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Chapter 1

General introduction

Tumor vascularisation and immunity:
two targets for tumor inhibition

Based on:
Femke Hillen, Veerle Melotte, Judy R. van Beijnum, Arjan W. Griffioen
Endothelial cell biology. In: Staton CA, Lewis C, Bicknell R, editors.
Angiogenesis assays: a critical appraisal of current techniques.
2006, Chapter 1,1‐28. London, United Kingdom: John Wiley and Sons

|Chapter 1
Introduction
The outgrowth of tumors is limited to 1‐2 mm3 in size due to sufficient supply of
oxygen and nutrients being the rate limiting step in this process. In order to grow
beyond this size, the tumor switches to an angiogenic phenotype and attracts blood
vessels from the surrounding stroma. This process is regulated by a variety of pro‐ and
anti‐angiogenic factors, and is a prerequisite for further growth of the tumor and for
metastasis formation 1.
Once a tumor is vascularized, it is not only supplied with oxygen, nutrients
and other blood components but also with cells from the immune system. Already in
the mid 19th century, Virchow postulated that cancer originates from inflamed tissues 2.
He suggested that sites of chronic inflammation formed the origin of cancer. While this
can be true, it is now generally known that the presence of immune cells is also a
consequence of specific immune reactions against the tumor. Due to dedifferentiation
and uncontrolled proliferation of cancer cells, antigens are expressed that can be
recognised by the immune system. Specific immune cells are activated, expand clonally
and migrate to the tumor 3.
Over the last decades, a lot of attention was focussed on anti‐angiogenesis‐ and
immunotherapy. However, these therapies had limited clinical success. The idea that
cancer could be repressed by the immune system, was complicated with the first
evidence of tumor immune escape 2. Above that, it is clear now that tumors, next to
angiogenesis, have different forms of tumor vasculature that stimulate tumor
progression and metastasis. In 1999, the process of vasculogenic mimicry was described
to indicate a process in aggressive tumors in which tumor cells dedifferentiate into an
endothelial phenotype and make tube‐like structures that can contribute to blood
circulation. With this mechanism, it has been suggested that tumor cells provide
themselves of a secondary circulation system of vasculogenic structures lined by tumor
cells, independently from angiogenesis 4.

Tumor angiogenesis
Tumor angiogenesis is the sprouting of new capillary vessels out of pre‐existing ones.
Expanding tissues and organs will be supplied through these blood vessels with
oxygen and nutrients, and in that way the metabolic waste is removed. Angiogenesis is
a key event in physiological situations, such as embryonic development, wound
healing and reproduction. Excessive angiogenesis is also observed in many
pathologies, like diabetes, rheumatoid arthritis, cardiovascular ischemic complications,
and cancer 5. In cancer, sprouting angiogenesis in not only important in primary
tumors, it is also involved in metastasis formation and further outgrowth of
metastases6.
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Figure 1. Schematic representation of tumor angiogenesis
A. Due to insufficient supply of oxygen and nutrients, the tumor switches to an angiogenic phenotype
and starts to produce angiogenic factors that activate the blood vessels nearby. B. Subsequently, the
extracelullar matrix is degraded and activated endothelial cells will invade the matrix. C. The
endothelial cells starts to proliferate and form a lumen. D. Vessel maturation is completed with the
deposition of extracellular matrix and the recruitment of pericytes. A newly formed vessel allows the
tumor to continue its growth.

The process of sprouting angiogenesis involves several sequential steps (figure
1). The angiogenic cascade starts with the activation of endothelial cells by specific
growth factors that bind to its receptors. Before endothelial cells can migrate in the
direction of the stimulus, the extracellular matrix and basement membrane are
degraded locally by activated matrix metalloproteinases. Subsequently, endothelial
cells can proliferate and migrate through the matrix. An immature blood vessel is
formed after the polarization of the migrating endothelial cells into a lumen 7. These
immature vessels are stabilized by the recruitment of mural cells and the generation of
extracellular matrix 8. This process of sprouting angiogenesis is tightly controlled by
positive and negative regulators, the balance of which determines the level of ongoing
angiogenesis. Due to continuous angiogenic stimulation in tumors, tumor vasculature
is organised in a chaotic manner which lacks mural cell coverage, shows excessive
branching and has discontinuous basement membrane, widened interendothelial
junctions. As a result, tumor vessels are leaky and irregular, resulting in a poorly
efficient perfusion and hypoxic regions in the tumor which consequently results in new
angiogenic stimulation.
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Pro‐angiogenic factors
The first angiogenic growth factor, fibroblast growth factor (bFGF), also known as FGF‐
2, was discovered in the early 1980s 9. The FGF family consists of 23 members, of which
FGF‐2 and FGF‐1 (aFGF) are the best known, and can signal through four different FGF
tyrosine kinase receptors (FGFR1‐4). bFGF is involved in endothelial cell proliferation,
extracellular matrix degradation, endothelial cell migration and modulation of
junctional adhesion molecules. It is produced by many cells, among which are
macrophages and tumor cells and released in the extracellular matrix after which
angiogenesis is initiated 10. In both mouse and human tumors, the role of bFGF in
tumor growth and neovascularization has been demonstrated 11.
Vascular endothelial cell growth factor (VEGF) or vascular permeability factor,
is another and one of the best‐characterised pro‐angiogenic factors. The VEGF family of
growth factors consists of six members (VEGF, VEGF‐B, VEGF‐C, VEGF‐D, VEGF‐E
and placental growth factor) that interact differentially with three cell surface receptor
tyrosine kinases, the VEGFRs, or a second class of non signalling co‐receptors, the
neuropilins. VEGF induces endothelial cell survival, proliferation, migration,
angiogenesis and vascular permeability 12. To date, the VEFG‐A/VEGFR2 interaction
appears to play a major role in sprouting angiogenesis 7. In tumors, higher levels of
VEGF are detected and many tumor cell lines were found to be inhibited in vivo by
antibody targeting methods or the use of small‐molecule inhibitors of VEGF or
VEGFR2 12.
Placental growth factor (PLGF), a member of the VEGF family that only binds
VEGFR1, is also a key player in the angiogenic switch, though its role was
underestimated. Activated endothelial cells can produce large amount of PLGF and
thereby the regulation of VEGF‐mediated angiogenic stimulation. Also other cell types
like smooth muscle cells, inflammatory cells and tumor cells can produce PLGF when
activated. Importantly, PLGF seems to play a role in vascular development but does
not affect the functionality of physiological vessel formation during development and
reproduction 13, 14.
Another important growth factor family in angiogenesis, the angiopoietin
family, includes 3 members (in humans), angiopoietin‐1, angiopoietin‐2 and
angiopoietin‐4, that all signal through the endothelial tyrosine kinase receptor Tie‐2.
The most remarkable characteristic of this family is the opposing effect of the different
ligands binding to the same receptor. While angiopoietin‐1 activates the Tie‐2
signalling, angiopoietin‐2 inhibits this activation. Angiopoietin‐1 is a mediator in
endothelial cell migration, adhesion and the recruitment of pericytes and smooth
muscle cells, while angiopoietin‐2 is vessel destabilizer 15, 16.
Besides the above described angiogenic factors, tumor cells can produce other
factors like transforming growth factor‐β, which stabilizes newly formed vessels and
suppresses the immune system 17, platelet‐derived growth factor, which is a
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chemoattractant for pericytes 18, epidermal growth factor, which promotes
tumorangiogenesis by upregulating VEGF 19 and interleukin 8 that specifically
enhances endothelial cell migration 20.
Angiogenesis inhibition
Angiogenesis is also regulated by endogenous inhibitors. One of the first naturally
occurring angiostatic agent to be discovered was thrombospondin‐1 21. In time, more
endogenous molecules with angiostatic activity were described such as the 16 kD
fragment of prolactin 22, platelet factor‐4 and interferon‐α 23 and interferon‐γ inducible
protein‐10 24. Other components of this class of endogenously produced anti‐angiogenic
proteins are angiostatin 25, endostatin 26, bactericidal/permeability increasing protein 27,
tumstatin 28. Interesting, many of these molecules are proteolytic fragments of collagens
and other endogenous macromolecules. Although for several of the currently described
angiogenesis inhibitors receptors have been described, detailed mechanisms of action
have not been elucidated yet 29.
Next to anti‐angiogenesis approaches with endogenous inhibitors, several
blocking strategies of the above described angiogenic factors have been reported.
Strategies that block the VEGF‐A/VEGFR2 signalling are the most abundant ones in the
clinical field of anti‐angiogenisis therapy. A lot of attention is focussed on the approval
of the first anti‐angiogenic agent, Avastin, by the Food and Drug administration 30, 31.
Avastin in combination with chemotherapy demonstrated a survival benefit in patients
with metastatic colorectal cancer of several months 32. Besides Avastin, several other
VEGF inhibitors are being clinically implicated. The most advanced receptor tyrosine
kinase inhibitors that target VEGF receptors are SU11428 (Sutent), BAY 43‐9006
(Sorafenib) 31.
Hypoxia‐induced angiogenesis
When tumors expand, diffusion limits due to the lack of vascular supply increases. The
resulting low levels of oxygen, or hypoxia, have been identified as a primary regulator
of the angiogenic switch. The key regulator of hypoxia‐induced angiogenesis is hypoxia
inducible factor‐1 (HIF‐1). HIF‐1 belongs to a family of transcription factors consisting
of αβ‐heterodimers that include HIF‐1α, HIF‐2α, HIF‐3α and HIF‐1β. While HIF‐1β is
constitutively expressed, the HIF1‐α subunits are regulated by oxygen. HIF‐1α is the
main regulator of oxygen homeostasis in many cell types 33. Molecular regulation of
HIF‐1α involves mostly control of protein stability. Under normoxic conditions, HIF‐1α
is hydroxylated in two proline residues. Hydroxylation mediates the binding of the
tumor suppressor protein von Hippel‐Lindau which is targeted by a ubiquitin‐protein
ligase. Subsequently rapid proteosomal degradation of HIF‐1α is executed. Under
hypoxic conditions HIF‐1α escapes protein degradation and can bind to the
heterodimer HIF‐1β. HIF‐1α and HIF‐2α are closely related and are both able to interact
with hypoxia response elements (HREs) that are present in the promoter regions of
several genes and to activate them. Among these are genes with angiogenic potential,
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like VEGF, endothelial nitric oxide synthase (eNOS), platelet derived growth factor
(PDGF) and bFGF 34 (table 1).

Table 1. Direct transcriptional targets of HIF‐1α that are involved in different steps of angiogenesis
Involvement in angiogenesis

Stimulatory factor

Vasodilatation

Nitric oxide synthase

Vascular permeability

VEGF

Inhibitory factor

VEGFR1
Extravasation of plasma proteins

VEGF

Degradation of extracellular matrix

Collagen prolyl‐4‐hydroxylase

TIMP‐1

Liberation of growth factors

uPA receptor

PAI‐1

Endothelial proliferation and migration

VEGF

Endothelial assembly, lumen formation

VEGF

Stabilisation of nacsent cells

PAI‐1

VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor; TIMP,
tissue inhibitor of metalloproteinase; uPA, urokinase plasminogen activator; PAI, plasminogen activator
inhibitor (based on Pugh et al, 2003).

Next to the HIF‐1α signalling, there are also other pathways independent from HIF that
are capable of inducing angiogenesis in response to hypoxia. Within the VEGF
promoter region a binding site for the transcription factor nuclear factor kappa B (NF‐
kB) has been identified 35. The importance of NF‐kB in angiogenesis induction was
demonstrated in a human cancer prostate cell line with constitutive elevated NF‐kB
activity. Blockade of NF‐kB in these cells resulted in downregulation of VEGF
expression both in vitro and in vivo and impaired tumor angiogenesis in vivo 36. In
addition, oncogene K‐ras, junB, and IL‐8 were identified to be involved in hypoxia
induced‐angiogenesis and VEGF expression 36‐38.
The significant contribution of HIFs to tumor progression has been demonstrated in
several gene deletion studies. The loss of HIF‐1α in mouse embryonic stem cells
resulted in reduced tumor mass and increased apoptosis 39. A recent paper reported on
the positive role of HIF‐1α in tumor progression and metastasis in a transgenic mouse
model of cancer 40. In human tumors, hypoxia‐related proteins like HIF‐1α, glucose
transporter‐1 (GLUT‐1) and carbonic anhydrase IX (CAIX), have been suggested as a
negative prognostic factor for patient outcome 41.
The important stimulation of angiogenesis by hypoxia, makes HIF an
attractive target for cancer therapy. Moreover, tumor hypoxia is associated with
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resistance to radiotherapy, but has also shown diminishing effect of chemotherapy,
phototherapy and immunotherapy 42. Therefore, there is growing interest in targeting
hypoxia cell signalling for tumor inhibition. Before the discovery of the HIFs, several
strategies have been explored to target tumor hypoxia. The goal of the use of hypoxia‐
activated pro‐drugs, like tirapazamine, is to generate an hypoxia‐selective cytotoxicity
and to potentiate radiotherapy or chemotherapy. The administration of tirapazamine,
together with chemotherapy, was shown to increase the response rate and overall
survival of patients with lung cancer 43. Another approach is the use of anaerobic
bacteria that may function as a direct anti‐tumor activity or as a carrier for therapeutic
enzymes of genes. Recently, certain Clostridium strains have been used to enhance the
release of doxorubicine of liposomes within hypoxic areas of the tumor 44. The
discovery of HIF‐1 made it possible to develop molecular targets for hypoxia. Some
inhibitors attack oncogenic pathways, while others try to intervene with HIF‐1α protein
production 34. Examples of components in clinical trials that interfere with oncogenic
pathways are (1) Gleevec, that intervenes with c‐kit, c‐abl and PDGFR, (2) Herceptin,
which blocks the ERBB2 receptor and (3) temsirolimus, that inhibits mTOR function.
Agents that inhibit HIF‐1α protein accumulation are: (1) topotecan, that blocks
topoisomerase I DNA replication, (2) 2‐methoxyestradiol, which inhibits
polymerisation of tubuline and (3) 17‐AAG, that suppresses the function of Hsp90.
Nevertheless, none of these targeting components are specific for HIF‐1. Further work
is needed to identify more selective HIF‐1 inhibitors. Moreover, HIF‐1α has been
identified to have a dual role in tumorigenesis. Recent data, on the role of HIF‐2α in c‐
Myc transcriptional activity, suggested a two‐faced potential role of HIF‐1α in the
promotion and suppression of tumorigenesis, depending on the context 45.

Tumor immunity: from immune surveillance to immune escape
It is well known that tumor invasion can be heavily influenced by the presence of an
inflammatory infiltrate, a feature of solid cancers. Inflammation in a tumor is the
consequence of a specific immune reaction to the tumor, where the immune system
recognizes the tumor as foreign and tries to destroy the expanding tumor cells. Both in
animal models and cancer patients, there is evidence that tumor cells express specific
tumor‐associated antigens that can be recognized by immune cells. This process was
described as immune surveillance 46. In humans, several studies report the amount of
tumor infiltrating leukocytes as a prognostic factor in e.g. prostatic adenocarcinoma 47,
breast carcinoma 48, cervix squamous cell carcinoma 49, colorectal carcinoma 50,
esophageal carcinoma 51, 52, ovarian cancer 53, 54, head and neck cancer 55, non‐small cell
lung cancer 56. Although mostly associated with a better prognosis, immune responses
in tumors are often weak and are not able to destroy the tumor. In addition, there is
also debate about the beneficial effects of an inflammatory infiltrate, since some
leukocyte subsets, e.g. macrophages have been described to induce tumor progression
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by induction of angiogenesis. There is growing evidence that tumors can escape from
their immune surveillance 2.
Inflammatory cells in the tumor microenvironment and their prognostic value
The inflammatory microenvironment of tumors is characterised by the presence of host
leukocytes both in the surrounding stroma and in intratumoral areas. The infiltration of
these leukocytes into tumor tissues is controlled by the local microenvironment and
precedes the lytic cascade by which leukocytes attack tumor cells 57. In tumor infiltrates,
many different leukocyte subsets can be found (figure 2).

Figure 2. Several subsets of leukocytes implicated in tumor immunology
Almost all subsets of immune cells CD8+ cytotoxic T cells, CD4+ helper T cells, polymorphonuclear cells
(PMN), Natural killer (NK) cells, can affect tumor development. However, as tumors progress, they
often develop mechanism to escape from tumor immunity. Regulatory T cells (Tregs), tumor associated
macrophages (TAM), B lymphocytes and dendritic cells (DC) are known to suppress the activity of
other subsets and have been associated with tumor growth.

Polymorphonuclear cells (PMN), a class of specialised granulocytes, are the
most abundant effector cells that provide the first‐line defence against infections.
Because they do not show any specificity for antigens, their predominant roles are cell
killing and phagocytosis. PMNs are usually scarce in both human and animal tumors.
However, they are considered to play an important role in immune surveillance
because they release a variety of soluble chemotactic factors that guides the recruitment
of other immune effector cells 58. Their potential anti‐tumor effect is questioned by
clinical studies that have contradictory results on the function of PMNs in tumors. One
study of Caruso et al describes an effector role of PMNs against cancer cells 59, while
others report on the negative prognostic value of PMNs in both melanomas 60, 61 and
lung carcinomas 62.
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Next to PMNs, natural killer (NK) cells also represent a group of innate
effectors. They produce immunostimulatory cytokines and establish cytotoxicity
against particular target cells and without the recognition of MHC antigens. The
produced cytokines are regulating adaptive (T‐ and B‐cell mediated) immune
responses. The apoptotic characteristics of NK cells is established by their ability to
activate the perforin/granzyme pathway and extrinsic apoptotic‐related pathways
involving tumor necrosis factor‐related apoptosis‐inducing ligand (TRAIL) or Fas. In
human cancer, the role of NK cells have been debated for a long time. However,
abnormal cytotoxic function of NK cells in patients with Chediak Higashi syndrome
was associated with the development of malignancies 63. Similarly, mutation in the
perforin gene was a predisposition for Hodgkin’s and non‐Hodgkin’s lymphoma 64 and
polymorphism in Fas ligand was associated with increased incidence of cervical
carcinoma 65. In patients with established cancers, a study on pulmonary
adenocarcinoma rejects the hypothesis that NK cells are mediators in tumor rejection 66.
High levels of NK cell infiltration present in tumor samples from patients with gastric
carcinoma and lung cancer were associated with better survival 67, 68.
T lymphocytes are the most abundant leukocytes present in tumors, which can
constitute up to 60% of the total infiltrate. T cells are able to recognize tumor‐associated
antigens and can finally kill the tumor cells. Since cancer is a disease caused by several
mutations in several types of cells, different subsets of T cells are present for mediating
tumor rejection. The mature T cell population is composed of CD4+ and CD8+ cells
expressing the T cell receptor (TCR). CD8+ cells recognize antigens presented by the
MHC class I molecules, while CD4+ cells are activated through MHC class II molecules
69. The role of CD4+ T cells in tumor rejection is debated. Next to recognition of tumor
antigens and migration to the tumor site, where they can help the CD8+ cells to attack
the tumor, they also may be able to counteract the cytotoxic activity of CD8+ cells. The
subset of CD4+ cells consist out of CD4+ helper cells and CD4+ regulatory cells 69. The
role of CD4+ regulatory T cells will be described in the paragraph of ‘Tumor escape’. In
humans, a high infiltrate of T cells was associated with both a longer survival 53, 70‐72 and
a short survival 61, 73, 74.
Dendritic cells (DCs) are considered as the most potent antigen‐presenting
cells to initiate an immune response to pathogens. After uptake of antigens of
peripheral blood or tissues, DCs migrate to the lymph nodes or secondary lymphoid
tissue where they present the captured antigens to the cellular arm of the immune
system. Subsequently, they play a crucial role in the activation, stimulation and
recruitment of T lymphocytes. DCs are not often found in tumor infiltrates 70, 75, 76 and if
present, they are mostly immature and unable to mount an effective immune response
77. Also there is controversy on the prognostic value of the amount of mature DCs
present in tumors. Some papers report on the beneficial effect of DCs on survival 78, 79
while Sandel et al shows that patients with a high number of dentritic cells have a
shorter survival 80. However, since DCs are the most professional antigen‐presenting
cells of the immune system, they have been exploited in treatment of cancer.
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Marcophages are released from the bone marrow as immature monocytes.
When they migrate into tissues, they will differentiate to mature, resident
macrophages. Once they infiltrate into the tumor, they become activated by Th1 cells
and will produce an increased number of lysosomes. In parallel, antigens will be
processed into antigen epitopes which can be recognised by T lymphocytes. Due to the
production of chemoattractants by tumor cells, there is a constant recruitment of
monocytes to the tumor 81. Macrophages are known to infiltrate abundantly in tumor
tissues and may represent up to 80% of the total mass of the tumor 70, 82, 83. Some papers
showed a favourable prognostic value of tumor associated macrophages (TAM) 84, 85,
however, most papers linked the amount of TAMs to a reduced patient survival 86‐91. It
is clear that TAMs have contradictory effect on tumor growth. TAMs are capable of
killing tumor cells and can produce angiostatic compounds. On the other hand, they
can also produce pro‐angiogenic compounds (like VEGF, bFGF, interleukin‐8, tumor
necrosis factor‐α and several matrix metallo proteinase) and stimulate tumor
progression. In addtion, TAMs respond to hypoxia by up‐regulating the hypoxia‐
inducible factors HIF‐1 and HIF‐2 and subsequently VEGF 81, 92, and high numbers of
TAMs have been associated with the early establishment of metastasis 82, 93.
B lymphocytes are the third class of antigen presenting cells, next to the
macrophages and dendritic cells. They are the immune cells that express and produce
antibodies. B cells are activated and start to proliferate, resulting in expansion of the
clones of antigen‐specific cells and differentiate and undergo maturation, resulting in
the generation of effector cells that actively secrete antibodies that act to eliminate the
antigen. Cancer patients are known to have a high number of antibodies against tumor
antigens 94. There is only little data on the prognostic value of B cells in tumor
progression. A higher amount of B cells in the peripheral blood was associated with a
good prognosis in melanoma patients 95. The amount of B cells that infiltrate in tumor,
however, is very low 61, 96.
In conclusion, the prognostic value of different subsets of infiltrating
leukocytes is still controversial. Together with the limited success of clinical trials, there
is a growing believe that many anti‐tumor immune responses act as a double‐edged
sword and under different conditions they could either become ineffective or even pro‐
tumorigenic.
Tumor escape
There is a large amount of evidence that tumors can escape from immunity. In some
papers, it seems that the immune system itself is incapable of interfering with tumor
progression. Others report on the fact that the immune system can prevent tumor
growth initially but is becoming ineffective later on.
There is evidence of secretion of immunosuppressive cytokines. The two most
studied cytokines are interleukin‐10 and transforming growth factor‐β (TGF‐β).
Interleukin‐10 has been shown to interfere with several immune functions like T cell
proliferation, Th1 cytokine production, antigen presentation and activated NK
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cytotoxicity 97. In early stage tumors TGF‐β inhibits tumor development while in later
stage TGF‐β is involved in tumor promotion. Its immunosuppressive role is in the
inhibition of proliferation of T lymphocytes, NK Tcells, NK cells, neutrophils,
macrophages and B‐cells 98.
Tumor cells seem to prevent the recognition and lysis by cytotoxic T cells due
to the downregulation or even loss of MHC class I molecules 99. A key player of this
effect is β2‐microglobulin 100. Moreover, there is evidence that both DC and tumor cells
failed to express important co‐stimulatory molecules, like CD80 and CD86 on DCs 101 or
ICAM‐1 and CD40 on tumor cells 102, 103. This causes inefficient priming because the
right “foreign’ signal is missing. Also the alterations in signal‐transducing molecules
can cause immunosuppression. In several cancer types, the loss of the CD3 zeta chain
in TCR was observed and was able to block the activation of T cells 104.
More direct examples of tumor escape concern T cell destruction, T cell anergy
and the induction of suppressor cells. The involvement of fas/fas ligand pathway in
clonal deletion of T cells was observed, however, the exact mechanism still need to be
resolved 105. More recent data suggest that the T cells express FasL causing them to kill
themselves 106. Not only the destruction of T cells but also mechanisms involving
anergy–induction can cause tumor escape. On the surface of melanoma cells naturally
occurring peptide sequences, form endogenous and foreign antigens, can act as agonist
for the MelanA antigen. This causes deficiency in cytotoxic activity of anti‐tumor T cells
107. Dendritic cells have been reported to produce indoleamine2,3‐dioxygenase. This
component can suppresses T cell proliferation and can cause T cell apoptosis and T cell
anergy 108.
There is also a rising interest in the role of immunosuppressive cells in tumor
immunity. Many of the above described mechanisms of tumor escape result in the
development of T regulatory CD4+ CD25+ cells. Recent data showed that only a subset
of regulatory T cells, those that are FoxP3+, are functionally regulatory T cells 109. They
are able to suppress CD8+ and CD4+ T cells without killing them through cell‐cell
contact and they produce of immunosuppressive factors such as IL‐10 and TGF‐β. The
exact contact‐mechanisms T regulatory cells with T cells are still not understood 110. The
number of regulatory T cells was found to be elevated in cancer patients 111. These cells
could account for the failure of some cancer immunotherapies. The manipulation of
regulatory T cells is therefore discussed as a novel strategy in tumor inhibition.
It is likely that, in order to eradicate human tumors, a combination of strategies
is needed, including adoptive transfer of tumor‐specific T cells and tumor‐associated
antigen presenting DCs, interference with the suppressive tumor microenvironment,
the administration of immune‐activating cytokines and the manipulation of regulatory
T cells.
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Vasculogenic mimicry
In 1999, the term “vasculogenic mimicry” was introduced to describe the masquerade
of tumor cells as endothelial cells. This process of tumor cell plasticity manifests mainly
in aggressive tumors in which tumor cells dedifferentiate to an endothelial phenotype
and make tube‐like structures. This mechanism supplies tumor cells with a secondary
circulation system of vasculogenic structures lined by tumor cells, independently of
angiogenesis 4. This form of tumor cell plasticity was first detected in melanomas. In
tissue sections of uveal and cutaneous melanomas and their respective liver metastases
patterned networks of interconnected loops of extracellular matrix were observed. The
presence of these periodic acid‐Shiff’s (PAS) patterns was associated with worse patient
outcome 112. Furthermore, analysis of these PAS positive networks demonstrated a
connection with regular blood vessels. However, endothelial cells could not be
identified, strongly suggesting that these vessel‐like structures are lined by tumor cells.
In in vitro experiments the same patterned networks in collagen and matrigel three‐
dimensional cultures with aggressive melanoma cell lines were observed while poorly
invasive melanoma cell lines did not execute these patterned structures 4. Importantly,
the term vasculogenic mimicry is used to describe three different phenomenons that
are observed in aggressive tumors. Not only PAS patterns of extracellular matrix, but
also the presence of mosaic vessels, partly lined by endothelial cells and partly by
tumor cells and the presence of blood lakes, lakes of red blood cells lined by tumor
cells, are defined as being vasculogenic mimicry (figure 3).
Analysis of gene expression, by means of a microarray, of highly invasive
versus poorly invasive melanoma cells from the same patient demonstrated a genetic
dedifferentiation of aggressive melanoma cells to an embryonic‐like phenotype 113.
Genes such as VE‐cadherin, Ephrin A2 and tissue factor pathway inhibitors, CD34,
tyrosine kinase receptor 1, neuropilin 1, E‐selectin and endoglin (CD105), that are
normally associated with endothelial cells, showed a more than 2‐fold increased
expression in vasculogenic mimicry positive cells. On the other hand, genes that are
related to a melanocytic phenotype, like Melan‐A, microphthalmia‐associated
transcription factor (MTIF) and tyrosinase, were more than 20‐fold downregulated.
Futhermore, it seems that the matrix composition is essential for tube‐formation of
tumor cells since genes such as laminin 5γ2, fibronectin, collagen IV α2, collagen I had
an increased expression.
Several attempts have been made to unravel the exact mechanism underlying
vasculogenic mimicry. Some molecules have been identified to have a functional role,
however, their exact role and signalling cascade still need to be determined. First of all,
PI3 kinase (PI3K) was suggested as a mediator in activating the transmembrane
metalloproteinase MT1MMP 113. MT1MMP in his turn activates matrix
metalloproteinase‐2 that cleaves laminin 5γ2 into pro‐migratory fragments to create a
pro‐migratory environment for tumor cells 114. The downregulation of VE‐cadherin and
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Figure 3. Schematic representation of vasculogenic mimicry
This diagram represents the current interpretation of different forms of vasculogenic mimicry. A. Lakes
with red blood cells lines by tumor cells, blood lakes, have been characterized in human Ewing
sarcomas 126. B. The fluid‐conducting extracellular matrix PAS patterns have first been described in
melanoma in which also erythrocytes were present 4. C. Vessels, partly lined by tumor cells and
endothelial cells, named mosaic vessels were observed in breast carcinoma xenograft 127.

