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INTRODUCTION AND AIM OF THE THESIS

Blood vessel outgrowth from existing vessels, or angiogenesis, is a physiological process
that can occur anywhere in the body, usually as part of wound healing processes. Since
the eye is the organ with the highest oxygen demand and blood flow per unit tissue
in the human body (1), it is not surprising that diseases in which the ocular vascular
networks are compromised, especially in the retina, can have severe consequences
for vision. Examples of such diseases include diabetic retinopathy and retinopathy of
prematurity. When the retinal blood vessels cannot fulfill the oxygen demand, hypoxia will
occur. The retinal tissue responds by producing growth factors that induce angiogenesis
to restore the blood flow. This is a physiological response to restore tissue integrity, but
it can have negative consequences as the new blood vessels may remain immature and
leaky for prolonged periods, which compromises retinal function and causes vision loss.
Mature blood vessels in the retina are lined by a single layer of endothelial cells that are
tightly bound to each other by adherens junctions and tight junctions. The endothelial
cells are supported by other cell types such as pericytes and the extracellular matrix (2). In
the healthy retina, the so-called blood-retinal barrier is formed in this way. Unlike mature
blood vessels, angiogenic blood vessel sprouts are immature and are adapted to the wound
healing milieu, lacking tight junctions, mature pericytes and a proper extracellular matrix,
which allows them to grow and make them leaky for plasma proteins.

Blood vessel sprouts are composed of specific subtypes of endothelial cells. A detailed
introduction of these endothelial cell subtypes is presented in Chapter 1.2. In short,
a blood vessel sprout is led by a tip cell that is followed by stalk cells and phalanx cells.
Tip cells are characterized by the extension of filopodia, which are essential for migration
towards hypoxic tissue areas. The stalk cells proliferate to allow elongation of the vessel
sprout, whereas phalanx cells are furthest away from the tip cells and form the mature
part of the new vessel. Because of their leading role in vessel sprouts and their unique
protein expression (3-5), tip cells form an attractive selective target for anti-angiogenic
therapy. Consequently, endothelial tip cells are subject of many pre-clinical studies that
aim to identify specific targets for novel therapies to treat retinal diseases.

Thus far, most of the research on tip cells has been performed in animal models to
identify possible selective molecular therapeutic targets in tip cells. The use of animal
models should preferably be avoided as much as possible because of ethical reasons,
which is why we explored the possibilities of studying tip cells in vitro. The Ocular
Angiogenesis Group AMC has shown for the first time that tip cells can be identified in
endothelial cell cultures by expression of the protein CD34 (3). In the present thesis, this
in vitro tip cell model was used to further characterize tip cells with respect to growth
factors and pathways involved. As tip cell studies in vitro are relatively new, practical
aspects of endothelial cell cultures are highlighted in Chapter 1.3.
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The studies presented in this thesis describe 3 approaches to study tip cells in vitro:

» ldentification of endothelial tip cell-specific proteins,

» Effects of angiogenesis inhibitors on endothelial tip cells in vitro, and

» Identification of interactions between endothelial tip cells, non-tip cells and
extracellular proteins.

Tip cell-specific proteins

A gene/protein that is specifically expressed by tip cells and at the same time essential
for the phenotype may be a very attractive therapeutic target to inhibit angiogenesis.
Since other cells do not express the gene, or to a lesser extent, side effects are avoided
or at least limited. In the first part of this thesis, we have explored a number of these tip
cell genes. In Chapter 2.1 we investigated the role of CD34 in a mouse model during
angiogenesis in the retina driven by hypoxia. In Chapter 2.2, the identification of insulin-
like growth factor 2 (IGF2) and insulin-like growth factor 1 receptor (IGF1R) as novel
tip cell genes is described. Chapter 2.3 further explores the roles of IGF2 and IGF1R in
tip cell maintenance in vitro and shows that other members of the IGF protein family,
the IGF binding proteins 3 and 4 (IGFBP3 and IGFBP4), are also involved in sprouting
angiogenesis. Chapter 2.4 reviews the literature on this subject and describes the role of
the members of the IGF family in angiogenesis and tip cell maintenance.

Inhibitors of angiogenesis

Angiogenesis is one of the hallmarks of cancer, and has been extensively studied as
a potential therapeutic target (6, 7). When a tumor grows and their size becomes
larger than 1-2 mm, supply of oxygen and nutrients and removal of carbon dioxide
and waste products by diffusion is not sufficient anymore. As a consequence, hypoxia
occurs which induces angiogenesis to construct a blood vessel network. Therefore,
the idea of inhibiting angiogenesis to prevent tumor growth was introduced by Judah
Folkman and co-workers as an attractive therapeutic strategy in oncology (8). However,
targeting tumor angiogenesis has never had the therapeutic impact that was expected
and angiogenesis inhibitors have had only marginal success in the cancer clinic. This is
possibly due to compensatory mechanisms such as vascular mimicry (9, 10) or alternative
angiogenic pathways (11). Angiogenesis inhibitors have often been tested extensively to
observe their effects on the overall vascular network, but the direct and specific effects
on tip cells have often been largely neglected, due to the lack of adequate experimental
models. Chapter 3 of this thesis is focused on the effects of anti-angiogenic compounds
on tip cells. An algorithm to determine optimal combinations of angiogenesis inhibitors
is described in Chapter 3.1. Chapter 3.2 describes a pre-clinical study on Crenolanib,
a novel angiogenesis inhibitor that affects non-tip endothelial cells rather than tip cells.



Interactions of tip cells with their microenvironment

The tip cell and stalk cell subtypes are dynamic, reversible and interchangeable (12).
The best fitting cell directs the sprout as tip cell, which makes the whole process of
angiogenesis more efficient, because too many tip cells would cause the generation
of too many sprouts. Interactions between different endothelial subtypes and their
microenvironment play an important role in determining into which subtype a cell will
differentiate. Culturing tip cells in vitro allowed us to isolate tip cells and stalk cells to
study proteins in the microenvironment and on the cell surface that induce differentiation
of the cells into a specific subtype or induce characteristics of the subtypes, as shown in
Chapter 4. Chapter 4.1 describes a combined in silico and in vitro study of interactions
between tip cells and other endothelial cells via apelin and its receptor. In Chapter 4.2,
the effects of extracellular matrix binding of the pro-angiogenic vascular endothelial
growth factor (VEGF) on tip cells and non-tip cells are described. Chapter 4.3 presents
a review of sulfatase 2, a modulator of extracellular matrix proteins in the context of
angiogenesis.

In conclusion, this thesis covers our research performed on CD34+ tip cells in vitro. It
shows that studying tip cells in cultures of human endothelial cells has several important
advantages over the use of animal models. These include: 1) lower costs and increased
efficiency, 2) superior comparability to human diseases, and 3) lack of ethical objections
of using animal models. Studying tip cells in vitro has increased our knowledge on tip cell
regulation. Continuation of this research may result in tip cell-specific targets for future
anti-angiogenic therapies, and thereby hopefully a reduction of vision loss in patients
with retinal diseases involving angiogenesis.

15
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ABSTRACT

In angiogenesis, the process in which blood vessels sprouts grow out from a pre-existing
vascular network, so-called endothelial tip cells play an essential role. Tip cells are
the leading cells of the sprouts, they guide following endothelial cells and sense their
environment for guidance cues. Because of this essential role, the tip cells are a potential
therapeutic target for anti-angiogenic therapies, which need to be developed for diseases
such as cancer and major eye diseases. The potential of anti-tip cell therapies is now
widely recognized, and the surge in research this has caused has led to improved insights
in the function and regulation of tip cells, as well as the development of novel in vitro
and in silico models. These new models in particular will help to understand essential
mechanisms in tip cell biology and may eventually lead to new or improved therapies to
prevent blindness or cancer spread.

Published in ELs



INTRODUCTION

Inhibition or stimulation of blood vessel formation from the pre-existing vascular network,
a process called angiogenesis, has potential for therapeutic management of diseases
ranging from myocardial infarction and stroke to cancer, and to ophthalmic diseases
including diabetic retinopathy and age-related macular degeneration.

The search for targets for pro- and anti-angiogenic therapies has been ongoing
for the last century and had a boost from the discovery of a specialized endothelial
phenotype, the tip cells, that lead the growing vascular sprouts (13). The tip cell is crucial
for angiogenesis, and inhibition or induction of the phenotype would theoretically be an
ideal therapeutic strategy for several diseases. By targeting the tip cell only, the mature,
quiescent vascular network should not be affected and remain intact. In this way, adverse
side effects of therapy may remain limited.

The main driving force behind sprouting is vascular endothelial growth factor (VEGF).
Targeting this protein to inhibit angiogenesis has proven to be effective in some diseases
such as intestinal cancer and age-related macular degeneration, but does not have
the major beneficial effect that was anticipated. It appears that inhibition of VEGF can
trigger other pathways to take over stimulating angiogenesis. Furthermore, targeting
VEGF can disturb the balance between angiogenesis and fibrosis in neovascular tissue,
which in ophthalmic disease can have devastating effects on the visual outcome of
patients. Therefore, inhibition of a specific key process, such as the genesis of tip cells or
their ability to correctly lead the growing sprout, is an attractive alternative therapeutic
strategy.

The current pace of research, together with new research strategies, such as the use of
in silico prediction models and in vitro cell culture experiments, enables rapid expansion
of our understanding of key tip cell functions.

Here we review the main characteristics of tip cells, the history of tip cell research,
the key regulatory pathways involved in the generation of the tip cell phenotype, and
the established and novel suitable tip cell research models.

CHARACTERISTICS

Tip cells are the leading cells of newly forming sprouts during angiogenesis (fig 1). They
possess filopodia to aid migration (14-16), and show a low proliferation rate (13, 17). Tip
cells prevent the trailing cells from becoming tip cells and force them to take on the more
proliferative stalk cell phenotype (18), thus limiting the number of sprouts and allowing for
more efficient angiogenesis. However, stochastic differences in concentrations of growth
factors surrounding sprouting endothelial cells and intrinsic variability in the expression
of regulating proteins such as Notch1, Dll4 and VEGFR2, enable stalk cells to overtake
tip cells and take on this phenotype themselves. Theoretically, this elasticity in phenotype
results in the selection of cells that are most suitable to lead a sprout and to become
a tip cell as well as optimized directional guidance (12). Detailed in silico experiments
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Figure 1. Tip cells in the retina of a mouse (white arrow) at the top of newly formed capillaries
during angiogenesis at 5 days after birth (P5). The capillaries are stained with Isolectin B4 (green).
Higher magnification of the edge of an area in the mouse retina where tip cells at the top of newly-
formed capillaries are shown to have filopodia (arrow heads). Bars are 250 pm.



on lateral inhibition have been performed by Bentley et al (19), more details about this
can be found in the section on in silico models. Recently, it has also become clear that
the metabolism of tip cells and stalk cells is different. Endothelial cells rely on glycolysis
for their metabolic needs, and VEGF signalling of tip cells elevates the metabolic rate,
whereas Dll4-Notch1 signalling reduces glycolysis in stalk cells (20). Cells with known
phenotypical characteristics of tip cells are also present in endothelial cell cultures, where
they can be identified by their selective CD34 expression (3).

DISCOVERY

Formation of blood vessels has been the subject of scientific research for over 120 years.
Early studies used microscopic techniques for the analysis of blood vessel formation,
including live chick embryos and transparent chambers implanted in rabbit ears (16, 21).
Already then the difference between de novo formation of blood vessels from precursor
cells and the sprouting of new blood vessels from pre-existing vessels was noticed.
The former was termed vasculogenesis, whereas the latter was termed angiogenesis (16).
Aspects of angiogenesis, such as the formation of loops by means of anastomosis of
sprouts (21) were reported in the following decades.

Most information on angiogenesis came from research in oncology. In 1971, Judah
Folkman introduced a novel theory concerning tumour growth (8). He hypothesized that
the growth of tumours can be divided into two stages: stage 1, when the tumour is small
(up to 2-3 mm), it receives its nutrition through diffusion from surrounding tissue, and
stage 2, when the tumour becomes larger it needs its own blood vessels for its growing
needs and because of the limitation of diffusion distances. According to Folkman’s theory,
without angiogenesis, a solid tumour no longer grows in size and cancer cells would have
no access to the blood stream to metastasize. Angiogenesis was therefore presented as
the promising therapeutic target (8). Even more so because endothelial cells in vessel walls
are normal cells with genetically stable DNA, in contrast to cancer cells and therefore,
unlike the cancer cells, they cannot become resistant to therapy (22).

This promising effect of anti-angiogenic therapy in cancer patients induced a hype.
At that time, little was known about the initiation of angiogenesis, although already in
1895, Roux et al hypothesized that an increased metabolism of tissue is the stimulus
for formation of new blood vessels (summarized by Sander) (23), whereas it was also
suggested that the stimulus is probably a chemical substance (24). Michaelson (1948) and
later Ashton (1966) proposed that in the retina such a factor ‘X’ was induced by hypoxia
(25, 26). A breakthrough confirming the latter hypothesis was achieved in 1974 by
Folkman et al., with the discovery of the first tumour angiogenic factor (TAF, supposedly
this was basic fibroblast growth factor (FGF)), which induced tumour angiogenesis (27).
After this initial discovery, several other pro-angiogenic growth factors were isolated,
the most important of which was vascular endothelial growth factor (VEGF), initially
named vascular permeability factor because of its ability to induce vascular leakage. Several
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anti-VEGF therapies were developed and tested in various types of cancer. Unfortunately,
these therapies were not or only mildly successful in a few types of cancer and a new
strategy was needed. The cause of the lack of effects of anti-angiogenic therapy in cancer
remained unclear for a number of years until the transcription factor hypoxia-inducible
factor (HIF)-1a was discovered. It then became clear that tissue hypoxia can inhibit its
breakdown and induce other mechanisms besides production of pro-angiogenic factors,
such as anaerobic glycolysis, increased invasion and migration, to keep cells alive under
hypoxic conditions.

An alternative strategy to growth factor-directed approaches in anti-angiogenesis
therapy is the targeting of the cells leading the angiogenic sprouts, the tip cells. Tip
cells have a different phenotype and functions that differ from other endothelial cell
phenotypes and therefore express a different set of proteins. It should therefore be
possible to target only the tip cells and leave the rest of the vascular network unaffected.
Although officially named in 2003, (13)a number of characteristics of tip cells, such as
the filopodia (15, 16) and the difference in mitosis rate between the sprouting front and
areas behind the front (17), had already been attributed to cells at the sprouting front in
angiogenesis. Furthermore, tip cell-like cells had been observed in the development of
the brain (termed axonal growth cones (28)), and in the tracheal system of drosophila
melanogaster (29). Once researchers realized that tip cells may be a therapeutic target,
research accelerated and more details of the tip cell phenotype and its regulation were
elucidated, including the ability of endothelial cells to switch between the phenotype
of tip cells and that of stalk cells (12), and the signalling pathways involved in tip cell
function, such as the VEGF pathway and signalling between tip and stalk cells involving
DIl4-Notch1. Unfortunately, a specific marker for tip cells in vivo has not been found yet,
whereas the in vitro marker CD34 was recently described (3).

IMPORTANT PATHWAYS

VEGF

VEGF is the major driving force behind angiogenesis. The VEGF family consists of 6
members: VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E and placental growth factor (PIGF).
Since VEGF-A is the major angiogenesis factor, we will mainly focus on this protein. There
are 3 known receptors for VEGF: VEGFR1 (also known as FLT1), VEGFR2 (also known as
FLK1 or KDR) and VEGFR3 (also known as FLT4). VEGFR2 and VEGFR3 are membrane-
bound receptors with a tyrosine kinase signalling domain. VEGFR1 mainly exists in
a soluble form and acts as a negative regulator of signalling induced by VEGF binding
to VEGFR2 which is facilitated by the higher affinity of VEGF for VEGFR1 compared to
VEGFR2 (30). In mice, the knock-out of each of the three VEGF receptors proved to be
lethal at the embryonic stage due to vascular defects, illustrating the importance of all
three VEGFRs (30).



