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A B S T R A C T

Angiogenesis is a pivotal process for growth, invasion and spread of the majority of solid

tumors including melanoma. Anti-angiogenic agents have not been systematically tested

in patients with advanced melanoma. Clinical efficacy of angiogenesis inhibitors targeting

endothelial cells has not been as affirmative as initially hoped and improved clinical out-

comes have been observed in combination with chemotherapy or additional drugs for

many types of human cancer. However, angiogenesis is not only dependent on endothelial

cell invasion and proliferation, it also requires pericyte coverage of vascular sprouts for sta-

bilization and maturation of vascular walls. Recent data suggest that pericytes might be

able to confer resistance to anti-vascular endothelial growth factor (VEGF) therapy. This re-

view will focus on the significance of the vascular phenotype but also on the impact of peri-

cyte-mediated vessel maturation for the susceptibility to anti-angiogenic therapy,

including malignant melanoma, which we identified as crucial factor regarding therapeutic

efficacy.
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1. Introduction Folkman in 1971 to occur as a consequence of tumor hypoxia,
Angiogenesis, the formation of new vessels from pre-existing

blood vessels and the remodeling of the newly formed vascu-

lar network, are widely considered as essential procedures to

nourish the growing tumor and to remove metabolic waste

products (Folkman, 1971). It was first described by Judah
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which is a ubiquitous phenomenon in invasive cancer when

they reach approximately 1 mm3 in size or if the distance be-

tween vessels is larger than 100e250 mm (Folkman, 1971).

Intratumoral hypoxia leads to the stabilization and expression

of the pro-tumorigenic hypoxia-inducible factor (Hif)a tran-

scription factors. Under normal oxygen levels, Hif-1a and
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Hif-2a are short-lived because prolyl hydroxylase (PHD) pro-

teins mediate their degradation (Fong and Takeda, 2008). Dur-

ing the process of hypoxia, PHD proteins show reduced

activity, which results in the formation of heterodimerization

by Hif-1a and Hif-2a with Hif-1b. This complex is able to trig-

ger the expression of genes containing hypoxia-responsive el-

ements, including the gene encoding vascular endothelial

growth factor (VEGF) (Qing and Simon, 2009). Hypoxia is able

to initiate a cascade of cellular signaling leading to vasodila-

tion via release of nitric oxide (NO) (Kim et al., 1998), increase

of permeability of the vascular network by VEGF and angio-

poietin-2 (Ang-2), and degradation of the vascular basement

membrane via extracellular matrix via matrix metalloprotei-

nases (MMPs) (Greenberg et al., 2008). Under hypoxic condi-

tions, pericytes are able to secrete VEGF which can act in a

paracrine manner on endothelial cell proliferation (Reynolds

et al., 2000). In consequence, the quiescent vascular network

is getting disturbed and activated.

Whereas blood vessel growth is tightly controlled under

physiological conditions, tumor progression is highly associ-

ated with the acquisition of an angiogenic phenotype based

on a transition from the avascular to the vascular phase

(Folkman et al., 1989). This process is called the “angiogenic-

switch”, inwhich the balance of pro- and anti-angiogenicmol-

ecules leads toward angiogenic inducers (Folkman and

Hanahan, 1991; Hanahan and Weinberg, 2000). Multiple sig-

nals are able to trigger the angiogenic switch, including meta-

bolic and mechanical stress, inflammatory processes or

genetic mutations (Carmeliet and Jain, 2000). Tumor vessels

are formed by the recruitment of circulating endothelial pro-

genitor cells, which are derived form haemangioblasts that

undergo a process of aberrant differentiation within the tu-

mor milieu (Peters et al., 2005). Tumor vasculature is often

characterized by the presence of poorly developed so called

“immature” vessels with multiple branch-points and deregu-

lated vessel spouting which contributes to tumor hypoxia.

Neovascularization enhances tumor cell proliferation, local

invasion and hematogenous metastasis. However, the abnor-

malities of tumor vessels provide the potential for targeting

these vessels without destroying the normal vasculature

(Arap et al., 2002).

Tumor vascularization is a dynamic process in terms of

new vessel formation by angiogenesis and remodeling of

existing vessels (Folkman, 2006; Gilead and Neeman, 1999).

Tumor vessels express novel molecules which can be serve

as selective therapeutic targets (St et al., 2000) and show struc-

tural and functional abnormalities like destabilization, which

results in enhanced vascular leakage, important for the acces-

sibility of drugs to tumor compartments (Hashizume et al.,

2000; Hobbs et al., 1998). The vascular stabilization process is

mediated by mural cells, which are getting subdivided in peri-

cytes and vascular smooth muscle cells (vSMCs) (Benjamin

et al., 1998; Hirschi et al., 1998). Pericytes and pericyte-like

cells have been implicated as mediators of several processes

associated with tumor angiogenesis andmetastasis. Although

the role of pericytes and their impact on anti-angiogenic drug

resistance, is still not clear and controversial discussed. The

benefit of targeting both, pericytes and endothelial cells in tu-

mor vessels, has been shown in several tumormodels (Bergers

et al., 2003; Erber et al., 2004; Nisancioglu et al., 2010) and
therefore receptor tyrosine kinase inhibitors that block both

VEGFRs and plateled-derived growth factor receptors

(PDGFR)s have been presented to be more efficacious in com-

bination than single used (Bergers et al., 2003; Erber et al.,

2004).