Ephrin A2 in melanoma cells resulted in an abrogation of their ability to form
vasculogenic‐like structures 115. Both molecules are found to co‐localize and EphA2
expression can be regulated by binding of VE‐cadherin on its receptor ephrin‐A1. In
addition, several other molecules, mostly found by means of siRNA techniques or anti‐
body blocking techniques, have been identified to be important vasculogenic structure
formation. Tissue factor pathway inhibitor 2 (TFPI‐2) was found to be involved in the
activation MMP‐2 and in that way in the process of vasculogenic mimicry.
Furthermore, several recent papers reported on different molecules like focal adhesion
kinase, cyclooxygenase‐2, bone morphogenetic protein‐4, insuline–like growth factor
binding protein 3 and Nodal and their role in promoting an aggressive melanoma
phenotype 116‐120.
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As already described above, also the extracellular matrix, as a component of
the microenvironment, is of great importance in the process of vasculogenic mimicry.
Exposure of normal epidermal melanocytes to a matrix conditioned by metastatic
cutaneous melanoma, resulted in reprogrammation of melanocytes to a genotype with
specific genes that were associated with the ability to form vasculogenic‐like networks.
These changes in gene expression were only transient, because the dedifferentiated
pheno‐ and genotype was restored back to a normal melanocyte phenotype after 7 to 21
days 121. Also, a role of oxygen, another microenviromental component, has been
described in melanocyte transformation. Low levels of oxygen or hypoxia, are able to
stimulate melanoma cell invasion, metastasis and transformation 122, 123. In addition,
vasculogenic mimicry tube formation was stimulated in vitro by hypoxic conditions 124.
The role of hypoxia in vasculogenic mimicry has also been observed in vivo in a B16
melanoma ischemic limb mouse model. In these tumors, the amount of vasculogenic
mimicry channels and the gene expression of HIF‐1α, MMP‐2, MMP‐9 and VEGF was
increased 125. Several growth factors, such as basic fibroblast growth factor, vascular
endothelial growth factor, Transforming Growth Factor‐β, platelet derived growth
factor and tumor necrosis factor‐α were also studied in their role in vasculogenic
mimicry. However, they were found not to be able to induce formation of vascular
networks even when added to the poorly invasive melanoma cell lines 4. This indicates
that angiogenesis and vasculogenic mimicry, in contrast to the previous described
tumor vascularization types, are not sharing the same signalling pathways. Moreover,
anti‐angiogenesis targeting strategies do not inhibit the process of vasculogenic
mimicry 126 and could even induce the formation of vasculogenic mimicry vessels as an
escape mechanism of the tumor to keep on growing.
The recent findings on the ‘plastic’ endothelial‐like phenotype of melanoma
and other tumor cells confused the field of cancer biology even more. The idea that
these structures could form a functional secondary vascular network that provides the
tumor of blood, independent from angiogenic growth factors, makes tumor growth
inhibition even more complex.
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Aim and outline of the thesis
Cancer is one of the most important causes of death in western countries. Although
mouse studies showed promising tumor inhibition strategies, most clinical trials have
been showing limited results until now. In this thesis, we focus on several mechanisms
and processes that are associated to tumor escape mechanisms of immunosurveillance
and anti‐angiogenesis strategies. The discovery of the process of vasculogenic mimicry
brought new but confusing insights in the complex field of tumorigenesis. It is obvious
that more knowledge on this process is needed to be able to develop better tumor
targeting strategies.
The mechanism of vasculogenic mimicry was used as a red thread through this
thesis. Several other mechanisms important in tumorigenesis, such as angiogenesis,
tumor immunity, different growth factors and microenviromental conditions, were
investigated in their involvement and/or regulatory function with/in vasculogenic
mimicry.
In chapter 2, we reviewed the different vascularisation types that are present in
solid tumors. With the identification of sprouting angiogenesis and specific angiogenic
factors, it was thought that anti‐angiogenesis strategies could be the cure for cancer.
However, the discovery of the contribution of intussusceptive angiogenesis,
recruitment of endothelial progenitor cells, vessel co‐option, vasculogenic mimicry and
lymphangiogenesis to tumour growth makes anti‐tumour targeting strategies more
complex than initially thought. Analysis of these additional mechanisms, their
molecular players and clinical relevance, urged us to suggest combination of a
multimodal anti‐vascular approach to inhibit tumor growth.
To develop new anti‐angiogenesis therapies and to evaluate the amount of
sprouting angiogenesis, it is very important to be able to quantify angiogenesis in an
accurate way. In chapter 3, we described a new method to analyse sprouting
angiogenesis. We investigated a series of cutaneous melanomas for the presence of
active neovascularisation by quantifying the amount of proliferating endothelial cells
and report that it has prognostic value in contrast to the measurement of only the
amount of vessels.
Since vasculogenic mimicry channels have been suggested to play a role in
tumor circulation, we investigated the relationship between vasculogenic mimicry and
sprouting angiogenesis and its contribution in tumor immunity. Although we were not
able to find a correlation between vasculogenic mimicry and angiogenesis, there was a
clear association between vasculogenic mimicry and the amount of infiltrated
leukocytes (Chapter 4). In this series of melanoma tissues, vasculogenic mimicry and
the amount of T cells and polymorphonuclear cells were identified as a negative
prognostic marker. This urged us to analyse the activating status of lymphocytes. We
observed that tumor progression was associated with a lower amount of activated
lymphocytes.
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Furthermore, vasculogenic mimicry was investigated in a different tumor type,
Ewing sarcoma. In chapter 5, we show that Ewing sarcomas have blood lakes lined by
tumor cells. The presence of these structures could be correlated with a worse
prognosis for the patient. Furthermore, three dimensional in vitro experiments and gene
expression assays confirmed the presence of vasculogenic mimicry.
Evidence suggested that process of vasculogenic mimicry was not stimulated
by angiogenic growth factors, but could be mediated by hypoxia. Microarray analysis,
in vitro experiments in hypoxic conditions and siRNA techniques suggested a role of
hypoxia and HIF1‐alpha in vasculogenic mimicry (chapter 6).
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Abstract
Tumour angiogenesis is a fast growing domain in tumour biology. Many growth
factors and mechanisms have been unravelled. For almost 30 years, the sprouting of
new vessels out of existing ones was considered as an exclusive way of tumour
vascularisation. However, over the last years several additional mechanisms have been
identified. With the discovery of the contribution of intussusceptive angiogenesis,
recruitment of endothelial progenitor cells, vessel co‐option, vasculogenic mimicry and
lymphangiogenesis to tumour growth, anti‐tumour targeting strategies will be more
complex than initially thought. This review highlights these processes and intervention
as an potential application in cancer therapy. It is concluded that future anti‐vascular
therapies might be most beneficial when based on multimodal anti‐angiogenic, anti‐
vasculogenic mimicry and anti‐lymphangiogenic strategies.

Introduction
Tumours can grow to a size of approximately 1‐2 mm3 before their metabolic demands
are restricted due to the diffusion limit of oxygen and nutrients. In order to grow
beyond this size, the tumour switches to an angiogenic phenotype and attracts blood
vessels from the surrounding stroma. This process is regulated by a variety of pro‐ and
anti‐angiogenic factors, and is a prerequisite for further outgrowth of the tumour 1.
Next to sprouting angiogenesis, the process by which new vessels are formed from pre‐
existing vasculature, several other mechanisms of neovascularization have been
identified in tumours, including intussusceptive angiogenesis, the recruitment of
endothelial progenitor cells, vessel co‐option, vasculogenic mimicry and
lymphangiogenesis (figure 1). Due to application for treatment of disease, these
processes gained a lot of interest over the last years. This review summarizes the
different mechanisms of tumour vascularization, the molecular players that are
involved and their relevance in clinical practice.

Sprouting angiogenesis
Sprouting angiogenesis is the growth of new capillary vessels out of pre‐existing ones.
These blood vessels will provide expanding tissues and organs with oxygen and
nutrients, and remove the metabolic waste. Angiogenesis takes place in physiological
situations, such as embryonic development, wound healing and reproduction. It also
plays an important role in many pathologies, like diabetes 2, rheumatoid arthritis 3,
cardiovascular ischemic complications 4, and cancer 5. In cancer, sprouting angiogenesis
is not only important in primary tumours, it is also involved in metastasis formation
and further outgrowth of metastases 6.
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Figure 1. Different mechanisms of tumour vascularisation.
This diagram represents the six different types of vascularisation observed in solid tumours, including
sprouting angiogenesis, intussusceptive angiogenesis, recruitment of endothelial progenitor cells, vessel
co‐option, vasculogenic mimicry, and lymphangiogenesis. The main keyplayers involved in these
processes, if known, are indicated.

The process of sprouting angiogenesis involves several sequential steps.
Tumour angiogenesis starts with the activation of endothelial cells by specific growth
factors that bind to its receptors. As a result, the extracellular matrix and basement
membrane, surrounding the endothelial cells, are degraded locally by activated
proteases. This allows the endothelial cells to invade into the surrounding matrix and,
subsequently, to proliferate and migrate through the matrix. By polarization of the
migrating endothelial cells a lumen is created, and an immature blood vessel is formed
7. The stabilisation of the immature vessels is established by recruitment of mural cells
and generation of extracellular matrix 8. This process of sprouting angiogenesis is
tightly controlled by positive and negative regulators, the balance of which determines
the level of ongoing angiogenesis.
The first angiogenic growth factor, fibroblast growth factor (bFGF), also known
as FGF‐2, was discovered in the early 1980s 9. The FGF family consists of 23 members,
of which FGF‐2 and FGF‐1 (aFGF) are the best known, and four FGF tyrosine kinase
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receptors have been described. bFGF stimulates all major steps in the angiogenesis
cascade and is produced by many cells, among which are macrophages and tumour
cells. Although FGF does not have a signal sequence that allows regular secretion, it is
released in the extracellular matrix after which angiogenesis is initiated. bFGF is a
pleiotropic mitogen for growth and differentiation, known to be involved in
endothelial cell proliferation, extracellular matrix degradation, endothelial cell
migration and modulation of junctional adhesion molecules. Moreover, the intricate
interaction with other growth factors can result in many synergistic activities in
endothelial cell functions 10. In both mouse and human tumours, the role of bFGF in
tumour growth and neovascularization has been demonstrated 11. Neutralizing
antibodies and siRNA techniques have been described to inhibit tumour growth and
neovascularization in mouse models 12, 13.
Vascular endothelial cell growth factor (VEGF) or vascular permeability factor,
is another important player in the stimulation of angiogenesis. VEGF is a general
activator of endothelial cell proliferation and mobility. It is the most potent factor that
induces vasodilatation of the existing vessels and increases permeability of the vessel
wall 14. Moreover, it increases the expression of matrix metalloproteinases and
plasminogen activators for the degradation of the extracellular matrix and
subsequently endothelial cell migration 15. The VEGF family of growth factors consists
of six members (VEGF‐A, VEGF‐B, VEGF‐C, VEGF‐D, VEGF‐E, and placental growth
factor) that interact differentially with three cell surface receptor tyrosine kinases, the
VEGFRs, or a second class of non signalling co‐receptors, the neuropilins. To date, the
VEFG‐A/VEGFR2 interaction appears to play a major role in sprouting angiogenesis 7.
In tumours, higher levels of VEGF are detected and many tumour cell lines were found
to be inhibited in vivo by antibody targeting methods or the use of small‐molecule
inhibitors of VEGF or VEGFR2 14.
Placental growth factor (PLGF), a member of the VEGF family that only binds
VEGFR1, is also a mediator of the angiogenic switch, though its role was
underestimated. However, activated endothelial cells are known to produce large
amount of PLGF and thereby regulating the VEGF‐mediated angiogenic switch.
Moreover, other cell types like smooth muscle cells, inflammatory cells and tumour
cells can also produce PLGF when activated 16, 17. Importantly, PLGF seems to play a
role in vascular development but does not affect the functionality of physiological
vessel formation during development and reproduction 17.
The angiopoietin family, another important growth factor family in
angiogenesis, includes 3 members (in humans), angiopoietin‐1, angiopoietin‐2, and
angiopoietin‐4, that all bind to the endothelial tyrosine kinase receptor Tie‐2. The most
remarkable characteristic of this family is the opposing effect of the different ligands
binding to the same receptor. Angiopoietin‐1 activates the Tie‐2 signalling while
angiopoietin‐2 inhibits this activation. Angiopoietin‐1 is involved in endothelial cell
migration, adhesion and the recruitment of pericytes and smooth muscle cells, while
angiopoietin‐2 is vessel destabilizer 18, 19.
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Besides the above described angiogenic factors, tumour cells can produce other
factors like transforming growth factor‐β, which stabilizes newly formed vessels and
suppresses the immune system 20, platelet‐derived growth factor, which is a
chemoattractant for pericytes 21, epidermal growth factor, which promotes
tumourangiogenesis by upregulating VEGF 22 and interleukin 8 that specifically
enhances endothelial cell migration 23.
Recent studies have shown similarities in the molecular regulation of guidance
of neural and endothelial cells. Specialized endothelial cells, resembling axonal growth
cones, are located at the tips of growing capillaries. These tip cells extend and retract
their filopodia continuously to explore the environment and to define the direction in
which a new vascular sprout grows 24. Both axon growth cones and endothelial tip cells
seem to use a repertoire of molecular ligand/receptor signalling systems including the
family of Ephrins, Semaphorins, Slits, Netrins and Notchs. Most of these molecules
seem to play a role in tumour angiogenesis. The injection of soluble Ephrin receptors
was found to successfully inhibit tumour angiogenesis in an animal model 25. Also
semaphorins are hypothesised to have tumour suppressor characteristics since
overexpression has been shown to inhibit metastasis in melanomas and highly
metastatic melanoma cells showed a downregulation of expression 26. On the other
hand, Sema4D, a pro‐angiogenic factor released by tumour cells, promoted invasion
and metastasis 27. Likewise, the Slit/Robo signalling seems to promote tumour
angiogenesis. Neutralization of Robo1 reduced the microvessel density and the tumour
mass of human malignant melanoma in vivo. Moreover, there is evidence of molecular
crosstalk between cancer cells and endothelial cells 28. Furthermore, the implication of
netrins and their receptors has been studied. The positive signalling pathway of netrins
that normally activates apoptosis, seems to be inactivated in tumours. Binding of
netrin‐1 to its receptors inhibits the tumour suppressor activity of p53 29. There is
increasing evidence that Notch signalling is also involved in tumour angiogenesis,
although it seems to have both oncogenic and tumour suppressive roles 30. It is obvious
that the specific role (stimulatory and inhibitory effects) of these molecules in
angiogenesis needs further research.
Sprouting angiogenesis can also be negatively regulated. Thrombospondin‐1
was among the first naturally occurring angiostatic agent to be discovered 31. Later on,
more endogenous molecules with angiostatic activity were described. Among these
were the 16 kD fragment of prolactin 32, platelet factor‐4 and interferon‐α 33, and
interferon‐γ inducible protein‐10 34. Other members of this class of endogenously
35,
36,
produced
anti‐angiogenic
proteins
are
angiostatin
endostatin
37
38
bactericidal/permeability increasing protein , tumstatin . It is interesting to note that
many of these molecules are proteolytic fragments of endogenous macromolecules.
Although for several of the currently described angiogenesis inhibitors receptors have
been described, detailed mechanisms of action, in most cases, are still obscure 39.
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Next to anti‐angiogenesis approaches with endogenous inhibitors, several
blocking strategies of the above described angiogenic factors have been reported.
Strategies that block the VEGF‐A/VEGFR2 signalling are the most abundant ones in the
clinical field of anti‐angiogenic therapy. A lot of attention is focussed on the approval
of the first anti‐angiogenic agent, Avastin, by the Food and Drug administration 40, 41.
Avastin in combination with chemotherapy demonstrated a survival benefit in patients
with metastatic colorectal cancer of several months 42. Although a beneficial clinical
effect is present, in some patients gastrointestinal perforations, thromboembolic events
and impaired wound healing was observed 42. Moreover, recent warnings about
possible visual and neurological long‐term problems in patients administrated with
Avastin, will probably delay the FDA approval for more applications 43, 44. Besides
Avastin, several other VEGF inhibitors are being clinically implicated. The most
advanced receptor tyrosine kinase inhibitors that target VEGF receptors are SU11428,
BAY 43‐9006 41.
Next to the reported side effects of anti‐angiogenic inhibitors, also induction of
resistance against these agents must be acknowledged. There is emerging evidence that
VEGF‐A may be replaced by other angiogenic pathways and other members of the
VEFG family 45. Other mechanisms that can participate in resistance are the selection of
more hypoxia resistant cells that are less dependent on angiogenesis 46 and the
normalization of tumour vessel that become less responsive to anti‐angiogenic therapy
47. Moreover, the hypothesis that endothelial cells are more genetically stable than
tumour cells (and thus less sensible to develop resistance) is now questioned, especially
after several reports on genetic abnormalities in endothelial cells of tumour vessels 48, 49.
Although a lot of mediators and pathways that are involved in sprouting
angiogenesis have been identified, it is clear that the inhibition of this process is very
complex. Clinical trials in patients with less advanced stages of cancer, and the long‐
term effects of approved compounds will guide us to the use of angiostasis in the
clinical management of cancer. However, already now, it seems very likely that
efficient cancer therapy will be composed of combination of chemotherapy and anti‐
angiogenic strategies that target multiple angiogenic pathways.

Intussusceptive angiogenesis
A variant of angiogenesis, different from sprouting, is intussusceptive angiogenenesis.
This process was first observed in postnatal remodelling of capillaries in the lung 50. In
the third week of rat life and during the first 2 years in humans, the volume of the
lungs increases by more than 20 times. In this developmental process, a new concept of
vessel formation was found where pre‐existing vessels split in two new vessels by the
formation of transvascular tissue pillar into the lumen of the vessel.
Intussusceptive microvascular growth is a fast process that can take place
within hours or even minutes, because it does not need proliferation of endothelial
cells. In this process endothelial cells are remodelled by increasing in volume and
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becoming thinner. Intussusception is believed to take place after vasculogenesis or
angiogenesis to expand the capillary plexus, in a short time and with a little amount of
energy. Transmission electron microscopy revealed four consecutive steps 51. First, the
endothelial cells of opposite walls make a “kissing contact”, by which a transluminal
bridge is formed. Secondly, a reorganisation of the interendothelial junctions and
perforation of the endothelial bilayer is executed. In the third phase, the interstitial
pillar is formed and pericytes and myofibroblasts invade and cover the newly formed
interstitial wall. In this stage, transluminar pillars have a diameter of ≤ 2.5 μm. It is
hypothesised that pericytes, with their contractile characteristics, are the main
stimulator in this phase. During the final phase, the pillars grow in diameter and the
endothelial cells retract and two separated vessels are formed. Pillar formation and
remodelling is not only observed in capillary plexuses but also within smaller arteries
and veins 52.
In 1993, the first in vivo intussusceptive microvascular growth was
demonstrated by video microscopy in a chick chorioallantoic membrane 53. This process
has now been detected in various organs, tissue repair processes and also in tumour
angiogenesis. Tissue pillars were detected in a colon carcinoma xenograft model. At the
growing edge both sprouting and intussusceptive angiogenesis were observed, in the
stabilised regions mostly intussusception was detected 54. Patan et al. also hypothesised
that intravascular blood flow patterns or changes in shear stress are parameters that
regulate pillar formation 54. In mammary tumours of c‐neu transgenic mice, smaller
tumour regions exhibited numerous sprouts, while in larger tumours regions
frequently pilar‐ and mesh formations were observed. Very often, these two forms of
angiogenesis were seen in parallel in the same nodule. There are some indications that
absence of VEGF is important in the induction of intussusceptive angiogenesis in fast
growing tumours 55. Also in human melanomas a high number of intraluminal tissue
folds and a correlation between VEGF and intussusceptive angiogenesis has been
observed 56.
Although the mechanism of intussusception is not fully understood, there are
several key players that could influence pillar formation. Alteration in blood flow
dynamics in arterial branches could stimulate this process, as observed in the chick
chorioallantoic membranes 52. Furthermore, changes in shear stress on the endothelial
cells, and in wall stress on the pericytes, can activate a biochemical cascade which
might result in cytoskeletal rearrangements and adaptations of gap junction complexes
51. The changes in shear stress can be sensed by the endothelial cells and transduced by
molecules such as CD31, resulting in increased expression of angiogenic factors,
adhesion molecules and endothelial nitric oxide synthase 52. Although many cells
appear to play a role in the process of intussusception, such as the endothelial cells,
pericytes, macrophages and blood cells, it is now widely thought that it is mainly
mediated by endothelial cell‐endothelial cell and endothelial cell‐pericyte interactions.
Factors, that are known to be involved in these interactions in sprouting angiogenesis,
such as the angiopoietins and their Tie‐receptors, platelet derived growth factor‐B,
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monocyte chemotactic protein‐1, ephrins and EphB‐receptors, are candidates for the
mediation of intussusceptive angiogenesis 51. Injection of platelet derived growth
factor‐B in a developing chick chorioallantoic membrane stimulated the process of
intussusception 57. Transgenic mice that overexpress VEGF‐A and angiopoietin‐1
developed blood vessels that showed small holes in the capillary plexus, representing
transluminal pillar formation 58.
It can be hypothesized that inhibition of sprouting angiogenesis may stimulate
the process of intussusceptive angiogenesis. Therefore, it could be a means of drug‐
resistance against anti‐angiogenic agents. The fact that intussusception only involves
migration of endothelial cells and vascular remodelling but not cell proliferation,
makes it unlikely that anti‐proliferative agents will be able to prevent intussusception.
In order to develop effective anti‐angiogenesis strategies, novel compounds should
involve anti‐migration characteristics as well.

Endothelial progenitor cells
Until 1997, the growth of new blood vessels in adults was considered to exclusively
occur through the mechanism of sprouting and intussusceptive angiogenesis. This
paradigm of vascular development changed after the discovery of CD34‐enriched
subpopulation of mononuclear blood cells 59. These cells were able to adapt ex vivo to an
adherent cell type with an endothelial phenotype. They were named endothelial
progenitor cells or angioblasts. It is now generally accepted that new vessels can also
grow through the recruitment of endothelial progenitor cells (EPCs) that are circulating
in the blood. EPCs express several endothelial specific markers like CD34, CD31,
VEGFR2, Tie‐2 59 and CD14 60. The first in vivo observations of incorporation of EPCs in
blood vessels were evident from different mouse and rabbit bone marrow
transplantation models. In these models, with heterologous, homologous and
autologous transplantation/incorporation of CD34+, CD133+, VEGFR2+ mononuclear
blood cells, EPCs incorporated exclusively in blood vessels of neovascularised ischemic
limbs 59. Moreover, transplantation of endothelial progenitor cells improved limb
perfusion, increased capillary density and reduced the risk of limb loss 60. In another
setting, Lin et al. showed incorporation of cultured mononuclear cells in blood vessels
after a sex‐mismatched bone marrow transplantation 61.
The mobilization and recruitment of EPCs is promoted by several growth
factors, chemokines and cytokines, which are produced during processes such as
physiological stress (tissue ischemia), physical exercise and tumour growth.
Mobilization of endothelial progenitor cells starts with the activation of matrix
metalloproteinase‐9, which in turn promotes the transformation of membrane bound
Kit ligand to a soluble form. Subsequently, early c‐kit positive progenitor cells will
detach from the bone marrow niche, move to the vascular zone of the bone marrow
and will be released in the circulation 62. Angiogenic factors like PLGF and VEGF,
which bind to the highly expressed VEGFR2 on EPCs, stimulate the release of EPCs

40

Tumor vasularisation|
form the bone marrow 63, 64. Other factors that can elevate the release of EPCs are
stromal cell‐derived factor‐1, which binds to CXCR‐4 on the EPCs, and angiopoetin‐1 65.
A key player in the activation of matrix metalloproteinase‐9 by VEGF and stromal cell‐
derived factor‐1, was found to be endothelial nitric oxide synthase 66. Furthermore,
factors like granulocyte colony‐stimulating factor and granulocyte‐macrophage colony‐
stimulating factor have identified as bone marrow stem cell mobilizing factors 67.
The recruitment and integration of EPCs implicates a complex multistep process,
including chemoattraction, active arrest and homing within angiogenic vasculature,
transmigration to the interstitial space, incorporation into the microvasculature and
differentiation into mature endothelial cells. P‐selectin, E‐selectin and integrins are
considered to be important in the adhesion of EPCs to the vessel wall and in
transendothelial migration 68, 69. A recent paper demonstrated a functional role of high‐
mobility group box 1 (HMGB1) in the homing of EPCs. The HMGB1‐induced migration
of EPCs could be inhibited by antibodies against β1 and β2 integrins 70. The
differentiation of EPCs to mature endothelial cells is mainly mediated by VEGF 59, 71.
After differentiation to a mature endothelial cell, EPCs lose their progenitor properties
and start to express endothelial markers like VE‐cadherin, von Willebrand factor and
endothelial nitric oxide synthase 61.
EPCs also home in at the site of neovascularization in tumours. Asahara et al.
were the first to report the incorporation of β‐galactosidase labelled progenitor cells in
both tumour stroma and the endothelial layer of tumour blood vessels 72. These
findings led to the hypothesis that EPCs not only incorporate into the vascular
endothelium but also can secrete pro‐angiogenic factors in the perivascular sites in the
tumour stroma. Later on, the family of Id (inhibitor of DNA binding) proteins was
shown to play an important role during incorporation of EPCs in tumour endothelium.
Id 1/3 double–mutant mouse embryos had vascular malformations in the brain, leading
to fatal haemorrhage 73. Moreover, adult Id1+/‐/Id3‐/‐ mice could not support metastasis
and growth of 3 different tumour cell lines, while transplantation of bone marrow cells
of wild‐type mice could restore this effect 74. The contribution of EPCs to the actual
vessel growth, however, is variable. In tumours there are reports of EPCs being the
leading process in tumour angiogenesis, while others described a minimal contribution
to tumour vasculature 74‐80. In studies with cancer patients similar mixed results were
found. In breast carcinoma patients, a higher level of EPCs was detected in the
peripheral blood and was suggested as a prognostic marker in tumour patients 81. In
contrast, the number of EPCs in the blood was not found to be increase in a patient
group of 52 gastric cancer and 19 breast cancer patients in comparison to control
patients 82. These contradictory results on the contribution EPCs could be due to
difference in methodology.
Although most clinical applications of EPCs are in the field of ischemic tissue
recovery, inhibition of EPC mobilization from bone marrow has tremendous potential
in cancer treatment. Some studies have demonstrated an impaired role of EPCs in
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angiogenesis after specific interventions. In Id mutant knock out mice with xenograft
tumours impaired tumour growth was observed 73. In a study by Capillo et al.,
endostatin was described as a potent inhibitor of mobilization and clonogenic potential
of EPCs 83. Similarly, simultaneous inhibition of VEGFR2 and VEGFR1 demonstrated
an effective inhibition of mobilization and incorporation of EPCs in tumour vasculature
74. Another clinical application of EPCs is their use as a marker for validation of
effectiveness of anti‐angiogenic therapy. In 8 different mouse strains there was a
striking correlation between bFGF‐ of VEGF‐induced angiogenesis and the level of
EPCs 84. Alternatively, EPCs might be another source of tumour‐homing cells to deliver
toxins to the tumour. CD34+ cells that where transfected with a thymidine kinase gene
showed a co‐localisation with tumour vasculature. As expected, the recruitment of
these transfected EPCs inhibited tumour growth 85. However, the success of the use of
EPCs in cancer treatment depends on the isolation of the proper CD34+, VEGFR2+
haematopoietic cells from the bone marrow or out of circulation. There is still
controversy on the exact characterisation of EPCs and possible contamination of the
EPC population with circulating endothelial cells 86. Moreover, the exact molecular
pathways that are involved in the mobilization and homing of EPCs to tumours, still
have to be elucidated. Improvement of purification of these progenitor cells and study
of their long‐term effect to generate endothelial cells in vivo will clarify this embryonic
field of cancer research. Nonetheless, it is obvious that the impact of EPCs in tumour
vascularization can not be neglected and the development of targeting strategies to
prevent them from incorporating in regions of neovascularization in the tumour is a
new challenge.