Under hypoxic conditions, VEGF production is dramatically increased by stabilization
of its mMRNA. It can induce angiogenesis in in vitro models of angiogenesis, but also in ex
vivo models such as the aortic ring model and the chick chorioallantoic membrane (CAM)
model. In vivo studies in mouse retinas have also shown its pro-angiogenic effect (13).

The importance of VEGF in physiological angiogenesis becomes apparent when either
the gene or its receptors are inactivated in mice. Mice lacking one allele of either VEGF
or VEGFR1 or VEGFR2 all die around post-fertilization day 9. VEGF * mice show a poorly
developed vascular network, a defective development of blood islands, the aggregations
of mesenchymal cells where vasculogenesis starts, and a defective fusion with the vascular
plexus of the yolk sac (31, 32). Mice lacking VEGFR1 show endothelial cell development,
but the cells fail to organize themselves into normal vascular channels, whilst mice lacking
VEGFR2 failed to develop blood islands and do not show any vasculogenesis (30).

Both in embryogenesis as in adult life, VEGFR2 signalling is one of the most important
initiators of sprouting angiogenesis. Processes characteristic for tip cells such as migration
and the extension of filopodia are all mediated through VEGFR2 signalling (13, 30). VEGFR3
is a critical regulator of lymphangiogenesis, but is also be expressed in the vasculature
and is upregulated in tip cells during angiogenesis (33), suggesting a crucial additional
role for its ligands VEGF-C and VEGF-D.

The stimulating effect of VEGF on angiogenesis is mainly exerted through its effects
on tip cells. VEGFR2 and VEGFR3 are hardly present on stalk cells , whereas VEGFR1
is present in equal amounts in the microenvironment of tip cells and stalk cells (13)
(fig 2A-C, enlargements A,B). In accordance, addition of VEGF to endothelial cell cultures
increases the number of tip cells (3). In silico modelling by Bentley et al (2008) has also
shown the importance of the VEGF signalling pathway for tip cell selection (12, 19).

Notch-Dll4

Signalling through Notch receptors (Notch 1-4) by binding its corresponding ligands
(DII1,-3,-4 and Jag 1,-2) plays a role in many developmental processes by regulation of
proliferation and differentiation (34). Most important for angiogenesis are the Notch1
receptor and its ligand DIl4, which are crucial for signalling between tip cells and stalk
cells and the regulation of the number of tip cells and stalk cells, a process called
lateral inhibition.

The regulation of the number of tip cells is important for the correct development
of a functional vascular bed. Mice with a deletion of either DIl4 or Notch1 die in utero,
despite an increase in vascular sprouting and branching. Furthermore, inhibition of DIl4
in mouse tumour models resulted in a denser vascular network, but an attenuation of
tumour growth and tissue perfusion (35).

During sprouting angiogenesis, DIl4 can be found on tip cells after its induction by
VEGF. When DIl4 binds to the Notch1 receptor on adjacent cells (fig 2C), it is cleaved by
ADAM metalloproteinases and y-secretase, and its intracellular domain translocates to
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the nucleus where it initiates transcription of stalk cell genes, and represses transcription
of tip cell genes (fig 2D-E, enlargement D) (35). Inhibition of Dll4-Notch signalling during
vascular development results in increased sprouting, branching and filopodia extension,
and a denser, more interconnected vascular network (18). Furthermore, expression of
tip cell genes such as Unc-5B and PDGF-B is increased upon inhibition of DIl4-Notch
signalling (18). In vitro data show that the number of CD34+ tip cells in endothelial cell
cultures can be reduced by culturing on a DIl4 coated surface (3). In silico experiments
show the complexity of the DIl4-Notch1 signalling pathway in more detail (36). All
these data indicate that DIl4-Notch1 signalling reduces the number of tip cells during
vascular sprouting.
See also: DOI: 10.1002/9780470015902.a0022893

Neuropilins

There are 2 known neuropilin receptors; neuropilin-1 (NRP-1) and NRP-2, each with an
isoform-specific binding pattern. NRP-1 is mainly expressed on arterial endothelial cells and
seems to be most crucial for angiogenesis, whereas NRP-2 is mainly expressed on venous
and lymphatic endothelium and is reportedly involved in lymphangiogenesis (37). NRP-1
was initially identified as a receptor for semaphorin-3A (SEMA-3A) and as a co-receptor
for VEGF-A. More recently, several other proteins have shown the capability to interact
with NRP-1, amongst which fibroblast growth factor-2 (FGF-2), hepatocyte growth factor
(HGF) and integrin-p1 (37). Knock-out of NRP-1 in mice results in embryonic lethality
associated with heart and vascular abnormalities as well as deficiencies in neuronal
guidance. Mice lacking NRP-2 are viable, albeit smaller in size with minor abnormalities
in lymphatic development. Moreover, targeted inhibition of NRP-1 by a monoclonal
antibody results in disrupted angiogenesis in the mouse trachea. On the other hand,
overexpression of NRP-1 in mice leads to increased blood vessel growth with leaky and
haemorrhagic vessels (37).

Figure 2. Overview of the key regulatory pathways for tip cell selection. Tip cells are represented in
red, stalk cells in blue and the phalanx cells in orange. VEGF: VEGF-A is produced upon hypoxia, tip
cells express VEGFR2 and -3, two receptors that exert the pro-angiogenic effects of VEGF. Soluble
VEGFR1 is produced by stalk cells and acts as a sink for VEGF to prevent signaling in stalk cells
Neuropilins: NRP-1 acts as a co-receptor for VEGFR2 to enhance VEGF signaling Notch1-DIl4: Dll4 is
expressed by tip cells, Notch1 by stalk cells. Upon binding, Notch1 is cleaved, and the intracellular
domain (NICD) is translocated to the nucleus where it recruits transcription factors to replace
expression of tip cell genes by expression of stalk cell genes. Angiopoietins and Tie2: Ang1 is
expressed in mature vessels and its main function is vessel stabilization. Ang2 can bind Tie2 to inhibit
Ang1-mediated phosphorylation of Tie2; it also binds integrins on tip cells to enhance sprouting.
BMPs and SMADs: Pro- and anti-angiogenic BMPs bind to their receptor and phosphorylate
SMAD1/5/8. In tip cells, the SMAD1/5/ 8 complex induces polarization and migration. In stalk cells,
the SMAD 1/5/8 complex forms a complex with NICD to promote the stalk cell phenotype.
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NRPs interact with several proteins such as FGF and integrins. Both NRPs have distinct
binding partners, for example NRP-1 can bind the VEGF isoforms VEGF-A, -B, -E and
PIGF, whereas NRP-2 binds VEGF-A, -C and -D (37). Crosslinking experiments performed
by Soker et al. (1998) revealed that NRP-1 can act as a co-receptor for VEGFR2, thereby
enhancing VEGF-VEGFR2 signalling (38) (fig 2B, enlargement B). This is one of the possible
explanations for the vital role of NRP-1 in angiogenesis. However, NRP-1 can also act in
a VEGF-independent manner by promoting integrin-mediated endothelial cell adhesion
to fibronectin, another essential component of angiogenesis (39). Therefore, the exact
role(s) of NRPs in angiogenesis still need to be unravelled.

Angiopoietins and Tie receptors

The Tie (Tyr kinase with Ig and EGF homology domains) receptors, Tie 1 and Tie2, and their
ligands, angiopoietin (Ang) 1 and 2 form an endothelial cell-specific signalling system
involved in angiogenesis and vascular maturation. Ang1 and Ang2 have antagonistic
roles in the activation of quiescent vessels and induction of tip cells, with Ang1 acting as
stabilizer and Ang2 as an inducer of migration and tip cell behaviour. Since the function
or even the ligands for Tie1 have not been identified, this receptor is not discussed here.

Ang1 was the first ligand of Tie2 to be identified. Mice lacking Ang1 have the same
phenotype as Tie2 - mice (embryos die between E10.5 and 12.5 due to lack of vascular
development after formation of the primary plexus ), suggesting that Ang1 exclusively
binds to Tie2 (fig 2F, enlargement F). Evidence suggests that Angl is essential for
the establishment and maintenance of vessel integrity, since Ang1 controls endothelial
permeability, and induces recruitment of vessel-supporting cells such as smooth muscle
cells (SMCs) and pericytes . Ang1-Tie2 signalling can also function in migration by
regulation of expression of matrix-degrading proteases. The outcome of Ang1-Tie2
signalling is context dependent: in an endothelial monolayer, a confluent situation, Ang1
binding results in translocation of Tie2 to cell-cell contacts (cadherins), whereas during
cell spreading and migration, Ang1, either soluble or bound to a substrate, results in
translocation of Tie2 to cell-matrix contacts (integrins). These different binding domains
result in activation of different downstream targets (40).

Ang2, the second Tie2 ligand, was initially believed to be an antagonist for Ang1,
since it binds to Tie2, but without subsequent phosphorylation of Tie2 . It can also inhibit
phosphorylation of Tie2 by Ang1. Mice overexpressing Ang2 have a similar phenotype as
mice lacking Ang1 or Tie2, although it is more severe. Ang2” mice have a mild phenotype,
except for retinal vessels where a distinct defect in sprouting can be detected: at postnatal
day 10 (P10), when a wild type retina is completely vascularised, large areas of Ang2
retinas are without vascular coverage and have hyaloid vessels, which are normally in
regression in wild type retinas at this stage, and finally no penetrating vessels to the deeper
layers of the retina develop. The importance of Ang2 for sprouting is shown in mice
with oxygen-induced retinopathy. In this model, mouse pups are raised in a hyperoxic



environment, which causes vessel regression in the retina. After having returned to room
air, the mice develop ischemia in the retina and subsequent neovascularization (more
details about this model can be found later in this review). Ang2” mice do not show any
neovascularization under these circumstances (40).

The exact roles of Ang1 or Ang2 in either tip cell or stalk cell function still has
to be elucidated. In sprouting blood vessels, there is hardly any expression of Ang1,
whereas Ang2 is expressed by tip cells at the sprouting front. Interestingly, Tie2 is almost
completely absent in tip cells. Whilst Ang2 expression is upregulated by VEGF treatment
of endothelial cells in culture, Tie2 expression diminishes as a consequence (41). The lack
of phosphorylation of Tie2 after binding Ang2, together with this differential expression
suggests that Ang2 is able to bind receptors other than Tie2, with integrins as a promising
candidate (fig 2G, enlargement G). Ang2 is able to bind o ., o B, and o.f, integrins,
albeit with lower affinity than Tie2, which are all expressed in tip cells, while Tie2 is not
(41) These integrins are necessary for Ang2-induced stimulation of sprouting in vitro.

Bone morphogenic proteins and SMADs
Bone morphogenic proteins (BMPs) are members of the TGF-B superfamily. There are
approximately 20 BMPs in total and they can either inhibit or stimulate angiogenesis.
Best studied in the context of angiogenesis are BMP 2, 4, 6, 7, 9 and 10, where BMP 2,
4, 6 and 7 are pro-angiogenic and BMP 9 and 10 are anti-angiogenic (42). Furthermore,
BMPs can inhibit or elicit tip cell functions such as filopodial extension formation, and
they are important for the induction of the stalk cell phenotype. There are 3 types of
BMP receptors: type 1 receptors (activin receptor-like kinase (ALK) 1-7), type 2 receptors
(ActRIIA, ActRIIB, BMPRII, TGFbRIl and AMHRII) and type 3 co-receptors (betaglycan,
endoglin or RMG-a, b, ¢) (43).

See also: DOI: 10.1002/9780470015902.a0002330.pub3

The basic concept of signalling of BMPs is as follows: BMPs dimerize and bind to
a tetraheteromeric receptor complex composed of 2 type 1 receptor subunits, and 2
type 2 receptor subunits, whereas affinity is modulated by type 3 receptors. The kinase
domain of the type 1 receptor is phosphorylated and activates downstream signalling
molecules called SMADs, more specifically, BMP receptors can activate SMAD1, 5 and
8. Activated SMADs form a complex with SMAD4 and translocate to the nucleus to
initiate transcription (fig 2H, enlargement H) (42). Crucial downstream targets of SMAD
are the Id proteins (inhibitor of DNA binding, dominant negative helix-loop-helix protein).

BMP signalling has been implicated in angiogenesis as an important inducer of
the stalk cell phenotype. Mice lacking SMAD1 and 5 die at E9.5 due to severe angiogenic
defects (44). The phenotype of these mice shows normal vasculogenesis, but impaired
vascular remodelling and angiogenesis. In the hindbrain, more but non-functional sprouts
were formed, showing decreased proliferation. Polarization of tip cells was lost, and there
was an increase in filopodial extensions, both at the sprouting tip as well as further down
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the stalk. This phenotype suggests that BMP/SMAD signalling not only plays a role in
the induction of a stalk cell phenotype, but also regulates polarization of tip cells and
inhibits filopodial extensions.

The role in stalk cell formation was confirmed in in vitro experiments showing that
endothelial cells devoid of SMAD1/5 prefer to have the tip cell position in sprouting assays,
whereas endothelial cells overexpressing Id1 or Id3 do not show the tip cell phenotype
(44). There is also cross-talk between BMP-SMAD signalling and DIl4-Notch signalling (44)
(fig 21, enlargement I). It seems that dynamic expression of any one of these pathways
pushes endothelial cells towards either a tip cell or stalk cell phenotype (45).

IN VIVO, IN VITRO AND IN SILICO MODELS

Most of the studies on tip cells cited above were performed using in vivo experiments,
employing assays such as intersegmental vessel development in zebrafish and development
of retinal vessels in mice. Both assays enable visualisation of tip cells and the provide
the possibility to study tip cells in both physiological and pathological settings. New
models for in vitro and in silico studies are emerging, and with these the possibilities for
swifter and more detailed analysis of candidate genes for tip cell function and associated
mechanisms have expanded. This section covers the most frequently-used in vivo models
as well as new techniques for in vitro and in silico studies of tip cells.

In vivo

The zebrafish is a popular model to study angiogenesis, because of the short development
time, the small size and the extracorporeal development. Furthermore, mechanisms
involved in vascular development are well conserved between zebrafish and humans (46).
Transgenic fish expressing fluorescent tags in blood vessels enable visualization of tip cells
during development. Gene-specific knock downs allow researchers to study single genes
and the effect of their expression on angiogenesis in fish and chemical compounds can be
administered via the water to the embryos to assess their effect (14) (fig 3a).

See also DOI: 10.1038/npg.els.0000732

In the mouse eye, retinal blood vessels develop after birth as a front of sprouting
vessels that grows from the optic nerve in the centre of the retina towards the periphery
(47) (Fig 1A-B). Behind the sprouting front, remodelling and maturation take place,
enabling the analysis of the angiogenic process from an emerging tip cell up until
the formation of a mature vascular network. Furthermore, the primary retinal plexus is
localised superficially in the retina, enabling visualization of sprouting vessels.

To study pathological angiogenesis, the oxygen-induced retinopathy model is
frequently used. This model shows many similarities with the disease retinopathy of
prematurity (ROP) and is aided by the fact that formation of the retinal vasculature in
the mouse takes place after birth. Seven day-old mouse pups spend 5 days in a chamber
with 75% oxygen, which causes regression of part of the retinal vasculature. At day 12,
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Figure 3. In vivo, in vitro and in silico models for angiogenesis. Flila-eGFP transgenic zebrafish, at
24 h post fertilization. At this stage, sprouting occurs in the intersegmental vessels (white arrows)
and tip cells are present on each sprouting vessel. CD34* cell in a human umbilical vein endothelial
cell (HUVEC) culture. HUVECs where grown on coverslips coated with gelatin and stained for F-actin
(red), CD34 (green) and DAPI (blue). In silico vascular network formed from a spheroid of endothelial
cells by a mechanism of cell-cell contact-inhibited chemotaxis (56). Tip cells are indicated in red.
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mice return to room air and the retina becomes hypoxic due to the lack of functional
blood vessels. A wave of angiogenic activity occurs in response to growth factors that
are produced in the hypoxic areas. The amount of neovascularization and the size of
the avascular zone can be measured and quantified (48). This model can be used in mice
after gene knock-out, or by the intravitreal injection of silencing RNA, or neutralizing
antibodies. Other compounds, such as angiogenesis inhibitors or growth factors can also
be injected into the eyes of these mice.

