesis is essential to the development of hema-
tolymphoid malignancies, including acute and chronic
leuk emias, MPN, and lymphomas. In such instances,
VEGF/VEGFR-related pathways are the most relevant reg-
ulators of neoangiogenesis, vasculogenesis, and recruitment
of endothelial progenitor cells. Furthermore, VEGF/VEGFR
interactions can stimulate proliferation, migration, and
survival of leukemia/lymphoma cells by autocrine and
paracrine loops. Finally, in some hemato-lymphoid neo-
plasms, VEGF/VEGFR-related pathways represent a promis-
ing therapeutic target.
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