Vessel co‐option
As stated above, it is generally accepted that growth of tumours and metastases start as
an avascular mass and must induce the development of new vessels to grow beyond a
few millimeters in size. However, it has been suggested that many tumours can grow
in an avascular stage, mainly in well vascularized tissue like brain and lung 87‐89.
Tumour cells can grow along existing vessels without evoking an angiogenic response.
This process was defined as vessel co‐option.
The first evidence of this process was found during experiments for the search
for the molecular players, like angiopoietins, that are involved in early angiogenic
events 90. After one or two week(s) after implantation of C6 glioma cells in a rat brain,
the small tumours were already well vascularized with vessels that had characteristics
of normal brain vessels. Moreover, no angiogenic response was observed. After 4
weeks, blood vessels had underwent a dramatic regression without any compensatory
angiogenic response. In the center of the tumour, tumour cells were organised around
the few functional vessels and massive tumour cell death was detected. In the tumour
periphery, in contrast, a robust angiogenic response was observed. These data showed
that most malignancies and metastases originate as an avascular mass, co‐opt with host
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vessels and are rescued. It can be hypothesized that the regression of the initial co‐
opted vessels is a host defence mechanism. Unfortunately these remaining tumour cells
are rescued in a later stage, by robust angiogenesis at the outer rim of the tumour.
The finding that vessel regression was associated with the regression of
endothelial cells, due to detachment of pericytes and smooth muscle cells, raised the
hypothesis that angiopoietins could be involved in this process. Holasch et al.
discovered high angiopoietin‐2 expression in co‐opted vessels of 2 weeks old tumours
and in late‐stage tumours with a necrotic core. The expression of VEGF, however, was
rather low in early‐stage tumours and increased later on. The expression of
angiopoietin‐1 did not change throughout tumour development. Angiopoietin‐2 seems
to be the key regulator in the regression of initially co‐opted tumour vessels. While the
expression of angiopoietin‐2 in the absence of VEGF facilitated vessel regression, the
co‐expression of angiopoietin‐2 and VEGF, induced the activity of VEGF and
subsequently vessel sprouting. This operation between the two angiogenic factors is
similarly present in developmental angiogenesis 19. The same expression levels of
angiopoietin‐2 and angiopoietin‐1 were found in human glioblastomas and not in
normal brain vasculature 90. Vessel co‐option has now been observed in different
tumour types like murine Lewis lung carcinoma, murine ovarian cancer, human
melanoma and human Kaposi sarcoma 90‐93. The role of VEGF in vessel co‐option
suggests that anti‐VEGF therapies may be considered not only for blocking
angiogenesis but also to inhibit maturation of vessels in the process of vessel co‐option.
However, the systemic anti‐angiogenesis treatment of a glioblastoma with an anti‐
VEGFR2 antibody was able to reduce tumour angiogenesis but led to an increased co‐
option of host vessels in the brain 94. Thus, more potent VEGF‐inhibitors are needed to
prevent both angiogenesis and vessel co‐option. Maybe targeting of VEGF, together
with angiopoietins, could overcome the growth of tumours along existing vessels.

Vasculogenic mimicry
In 1999, the term “vasculogenic mimicry” was introduced to describe the masquerade
of tumour cells as endothelial cells. This process of cell plasticity occurs mainly in
aggressive tumours in which tumour cells dedifferentiate to an endothelial phenotype
and make tube‐like structures. This mechanism provides tumour cells with a secondary
circulation system of vasculogenic structures lined by tumour cells, independently of
angiogenesis 95. This phenomenon was described for the first time in melanomas.
Tissue sections of uveal and cutaneous melanomas and their respective liver metastases
revealed patterned networks of interconnected loops of extracellular matrix, as
identified by periodic acid‐Shiff’s reagent (PAS) staining. Importantly, the presence of
PAS patterns was associated with worse patient outcome 96. Further research suggested
that these PAS positive networks might be in close connection with regular blood
vessels and can be detected with markers for endothelial cells. Furthermore,
endothelial cells could not be identified, strongly suggesting that these vessel‐like
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structures are lined by tumour cells. The same patterned networks could be obtained in
vitro in collagen and matrigel three‐dimensional cultures with aggressive melanoma
cell lines but not with poorly invasive melanoma cell lines 95.
Microarray analysis comparing highly invasive and poorly invasive melanoma
cells from the same patient indicated a genetic reversion of aggressive melanoma cells
to an undifferentiated embryonic‐like phenotype 97. Endothelium associated genes such
as VE‐cadherin, Ephrin A2 and tissue factor pathway inhibitors, CD34, tyrosine kinase
receptor 1, neuropilin 1, E‐selectin and endoglin (CD105) had a more than 2‐fold
increased expression in vasculogenic mimicry positive cells. Also several matrix related
components had an increased expression such as laminin 5γ2, fibronectin, collagen IV
α2, collagen I. Genes related to a melanocytic phenotype, like Melan‐A,
microphthalmia‐associated transcription factor (MTIF) and tyrosinase, were more than
20‐fold downregulated.
The exact mechanism underlying vasculogenic mimicry still needs to be
unravelled. Several molecules have been identified to have a functional role. For
example, PI3 kinase (PI3K) was proposed as the key player in activating the
transmembrane metalloproteinase MT1MMP 97. This protease activates matrix
metalloproteinase‐2 that cleaves laminin 5γ2 into pro‐migratory fragments used for
tumour cell migration in vasculogenic mimicry 98. There is also a role for VE‐cadherin
and Ephrin A2 since downregulation of these genes in melanoma cells resulted in an
abrogation of their ability to form vasculogenic‐like structures 99. Both molecules are
found to co‐localize and VE‐cadherin can regulate the expression of EphA2 through its
receptor ephrin‐A1. So far, several other molecules, mostly found by means of siRNA
techniques or anti‐body blocking techniques, have been described to play a role in
vasculogenic mimicry. Tissue factor pathway inhibitor 2 (TFPI‐2) was discovered to be
necessary for vasculogenic network formation and is involved in the activation MMP‐2.
Furthermore, several recent papers reported on different molecules like focal adhesion
kinase, cyclooxygenase‐2, bone morphogenetic protein‐4, insuline–like growth factor
binding protein 3 and Nodal and their role in promoting an aggressive melanoma
phenotype 100‐104.
Next to the above described mediators, genetic characterisation of cell
plasticity of tumour cells revealed several molecules that are related to extracellular
matrix like fibronectin, collagen IV α2, collagen I. The importance of the extracellular
matrix, as a component of the microenvironment, in vasculogenic mimicry was
demonstrated by Seftor et al. 105. Normal epidermal melanocytes, exposed for 4 days to
an extracellular matrix conditioned by metastatic cutaneous melanoma, were
reprogrammed to a genotype with specific genes that were associated with the ability
to form vasculogenic‐like networks. Importantly, these changes in gene expression
were only transient, because gene analysis after 7 to 21 days revealed a normal
melanocyte phenotype. Recent findings suggested that another microenviromental
component, oxygen, may be essential in melanocyte transformation. Low levels of
oxygen or hypoxia, are known to promote melanoma cell invasion, metastasis and
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transformation 106, 107. Moreover, hypoxia induces vasculogenic mimicry tube formation
in vitro in a matrigel assay 108, 109. In another paper, a B16 melanoma ischemic limb
mouse model was used to mimic an hypoxic environment. Initially a decreased tumour
growth was observed while later on there was no difference in size with the control
tumours. However, the amount of vasculogenic mimicry channels and the gene
expression of HIF‐1α, MMP‐2, MMP‐9 and VEGF was increased 110. The role of several
known tumour growth factors has also been studied, though with disappointing
results. Several growth factors, such as basic fibroblast growth factor, vascular
endothelial growth factor, transforming Growth Factor‐β, platelet derived growth
factor and tumour necrosis factor‐α were found not to be able to induce formation of
vascular networks when added to the poorly invasive melanoma cell lines 95. This
indicates that angiogenesis and vasculogenic mimicry, in contrast to the previous
described tumour vascularization types, are not sharing the same signalling pathways.
Moreover, anti‐angiogenic targeting strategies do not inhibit the process of
vasculogenic mimicry 109 and could even induce the formation of vasculogenic mimicry
vessels as an escape mechanism of the tumour to keep on growing.
Although the functionality and the contribution of vasculogenic‐like channels
to circulation was criticised at first, several papers evidenced its functional role in
tumour circulation. The contribution of vasculogenic mimicry patterns was first proven
in vitro. Looping patterns, that were formed in vitro by highly aggressive melanoma cell
lines, distributed fluid after microinjection 95. Several groups tried to prove the fluid‐
conducting characteristic of vasculogenic mimicry channels in vivo. Clarijs et al. co‐
localised an intravenous injected tracer with both blood vessels and matrix patterns in a
uveal melanoma xenograft model 111. Shirakawa et al. reported on blood flow in areas of
vasculogenic mimicry in a breast carcinoma model using MRI techniques 112. Another
approach was used by Ruf et al., where Doppler ultrasonography was used to show
blood flow in these vasculogenic‐like channels 113. The first in vivo demonstration of
blood circulation in vasculogenic mimicry tubes in humans was observed with laser
scanning confocal angiography in patients with a choroidal melanoma 114. Up to now,
tumour cell plasticity has been described in uveal 96, cutaneous 115 and oral 116
melanoma, breast carcinoma 112, prostatic carcinoma 117, ovarian carcinoma 118,
hepatocellular carcinoma 119, bladder carcinoma 120, rhabdomyosarcoma and
mesothelial sarcoma 121, osteosarcoma 122, astrocytoma 123, pheochromocytoma 124 and
Ewing sarcoma 109.
The recent findings on the ‘plastic’ endothelial‐like phenotype of melanoma
and other tumour cells confused the field of cancer biology even more. The idea that
these structures could form a functional secondary vascular network that provides the
tumour of blood, independent from angiogenic growth factors, makes tumour growth
inhibition even more complex. A variety of genes has been investigated concerning
their role in tubular network formation of tumour cells. An option for therapy is the use
of monoclonal antibodies to these molecules for drug targeting. However, the
therapeutic functionality and the choice of the best targets still need to be elucidated. It
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is evident now that the microenvironment plays an important role in tumour
progression and therefore is a novel target for therapy. An initial study to target MMPs
was perfomed. The administration of a chemically modified tetracycline, COL‐3, to
aggressive melanoma cells in three‐dimensional culture, inhibited MMP‐2, MMP‐9,
MT1‐MMP and VE‐cadherin expression. Next to that, the cleavage of laminin 5 was
inhibited and decreased vascular network formation was observed 125. However,
caution is warranted since administration of modified tetracyclines have reported
serious side effects 126, 127. In another paper, the addition of anti‐angiogenic compounds
TNP470, anginex and endostatin could not block the formation of networks 128. Until
now, only very limited data on targeting vasculogenic mimicry is available. Clearly,
more investigation, on essential regulatory pathways of plastic tumour cells that do not
overlap normal biological processes, is needed to develop new promising therapeutic
approaches.

Lymphangiogenesis
Lymphatic vessels are also part of the vascular circulatory system. The lymphatic
system is a network of capillaries, collecting vessels and ducts that drain most of the
organs. In contrast to the blood vascular network, the lymphatic network is an open
ended, one way transport system, without a driving force, that drains extravasated
fluid, collects lymphocytes and returns it to circulation 129. Over the last years there is
accumulating evidence for a role of the lymphatic system in tumour progression.
Metastasis of malignant tumours to regional lymph nodes is one of the early signs of
cancer spread in patients. In certain cancer types, such as breast cancer, lymphatic
metastasis is one of the predominant routes of cancer spread 130. From the lymphatic
system, cancer cells can spread to other organs and tissues.
The lymphatic system has not received as much scientific attention as the
blood vascular system, maybe due to a lack of specific markers and to the lack of
knowledge about the molecular regulation of its development and function. The
possibility and optimisation to isolate and culture lymphatic endothelial cells, however,
has led to the identification of several markers that are specific for the lymphatic
vasculature 131. Vascular endothelial growth factor receptor‐3 (VEGFR‐3) was the first
lymphatic marker that was identified 132. Later on specific markers such as lymphatic
vascular endothelial hyaluronan receptor‐1 (LYVE‐1) 133, podoplanin 134 and
transcription factor Prox1 135 were identified.
Similar to blood endothelial cells, lymphatic endothelial cells are quiescent
under physiological conditions. Experimental evidence for a ‘lymphangiogenic switch’
is still lacking. Nonetheless, it seems likely that the formation of new lymphatic vessels
is triggered in a similar way as angiogenesis of blood vessels. Already now, a range of
lymphangiogenic factors/receptors that are produced by tumour cells and
inflammatory cells have been identified.
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After the identification of the lymphatic specific marker VEGFR‐3, both VEGF‐
C and VEGF‐D were cloned as unique ligands for this receptor 136. In the development
of the lymphatic system, the role of VEGF‐D is dispensable 137, whereas VEGF‐C null
mouse embryos completely lack a lymphatic vasculature and die prenatally 138. In vitro,
VEGF‐C stimulated proliferation, migration and survival of lymphatic endothelial cells
139. To demonstrate the VEGF‐C/VEGF‐D/VEGFR‐3 signalling pathway in tumour
lymphangiogenesis, tumour cells expressing VEGF‐C and ‐D were used in a mouse
tumour model. Both the expression of VEGF‐C and ‐D increased intratumoural
lymphangiogenesis and metastasis. In addition, a blocking VEGF‐D antibody could
inhibit this lymphatic spread 140, 141. Furthermore, there are indications that there is a
crosstalk between blood vessel angiogenesis and lymphangiogenesis. Angiogenic
mediators are identified to play a role in lymphangiogenesis but their role is mostly
studied in physiological situations. The VEGF‐A/VEGFR‐2 signalling pathway
stimulates lymphangiogenesis. However, the new lymphatic vessels generated by
VEGF‐A are functionally and structurally abnormal 142. The group of Chang et al.
demonstrated that bFGF could induce both blood vessel angiogenesis and
lymphangiogenesis and even lymphangiogenesis alone depending on the dose of bFGF
that was administrated on mouse cornea 143. In the same mouse cornea model, PDGF‐
BB was found to be the most potent of the PDGF family in stimulating
lymphangiogenesis 144. Above that, PDGFs are often found to be highly expressed in
tumours that have increased incidence of lymphatic metastasis 145. The first evidence of
a role of angiopoietin‐2 in lymphangiogenesis was suggested by the angiopoietin‐2‐null
mice that displayed disorganized and hypoplastic lymphatic capillaries 146. Importantly,
the lymphatic but not the blood vessel phenotype could be rescued by genetic transfer
of angiopoietin‐1. In addition, Morisada et al. was able to demonstrate the stimulation
of both in vitro growth of lymphatic endothelial cells and lymphangiogenesis in the
mouse cornea by angiopoietin‐1 147. Similarly to angiopoietin‐2‐null mice, NRP‐2
mutants showed absence or severe reduction of small lymphatic vessels and capillaries
148. Also an in vitro and in vivo stimulatory role of hepatocyte growth factor 149 and
insulin‐like growth factor‐1 and –2 150 on the lymphatic vessel formation was observed.
Now that specific markers are available and some insight into the biology of
lymphangiogenesis is available, it becomes evident that lymphangiogenesis is an
important parameter in the process of tumour growth 151. Nevertheless, there is still an
ongoing debate on the role of lymphangiogenesis in tumour progression. It was
previously thought that lymphatic metastasis occurred by pre‐existing lymphatic
vessels that are present at the outer rim of the tumour. However, other papers report
on the presence of peritumoural and/or intratumoural lymphatics, not only in mouse
studies but also in human tumours. Nevertheless, intratumoural lymphatics are rare
and their functionality and role in tumour metastasis is still discussed 152, 153. There are
also reports that lymph angiogenesis parameters such as lymph vessel density, lymph
angiogenic growth factors 154, or the presence of tumour cells within lymph vessels or
lymph nodes are valuable prognostic markers 155‐159.
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The high incidence of metastatic lymphatic spread and the knowledge of
several lymphangiogenic markers urged researchers to investigate the inhibition of
lymphangiogenesis as a strategy of tumour treatment. Stacker et al. reported the
reduction of lymphatic spread by blocking VEGF‐D with a monoclonal antibody 141.
The application of a VEGFR‐3 fusion protein (called VEGF‐C/D trap) was able to inhibit
the growth of tumour‐associated lymphatic vessels and inhibited tumour metastasis 160.
On the other hand, administration of VEGF‐C seem to have therapeutic potential for
patients with lymphedema since lymphatic function ameliorated significantly 161.
However, the regulation of lymphatic vessel growth is more difficult because it is not
only promoted by the VEGF‐C, VEGF‐D/VEGFR‐3 system. Several other growth factors
and molecules that are specific for lymphangiogenesis, of which the exact function has
not been resolved yet, could play an important role. An efficient anti‐lymphangiogenic
therapy should target different lymphatic growth factors. Furthermore, additional
information is needed on specific tumour lymphatic markers. A recent paper of Zhang
et al. presented some promising results. In search for a lymphatic tissue specific
signature, it was demonstrated that tumour development is associated with organ‐ and
stage‐specific changes in lymphatics 162. Although clinical implementation will take
years, cancer patients will benefit from anti‐metastatic therapy that can decrease
metastatic lymphatic spread.

Conclusion
Tumours depend on a the growth of a vascular network, which is stimulated by a
variety of angiogenic mediators, providing them with blood and oxygen. Inhibition of
sprouting angiogenesis has gained a lot of progression. Several clinical trials, in which
specific growth factors or receptors are being blocked, are currently being performed.
Strategies that block the VEGF‐A/VEGFR2 signalling are the most abundant ones in the
field of anti‐angiogenic therapy. After successful clinical trials, Avastin is now entering
into the clinic. Because side effects are observed, the emphasis of such growth factor
inhibition mediated treatment may shift towards other growth factors, e.g. PLGF 17, or
to simultaneous targeting of multiple pathways.
Clinical success of anti‐angiogenesis therapy is present but still limited. Since
anti‐angiogenic therapy alone seems not to be sufficient to improve patient survival,
clinical studies are all in combination with conventional strategies, such as chemo‐ and
radiotherapy. The successful combination of chemotherapy and anti‐angiogenesis
therapy may benefit from the normalization of the tumour vasculature by anti‐
angiogenic therapy and subsequently a better administration of chemotherapy 163.
It is clear now that tumour vasculature is not necessarily dependent of
endothelial cell proliferation and sprouting of new capillaries. Several additional
mechanisms can provide the tumour of oxygen and nutrients. The molecular players
involved and their specific role in tumour development still need to be elucidated. The
current knowledge that anti‐angiogenesis therapy work best in combination with

48

Tumor vasularisation|
chemotherapy, should probably in the near future be extended to other types of
vascularization as well. There is still a long way to go before we fully understand the
different mechanisms of tumor vascularization. But we anticipate that combination of a
multimodal
anti‐vascular
approach,
representing
anti‐angiogenesis,
anti‐
lymphangiogenesis and vasculogenic mimicry targeting, together with chemotherapy
may become the best possible strategy in the fight against cancer.
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Abstract
The induction of angiogenesis is crucial in the development of most human tumors.
Angiogenesis is routinely assessed by the density of tumor microvessels. This
technique reveals controversial results on the clinical and prognostic value of
angiogenesis in melanoma. We investigated angiogenesis in tumor tissues of 58
cutaneous melanoma patients, of which a clinical follow‐up of over ten years was
available, through assessment of microvessel density and by enumeration of the
number of proliferating endothelial cells. To that end, vessels were
immunohistochemically detected by CD31/CD34 staining, and proliferating endothelial
cells were enumerated in a double staining with the proliferation marker Ki67. We
found that microvessel density did not correlate with tumor stage or survival, neither
in intratumoral nor in peritumoral areas. In contrast, proliferating endothelial cells
were only observed in intratumoral areas and were correlated positively to tumor stage
and the presence of distant metastases. In addition, a strong positive correlation was
found with the number of proliferating tumor cells. Finally, high numbers of growing
endothelial cells predicted short survival. Our results show that angiogenesis could
best be measured by enumeration of proliferating endothelial cells and that this
parameter has prognostic value in patients with cutaneous melanoma.

Introduction
The incidence of malignant melanoma is increasing faster than that of any other cancer,
and this has been a consistent trend since 1950 1. Despite the decrease in mortality due
to increased screening 2, cutaneous malignant melanoma remains the most fatal of all
skin cancers 3 and the most common cancer in women aged between 20 and 29 4.
Several markers have been proposed to have prognostic value in melanoma. Among
them are clinical and pathological parameters such as tumor thickness, ulceration,
anatomic site, age, gender, Clark level (level of invasion), mitotic rate, histological
regression, and vascular invasion 5. The Breslow thickness, or depth of tumor invasion,
has become the gold standard to predict the risk of metastatic disease in patients with
cutaneous melanoma. However, the use of one single histological indicator is not
sufficiently predictive, as was demonstrated in an earlier study 6.
A large number of studies attempted to relate angiogenesis to prognosis,
mainly by quantification of the amount of blood vessels 7. Microvessel density in
tumors can be assessed by several techniques. Popular techniques are assessment of
vessel density in the most dense area (hotspot) 8, as a mean throughout the tumor 9 e.g.
through Chalkley point counting 10, or machine‐based image analysis systems (CIAS) 11,
12. Although these methods seem reproducible between different observers, several
studies, using the same technique of quantification, reported controversial findings 9, 13.
An alternative approach to quantify ongoing angiogenesis is the enumeration of
proliferating endothelial cells (EC) as suggested by Vermeulen et al. 14. In the present
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study, we investigated a series of cutaneous melanomas for the presence of active
neovascularisation and report the prognostic significance of angiogenesis, quantified
by the amount of proliferating EC.

Material and methods
Patients
Tumor tissues of 58 patients (69% females, 31% males), diagnosed with cutaneous
melanoma between 1985 and 1995, were retrieved from the archival tissue bank of the
Department of Pathology, Maastricht. The diagnosis of melanoma was reconfirmed by
two pathologists (A.V, D.C.). 58.6% (34/58) of the patients were diagnosed with
superficial spreading melanoma, an invasive melanoma with a horizontal and a vertical
growth component. 41.3% (24/58) were diagnosed with a nodular type of melanoma,
typically characterised for its invasive growth, with little (<3 epidermal rete ridges) or
no adjacent intra‐epidermal growth component 15. Ulceration was observed in 20.6%
(12/58) of the patients. In this group 37.9 % (22/58) of the tumor tissues were surgically
resected of extremities, 29.3% (17/58) of the trunk and 10.3% (6/58) of the head and
neck. For 22.4% of patients (13/58) the location of the primary tumor was unknown.
Lymph node metastasis was observed in 20.7% (12/58) and distant metastasis in 34.5%
(20/58) of the patients, 31% (18/58) of the patients died from melanoma. The mean age
at diagnosis was 52.69 years (range 22‐88 years) and the mean overall survival of the
total patient group was 7.7 years (range 5 months‐10 years). Patient population was
categorized in 4 groups based on Breslow thickness, according to the guidelines of the
Dutch Society of Melanomas: ≤0.75 mm (24.1%, 14/58), group 1; 0.76‐1.5 mm (39.7%,
23/58), group 2; 1.51‐3 mm (20.7%, 12/58), group 3 and >3 mm (15.5%, 9/58), group 4.
Immunohistochemistry
Paraffin sections (6 μm thickness) were deparaffinized in ethanol, incubated in 0.3%
H2O2 in methanol for 20’ to quench endogenous peroxidase activity, after which
antigen retrieval was carried out by heating the sections in a Tris‐EDTA buffer (10mM
Tris‐ 1mM EDTA, pH 8) for 15’ in a microwave. Subsequently, the slides were
incubated for 30’ in 5% BSA in PBS for blocking of non‐specific antibody binding.
Sections were incubated for 1 hour with a rabbit‐polyclonal Ki67 (Neomarker, 1/50),
followed by a polyclonal biotin‐labelled swine anti‐rabbit IgG (Dako; 1/200) for 30’ and
avidin‐biotin complex HRP (DAKO; 1/500) for 30’. Diaminobenzidine (DAB, Sigma)
with 0.03% NiCl2 was used as a black chromogen to be able to distinguish the black
stained proliferating nuclei from the brown melanin. The second staining was
performed with a mixture of CD31 (DAKO; 1/50) and CD34 (Monosan; 1/200). This was
followed by a biotin‐labelled goat anti‐mouse IgG (DAKO; 1/200) for 30’ and another
30’ incubation with an avidin‐biotin complex AP (DAKO; 1/200), the slides were
developed with alkaline phosphatase substrate kit III (Vector Laboraties) and were
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treated with imsolmount (Klinipath) to prevent alkaline phosphatase bleaching.
Finally, slides were mounted with entellan (Merck).
Analysis
Microvessel density was determined by 2 independent observers (F.H., A.V.) in four
randomly selected fields (200x). This was performed in intratumoral and peritumoral
areas, and presented as the amount of blood vessels/mm2. A second parameter for
angiogenesis was evaluated through detection of active neovascularization. Therefore,
the amount of proliferating EC was observed in the same intratumoral high power
fields (200x) as was determined the MVD and is shown as the number of proliferating
EC/vessel.
Statistical analysis
Statistical calculations were performed with SPSS software. Student T‐test, Mann‐
Witney, Pearson, Spearman, Kruskal‐Wallis and Log Rank tests were used. The
statistical significance level was set at p<0.05.