In vitro

Sprouting assays using either endothelial cells or stem cells have been widely used in
angiogenesis studies. Recently, a subset of CD34~ cells that resembles tip cells as found
in vivo was discovered in cultures of human umbilical vein endothelial cells (HUVECs)
(Fig 3B) (3). These cells extend filopodia, express known tip cell genes and have a less
proliferative and more migratory phenotype, identical to tip cells in vivo. The percentage
of CD34* cells can be increased by addition of VEGF to the culture and decreased by
seeding cells on a Dll4-coated surface, which is in agreement with regulation of the tip
cell phenotype in vivo. A subpopulation of tip cells is generated by HUVECs in culture,
which suggests that an equilibrium exists in endothelial cell cultures. The presence of
tip cells in culture implies that endothelial cell cultures, even in monolayers with contact
inhibition are not quiescent, but rather in an activated, angiogenic state.

In silico
Computational models have greatly contributed to the understanding of lateral inhibition
through DIll4-Notch1 and the resulting spatial patterns of tip and stalk cell differentiation.
More recently, mathematical and computational models have also been used to test
hypotheses on the mechanisms of tip cell overtaking and to study the function of tip cells.

Collier et al. (1996) developed the first mathematical model of pattern formation
due to DIll4-Notch1 dependent lateral inhibition (49), which they studied in a system of
two coupled cells, a linear array of cells and in a two-dimensional, hexagonal lattice of
cells. A set of coupled ordinary differential equations (ODEs) described the level of Notch
activation and the level of Delta activity in each cell. They used a simple rule to describe
lateral inhibition: “the more intense the inhibition a cell receives, the weaker its ability to
deliver inhibition must become” (49). This feedback loop was represented in their model
by a reduction of DIl4 production in a cell upon Notch activation. Small perturbations
within a monolayer of initially equivalent cells induced an alternating pattern of cells with
high and low Notch activation states (stalk and tip cells respectively), a pattern often seen
in experiments. They concluded that lateral inhibition with a sufficiently strong feedback
can create alternating patterns of cells with high and low Delta expression.

Sprinzak et al. (2010, 2011) developed a refined ODE model of Delta-Notch
signaling to study the effect of cis-interactions, the mutual inactivation of interacting



Delta and Notch of the same cell, on lateral inhibition (36, 50). The model represents
a two-dimensional array of hexagonal cells. Each cell has a concentration of Notch and
Delta. Sprinzak et al. showed that cis-interaction between Delta and Notch speeds up
the patterning dynamics and amplifies the feedback in lateral inhibition, since down-
regulation of DIl4 simultaneously increases the number of ‘cis-interaction free’ Notch
receptors in that cell. Cis-interaction also allows for an alternative mode of feedback in
which Notch production is stimulated upon Notch activation, as was found in vivo. Thus
cis-interaction refines the regulation of tip cell selection.

Besides in tip cell selection during angiogenesis, DIl4-Notch mediated lateral inhibition
plays an important role in patterning of bristles in Drosophila epithelium (51). Cells
with high levels of Delta expression are destined to give rise to a bristle. Live imaging
showed a gradual process of refinement in the late stages of lateral inhibition-mediated
patterning, leading to a sparse spacing of cells with high levels of DIl4 (51). Using a model
of lateral inhibition, based on the model of Collier et al. (49), Cohen et al. (51) were
not able to reproduce the sparse spacing in a monolayer of epithelial cells that was
geometrically similar to experimental images. Since live imaging showed that movement
of the cell body contributed little to patterning refinement, Cohen et al. (2010) asked if
cells might accomplish refinement with long, dynamic filopodia, which were observed
to form a lateral web extending across several cell diameters at the basal side of
the epithelial cells. Bristle spacing could be mimicked when the model was extended with
dynamically forming filopodia that can contact and signal distant non-neighboring cells.
After inhibiting filopodia dynamics the bristles differentiated more closely together both
in the model and in the experiments.

Bentley et al. (2008, 2009) studied how filopodia contribute to tip cell selection during
sprouting (19, 52). They developed a computational model representing a single hollow,
cylindrical sprout of ten endothelial cells. In this model, the membrane of each endothelial
cell is composed of agents from which a filopodium can grow. Filopodia are assumed to
extend towards higher concentrations of vascular endothelial growth factor (VEGF) (19).
DIl4 production is up-regulated upon VEGFR2 activation and VEGFR2 production is down-
regulated by Notch1 activity (35), such that endothelial cells near higher concentrations
of VEGF more likely differentiate into tip cells. Filopodial growth is stimulated by VEGF
signaling, while surface extension by filopodia formation increases VEGF signaling, creating
a positive feedback loop. The model predicted that tip cell patterning will stabilize faster
in VEGF gradients than in uniform VEGF environments and that high VEGF levels induce
oscillation of the alternating tip-stalk cell pattern. Anastomosis led by filopodia can create
new cell-cell junctions with new DIl4-Notch signaling opportunities, which can make tip
and stalk cells within the sprout switch fate (52).

Detailed in vitro and in vivo imaging showed that cells in the sprout regularly overtake
the tip cell, indicating competition for the tip cell position (12). To study the mechanisms
behind tip cell competition in more detail, Bentley et al. extended their model (53) by using
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the Cellular Potts Model (CPM) (54) to represent the shape and movement of the cells,
thereby explicitly modeling cell-cell adhesion and junctional reshuffling. Bentley et al.
(53) hypothesized that VEGF stimulates endocytosis of vascular endothelial cadherin (VE-
cadherin), thus reducing the adhesion between endothelial cells. They further assumed
that Notch activity decreases extension of polarized actomyosin protrusions towards
the sprout tip. Tip cell competition in the model was most in line with experimental
observations and perturbations when adhesion differentially depends on VEGFR2
signaling and polarized protrusions differentially depend on Notch activity.

Although it is now well established that both tip and stalk cells are present during
angiogenesis and vasculogenesis, it is not clear what biophysical properties of tip cells
lead sprouts and affect the morphology of vascular networks. Palm et al. (2014) used
computational modeling to address these questions (55) (fig 3C). They added a model
of tip cell selection to a previously published CPM model of angiogenic sprouting and
vasculogenesis (56), in which sprouts form due to cell-cell contact inhibited chemotaxis
towards a compound secreted by the endothelial cells themselves (Fig 3C). Palm et al.
performed large parameter sweeps and morphological analyses on the resulting vascular
network, to identify “tip cell behaviors”: Tip cells move towards the sprout tip when
they adhere more to the extracellular matrix than to neighboring cells, or when they
are less sensitive to the secreted compound, compared to stalk cells. Tip cell selection,
and the resulting switching of tip and stalk fate, localizes tip cells to the sprout tips, and
thereby stabilizes the vascular network morphology at tip cell free branches.

See also: DOI: 10.1038/npg.els.0003433



CONCLUDING REMARKS

The tip cell has presented itself in the last decade as a promising target for pro- and
anti-angiogenic therapies. Specific functions and complex mechanisms of regulation of
the tip cell phenotype are unravelling. However, the lack of a marker for tip cells in vivo
is @ major obstacle for detailed research. The discovery of an in vitro marker such as CD34
will enable cell sorting to perform experiments with solitary tip cells and non-tip cells. In
silico modelling provides another valuable approach by which important mechanisms can
be elucidated which can then be confirmed in in vitro or in vivo experiments.
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ECTS OF THE STUDY OF
OTHELIAL TIP CELLS IN







Since our first publication on the discovery of CD34+ tip cells in endothelial cell (EC)
cultures in 2012, we have gained extensive experience with this new angiogenesis model.
This subchapter describes a number of important issues related to CD34+ EC tip cells in
vitro as guidelines for future research.

CULTURE MEDIUM

The amount of serum used in culture medium of ECs affects the percentage of CD34+
tip cells. For example, human umbilical vein ECs (HUVECs) up to passage 3, as used for
the experiments in this thesis, were grown in medium containing 20% total serum (10%
heat-inactivated human serum and 10% fetal calf serum). The average percentage of tip
cells in the HUVEC cultures at passage 3 was approximately 10%. We have performed
experiments in medium containing 20% fetal calf serum, 2% human serum only, or in
medium without serum. We found that the percentage of tip cells increased upon culturing
in medium containing 2% human serum, but not in medium without serum. Although
counter-intuitive, because serum contains many pro-angiogenic growth factors, it seems
that the absolute amounts of these factors affect angiogenesis and tip cell formation.

DONORS OF PRIMARY ECS

We have performed all experiments described in this thesis with ECs from individual
human donors. We did not use pooled ECs of different donors, as is the standard with
commercially-available ECs. We chose this approach because of the large differences in
the percentage of tip cells between donors. We hypothesize that these large differences
are caused by different signalling between tip cells and stalk cells. Each donor may
express different amounts of growth factors and receptors, that all surmount to an
equilibrium resulting in a specific percentage of tip cells. Pooling of ECs of various donors
may disturb this tip cell-stalk cell signalling and therefore disturb experimental outcomes.
A downside of using ECs of individual donors is the need for correction of data which
may, in turn, affect the results. We have applied the factor correction programme for this
purpose (57). In short, factor correction minimalizes effects of multiplicative differences
between donors or sessions by assuming that there is one level of error between unbiased
donors and sessions. This procedure results in a smaller residual error than normalisation
or standardisation and allows reduction of noise caused by interindividual variations
between donors.

DE NOVO TIP CELL FORMATION BY DIFFERENT TYPES
OF ECS

As mentioned in the previous chapters, he tip cell and stalk cell phenotypes in zebrafish
are dynamic: ECs can switch from the tip cell to the stalk cell phenotype and vice versa
(12). When CD34+* tip cells and CD34" non-tip cells in human EC cultures are separated
using flow-activated cell sorting (FACS), the separate populations eventually return to
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the previous equilibrium of approximately 10% CD34* tip cells when culture conditions
are not changed (3). This means that CD34* tip cells appear again in cultures of CD34
cells and vice versa, suggesting that human tip cell and stalk cell phenotypes are also
dynamic. In HUVEC cultures, the equilibrium of approximately 10% CD34+ tip cells is
reached after a few days (3). However, the appearance of the first CD34* cells already
occurs approximately 24 hours after sorting (58), which means that 24 h is the maximum
time frame for experiments using CD34+ and CD34  HUVEC subpopulations. This time
frame varies between different types of ECs, as for example in immortalized human
microvascular endothelial cell-line (HMEC-1), CD34* cells do not re-appear before 72
hours after sorting.

INTERPRETATION OF DATA

In our in vitro studies, we have only used CD34 as marker for tip cells, because other specific
immunohistochemical markers of tip cells and non-tip cells are not known. This means
that a measured effect on the percentages of CD34* tip cells must be complemented by
data on changes in the CD34* cells or CD34 populations separately, such as measurement
of mRNA expression of other known tip cell genes, proliferation and/or apoptosis. These
experiments will identify whether the observed effects are due to an effect on tip cells,
on stalk cells or solely on the CD34 protein. Examples that changes in numbers of CD34-
cells can also affect the percentages of CD34~ cells are shown in Chapters 2.2 and 3.3. In
Chapter 2.2 knockdown of TIE2 resulted in increased percentages of CD34+ cells. Further
studies showed that this was because of apoptosis of CD34- cells, causing reduction in
numbers of CD34 cells whereas the number CD34+ cells remained stable. This explained
the increased percentages of CD34* cells. In Chapter 3.3, the percentages of CD34* we
measured after addition of the novel anti-angiogenesis compound Crenolanib decreased
because of increased proliferation of CD34 cells, causing the relative number of CD34*
cells to decrease, even though they were viable and present.

ADVANTAGES OF STUDYING TIP CELLS IN VITRO

Besides the ethical advantages over studies using laboratory animals, the in vitro
experiments require less time and money, thus significantly reducing the costs and
duration of tip cell research. Another advantage of experiments using tip cells in vitro is
the higher accuracy of experiments. This is highlighted in chapter 2.3, in which we study
the IGF family of growth factors. The presence of other IGF family members in serum of
experimental animals can be a major confounder in in vivo studies. We eliminated noise
created by serum proteins by culturing ECs in medium without serum and in this way,
we discovered an essential role of the IGF-binding proteins IGFBP3 and IGFBP4 in IGF2-
IGF1R-mediated maintenance of tip cells. Furthermore, tip cells and stalk cells can be
studied separately in vitro which cannot be performed in animal models. For example, in
chapter 2.1 and 2.2, we have performed sprouting experiments using spheroids of sorted



CD34 and CD34+* cells and in chapter 2.2 and 4.2, we performed experiments in which
we measured apoptosis in tip cells and stalk cells separately.

LIMITATIONS OF STUDYING TIP CELLS IN VITRO

There are also limitations when using CD34 as a marker for tip cells. First, CD34 is
present in all endothelial cells in vivo, and is not only expressed on filopodial extensions
of sprouts but also on the endothelial lumen of blood vessels. This means that CD34
cannot be used as tip cell marker in in vivo models, other than by its staining of filopodia
(15). Second, the exact role of CD34 in angiogenesis is still not known. We have found
that it is involved in extension of filopodia by tip cells, and that gene knockdown in vitro
reduced the EC response to VEGF, as shown in chapter 2.1. However, knockdown of
CD34 did not affect sprouting from spheroids and no detrimental effects were found of
CD34 knockout in a mouse model of retinopathy of prematurity. This suggests that CD34
is not an essential protein for tip cells. Lastly, a marker for stalk cells or phalanx cells is not
available. We have hypothesized that the CD34 cell population in EC cultures consists of
different angiogenic EC subtypes including stalk cells, phalanx cells and quiescent cells.
When a marker of stalk cells would be available, the accuracy of experiments would
increase and interpretation of the experimental results would be facilitated. For example,
the studies investigating VEGF-induced proliferation presented in chapter 4.3 would
greatly benefit from experiments performed on isolated stalk cells, to investigate whether
their proliferation is specifically affected.

In conclusion, our in vitro study using CD34+ tip cells and CD34" non-tip cells have
elucidated various molecular mechanisms of angiogenesis that may become useful to
develop anti-angiogenic therapies focussed on tip cells.
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ABSTRACT

The sialomucins CD34 and podocalyxin (PODXL) are anti-adhesive molecules expressed at
the luminal membrane of endothelial cells of small blood vessels and facilitate vascular
lumen formation in the developing mouse aorta. CD34 transcript and protein levels are
increased during human angiogenesis, its expression is particularly enriched on endothelial
tip cell filopodia and CD34 is a marker for tip cells in vitro. Here, we investigated
whether CD34 merely marks endothelial tip cells or has a functional role in tip cells and
angiogenesis. We assessed that silencing CD34 in human microvascular endothelial cells
has little effect on endothelial cell migration or invasion, but has a significant effect on
vascular-endothelial growth factor-induced angiogenic sprouting activity in vitro. In vivo,
the absence of CD34 reduced the density of filopodia on retinal endothelial tip cells
in neonatal mice, but did not influence the overall architecture of the retinal vascular
network. In oxygen-induced retinopathy, Cd347 mice showed normal intra-retinal
regenerative angiogenesis but the number of pathological epi-retinal neovascular tufts
were reduced. We conclude that CD34 is not essential for developmental vascularization
in the retina, but its expression promotes the formation of pathological, invasive vessels
during neovascularization.

Published in PLoS One



INTRODUCTION

Angiogenesis is the process by which vessels grow and branch from existing vessels to
generate new vascular beds (reviewed in ref (1)). Physiological angiogenesis in adults is
critical for wound healing, reproduction, and tissue growth and regeneration. Accordingly,
insufficient or pathological angiogenesis underlies many human diseases including
myocardial infarction, delayed wound healing (ulcerative disease), neurological disease,
impairment of vision (proliferative retinopathies) and tumor growth and metastasis
(reviewed in ref (2)). Thus, a more complete understanding of the mechanisms regulating
both physiological and pathological angiogenesis may have clinical implications for
the treatment of disease and advancement of regenerative therapies.