In the case of human cutaneous melanoma, the impact on

tumor-induced angiogenesis for disease progression and me-

tastasis remains controversial (Fallowfield and Cook, 1991;

Folkman et al., 1989; Ilmonen et al., 1999). It is currently not

known whether the angiogenic phenotype of melanomas

changes between the transition from primary to metastatic

disease, but this seems to be an important area of investiga-

tion in further studies, because it appears that it is predomi-

nantly immature tumor vasculature that shows sensitivity

to angiogenesis inhibitors (Feron, 2004; Helfrich et al., 2010).

In addition, alternative growth factor-independent mecha-

nisms have been reported, both experimentally and in human

tumors, including melanoma (Dome et al., 2002; Paku, 1998)

which will be discussed in more detail in the following article.

These aspects lead to the assumption, that compounds that

may be efficient inhibitors of angiogenesis and tumor growth

in angiogenesis-dependent tumors its effects may be limited

in growth factor-independent tumors utilizing a quiescent

and mature vascular network. Because clinical experience us-

ing anti-angiogenic drugs without targeting additional path-

ways is still limited in case of melanoma, we will briefly

review novel data concerning first hints for the biological sig-

nificance of the vascular bed and the impact of pericyte-medi-

ated vessel maturation for the outcome of anti-VEGF therapy

in human melanoma.
2. Impact of tumor angiogenesis for melanoma
disease

Malignant melanoma is a neoplastic disease of increasing in-

cidence with poor prognosis and limited therapeutic options,

particularly in advanced tumors. The 5-year-survival rate of

advanced tumors with distant metastases is still as low as

5e10% (Balch et al., 2009). Early detection and surgical excision

therefore continue to be the key variables for long-term sur-

vival and eventual cure. The identification of early stage III

disease is still challenging and consequently among the pri-

mary objectives of cancer follow-up programs. Induction of

tumor angiogenesis on melanoma was first described after

transplantation of human melanoma fragments into a ham-

ster check pouch (Hillen et al., 2006). However, the clinical

and prognostic significance of tumor angiogenesis for mela-

noma progression and metastasis, as evidenced by the deter-

mination of intratumoral microvessel densities and detection

of VEGF expression has remained controversial. Various stud-

ies have established an association betweenmicrovessel den-

sity (MVD) and the progression of malignant melanoma from

the radial to the vertical growth phase, which signals a change

to the potentially metastatic phenotype of malignant mela-

noma (Erhard et al., 1997; Marcoval et al., 1997), although het-

erogeneity was observed between individual cases (Barnhill

et al., 1992). In addition, the onset of angiogenesis in thin mel-

anomas was associated with inflammatory regression and in-

duction of the vertical growth phase (Barnhill and Levy, 1993).

http://dx.doi.org/10.1016/j.molonc.2011.01.003
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In contrast, a number of retrospective histological studies

have reported an inverse correlation between tumor micro-

vessel density and disease-free and overall survival of mela-

noma patients (Erhard et al., 1997; Graham et al., 1994;

Hillen et al., 2006; Srivastava et al., 1988; Straume et al.,

1999). Several other investigators, in contrast, failed to detect

any correlation betweenmelanoma vascularization and prog-

nosis (Barnhill et al., 1994; Kiss et al., 2007). Thus, the potential

prognostic value of tumor vascularization in human cutane-

ous melanomas remains unresolved. Reasons for these con-

tradictory results might be explained by non-standardized

assessment of tumor vascularity, such as using ‘hot spot’ or

‘representative field’ analysis. In addition, usage of various

histological markers for the detection of tumor-associated

blood vessels (e.g. CD31, CD34, CD105) might also be a reason

for the diversity of results in existing reports, e.g. CD31 is also

expressed by lymphatic vessels. Taking these observations to-

gether, it is evident that, although there is a strong argument

in favor of a positive relationship between angiogenesis, tu-

mor progression and metastasis, a large study examining

MVD across all thicknesses of melanoma, and how it corre-

lates with prognosis and rate of relapses, is still missing.
3. Angiogenic cytokines in melanoma

The growth of solid primary tumors, such as melanoma, and

the process of lymph node and organ metastases beyond

a size of 1e2 mm3 are always accompanied by the initiation

of angiogenesis for maintenance of expanding malignant

cell population with oxygen and nutrients (Folkman, 1971).

Angiogenesis in melanoma is stimulated by a variety of

growth factors such as VEGF and basic fibroblast growth factor

(bFGF) (Ribatti et al., 2003). Sprouting of capillaries from pre-

existing blood vessels is accomplished by a hypoxia-driven

mechanism within which VEGF-A has been identified as the

most potent inducer of the angiogenic cascade (Neufeld

et al., 1999). Although VEGF has been described as an auto-

crine endothelial cell regulator of angiogenesis and vascular

homeostasis (Lee et al., 2007), VEGF is produced bymost tumor

cells and acts paracrine on tumor-associated endothelial cells

(Kerbel, 2008). Tumor cell VEGF production results as a conse-

quence of oncogenic activation and the increasing hypoxia of

a growing tumor nodule with an avascular or hypovascular

center (Carmeliet, 2005b; Mazure et al., 1996). Consequently,

most tumors, including melanomas, express high levels of

VEGF (Einspahr et al., 2007; Ugurel et al., 2001). Enhanced se-

cretion of VEGF-A by melanoma cells has already been

detected in dysplastic lesions (Einspahr et al., 2007) and corre-

lated to the transition from the radial to the vertical growth

phase and development of metastases (Erhard et al., 1997;

Salven et al., 1997). It is shown that increased microvascular

density, strong VEGF-A tumor immunoreactivity, increased

vascular diameter and high number of vascular pillars are cor-

related with a high Breslow index (>3.6 mm) (Ribatti et al.,

2005).