Results
The number of proliferating endothelial cells, but not microvessel density, is correlated
to tumor stage
Melanoma tissues of 58 patients were staged by Breslow thickness (group 1, ≤0.75 mm;
group 2, 0.76‐1.5 mm; group 3, 1.51‐3 mm and group 4, >3 mm), which revealed a
strong correlation to survival (p<0.0001, Figure 1A). To investigate the prognostic value
of angiogenesis parameters, microvessel density (MVD) and proliferating endothelial
cells (EC) were assessed in these tissues. Intratumoral microvasculature was mostly
characterised by smaller vessels in the centre and larger vessels in the outer rim of the
tumor. In very thin and small melanomas, only small microvessels were present. In
peritumoral areas both large and small vessels were observed.
The density of microvessels in peritumoral areas was not significantly
correlated with tumor stage or survival (data not shown). Intratumoral MVD was on
average 30% lower as compared to peritumoral areas, and did also not correlate to
tumor stage (Figure 1B). There were also no correlations found between MVD and
distant metastases, ulceration and localization of the primary tumor.
As it has been suggested that the number of proliferating EC would reflect
ongoing angiogenesis better than MVD 14, double stainings were performed for
CD31/CD34 and the proliferation marker Ki67. For reference, two images of equally
vascularized tumor tissues but largely differing in number of proliferating EC are
shown (Figure 1C and D). Interestingly, while proliferating EC were only observed in
intratumoral areas, a significant correlation to tumor stage was observed. Tumors with
a Breslow thickness of more than 3 mm, had a significantly higher amount of
proliferating EC as compared with the other 3 groups (group 1 vs. group 4, p<0.02;
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Figure 1. Angiogenic parameters in cutaneous melanomas.
A. Survival of melanoma patients stratified by Breslow staging (group 1, ≤0.75 mm; group 2, 0.76‐1.5
mm; group 3, 1.51‐3 mm; group 4, >3 mm), indicating the statistical significance (Log Rank testing,
p<0.0001) of Breslow thickness. B. Microvessel density in cutaneous melanoma does not correlate with
Breslow thickness. C‐D. Examples of a double immunostaining for blood vessels (CD31/CD34, blue)
and proliferating cells (Ki67, black) of a tissue with a high (C) and low (D) amount of proliferating
endothelial cells but similar MVD (scalebars 40 μm). Proliferating endothelial cells are indicated by
arrow heads. E, Amount of proliferating endothelial cells is correlated to Breslow staging (p<0.05).

group 2 vs. group 4, p<0.01; group 3 vs. group 4, p<0.05, Figure 1E). Next to its
relationship with Breslow staging, the number of proliferating EC also positively
correlated with the presence of distant metastases (p<0.05). No correlations were found
with ulceration, and localization of the primary tumor. The number of proliferating EC
also did not correlate to MVD. Interestingly, we also found a correlation with the
histological subtype. Nodular melanomas, as opposed to superficial, radially growing
melanomas, were observed to have higher numbers of proliferating EC.
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The number of proliferating endothelial cells is correlated to tumor cell proliferation
Immunohistochemical staining with Ki67 also revealed information on the proliferation
status of the tumor cells. Tumor cell proliferation correlated positively, as expected,
with Breslow stage (p<0.02) and negatively with survival (p<0.03). It was also
significantly and positively correlated with the amount of proliferating EC (p<0.005),
suggesting that a higher tumor cell proliferation is associated with a more pronounced
angiogenic phenotype.
The number of proliferating endothelial cells predicts survival
Because more progressive melanomas (Breslow staging, group 4) were characterised
with a significantly higher amount of proliferating EC, we next investigated the
relationship to patient survival dividing our patients in two groups according to the
median value of MVD and proliferating EC. Kaplan‐Meier analysis revealed that both
proliferating EC and proliferating tumor cells are negatively and significantly
correlated to 5‐ and 10‐year survival (p<0.003 and p<0.009 for EC, p<0.02 and p<0.02 for
tumor cells, respectively), while MVD is not (p>0.3, Figure 3A and B).

Figure 2. Overall survival of melanoma patients stratified according to microvessel density and
endothelial cell proliferation.
Patients were separated in two groups based on the median values for microvessel density and
proliferating endothelial cells, respectively. The amount of proliferating endothelial cells was a
prognostic parameter (p<0.009) while microvessel density was not.
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Discussion
Tumor growth, progression and metastasis is associated with an angiogenic phenotype
in various tumor types 7. Several studies have demonstrated that angiogenesis is an
important ongoing process in cutaneous melanoma 16‐18. The clinical and prognostic
value of melanoma vascularization, however, has remained controversial. Various
histological and immunohistochemical studies reported a positive correlation between
tumor microvessel density and survival of melanoma patients or tumor progression 19‐32
while others showed an inverse correlation or no prognostic significance at all 33‐39.
In this study, we determined microvessel density by staining the tumor
vasculature with a mixture of CD31 and CD34 antibodies. MVD was determined to be
variable between the different groups of Breslow staging and lower in group 2 and 3.
This trend could be explained by co‐option of vessels by tumor cells, where the tumor
uses the existing host vessels without evoking an angiogenic response 40. Most of the
microvasculature in the skin is present in the papillary dermis 1‐2 mm below the
epidermal surface 41. When a melanocyte starts to proliferate continuously and obtains
carcinogenic characteristics, the tumor will grow through the epidermal base and will
be able to use the existing plexus of the dermis. Melanomas with a Breslow thickness
larger then 1 to 2 mm, could be capable to incorporate or co‐opt host vessels situated in
the dermis 42. However, only continued growth of the tumor leads to hypoxia and leads
to an angiogenic response 40.
In an earlier study, it was suggested that MVD reflects the intercapillary
distance or metabolic need of the tumor cells, and not the angiogenic activity of the
tumor 43. To gain a better insight in ongoing angiogenesis in melanomas, we performed
a double staining with CD31/CD34, staining all vessels, and Ki67, a nuclear
proliferation marker, to determine the number of proliferating endothelial cells. A
significantly higher EC proliferation per vessel was observed in the most progressive
group (Breslow thickness >3mm), moreover, the amount of EC proliferation was
strongly correlated with Breslow thickness and the number of proliferating tumor cells.
The strong significant prognostic value of EC proliferation was confirmed by Kaplan‐
Meier analyses and showed an unfavourable outcome for patient with a high amount
of proliferating EC per vessel. It should be realized that melanoma of more than 3 mm
in depth is nowadays a rare disease with a high propensity to give metastasis.
Consequently, it may be argued whether a relationship with proliferating EC would
support prognosis. For these tumors clinical benefit of proliferating EC as a parameter
might be limited, still these findings are of scientific interest.
In most survival studies application of adjuvant therapy, after surgical
resection of a melanoma, was never taken into account. In our patient group, 9 patients
(15.5%) had been treated with different types of chemotherapy after diagnosis of
metastasis. Only in 1 patient (with a Breslow thickness ≤0.75 mm) adjuvant therapy
resulted in an overall survival of 120 months. Except for high‐dose interferon, as an
adjuvant therapy in melanoma patients with only lymph node metastasis, no
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therapeutic options are available for metastasized melanomas 4. We included these
patients in our first survival analysis because they would have died earlier without
therapy and the prognostic value of our parameter would have been more significant.
Because of the biased survival of patients with metastases, even though with small
effects, we performed Kaplan Meier without these 9 patients. The amount of EC
proliferation per vessel was still a strong prognostic factor for prediction of both 5‐ and
10‐year survival (p<0.02).
In summary, our study demonstrates, for the first time, that ongoing
angiogenesis in cutaneous melanoma can be assessed by the amount of proliferating
cells and, moreover, that this parameter is of prognostic value and can aid in therapy
monitoring purposes.
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Abstract
Various clinical and experimental observations detected an immunological host
defence in cutaneous melanoma. In order to investigate the prognostic value of
leukocyte effector mechanisms, we examined the presence of different subsets of
leukocytes in tumor samples of 58 patients diagnosed with primary cutaneous
melanoma. The presence of T lymphocytes, cytotoxic T lymphocytes, B lymphocytes,
CD16+ cells and macrophages was correlated to Breslow depth. A significantly higher
amount of several subsets of leukocytes was found in samples with a more progressed
tumor stage and survival analysis demonstrated that a higher amount of T
lymphocytes and CD16+ cells was associated with a short survival. The amount of
FOXP3+ regulatory T lymphocytes did not correlate with survival, nevertheless, it
correlated with the amount of total infiltrate. In contrast, analysis of the expression of
CD69, a marker for activated lymphocytes, demonstrated that patients with a higher
amount of CD69+ lymphocytes had a better survival. In addition, a new parameter for
aggressiveness of melanoma, tumor cell plasticity (i.e. the presence of periodic acid
Schiff’s (PAS) reagent positive loops), also predicted short survival and a trend of a
higher amount of tumor infiltrating leukocytes in tumors with PAS positive loops was
observed. These findings demonstrate that leukocyte infiltration and the presence of
PAS loops is a sign of tumor aggressiveness and may have prognostic value.

Introduction
Due to dedifferentiation and uncontrolled proliferation, cancerous cells express
antigens that can be recognised by the immune system. Leukocytes are activated,
expand clonally and migrate to the tumor 1. The infiltration of these leukocytes into
tumor tissues is controlled by the local microenvironment and precedes the lytic
cascade in which leukocytes attack tumor cells 2. Several studies report the amount of
tumor infiltrating leukocytes as a prognostic factor in e.g. prostatic adenocarcinoma 3,
breast carcinoma 4, cervix squamous cell carcinoma 5, colorectal carcinoma 6, esophageal
carcinoma 7, 8, ovarian cancer 9, 10, head and neck cancer 11, non‐small cell lung cancer 12.
However, most studies were only investigating the role of T lymphocytes in relation to
survival. There is a complex relationship between tumor infiltrating leukocytes and the
patient outcome due to heterogeneity of infiltration in different patients and different
regions of the tumor, the variety of subtypes of leukocytes that are present in the tumor
and the differences in localisation of the leukocytes within the tumor and the
surrounding tissue 2.
Even though the presence of a heavy leukocyte infiltrate is a frequent
characteristic in melanoma, this fails to control tumor growth 13. The prognostic value
of tumor infiltrating leukocytes in human melanoma has been contradictory. Clark et al.
proposed a definition of tumor infiltrating leukocytes categorizing them by intensity in
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brisk, non‐brisk and absent. They saw a favourable outcome in patients with a brisk
intensity of tumor infiltrating leukocytes 14. These findings were confirmed by
Clemente et al.15. However, in the large patient studies of Thorn and Barnhill, a more
favourable outcome in patients with a higher intensity of leukocyte infiltration was not
observed 16, 17. The Clark‐method appears to be subject to a large interobserver
variability and does not distinguish between the several subsets of tumor infiltrating
leukocytes. Furthermore, discrimination between intratumoral and peritumoral
infiltration may be necessary, as it is a prerequisite of an attacking lymphocyte to
infiltrate inside the tumor tissue 2.
In the current study, we investigated a variety of subsets of leukocytes in
intratumoral and peritumoral areas, and their prognostic value in patients diagnosed
with primary cutaneous melanoma. In addition, we analysed the activation status of
the lymphocytes and the presence of immunosuppressive lymphocytes or T regulatory
cells. Furthermore, we were interested in the relationship between leukocyte
infiltration and angiogenesis. Since tumor cell plasticity is contributing to the
circulatory system of tumors 18, we also investigated this parameter in relationship to
leukocyte infiltration.

Material and methods
Patients
We collected tumor tissues of 58 patients (69% (40/58) females, 31% (18/58) males),
diagnosed with primary cutaneous melanoma between 1985 and 1995, from the
archival tissue bank of the Department of Pathology, Maastricht. A clinical follow‐up of
ten years was obtained. The diagnosis of melanoma was reconfirmed by a pathologist
(D.C., V.W.). Of these patients, 64% (37/58) were diagnosed with superficial spreading
melanoma. The other 36% (21/58) of the patients were diagnosed with a nodular type of
melanoma. Radial growth phase was observed in 10% (6/58) of the patients, tumor with
both radial and vertical growth phase were observed in 54% (31/58) of the patients and
36% (21/58) of the tumor samples presented only vertical growth phase. Mean age at
diagnosis was 52.69 years (range 22‐88 years). The presence of ulceration was found in
20.6% (12/58) of the patients. In this group of primary tumors, 37.9% (22/58) of the
tumor tissues were located on extremities, 29.3% (17/58) on the trunk and 10.3% (6/58)
on the head and neck. For 22.4% of the patients (13/58) there was no data in the archive
on the location of the primary tumor . Lymph node metastasis was detected in 20.7%
(12/58) and distant metastasis in 34.5% (20/58) of the patients, 31% (18/58) of the
patients died from melanoma. Mean overall survival of the total patient group was 7.7
years (range 5 months‐10 years). Regression was observed in 31% (18/58) of the
patients. Patient population was categorized in 4 groups based on Breslow thickness,
according to the guidelines of the Dutch Society of Melanomas: ≤0.75 mm (24.1%,
14/58), group 1; 0.76‐1.5 mm (39.7%, 23/58), group 2; 1.51‐3 mm (20.7%, 12/58), group 3
and >3 mm (15.5%, 9/58), group 4. This revealed a strong correlation to survival (log
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rank, p<0.0001). The presence of distant metastasis, positive lymph nodes, ulceration
and the histological subtype (being superficial spreading melanoma versus nodular
melanoma) demonstrated a significant negative correlation (p< 0.003) with survival, as
we have previously described 19. To compare our observations with previous reports on
infiltration, tumor samples were classified according to the classification of Clark et al.
14. 41.4% (24/58) of the tumor samples were classified as brisk, 37.9% (22/58) were
analysed as non‐brisk and 20,7% (12/58) were observed with an absent infiltrate,
according to this classification.
Immunohistochemistry
Paraffin sections (6 μm thickness) were deparaffinized in xylene and ethanol, incubated
in 0.3% H2O2 in methanol to quench endogenous peroxidase activity for 20’, after which
antigen retrieval was carried out by heating the sections in a Tris‐EDTA buffer (10mM
Tris‐ 1mM EDTA, pH 8) for 15 minutes in a microwave oven for most of the antibodies
except for the CD45 and CD20 antibodies. The staining with the CD68 antibody
required an incubation of 30’ with 0.1% pepsin in 1 N HCl . The antigen retrieval step
for the FOXP3 antibody was performed with a citric buffer (10 mM citric acid, pH 6)
while the slides for the CD69 antibody were heated with an EDTA buffer ( 1mM EDTA,
pH 8). Subsequently, the slides were incubated in a 5% BSA/PBS solution for 30’.
Sections were incubated for 1 hour with the primary antibody for CD45, CD3
(Dakocytomation, Glostrup, Denmark), CD8 (Novacastra, Newcastle Upon Tyne, UK),
CD68, CD20 (Dakocytomation, Glostrup, Denmark) and CD16 (Neomarkers, Fremont,
CA), FOXP3 (eBioscience, San Diego, USA), CD69 (Novacastra, New Castle Upon Tyne,
UK), followed by a secondary biotin‐labelled rabbit anti‐mouse IgG (Dakocytomation,
Glostrup Denmark) for 30’and avidin‐biotin complex HRP (Dakocytomation) for 30’.
The secondary antibody for FOXP3 was a biotin‐labelled donkey anti‐rat, since the
primary antibody was of rat origin (Jackson Immunoresearch, West Grove, USA).
Diaminobenzidine (DAB) as a brown chromogen (Sigma, St. Loius, MO) but for most
leukocyte infiltration DAB combined with 0.03% NiCl2 as a black chromogen was used
to distinguish leukocytes in pigmented tumors. Because of the high deposition of
melanin within the macrophages, CD68 staining was visualised with a red chromogen
(avidin‐biotin complex with alkaline phosphatase, Dakocytomation; alkaline
phosphatase substrate kit II, Vector Laboraties, Burlingame, CA) and the sections were
afterwards treated with imsolmount (Klinipath, Duiven, the Netherlands) to prevent
alkaline phosphatase bleaching. Finally, the slides were mounted with entellan (Merck,
Darmstadt, Germany).
The same series of slides was stained with periodic acid Schiff’s (PAS). After
deparafinization and rehydration slides were incubated in 1% periodic acid (VWR
Prolab, Fontenay/Bois, France) for 5 min and subsequently, for 5 min, in periodic acid
Schiff’s reagent (Sigma diagnositics, St. Louis, USA), dehydrated and mounted with
entellan.
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As we previously reported, a double staining with Ki67 and CD31/CD34 was
performed on this same series of tumor samples 19. In short, sections were incubated
with a rabbit‐ anti human polyclonal Ki67 (Neomarkers, Fremont, California, USA),
followed by a polyclonal biotin‐labelled swine anti‐rabbit IgG (Dakocytomation,
Glostrup, Denmark). This staining was developed with an avidin‐biotin complex HRP
(Dakocytomation) followed by DAB with 0.03% NiCl2 (black chromogen). A second
staining was performed with a mixture of CD31 (Dakocytomation) and CD34
(Monosan, Uden, the Netherlands). This was followed by a biotin‐labelled goat anti‐
mouse IgG (Dakocytomation) and an avidin‐biotin complex AP (Dakocytomation).
Finally, the slides were developed with alkaline phosphatase substrate kit III (Vector
Laboratories, Burlingame, California, USA), treated with insulmount (Klinipath,
Duiven, the Netherlands) and mounted with entellan (Merck, Darmstadt, Germany).
Analysis
The amount of each subset of tumor infiltrating leukocytes was quantified by 3
independent observers (F.H., C.B., A.W.) in four high power fields at 400 times
magnification. Both intratumoral and peritumoral leukocytes were quantified, each in
four randomly chosen regions that where representative for the whole tumor. The
amount of FOXP3+ cells was quantified in eight high power fields at 400 times
magnification both intratumoral and peritumoral. Since the amount of CD69+ cells was
so low, we screened the whole tumor, both intratumorally and peritumorally, at 400
times magnification. With the CD16 staining we quantified only granulocytes and NK
cells, while macrophages were quantified with a CD68 staining. The numbers are
presented as the amount of tumor infiltrating leukocytes/mm2. Intratumoral leukocytes
where leukocytes that were nested inside the tumor tissue in contact with tumor cells,
while peritumoral leukocytes were located outside the border of the tumor.
The presence of PAS positive loops was scored as present or absent. We scored
each tumor for the presence of parallel cross linked patterns or back to back loops 20.
Regression was evaluated to be present when there was a replacement of tumor tissue
with fibrosis, degenerated melanoma cells, leukocytic proliferation and telangiectasia
formation.
A radial growth phase was evaluated when the tumor had a tendency to grow
horizontally within the epidermal and superficial dermal layers. A vertical growth
phase was defined as a pattern of growth in which tumor cells spread vertically from
the epidermis into the dermis.
As we previously described, we evaluated a parameter for active
neovascularization or angiogenesis 19. Therefore, the amount of proliferating
endothelial cells, being Ki67 positive endothelial cells, was observed in four
intratumoral high power fields (200x) and is shown as the number of proliferating
EC/vessel. Proliferating Ki67 positive tumor cells were quantified in the same fields and
presented as the amount of Ki67 positive tumor cells/mm2.

77

|Chapter 4
Statistical analysis
Statistical analyses were performed with SPSS‐10 software (SPSS Inc., Chicago, USA).
Kolmogorov‐Smirnov was used for normality‐testing of the data. Student’s T‐test,
Mann‐Witney and Kruskal‐Wallis were applied to detect significant differences
between groups. With the Spearman test, the correlation between the different data
groups was examined. The equality of the survival distributions was analysed using
the Log Rank test. Results were considered to be statistically significant when p<0.05.

Figure 1. Peritumoral and intratumoral leukocytes in cutaneous melanoma.
A‐F. Examples of immunostainings of peri‐and intratumoral leukocytes. (A) All leukocytes (CD45+), (B)
T lymphocytes (CD3+), (C) cytotoxic T lymphocytes (CD8+), (D) CD16+ cells, (E) B lymphocytes
(CD20+), and (F) macrophages (CD68+). The dotted lines indicate the border between the tumor and the
surrounding tissue. Arrow heads indicate intratumoral leukocytes. Scale bar, 20 μm. G. The
quantification of different subsets of leukocytes in the melanomas. The amount of peritumoral
leukocytes are shown in black bars, while the amount of intratumoral leukocytes are demonstrated in
white bars. Error bars show standard error of the mean.
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Results
Leukocyte infiltration is positively correlated with tumor stage
To study leukocyte infiltration in human cutaneous melanoma, we investigated the
total amount of leukocytes (CD45+), as well as the subsets of T lymphocytes (CD3+),
cytotoxic T lymphocytes (CD8+), B cells (CD20+), CD16+ cells and macrophages
(CD68+), in both peritumoral and intratumoral areas (Figure 1A‐F). As shown in Figure
1G, most leukocytes are present in peritumoral areas. Furthermore, we found that in
peritumoral areas the majority of leukocytes are T lymphocytes, while within the tumor
the leukocyte population consists of mostly macrophages. Another finding was that the
number of CD16+ cells was very low as compared to the other leukocyte subsets. The
composition of the leukocyte infiltrate was comparable for all patients (not shown).
We found a significant correlation between the “brisk” classification (dividing
tumor samples in three groups: absent, non‐brisk and brisk) and the amount of
peritumoral CD45+ (p=0.001), CD3+ (p=0.001), CD8+ (p=0.001), CD20+ (p=0.001), CD68+
(p=0.001) and the amount of intratumoral CD45+ (p=0.001), CD3+ (p=0.001), CD8+
(p=0.001), CD16+ (p=0.027), CD20+ (p=0.001).
Leukocyte infiltration was positively correlated to aggressiveness of the
tumors as determined by three different ways. (i) The group of nodular melanomas,
known to have a poor prognosis (also in this study, log rank p‐value=0.039), were
characterised by a significantly higher amount of intratumoral CD3+ (p=0.036) and
CD16+ cells (p=0.001), and peritumoral CD45+ (p=0.034), CD16+ (p=0.001) and CD20+
(p=0.044), as compared to superficial spreading melanoma (Figure 2 A‐B). (ii) There
was a significant higher amount infiltration by different subsets of leukocytes in tumors
with a higher amount of proliferating tumor cells [peritumoral CD3+ (p=0.004) , CD8+
(p=0.005), CD16+ (p=0.002) cells and intratumoral CD45+ (p=0.038), CD3+ (p=0.001),
CD8+ (p=0.037), CD16+ (p=0.002)] (Figure 2 C‐F). (iii) We identified a higher amount of
intratumoral leukocyte infiltration (for CD45+, CD8+ and CD16+ cells, respectively
p=0.042, p=0.032, p=0.0001, Figure 3 A‐C) in patients with a Breslow depth >3 mm. A
similar trend was observed for peritumoral leukocyte subsets.
Dividing the patients by the type of growth phase, being radial or vertical
growth phase, a higher amount of peritumoral CD8+ (p=0.045), CD16+ (p=0.001),
CD20+ (p=0.049) cells and intratumoral CD3+ (p=0.030), CD16+ (p=0.001), CD68+
(p=0.040) cells is shown in patients with vertical growth phase. All other subsets of
leukocytes showed the same trend in more leukocytes in patients with a vertical
growth phase.
The presence of regression did not show any correlation with intratumoral or
peritumoral leukocytes, but was mostly observed in thin melanomas (15/18 tumor
samples with regression had a Breslow thickness < 1.5mm). Kaplan Meier analysis did
not show any predictive value of regression in patient with primary cutaneous
melanoma.
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Figure 2. Leukocyte infiltration in relation to parameters of progression and aggressiveness in
cutaneous melanoma.
A‐H. The amount of several subsets of intratumoral leukocytes divided in two groups according to the
histological subtype (A‐B), the amount of proliferating tumor cells (C‐F) and the presence of PAS loops
(G‐H). Significant difference between the groups (p<0.05) is indicated by an asterisk. Black lines in the
box plots present the median, upper and lower quartiles and the error bars show minimum and
maximum data values.

The amount of CD16+ cells and T cells predict short survival
Survival analysis was performed by dividing the patient population on basis of the
median value of leukocyte infiltration. Kaplan Meier analysis revealed that a higher
amount of intratumoral CD3+ cells or CD16+ cells predicted shorter survival, both for
10 and 5 years of follow up (respectively, p=0.003 and p=0.01, Figure 3 D and E). For the
other subsets (Figure 3 F) and for the peritumoral infiltrates (not shown), no significant

80

Leukocyte infiltration and tumor cell plasticity in melanomas|
relationship was found with survival (Table 1). Multivariate analysis indicated that
none of these parameters outperformed Breslow depth as a predictor for survival.
However, for meaningful multivariate analysis the patient numbers were too low.

Figure 3. Staging and survival in relation to leukocyte infiltration.
A‐C. The amount of leukocytes of the different subsets are stratified by Breslow staging (group 1, ≤0.75
mm; group 2, 0.76‐1.5 mm; group 3, 1.51‐3 mm and group 4, >3 mm). Significant difference between the
four groups (p<0.05) is indicated by an asterisk. Black lines in the box plots present the median and the
error bars show quartiles. D‐F. Kaplan Meier survival plots for melanoma patients based on the amount
of CD3+ cells (D), CD16+ cells (E) and CD20+ cells (F). Patients were divided in two groups stratified
based on the median value for CD3+, CD16+ and CD20+ cells, respectively.

The amount of immunosuppressive T regulatory cells does not predict survival, while
the amount of activated lymphocytes is positively correlated to survival
To analyse the activation status and immunosuppressive regulatory T lymphocytes in
our patient population, we quantified the amount of FOXP3+ and CD69+ cells, both in
intratumoral and peritumoral areas (Figure 4 A‐B).
The presence of intratumoral FOXP3 regulatory T cells was not significantly
different between the different stages of melanoma (Figure 4 C). The amount of
intratumoral FOXP3+ T lymphocytes did not predict survival (Figure 4 E), but
correlated to the amount of peritumoral CD3+ (p=0.003), CD8+ (p=0.001), CD16+
(p=0.049), CD68 (p=0.020) cells and the amount of intratumoral CD3+ (p=0.006), CD8+
(p=0.032), CD16+ (p=0.043) and CD68+ (p=0.034) cells.
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Table 1. Kaplan Meier analysis for leukocyte infiltration and PAS patterns.
Significant P‐values are indicated with an asterisk.