The highly organized vascular sprouts in angiogenesis are composed of distinctly
differentiated endothelial cell subtypes that act in a strict hierarchical fashion (3, 4).
Among these subtypes are endothelial tip cells, the leading cells of vascular sprouts that
form filopodia to aid migration towards a source of growth factors such as vascular
endothelial growth factor-A (VEGF-A); and, to direct adjacent endothelial cells to form
and elongate the stalk of sprouting vessels (4-8). In addition, tip cells have other functions
that are essential for capillary sprouting such as a specific proteolytic machinery that is
required for migration and invasion into the extracellular matrix or ischemic areas (9, 10).
Whether tip cell functions differ in sprouting angiogenesis under normal conditions and
pathological conditions is unknown.

CD34 and podocalyxin (PODXL) are transmembrane anti-adhesive sialomucins that
are ubiquitously expressed on the luminal surface of endothelial cells in capillaries
(11-15). CD34 and PODXL also act as anti-adhesive molecules during lumen formation
in the developing mouse aorta by maintaining or promoting the separation between
contralateral apical endothelial cell lumen surfaces (16). It has been shown in
Cd34 knockout (Cd347) mice that, when expressed on blood cells, CD34 enhances
the adhesion, mobility and invasiveness of hematopoietic progenitors, mast cells, and
eosinophils (17-20). High expression of CD34, but not PODXL, on endothelial tip cells
and their filopodia (4, 21) suggests that CD34 may play a role in angiogenesis that is
specifically related to filopodia functions or architecture (7, 13, 22, 23). A role of CD34
in tumor angiogenesis was suggested by the observation that Cd34 deletion in mice
(specifically in non-hematopoietic lineages) impaired early tumor growth due to a delay
in angiogenesis (24). Whether this effect is specifically related to expression of CD34 on
tip cells is not known. We have found that only a subset (approximately 10%) of cultured
human umbilical vein endothelial cells (HUVECs) express CD34 and this CD34-positive
population has a distinct endothelial tip cell phenotype (21). We also showed that this
subpopulation of CD34+ tip cells is actively restored when isolated CD34- HUVECs are
re-cultured (21). Furthermore, stimulation of HUVECs with angiogenic growth factors
such as VEGF-A induced CD34 expression (25). Therefore, high CD34 expression marks
endothelial cells with tip cell activity in vitro. However, it is not known whether CD34 has
a functional role in tip cell behavior or angiogenesis in general.
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In the following study, we investigated the role of CD34 in angiogenesis using in vitro
angiogenesis models in the presence or absence of CD34-specific small interfering RNA
(siRNA) and in physiological and pathological angiogenesis in vivo using Cd34” mice. In
a model of oxygen-induced retinopathy (OIR), we provide evidence that, although CD34
is not necessary for physiological retinal blood vessel development, it promotes epi-retinal
tuft formation in pathological retinal angiogenesis.

MATERIALS AND METHODS

Cells and cell cultures

Immortalized human microvascular dermal endothelial (HMEC-1) cells were grown on
culture flasks coated with 2% gelatin containing M199 medium (Gibco, Grand Island,
NY, USA) supplemented with 5% human serum (Academisch Medisch Centrum Hospital,
Amsterdam, The Netherlands), 5% fetal bovine serum (FBS) (Biowhittaker, Walkersvillle,
MD, USA) and 1% penicillin-streptomycin-glutamine (Gibco). HMEC-1 cells between
passages 30 and 40 were used for all experiments. All cells were grown in a humidified
37°C incubator with 5% CO,,.

Small interfering RNA (siRNA) transfection

HMEC-1 were transfected with either CD34-specific siRNA pool or non-targeting siRNA
(Accell SMARTpool, Dharmacon, Lafayette, CA, USA). The siRNAs were transfected
using the reversed-transfection method, according to the manufacturer’s protocol.
Cells were either collected at 72 h after transfection for RNA or spheroids, formed
52 h after transfection, were embedded in collagen gels (72 h after transfection) for
sprouting assays.

FACS and flow cytometry

For flow cytometric analysis, HMEC-1 cells were labeled with anti-human podocalyxin
antibody (goat pAb IgG, AF1556, R&D Systems, Minneapolis, MN, USA), anti-human
CD34 antibody (mouse mAb IgG1, QBend10 clone, R&D Systems) or the appropriate
isotype control antibody at the same concentrations followed by a fluorchrome-conjugated
secondary antibody (Alexa Fluor® 647 chicken anti-goat IgG (A21469; ThermoFisher
Scientific, Waltham, MA, USA) or fluorescein isothiocyanate (FITC) goat anti-mouse 1gG
(1010-02; Southern Biotech, Birmingham, AL, USA). Data was collected on an LSR I
instrument (Becton Dickinson (BD), Mountain View, CA, USA) and analyzed using FlowJo
v10.0.08 software (FlowJo, Ashland, OR, USA). For cell-sorting, HMEC-1 were labeled
with anti-CD34 antibody (QBend10 clone; Sanquin, Amsterdam, The Netherlands) and
sorted for CD34 expression on a FACSAria or FACSCanto-ll instrument (Becton Dickinson,
Mountain View, CA, USA) as described previously (21).



RNA isolation and gene expression analysis

Total RNA was isolated from cells using the TRIzol method (Invitrogen, Carlsbad, CA,
USA). Approximately 1 pg of total RNA was used for DNAse treatment (amplification
grade; Invitrogen) and reverse transcription into first strand cDNA using Superscript Ill and
oligo(dT),, ,, (Invitrogen). The primers used for the CD34 quantitative PCR (qPCR) analysis
were 5'-GGAGCAGGCTGATGCTGATG-3' (For); 5'-ATCCCCAGCTTTTTCAGGTCAGAT-3’
(Rev). NCBI BLAST confirmed specificity of the primers. The presence of a single PCR
product was verified by both the presence of a single melting temperature peak and
detection of a single band of the expected size on agarose gels. Non-template controls
were included to verify the method and the specificity of the primers. Mean primer
efficiency was 96% = 3%. Real-time gqPCR was performed as described previously (26),
using a CFX96 real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA).

Spheroid-based angiogenesis model

Endothelial cells (750 cells/spheroid) were seeded in medium containing methylcellulose
(Sigma-Aldrich, St Louis, MO, USA) to form spheroids (27). After 24 h, cells were
embedded in collagen gel in the presence or absence of 50 ng/ml human recombinant
VEGF-A (Sanquin) and allowed to sprout for 24 h. At least 8 spheroids per group were
analyzed under an inverted microscope (Leica Microsystems, Mannheim, Germany) and
phase contrast images were quantified using image analysis and ImageJ software (28).

Scratch assay

HMEC-1 cells were transfected with siRNAs as described above and cultured in 12-well
tissue culture plates until confluent. The confluent monolayer was scraped with a 200-pl
pipette tip to generate a wound and was rinsed twice with medium. Micrographs were
taken at 40x magnification using an inverted microscope (Leica Microsystems) and phase
contrast images were quantified using image analysis and ImageJ software (28).

Cell invasion assay

HMEC-1 cells were transfected with siRNAs as described above and seeded (5x10* cells
per well) on transwell Boyden chamber inserts (8 pm pores; Corning, Lowell, MA, USA)
containing a polycarbonate filter as previously described (29). Filters were pre-coated with
Matrigel (BD Discovery Labware, Bedford, MA, USA) diluted 1:3 in M199 basal medium
to create an artificial internal limiting membrane. Inserts containing cells were placed in
M199 supplemented with 2% human serum in 24-well plates. HMEC-1 migration was
stimulated by adding complete medium to the lower well of the Boyden chamber. After
24 h, membranes were washed with ice-cold phosphate-buffered saline (PBS) (Lonza,
Walkersville, MD, USA) and the upper surface of the insert was swabbed to remove
non-migrated cells. Cells that had migrated through the pores of the filter were either
fixed in 4% paraformaldehyde (Electron Microscopy Sciences (EMS), Hatfield, PA, USA)
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and stained with Hoechst or fixed with absolute methanol and stained with Giemsa.
Migration was evaluated as the mean number of migrated cells in 5 high-power fields
(HPF) per well (20x magnification). Each condition was assayed in triplicate and each
experiment was performed at least twice.

Mice. All mice that were used in this study were backcrossed to C57BI/6) mice for
more than 12 generations. Cd347 mice were generated as described previously (30).
Mice were bred and maintained in specific pathogen-free conditions at the Biomedical
Research Centre (The University of British Columbia (UBC), Vancouver, BC, Canada). All
animal experiments were approved by UBC's animal care committee and were conducted
humanely following institutional and Canadian Council on Animal Care guidelines
(Protocol #A11-0289).

Oxygen-induced retinopathy model and analysis of postnatal retinal
angiogenesis

The OIR model was carried out as previously described (31) with the use of a BioSpherix
ProOX A chamber equipped with ProOx P110 oxygen controller (BioSpherix, Lacona, NY,
USA). Postnatal day 7 (P7) pups together with their nursing dams were placed for 5
consecutive days in a 75% oxygen chamber. Litters of 8 pups or less had 1 nursing dam;
those with more than 8 pups had 2 nursing dams. The chamber was only opened briefly
between P7 and P12 when the nursing dams were replaced with foster dams to mitigate
any adverse effects of hyperoxia on the nursing dams. At P12, the pups were returned to
room air (21% oxygen). Pups were sacrificed and their eyes were collected at P12, P17
and P21. In addition, mouse eyes were collected from pups raised at room temp at P1,
P3, P5, P7, P9 and P25 as a control.

Eyes were fixed for 30 min in 4% paraformaldehyde prepared in PBS. Retinas were
dissected, fixed overnight in 4% paraformaldehyde at 4°C, dehydrated in methanol
and stored in methanol at -20°C. Before immunofluorescence analysis, retinal whole-
mounts were rehydrated, permeabilized in PBS containing 1% bovine serum albumin
(BSA) (Sigma-Aldrich) and 0.5% Triton X-100 (Sigma-Aldrich) at 4°C overnight and
washed with PBS. Retinal whole-mounts were blocked in PBlec (PBS (pH 6.8) with 1%
Triton X-100, 0.1 mM CaCl,, 0.1 mM MgCl,, 0.1 mM MncCl, (all from Sigma-Aldrich)),
and incubated with AF488-labeled or AF594-labeled lectin from Bandeiraea simplicifolia
(isolectin B4) (Invitrogen) in PBlec at 4°C overnight. After extensive washing in PBS,
the retinas were either flat mounted in Vectashield (Vector, Burlingame, CA, USA) or
processed for multiple labeling, using primary antibodies directed against mouse CD34
(clone RAM34; eBioscience, San Diego, CA, USA) or mouse PODXL (clone 192704, R&D
Systems). Secondary antibodies used were cyanine-3 (Cy3)-labeled donkey anti-goat
and Cy3-labeled goat anti-rat, respectively (Jackson ImmunoResearch Laboratories Inc,
West Grove, PA, USA). Images were taken using a wide-field fluorescence microscope or
confocal microscope (Leica Microsystems). In control eyes, filopodia at the vascular front



were analyzed in 20 microscopic fields selected randomly from 5 retinas per group of
mice (mutants or wild type littermates) and quantified using image analysis and Image)
software (28). For the OIR model, the retinal avascular areas and neovascularization
areas were quantified using Adobe Photoshop CS4 software according to a published
protocol (28, 32).

Statistical analysis

Values are given as mean values + SD or SEM, as indicated. Data are represented as
averages of independent experiments, performed in duplicate or triplicate. Statistical
analyses were performed using the Student’s t-test and P-values < 0.05 were considered
to indicate statistically significant differences.

RESULTS

CD34 silencing does not impair sprouting angiogenesis in vitro

We previously reported that CD34 marks cells with an endothelial “tip cell” phenotype
and gene expression pattern in cultures of HUVEC (21). To evaluate a possible functional
role of CD34 in endothelial cells during angiogenesis, we carried out in vitro experiments
using HMEC-1. Similar to HUVEC (21), approximately 9-10% of HMEC-1 express high
levels of CD34 (Fig 1A, right panel). To test the functional contribution of CD34+* and
CD34 cells to sprouting, we generated spheroids of FACS-isolated populations of CD34+*
or CD34- HMEC-1 cells and embedded them in collagen gels in the presence or absence of
VEGF-A. After 24 h, CD34* sorted HMEC-1 showed a significant increase in the number
of sprouts (but not sprout length) in response to VEGF-A, as did spheroids composed of
unsorted HMEC-1 cells. The CD34- HMEC-1 spheroids were unresponsive to VEGF-A (Fig
1A and 1B). This shows that VEGF-A-responsive angiogenic sprouting activity in HMEC-1
cultures is associated with the CD34* population.

Although VEGF-A induced sprouting activity is associated with the CD34-expressing
HMEC-1 population, it is possible that CD34 is simply a marker of “tip” like cells but
does not serve a functional role. Therefore, to further investigate a possible functional
role of CD34 in HMEC-1 sprouting angiogenesis or migration activity in vitro, we silenced
CD34 expression in HMEC-1 using siRNA. Although only 10% of HMEC-1 in culture are
positive for CD34, all cells express the closely related sialomucin podocalyxin (PODXL)
(Fig 2A). Both CD34 and PODXL are widely expressed at the luminal plasma membrane
of vascular endothelial cells. Knockdown of CD34 by siCD34 was confirmed at the mRNA
transcript level by qPCR (Fig 2B, left panel). Notably, knockdown of CD34 did not alter
gene expression of PODXL (Fig 2B, right panel). Flow cytometric analysis confirmed
suppression of CD34 protein expression on the plasma membrane in the presence or
absence of exogenous VEGF-A (Fig 2C).

To explore whether CD34 gene ablation affects endothelial cell sprouting, migration
and invasion, we performed three separate in vitro assays. First, we repeated the spheroid-
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Figure 1. The CD34+ fraction of HMEC-1 cultures contains the VEGF-induced angiogenic sprouting
activity. (A, left panel) Representative images of spheroids that were generated from HMEC-1
were either unsorted or FACS-sorted, based on CD34 cell surface expression (CD34- and CD34+*
populations). Spheroids were embedded in collagen gel supplemented with (+) or without (-)
VEGF. Scale bar = 200 pym. (A, right panel) Flow cytometry dot plot demonstrating gating for
HMEC-1 sorting based on CD34 expression. (B) The number of sprouts per spheroid and the mean
sprout length were quantified using Image J. Error bars represent standard deviation. * Significantly
different from unstimulated control (VEGF-) with P < 0.05.

based sprouting assay as described in Figure 1 using siCD34 transfected HMEC-1. Silencing
of CD34 expression increased the number of sprouts per spheroid marginally (1.3-fold)
in the absence of exogenous VEGF-A. However, spheroids in which CD34 was silenced
did not respond to VEGF-A stimulation (Fig 3A). No significant differences were observed
for sprout length when comparing spheroids silenced for CD34 with control spheroids
(Fig 3A) and the results are in line with spheroids of FACS-isolated populations of CD34*
or CD34- HMEC-1 cells. Second, we performed a wound closure (scratch) assay using
siCD34 transfected HMEC-1. This experiment showed that silencing of CD34 did not alter
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Figure 2. Silencing of CD34 expression in HMEC-1. (A) Representative histograms showing
the intensity of anti-CD34 (left panel) or anti-podocalyxin (right panel) labeling of HMEC-1 cells
compared to an isotype control (grey peak). (B) Quantitative PCR (qPCR) analysis of CD34 and
PODXL mRNA levels and (C) flow cytometric analysis of CD34 protein expression on the membrane
of HMEC-1 72 h after transfection with CD34-targeting (siCD34) or non-targeting (NT) (siNT) siRNA.
Stimulation with VEGF induced CD34 plasma membrane expression in both siNT-treated and siCD34
treated HMEC-1 cells. However, CD34 expression in siCD34-treated HMEC-1 was less than 30% as
compared to expression levels in siNT-treated cells. *Significantly different from non-stimulated cells
with P < 0.05.
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HMEC-1 migration (Fig 3B). Third, we seeded siCD34 transfected HMEC-1 into Boyden
chambers containing membranes pre-coated with Matrigel to mimic the extracellular
matrix of endothelium. Silencing of CD34 did not affect the level of HMEC-1 invasion
after 20 hours in this assay (Fig 3C). Thus, although silencing of CD34 results in a marginal
increase in spheroids sprouting, the most important result seems to be that HMEC-1
without CD34 expression do not respond to VEGF-A, although a basic level of sprouting
is still intact. Migration and invasion of HMEC-1 were not affected by silencing of CD34.
Migration and invasion of HMEC-1 were not affected by silencing of CD34.