Another important stimulator of melanoma angiogenesis

is the placental growth factor (PlGF) (Lacal et al., 2000). PlGF-

1 and -2 are expressed by melanoma cells and known to

bind neuropillin-1 and -2 receptors expressed on endothelial
cells (Odorisio et al., 2006). Neuropilin-1 is able to act as

a co-receptor for VEGF-A, resulting in increased binding affin-

ity of VEGF-A to the VEGFR receptor (VEGFR)-2 (Whitaker et al.,

2001). In addition, PlGF acts through its binding to VEGFR-1 in-

ducing the mobilization and recruitment of VEGFR-1þ hema-

topoietic precursors from bone marrow and enhancing blood

vessel maturation by acting on VEGFR-1-expressing smooth

muscle cells/pericytes (Donnini et al., 1999). PlGF is known to

form heterodimers with VEGF-A and enhancesmelanoma an-

giogenesis by activating VEGFR-2 on endothelial cells (Donnini

et al., 1999; Luttun et al., 2004).

Expression of bFGF (FGF-2) has been detected in metastatic

and primary invasive melanoma whereas no expression was

found in melanocytes of benign nevi (Reed et al., 1994). In ad-

dition, a significant correlation between melanoma progres-

sion, percentage of FGF-2 expressing tumor cells and the

number ofmast cells which, in turns, secrete other angiogenic

factors, such as VEGF-A, was reported (Salven et al., 1997).

Interleukin-8 (IL-8) expression was found to be dramati-

cally increased in a majority of cutaneous melanoma com-

pared to normal epidermis and benign lesions (Bar-Eli, 1999).

Melanoma-derived IL-8 is able to induce endothelial cell mi-

gration, modulate vascular permeability and enhances stress

fiber formation. These activities resulted in enhanced angio-

genesis, rapid tumor growth and increased metastatic poten-

tial (Bar-Eli, 1999; Mahler et al., 2004; Melnikova and Bar-Eli,

2006). Several studies have reported that increased serum

level of VEGF, bFGF and several other angiogenic factors

such as IL-8, Ang-2, angiogenin and endostatin are correlated

with disease progression, poor progression-free and overall

survival of melanoma patients (Bar-Eli, 1999; Birck et al.,

1999; Donnini et al., 1999; Helfrich et al., 2009; Kurschat

et al., 2007; Ugurel et al., 2001; Westphal et al., 2000). Yet, all

hitherto analyzed angiogenesis biomarkers have little prog-

nostic impact for individual prognosis of tumor patients.
4. Pericyte-mediated blood vessel maturation

Blood vessels are composed of two distinct cell types: Endo-

thelial cells and mural cells. Depending on their density, mor-

phology, location and marker expression, mural cells can be

subdivided into pericytes and vSMCs that form the outer

layers of the vascular wall (Sims, 2000). vSMCs are associated

with arteries and veins where they form multiple concentric

layers, whereas pericytes are embedded within the basement

membrane of capillaries, either as solitary cells or a single-cell

layer and share their basal membrane with the endothelial

cell (Gerhardt and Betsholtz, 2003). Based on the multiple

cytoplasmic processes, distinctive cytoskeletal elements and

envelopment of endothelial cells, pericytes are generally con-

sidered to be contractile cells and participate in the regulation

of blood flow in themicrocirculation (Shepro andMorel, 1993).

Mural cells presenting phenotypes between pericytes and

vSMA are associated with arterioles and venules (Gerhardt

and Betsholtz, 2003). The marker profile of pericytes varies

depending on the tissue of origin, whereas the most common

markers being desmin, alpha-smooth muscle actin (SMA),

PDGFR (Bergers and Song, 2005), chondroitin sulfate proteogly-

can (NG-2) (Bondjers et al., 2003; Schlingemann et al., 1991)

http://dx.doi.org/10.1016/j.molonc.2011.01.003
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and the regulator of G protein signaling 5 (RGS-5) (Bondjers

et al., 2003). Only little is known about the marker expression

variability of pericytes in tumors because most studies have

used only a single marker, usually a-SMA or desmin, and

have therefore equated lack of immunoreactivity with lack

of pericytes. Published reports suggested that the amount of

pericyte coverage on vessels in different tumors ranges from

extensive to little or none (Benjamin et al., 1999; Eberhard

et al., 2000). One possible explanation for these controversial

reports might be therefore based on the marker expression

among tumors.

Pericytes and endothelial-pericyte signaling mechanisms

have been implicated as mediators of several cancer associ-

ated processes like tumor angiogenesis and metastasis. Tu-

mor pericytes appear to play a critical role in regulating

vessel maturation, stabilization, quiescence and function,

even where they are less abundant andmore loosely attached

to vessels compared to healthy tissue (Benjamin et al., 1998;

Hellstrom et al., 1999, 2001; Hirschi and D’Amore, 1996).

Compared to quiescent pericytes, activated pericytes can

change their expression profile (Benjamin et al., 1998), leading

to phenotypes that are highly proliferative with the pluripo-

tent ability to differentiate into other pericytes, matrix-form-

ing cell, vSMCs, or adipocytes. They are thought to be at

least partially responsible for the irregular, tortuous and leaky

blood vessels found within tumors (Abramsson et al., 2003;

Morikawa et al., 2002). Preclinical and clinical studies have

therefore focused on endothelial/mural cell-interaction as pu-

tative targets in tumor therapy (Jain, 1998). Although the role

of pericytes in tumor pathophysiology is still not identified

and controversial findings by targeting pericyte-endothelial

cell interactions have been reported.