CD45+ peritumoral
CD45+ intratumoral
CD3+ peritumoral
CD3+ intratumoral
CD8+ peritumoral
CD8+ intratumoral
CD16+ peritumoral
CD16+ intratumoral
CD20+ peritumoral
CD20+ intratumoral
CD68+ peritumoral
CD68+ intratumoral
FOXP3+ peritumoral
FOXP3+ intratumoral
CD69+ peritumoral
CD69+ intratumoral
PAS patterns

Log rank χ2
0.58
1.09
1.08
8.70
1.20
0.26
1.75
6.08
0.34
0.92
0.01
0.29
1.51
0.00
0.43
2.07
10.01

P‐value
0.4466
0.2967
0.2981
0.0032*
0.2731
0.6131
0.1859
0.0137*
0.5582
0.3387
0.9283
0.5922
0.2186
0.9788
0.5128
0.1504
0.0016*

The amount of CD69+ cells was significantly lower in the tumor samples with
a Breslow depth of more than 3 mm (Figure 4 D). Univariate analysis showed a trend of
a shorter survival for patients with a low amount of CD69+ cells, though this was not
significant (Figure 4 F, p=0.15). The amount of CD69+ cells was positively correlated to
survival (p=0.025) and negatively correlated to lymph node metastasis (p=0.049),
ulceration (p=0.022) and the histological subtype (p=0.020).
Leukocyte infiltration is not correlated with parameters of angiogenesis and tumor cell
plasticity
Since leukocytes home to the tumor by extravasation from the intratumoral blood
vessels, we were interested in the relationship between angiogenesis and the amount of
leukocytes. We previously reported that angiogenic potential of melanoma tissue, as
measured by the number of proliferating endothelial cells, is associated to tumor
progression, predicting short survival 19. In human melanoma we did not find a
correlation between neovascularisation, being the amount of Ki67 positive endothelial
cells, and the presence of infiltrated leukocytes.
We and others recently demonstrated that plastic tumor cells, that are
dedifferentiating into an endothelial cell phenotype, can form vessel‐like structures that
contribute to blood circulation 18, a process also referred to as vasculogenic mimicry 21.
This urged us to investigate a relationship between vasculogenic like structures and
leukocyte infiltration. We evaluated the amount of tumor cell plasticity by the presence
of patterned networks of interconnected loops of extracellular matrix that were stained
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Figure 4. The activation status and presence of immunosuppressive regulatory T lymphocytes.
A‐B. Examples of immunostainings of peri‐and intratumoral FOXP3+ (A) and intratumoral CD69+ (B)
lymphocytes. The dotted lines indicate the border between the tumor and the surrounding tissue. Scale
bar, 20 μm. C‐D. The amount of FOXP3+ (C) and CD69+ (D) cells classified according to Breslow depth
(group 1, ≤0.75 mm; group 2, 0.76‐1.5 mm; group 3, 1.51‐3 mm and group 4, >3 mm). Significant
difference (p<0.05) is indicated by an asterisk. Black lines in the box plots present the median, upper and
lower quartiles and the error bars show minimum and maximum data values. E‐F. Univariate survival
analysis based on the amount of FOXP3+ cells (E) and CD69+ cells (F). Patients were divided in two
groups stratified based on the median value for FOXP3+ and CD69+ cells, respectively.
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with periodic acid‐Schiff (PAS) reagent. Two clinical samples of patients with
cutaneous melanoma with PAS positive patterns are shown in figure 5 A‐B. We found
that 38% of the tissues presented these patterns. The presence of these loops was
significantly higher in the patients with a higher Breslow depth (Figure 5 C). In
addition, Kaplan Meier analysis revealed a strong prognostic value for the presence of
PAS positive loops (Figure 5 D, p=0.002), which confirms earlier results 20, 22. Similar to
the angiogenesis parameters of conventional blood vessels, no significant correlations
were found between PAS loops and leukocyte infiltration. However, for all leukocyte
subsets a trend towards more infiltration in melanoma samples with PAS‐positive
loops was observed [e.g. intratumoral CD16+ cells (p=0.094) and intratumoral CD8+ T
cells (p=0.059), Figure 2 G‐H].

Figure 5. The presence of tumor cell plasticity is a prognostic factor in human cutaneous melanoma.
A‐B. Two clinical samples of patients with cutaneous melanoma with PAS positive patterns in
intratumoral regions. Scale bare, 50 μm. C. Presence of PAS positive loops in the tumor tissue was
related to a higher Breslow thickness. Significant difference between the two groups is indicated by an
asterisk. Black lines in the box plots present the median and the error bars show quartiles. D. Kaplan
Meier survival curve for patients with melanoma with or without PAS loops present inside the tumor
tissue.
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Discussion
Cutaneous melanoma is a highly malignant tumor type. It is one of the most frequent
malignant tumors in young adults and its incidence is still rising 23. Among the
potential prognostic markers, the American Joint Committee on Cancer staging system
for melanoma incorporates tumor thickness, level of invasion, ulceration, satellite
metastases, lymph node metastases 24, but not tumor infiltrating leukocytes. Because
most melanomas are characterised by a heavy infiltrate, several attempts have been
made to develop immunotherapies in melanomas. In animal models, transfer of high
numbers of tumor infiltrating lymphocytes could stimulate tumor rejection 25‐27.
However, only some clinical responses could be established in the many clinical
immunotherapy protocols and vaccination strategies 28‐31.
In an attempt to verify the presence of different subsets of tumor infiltrating
leukocytes as an independent histological parameter, we evaluated tumor tissues of 58
patients diagnosed with primary nodular or superficial spreading cutaneous melanoma
for the amount of infiltrated CD45, CD3, CD8, CD20, CD16 and CD68 positive cells. We
found that leukocyte infiltration is associated with markers of tumor progressiveness,
as evidenced by the following observations. (i) Dividing the patients by Breslow
thickness, we found that high Breslow depth was significantly associated with a higher
amount of intratumoral CD45+, CD8+ and CD16+ cells . The other subsets of leukocytes
showed a same trend, although not significantly, of more leukocyte infiltration in more
progressed tumors, both intratumorally and peritumorally. (ii) In nodular melanomas,
more leukocytes were present than in superficial spreading melanoma and (iii) almost
all subsets of leukocytes where more abundantly presented in patient with a higher
proliferation rate of tumor cells. This suggests that immune cell reactions are more
pronounced in aggressive tumors. A recent paper of Hussein et al 32 reported the same
for CD3+ and CD20+ cells. Bröcker et al described also that an increased amount of
intratumoral T lymphocytes is associated with progression in melanoma, though, in
contrast to our observations, they observed in their patient population that peritumoral
densities of T lymphocytes was lower in more progressed melanomas 33.
In contrast to a recent publication 34, we did not find a positive correlation between
patient survival and the presence of CD3+ and CD16+ cells present in the tumor.
Our results show that CD16+ cells, macrophages and B cells are better able to
infiltrate into the tumor itself, while T cells tend to reside in the peritumoral areas
(Figure 1G). Little is known on the exact contribution of these leukocytes in the process
of melanoma rejection.
Some effects were observed with the use of CD16+ cells in therapeutic
applications in melanoma. Additional infiltration of Natural killer (NK) cells (CD56+)
and monocytes during treatment with a therapy consisting of histamine, interferon‐α
and interleukin‐2 was seen only in patients responding to the treatment 35 . Impaired
activity of NK cells has also been observed. Jovic et al. reported that the dysfunction of
NK cells in patients with metastatic melanoma was not associated with a decrease in
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amount of these cells but in a defect detected in NK cell perforin‐mediated cytotoxic
activity 36.
Tumor‐associated macrophages have an important role in presenting antigens, but
their clinical application as immunotherapy has limited success. This may be due to the
paradox concerning tumor associated macrophages. On the one hand, tumor associated
macrophages are able destroy neoplastic cells thereby reducing tumor growth. On the
other hand, both macrophages and tumor cells can produce growth factors that can
stimulate tumor growth 37‐39.
Several in vivo studies in mice revealed an attenuating effect on B lymphocytes
by unknown mechanisms leading to cytotoxic T‐lymphocyte anergy and in that way to
a less effective immune response 40‐42. On the other hand, normal human peripheral B
cells were activated in vitro through CD40 ligation and were able to stimulate
autologous T cells in the presence of melanoma cell line lysate 43. Unfortunately, patient
studies have also been contradictory. CD80+ B cells in combination with a higher
amount of CD8+ cytotoxic cells correlated with a good prognosis in melanoma 44, while
another study was not able to improve the response rate by a B cell depletion therapy45.
We observed that a high amount of CD3 and CD16 expressing leukocytes
predicts short survival. This suggests the inability of tumor infiltrating leukocytes to
mount an effective immune response. These findings are supported by several papers
that report possible escape mechanisms of melanoma cells from immunological
responses. This escape from tumor immunity can be explained by several mechanisms:
(1) the secretion of immunosuppressive cytokines by melanoma cells 46, 47, (2) the
defective or incomplete activation status of the infiltrating T cells 48, (3) the
immunosuppressive effect of melanoma cell expressing proteins 49, 50 and a variety of
other escape mechanisms 51.
In our study, we analysed the amount of FOXP3+ cells. FOXP3 is a unique
functional marker of regulatory T cells 52. Cancer patients have been described to have
an enlarged pool of immunosuppressive regulatory T cells in the peripheral blood
and/or the tumor. Only a few papers correlated this to the progression of the tumor 53‐61.
Data on this correlation in cutaneous melanoma are lacking until know. We report the
absence of the significant correlation between FOXP3+ cells and the different Breslow
stages of melanoma and that it is not a prognostic factor in this type of tumors. The
amount of FOXP3+ cells was positively correlated to the amount of several subsets of
leukocytes. It appears that regulatory T cells are as much recruited as the other subsets
of lymphocytes and other leukocytes. This observation was already reported in several
earlier papers. Immunotherapy in melanomas with a Melan‐A peptide vaccine resulted
in more CD8+ cells, however, clinical benefit was limited due to a simultaneous
induction of regulatory T cells, that suppressed the activity of the recruited CD8+ cells
62. Similarly, the administration of IL‐2 resulted in an increase of FOXP3+ cells with a
high suppressive activity in both melanoma and renal cancer patients 63. Some
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promising results were described in a recent paper of Nair et al. where targeting FOXP3
by vaccination resulted in an enhanced tumor immunity in a mouse model 64.
The activation status of lymphocytes was studied by the quantification of
CD69+ cells. CD69 is among the earliest inducible cell surface glycoproteins during
lymphoid activation 65. Several manuscripts describe the decrease of CD69+ cells in
tumors with a more progressed stage and a higher amount of CD69+ cells predicted
better survival 11, 66, 67. We are the first to report on the prognostic value of CD69+ cells in
primary cutaneous melanoma. We found a significantly lower amount of CD69+ cells
in melanomas with the most progressed stage. Univariate analysis showed an inverse
pattern in comparison to the other subsets of leukocytes. There was a clear trend that a
higher amount of CD69+ cells predicts a better prognosis for melanoma patients. It is
clear that the detection of only infiltrating leukocytes is not a sensitive marker to
evaluate tumor immune response.
The impact of regression is still unclear. As in most studies regression was
mainly observed in thin melanomas. Some studies indicated that regression is a
negative prognostic factor 14, 68, 69, while others could not find a relationship between
regression and survival 70‐73. We could not find a relationship with survival nor a
correlation with intratumoral and peritumoral leukocytes.
Since leukocytes home into tumors by extravasation from blood vessels, we
investigated the relationship between leukocyte infiltration and parameters of
angiogenesis 74, 75. We did not find any correlation. Therefore, we studied the plasticity
of the melanoma cells, which has been discovered in melanoma to contribute to
circulation 18, 76. We did not find any significant evidence that this alternative way of
blood circulation in the tumor 18 contributes to the formation of an inflammatory
infiltrate. However, we did find a trend in this direction. This might be due to the fact
that vasculogenic mimicry is a marker of tumor aggressiveness, resulting in the
attraction of more immune cells. Since it is known that leukocyte infiltrate can
recognize and eradicate tumor mass, this might be seen as a contradictory observation.
However, it can be argued that the high number of infiltrated leukocytes reflects the
enhanced antigenicity of more aggressive tumor cells 32.
In summary, we demonstrated that leukocyte infiltration in melanoma predicts
a short survival. In our study, we included all stages of Breslow depth. We conclude
that more advanced melanomas are characterised by more tumor infiltrating
leukocytes, maybe because of the more aggressive behaviour of the tumors. From
survival analysis it is concluded that this is insufficient for an effective immune
response. Our observation that all stages of Breslow depth are infiltrated with
regulatory T cells but that the amount of CD69+ activated lymphocytes is a possible
prognostic factor, should be taken into account in future studies. It is clear that more
research on the immunosuppressive mechanisms and the stimulation of antigen driven
leukocyte responses is necessary in order to improve immunotherapeutic applications.
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Abstract
A striking feature of Ewing’s sarcoma is the presence of blood lakes lined by tumor
cells. The significance of these structures, if any, is unknown. Here, we report that the
extent of blood lakes correlates with poor clinical outcomes, whereas parameters of
angiogenesis do not. We also show that ES cells form vessel‐like tubes in vitro, and
express genes associated with vasculogenic mimicry. In tumor models, we demonstrate
that there is blood flow through the blood lakes, suggesting that these structures in
Ewing’s sarcoma contribute to the circulation. Furthermore, we present evidence that
reduced oxygen tension may be instrumental in tube formation by plastic tumor cells.
The abundant presence of these vasculogenic structures, in contrast to other tumor
types, makes Ewing’s sarcoma the ideal model system to study these phenomena.
The results suggest that optimal tumor treatment may require targeting of these
structures in combination with prevention of angiogenesis.

Introduction
Ewing’s sarcoma/primitive neuroectodermal tumor has been defined as a round cell
sarcoma showing different degrees of neuroectodermal differentiation that present
mostly in the bone or soft tissues 1. Ewing sarcoma is a relatively rare highly aggressive
neoplasm with clinically evident metastatic disease at presentation in approximately
25% of all patients. A striking feature of Ewing sarcoma, often arise at adolescence 2‐4, is
the presence of lakes of red blood cells. This was first recognized by James Ewing
which led him to regard the tumor as an endothelioma 5. Furthermore, Ewing sarcoma
are characterized by a translocation that involves the Fli‐1 gene, usually expressed
specifically by endothelial cells. Prompted by these striking features we considered that
these tumors could provide unusual insight into the relationship between a growing
solid tumor and the circulation.
When a growing tumor exceeds the size of about 1 mm3, diffusion fails to
provide the essential nutrients for continuous growth. Angiogenesis, a well‐established
paradigm in tumors, is subsequently stimulated driven by tumor derived cytokines,
such as vascular endothelial (VEGF) and fibroblast growth factors (FGFs). Microvessels
lined by endothelium grow into the tumor, providing a blood supply and allowing the
tumor to grow beyond the limits imposed by substrate diffusion. It is observed in many
tumor types that the extent of the capillary network, as assessed by the density of
microvessels, is associated with poor prognosis 6, 7. There is considerable interest in the
therapeutic potential of targeting the growth of new vessels (anti‐angiogenesis) and the
patency of those that have been formed (vascular targeting).
Patients with ES have previously been reported to have high levels of
circulating VEGF 8. In view of this, and the relatively poor prognosis of these tumors,
we anticipated that the microvessel density (MVD) would be high, supported by
dynamic contrast enhanced magnetic resonance imaging studies 9. Surprisingly, we
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actually observed a relatively low MVD. This observation, together with the fact that
the tumors contain blood lakes, led us to investigate the microcirculation of these
tumors. We showed plasticity of tumor cells, using a combination of approaches, which
we interpret as vasculogenic mimicry.
Vasculogenic mimicry was initially recognized in aggressive melanomas in
1999 10, as a process in which tumor cells gain characteristics normally restricted to
endothelial cells. Through this means, tumor cells could contribute to conducting blood
in vascular‐like structures, a process which would be independent of regular
angiogenesis and endothelial cell proliferation. After these initial observations in
melanoma, evidence for vasculogenic mimicry has been reported in other tumors 11‐14.
However, the mechanisms driving the vasculogenic mimicry process, and the
contribution of the tumor cell channels to the circulation, have been uncertain.

Materials and methods
Patient tissue materials
Tumor tissues from 33 patients from the University of Leuven and the Leiden
University Medical Center were studied, who presented with Ewing’s sarcoma (ES)
between 1987 and 2004. Most patients were included in the European Intergroup
Cooperative Ewing’s sarcoma studies and EuroEwing studies 15. Mean age was 23.8
years at diagnosis (range: 3‐59 years). Patient data were available from 31 patients; 11
died before the moment of data analysis. Mean follow‐up was 50 months and mean
survival was 34 months. 20 patients of 23 analyzed had an 11;22 translocation. All
patient material was handled in a coded fashion according to the protocols as detailed
by the Dutch association of Medical Scientific Associations.
Immunohistochemistry
Paraffin sections were dried for 48 hours at 37 ˚C prior to staining. Histochemical
staining included H&E staining and periodic acid Schiff’s (PAS) reagent staining. The
amount of blood lakes and PAS positive loops was semiquantitatively assessed by
scoring 0‐4 (0=absent, 1=<5%, 2=5‐20%, 3=20‐50%, 4=>50% of tissue area). For
immunohistochemistry, primary antibodies employed were CD31 (1:50 dilution,
DAKOCytomation, Glostrup, Denmark), CD34 (1:50, Novocastra, Valkenswaard, the
Netherlands), Ki‐67 (1:100, Labvision, Fremont CA, USA), VEGF (1:100 dilution, Santa
Cruz, Tebu Bio, Heerhugowaard, the Netherlands), endoglin/CD105 (1:50 dilution,
Monosan, Uden, the Netherlands), VE‐cadherin (1:50, Cayman, Ann Arbor, MI, USA)
and Tissue Factor Pathway Inhibitor (TFPI, 1:40, American Diagnostica inc. Stamford,
CT). After washing, the sections were incubated with anti‐mouse Ig (1:200,
DAKOCytomation) or anti‐rabbit Ig biotin‐labeled secondary antibody (1:200,
DAKOCytomation) followed by avidin/biotin‐HRP (DAKOCytomation) and DAB as
substrate. For dual‐staining, sections were first labeled for Ki‐67 using HRP and then
CD31 and CD34 using alkaline phosphatase reaction (DAKOCytomation). MVD,
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proliferating tumor cells and proliferating endothelial cells, were assessed by counting
in quadruplicate randomly chosen fields at 200x magnification (0.25 mm2), by three
independent observers. MVD was assessed in Ewing sarcoma tissues and also in 117
colorectal carcinomas, 211 renal cell carcinomas, 121 breast carcinomas and 78
melanomas.
Cell culture and in vitro 3D tube formation
Melanoma cell lines MUM‐2B, MUM‐2C, C8161, C81‐61 were used. Ewing sarcoma cell
lines EW‐7, A673, RD‐ES, SIM/EW27 were previously characterized by Dr. O. Delattre,
RD‐ES was obtained from American Tissue Type Culture Collection. Cells were
maintained in RPMI‐1640, supplemented with 10% fetal calf serum and 2 mM
glutamine, except for C81‐61 (HAM F‐10) and A673 (DMEM) (Gibco, Paisley, UK).
Cells grew on standard culture dishes except for the SIM‐EW27 which were grown on
collagen coated culture dishes. Human umbilical vein derived endothelial cells
(HUVEC) were cultured on gelatin coated culture dishes in RPMI‐1640, supplemented
with 20% human serum, 100 units/ml penicillin and 0.1mg/ml streptomycin. For the 3‐
dimensional culture, cells were plated at 100,000 cells per well on 24‐well dishes coated
with rat tail collagen, as described previously (10), and cultured for 10 days.
Vasculogenic tube formation was tested using a commercial Matrigel
assay kit (BD Biocoat, Woerden, the Netherlands). Cells were plated at 20,000 cells per
well and grown for 16 hours prior to calcein labeling and fluorescence microscopy. The
effect of VEGF at 1, 10 and 50 ng/ml (Peprotech, Rocky Hill NJ, USA) or VEGF blocking
antibody HuMV833 (1:50 dilution, Protein Design Labs, Inc.) was assessed on Matrigel
for 16 hours followed by counting the number of branch points per microscopic field.
RNA isolation and RT‐PCR Analysis
Total RNA was isolated from tissue sections using RNeasy (Qiagen, Venlo, the
Netherlands), followed by RNase‐free DNase treatment (Qiagen, Hilden, Germany).
RNA concentration was measured by nanodrop (Nanodrop Wilmington, DE ). cDNA
was synthesized with 400 U of M‐MLV RNase H‐ reverse transcriptase (Promega,
Leiden, the Netherlands) in 20 μl of 1x first strand buffer (Promega, Leiden, the
Netherlands), and 1mM dNTPs in the presence of 10 U RNase inhibitor RNasin
(Promega, Leiden, the Netherlands), 0.5 μg random primers (Promega, Leiden, the
Netherlands) and 1 μg total RNA. RNA from cell lines was isolated using TRIzoL
(Invitrogen, Breda, the Netherlands). Semi‐quantitative PCR amplifications were
performed with primer sequences listed in Table 1 with GAPDH primers (BD Clontech)
as a control. PCR fragments were ligated into pCR2.1‐TOPO (Invitrogen) and two
independent clones were sequenced from each primer set and shown to be identical to
the expected DNA sequence. Quantitative real‐time RT‐PCR (qRT‐PCR) was performed
for cyclophylin A, β‐actin, VEGF‐A, VEGF‐C, VEGF‐D, Angiopoeitin‐1, bFGF, and
PlGF as described 16. All real‐time PCR primers were synthesized by Sigma‐Genosys
(Cambridgeshire, UK) except for VE‐cadherin (a FAM‐TAMRA primer probe

96

Tumor cell plasticity in Ewing sarcoma|
(Integrated DNA Technologies, INC., Coralville, IA, USA)). PCR was performed using
an iCycler MyIQ (Bio‐Rad, Veenendael, The Netherlands) in 25 μl volume containing
0.8 μl cDNA, 1xSYBR® Green PCR master mix (Eurogentec, Liege, Belgium) spiked
with 20nM fluorescein (Bio‐Rad, Veenendael, The Netherlands), and 400 nM of each
primer. Data was analyzed with the Sequence Detection System software (Applied
Biosystems). Experiments were performed twice in duplicate.
Xenograft assays and intravital microscopy
All animal experiments were approved by the local animal ethics committee. 106 EW7
cells were injected subcutaneously into the flank of Swiss/nude mice and tumors
measured with calipers. On day 28, mice were anesthetized with ketamin/xylazine 17
and intravital microscopy was performed as described before 18. In two mice FITC
dextran (MW 500 kDa, 500 μg) was injected intravenously (i.v.) in the tail vein. In these
mice imaging was performed before and after injection. Two other mice were given an
intraperitoneal injection with pimonidazole 60 minutes before sacrifice (2mg in 200 μl;
Natural Pharmacia International, Research Triangle Park, NC). Sections of xenografts
were labeled with anti‐von Willebrand factor (1:200, DAKOCytomation, Glostrup,
Denmark) and anti‐CD31 antibody (1:250, Pharmingen, BD Company, Woerden, the
Netherlands). Pimonidazole was detected using FITC labeled anti‐pimonidazole
antibody (1:50 dilution; Hypoxyprobe‐1 Mab1; Chemicon International Inc.) and HRP‐
conjugated anti‐FITC antibody (1:200 times dilution, clone 5D6.2; Chemicon
International, Temecula, CA).
In some experiments 200 μg anti‐endothelial antibody (MECA20, a kind gift
from Dr. A. Duijvestijn 19) was administered i.v. followed after 15 minutes by perfusion
with Chinese ink (Pelikan, Germany). Sections from those xenografts were labeled with
peroxidase labeled goat anti‐rat Ig and counterstained with hematoxylin.
Statistical analyses
Real‐time RT‐PCR data were statistically analyzed using Mann‐Whitney U tests (using
SPSS‐10 software). P values below 0.05 were considered statistically significant.
Statistical significance of experimental parameters to clinical outcome was assessed by
Whitney U test to compare between groups and log Rank test and a Cox regression test
were done for survival analysis.
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Results
The amount of blood lakes in Ewing’s sarcoma correlates to clinical outcome
In a unique series of Ewing sarcoma tissue biopsy samples, selected from patients
before radiation or chemotherapy was started, we observed that microvessel density in
these tumors, assessed by labeling of endothelial cells (MVD), was relatively low
compared to other tumors (Figure 1A). This led us to hypothesize that the blood lakes
we observed in 92% of these tumors might play an important role in the tumor
circulation (Figure 1B). Supporting this notion, the blood lakes were not associated
with evidence of coagulation and/or local necrosis. The cells lining the blood lakes did
not label with the endothelial markers, CD31 and CD34. However, they expressed
CD99, a marker of Ewing sarcoma cells and light‐ (Figure 1B) and electron‐microscopic
(not shown) examination clearly demonstrated that the lake‐lining cells were tumor
cells and not endothelial cells. The presence of tumor cell lined blood lakes, has been
described as vasculogenic mimicry. Vasculogenic mimicry was originally recognized in
melanoma as periodic acid Schiff’s reagent (PAS) positive loops that contained red
blood cells (10). Also the presence of PAS positive loops was examined in Ewing
sarcoma, which revealed that such loops were present in 68% of the patients (Figure
1C). Notably, all tumors with PAS‐positive networks also contained blood lakes.
To address the significance of the blood lakes, we examined whether clinical
outcomes correlated with the number of blood lakes. Interestingly, the number of blood
lakes, quantified as the percentage of tumor area containing lakes, was significantly
higher in the patients that subsequently died (75% higher as compared to the group of
patients still alive at the time of data analysis, Figure 1D, p<0.05).
Ewing’s sarcoma tumors are angiogenic; lack of correlation to clinical outcome
In tumors we observed a high level of proliferation (mean number of Ki‐67‐positive
tumor cells 51.4%, SD ±30.4%). Highly proliferative tumors usually exhibit a high level
of angiogenic signaling. On the other hand, the low microvessel density that we
observed in the tumors suggested that these tumors might have limited angiogenic
potential. We therefore investigated angiogenesis using several approaches and found
evidence that Ewing sarcomas are highly angiogenic. First, we found that 22% of
CD31/CD34 positive vessels had one or more Ki‐67‐positive nuclei (Figure 2A). Second,
in all Ewing sarcoma tissues we found high mRNA expression levels of the angiogenic
growth factors VEGF‐A, bFGF, PlGF and angiopoietin‐1, comparable to those found in
other angiogenic tumors such as breast carcinoma and fibrosarcoma (Figure 2B). Third,
we observed high VEGF protein expression in approximately 100% of tumor cells
(Figure 2C), in line with high circulating VEGF serum levels in Ewing sarcoma patients.
Fourth, the cell lines EW7 and RD‐ES, which give rise to tumors with typical Ewing
sarcoma morphology following injection into athymic mice (see also Figure 4),
express high levels of angiogenic growth factors in vitro (Figure 2B). Intriguingly, in the
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patient tissues neither microvessel density nor the number of proliferating endothelial
cells showed significant association with clinical outcome (Figure 2D and 2E).

Figure 1. Vasculogenic mimicry in Ewing’s sarcoma.
A. Microvessel density quantification in several tumor types. *p<0.05 compared to the other tumor
types. B. Ewing sarcoma patient tumor tissue stained with CD31/CD34 and counterstained with
hematoxylin/eosin. Non‐endothelial cell lined structures containing erythrocytes, or blood lakes, are
identified by asterisks. C. Periodic acid Schiff’s staining of Ewing sarcoma. The scale bars in B and C
represent 100 μm. D‐E. Quantification of blood lakes (D, *p<0.04) and PAS positive loops (E) in relation
to clinical outcome (dod, death of disease).
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Figure 2. Ewing’s sarcoma are highly angiogenic.
A. Double staining of Ewing sarcoma tissue with CD31/34 (blue) and Ki‐67 (brown), indicating high
numbers of proliferating endothelial cells (arrows, scale bar represents 100 μm). B. Mean relative
expression (in 2‐ΔCt, corrected for housekeeping gene β‐actin) VEGF‐A, bFGF, PlGF and angiopoietin‐1
expression in Ewing sarcoma, fibrosarcoma, breast cancer tissue, and Ewing sarcoma tumor cell lines
EW7 and RD‐ES as measured by quantitative real‐time RT‐PCR. C. VEGF expression in Ewing sarcoma
(conjugate control in upper right corner inset, scale bar represents 100 μm). D‐E. Angiogenesis
parameters MVD (D) and proliferating EC (E) do not correlate to clinical outcome.