CD34 is expressed on endothelial tip cells and tip cell filopodia in vivo

Since our in vitro assays suggested that CD34 has a role in regulating VEGF-induced
sprouting activity, we next wished to determine whether CD34 has a role in sprouting
angiogenesis in vivo. In retinal angiogenesis, blood vessels are formed in an organized and
directional manner and offer a controlled and physiological model to study angiogenesis
in vivo. Our first objective was to determine the expression pattern of CD34 in the mouse
retina during postnatal vessel development. Immunohistochemistry of whole-mount
retinas harvested from P5 mouse pups showed that CD34 and PODXL are expressed on
the vasculature in the developing retina. Although CD34 expression is limited to a select
population in HUVEC and HMEC-1 cultures, CD34 is more widely expressed throughout
microvasculature in humans and is expressed on filopodial of angiogenic tip cells during
active angiogenesis (21). Likewise, we found that in the developing retinal vessels of
neonatal mice, CD34 is expressed on the filopodial extensions of tip cells at the angiogenic
vessel front in addition to the expression throughout the advancing sprouts, phalanx and
the lumen of the vessel stalk (Fig 4A). The distribution pattern of CD34 on endothelial
cells in angiogenic tissues was similar to that of isolectin B4 (an endothelial marker used
to visualize endothelial tip cells and their filopodia) (Fig 4A) (6, 7, 33-36). Notably, PODXL
is expressed only within the stalk (and phalanx) region of vessels and is absent from

Figure 3. Effect of CD34 silencing on sprouting, cell migration and invasion. (A, left panel)
Representative images of spheroids that were generated from HMEC-1, transfected with either
a non-targeting siRNA (siNT) or siCD34 and subsequently embedded in collagen gel in the presence
or absence of VEGF-A. (A, right panel) Spheroids were analyzed at 24 h after embedding and
the number of sprouts per spheroid and average sprout length were quantified using image J.
Results were expressed relative to values of siNT transfected cells without VEGF. (B, left panel)
SiNT- and siCD34-transfected HMEC-1 were grown until confluent. Scratches were made using
a pipette tip and images were taken at 0 and 6 h after scratching. (B, right panel) The percentage
of width of the scratch filled with cells was quantified over time. (C, left panel) Representative
images of HMEC-1 transfected with siNT or siCD34, located at the lower side of the Boyden filter
after invasion through Matrigel visualized by DNA staining (i,iii) or Giemsa (ii,iv) staining at 20 h
after seeding. (C, right panel) Cells invading the Matrigel were quantified by counting the number
of nuclei per microscopic field. Error bars represent standard deviation; *Significantly different from
siNT control with P < 0.05.
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Figure 4. Endothelial tip cell filopodia in developing retinal vessels express CD34 but not podocalyxin.
Immunofluorescence staining of retinal whole-mounts of wild type (Wt) mice at P5. Both CD34
and podocalyxin (PODXL) are expressed on developing vasculature. CD34 but not podocalyxin is
expressed on endothelial tip cell filopodia. Isolectin B4 staining (green) was used to visualize tip cell
filopodia. Scale bar = 10 uym.

the filopodia (Fig 4B). These findings suggest that CD34 and PODXL have non-redundant
functions in vascular endothelia.

CD34 deletion reduces the number of tip cell filopodia without
perturbing retinal vasculature development

Since CD34 is an anti-adhesive molecule, we hypothesized that CD34 reduces adhesion
of filopodia to the extracellular matrix or membranes of other cells, thereby facilitating
extension of tip cell filopodia. To test this hypothesis, we examined the morphologic
features of tip cells during retinal development under normoxic conditions in wild type
and Cd34” mice. Detailed analysis of the vascular front revealed that filopodia density
was reduced by 30% in Cd347 mice at P5 as compared to wild type mice (Fig 5).
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Figure 5. CD34 deletion reduces the number of endothelial tip cell filopodia. (A) Whole-mount
isolectin B4 staining showing the angiogenic front of wild type (Wt) (i,iii) and Cd347<(ii,iv) mouse
retinas at P5. Scale bar (i,ii) = 20 pm. Tip cell filopodia were marked (green dots) and normalized
to vessel length (red lines, see insets iii, iv). (A, right panel) Quantification of filopodia per 100 pm
vessel length. Error bars represent standard errors of the mean. * Significantly different from wild
type with P < 0.05.

To determine whether the reduction density of filopodia in Cd34” mice has
consequences for the physiological development of retinal vessels, we studied the retinal
vasculature in normoxic wild type and Cd34” mice at P25 (Fig 6A), when the superficial,
intermediate and outer vascular plexus vessels are fully mature. Isolectin B4 staining of
retinas of Cd347 mice revealed no abnormalities in development in any of the retinal
vascular plexus layers.

Although we did not detect PODXL expression on tip cell filopodia of advancing retinal
vessels in wild type mice, it is possible that, in the absence of CD34, PODXL is expressed
as a compensatory mechanism. However, immunohistochemistry of whole-mount retinas
revealed no difference in PODXL expression on the vasculature in the developing retinas
of wild type and Cd34” mice. Moreover PODXL staining was not detected in filopodia at
the angiogenic front in Cd34” mice (Fig 6B).

From this we concluded that, although the CD34 enhances formation of filopodia at
the angiogenic front of retinal vessels, CD34 is dispensable for vascularization of the mouse

59



60

Primary plexus Intermediate plexus Outer plexus

sprout front

tip cell

s prout front

tip cell

Figure 6. Retinal vessels develop normally in Cd347 mice under normoxic conditions and podocalyxin
is not expressed on tip cells in developing retinal vessels in Cd34” mice. (A) Isolectin B4 staining
(green) of retinal whole-mounts of wild type (Wt) and Cd34” mice under normoxic conditions at
P25. The plexuses of retinal vessels in both the inner and outer retina are similar in Wt and Cd34™"
mice at P25. Scale bar = 50 pm. (B) Immunofluorescence staining of podocalyxin (PODXL, red) and
isolectin B4 (green) of whole-mounts of retinas harvested from wild type (Wt) and Cd34” mice at
P5. The arrows in the merge (yellow) indicate tip cell filopodia that stain with isolectin B4 but do not
co-express podocalyxin. Podocalyxin is not expressed on endothelial tip cell filopodia in either wild
type (Wt) or Cd34" mice. Scale bars = 100 mm (sprout front) or 25 mm (tip cell).



retina. In addition, PODXL does not compensate for loss of CD34 expression during
retinal angiogenesis. These data suggest that CD34 expression marks endothelial tip cells
during retinal angiogenesis, but it is not functionally required for vessel development in
the retina.

CD34 is involved in epi-retinal neovascularization but is dispensable for
restoration of retinal vasculature following vaso-obliteration.
We next used the OIR model to determine whether ablation of Cd34 impairs pathological
retinal neovascularization. The OIR model is an acute bi-phasic model of pre-retinal
neovascularization associated with ischemia in the retina that develops after a period
of experimental hyperoxia. In the first phase, P7 mouse pups are exposed to a high
oxygen concentration (75% O,) for 5 days (P7-P12) to cause retinal vaso-obliteration
in the central posterior retina (37). In the second phase, pups are returned to normoxia
where the relatively low oxygen concentration of 21% causes hypoxia and consequent
excessive angiogenesis beyond the retina into the vitreous. Endothelial cell migration and
invasion through the inner limiting membrane (the boundary between the neuroretina
and the vitreous cavity) is an early phase of the formation of pathological neovascular
tufts that expand beyond the retina in the OIR model.

We first analyzed the degree of vaso-obliteration in Cd34” and wild type pups after
5 days of hyperoxia (P12) and found that exposure to hyperoxia resulted in a significantly
reduced number of retinal capillaries especially in the central area (Fig 7A) but the extent
of vaso-obliteration was identical in wild type and Cd34” mice at P12 and P17 (Fig 7A
and 7B). However, the ratio of the area of pre-retinal neovascularization to the total
retinal area was significantly lower at P17 in Cd34” mice (7.8%) as compared to wild
type mice (14.0%) (Fig 7C). Furthermore, confocal images of P17 OIR retinas labeled
with isolectin B4 revealed that epi-retinal tufts in wild type mice aggregated as large
continuous areas of neovascularization whereas in Cd34” mice, the considerably smaller
tufts did not aggregate (Fig 7D). At P25, vaso-obliteration or neovascularization was
not detected in OIR-treated wild type or Cd34” mice and both genotypes appeared to
have recovered the retinal vasculature at this stage (data not shown). Thus, in a model of
pathological angiogenesis, the absence of CD34 reduces epi-retinal vessel tuft formation,
a process that contributes to vision impairment in human retinopathies.

DISCUSSION

Earlier studies showed that CD34 is actively regulated on vascular endothelial cells and
that angiogenic factors play a role in this regulation (7, 12, 13, 16, 21-23, 27, 38).
The role of VEGF in CD34 expression on endothelial cells in vitro has been controversial
with studies showing that it either downregulates (12, 38) or upregulates (21, 27)
expression. We hypothesized that the anti-adhesive function of CD34 is relevant in
angiogenesis during invasion of endothelial tip cells through the basal lamina and other
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extracellular matrix structures. This hypothesis was borne out as we previously found that
CD34 enhances adhesion, mobility and invasiveness of hematopoietic progenitors, mast
cells, and eosinophils (17-20). The observation of high expression of CD34 on endothelial
tip cells and their filopodia suggests a similar molecular function (7, 13, 21-23). Adhesive
and anti-adhesive interactions between cell surface proteins and individual components
of the vascular basal lamina determine the number and the behavior of endothelial
tip cells during angiogenesis [42]. We showed that sprouting angiogenesis activity in
HMEC-1 cultures is enhanced in the CD34+ fraction of HMEC-1 cells, and silencing of
CD34 expression in HMEC-1 cells inhibits their response to exogenous VEGF-A. Migration
is a key characteristic of tip cells. However, we did not find any effect of silencing of
CD34 on HMEC-1 invasion or migration in vitro. We conclude that the absence of CD34
prevents VEGF-induced angiogenic sprouting in vitro, but does not limit endothelial cell
migration or invasion in vitro.

During developmental angiogenesis in the mouse retina, CD34 is expressed on
filopodia of endothelial tip cells in a distribution pattern similar to that of isolectin B4
(22). We show that ablation of CD34 in mice reduces the formation of filopodia in retinal
tip cells by approximately 30% during developmental retinal angiogenesis. However, this
reduction in filopodia was not sufficient to cause a loss of vessel density in the fully
developed retinas in Cd34-/- mice. This is consistent with observations by Sawamiphak
et al [43] who report that reduction of filopodial density by at least 50% is needed to
attenuate vessel density in the retina and Phng et al [8] who show that filopodia are
dispensable for angiogenesis [8, 43]. Because we have previously shown that PODXL is
a potent inducer of microvillus formation in epithelial cells [14] and because microvilli and
filopodia share many structural similarities and molecular components, we considered
the possibility that PODXL compensates for the loss of CD34 in the formation of
endothelial tip cell filopodia. However, we did not detect PODXL expression on filopodia
at the retinal vessel front in either wild type or Cd34-/- mice.

We found that CD34 did not impair physiological retinal angiogenesis aimed to restore
the vasculature due to OIR. However, CD34 ablation impaired pathological epi-retinal tuft
formation in the OIR model. Intriguingly, Budd et al. showed that reduced numbers of
endothelial tip cell filopodia corresponded to a reduced intravitreal but not intra-retinal

Figure 7. Loss of CD34 limits formation of pathological neovascularization in oxygen-induced
retinopathy (OIR). (A) Representative retinal images showing total retinal area and regions
of vaso-obliteration (VO) in OIR model for wild type (Wt) and Cd347 mice at P12 and P17 and
neovascularization (NV) at P17. Scale bar = 50 ym (B) Ratios of VO to total retinal area indicated no
significant difference in VO between wild type and Cd34” mice. (C) At P17, neovascularization was
significantly decreased in Cd34” mice as compared to wild type mice (*P < 0.01). Error bars represent
standard deviation. * Significantly different from wild type with P < 0.05. (D) Isolectin B4 labeling
of retinas harvested at P25 after OIR revealed that epi-retinal tufts in wild type mice aggregated as
large continuous areas of neovascularization whereas in Cd34” mice, the considerably smaller tufts
did not aggregate. Scale bar = 50 pm.
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vascularization [44]. Therefore, it is possible that the diminished number of filopodia in
retinal tip cells in Cd34-/- mice hampered intravitreous invasion. This suggests that CD34
has a functional role in VEGF-mediated vessel growth.

CONCLUSION

In conclusion, our study shows that CD34 is important for the formation of vascular
sprouts and filopodia but CD34 does not appear to be essential for the development
of an intact retinal vascular network. However, the absence of CD34 limits invasion
of vessels into the vitreous and formation of epi-retinal tufts in the OIR model, which
suggests that CD34 is involved in the pathological neovascularization causing vision loss in
proliferative retinopathies.
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ABSTRACT

Tip cells, the leading cells of angiogenic sprouts, were identified in cultures of human
umbilical vein endothelial cells (HUVECs) by using CD34 as a marker. Here, we show
that tip cells are also present in primary human microvascular endothelial cells (hnMVECs),
a more relevant endothelial cell type for angiogenesis. By means of flow cytometry,
immunocytochemistry and gPCR, it is shown that endothelial cell cultures contain
a dynamic population of CD34+ cells with many hallmarks of tip cells, including filopodia-
like extensions, elevated mRNA levels of known tip cell genes, and responsiveness to
stimulation with VEGF and inhibition by DLL4.

Furthermore, we demonstrate that our in vitro tip cell model can be exploited to
investigate cellular and molecular mechanisms in tip cells and to discover novel targets
for anti-angiogenesis therapy in patients. Small interfering RNA (siRNA) was used to
knockdown gene expression of the known tip cell genes angiopoietin 2 (ANGPT2) and
tyrosine kinase with immunoglobulin-like and EGF-like domains 1 (TIET), which resulted
in similar effects on tip cells and sprouting as compared to inhibition of tip cells in vivo.

Finally, we identified two novel tip cell specific genes in CD34* tip cells in vitro:
insulin-like growth factor 2 (IGF2) and IGF-1-receptor (IGF1R). Knockdown of these genes
resulted in a significant decrease in the fraction of tip cells and in the extent of sprouting
in vitro and in vivo.

In conclusion, this study shows that by using our in vitro tip cell model, two novel
essential tip cells genes are identified.

Published in Angiogenesis



INTRODUCTION

New blood vessel sprouting is led by tip cells, a transdifferentiated phenotype of
endothelial cells (ECs) induced by pro-angiogenic factors including vascular endothelial
growth factor (VEGF) (39, 40). In vivo, the tip cell phenotype is characterized by extension
of filopodia, enhanced migratory propensity and mitotic quiescence (39, 41). Tip cells
differ in various aspects from the more proximal, proliferating stalk cells and the maturing
phalanx cells (40), and express a distinct set of genes (42, 43). Until recently, progress in
research on tip cells has been slow because of the need to use laboratory animals, as an
in vitro model of tip cells was lacking. However, we have identified tip cells in monolayer
HUVEC cultures employing CD34 as a marker (44). In vivo, CD34 is expressed throughout
the body at the luminal side of endothelial cells of small blood vessels and umbilical veins
and on filopodia of tip cells (12), but we have shown that in monolayers of HUVECs that
have been passaged at least 3 times, approximately 10% of the cells express high levels
of CD34. Moreover, these CD34-positive HUVECs have a distinct phenotype, with striking
similarities when compared to tip cells in vivo, including CD34* filopodia-like extensions,
mitotic quiescence and expression of tip cell genes (44, 45).