The interplay of PDGF-B, secreted by endothelial cells, and

PDGFR-b, expressed on pericytes, is an essential process for

mural cell recruitment and prevention of vessel leakage dur-

ing development (Andrae et al., 2008; Armulik et al., 2005;

Betsholtz et al., 2005; Carmeliet, 2005a; Hellstrom et al.,

1999). PDGF-B is thereby secreted as a homodimer from the

endothelium of angiogenic sprouts where it serves as an at-

tractant for co-migrating pericytes, expressing PDGFR-beta

(-b). In addition, PDGF-B stimulates proliferation of vSMCs

and induces mural cell fate in undifferentiated mesenchymal

cells (Gaengel et al., 2009). PDGF-B binds to heparan sulfate

proteoglycans on the cell surface or in the extracellularmatrix

through its C-terminal retentionmotif. Extracellular retention

limits the range of action of PDGF-B, which is important for

the tight adhesion formation between pericytes and the vessel

wall (Gaengel et al., 2009). It has been shown in murine

models, that ablation of PDGF-B or PDGFR-b results in mural

cell deficiency leading to widespread vascular leakage and

pericyte lethality (Lindahl and Betsholtz, 1998). Although mu-

tantmice lacking the C-terminal retentionmotif in PDGF-B are

viable but have fewer pericytes, which are poorly integrated

into the vascular wall, especially in the retina and kidney

(Lindblom et al., 2003). It has recently been shown that

PDGF-BB increases tumor pericyte coverage by activation of

stromal-derived-factor-1A (SDF-1A) based on the observation,

that the ensuing SDF-1A chemotaxis gradient corresponds to

PDGF-BB induced pericyte recruitment, partially because of

increased pericyte motility (Song et al., 2009). Inhibition of
PDGFR signaling by using a receptor tyrosine kinase inhibitor

SU6668 causes pericyte detachment and vessel regression, fol-

lowed by diminished tumor growth in several tumor (Bergers

et al., 2003; Reinmuth et al., 2001; Shaheen et al., 2001a). In-

creased expression levels of PDGF-AA, -BB and its receptor

PDGFR-b could also be detected in human melanoma tissue

by using immunohistochemistry (Barnhill et al., 1996).

A second important mediator for vascular maturation and

endothelial cell survival is the angiopoietin (Ang)/Tie system.

The Ang family of secreted growth factors consists of four

members Ang-1 and Ang-2, and the orthologes Ang-3 (murine)

and Ang-4 (human) and two corresponding tyrosine kinase re-

ceptors (Tie1 and Tie2). The angiopoietins Ang-1 and Ang-2

have been identified as agonistic and antagonistic ligands of

Tie2 (also known as TEK) (Fiedler and Augustin, 2006; Suri

et al., 1996). Constitutive Ang-1/Tie2 signaling is required to

maintain the quiescent phenotype of the vascular endothe-

lium. Ang-1 binds to the Tie2 receptor on endothelial cells to

establish pericyte-endothelial interactions by inhibition of

proliferation and stabilization of newly formed blood vessels,

promoting vascular maturation. Ang-1 is predominantly

expressed by perivascular and mural cells (Davis et al., 1996;

Sundberg et al., 2002;Wakui et al., 2006) suggesting a paracrine

mode of action. In addition, Tie2 signaling induces endothelial

cells to express and secrete endothelial-derived heparin bind-

ing epidermal-like growth factor (HB-EGF), which binds to epi-

dermal growth factor receptors and promote migration of

pericytes (Iivanainen et al., 2003).

Ang-2 acts as a context specific antagonist of Ang-1/Tie2

signaling. During the angiogenic activation of the endothe-

lium by cytokines, Ang-2 is getting rapidly released fromWei-

bel-Palade bodies of the endothelial cells, where it is stored in

the quiescent vessel situation (Fiedler et al., 2004). As such, it

destabilizes the quiescent EC phenotype through its binding to

Tie2 in competitionwith Ang-1, reduces pericyte coverage and

destabilization of the vascular wall, even in the presence of

VEGF stimulation (Cao et al., 2007; Imhof and urrand-Lions,

2006). Inhibition of Tie2 blocks mural cell recruitment to de-

veloping vessels and leads to increased expression of MT1-

MMP by endothelial cells (Yana et al., 2007). Yet, Ang-2 has

also been reported to be capable of acting as an agonist of

Tie2 (Teichert-Kuliszewska et al., 2001). The major expression

site for Ang-2 is the endothelium itself, suggesting an auto-

crine function (Fiedler et al., 2006), although expression in

perivascular cells including vSMCs and pericytes has been

reported as well (Maisonpierre et al., 1997; Wakui et al.,

2006). In human umbilical vein endothelial cells (HUVECs),

VEGF induces Tie2 shedding in an Akt/Pl3K-dependent pro-

cess. It has been hypothesized that this contributes to Ang-2

mediated destabilization of the quiescent endothelial cell

phenotype, priming the cells for pro-angiogenic ligand stimu-

lation and vessel development (Findley et al., 2007).