Ewing’s sarcoma cells form vasculogenic structures in vitro and express VM related
genes
To investigate the capacity of different Ewing saroma cell lines to display VM in vitro,
we used 3‐dimensional collagen matrix tube formation assays and performed direct
comparisons with a range of melanoma cell lines. The aggressive EW7 cell line (known
to have a high tumorigenicity in mice) efficiently formed a network of tubular
structures (Figure 3A) comparable to the melanoma cell lines MUM‐2B and C8161,
which are aggressive and display VM in vitro (not shown) (10,20). The less aggressive
A673 and RD‐ES Ewing sarcoma cell lines (known to have a low tumorigenicity in
mice) showed an intermediate activity, forming a few tubular structures (Figure 3B and
3C), while SIM/EW27 cells formed hardly any structures at all (Figure 3D) comparable
to the non‐aggressive and VM‐negative melanoma cell lines MUM‐2C and C81‐61 (not
shown). Similar results were found on Matrigel (Figure 3E‐H).
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Figure 3. Ewing’s sarcoma cells form tubular structures in vitro and express VM specific genes.
A‐D. Ewing sarcoma cell lines EW7 (A), A673 (B), RD‐ES (C) and SIM‐EW27 (D) in 3D culture on
collagen type I matrix. E‐H. EW7 cells (E), A673 Ewing sarcoma cells (F), MUM‐2B aggressive
melanoma cells (G) and MUM‐2C non‐aggressive melanoma cells (H) on a Matrigel 3D matrix stained
with calcein. I. Gene expression measured by semi‐quantitative RT‐PCR in the Ewing sarcoma cell lines
in comparison to the VM positive melanoma cell line MUM‐2B and the VM negative cell line MUM‐2C.
The housekeeping gene, GAPDH, was used to control for equal loading. J‐L. Quantitative real‐time RT‐
PCR confirmation of VE‐cadherin (J), integrin α3 (K) and TFPI‐1 (L) gene expression of VE‐cadherin in
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melanoma and Ewing sarcoma cell lines. The Ct values are corrected for the expression of housekeeping
genes. Statistical significance determined by Mann‐Whitney test. M. Staining of Ewing sarcoma tissue
sections with TFPI, VE‐cadherin and EphA2 antibody. Scale bars in A, E (for A‐H) and M represent 100
μm.

Using semi‐quantitative RT‐PCR, we found that genes associated with VM‐
related tumor cell plasticity in melanoma 20 were expressed in the EW7 Ewing sarcoma
cell line (Figure 3I). We went on to perform quantitative real‐time RT‐PCR (qRT‐PCR)
and found that integrin α3, VE‐cadherin, Tissue Factor Pathway Inhibitor‐1 (Figure 3J‐
L), EphA2, laminin5γ2, Tie‐1, neuropilin‐1 and endoglin (data not shown) were all
highly overexpressed in EW7 and melanoma cell lines MUM‐2B and C8161. Expression
was lower or absent in Ewing’s cell lines A673, RD‐ES and SIM‐EW27 and the non‐
aggressive melanoma cell lines MUM‐2C and C81‐61, consistent with the degree of
vasculogenic mimicry in three‐dimensional culture (Figure 3J‐L).
To address whether these genes are expressed in vivo in Ewing sarcoma, we
used qRT‐PCR to assay TFPI‐1, VE‐cadherin and EphA2, in frozen material from
patients, and found that all three were expressed at a high level. Furthermore, using
immunohistochemistry, we observed that TFPI‐1/2, VE‐cadherin and EphA2 protein
was present in tumor cells lining the vasculogenic mimicry structures (Figure 2M).
Blood lake structures in Ewing’s sarcoma are part of the circulation
To study the functionality of blood lake structures in vivo, EW7 tumors were grown s.c.
in the flank of athymic mice. Tumors grew rapidly and we observed numerous lakes,
especially in the outer rim of these tumors (Figure 4A and 4B), a distribution which has
been previously described in melanomas 21. The cells lining these lakes were negative
for vWF and CD31. We used several approaches to investigate whether blood was
flowing through these lakes. First, mice carrying EW7 tumors were intravenously
injected with MECA20, an antibody specifically recognizing mouse endothelial cells.
After 15 minutes, mice were sacrificed and perfused with an India ink suspension. We
found ink both in MECA20 staining vessels as well as in vascular structures negative
for MECA‐20 and directly lined by tumor cells (Figure 4C). Second, intravital
microscopy was performed. The vasculogenic structures were characterized by
irregular profiles and slow blood flow (Figure 4D, a video image can be viewed on
www.fdg.unimaas.nl/AngiogenesisLab). Such vasculogenic structures were not present
in LS174T colon carcinoma tumors. In a third approach, the connection of vasculogenic
structures in EW7 tumors with the circulation was demonstrated when fluorescence
was visualized in the vasculogenic structures after i.v. injection of a FITC‐conjugated
dextran (Figure 4E).
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Figure 4. VM structures in Ewing’s sarcoma are part of the circulation.
A‐B. EW7 Ewing sarcoma xenograft tumor tissue stained with H&E (A, paraffin embedded tissue) and
CD31 (B, frozen tissue). C. EW7 tumor of a mouse sacrificed 10 min after injection of MECA‐20 and
India ink. In A‐C blood lakes are indicated by arrows and the bar in B represent 100 μm. D. An
intravital microscopic image of Ewing sarcoma (a video image can be viewed on
www.fdg.unimaas.nl/AngiogenesisLab). E. Intravital microscopic image of an Ewing sarcoma tumor in
a mouse injected i.v. with FITC‐dextran. Bar in D (100 μm) is valid for D and E.

Blood flow in vasculogenic structures is inefficient; role of hypoxia
Somewhat unexpectedly, the abundant presence of blood lakes and PAS‐positive loops
in the patient tissues coincided with high levels of VEGF (and other angiogenic growth
factors) and ongoing angiogenesis (high numbers of proliferating endothelial cells). We
therefore considered whether VEGF is instrumental in the induction of blood lakes and
tubes by tumor cells. However, this seems unlikely since (i) VEGF did not augment
tube formation of EW7 or MUM‐2B cells in the in vitro tube formation assay as
examined at concentrations of 1‐50 ng/ml (Figure 5F), (ii) VEGF did not increase
expression of genes involved in tube formation by tumor cells, neither in tube forming
nor in non‐tube forming tumor cells (Figure 5G) and (iii) addition of a VEGF blocking
antibody was also not able to block or inhibit in vitro tube formation by the tumor cells
(Figure 5H)). Results are shown for TFPI‐1 (Figure 5F), similar results were found for
VEGFR‐1 and ‐2, Tie‐1, Neuropilin‐1, laminin 5γ2 and EphA2. Furthermore, when
comparing the VEGF RNA expression levels between tumors with higher amounts of
blood lakes to tumors with lower numbers of lakes this did not yield a difference in
expression (data not shown).
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Although we did not find a relationship between tube formation by tumor
cells and VEGF, a factor that is regulated by hypoxia, we investigated the expression of
hypoxia‐inducible factor 1α (HIF1α). This is a transcription factor potently stabilized
under hypoxic conditions, which acts as a master regulator of gene expression in
response to changes in oxygen tension 22‐24. Interestingly, we found HIF1α protein
around the blood lakes, but not around CD31+ vessels (Figure 5B and 5C). Further
evidence of HIF1α activation was provided by the observation that the glucose
transporter, GLUT1, another HIF1α target gene was also highly expressed in these
regions (Figure 5D). Since HIF1α can be activated by other parameters besides low
oxygen, we injected pimonidazole in Ewing sarcoma tumor bearing mice to assess local
oxygenation. This nitroimidazole forms adducts with cellular proteins only when
oxygen tension is reduced. Like HIF1α protein, pimonidazole adducts were observed
around the blood lakes, consistent with the notion that these regions are hypoxic
(Figure 5E, the tumors from mice not injected with pimonidazole did not stain positive
(not shown)). Taken together, these finding suggested that hypoxic activation of HIF1α
might be involved in driving vasculogenic mimicry.

Figure 5. Blood lakes and hypoxia.
A. Ewing sarcoma H&E stained tumor section. B‐D. CD31, HIF1α and GLUT1 stainings, respectively.
Arrows indicate regular blood vessels. E. Pimonidazole adduct formation around blood lakes in a
Ewing sarcoma mouse tumor. F. VEGF regulation of tube formation by EW7 cells cultured on Matrigel.
G. Regulation of vasculogenic mimicry associated gene (TFPI1) expression in EW7 by incubation for 48
hours in 10 ng/ml VEGF, MUM‐2B and MUM‐2C cells. H. Incubation of EW7 cells on a 3D matrix with
blocking VEGF antibody, as a positive control human umbilical vein derived endothelial cells (HUVEC)
were used. Scale bars indicate 50 μm.
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Discussion
Despite the clinically aggressive behavior of Ewing’s sarcoma, a relatively low number
of microvessels was observed in this tumor type as compared to other malignancies.
We demonstrated using several techniques that this was not due to a low angiogenic
potential. Instead, the high angiogenic potential was illustrated by the high numbers of
proliferating endothelial cells (although total number of vessels was low) and the high
expression level (both RNA and protein) of angiogenic growth factors in the patient
tissues as well as in the cell lines. The low amount of regular blood vessels together
with the abundant presence of blood lakes and PAS‐positive loops (vascular‐like tube
formation by tumor cells), suggested a contribution of the blood lakes to circulation
that might be considered vasculogenic structures as described earlier 10, 12, 13. We
therefore suggest that Ewing sarcoma tumor cells cooperate in the formation of a
circulatory system such as has been described as vasculogenic mimicry in aggressive
melanoma. Interestingly, whereas in most tumors vasculogenic mimicry is present in
10‐40% of cases, Ewing sarcoma is the first tumor in which vasculogenic mimicry is so
abundantly present (blood lakes in 92% of cases). In Ewing sarcoma, the amount of
blood lakes and presence of PAS positive loops, in contrast to the classical angiogenesis
parameters, correlated with survival, confirming that vasculogenic mimicry is an
indicator of poor prognosis 10, 25.
The vascular‐like tube formation by Ewing sarcoma tumor cells was confirmed
in a 3D‐culture system using human cell lines such as EW7, grown on a collagen
matrix. Aggressive EW7 Ewing sarcoma cells rapidly formed vascular‐like tubes in this
system. In addition, EW7 cells injected into athymic mice gave rise to tumors with
Ewing sarcoma morphology and blood lakes in vivo.
Furthermore, based on the similarities with the gene expression profiles in
vasculogenic melanoma cells 13, 26, it was suggested that tube formation in Ewing
sarcoma was due to a similar plasticity and dedifferentiation of tumor cells, that gained
an endothelial phenotype. We demonstrated that the genes involved in this process,
such as TFPIs, EphA‐2 and VE‐cadherin 10, 27, are also highly expressed in the patient
tissues and aggressive vascular‐like tube forming EW7 cells. In contrast, less aggressive
Ewing sarcoma cells did not or less efficiently form these tubes and do not overexpress
these genes. It is interesting in this context that one of the diagnostic indicators for
Ewing sarcoma is a translocation of chromosomes 11 and 22, which involves the Fli‐1
gene on chromosome 11 and the EWS gene on chromosome 22 28, 29. In diagnostic
pathology, Fli‐1 antibodies are used as markers for Ewing sarcoma and for endothelial
cells/vascular tumors. The protein that is formed by the Fli‐1 gene is usually specifically
expressed by endothelial cells. This translocation might play a role in the tumor cell
plasticity seen in Ewing sarcoma.
Critical proof for the contribution of non‐endothelial cell lined structures in
circulation was the demonstration of blood flow in these structures. Using intravital
microscopy and immunohistochemistry after injection of anti‐endothelium antibody
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and India ink, we were able to demonstrate blood flow in the non‐endothelial cell lined
vascular structures. This blood flow was observed to be very slow, which urged us to
study oxygenation in the tumor tissue. When assessing the Ewing sarcoma tissue
samples for hypoxia, we found that the tumor cells surrounding the blood lakes did
express HIF1α, a transcription factor known to play a role in the expression of VEGF, as
well as GLUT1, indicative of inefficient oxygen delivery by these structures. Possible
explanations for this would include the very slow blood flow through these channels,
and/or the possibility that they act primarily as a circulatory system draining blood
from the tumor.
It is likely that the hypoxia that is induced in these tumors has led to the high
expression of VEGF (and maybe other angiogenic factors) and resultant endothelial cell
proliferation as observed in the patient tissues. An important possibility is that
vascular‐like tube formation by tumor cells might be induced by VEGF or other
angiogenic factors. In fact, tube formation has previously been reported to be enhanced
by VEGF in vitro 30. In contrast, in our study we were not able to show that VEGF
enhances or induces vascular‐like tube formation by tumor cells. Although this could
reflect the difference in tumor models and assay systems, we were also not able to
demonstrate differences in expression of the genes involved in tube formation in
response to VEGF (Figure 5). Therefore, we favor the view that in Ewing sarcoma,
blood lake and PAS‐loop formation is not induced or supported by VEGF. We
anticipate that hypoxia via induction of HIF1α is able to enhance VM. Interestingly,
both HIF1α and vasculogenic mimicry associated genes, i.e. EphA2 and laminin‐5
signal via the PI3/K pathway 31, 32. Furthermore, blockade of this signal transduction
pathway blocks VM and the expression of the genes involved in this process 33. In
addition, for Tie‐1 it has been shown that it can be upregulated by HIF1α 34.
The results of this study strongly suggest that plasticity of Ewing sarcoma
tumors is associated with the contribution of tumor cells to contribute to circulation.
This presumably explains, at least in part, why the microvessel density is unusually
low for such an aggressive tumor. This scenario may have impact on the treatment of
tumors with angiogenesis inhibitors that act directly on endothelial cells. As we have
demonstrated before, dedifferentiating tumor cells do not acquire sensitivity to
angiogenesis inhibitors 35, suggesting that an anti‐angiogenesis protocol may lead to
only a partial regression of the tumor. Since vascular‐like tube formation is much less
frequent and/or less well recognized in other tumor types, it is possible that there is an
important relationship between these structure and response to therapy, which has
been overlooked in trials with angiogenesis inhibitors. Up to now, no data are available
on such trials in Ewing sarcoma patients. We suggest that it would be particularly
informative to seek a relationship between the presence of vasculogenic structures and
the response to anti‐angiogenesis therapy. Furthermore, an interesting possibility is
that anti‐angiogenesis therapy may result in a selective growth advantage for cells
exhibiting vasculogenic mimicry, allowing drug induced resistance to occur.
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It seems likely that angiogenesis therapy may be more effective when combined with
other forms of cancer therapies to eradicate vasculogenic tube formation, explaining the
good results of combination between anti‐angiogenesis therapy and conventional
cancer therapies in (pre‐)clinical studies 36‐38. The Ewing sarcoma model with its
abundant vasculogenic structures may be an ideal model to develop and test therapies
designed to counteract vasculogenic tube formation by attacking tumor cells that take
part in the formation of vascular lakes, e.g. through CD99 directed therapy 39.
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Abstract
The term “vasculogenic mimicry” was introduced to describe the plasticity of tumor
cells and their masquerade as endothelial cells. Such plastic tumor cells tend to
dedifferentiate and express stem cell related genes. The exact mechanisms of
vasculogenic mimicry have not been elucidated yet. We compared non‐aggressive
tumor cells with vasculogenic mimicry positive aggressive tumor cells from various
tumor types by microarray analysis. The results indicated that a high number of
hypoxia inducible factor 1 (HIF1)‐α regulated genes were differentially expressed.
Furthermore, when highly aggressive tumor cells are cultured under low oxygen
levels, HIF1‐alpha protein is more upregulated than in non‐aggressive tumor cells. In a
3D matrigel assay, the aggressive tumor cells, showed enhanced tube formation under
hypoxic conditions. Importantly, silencing of the HIF‐1α gene in 2 different aggressive
tumor cell lines by transient and stable RNA interference resulted in down‐regulation
of vasculogenic mimicry related genes, such as VE‐cadherin, EphrinA2, TFPI1, Tie‐1
and Laminin C2. Moreover, the stable HIF‐1α knock down cells demonstrated less
invasiveness in collagen matrix. In conclusion, our results implicate hypoxia and HIF1‐
alpha in the establishment of vasculogenic tube formation by tumor cells. These results
suggest that hypoxia and HIF1‐alpha may be targets for therapy in aggressive tumors.

Introduction
Plasticity of tumor cells occurs through genetic instability and is a characteristic of
aggressive tumours in which tumour cells dedifferentiate to an endothelial phenotype.
It has been shown that such tumor cells have the capacity to form tube‐like structures
that can conduct blood and contribute to circulation. There is evidence that
endothelium associated genes such as VE‐cadherin, Ephrin A2 and tissue factor
pathway inhibitors, CD34, tyrosine kinase receptor 1, neuropilin 1, E‐selectin and
endoglin (CD105) are highly upregulated in aggressive, vasculogenic mimicry positive
tumor cells 1. It has been hypothesized that this transcriptional program provides
tumour cells with a secondary circulation system of vasculogenic structures lined by
tumour cells, independently of angiogenesis 2.
The exact mechanisms underlying vasculogenic mimicry still need to be
unravelled. Several molecules have been identified to have a functional role. For
example, phosphoinositide 3‐kinase (PI3K) was proposed as the key player in
activating the transmembrane metalloproteinase MT1‐MMP 1. This protease activates
matrix metalloproteinase‐2 (MMP2) that cleaves laminin 5γ2 into pro‐migratory
fragments used for tumour cell migration in vasculogenic mimicry 3. There is also a role
for VE‐cadherin and Ephrin A2 since downregulation of these genes in melanoma cells
results in an abrogation of their ability to form vasculogenic‐like structures 4. VE‐
cadherin can even regulate the expression of EphA2 through its receptor ephrin‐A1. So
far, several other molecules like tissue factor pathway inhibitor 2, focal adhesion
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kinase, cyclooxygenase‐2, bone morphogenetic protein‐4, insuline–like growth factor
binding protein 3, Nodal, and Mig‐7, mostly found by means of siRNA techniques or
anti‐body blocking techniques, have been described to play a role in vasculogenic
mimicry 5‐10. In contrast several growth factors, such as basic fibroblast growth factor
(bFGF), vascular endothelial growth factor (VEGF), transforming Growth Factor‐β,
platelet derived growth factor (PDGF), and tumour necrosis factor‐α were found not to
be involved in the process 2, 11. Still our knowledge of vasculogenic mimicry remains
limited at present. Therefore better understanding of the mechanisms behind this
process is important for the development of novel and more effective cancer therapies.
Hypoxia has been identified as a primary regulator of tumor progression by
inducing the angiogenic switch. The key regulator of hypoxia‐induced angiogenesis is
hypoxia inducible factor‐1α (HIF‐1α). Under hypoxic conditions HIF‐1α binds on
specific hypoxia response elements in the promoter regions of several genes that are
important in angiogenesis such as VEGF, endothelial nitric oxide synthase, PDGF and
bFGF. We hypothesised that hypoxia, being a driving force in tumor progression and
specific gene expression, could be a mediator of the development of tumor cell
plasticity. We found that both HIF‐1α protein and HIF‐1α related genes are more
expressed in aggressive tumor cells and that hypoxic conditions could induce tube
formation. Silencing of HIF‐1α mRNA resulted in a downregulation of vasculogenic
mimicry related genes and in a less invasive phenotype.

Material and methods
Cell cultures and conditions
Melanoma cell lines MUM2B, MUM2C, Ewing sarcoma cell lines EW7, SIMEW27, and
breast carcinoma cell lines MDA‐MB231, MCF7 were used. Melanoma and Ewing
sarcoma cell lines were maintained in RPMI 1640, supplemented with 10% FCS and 2
mM glutamine. Breast carcinoma cell lines were cultured with DMEM supplemented
with 10% FCS and 2mM glutamine. Cells were grown on standard culture dishes
except for the SIMEW27, which were grown on gelatin‐coated culture dishes. All
culture media and standard cell culture materials were obtained form Life
Technologies (Breda, the Netherlands) and cells were maintained in a humified
incubator at 37°C in 5% of CO2.
For hypoxic exposure, cells were transferred into a MACS VA500
microaerophilic workstation (Don Whitley Scientific, Shipley, UK). The atmosphere in
the chamber
consisted of 5% H2, 5% CO2, 0% or 0.2% O2, and 90% N2. Mimicking of hypoxic
conditions was performed with 300 nM CoCl2 (Merck, Darmstadt, Germany) for 3 to 6
hours.
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Microarrays and data processing
Total RNA was isolated from the cell lines EW7, SIMEW27, MDA‐MB231 and MCF7
using RNeasy (Qiagen, Venlo, the Netherlands), followed by RNase‐free DNase
treatment (Qiagen, Hilden, Germany). RNA quantity and purity were determined
using the Nanodrop ND‐1000 spectrophotometer (Nanodrop Technologies,
Wilmington, USA) and RNA integrity was determined using the Bioanalyzer 2100
(Agilent Technologies, Palo Alto, USA). Five μg total RNA was amplified using the
one‐cycle 3’amplification and target labeling reagents as recommended by the
manufacturer (Affymetrix, Santa Clara, USA). Biotin labelled target complementary
RNA (cRNA) was fractionated and hybridized to Human Genome U133A Plus 2.0
Arrays as recommended by the manufacturer (Affymetrix). Affymetrix GeneChip®
Operating Software (GCOS 1.4) was used to control the GeneChip Fluidics Station 450
and Scanner 3000 (7G upgrade). Affymetrix GCOS, version 1.4 was used to analyze
image data. For each transcript represented on the array by a probe set, the expression
algorithm computed the detection call (present, absent, or marginal), the detection p‐
value, and the signal which is an average intensity value for each probe set. This
resulted in a table with 54,675 probe sets.
RNA isolation, cDNA synthesis and quantitative Real‐Time RT‐PCR
Total RNA was isolated from cells with the RNeasy mini kit (Qiagen, Venlo, The
Netherlands) according to the supplier’s protocol. Possible genomic DNA
contamination was removed by on column DNaseI treatment for 15 min at room
temperature. Concentration and quality of the RNA was analysed on the NanoDrop
ND‐1000 (Nanodrop Technologies Inc., Wilmington, USA). A total amount of 100 ng
total RNA was used for cDNA synthesis with the iScript cDNA synthesis kit (Bio‐Rad
Laboratories B.V., Veenendaal, The Netherlands) according to the supplier’s protocol.
Quantitative PCR was performed with the iCycler (Bio‐Rad) in a total volume of 25 ml
on 30 ng cDNA with the iQ SYBR Green Supermix (Bio‐Rad) and 400 nM forward and
reverse primer. The primers used for this study are listed in table 1. Primers were
synthesized by Eurogentec (Seraing, Belgium). Graphs represent relative expression
normalised to the expression of cyclophilin A, since β‐actin was influenced by hypoxic
conditions.
Western blotting
Cells were washed twice with ice‐cold PBS, scraped of on ice and harvested in cold
lysisbuffer (50mM Hepes, 150mM KCl, 1mM EDTA, 2mM DTT, 0.2% Tween‐20 and 1
tablet of proteinase inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany)
per 25 ml). Protein concentration was measured with Micro BCA protein assay kit
(Pierce, Rockford, IL, USA). Equal amounts of protein were boiled for 5 min in sample
buffer (10mM Tris pH 6.8, 1mM EDTA, 2.5% SDS, 5% β‐mercapto‐ethanol, 10%
glycerol, 0.05% bromo phenol blue) and.separated by SDS‐polyacrylamide gel
electrophoresis. Subsequently proteins were transferred to a nitrocellulose membrane
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Table 1 Quantitative real‐time PCR primers
Gene name
Forward (5’‐>3’)
CACCAAGGTTCAGCAGATCC
NT5
ACGAGGCCAGTGTAGACAGTC
TGM2
GAAAGGAGTCTTGCTCGTGC
MIHC
GCAGATTCAAGCAGCTATGG
PAI1
TTCCATCGAACTGTGACTGTC
uPA
AAGGGACCTTCAGGTGCA
ITGA3
IL8
ATACTCCAAACCTTTCCACC
EGFR
AATAACTGTGAGGTGGTCCTTG
CYR61
GACAGCCAGTGTACAGCAGC
CCNT2
GTAGATAGTGTCACTGGTGTGCC
DCTN2
ACCTGAGGATGATCAAGCG
NCOA3
GCCAGAGATATGAAACAATGC
HIF‐1α
CGTTCCTTCGATCAGTTGTC
GLUT‐1
CTTCACTGTCGTGTCGCTG
VEGF‐A
AAGGAGGAGGGCAGAATCAT
VE‐cadherin
TCCCGGAGCAGAAGACGT
Laminin5 γ2
CCAACGAAATGGGTCTCCTG
EphA‐2
AGACGCTGAAAGCCGGCTAC
TFPI‐1
TTTGTGSSGSTGGTCCGAAT
TFPI‐2
AGTGTGGACGACCAGTGTGAGG
Tie‐1
CCCCGCTGGTCTCGTTCTC
NRP‐1
CCCGAGAGAGCCACTCATG
Cylcophilin A
CTCGAATAAGTTTGACTTGTGTTT
β‐actin
GCTGTGCTACGTCGCCCTG

Reverse (5’‐>3’)
ACACGGTGAACCAGATAGTGC
TCCTCCACAGCATCTCTTAGTG
AATCTGCAGCTAGGATACAACTT
TGTGGTGCTGATCTCATCCT
CTCCGAATTTCTTTGGGCAG
TGTAGCCGGTGATTTACCAT
TCCAGACAGAGCTCTCTTCC
CATAACCAGCCACCTCCTG
TCACACTCAAACATCCAGCG
GAATTTAGAGGTACTGGCGC
CTTGAACTTGTCATAGGCAGC
GCGTGCCACACAGATCATA
TCAGTGGTGGCAGTGGTAGT
CGATGGTCATGAGTATGGCA
CCAGGCCCTCGTCATTG
GAGAAAAGAAAGAGAGCATGGATTG
CTAGTCGTTGGGCTGAGCTAAC
CAGGGCCCCATTCTCCATG
AGACACCATGAGGGACCG
TGCGCAGAAGCCCATACAAG
CACAATGGTCGACCAGTCC
GTCATCACATTCATCCACCAA
CTAGGCATGGGAGGGAACA
GGAGGACTGGAAGCAGCC