As validation of our in vitro model for tip cells, we investigated first whether CD34+ tip
cells are also present in monolayer cultures of primary human microvascular endothelial
cells (hnMVECs), as angiogenesis in vivo is initiated in microvessels (46). In addition, we
studied the effects on CD34+ tip cells of silencing of two known tip cell genes, the growth
factor angiopoietin-2 (ANGPT2) and the receptor tyrosine kinase with immunoglobulin-
like and EGF-like domains 1 (TIET), both of which were shown by us previously to have
higher mRNA expression levels in CD34+* tip cells (44). ANGPT2 is involved in angiogenesis
and interacts with the actin cytoskeleton to induce migration (47). Silencing of ANGPT2
in mouse models of angiogenesis results in absence of tip cells at the front of new vessel
sprouts in mouse retinas (48). TIE1 is an orphan receptor, which is expressed on tip cells
and a subset of stalk cells, and which is involved in survival signaling in stalk cells (49).

Then, we explored the role in angiogenesis of two novel tip cell genes identified by
us on the basis of differential expression in microarrays of CD34* and CD34- HUVECs,
insulin-like growth factor 2 (IGF2) and insulin-like growth factor-1 receptor (IGF1R) (6).
Both genes belong to the IGF family of growth factors, which consists of the ligands
IGF1 and IGF2, the receptors IGF1R, IGF2R and insulin receptor (INSR) and at least 7 IGF
binding proteins (IGFBPs). IGF2 binds to and signals through IGF1R and the other IGF
receptors. In earlier studies, knockdown of IGF2 and IGF1R inhibited angiogenesis in
developing mice and zebrafish (50-52), but a specific role of these proteins in tip cells has
not yet been reported. Here, we used our tip cell model to further characterize the role in
angiogenesis of these novel tip cell genes.
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MATERIALS & METHODS

Cell cultures

Primary human umbilical vein endothelial cells (HUVECs) were isolated from umbilical
cords (obtained from the Department of Gyneacology, Academic Medical Center,
Amsterdam, The Netherlands), as described earlier [16], and grown in M199 basal
medium (Gibco, Grand Island, NY, USA) supplemented with 10% heat inactivated
human serum (obtained from the Department of Oncology, Academic Medical Center,
Amsterdam, The Netherlands), 10% fetal bovine serum (Gibco), and 1% penicillin-
streptomycin-glutamine (Gibco). HUVEC cultures were incubated with antibodies directed
against CD31/PECAM-1 (1:100; eBioscience, Vienna, Austria) to check the purity of
the endothelial cells. Human microvascular endothelial cells ("MVECs ), a kind gift of Dr.
P. Koolwijk (VU University Medical Center, Amsterdam, The Netherlands), were cultured
with 50% HUVEC medium and 50% EBM-2 medium (Lonza, Basel, Switzerland) and
cells were characterized as previously described [17]. HUVECs and hMVECs were cultured
in 2% gelatin-coated (Millipore, Billerica, MA, USA) T75 culture flasks at 37°C and 5%
CO2. Experiments were performed with confluent HUVEC at passage 3 cells and hMVEC
at passage 9-10 cells of at least 3 different donors. Subjects gave informed consent for
the use of tissues or serum and samples were stored anonymously. Cells were treated
with recombinant human VEGF-A (R&D Systems, Minneapolis, MN, USA), IGF2 (ProSpec,
Rehovot, Israel), bFGF (Sanquin, Amsterdam, The Netherlands) or DLL4 (R&D Systems)
as indicated.

Immunocytochemistry

Cells were cultured on gelatin-coated coverslips (Thermo Scientific, South Logan, UT,
USA) for 72 h when treated with siRNA or until confluent for spheroids and sorting
experiments. Cells were fixed in freshly-made 4% paraformaldehyde in phosphate-
buffered saline (PBS, Lonza) for 15 min at room temp, and then blocked in PBS containing
10% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA) and 0.5% Triton
X-100 (Sigma) for 1 h at room temperature. Next, cells were incubated with a primary
antibody against CD34 (diluted 1:100, clone MD34.2; Sanquin) for 2 h and a secondary
anti-mouse Alexa488 antibody (Life Technologies, Carlsbad, CA, USA) and phalloidin (Life
Technologies) to stain for F-actin for 1 h.

DLL4 coating
Culture flasks were coated according to Harrington et al. (53) using 0.2% gelatin in
PBS, with 1 pg/mL of either recombinant human DLL4 (R&D systems) or BSA for 24 h
before the cells were seeded. After cells were cultured for 24 h, flow cytometric analysis
was performed.



Determination and selection of tip cells

For determining the percentage of tip cells, cells were harvested using TrypLE (Gibco),
fixed in 4% paraformaldehyde in PBS for 15 min at room temp and incubated with anti-
CD34-phycoerythrin antibody (diluted 1-100; anti-CD34-PE; clone QBend-10, Thermo
Scientific, Waltham, MA, USA) for 30 min at room temperature. Cells were analyzed
flow cytometrically using a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA)
and FlowJo 6.4.7 software (Tree Star, San Carlos, CA, USA). The FITC channel was used
to detect autofluorescence. Non-stained and non-treated cells were used as negative
controls. For cell sorting experiments, cells were sorted on the basis of CD34 expression
with anti-CD34-PE on a Sony SH800z cell sorter (Sony Biotechnology, Surrey, UK). CD34-
cells were cultured for 6 or 24 h, and then cells were fixed, stained and analyzed using
flow cytometry as described above.

Apoptosis

Cellular apoptosis was assessed by measuring binding of annexin-V conjugated with
FITC, following manufacturer’s instructions (Molecular Probes, catalog number: V13242,
Eugene, OR, USA) in combination with staining for CD34 to discriminate apoptosis in tip
and non-tip cells.

RNA isolation and quantitative PCR

Total RNA was isolated from cells using the TRIzol method according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA, USA). An amount of 1 yg RNA was used for DNase
| treatment (amplification grade; Invitrogen) and reverse transcribed into cDNA using
the Maxima First Strand cDNA Synthesis Kit (Thermo Scientific). Real-time quantitative
PCR (RT gPCR) was performed using a CFX96 real-time PCR detection system (Bio-Rad
Laboratories, Hercules, CA, USA) as described previously (Siemerink et al. 2012). Primer
details are presented in Supplementary Table 1. NCBI BLAST confirmed the specificity
of the primers. The presence of a single PCR product was verified by both the presence of
a single melting temperature peak and detection of a single band of the expected size on
agarose gels. Non-template controls were included to verify the method and the specificity
of the primers. PCR products that did not show a single melting temperature peak
were excluded from analysis. Ct values were converted to arbitrary absolute amounts
(2t x 1E'?) and expressed as fold change as compared to controls. Expression data
was normalized to tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation
protein zeta (YWHAZ) mRNA levels.

siRNA knockdown

HUVECs and hMVECs were transfected with 25 nM of either a non-targeting small
interfering RNA (siNT) or a gene-specific siRNA and 2.5 pg/mL Dharmafect 1 transfection
agent (Dharmacon, Lafayette, CO, USA). The cells were transfected during 6 h using
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the reversed transfection method according to the manufacturer’s instructions.
Transfection efficiency was checked at the mRNA level and was considered acceptable
when expression was reduced by at least 70% after 72 h.

Spheroid-based sprouting assay

Spheroid experiments were performed with siRNA-transfected cells or cells that were
sorted on the basis of CD34 expression. HUVECs transfected with siRNA were harvested
after 48 h and 750 cells per spheroid were seeded in methylcellulose (Sigma-Aldrich,
Buchs, Switzerland) containing M199 medium and 2% human serum to allow spheroid
formation (27). Cells sorted according to CD34 expression were immediately seeded
in the same manner. After 18 h, the spheroids were embedded in collagen gels
containing 0.5% human serum and, when indicated, treated with VEGF-A (25 ng/mL)
or IGF2 (50 ng/mL), and were allowed to sprout for 24 h. Images were taken using
a phase-contrast microscope and the number of sprouts and average sprout length per
spheroid were analyzed using the Neuron-J plug-inn package of Image-J software (28).
Spheroid experiments were performed with HUVECs, since hMVECs did not sprout in this
experimental setup.

Statistics and data correction

To correct for differences between donors, data from flow cytometry and spheroid
experiments were corrected using the Factor Correction program as described previously
(54). Statistical analysis was performed using a Student’s t-tests.

Chicken chorioallantoic membrane assay

The anti-angiogenic efficacy of a custom si/GF2 (Dharmacon) was tested in the CAM model
(55) via topical administration (each time 25 ml), between embryo development day (EDD)
7 and 8 once daily. Control eggs (blank) received 25 ml of HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffer (Gibco) or 25 ml of non-targeting control siRNA
(siNT) (Eurogentec, LieganBelgium, SR-C2000-005) premixed with HEPES buffer and
transfection reagent (DharmaFECT-1; Dharmacon). At EDD 9, the in ovo CAMs were
visualized by means of FITC-dextran (20 kDa, 25 mg/mL; Sigma-Aldrich) epi-fluorescence
angiography (56) and subsequently analyzed by an image-processing quantification
method as described previously (57). Briefly, on the basis of FITC-dextran fluorescence
angiography the skeleton overlay of the vascular network was placed on top of the vascular
network and branching points/mm? were calculated.

Zebrafish morpholino experiments

Zebrafish experiments were performed with the approval of the Animal Ethics Committee
of the University of Amsterdam and in compliance with the Association for Research
in Vision and Ophthalmology (ARVO) statement for the Use of Animals in Ophthalmic



and Vision Research. Tg(Flila:eGFP) transgenic zebrafish embryos were injected with
morpholino oligonucleotides against /GF2a or IGF2b that were designed and tested
previously (52, 58). For each gene, a 6-base pair mismatch control was used, and a p53
morpholino as a control for non-specific activation by morpholino injection. After 24 and
30 h, the chorion was manually removed and zebrafish were mounted in 0.5% agarose
gels and analyzed using confocal microscopy. Details of morpholino sequences are shown
in Supplementary Table 1.

RESULTS

Human microvascular endothelial cell cultures contain CD34* tip cells
We have previously identified CD34 as a marker for tip cells in monolayer cultures of
HUVECs (44), which are of macrovascular origin. h(MVECs are primary cells of microvascular
origin, and derived from the endothelial cell types which generate new vessels in vivo,
and may therefore be physiologically more relevant for studies of angiogenesis. To study
whether tip cells are also present in monolayer cultures of hMVECs, we analyzed CD34
expression with flow cytometry and confocal microscopy, using anti-CD34 antibodies.
This revealed a population of CD34* hMVECs with filopodia-like extensions (Fig. 1a) of
approximately 10% (Fig. 1b).

Freshly-isolated HUVECs and hMVECs express CD34 on all cells ((59, 60), but
the percentage of CD34* cells gradually tapers with increasing passage numbers until an
equilibrium has been reached which is maintained for several passages. In HUVEC cultures,
the equilibrium is reached at passage 3, whereas in hMVEC cultures the equilibrium
is reached at passage 9. We examined whether CD34 expression in hMVECs either
marks newly generated tip cells or identifies cells that have retained their phenotype
since isolation. For this purpose, we sorted and cultured CD34- hMVECs and found that
between 6 and 24 h after the CD34- cells were plated a new fraction of CD34* cells
appeared (Fig. 1c-e). This suggests that CD34+ cells develop de novo in CD34- hMVEC
cultures.

Next, we determined whether VEGF, DLL4 and bFGF would change tip cell
differentiation, as measured by the percentage of tip cells in hMVECs, in a similar manner
as was reported for these factors tip cells in vivo. In the developing mouse retina, VEGF
stimulates tip cell formation (39), whereas DLL4 inhibits the tip cell phenotype (61, 62)
and bFGF induces proliferation of blood vessels (63). In hMVEC cultures, VEGF significantly
increased the percentage of CD34*cells (Fig. 1f). In contrast, DLL4 and bFGF significantly
decreased the percentage of CD34*cells (Fig. 11, g).

Analysis of mRNA expression of genes that have been associated with a tip cell
phenotype in the developing mouse retina and zebrafish embryos (39, 42, 43, 64-72),
showed that 13 out of the 14 genes have significantly higher expression levels in CD34+
than in CD34- hMVECs (Fig. 1h).

These experiments show that CD34* hMVECs are phenotypically and genotypically
similar to tip cells in vivo.
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Figure 1. Human microvascular endothelial cell cultures contain CD34* tip cells. (a) Identification
of tip cells by staining with anti-CD34 (green), F-actin (phalloidin, red) and nuclei (DAPI, blue)
in hMVECs. Representative examples are shown. Arrowheads indicate filopodia-like extrusions on
CD34+* cells. Scale bar represents 25 um (first 3 images) and 100 um (last image). (b) HMVECs were
analyzed for CD34 expression by flow cytometry. (c-e) Re-expression of CD34 in hMVECs after cell
sorting. CD34 cells (shown in ¢) were cultured and CD34 expression was analyzed after 6 h (d) and
24 h (e). (f-g) The effect of exposure to VEGF or bFGF (f) and DLL4 (g) on the percentage of CD34*
tip cells. BSA was used as a control for DLL4. *p< 0.05 as compared to control. Data are shown as
the mean = standard deviation after factor correction (n=3). (h) Fold change in mRNA expression
levels of known tip cell genes in CD34* hMVECs as compared to CD34- hMVECs. Graph shows
fold change of expression in CD34* cells as compared to CD34 cells after factor correction (n=5). *
p<0.05, ** p<0.01, *** p<0.001.
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Knockdown of ANGPT2 expression inhibits tip cell differentiation and
sprouting

As a further validation of our in vitro tip cell model, we investigated whether knockdown
of the expression of known tip cell genes would affect the percentage of tip cells similar
as was reported in vivo. For this purpose, we chose ANGPT2 and TIET. Knockdown of
Angpt2 was reported to reduce the number of tip cells at the retinal sprouting front
in the developing mouse retina (48, 73) and knockdown of the orphan receptor Tiel
in mouse retinas resulted in stalk cell apoptosis (49). Previously published microarray
data (Geo Accession: GSE 34850) showed that ANGPT2 and TIET mRNA levels were
significantly higher in CD34* HUVECs than in CD34 cells (44), which could be confirmed
for hAMVECs by gPCR as well (Fig. 1h).

Knockdown of ANGPT2 expression by siRNA reduced the percentages of CD34+*
tip cells significantly in hMVECs (Fig. 2a), but not in HUVECs (Fig. 2b). However, in
the HUVEC spheroid-based sprouting model, sprout numbers and average sprout length
were significantly decreased after knockdown of ANGPT2 expression (Fig. 2¢, d), and
resulted in a disturbance of the actin cytoskeleton, in which the number of short radial
stress fiber-like actin bundles was increased (Fig. 29).

Knockdown of TIET expression resulted in a significant increase in the CD34* tip cell
fraction in HUVECs (1.7-fold; Fig. 2a) and HMVECs (1.6-fold; Fig. 2b). The number of
sprouts in the HUVEC spheroid model was marginally decreased (Fig. 2c), whereas sprout
length was unaffected (Fig. 2d). Immunocytochemical staining of CD34 and F-actin
showed that knockdown of TIET expression did not result in morphological changes in
HUVECs (Fig. 2g). After TIET knockdown, apoptosis in CD34- cells was higher (22.3%)
than in siNT-treated HUVECs (11.1%), whereas in CD34* HUVECs the percentage of
apoptotic cells was much lower (1.4%) with no difference as compared to siNT control
(Fig. 2e, f). This indicates that at least part of the measured increase in tip cell percentage
after TIET knockdown was due to apoptosis of the CD34 non-tip cells.

Together, we show that by using our in vitro tip cell model, we were able to reproduce
observations reported on tip cells after ANGPT2 and TIE1 knockdown in vivo.