Ang-2 thereby acts in tumors primarily as promoter of an-

giogenesiswhich hasmade it an attractive target for therapeu-

tic intervention (Oliner et al., 2004). Endothelial cell secretion

of Ang-2 is therefore readily detectable in the circulation

which has stimulated the exploitation of circulating soluble

Ang-2 (sAng-2) in the blood as biomarker of endothelial cell ac-

tivation (Orfanos et al., 2007;Wang et al., 2007). In recent years,

significant upregulation of circulating soluble Ang-2 (sAng-2)

http://dx.doi.org/10.1016/j.molonc.2011.01.003
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was found in tumor patients e.g., in esophageal squamous cell

cancer (Zhou et al., 2007), hepatocellular carcinoma (Kuboki

et al., 2008), lung cancer (Park et al., 2007) and also in patients

of malignant melanoma (Helfrich et al., 2009). Sera from pro-

gressing melanoma patients over time identified increasing

concentrations of sAng-2, suggesting that Ang-2 might be

functionally involved in melanoma angiogenesis, and there-

fore in melanoma progression and metastasis. It has been

shown in vivo as well as in vitro that Ang-2 expression by mel-

anoma cells significantly contributed to the detected levels of

circulating sAng-2, whereas high levels of sAng-2 were associ-

ated with stage of disease (Figure 1A) and poor patient overall

survival (Figure 1B). (Helfrich et al., 2009). In addition, silencing

of Ang-2 in melanoma cells has been shown to reduce the in-

vasive and migratory capacity of the tumor cells (Helfrich

et al., 2009). Tie2 expression by melanoma cells, in combina-

tion with the preliminary characterization of a functional

autocrine Ang-2/Tie2 loop in primary human tumor-derived

melanoma cells, has been made the Ang-2/Tie2 signaling sys-

tem as a putative therapeutic target for human melanomas.

Intense efforts are presently made to generate and validate li-

gand neutralizing Ang-2 antibodies (Oliner et al., 2004), soluble

Tie receptor traps and smallmolecularweightTie2 receptor ty-

rosine kinase inhibitors to therapeutically interfere with Ang/

Tie signaling (Lin et al., 1997). First clinical trials targeting the

vessel destabilization argent Ang-2 in patients of malignant

melanoma will be initiated in the future, however, detailed

and careful analyses in large cohorts of melanoma patients

with different disease progress are needed for validating the

Ang/Tie system for its anti-angiogenic and anti-tumor thera-

peutic impact.
Figure 1 e Soluble Ang-2 levels in patients of malignant melanoma.

(A) Detection of circulating Ang-2 levels (sAng-2) in different stages

of melanoma patients (AJCC I/II to AJCC IV) compared to healthy

control patients (ctrl). Soluble Ang-2 levels in patients with

malignant melanoma stage III (n [ 37) and IV (n [ 43) were

significantly elevated compared to the control population (n [ 82)

(Wilcoxon rank sum test ctrl vs. stage III p< 0.0001; ctrl vs. stage IV

p < 0.0001). Soluble Ang-2 was not elevated in serum of stage I/II

melanoma patients (p [ 0.08). The dotted line indicates cut-off for

Ang-2 (1.8 ng/ml) determined as 90% quantile of the control

population. Median values of the experimental groups are visualized

by the horizontal lines. (B) Correlation of sAng-2 levels with overall

survival in patients of malignant melanoma. KaplaneMeier curves of

melanoma patients with sAng-2 concentrations in serum exceeding

the cut-off value at1.8 ng/ml (dotted line) or sAng-2 concentrations

of less than 1.8 ng/ml (solid line).
5. Angiogenesis-independent growth mechanisms in
melanoma

Neo-vascularization has been considered as synonymouswith

directed vessel ingrowth in almost all of these studies, but al-

ternative, growth factor independent, mechanisms have

been reported, both experimentally and in human tumors

(Holash et al., 1999). It has been shown for some human can-

cers, including non-small cell lung carcinomas (Pezzella

et al., 1997) andhuman glioma (Holash et al., 1999), that tumors

in more natural settings do not always originate with vascular

involvement, particularly when they arise within or metasta-

size to vascularized tissue. In such settings, tumor cells have

the ability to incorporate ‘co-opt’ host vessels (Leenders et al.,

2002b), which has also been shown as an important mecha-

nism during development of melanoma of the brain (Kusters

et al., 2002) and cutaneous melanoma (Dome et al., 2002). It

has been shown in both, human cutaneous melanoma but

also inmurinemelanomamodels, that the peritumoral vascu-

lar plexus presented at the melanoma base was continuously

being incorporated into the growing tumor mass during pro-

gression. In addition, ultrastructural analyzespresentedaperi-

cyte-mediated stabilization of the mature vascular network of

the incorporated vessels (Dome et al., 2002). The interplay be-

tween co-option of existing vessels and subsequent tumor-in-

duced angiogenesis has still not been extensively examined

nor the role of the angiogenic factors during this processes.
Although increased tumor angiogenesis has been generally

associated with increased metastasis, it has been demon-

strated that tumor vascularization is not a marker of metasta-

sis in the case of malignant melanoma (Barnhill et al., 1994;

Kiss et al., 2007). Experimental studies have been shown,

that cancer cells have the ability to create “mosaic” vessels

http://dx.doi.org/10.1016/j.molonc.2011.01.003
http://dx.doi.org/10.1016/j.molonc.2011.01.003
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by localization into the vascular wall of tumors where both,

endothelial cells and tumor cells, form the luminal surface

(Chang et al., 2000).

Recent observations have also suggested that aggressive

melanoma cells may be able to generate vascular channels in-

dependent of tumor angiogenesis. This phenomenon is called

“vasculogenicmimicry” inwhich somemelanoma cells appear

to acquire the capability to form blood channels in the absence

of endothelial cells (Hendrix et al., 2001; Maniotis et al., 1999).