(Protran nitrocellulose transfer membrane, Whatman GmbH, Dassel, Germany ). Non‐
specific binding was prevented by incubation with 3% Blotting Grade Blocker non‐fat
dry milk (BioRad Laboratories, Hercules, CA, USA) in PBS. Membranes were incubated
ON at 4°C with antibodies against HIF‐1α (1:250 dilution, BD, Transduction
Laboratories, Erembodegem, Belgium) or β‐actin (1:20000 dilution, MP Biomedicals,
Amsterdam, the Netherlands). Protein bands were detected using rabbit‐anti mouse
IgG‐HRP (Dakocytomation, Glostrup, Denmark) in combination with ECL (ECL Plus
Western Blotting detection system, Amersham, Buckinghamshire, UK).
Three dimensional tube formation
Vasculogenic tube formation was tested using commercial Matrigel (BD Biocoat,
Woerden, the Netherlands). 40 μl of Matrigel was coated in a 96 well on ice, incubated
at 37°C for 30 minutes and cells were plated at 20,000 cells per well for 6 hrs or 24 hrs
under normoxic or hypoxic conditions (0% of O2). Quantification of tube formation was
executed by counting the amount of branchpoints.
Stable transfection
Stable knockdown of HIF‐1α was achieved by expressing a 19bp stem‐loop shRNA
against HIF‐1α (sense target sequence 5’‐GGACAAGTCACCACAGGAC‐3’). The
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shRNA cassette was subcloned from pSUPER(kindly provided by E.H. Gort, University
Medical Centre Utrecht) into pRETROSUPER as an EcoRI / XhoI fragment. As a
negative control (mock), the same vector without the construct was used. 5.105 cells
were transfected together with 2 μg vector using 100 μl V‐buffer and program V‐20 of
the Nucleofector system (Amaxa). Afterwards 500 μl medium was added and cells
were seeded in a 6 well containing 1.5 ml medium. To achieve stable knockdown
clones, cells were selected with 0.5 μg/ml puromycine dihydrochloride (Sigma Aldrich,
St. Louis, MO, USA). After 10 days, 9 knock down clones and 6 mock transfected clones
(of each cell line) were isolated from the 6 well and cultured in selective medium for
another 2 weeks.
Invasion assay
The invasiveness of cells was tested in three dimensional assays in collagen gels.
Harvested tumor cells were grown overnight in Petri dishes to form spheroids. Next,
the spheroids were placed in a three dimensional collagen gel containing in 8 volumes
of vitrogen‐100(Collagen), 1 volume 10x concentrated a‐MEM (Life Technologies) and 1
volume of 11.76 mg/ml sodium bicarbonate. 100 μl of this mixture was suspended with
10 μl of spheroid suspension and placed in a well of a 96‐well culture plate, after which
gelation was allowed to take place at 37 ˚C for 30 min. After gelation, RPMI medium
was applied on top of the gel. The sprouting, migration and invasion of cells of
spheroids was observed for 48 hrs.
Proliferation and migration measurements
Tumor cell proliferation was measured using a [3H] thymidine incorporation assay as
described previously 12. Tumor cells were seeded at 6,000 cells per well in a 96‐well
plate and cultured for 30h. During the last 6 h of the assay, the culture was pulsed with
0.3 ACi [methyl‐3H] thymidine (Amersham Life Science) per well. Activity was
measured using liquid scintillation. Three independent experiments were done and in
each experiments and measurements were done in triplicate. Migration of endothelial
cells was measured using the wound assay 12. In brief, confluent monolayers of tumor
cells were wounded using the blunt end of a 200μl pipette tip. Cultures were washed
and medium was replaced. Wound width was measured in triplicate cultures at four
predefined locations at start and at 2, 4, 6, and 8 h after wounding.
Statistical analysis
All values are given as mean values ± SE. Statistical analyses of the quantitative real‐
time RT‐PCR, tube formation assay and proliferation assay were done using the Mann‐
Whitney rank sum test, which was done in SPSS 12.0.1 software (SPSS, Chicago, IL).
Migration assay data were analyzed by using two‐way ANOVA (GraphPad Prism 3.0,
GraphPad, San Diego, CA). All values are two‐sided and P values <0.05 were
considered statistically significant.
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Results
Highly plastic and aggressive tumor cells express more HIF‐1α related genes than non‐
aggressive tumor cells
To identify the gene profile of aggressive tumor cells that display a vasculogenic
mimicry phenotype, we performed microarray comparisons of Ewing sarcoma cell
lines (EW7 versus SIMEW7) and breast carcinoma cell lines (MDA‐MB231 versus
MCF7). Analysis revealed a differential expression in VM+ (EW7 and MDA‐MB231)
versus VM‐ (SIMEW27 and MCF7) tumor cells. We found 101 transcripts, that
corresponded to 84 unique genes, were more than 10‐fold upregulated (Table 2). Out of
these, 9 genes were selected for validation by quantitative real‐time analysis from three
different RNA isolations. Validation was extrapolated to MUM2B and MUM2C cells,
two cell lines that have been characterized before as being VM+ and VM‐ (Figure 1) 1.
Because we hypothesized that hypoxia could be involved in tumor cell plasticity, we
screened for genes that were differentially expressed and known to be regulated by
hypoxia and/or HIF‐1α 13. We found 16 genes that were more than two‐fold
upregulated in VM+ versus VM‐ cells in both the VM+ cell lines or, in some cases only
one of the VM+ cell lines (Table 3).
Table 3 Differential expression of HIF‐1α regulated genes
fold change

fold change

EW7/SIMEW27

MDA‐MB321/MCF7

IGFBP1

17

23

cell survival and proliferation

IGFBP3

9

13

cell survival and proliferation

TGF alpha

5

3

cell survival and motility

ADM

7

9

cell survival

cMET

9

8

cell motility

VIM

2

49

cytoskeleton structure

ETS‐1

17

16

transcriptional regulation

NT5

66

16

nucleotide metabolism

PAI‐1

40

25

ECM metabolism

uPAR

19

4

ECM metabolism

TGM2

71

28

amino acid metabolism

transferrin R

2,2

1,35

iron metabolism

ENO1

1,8

2,24

glucose metabolism

LDHA1

2,33

2,41

glucose metabolism

PGK1

1,9

2,29

glucose metabolism

PKM2

2,4

1,86

glucose metabolism

Gene name

gene function
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Vasculogenic mimicry positive cells produce more HIF‐1α protein under hypoxia
The four cell lines, EW7, SIMEW27, MUM2B and MUM2C, were further used for in
vitro analysis. Cells were incubated for 6 hrs under normoxic or hypoxic conditions
(0,2% O2). Although there was no correlation between VM positivity and the expression
of HIF‐1α under normoxic conditions, interestingly, under hypoxic conditions a higher
expression of HIF‐1α protein was induced in the VM+ cells (figure 2 A).

Figure 1. Transcriptional validation of 10‐fold upregulated genes by quantitative real‐time RT‐PCR.
Relative mRNA expression of selected genes in VM+ tumor cells (EW7, MUM2B, MDA‐MB231) versus
VM‐ tumor cells (respectively SIMEW27, MUM2C, MCF‐7). Columns represent the mean of three
independent experiments, bars represent the SE.

Hypoxia stimulates sprouting in vitro
The effect of hypoxia on sprouting was tested with EW7, SIMEW27, MUM2B and
MUM2C cell lines in Matrigel. Only EW7 and MUM2B were able to form tubes under
these conditions (figure 2 B‐C). When incubated for 6 hrs under hypoxia, tube
formation was increased. After 24 hrs, a significant upregulation of tube formation was
observed for EW7 cells. For MUM2B a significant upregulation was already seen after 6
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hrs. In contrast, the VM‐ cell lines SIMEW27 and MUM2C fail to form tube‐like
structures under both normoxic and hypoxic conditions (figure 2 D).

Figure 2. Effect of hypoxic conditions on vasculogenic mimicry positive and negative cells.
A. HIF‐1α protein expression in EW7, SIMEW7, MUM2B and MUM2C cells exposed for 6h to hypoxia
(0.2% of O2) or normoxia. B‐D. Representative pictures of EW7 cells after 24 hrs normoxia (B) and 24 hrs
hypoxia (C) and SIMEW7 cells after 24 hrs hypoxia (D) seeded on matrigel. E‐F. Quantification of tube
formation assay of both EW7 and MUM2B (means of 3 different experiments that were performed in
triplo, quantified by two independent observers, bars represent SE).

Stable HIF‐1α knock down results in impaired expression of vasculogenic mimicry
related genes and reduced‐invasive phenotype
To study the role of HIF‐1α in VM, we created stable HIF‐1α knock‐down clones of
both EW7 and MUM2B cells. These clones were incubated with 300 nM CoCl2 for 4 hrs
and RNA was isolated. These clones demonstrated suppression of the HIF‐1α regulated
genes VEGF, GLUT‐1. Interestingly, the vasculogenic mimicry related genes TFPI‐1,
Lamin C2, Tie‐1, EphA2 were also suppressed (figure 3 A‐C). It was already described
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that matrix components and the microenvironment are important in the formation of
vasculogenic structures 14. To mimic a 3D environment that is more similar to in vivo
situations, we designed a new collagen matrix assay to observe phenotypic differences
of these cells. After 24 hrs, a clear difference was observed between the control
spheroids and the spheroids of HIF‐1α knock‐down cells. For both EW7 and MUM2B,
the control cells (mock transfected) proliferated, grew out of the spheroids and invaded
in the matrix, while the HIF‐1α knock down cells formed long stretched cells but
showed no evidence of similar proliferation and migration. Under hypoxic conditions,
similar results were observed (figure 3 D). To exclude possible differences in
proliferation or migration of the different clones, we performed a proliferation assay
and a migration wound assay. We found that clone EW7 HIF kd 2 and MUM2B HIF kd
6 had a significant higher amount of proliferation than the mock transfected cells
(figure 3 E). The EW7 HIF kd 8 did not show any difference. In the wound assay, we
could not detect significant difference between the different clones. The clone MUM2B
HIF kd 6 showed a significant difference in migratory characteristics after 4 hours
(figure 3 F‐G).
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Figure 3. Gene expression alteration and invasivion changes of a stable HIF‐1α knock down cells.
A‐C. After induction by hypoxic conditions, two EW7 clones (EW7 HIF kd 2 and EW7 HIF kd8) and one
MUM2B clone (MUM2B HIF kd 6) show downregulation in HIF‐1α mRNA and in downstream genes
like VEGF and GLUT‐1. Also, vasculogenic mimicry related genes were suppressed. D. Spheroids of
stable knock down cells and mock transfected control cells were less capable to invade the matrix. E.
Relative proliferation of different mock and HIF‐1α knock down clones of EW7 and MUM2B. F‐G.
Relative migration of different mock and HIF‐1α knock down clones of EW7 and MUM2B.
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Discussion
Hypoxia has been a major subject in the field of cancer therapy for years. In tumors,
hypoxia has been correlated with invasion, metastasis and patient death 15. Moreover,
hypoxia is a key player in the ‘angiogenic switch’ during tumor development. One of
the main regulators of the molecular mechanisms involved in response to hypoxia is
hypoxia inducible factor‐1 alfa (HIF‐1α). HIF‐1α regulates the transcription of many
genes that are involved in a conversion in a more invasive/metastatic phenotype 16.
Earlier research showed that the microenvironment is important in the induction of
vasculogenic mimicry 17. Moreover, it was suggested that hypoxia might be involved in
tumor cell plasticity. We have observed previously that HIF‐1α and GLUT‐1 expression
is enhanced around blood lakes and not around regular blood vessels in Ewing
sarcomas 11. A B16 xenograft inoculated in a mouse ischemic limb also showed more
presence of vasculogenic mimicry 18.
To further identify the role of hypoxia in vasculogenic mimicry (VM), a process
that also contributes to aggressiveness of the tumor, we performed a microarray
analysis comparing different VM+ and VM‐ cell lines. We identified several genes, that
are known to be regulated by hypoxia and/or HIF‐1α, and that were upregulated in
VM+ cells versus VM‐ cells. Most of these genes are involved in cell survival, cell
motility and cell proliferation and extra cellular matrix metabolism which can
contribute to cancer invasiveness and aggressiveness. In addition, VM+ cell lines
produced more HIF‐1α protein than VM‐ cells after being exposed to hypoxic
conditions. Moreover, we could confirm previous data of Rybak et al concerning the
induction of tube formation on matrigel by VM+ cells due to an hypoxic environment
with a Ewing sarcoma cell line and a melanoma cell line 19. To investigate whether HIF‐
1α plays a role in vasculogenic mimicry we generated HIF‐1α knock down of VM+
cells, EW7 and MUM2B. Interestingly, the downregulation of HIF‐1α resulted, next to
an effect on known downregulated HIF‐1α genes such as VEGF and GLUT‐1, also in
the downregulation of genes that are related to tumor cell plasticity. In these cells, a
difference observed in matrix‐invasiveness was observed. In contrast to HIF‐1α knock
down that were suppressed in growth, the control cells could proliferate, migrate and
invade through the collagen matrix. This was not due to higher proliferation or
migration capacities of the control cells. Some HIF‐1α knock down clones
demonstrated even a higher proliferation rate that the control cells.
In our array data we found a high expression of membrane type‐1 matrix
metalloproteinase (MT1‐MMP) (3.86 fold for EW7/SIMEW27 and 10.56 fold for MDA‐
MB231). MT1‐MMP was found to confer tumor cells with a 3D growth advantage and
was identified as a tumor‐derived growth factor that regulates tumor cell proliferation
20. The protein has also been described to be important in vasculogenic mimicry. It was
described that the interaction between lamin C2, MMP‐2 and MT1‐MMP could remodel
the extra cellular matrix microenvironment 3. Afterwards, PI3 kinase (PI3K) was
reported to affect especially MT1‐MMP 21. Moreover, an important pathway that
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regulates angiogenic and oncogenic signalling through HIF‐1α is the PI3K/Akt/mTOR
pathway 13. It may be postulated that the remodelling of extra cellular matrix in
vasculogenic mimicry positive cells and tumors could be due to the involvement of
hypoxia and HIF‐1α. In malignant gliomas and hepatocellular carcinoma, HIF‐1α was
already described to induce also the activation of invasive‐related molecules such as
MMPs 22. Also in the ischemic limb model, inoculated with a xenograft, of Sun et al., an
increase of MMP‐2 and MMP‐9, together with a more vasculogenic mimicry channels,
was observed in the ischemic group 18.
In conclusion, our results implicate hypoxia and HIF1‐alpha in the
establishment of vasculogenic mimicry. This may provide opportunities for targeting of
this pathway as a treatment option in cancer. A number of strategies that target
hypoxia and hypoxia inducible factors have been developed 23. Which component
should be the best target for vasculogenic mimicry, is a challenging new research field
that needs further investigation. Since previous studies and our results described the
importance of PI3K, HIF‐1α and MMPs in vasculogenic mimicry and/or tumor
progression, components that target the PI3K pathway are therefore the first potential
targets to use for anti‐vasculogenic mimicry.
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Cancer is one of the leading causes of death in the Western countries, and its incidence
is still rising. Increasing knowledge on mechanisms that regulate tumor growth and
development of specific strategies to inhibit tumor growth are therefore urgently
needed.
It is known for years that tumors can be considered as sites of inflammation and can be
seen as “wounds that do not heal” 1. Leukocytes can infiltrate into the tumor through
rolling on, adhesion to and diapedesis through the tumor blood vessel wall. These
processes are gouverned by the intricately regulated expression of endothelial adhesion
molecules, such as ICAM‐1, VCAM‐1 and E‐selectin. The expression of adhesion
molecules on endothelial cells is a process that is regulated by several factors. Next to
induction by inflammatory cytokines, suppression occurs through exposure to
angiogenic factors. This downregulation, together with the unresponsiveness of tumor
endothelial cells to inflammatory cytokines, is referred to as tumor endothelial cell
anergy 2. As a consequence, less leukocytes can enter the tumor and attack the tumor
cells.
It is suggested that dedifferentiated tumor cells provide themselves of a
secondary circulation system of vasculogenic structures lined by tumor cells,
independently from the process of angiogenesis, a phenomenon called vasculogenic
mimicry. In preliminary intravital microscopy experiments with a tumor model of
Ewing sarcoma, we observed the circulation of leukocytes in vasculogenic mimicry
channels. Interestingly, less adhesion and rolling interactions of leukocytes with the
channel wall were detected in these vasculogenic mimicry channels, in comparison to
tumor blood vessels. Because of this, and the knowledge that a) the presence of
vasculogenic mimicry is associated with aggressive, progressed tumors, b)
vasculogenic channels transport blood and c) tumor cells can execute an
immunosuppressive role on leukocytes, we hypothesized that channels lined by tumor
cells could be another mechanism of tumors to through up a barrier for leukocytes to
enter into the tumor. To study this hypothesis in vitro, we made use of Ewing sarcoma
and melanoma cell lines. Cutaneous melanoma is one of the human tumors which has
been most extensively analyzed in terms of cell adhesion molecules. In melanomas, the
expression of cell adhesion molecules such as integrins, ICAM‐1, MCAM and cadherins
has been associated with primary tumors and progression 3, 4. These adhesion
molecules facilitate migration of tumor cells and thus the extravasation of tumor cells
and subsequently the onset of metastasis. Importantly, the role of adhesion molecules,
expressed by tumor cells, in capturing leukocytes has not been studied extensively.
ICAM‐1 null mice showed an enhanced level of liver metastasis of the B16 melanoma
and a decreased amount of inflammatory cells according to the wild type mice 5. Also
in colon carcinoma, invasive breast cancer and gastric cancer the expression of ICAM‐1
was associated with a good prognosis and with a higher infiltration of lymphoid cells 6‐
8. We investigated the expression of several adhesion molecules such as CD44, MCAM,
ICAM‐1, VCAM‐1 and E‐selectin in aggressive (vasculogenic mimicry positive) versus
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non‐aggressive (vasculogenic mimicry negative) cell lines, on mRNA and protein level.
Unfortunately, we could not detect significant difference in the expression of adhesion
molecules. Also, in an in vitro adhesion assay where we studied the interaction of
leukocytes with a confluent layer of tumor cells, we also could not discriminate
between aggressive and non‐aggressive cell lines on basis of their leukocyte
interactions. This research generated a lot of ‘negative data’ and did not directly
provide answers to the question of involvement of vasculogenic mimicry in escape
from immunity.
To further study our theory that vasculogenic mimicry channels could be
involved in (the lack of) leukocyte infiltration in the tumor, we investigated the
correlation of leukocytes with vasculogenic mimicry and angiogenesis in human
melanoma tissues. Next to that, we analysed the prognostic value of leukocyte subsets
in primary melanoma. Tumors that showed vasculogenic mimicry were characterised
with a higher amount of leukocytes and with a poor survival for the patient. Both the
presence of vasculogenic mimicry and a high amount of leukocytes are considered to
be markers for aggressiveness in primary melanoma. In conclusion, we favour the view
that our hypothesis that vasculogenic mimicry is involved in escape from immunity
can be rejected. However, it could be suggested that the high infiltration of leukocytes
in melanomas is reaction of the immune system to overcome the dedifferentiation of
aggressive tumor cells.
In melanomas, immunotherapy has been considered potentially useful because
this tumor type is characterised with a high amount of leukocytes which sometimes
results in spontaneous regression. In our patient study, we observed that progressed
melanoma are infiltrated by a higher amount of leukocytes, however, this correlated
with a worse prognosis for the patient. Analysis of the activation status of the
lymphocytes, revealed a low amount of activated lymphocytes in progressed
melanomas. This suggested that these tumors have developed several mechanisms to
escape from tumor immunity. The role of regulatory T cells, which are able to suppress
the activity of CD8+ and CD4+ T cells, has been investigated in other tumors types such
as ovarian cancer 9, 10, gastrointestinal tumors 11, Hodgkin’s lymphoma 12 and breast
cancer 13, 14 and was correlated with progression. We are the first to report that the
amount of regulatory T cells does not predict survival in primary melanoma, however,
these cells are similarly recruited as the other subsets of lymphocytes and other
leukocytes and could in that way counteract immunosurveillance in the tumor. It is
clear that the evaluation of the immunosuppressive character of the total immune
infiltrate is needed to predict survival and to evaluate the effect of immunotherapy.
One of the first attempts of immunotherapy, by administration of interleukin‐
2, in melanoma and renal cell carcinoma, resulted in 10‐20% of effectiveness 15‐18.
Clinical trials of tumor‐specific immunotherapy (i.e. vaccination strategies), however,
have so far been disappointing, with response rates lower than 5% 19. These data
suggest a minor future for immunotherapy in cancer treatment. Nevertheless the
knowledge on immunosuppressive cells and cytokines inspired researchers to develop
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new strategies. Recent experimental findings report a 50% response rate in patients
with metastatic melanoma after lymphodepletion prior to adoptive transfer of
engineered tumor‐specific lymphocytes. These patients were treated with in vitro
expanded tumor infiltrating lymphocytes and interleukin‐2, host immunodepletion
and chemotherapy which resulted in both the elimination of regulatory T cells and
other competing cytokine producing cells of the immune system. 20, 21. This promising
strategy opens new possibilities for anti‐tumor therapies.
Although in melanomas most attention has been focused on tumor infiltrating
lymphocytes, other subsets are also present. Interestingly, in our patient group we
observed that the subsets of leukocytes that infiltrated the most from peritumoral areas
to intratumoral areas, where B cells, macrophages and polymorphonuclear cells. There
is more and more evidence that the role of B cells and macrophages in tumors is not
inhibitory but rather immunosuppressive. First attempts to unravel the exact
contribution of B cells in tumor immunity was done in B cell‐deficient mice. Mice with
deficient mature B cells rejected the tumor and executed an enhanced antitumor
immunity while wild type mice did not. It was demonstrated that priming of B cells
resulted in disabled CD4+ helper T cells 22, 23. B cell depletion in patients with B cell
lymphoma, renal cell carcinoma and melanoma also showed strong tumor specific T
cell responses 24, 25. In contrast, in melanoma CD80+ B cells in combination with a higher
amount of CD8+ cytotoxic cells correlated with a good prognosis 26. Also tumor
associated macrophages (TAM) have contradictory effects on tumor growth. TAMs are
capable of killing tumor cells and can produce angiostatic compounds. On the other
hand, they can also produce pro‐angiogenic compounds (like VEGF, bFGF, interleukin‐
8, TNF‐α and several matrix metalloproteinases) and stimulate tumor progression. In
addition, TAMs respond to hypoxia by up‐regulating the hypoxia‐inducible factors
HIF‐1 and HIF‐2 and subsequently VEGF 27, 28. In melanoma patients, a role of TAMs
was described in the downregulation of tumor‐specificity of T cells en NK cells 29.
Although the contribution of polymorphonuclear cells (PMN) has been controversial,
improvement of PMN cytotoxicity was obtained after the injection of specific
antibodies for oncogene products, like epidermal growth factor and ERBB2 30. Also the
administration of recombinant interleukin‐2 in patients with advanced malignant
melanoma and renal cell carcinoma activated PMN effector activity 31, 32. These data
suggest that the infiltration of both B cells and macrophages should be prevented while
the stimulation of the activity and infiltration of PMN could be beneficial for the
patient. It is clear that the role of these leukocyte subsets in tumor immunosurveillance
needs further investigation.
A second target in tumor inhibition is tumor vascularisation. One of the best
characterised vascularisation types is angiogenesis. Tumor angiogenesis is essential for
tumor growth and metastasis, and is regulated by the production of pro‐angiogenic
factors mainly by tumor cells. Measurement of angiogenesis is commonly assessed by
the quantification of the amount of blood vessels or microvessel density. Although
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these methods seems reproducible between different observers, several studies
reported controversial findings. With the development of angiogenesis inhibitors, of
which several clinical trials are ongoing worldwide, detailed knowledge of the vascular
characteristics of a tumor is becoming essential. Although the goal of anti‐angiogenesis
strategies is to inhibit tumor growth, evaluation of an anti‐angiogenesis therapy
through the assessment of tumor growth is not totally fair since several other
mechanisms can influence cancer outgrowth. Proper quantification of angiogenesis is
needed. It has been suggested that angiogenesis is best evaluated through detection of
proliferating endothelial cells 33. In chapter 3, we demonstrated that the quantification
of the amount of proliferating endothelial cells is a better parameter for ongoing
angiogenesis than microvessel density in primary melanoma. In addition, in other
tumor types, such as hepatocellular carcinoma, colon carcinoma and renal cell
carcinoma, this parameter for active angiogenesis could be correlated to tumor
progression or survival 34, 35. Since patients diagnosed with a Breslow depth smaller
than 0.75 mm still can have metastasis, parameters that correlate to tumor progression,
additional to the measurement of Breslow depth, should be investigated at time of
diagnosis. Therefore, it should be considered to use the evaluation of the fraction of
proliferating endothelial cells in the diagnosis of cancer stages and in the application
and evaluation of anti‐angiogenesis strategies.
Next to angiogenesis, several other types of tumor vascularisation exist. In this thesis
we focussed on the presence of vasculogenic mimicry in solid tumors. In this process
dedifferentiated tumor cells provide themselves of a secondary circulation system of
vasculogenic structures lined by tumor cells, independently from angiogenesis 36.
As already mentioned in the introduction, there are three different phenomena
that are described to represent vasculogenic mimicry: PAS patterns, blood lakes and
mosaic vessels. It can be postulated that these three forms have different origins of
development. First, the formation of PAS patterns was thought to be a reorganization
of tumor cells and an enhanced expression of extracellular matrix molecules that could
transport plasma. Next, with the discovery of blood lakes, it was thought that due to
high pressure of blood, tumor cells are forced into a tube‐like structure. The term
‘blood lake’ suggests only the presence of erythrocytes in a certain region of the tumor.
In chapter chapter 5, however, we describe the detection of blood flow in these
structures. Therefore a more suitable term for these structures would be blood rivers.
The development of mosaic vessels, partly lined by endothelial cells and partly by
tumor cells, could be due to a deficit of endothelial cells during the formation of blood
vessels. Tumor cells take over the place of endothelial cells since they have a higher
proliferation rate. Aggressive tumor cells have been described with highly migratory
characteristics. In addition, it was postulated that mosaic vessels could be a
precondition of vasculogenic structures that are lined only by tumor cells.
In discussions about vasculogenic mimicry, the question arises frequently why
the tumor forms these vessel‐like structures. It is thought that due to the high
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proliferation rate of these aggressive tumors, there is an urgent need for more nutrients
and oxygen. Vasculogenic channels are formed due to the lack of sufficient regular
blood vessels. With the addition of these extra vasculogenic structures that also
transport blood, the tumor is able to continue its exuberant growth. However, there is a
report on the development of vasculogenic mimicry before the onset of angiogenesis 37.
In this study, several mice with a B16 melanoma xenograft were sacrificed every day
form day 11 to day 22 after tumor inoculation. It was resported that a positive
correlation exists between the amount of blood vessels and the size of the tumor, while
the amount of vasculogenic mimicry was inversely correlated. It was suggested that
during tumor expansion vasculogenic mimicry channels are replaced by endothelium‐
dependent vessels.
Important to mention is that not only tumor cells but also other cell types have
been described to ‘mimic’ endothelial cells. The same phenomenon of pseudo‐
vasculogenesis was observed in human placenta where cytotrophoblast cells replace
resident maternal endothelium, creating a hybrid uterine vasculature 38. Furthermore,
there was a close relationship found between tumor cells and endothelial cells in B‐cell
lymphomas where lymphoma specific genetic aberrations were also found in
microvascular endothelial cells 39. A recent paper described the same behaviour of
macrophages, isolated from patients with multiple myeloma, who were able to express
endothelial specific markers after stimulation of VEGF and bFGF and to form capillary‐
like structures in vitro. In addition, in bone marrow biopsies of patients with multiple
myeloma, they detected mosaic vessels lined by both endothelial cells and
macrophages 40. These new findings highly suggest the existence of vasculogenic
mimicry in both pathological and physiological conditions. However, the evidence that
next to tumor cells, also other cell types can mimic endothelial cells, makes targeting
strategies to inhibit tumor growth even more difficult.
Independent of these structures being functional or not, it is important to note
that the presence of vasculogenic mimicry in different tumor types was a significant
factor to predict survival 41. By H&E and PAS staining this marker of tumor
aggressiveness is easy to assess and should be included as an additional parameter in
the diagnosis of patients. We are the first to describe the presence of tumor cell
plasticity in the tumor type Ewing sarcoma (chapter 5). Moreover, the presence of
tumor cell plasticity was associated with poor survival and explains the aggressive
character of this tumor type, just as in melanomas. In contrast, several parameters
related to angiogenesis could not predict survival. These results demonstrate the
important role of vasculogenic mimicry in the aggressiveness of a tumor and the need
to implicate it in general patient diagnosis.
Microarray analysis, comparing highly invasive and poorly invasive
melanoma cells, revealed tumor cells with a dedifferentiated phenotype with
endothelial specific genes 36. Since than, research groups, challenged by the existence of
vasculogenic mimicry, have been mainly focussing on individual genes that are
involved in vasculogenic mimicry by means of siRNA techniques or by techniques
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making use of blocking antibodies. Importantly, it is not one gene that drives the whole
process of vasculogenic mimicry. This whole process could be considered as an genetic
aberration or a mutation in tumor cells that induces directly or indirectly changes in
expression of other genes. Therefore, it is important to unravel the mechanism or
pathways that are involved in tumor cell dedifferentiation. Previous research showed
us that the microenvironment is important in the induction of vasculogenic mimicry.
Normal epidermal melanocytes, exposed to an extracellular matrix conditioned by
metastatic cutaneous melanoma, were demonstrated to reprogram to a genotype with
specific genes that were associated with the ability to form vasculogenic‐like networks
42. In chapter 6, we describe another component of the microenvironment, the oxygen
level, that has an stimulatory role in the process of vasculogenic mimicry. Hypoxic
conditions could induce the formation of vasculogenic structures in vitro. Furthermore,
downregulation of one of the most important hypoxia transcription factors, hypoxia
inducible factor‐1α (HIF‐1α), could inhibit the matrix‐invasiveness of aggressive cell
lines and downregulated the expression of several genes that are related to
vasculogenic mimicry. The finding that hypoxia is involved in vasculogenic mimicry is
important because also angiogenesis is stimulated by these conditions. This implicates
that both vascularisation types could be targeted by a similar strategy that inhibits
hypoxia.
The induction of dedifferentiation of tumor cells by hypoxia has been reported
before. In neuroblastoma, ductal breast carcinoma and prostate carcinoma, it has been
reported that hypoxia alters the gene expression patterns of tumor cells into an stem
cell‐like phenotype 43‐45. These findings strengthen the idea that hypoxia is an important
promoter of tumor dedifferentiation and development.
Hypoxia is a main subject in the field of cancer therapy for years. Hypoxic
tumors are more aggressive and resistant to anti‐neoplastic treatments such as
radiotherapy and chemotherapy 46. Moreover, hypoxia is a key player in the
‘angiogenic switch’ during tumor development. The downregulation of HIF‐1α, one of
the main regulators of the molecular mechanisms involved in response to hypoxia,
could have an immediate effect on the transcription of HIF‐1α downstream genes that
are involved in a conversion of a tumor cell in a more aggressive phenotype. This could
inhibit tumor growth and is thus a potential new target in cancer treatment 47. Which
component should be the best target for vasculogenic mimicry, is a challenging new
research field that needs further investigation. Nevertheless, gene expression profiling
of vasculogenic mimicry positive versus vasculogenic mimicry negative cell lines,
revealed the importance of the gene phosphoinositide‐3 kinase (PI3K) in the process of
tumor cell plasticity 48. Components that target the PI3K/Akt pathway are therefore the
first potential targets to use for anti‐vasculogenic mimicry. However, since these anti‐
hypoxia strategy should target both angiogenesis, vasculogenic mimicry and increase
radiosensitization, a multitarget therapy of different HIF‐1α inhibitors could be an
advantage in the clinic.
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While most research on hypoxia has been focussed on HIF‐1α expression in
tumor cells, there is evidence that HIF‐2α is not only expressed in endothelial cells but
is also upregulated in various tumor types 49. The mechanisms of protein stabilization
of HIF‐1α and HIF‐2α and their mode of transcriptional activation are highly similar,
but differences are continued to be discovered. It has been demonstrated that HIF‐2α
can promote an aggressive phenotype in neuroblastomas 50. Under hypoxia, HIF‐1α
was transiently stabilised and executed acute responses, while HIF‐2α accumulated
and mediated a prolonged hypoxic gene activation. HIF‐2α was even the dominant
active HIF at physiological oxygen concentrations (5% of O2) and induced hypoxia‐
driven genes that known to be regulated at hypoxic conditions (1% of O2) by HIF‐1α .
Furthermore, there are genes reported to be target genes of HIF‐2α. MT1‐MMP,
erythropoietin, PAI‐1, VEGF, TGF‐α and lysyl oxidase have been reported as pre‐
dominant targets of HIF‐2α 51‐56. Oct‐4, a transcription factor involved in maintaining
pluripotentiality of embryonic stem cells and thus also in regulating differentiation,
seems to be regulated exclusively by HIF‐2α 57. Le Bras et al. reported the regulation of
VE‐cadherin by HIF‐2α and also suggested that HIF‐2α, since it is regulating several
endothelial markers, is important in inducing endothelial specificity of gene expression
and could be a mediator of vasculogenic mimicry. It is clear that due to the recent
findings, the role of HIF‐2α in tumor cell plasticity should be investigated.
Combining therapies directed against different mechanisms or targets is currently a
growing concept. In chapter 2, we suggested already that, to be able to target all
different kinds of tumor vascularisations, a multimodal anti‐vascular approach is
needed. But next to a variety of vessel structures that contribute to tumor progression
and resistance in radiotherapy due to hypoxia, also the development of
chemoresistance is a persistent problem. In general, taken into consideration that a
tumor, by virtue of its genetic drift and selection of mutated daughter cells, has an
evolutionary drive that results in counteracting new targeting strategies, a multimodal
cocktail of treatments could be an advantage in the clinic. However, for each tumor
type such a multimodal therapy should be developed. This means a good follow up of
all therapies by suitable surrogate markers and imaging techniques. The ultimate goal
in cancer therapies will be to stay ahead of the rapid evolutionary genetic adaptations
of the tumor cells by continuously evaluating and adapting the cocktail of treatment. In
conclusion, the important question in cancer treatment may not be “how to stop the
tumor cells from growing” but should be extended with “how to beat the ‘natural
selection’ of tumor cells”.
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Tumor growth is mainly restricted due to the diffusion limit of oxygen and nutrients.
In order to grow beyond a size of 1‐2 mm3, the tumour switches to an angiogenic
phenotype and attracts blood vessels from the surrounding stroma. Angiogenesis, the
growth of new capillary vessels out of pre‐existing ones, is regulated by a variety of
pro‐ and anti‐angiogenic factors, and is a prerequisite for further outgrowth of the
tumor and for metastasis formation. With the discovery of the first angiogenic growth
factors, 30 years ago, researchers postulated optimistically that the inhibition of
angiogenesis in tumors could be a challenging and promising strategy in treatment of
cancer. However, clinical trials did show limited results in comparison to the initial
mouse studies. In 1999, the process of vasculogenic mimicry, in which tumor cells of
aggressive tumors dedifferentiate into an endothelial phenotype and make tube‐like
structures, was discovered. This mechanism provides tumour cells with a secondary
circulation system of vasculogenic structures lined by tumour cells, independently of
angiogenesis, and contributes to the aggressiveness of a tumor. The presence of
vasculogenic mimicry in tumor samples of patients has been correlated to poor survival
in several tumor types. The recent findings on the ‘plastic’ endothelial‐like phenotype
of melanoma and other tumour cells confused the field of cancer biology. The presence
of vasculogenic mimicry could (partly) explain the limited success of anti‐angiogenesis
strategies, since these treatments are targeting tumor specific endothelial cells and not
tumor cells. Little is known about the role of this secondary circulation system in
tumors. In this thesis, the role of vasculogenic mimicry in tumor biology was
investigated.
In chapter 2, we described different vascularisation types that are present in solid
tumors. It is clear now that tumors, next to sprouting angiogenesis, have different
forms of tumor vasculature that stimulate tumor progression and metastasis. Processes
including intussusceptive angiogenesis, the recruitment of endothelial progenitor cells,
vessel co‐option, vasculogenic mimicry and lymphangiogenesis, are also important for
tumor outgrowth. We summarizes the different mechanisms of tumour vascularisation,
the molecular players that are involved and their relevance in clinical practice. While
most research has been done on sprouting angiogenesis, the exact mechanisms that are
involved in other types of vascularisation are less known. Nevertheless, these
mechanisms contribute to tumor blood circulation and are important targets for
therapy. Finally, we anticipate that combination of a multimodal anti‐vascular
approach, representing anti‐angiogenesis, anti‐lymphangiogenesis and vasculogenic
mimicry targeting, together with chemotherapy may become the best possible strategy
in the fight against cancer.
To investigate the relationship between vasculogenic mimicry, angiogenesis and the
immune system in tumors, 58 patients with a primary melanoma were selected. By
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means of immunohistochemistry on tumor samples we got insight in the relationship
between these 3 processes and their contribution to tumor progression. In chapter 3, we
described a new technique to quantify the amount of active angiogenesis. To
accomplish this we used a immunohistochemical double staining, in which we stained
both the blood vessels (with CD31/CD34) and the proliferating cells (with Ki‐67
antibody) in a tumor. We found that the amount of proliferating endothelial cells was a
better parameter for patient survival than quantifying only the amount of blood
vessels.
In chapter 4, we analysed the role of immune infiltration (T cells, cytotoxic T cells, B
cells, macrophages, polymorphonuclear cells, regulatory T cells and activation status of
lymphocytes) in tumor progression and the correlation with the amount of active
angiogenesis and the presence of vasculogenic mimicry. Both the amount of immune
infiltration and the presence of vasculogenic mimicry were correlated with the
aggressiveness of the tumor. In addition, the amount of activated lymphocytes (CD69)
is an important parameter to analyse the functionality of the immune reaction of the
tumor.
In chapter 5, we described the presence of vasculogenic mimicry in Ewing sarcoma.
This tumor is a rare, but aggressive type of cancer characterised by the large numbers
of blood lakes (erythrocytes surrounded by tumor cells). Although these tumors are
characterised with high expression of VEGF, we detected a low amount of blood
vessels. This could be explained by the presence of vasculogenic mimicry which turned
out to be a good parameter to predict patient survival. Ewing sarcoma cell lines were
able to form vasculogenic structures in vitro and showed the specific gene expression
profile for vasculogenic mimicry positive cells. We analysed the role of VEGF in the
stimulation of vasculogenic mimicry, but unfortunately, we could not detect an
influence of VEGF on this process. We did find expression of HIF‐1α, a marker for
hypoxia, around the observed blood lakes but not around the regular tumor blood
vessels. In chapter 6, we further investigated the role of hypoxia and HIF‐1α in
vasculogenic mimicry. Microarray analysis comparing aggressive (vasculogenic
mimicry positive) cell lines with non‐aggressive (vasculogenic mimicry negative) cell
lines, revealed a higher expression of several HIF‐1α related genes in the aggressive cell
lines. Moreover, hypoxic conditions stimulated the formation of vasculogenic
structures in vitro and the HIF‐1α protein expression was higher in the aggressive cell
lines than in non‐aggressive cell lines. Downregulation of HIF‐1α resulted in the
downregulation of HIF‐1α downstream genes. Importantly, also the expression of
genes related to vasculogenic mimicry were downregulated and a less matrix‐invasive
phenotype was observed. We concluded that there is a role of hypoxia and HIF‐1α in
inducing vasculogenic mimicry and that this knowledge is important to develop new
anti‐vasculogenic mimicry strategies.
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In this thesis, we investigated the role of vasculogenic mimicry in tumor progression.
Vasculogenic mimicry is clearly contributing to the aggressiveness of the tumor. These
vasculogenic channels form a functional secondary circulation system that is stimulated
by hypoxic conditions. This new knowledge on vasculogenic mimicry can contribute to
the development of new therapeutic strategies for several types of aggressive tumors.