Expression of IGF2 and IGF1R are essential for tip cell maintenance

Our microarray data of HUVECs showed that mRNA expression levels of /IGF2 were
45-fold higher in CD34* cells as compared to CD34- cells [6]. In addition, expression levels
of IGF1R, a receptor for IGF2, were 2.1-fold higher in CD34* cells (44). IGF2 is known
to stimulate angiogenesis in vitro, and increased IGF2 mRNA expression was found in
vascular tufts in the retina of mice in the oxygen induced retinopathy model [39] and
in human vascular tumors such as hemangiomas (50, 74, 75). To investigate whether
IGF2 is specifically involved in tip cell fate, we performed knockdown of /GF2 and IGFTR
expression in hMVECs and HUVECs, which resulted in decreased percentages of CD34*
tip cells (Fig. 3a, b) and reduced numbers of sprouts per spheroid (Fig. 3¢). Knockdown
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Figure 2. Effects of ANGPT2 and TIET knockdown on CD34* tip cells and CD34" non-tip cells in
vitro. (a, b) Effect of knockdown of ANGPT2 and TIET expression on percentages of CD34+ tip cells.
Bars show percentages of CD34* hMVECs (a) and HUVECs (b) as detected by flow cytometry after
treatment with non-targeting siRNA (siNT), SIANGPT2 or siTIET. (c, d) Quantification of numbers
of sprouts (c) and average sprout length (d) of spheroids composed of HUVECs treated with siNT,
SIANGPT2 or siTIET. (e, f) Percentages of apoptotic cells as detected by flow cytometry after treatment
of HUVECs with siNT or siTIET. Staining for CD34 was performed in combination with annexin-V
staining of apoptotic CD34+ tip cells (e) and CD34 cells (f). Data in a-f are shown as the mean =
standard deviation after factor correction. * p<0.05, ** p<0.01, *** p<0.001 as compared to siNT
(n=3). (g) Analysis of CD34+ tip cell morphology after knockdown of ANGPT2 and TIET expression.
Staining of CD34 (green), F-actin (phalloidin, red) and nuclei (DAPI, blue) in hMVECs and overlay
images of higher and lower magnification. Note the cortical F-actin staining in the cells treated with
SIANGPT2. Scale bars represent 50 ym (first 3 columns) and 100 pm (last column).



of expression of /IGF2 but not of IGFIR reduced sprout length (Fig. 3d). Knockdown
of IGFTR expression increased the intensity of F-actin staining in hMVECs in all cells.
Knockdown of /GF2 seemed to increase the intensity of F-actin staining in all cells as well,
but most strongly in CD34+ cells (Fig. 3e).

To investigate the effects of exogenous IGF2 on the percentage of tip cells and
sprouting, we exposed HUVECs to IGF2 (50 ng/ml) in both models. Addition of IGF2 did
not alter the CD34* fraction in HUVEC cultures (Fig. 3f), but did increase the number of
sprouts per spheroid (Fig. 3g-h). Next, we determined the effects of IGF2 on sprouting
from spheroids composed of sorted CD34 cells, CD34* cells and unsorted human
microvascular endothelial cells (HMEC-1s). We used the immortalized cell line HMEC-1
for these experiments, as the timespan before appearance of de novo generated CD34*
tip cells in CD34 cultures is over 72 hours in HMEC-1 cells, but only 24 hours in h(MVECs
and HUVECs. Lack of expression of CD34 protein was confirmed by immunocytochemistry
on HMEC-1 spheroids after completion of the experiment (data not shown). Similar
to spheroids of unsorted cells, in spheroids of CD34* cells the number of sprouts was
increased by VEGF and by IGF2. In contrast, spheroids composed of CD34- cells had less
sprouts per spheroid and did not respond to VEGF or IGF2 (Fig. 3h, i). We performed
an apoptosis assay to determine whether the effects seen on tip cell percentage and
sprouting were due to apoptosis (Supplementary Fig. 1). Treatment with silGF2 resulted in
higher (p<0.05) percentages of apoptotic cells in the tip cell (10%) and CD34 cell (19%)
fractions, respectively, as compared to siNT (5% and 8%, respectively). Treatment of
HUVECs with silGF1R did not alter the percentage of apoptotic cells as compared to siNT.

To further investigate the role of IGF2 in angiogenesis, we knocked down IGF2
expression in vivo, using the developing chorioallantoic membrane model in chicken
embryos (57) and zebrafish embryos, respectively. In the CAM model, silencing of IGF2
resulted in a 2-fold reduction in number of vascular branching points per mm? (Fig. 4a,
b), in larger avascular areas in between vessels, and in irregular vascular caliber (Fig. 4b).
Gene silencing of the two zebrafish IGF2 isoforms (IGF2A and /IGF2B) using morpholinos
in zebrafish embryos resulted in disturbed angiogenesis, albeit with a different
phenotype for each isoform (Fig. 4c, d). IGF2A silencing caused delayed sprouting of
intersegmental vessels (ISVs) after 24 h, and absence of filopodia at 30 h post-fertilization
(Fig. 4c, d). Silencing of /GF2B resulted in chaotic sprouting of ISVs after 24 h and 30
h with some ISVs developing slower than their neighbors, and reduced numbers of
filopodia (Fig. 4c, d).

DISCUSSION

In the present study we show that primary microvascular endothelial cells, hMVECs,
contain a subset of CD34+ tip cells. This finding is similar to our earlier finding of CD34*
tip cells in macrovascular HUVEC cultures and immortalized ECs as HMEC-1 and RF24
[6], suggesting that the formation of tip cells in endothelial cell cultures is a general
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Figure 3. IGF2 and IGF1R are essential for CD34* tip cell fate. (a, b) Effect of knockdown of
IGF2 and IGF1R expression on percentages of CD34+ tip cells. Bars show percentages of CD34*
hMVECs (a) and HUVECs (b) treated with siNT, silGF2 or silGF1R as detected by flow cytometry. (c,
d) Quantification of numbers of sprouts (c) and average sprout length (d) of spheroids composed
of HUVECs. after treatment with siNT, silGF2 or silGF1R. (e) Analysis of CD34* tip cell morphology
after knockdown of IGF2 and IGF1R expression. Staining of CD34 (green), F-actin (phalloidin, red)
and nuclei (DAPI, blue) in hMVECs. Scale bars represent 50 um (first 3 columns) and 100 pm (last
column). (f) Effect of rhIGF2 on CD34+ HUVEC tip cell percentages. Bars shows CD34* tip cells, of
HUVECs treated with either 25 ng/mL BSA, 25 ng/mL VEGF-A or 50 ng/mL rhiGF2 as detected by
flow cytometry. (g, h) Effects of VEGF and IGF2 on the number of sprouts (g) and average sprout
length (h) in spheroids consisting of CD34+ tip cells or CD34 non-tip cells HMEC-1 cells. Data in a-d
and f-h are shown as mean + standard deviation after factor correction. * p<0.05, ** p<0.01, ***
p<0.001 as compared to control.
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Figure 4. IGF2 is essential for sprouting in the chicken chorioallantoic membrane and zebrafish
embryos. (a) Quantification of number of branching points/mm? comparing untreated membranes
and membranes treated with siNT or with si/GF2 in the chicken chorioallantoic membrane (CAM).
***% p<0.001 as compared to control as well as siNT treatment. (b) Representative images of
the vascular network in CAMs of chicks that were treated with siNT or si/lGF2 and untreated control.
Arrows indicate non-vascularized areas in the vascular network. Scale bar represents 500 pym. (c, d) »
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» Representative images of Tg(flila-eGFP) zebrafish embryos at 24 h (c) and 30 h (d) after injection

of either a morpholino targeting Igf2a (IGF2A-MO) or Igf2b (IGF2B-MO) or a 6-base pair mismatch
control morpholino for each gene (IGF2A-CON and IGF2B-CON, respectively). Untreated zebrafish
embryos are shown as a control. Arrowheads indicate filopodia.

phenomenon. We found that knockdown of the expression of two known tip cell-specific
genes, ANGPT2 and TIET, had the same effects on tip cell fate in vitro as has been
reported on the basis of in vivo studies. In addition, employing our model, we identified
IGF2 and IGF1R to be highly expressed in CD34* tip cells and we showed that these
molecules are essential for tip cell fate and function in vitro and for angiogenesis in vivo.
Together, these results further contribute to the acceptance of our in vitro tip cell model
as a valid model. The use of our model will help to gain insight into new cellular and
molecular mechanisms that are of importance in tip cell biology.

CD34 identifies tip cells in human microvascular endothelial cell
cultures

CD34 is ubiquitously expressed on the luminal surface of endothelial cells of small blood
vessels, but also has a striking presence on filopodia of tip cells in vivo (12, 76). Although
all endothelial cells express CD34 directly after isolation, after a certain number of
passages CD34 expression is reserved to a small fraction of cells, (59, 60) which we here
identify as tip cells in vitro. Since CD34 expression re-appeared within 24 h in cultures of
CD34- hMVECs that were sorted by FACS, we conclude that these cells are generated de
novo in endothelial cell cultures. Immunocytochemistry showed that CD34* hMVECs in
vitro have filopodia-like extensions that are positive for CD34, similar to the extensions
of tip cells in sprouting vascular fronts in mouse retina and in human colon carcinoma
in vivo (39, 45, 77). Stimulation of hMVECs with VEGF and DLL4 resulted in increased
and decreased tip cell percentages, respectively, mimicking the regulatory effects on tip
cells of these factors in vivo (39, 61, 62). Finally, analysis of mRNA expression levels
of the genes known to be higher expressed in tip cells compared to stalk cells in vivo,
demonstrated that these genes are also expressed at significantly higher levels in CD34+
cells than in CD34- hMVECs.

Similar findings were previously demonstrated in our study of CD34* cells in HUVECs
[6]. In addition to the presently reported results in hMVECs, in HUVECs TNFa was shown
to reduce the fraction of CD34+ tip cells, and CD34+ cells showed a higher capacity in cell
migration and a much lower proliferation rate than CD34- cells [6]. Genome-wide mRNA
profiling analysis of CD34+ cells demonstrated enrichment for biological functions related
to angiogenesis and migration, whereas CD34 cells were enriched for functions related
to proliferation. Furthermore, gene set enrichment analysis (GSEA) showed that our gene
set and gene sets of other studies comprising the transcriptional profile of tip cells (42,
43, 53) were highly correlated.



Taken together, we conclude that the CD34+ fraction in endothelial cell cultures can be
used to study what molecular mechanisms determine formation of the tip cell phenotype,
their behavior and their gene expression. However, careful evaluation of experimental
results is required to ascertain whether the outcome is due to positive effects on the CD34+
fraction, or rather by negative effects on the CD34 fraction, or by a direct effect on
CD34 itself. We have taken this into account in our present experiments. For example,
bFGF reduced the percentage of CD34* tip cells in hMVECs. Since bFGF is reported to
stimulate endothelial cell proliferation during angiogenesis (63, 78) and CD34* cells have
a low proliferation rate, we interpreted the reduced percentage of CD34* cells to be
a result of increased proliferation of CD34- cells, rather than of a direct downregulation of
the numbers of CD34* tip cells. However, the effect on cell proliferation should be further
confirmed in experiments with FACS sorted CD34* and CD34  cells exposed to bFGF. As
another example, knockdown of TIET increased the fraction of CD34+ cells. However,
silencing of TIET in developing mouse retinas causes increased apoptosis of stalk cells
(49). Similarly, in our study, knockdown of TIET in vitro caused increased apoptosis of
CD34 but not of CD34* cells. Therefore, we conclude that apoptosis of CD34 cells
upon knockdown of TIET most likely contributes to or explains the observed increase in
the fraction of CD34+ cells.

Knockdown of ANGPT2 inhibits endothelial cell sprouting

We studied the effects of ANGPT2 and TIE1 silencing on CD34+ tip cells to further validate
our in vitro tip cell model as a tool to study genes enriched in tip cells, and to further
study the role of these two genes in tip cell biology. Mice lacking ANGPT2 have decreased
numbers of tip cells at the sprouting front in the developing retinal vasculature, and
severely impaired angiogenesis (48, 73). ANGPT2 binds to integrins that interact with
the actin cytoskeleton, and thus may play a role in regulating cell migration (48, 79).
Our experiments in vitro revealed decreased tip cell percentages and decreased sprouting
from spheroids upon knockdown of ANGPT2. Furthermore, the actin skeleton of cells
treated with SIANGPT2 was disturbed. Since tip cells and stalk cells can switch phenotype
(41), and as it has been hypothesized that the best-equipped cells become tip cells (41,
80), we hypothesize that knockdown of ANGPT2 decreases migration of endothelial cells,
which renders them unsuitable to become tip cells. Phenotype switching of neighboring
non-tip cells would require migratory abilities to enable cells to reach the sprouting front
(81). Since neighboring cells also lack ANGPT2 and are thus impaired in their migratory
abilities, these cells would be unable to take over the tip cell phenotype, which causes
the tip cell fraction to decrease and sprouting to be reduced.

IGF2 and IGF1R are essential for tip cell fate

We used our in vitro tip cell model as a tool to identify and characterize novel tip
cell specific genes. From our microarray data [6], that comprised of more than 400
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differentially expressed genes, we selected /GF2, a gene with one of the highest
difference in mRNA levels in CD34* cells as compared to CD34" cells, and one of its
receptors, IGF1R, which is also significantly higher expressed in CD34+ cells. On the basis
of previous studies of knockdown of /GF2 and IGFT1R expression, it appeared that both
proteins are important for angiogenesis in vivo and in vitro. This importance is reflected
by reduced neovascularization in oxygen-deprived retinas, reduced mRNA expression in
growing vascular tufts in developing mouse retinas, impaired angiogenesis in zebrafish
embryos, and reduced sprouting in in vitro models of angiogenesis upon knockdown of
IGF2 and IGF1R (50-52). Downstream pathways of IGF2 and IGF1R include pathways that
are important for tip cells, such as phosphatidylinositol 3-kinases (PI3K), a kinase that
promotes cell migration (82-84). However, a specific role in tip cells has not yet been
reported for either protein. We show here that IGF2 is essential for maintenance of the tip
cell phenotype, as knockdown of IGF2 expression reduced the percentage of CD34+ tip
cells, which could not be explained by tip cell-specific apoptosis, since the percentages
of apoptotic cells were higher in CD34 cells than in CD34+ tip cells (19% and 10%
respectively). IGF2 was also shown to be essential for angiogenesis, since knockdown of
IGF2 expression reduced the number and length of sprouts in the spheroid assay. The role
of IGF2 in angiogenesis was further supported by our in vivo experiments in the CAM
assay and zebrafish, which show that sprouting in the absence of /GF2 mRNA is chaotic
and irregular.

Our experiments using spheroids composed of sorted CD34* cells, CD34" cells or
mixed populations of cells show that stimulation with IGF2 increased the number of
sprouts in CD34* spheroids and in spheroids composed of mixed populations, but not
in CD34 spheroids. This suggests that IGF2 mainly acts on tip cells, which is confirmed
by the staining for F-actin: disturbances in the actin skeleton upon knockdown of IGF2
occurred mainly in tip cells. On the other hand, stimulation with exogenous IGF2 did
not increase the fraction of tip cells cultured in monolayers, suggesting that the effects
on sprouting of exogenous IGF2 may be dependent on other growth factors present in
the gel in which the spheroids grow. Thus, our results suggest that that IGF2 alone does
not induce de novo tip cell formation, but that endogenous IGF2 is necessary to maintain
the tip cell phenotype, probably in an autocrine fashion.

IGF1R binds all ligands of the IGF family of growth factors: IGF1, IGF2 and insulin
(INS) (85). IGF1 and INS also play a role in angiogenesis, as has been shown in vivo and in
vitro (86-89). In the present study, we showed that tip cell percentages and sprouting are
reduced upon knockdown of /IGFTR, and that the actin skeleton is disturbed in all cells.
This further supports the essence of the IGF family of growth factors, including IGF2, in
tip cell formation and sprouting angiogenesis. We will further explore the underlying
molecular mechanisms in future experiments.