Parallel with progression, melanoma acquires a vascular

network, whereas an increasing number of tumor cells ex-

press the laminin receptor, which enables their adhesion to

the vascular wall, favoring tumor cell extravasation and me-

tastases (Mahabeleshwar and Byzova, 2007). The process of

tumor cell extravasation have been described for humanmel-

anoma and mouse models, where melanoma cells occupy

a “pericyte-like” location on the abluminal surface of the en-

dothelium and migrate along these structure which allows

the development of distant metastases without induction of

angiogenesis (Barnhill and Lugassy, 2004; Lugassy et al., 2004).
6. Vascular phenotype and its impact on anti-VEGF
therapy in melanoma

VEGF is the main angiogenic ligand targeted to date. Several

strategies against VEGF-A (Ferrara et al., 2004; Leenders and

Lubsen, 2002a; Siemeister et al., 1998) or its receptors, VEGF re-

ceptor (VEGFR)-1 (Flt-1) and its major signaling receptor,

VEGFR-2 (KDR/Flk-1) (Kunkel et al., 2001; Sweeney et al.,

2002) have been developed including neutralizing humanized

antibodies. Another way to efficiently perturb VEGF-A signal-

ing is to block the kinase activity of VEGF-receptors by small-

molecule inhibitors, such as sorafenib, sunitinib or PTK787/

ZK222584 (Escudier et al., 2007; Hess-Stumpp et al., 2005;

Thomas et al., 2007). They have been shown to potently pre-

vent tumor neovascularization and progression of many tu-

mor types. By using human melanoma xenograft models,

the inhibition of VEGF via neutralizing antibodies, VEGF anti-

sense and RNA interference resulted in decreased tumor

growth and metastases (Li et al., 2002; Oku et al., 1998). Beva-

cizumab, a humanized monoclonal IgG antibody targeting

VEGF, has been shown anti-angiogenic effects and conse-

quent clinical benefits in a number of solid tumors, including

colorectal, breast and non-small-lung cancer.

However, targeting VEGF signaling alone is often not suffi-

ciently effective at inducing vessel regression and does not

prevent re-growth of tumor vessels (Baluk et al., 2005). Because

pericytes are discussed to protect the vascular network against

anti-VEGF therapies, studies have been initiated targeting the

pericyte-endothelial cell association or pericytes alone which

should result in enhanced vessel destabilization. It has re-

cently been shown in amurine tumormodel, developing spon-

taneously multiplemalignant melanomas, but also for human

melanomametastases taken at clinical relapse in patients un-

dergoing adjuvant treatment using bevacizumab, that tumor

vessels resistant to anti-VEGF therapy were characterized by

enhanced vessel diameter and normalization of the vascular

bed by coverage of mature pericytes, and immunoreactivity

for desmin, NG-2, PDGFR-b and the late stagematurity marker
a-SMA (Figure 2AeD) (Helfrich et al., 2010). In addition, tumor

vessels resistant to anti-VEGF therapy showed only minor

expression of pro-angiogenic factors and its corresponding

receptors (e.g. Ang-2/Tie2, VEGF-A/VEGFR-2), resulting in

low-angiogenic potential and resistance to the traditional

anti-angiogenic approaches (Helfrich et al., 2010). Therefore,

it is highly desirable to identify alternative ways to modulate

tumor vasculature that do not interfere with the complex reg-

ulatory network of pro-angiogenic factors.

This has lead to the speculation that targeting tumor peri-

cytesmight be a suitable strategy for overcoming pericyte-me-

diated resistance to VEGF pathway inhibition. It has been

shown that vascular regression could result in vessel normal-

ization and therefore in re-opening of previously collapsed

vessels (Paderaet al., 2004). Basedon thisknowledge, this could

explain, how PDGF pathway inhibition leads to improved drug

delivery (Baranowska-Kortylewicz et al., 2005; Jayson et al.,

2005; Pietras et al., 2002). PDGF inhibition has been shown to

disrupt pericyte support and sensitized endothelial cells to

anti-angiogenic chemotherapy, which resulted in regression

of pre-existing tumor vasculature in a model for malignant

melanoma (Pietras et al., 2002; Pietras and Hanahan, 2005).

But based on the fact that pericyte targeting therapies are

resulting in tumor vessel normalization followed by re-open-

ing of pre-collapsed vessels, this could also result in increased

tumor expansion, progression and metastases based on en-

hanced tumor supply with oxygen and nutrients, and would

therefore result in a poor patient outcome.

Several studies have reported controversial results by com-

bining VEGF and PDGF signaling pathway inhibition. It have

been shown that inhibition of PDFR-b and VEGF resulted in en-

hancedblockageof tumor angiogenesis compared toVEGF inhi-

bitionalone (Erber etal., 2004; Farhadi etal., 2005; Shaheenetal.,

2001a, 2001b). In contract, it has recently been published

that the absence of pericytes does not increase the sensiti-

vity of tumor vessels to VEGF-blockage in a pericyte deficient

mouse model and also by using transplantation experiments

(Nisancioglu et al., 2010). However, a human clinical trial for re-

nal carcinoma showed that inhibition of VEGF and PDGF path-

ways resulted in no therapeutic benefit compared to single

anti-VEGF treatment, in fact, the combined regimen exhibited

increased toxicity (Hainsworth et al., 2005). In addition, in mel-

anomapatients, aphase II trial investigatingboth targetsPDGFR

and c-kit, was disappointing in its outcome (Ugurel et al., 2005).