141

Samenvatting|

Samenvatting
De groei van tumoren wordt in sterke mate bepaald door de toevoer van zuurstof en
nutriënten. Als een tumor groter wordt dan 2 mm in diameter, gaat deze groeifactoren
uitscheiden, waardoor bloedvaten die rond de tumor gelegen zijn, worden
gestimuleerd in groei. De vorming van nieuwe vaten uit reeds bestaande, wordt
angiogenese genoemd. Angiogenese is niet alleen noodzakelijk voor de groei van
tumoren maar maakt ook metastasering van de tumor mogelijk. Zo’n 30 jaar geleden,
bij de ontdekking van de eerste angiogene groeifactoren, werd er gepostuleerd dat de
inhibitie van angiogenese in tumoren een belangrijke therapeutische uitdaging of zelfs
de oplossing zou zijn voor de behandeling van kanker. Naast de aanleg van reguliere
bloedvaten, werd in 1999 ontdekt dat ook agressieve tumorcellen in staat zijn om zelf
bloedvat‐achtige structuren te vormen, een proces dat vasculaire mimicry (nabootsing)
wordt genoemd. Dit zorgde voor heel wat ophef in het kankeronderzoek. Omdat deze
vaatstructuren kunnen bijdragen aan de bloedcirculatie in de tumor, onafhankelijk van
het proces van angiogenese, zijn zij mede verantwoordelijk voor de agressiviteit van de
tumor. De aanwezigheid van vasculaire mimicry is daarom een indicatie voor een
slechte prognose voor de patiënt. Bovendien bemoeilijkt het proces van vasculaire
mimicry het onderzoek aan angiogenese en kan dit een verklaring zijn voor het
beperkte succes van de recent ontwikkelde anti‐angiogenese therapieën. Deze
therapieën zijn immers gebaseerd op het verwoesten van endotheelcellen en laten de
tumorcellen ongemoeid. Omdat vasculaire mimicry pas recent ontdekt is, weten we
heel weinig over de rol van dit secundaire circulatie systeem in tumoren. In dit
proefschrift werd de rol van vasculaire mimicry in de biologie van tumoren
bestudeerd.
In hoofdstuk 2 werden de verschillende vaatstructuren in een tumor beschreven. Naast
reguliere tumorangiogenese zijn er ook andere vaatstructuren die kunnen bijdragen
aan de progressie van de tumor. Intussusceptieve angiogenese, bloedvat co‐optie, het
rekruteren van endotheelstamcellen, vasculaire mimicry en de aanleg van lymfevaten
zijn andere processen die een rol spelen in een tumorgroei. We gaven een overzicht van
de verschillende tumorvaatstructuren, de moleculaire mechanismen en de klinische
relevantie. Veel onderzoek werd reeds gedaan aan reguliere tumorangiogenese.
Mechanismen van de aanleg van andere vaatstructuren zijn minder bekend. Toch
dragen deze bij aan de bloedcirculatie in de tumor en vormen daarom targets voor
therapie. Een multi‐modale antivasculaire strategie zou een goede aanpak kunnen zijn
om tumorgroei en metastasering te remmen.
Voor het bestuderen van de relatie tussen vasculaire mimicry, angiogenese en de
immunologische reactie in een tumor, werden 58 patiënten geselecteerd met een
primair melanoom. Aan de hand van immunohistochemische kleuringen op
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tumormateriaal kon er inzicht worden verkregen in de relatie tussen deze drie
processen en hun rol in tumorprogressie. In hoofdstuk 3 werd een nieuwe techniek
ontwikkeld om de hoeveelheid actieve angiogenese in een tumor te kunnen
kwantificeren. Hiervoor werd een immunohistochemische dubbelkleuring uitgevoerd,
waarbij zowel de bloedvaten (met CD31/CD34 antilichaam) als de prolifererende cellen
(met Ki‐67 antilichaam) in een tumor werden aangekleurd. In primaire melanomen
vonden we dat de hoeveelheid prolifererende endotheelcellen, of actieve angiogenese,
een betere parameter is dan enkel het aantal bloedvaten voor het voorspellen van
overleving van patiënten met een primair melanoom.
In hoofdstuk 4 analyseerden we de rol van het ontstekingsinfiltraat (T cellen,
cytotoxische T cellen, B cellen, macrofagen, polymorfonucleaire cellen, regulatoire T
cellen en geactiveerde lymfocyten) in tumorprogressie en de correlatie met de
hoeveelheid actieve angiogenese en de aanwezigheid van vasculaire mimicry. Zowel
vasculaire mimicry als de hoeveelheid infiltraat bleken merkers van agressiviteit van de
tumor. Bovendien geeft de hoeveelheid geactiveerde lymphocyten ons een duidelijker
beeld over de functionaliteit van de immuunreactie in de tumor.
In hoofdstuk 5 beschreven we de aanwezigheid van vasculaire mimicry in het
tumortype Ewing sarcoma. Ewing sarcoma is een zeldzame, maar agressieve tumor die
gekenmerkt wordt door een grote hoeveelheid (meren van) rode bloedcellen die
gelegen zijn tussen tumorcellen. Ondanks dat deze tumoren worden gekenmerkt door
hoge expressie van VEGF, vonden we slechts een lage hoeveelheid vaten in de
tumoren. Dit bleek te berusten op de aanwezigheid van vasculaire mimicry en was in
dit tumortype ook een parameter voor het voorspellen van overleving van een patiënt.
Ook in vitro maakten Ewing sarcoma cellijnen vasculaire structuren en ze vertoonden
het specifieke genexpressieprofiel van vasculaire mimicry. We onderzochten de rol van
VEGF in de stimulatie van het proces van vasculaire mimicry. VEGF bleek geen
invloed te hebben op het stimuleren van dit proces. We vonden wel expressie van HIF‐
1α, een merker voor hypoxie, rond de geobserveerde meren van rode bloedcellen en
niet rond de standaard bloedvaten. In hoofdstuk 6 werd de rol van hypoxie en HIF‐1α
in vasculaire mimicry verder onderzocht. Uit de analyse van een microarray
experiment, waarbij we agressieve (vasculaire mimicry positieve) cellijnen ten opzichte
van niet‐agressieve (vasculaire mimicry negatieve) cellijnen vergelijken, was er een
hogere expressie van meerdere HIF‐1α gerelateerde genen in de agressieve cellijnen.
Daarenboven stimuleerden hypoxische condities de vorming van vasculaire structuren
in vitro en de eiwitexpressie van HIF‐1α was in de agressieve cellijnen ook hoger dan in
niet‐agressieve cellijnen. Wanneer de expressie van HIF‐1α werd onderdrukt, bleek niet
enkel de expressie van HIF‐1α gerelateerde genen lager te zijn, maar ook de expressie
vasculaire mimicry gerelateerde genen bleek negatief beïnvloed te worden. Uit deze
resultaten kunnen we besluiten dat er een mogelijke rol is van hypoxie en HIF‐1α in de
vorming van vasculaire mimicry en dat deze kennis kan gebruikt worden voor het
ontwikkelen van anti‐vasculaire mimicry strategieën.
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In dit proefschrift bestudeerden we de rol van vasculaire mimicry in tumorprogressie.
Vasculaire mimicry draagt duidelijk bij tot de agressiviteit van een tumor. Deze
tumorvaatstructuren zijn een functioneel secundair circulatiesysteem dat gestimuleerd
wordt door hypoxische omstandigheden. Deze nieuwe kennis over het mechanisme
van vasculaire mimicry kan bijdragen aan het ontwikkelen van nieuwe therapeutische
mogelijkheden voor verschillende types van agressieve tumoren.
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“…het zijn de invloeden van zon, regen en wind
die verklaren waarom dit beukennootje juist
tot deze boom moest uitgroeien…”
(Thomas Rosenboom, Hoog aan de wind)
Mijn droom om een steentje bij te dragen aan het kankeronderzoek werd reeds geboren
in 1995, toen een superenthousiaste lerares biologie mij de eerste beginselen van de
genetica uit de doeken deed. En hier sta ik nu, bijna 13 jaar later…. De laatste 4 jaar van
mijn promotieonderzoek waren intense jaren die me helemaal hebben ondergedompeld
in de wereld van het onderzoek. Hierbij heb ik veel hulp en steun gehad van collega’s,
vrienden en familie.
Professor Griffioen, Arjan, je wist me van in het begin te boeien met je verhalen over
(grote) wetenschap(pers), maar ook met je kennis over algemene weetjes zoals wijn,
munten, Amerika, orgels, muziek en actualiteit. Ook van je kritische verbeteringen van
mijn manuscripten heb ik veel geleerd! We hebben “samen gestreden in de oorlog
tegen kanker” en ik ben heel blij dat we samen dit mooie boekje kunnen afleveren.
Professor Daemen, beste Mat, jou wil ik bedanken voor de mogelijkheid om mijn
promotieonderzoek op jouw afdeling uit te voeren en voor je luisterend oor tijdens
mijn AIO‐dipjes.
Veerle, Debby en Karolien, wij vormden een goed team zo drie jaar samen op het
hoeklab. Ik ben heel blij dat ik met alle onderwerpen, werk of prive, bij jullie telkens
terecht kon. Bedankt voor de gezellig tijd met veel humor en steun. Veerle, voor
bioinformatica en moleculaire info kon altijd bij jou terecht voor een eenvoudige,
praktische uitleg. Je hebt me ook Limburg leren ontdekken en nadien van leren
houden, bedankt voor de “inburgeringcursus” de eerste jaren. Bovendien toon je, als
eerste, in onze groep, dat moederschap en AIOschap te combineren is. Veel succes met
het afmaken van je boekje!! Debby, ik denk dat iedere AIO wel opkijkt naar jou
doorzettingsvermogen en kennis, je bent een inspiratiebron voor mij geweest. Je
impulsieve uitspraken zorgden af en toe voor hilariteit, maar ik zou niet willen dat je
dat aan jezelf verandert!! Bedankt voor al je promotietips. Karolien, labbench‐maatje,
mede‐immunoloog, we zijn met de jaren meer en meer naar mekaar toegegroeid (en
dan bedoel ik niet dat ik meer en meer jouw bench inpalmde tijdens mijn
experimenten,☺). Met jou had ik regelmatig inspirerende discussies over de
verschillende subsets van leukocyten en cytokines die me achteraf soms nog meer
verwarden. Het was erg fijn om samen de laatste loodjes te dragen aan het einde van
onze promotie. Veel succes in Luik, je zal daar goed kunnen uitblinken in je kunnen,
daar ben ik van overtuigd. Bedankt dat je me wil bijstaan als paranimf!!
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Vivian, ook jij maakte deel uit van de gezelligheid op het hoeklab. Onze gezellige
koffie‐dates zal ik niet snel vergeten!! Veel succes met het afschrijven van je boekje.
Toni, me has enseñado que los ‘labmidgets’ son los responsables para lo que falla en los
experimentos. Aunque operan por la noche (cuando no estamos), duermo mejor
sabiendo que no es por mi culpa ☺. Muchas gracias por tu sentido de humor que me
hayas transmitido durante los experimentos y por mantener el animo en el laboratorio.
Suerte con tu futura carrera en la ciencia. Ricardo, de verhalen over je gistbereidingen
zullen nog lang op de afdeling rondgaan. Je bent nu reeds een tijdje aan je nieuwe
“recept” bezig in Nijmegen, veel succes met je verdere leven in het oosten. Coen,
bedankt voor me in te werken in de immunohistochemie, je was er altijd met een
nieuwe oplossing als een kleuring het weer niet wilde doen. Veel succes met je verder
loopbaan in het westen.
Daarnaast wil ik natuurlijk ook de analisten bedanken die ik gedurende mijn vier jaar
als gezellige collega’s op het lab heb gehad. Petra, bedankt voor je grote inzet in het
hypoxie onderzoek en andere projecten die niet gepubliceerd zijn. Loes, jij was altijd
bereid om kleine, onverwachte klusjes te doen, maar vooral onze leuke gesprekken
zullen me bij blijven. Edith, met je meer‐dan‐30 jaar‐ervaring heb je me meermaals bij
jouw over de vloer zien komen met weeral eens een “vraagje”, bedankt voor al je
praktische oplossingen. Sarah, iedereen denkt dat je een stille Belg bent, maar ik weet
wel beter, ik vond onze na‐17h‐gesprekken hartstikke gezellig. Sietske, je hebt me
geïnspireerd met je gewaagde carrière switch! Nicole en Kim, ook al is ons tijd samen
op het hoeklab al een tijdje geleden, ik vind het nog steeds gezellig om met jullie “in de
gang” te kletsen. Anouk, ook jij hebt een belangrijke bijdrage geleverd in de
melanomenstudies tijdens je stage.
Ook hebben we op het lab nog enkele post‐docs op het lab rondrennen. Judy, jij was
(letterlijk) de vliegende Hollander op het lab, gelukkig is dat in je post‐doc periode al
wat afgenomen. Je was steeds bereid om een (voor mij) nieuwe techniek uit te leggen.
Victor, galectin‐man, bedankt voor je kritische en goede tips tijdens besprekingen en in
manuscripten. Sebastien, you decided to continue your career as a scientist in sunny
San Francisco, a good choice! Ingrid, thanks for your critical remarks and ideas in my
research. I’m glad to know Karolien is in (your) good hands. All of you, succes with
your research!
Ook mijn kamergenootjes van op de “unie” wil ik bedanken voor de gezelligheid.
Natasja, Kitty, Judith en Dirk, we hebben veel lief en leed gedeeld, maar ook veel
gelachen. Natasja, bedankt voor de inspiratie voor stelling 7. Kitty, bedankt voor je
layout tips. Dirk en Judith, veel succes in Amerika!
Verder wil ik ook de mensen van het secretariaat en de diagnostiek bedanken, met
name Cor en Elly, die steeds weer met het juiste papier of advies voor me klaar
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stonden. Ook dank aan Ton, David, Veronique en Patrick, zonder jullie pathologische
kennis had ik mijn eerste drie onderzoeken niet kunnen publiceren. Bedankt voor jullie
inzet en snelle werk. Eric, jouw onophoudelijke interesse en inzet heeft er voor gezorgd
dat we toch samen die GFP publicatie zullen hebben!!! Richard en Rik, jullie
doorstonden zonder geklaag de beetjes van mijn naakte muisjes (en dan zeggen dat
naakte muizen rustig zijn). Bedankt bij het uittesten van de tumor‐muis modellen. Ook
wil ik natuurlijk de naakte muisjes bedanken die zich hebben opgeofferd voor mijn
onderzoek.
De gezelligheid op ‘de pathologie’ en op ‘de unie’ zal ik niet snel vergeten. Cardio’s,
Epigenetica angels en mijn verschillende babbel‐kamers op de unie, ik bedank iedereen
voor de leuke gesprekken in de gang (waarbij veelal het thema reizen het
gespreksonderwerp was ☺).
Het goede evenwicht tussen werk‐ontspanning heb ik vooral aan vrienden en familie te
danken die me steeds wisten te prikkelen met andere “wereldkennis”. Elsa, Gouda‐
meid, jij bent de ontspanning voor mij!! Samen brusselen, fietsen of wandelen. Op onze
ontdekkingsreizen wist je me altijd een vakantiegevoel te geven (ook al was het maar
een paar uur). Bedankt dat je mijn paranimf wil zijn. Ka’tje en Griet, onze zonnige
momenten aan de Antwerpse kade of Maastrichtste Maas zijn verslavend, laat het maar
snel weer lente worden!! Eva, guapa, het is heerlijk om met jouw Spaanse cultuur te
delen met of zonder capuccino. Je hebt me ook ondergedompeld (met flamencokleding)
in jouw ‘home town’ Jerez, bedankt voor de gastvrijheid van je hele familie. Harlinde,
jij hebt me altijd geboeid met je verhalen over je geneeskunde studie, je bent mede
verantwoordelijk voor mijn keuze voor het humane onderzoek ipv voor de
plantenveredeling. Fokko en Heleen, lieve zeemensjes, het kan gewoon geen toeval zijn
dat we mekaar tegen zijn gekomen in San Cristobal de las Casas en nog minder dat we
mekaar steeds weer tegenkwamen tijdens de reis in Guatemala. Jullie hebben me de
reiskriebels bezorgt (ja nog meer!!), om net zoals jullie, tot na mijn 70ste de wereld te
ontdekken.
Frans, Paula, Monique & Bas, Kristel & Mark, Francois & Mariska, jullie hebben me
helemaal opgenomen in jullie familie. De fysieke arbeid op de boerderij, met de neus in
de buitenlucht, is altijd een heerlijke ontspanning geweest (beter dan fitness, he Frans).
Zussie en Chris, jullie wisten me steeds te steunen maar ik geniet vooral van jullie twee
prinsesjes die me steeds weer meenemen in hun magisch kinder‐droom‐wereldje.
Romina en Eleni, jullie zijn schatjes! Mam en pap, jullie staan al jullie hele leven klaar
voor mij: dat energieke kind dat altijd weer nieuwe dingen wil kennen/leren/ervaren.
Nog steeds komen jullie met ontspanningstips voor een leuke tentoonstelling of een
mooie wandeling. Ik heb erg genoten van al onze fietstochten in het groene Limburg!
Bedankt voor alles!
Stefan, lieverdje, mijn Zahir, natuurmens, ontspanning nummer 1!, jij bent diegene die
er elke dag voor me was. Ik ben heel blij dat ik met jou mijn leven kan delen.
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