Thus, the fundamental question about whether targeting

of pericytes enhances the anti-tumor effect elicited by anti-

VEGF-A therapies remains unanswered. Additional clinical

studies are needed to clarify the potential benefits and risks

associated with anti-pericyte cancer therapy.
7. Clinical trials targeting angiogenesis in melanoma

The different biological aspects need to be considered and are

being addressed in the clinical setting separately. This leads to

approaches trying to neutralize pro-angiogenic ligands, block-

ade of cell receptor-dependent signaling, inhibition of critical

pathways involved in survival and proliferation of endothelial

cells and/or pericytes and attempts to positively modulate the

tumor-matrix interaction.

http://dx.doi.org/10.1016/j.molonc.2011.01.003
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Figure 2 e Immunohistological analyses of mural cell maturation and stabilization of the vascular network in melanoma of MT/ret-transgenic

mice. (A) Representative image for immunoperoxidase detection of blood vessels by using the endothelial marker CD31 in melanoma of low- (I)

and high- (II) angiogenic potential. (B) Quantification of vessel coverage, calculated as the percentage of NG-2-, desmin-, PDGFR-b- or a-SMA-

positive cells compared to the number of CD31-positive vessels, ***p £ 0.001. (C) Immunohistochemical double-staining for the endothelial marker

CD31 (green) and the early pericytic marker desmin (red) in the corresponding low-(I) and high-vascularized (II) tumor, as well as (D) for the late

differentiation marker a-SMA (red). Representative images of more than 10 independently performed experiments were presented. Error bars,

mean ± SD. Scale bar A: 50 mm, C, D: 100 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article).
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8. Neutralization of pro-angiogenic ligands

The major pro-angiogenic player which can be targeted at the

moment is VEGF. Its critical role in preclinical models in vitro

as well as in vivo has been described above. Neutralization of

VEGF is being attempted by various approaches including neu-

tralizing antibodies, and VEGF-trap. Bevacizumab is a human-

ized monoclonal antibody designed to bind to VEGF leading to

clinical beneficial effects in various solid tumors including

breast, renal and colorectal cancers which led to its global reg-

istration for this diseases. Clinical efficacy data in melanoma

using bevacizumab are accumulating but are not sufficiently

convincing for the company to go for registration yet. Clinical

efficacy of bevacizumab as single-agent was quite limited

with a median overall survival and PFS comparable to DTIC.

One of the earlier studies included 32 patients withmetastatic
melanoma who were randomized to receive bevacizumab

(15 mg/kg intravenously every 2 weeks) with or without low-

dose IFN-alpha2b (1 MU/m2 subcutaneously daily). Prolonged

disease stabilization was achieved in one-quarter of meta-

static melanoma patients. Low-dose IFN-alpha2b did not aug-

ment the activity of bevacizumab (Varker et al., 2007).

Similarly, bevacizumab was combined with carboplatin and

paclitaxel in 53 pretreated patients achieving a 17% partial re-

sponse (PR) (Perez et al., 2009). In a second clinical phase

II study in melanoma treatment-na€ıve patients were included

in a randomized study design receiving carboplation/pacli-

taxel plus/minus bevacizumab (O’Day et al., 2009). Interest-

ingly, adding bevacizumab led to an improved PFS by 22%

and and prolonged survival by 22%, however, because of the

size of the study failed to reach statistical significance al-

though a positive trend was obvious. Currently (September

2010), 27 clinical trials are listed in http://clinicaltrials.gov

http://clinicaltrials.gov
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with 8 still actively recruiting patients. Furthermore, UK Mel-

anoma group is recruitingmelanoma patients in clinical stage

III into their AVAST-M trial in order to investigate whether ad-

juvant VEGF-blockade for 1 year with bevacizumab is having a

clinical impact onto disease progression compared to untrea-

ted controls.

Previous studies have found that one of the most effective

ways to block the VEGF-signaling pathway is to prevent VEGF

from binding to its normal receptors by administering decoy-

soluble receptors. VEGF-trap is recombinant fusion protein

that is a compositedecoy receptorbased onVEGFreceptors-

VEGFR1and VEGFR2,fusedto an Fc segment of IgG1 (Holash

et al., 2002). This VEGF-Trap effectively suppresses tumor

growth and vascularization in vivo, resulting in stunted and al-

most completely avascular tumors. VEGF-Trap-(aflibercept)

mediated blockade may be superior to that achieved by other

agents, suchmonoclonal antibodies and is also currently been

tested in early clinical trials which do allow also recruitment

of melanoma patients.
9. Blockade of cell-receptor-dependent signaling

At least 3 tyrosine kinase inhibitors (TKI) directly affecting the

VEGF signaling have been tested in humanmelanoma. Sorafe-

nib is the most intensively tested compound because it was

believed that sorafenib would also block increased signaling

trough mutant braf. Sorafenib has been registered for treat-

ment of advanced renal and hepatic cellular carcinomas in

the meantime based probably on its inhibitory of the VEGFR

signaling pathway. Despite disappointing effects of sorafenib

as a single agent in metastatic melanoma (Eisen et al., 2006),

sorafenib was tested in the first-line and second-line setting

in a randomized controlled fashion in combination with car-

boplation/paclitaxel in 800 and 270 eligible patients, respec-

tively. In both trials no clinical benefit was detectable by

adding sorafenib (Hauschild et al., 2009; Flaherty et al.,

2010b). Other combinations of sorafenib including temozolo-

mide, DTIC or interferon failed also to demonstrate any sur-

vival benefit.

Axitinib (AGO13736) is a small-molecule TKI with selective

inhibitory activity for VEGFR-1, -2, -3, PDGR-a and PDGR-b,

which is also at an early stage of evaluation in melanoma,

and recent results from a phase II study demonstrated its

single-agent activity in a subgroup of melanoma patients

(Fruehauf et al., 2008). Results are still not published as a full

paper and follow-up activities in melanoma are missing, de-

spite promising activity also in renal cell carcinoma (Rixe

et al., 2007) which has led to a clinical phase III trial in that

disease.

Valatinib (PTK787) is another small-molecule which infers

with VEGFR-1, VEGFR-2, PDGFR and c-kit signaling which was

tested in the UK as single agent in 29 patients (reviewed in

Basu, 2009). Disease control rate was limited by 40% and final

results are awaited.

Other approaches which have been pioneered in small tri-

als aimed at disrupting a potential synergy between EGFR and

VEGFR signaling or trying to inhibit PDGFR have not resulted in

any positive signal. However, one has to keep in mind that

several of the agents employed might not be the best to test
such a hypothesis and translational research is missing in

most of such studies, so that firm conclusion can not be drawn

at this moment.
10. Inhibition of critical pathways involved in survival
and proliferation of endothelial cells and/or pericytes

Inhibition of signaling pathway has gained immediate atten-

tion in treating melanoma patients with the clinical success

of PLX4032 blocking mutant braf (Flaherty et al., 2010a). The

RAS/PAF/MEK pathway is believed to be also of crucial impor-

tance through its regulation of survival and proliferation of

endothelial cells and pericytes. Whether targeting mutant

braf is also associated with any anti-angiogenic effect has

not been studied in detail so far. Several small molecules

were designed to inhibit the RAF/RAS pathway downstream

including the MEK-inhibitors AZD6422, CI-1040 which have

generated only very limited clinical benefits. Whether those

agents have a profound effect on endothelial cell survival or

proliferation is currently unclear. The same is true with

mTOR-blocking agents such as rapamycin, everolimus or tem-

sirolimus although around 20 clinical trials are listed in http://

clinicaltrials.gov, same in combination with other anti-angio-

genic compounds (e.g. valtinib, bevacizumab etc). Clinical

study as well as translational research results are awaited.
11. Modulation of tumor-matrix interaction

This is an area still in its infancy in view of translating preclin-

ical data into successful clinical trials in melanoma. This in

part caused by insufficient insights in certain areas or in broad

(and too unspecific) blockade of targeted molecules (such as

MMPs). Newer generations of more specific inhibitors might

change this scenario.

Adhesion molecules and particularly integrins have been

in focus of researchers interested in the metastatic process.

Integrins avb3 and avb5 are known to upregulate on endothelial

cells during tumor neovascularisation (Eskens et al., 2003).

Several avb3 integrin ligands including vitronectin, osteopon-

tin and bone sialoprotein are known to modulate both VEGF

aswell as FGF-2-induced tumor angiogenesis inmousemodels

(Stupack and Cheresh, 2004). Studies from several groups indi-

cate that avb3 integrin plays a very crucial role in the progres-

sion of cutaneous melanomas from the benign radial growth

phase to the metastatic vertical growth phase (Seftor, 1998).

Studies utilizing avb3 integrin inhibitory peptides, antibodies

or small molecular compounds indicate that avb3 integrin in-

deed is required for tumor endothelial cell survival, therefore

its inhibition is believed to led to the regression of tumor vas-

culature. As integrins are known to positively regulate angio-

genesis, tumor growth and metastasis, several inhibitors of

integrins are currently being tested in clinical studies. These

include cilengitide, ATN-161 (both peptide integrin inhibitors),

CNTO-95 and vitaxin (the last two are humanizedmonoclonal

antibodies) focusing on inhibition of the avb3 integrin complex

or av integrin alone. Results of phase 1 clinical trials of vitaxin

(etaracizumab, MEDI-522, Abegrin) indicated that it stabilized

disease and reduced the risk of metastases. However, recent

http://clinicaltrials.gov
http://clinicaltrials.gov
http://dx.doi.org/10.1016/j.molonc.2011.01.003
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results of phase clinical 2 trials indicated a very modest re-

sponse and were not very encouraging also in combination

with DTIC (reviewed in Schadendorf et al., 2009).
12. Conclusion

Up to now, the impact of angiogenesis for the process of mel-

anoma progression and metastasis in still not clarified. Based

on the reported alternative angiogenic-independent growth

mechanisms in melanoma, targeting tumor angiogenesis by

using anti-angiogenic drugs will be not or only limited effi-

cient in patients, where tumor growth occurs by utilizing ma-

ture vessels of the host. In addition, it has been demonstrated

that tumor-associated blood vessels exist in melanomawhich

show only minor expression of pro-angiogenic factors and

therefore failed angiogenic potential, it is not surprising that

anti-VEGF therapy is not able to target this type of vascular

network.

Thus, detailed analyses of the vascular network in primary

tumors, metastases but also relapses of melanoma patients

are of high importance for the understanding of melanoma

disease progression. Only an understanding of the importance

and the impact of tumor angiogenesis as well as the relevance

of angiogenic factors involved during disease progression in

melanoma can help us to overcome the problem of drug resis-

tance and may be useful to pave the way toward a more ra-

tional development of second generation anti-angiogenic

combination therapies.
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