CONCLUSIONS

In addition to the identification of tip cells in HUVECs, HMEC-1 cells and RF24 cells,
CD34 marks tip cells in cultures of hMVECs. This suggests that the existence of tip cells
in endothelial cell cultures is a general phenomenon. Studying CD34* tip cells in vitro can
improve our understanding of tip cell biology by identifying proteins that are essential
for tip cells, as shown for ANGPT2 and TIE1. Finally, we provide evidence that IGF2 and
IGF1R are novel tip cell proteins, and show that they are essential for maintenance of
the tip cell phenotype.

Supplementary information is available here:
https://link.springer.com/article/10.1007/510456-018-9627-4
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ABSTRACT

Purpose

We have previously identified insulin-like growth factor 2 (IGF2) and insulin-like growth
factor 1 receptor (IGF1R) as essential proteins for tip cell maintenance and sprouting
angiogenesis. In this study, we aim to identify other IGF family members involved in
endothelial sprouting angiogenesis.

Methods

Effects on sprouting were analyzed in human umbilical vein endothelial cells (HUVECs)
using the spheroid-based sprouting model, and were quantified as mean number of
sprouts per spheroids and average sprout length. RNA silencing technology was used to
knockdown gene expression. Recombinant forms of the ligands (IGF1 and IGF2, insulin)
and the IGF-binding proteins (IGFBP) 3 and 4 were used to induce excess effects. Effects
on the tip cell phenotype were analyzed by measuring the fraction of CD34+ tip cells using
flow cytometry and immunohistochemistry in a 3D angiogenesis model. Experiments
were performed in the presence and absence of serum.

Results

Knockdown of IGF2 inhibited sprouting in HUVECs, in particular when cultured in
the absence of serum, suggesting that components in serum influence the signaling of
IGF2 in angiogenesis in vitro. We then determined the effects of IGFBP3 and IGFBP4,
which are both present in serum, on IGF2-IGF1R signaling in sprouting angiogenesis in
the absence of serum: knockdown of IGFBP3 significantly reduced sprouting angiogenesis,
whereas knockdown of IGFBP4 resulted in increased sprouting angiogenesis in both flow
cytometry analysis and immunohistochemical analysis of the 3D angiogenesis model.
Other IGF family members except INSR did not affect IGF2-IGF1R signaling.

Conclusions

Serum components and IGF binding proteins regulate IGF2 effects on sprouting
angiogenesis. Whereas IGFBP3 acts as co-factor for IGF2-IGF1R binding, IGFBP4 inhibits
IGF2 signaling.

Published in Mol Biol Rep



INTRODUCTION

Sprouting angiogenesis is a complex process that involves endothelial cell differentiation,
proliferation and migration. It is initiated by an array of growth factors such as vascular
endothelial growth factor (VEGF) (39). We have recently reported that insulin-like growth
factor 2 (IGF2) and insulin-like growth factor 1 receptor (IGF1R) are essential for sprouting
angiogenesis, because they enable maintenance of the tip cells, the leading cells in
vessel sprouts (90, 91). Here, we have analyzed the role of other IGF family members in
sprouting angiogenesis.

The IGF family consists of 2 ligands, IGF1 and IGF2, that can bind to 3 receptors,
IGF1R, IGF2R and insulin receptor (INSR), which activates downstream signaling pathways
such as the phosphatidylinositide 3-kinase (PI3K) and mitogen-activated kinase-like
protein (MAPK) pathways, which are pro-angiogenic (85). IGF1R and INSR can bind both
IGF1 and IGF2, IGF2R can bind only IGF2 and inhibits its signaling (84, 92). IGF1R and
INSR both form homodimers as well as heterodimers that can bind both IGF ligands with
similar binding affinity (93-95). The IGF family also comprises 6 high-affinity and at least
4 low-affinity IGF-binding proteins (IGFBPs) that regulate bioavailability and degradation
of IGF ligands (96). For an overview of this complex interacting multicomponent network,
we refer to Massoner et al. (97).

IGF2 and its family members have been linked to the process of angiogenesis in general
(85, 98). For example, levels of IGF1 and IGF2 in vitreous in the eye increase upon hypoxia,
and IGF2 expression is upregulated in the growth phase of capillary hemangiomas (74, 75,
99). Furthermore, experiments in mice have shown that IGF family members, including
IGF1R, INSR and IGF2 are located in neovascular tufts in hypoxic retinas (74). Although
there are differences in activation of downstream signaling, a clear overlap for IGF1R
and INSR signaling has been shown as well. This overlap includes pathways involved
in angiogenesis such as the MAPK and PI3K pathways (97, 100), and it was recently
published that INSR plays an important role in angiogenesis in tumors (97, 100, 101).

However, specific information about the exact role of IGF family members in sprouting
angiogenesis was lacking until recently, when we reported that IGF2 and IGF1R are
involved in tip cell maintenance and sprouting angiogenesis by means of a local autocrine
growth-regulating signaling axis (90). We now present evidence that suggests that other
IGF family members besides IGF2 and IGF1R are involved in this process as well.

Serum contains significant concentrations of both IGF ligands as well as IGFBPs. IGF1
is produced by hepatocytes in the liver, whereas IGF2 is produced in the liver but also in
various other tissues such as bone and placenta (102, 103). Both ligands are transported
in the circulation after complex formation with IGFBP3 and acid-labile subunit (ALS).
The latter protein is also produced in the liver and reduces bioavailability and degradation
of IGFs in the blood (104-108).

In the present study, we have determined the impact of serum on in vitro sprouting
angiogenesis of HUVECs and studied the effects of IGFBP3 and IGFBP4, which are both
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present in significant concentrations in the circulation and therefore in serum. In the past,
serum and vitreous levels of IGFBP3 have been positively correlated with angiogenesis and
proliferative retinopathy (109), whereas IGFBP4 levels have been negatively correlated
with angiogenesis (110-112). Furthermore, in a previous study we noted that IGFBP4 is
highly expressed in CD34+* tip cells when compared to non-tip cells in vitro (44).

We show here that serum affects IGF2 and IGF1R functions in vitro, and that IGFBP3
and IGFBP4 are likely candidates for these effects, by regulating sprouting angiogenesis
via IGF2 binding.

MATERIALS & METHODS

Cell cultures

Primary human umbilical vein endothelial cells (HUVECs) were isolated from umbilical cords
(obtained from the Department of Gynecology, Academic Medical Center, Amsterdam,
The Netherlands), as described previously (113). HUVECs were cultured in M199 basal
medium (Gibco, Grand Island, NY, USA) supplemented with 10% heat-inactivated
human serum (obtained from the Department of Oncology, Academic Medical Center,
Amsterdam, The Netherlands), 10% fetal bovine serum (Gibco), and 1% penicillin-
streptomycin-glutamine (Gibco). Subjects gave informed consent for the use of tissues
or serum and samples were stored anonymously. HUVEC cultures were incubated with
antibodies directed against CD31/PECAM-1 (1:100; eBioscience, Vienna, Austria) to check
the purity of the endothelial cells. HUVECs were cultured in 2% gelatin-coated (Millipore,
Billerica, MA, USA) T75 culture flasks at 37°C and 5% CO,. Experiments were performed
with confluent HUVECs at passage 3 of at least 3 donors. Subjects gave informed
consent for the use of tissues and/or serum and samples were stored anonymously. To
determine the effects of increased extracellular protein concentrations, cells were treated
with recombinant human IGF2, IGF1, IGFBP3, IGFBP4 (Prospec, Rehovot, Israel) or INS
(Actrapid, Novo Nordisk, Sweden) as indicated. To determine the effect of serum proteins
on IGF2-IGF1R interactions, we performed experiments in the presence and absence of
serum. Addition of VEGF (R&D Systems, Minneapolis, MN, USA) in a concentration of
25 ng/mL was necessary to reduce apoptosis and to maintain sprouting from spheroids
in the absence of serum. Experiments in the presence of serum were performed without
additional VEGF.

siRNA knockdown

HUVECs were transfected with 25 nM of either a non-targeting small interfering RNA (siNT)
or a gene-specific siRNA and 2.5 pg/mL Dharmafect 1 transfection agent (Dharmacon,
Lafayette, CO, USA). Custom duplexes or company-selected smartpools were used as
shown in Supplemental Table 1. Cells were transfected during 6 h using the reversed
transfection method according to the manufacturer’s instructions. Transfection efficiency
was checked at the mRNA level (Supplemental Fig. 1a) and was considered acceptable
when expression was reduced by at least 70% after 72 h. To rule out cytotoxic effects by



siRNA treatment, we performed MTT assays as described below. No negative effects on
cell viability were observed (Supplemental Fig. 1c).

Cell viability assay

To test the effect of siRNA inhibition on cell viability, an MTT [3-(4,5-dimethylthiazol-
2-zyl)-2,5-dipenyl-tetra-zolium bromide] assay (Promega) was used, according to
the manufacturer’s instructions. Absorbance was measured photometrically at 570 nm
using a microplate reader (VersaMax, Sunnyvale, CA, USA).

RNA isolation and quantitative PCR

Total RNA was isolated from cells using the TRIzol method according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA, USA). An amount of 1 pug RNA was used for
DNase-l treatment (amplification grade; Invitrogen) and reversely transcribed into cDNA
using the Maxima First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA,
USA). Real-time quantitative PCR (RT gPCR) was performed using a CFX96 real-time
PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA) as described previously
(44). Primer details are presented in Supplemental Table 1. NCBI BLAST confirmed
the specificity of the primers. The presence of a single PCR product was verified by
both the presence of a single melting temperature peak and detection of a single band
of the expected size on agarose gels. Non-template controls were included to verify
the method and the specificity of the primers. PCR products that did not show a single
melting temperature peak were excluded from analysis. Ct values were converted to
arbitrary absolute amounts (2°* x 1E'?) and expressed as fold change as compared to
controls. Expression data was normalized to YWHAZ (tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein zeta) mRNA levels.

Spheroid-based sprouting assay

Spheroid experiments were performed with siRNA-transfected or untreated HUVECs.
Transfected HUVECs were harvested after 48 h, untreated cells were harvested when
confluent. Cells (750 per spheroid) were seeded in methylcellulose (Sigma-Aldrich,
Buchs, Switzerland) containing M199 medium and 2% human serum to allow spheroid
formation with the use of the hanging drop method (27, 114). After 18 h, the spheroids
were embedded in collagen gels containing either 2% serum or VEGF-A (25 ng/mL) and
when indicated exogenous IGF1 (30 ng/mL), IGF2 (50 ng/mL), insulin (10 uM), IGFBP3 (30
ng/mL) or IGFBP4 (40 ng/mL), and were allowed to sprout for 24 h. Images were taken
using a phase-contrast microscope. Sprout numbers were counted using the Neuron)
plugin of ImageJ (28) and sprout length was measured in pixels and converted into pm.
For live microscopy, spheroids were incubated at 37 °C in an atmosphere containing 5%
CO, and imaged every 10 min for 24 h under an inverted phase-contrast microscope
(Leica; 10x objective).
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Determination and selection of tip cells

To determine the fraction of tip cells, HUVECs were harvested using TrypLE (Gibco), fixed
in 4% paraformaldehyde in PBS for 15 min at room temp and incubated with anti-
CD34-phycoerythrin antibody (diluted 1-100; anti-CD34-PE; clone QBend-10; Thermo
Scientific) for 30 min at room temperature. Cells were analyzed flow cytometrically using
a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA) and FlowlJo 6.4.7 software
(Tree Star, San Carlos, CA, USA). The FITC channel was used to detect autofluorescence.
Non-stained and non-treated cells were used as negative controls.

3D angiogenic sprouting model combined with siRNA knockdown

A 3D angiogenesis model was used as described previously (115). Briefly, collagen type |
(R&D systems) was patterned in the microfluidic channel, followed by a 24 h coating with
fibronectin (10 ug/ml; Sigma-Aldrich) solution in PBS at 37 °C and 5% CO,. Meanwhile,
the HUVECs were first transfected with 25 nM siNT or silGF2 and 2.5 pg/mL DharmaFECT
1 transfection agent (Dharmacon, Lafayette, CO, USA). The cells were transfected for 6 h
using the reversed transfection method according to the manufacturer’s instructions and
cultured in 12-wells plates. The efficiency of /GF2 knockdown was checked by gPCR in
parallel cultures that were treated in similar medium conditions (Supplemental Fig. 1b)
and was considered acceptable when expression was reduced by at least 70% after 72
h. After 24 h, the transfected HUVECs were seeded in one of the adjacent channels in
a concentration of 2:107 cells/ml in EGM2 medium (PromoCell). The cells were cultured
for 3 days to form a confluent microvessel. Sprouting was induced by supplementing
EGM2 media with VEGF (50 ng/ml; Peprotech, Rocky Hill, NJ, USA) and S1P (0.5 uM;
Sigma) for 2 days. The sprouting microvessels were fixed using 4% PFA for 15 min,
permeabilized for 15 min using 0.2% Triton-X100 and stained for nuclei using Hoechst
(1:2000), F-actin using phalloidin (1:200) and anti-CD34 (1:50; clone MD34.2, Sanquin,
Amsterdam, The Netherlands) at room temp. Images were acquired using a confocal
microscope (Leica TCS SP8 DLS) using a 10X dry objective (NA 0.5) with a 2.0 digital zoom
and images were acquired in the DAPI, AF488 and TexasRed channels. The line average
was set at 6 and the imaging resolution at 2048 x 2048 pixels. Images were acquired from
a total of 8 sites with 10% overlap per well. The max projections were stitched in LAS X
(Leica Application Suite software)(116).

Statistics and data correction

To correct for differences between donors, data from flow cytometry and spheroid
experiments were corrected using the Factor Correction program as described previously
(54). Statistical analysis was performed using a Student’s t-tests. Triplicate experiments
were performed in HUVEC cultures of at least 3 different donors.



RESULTS

Sprouting angiogenesis in vitro is dependent on IGF2 and is affected by
serum components

In our previous study, we found that /GF2 mRNA is enriched in CD34+ tip cells as
compared to non-tip cells, and that knockdown of /GF2 gene expression by siRNA leads
to a reduction in the fraction of tip cells in endothelial cell cultures, and in reduced
sprouting from spheroids (90). Now, we verified this finding in a novel 3-dimensional
angiogenesis model (115) after knockdown of /GF2 by siRNA. Whereas CD34* tip cells
were easily identified in sprouts after non-targeting siRNA (siNT), the existence of CD34+
tip cells was hardly found after knockdown of /GF2 (Fig. 1). Sprouting did occur after
IGF2 knockdown, but was reduced in number and length (Fig.1e-g, i-k) as compared
to siNT treated cells (Fig. 1a-c). In addition, cells with filopodial-like extensions were
observed, but the length of these extensions was reduced (Fig. 1d’,h’, I').

In our previous study, experiments were performed in the presence of serum, which
contains factors such as VEGF, bFGF, IGF1, IGF2 and IGFBPs, all of which may interfere with
IGF2 signaling (85). In the present study, we compared the effects of /GF2 knockdown,
and that of the addition of exogenous IGF2, on sprouting from HUVEC spheroids in
the presence or absence of 20% serum to assess the effects of serum factors (Fig. 2).
To maintain sprouting and reduce HUVEC apoptosis, it was necessary to add VEGF to
HUVECs cultured in the absence of serum.

Spheroids sprouted less when treated with silGF2. Knockdown of /GF2 in the presence
of serum resulted in a decreased number of sprouts by 1.8-fold, whereas knockdown of
IGF2 in the absence of serum reduced the number of sprouts even by 5.5-fold (Fig. 2a).
Knockdown of /IGF2 reduced sprout length to a similar extent in both conditions (1.3-fold
versus 1.2-fold, respectively; Fig. 2b, c), whereas spheroids in serum-free conditions
produced marginally longer sprouts than in the presence of serum.

To further explore the effects of serum components, we followed sprout formation
from HUVEC spheroids by using live-cell imaging. We found that spheroids in
the presence of serum and VEGF displayed a coordinated process of sprout initiation and
elongation (Movie 1). Knockdown of /GF2 in the presence of serum resulted in failure
of sprout formation: endothelial cells attempted to form sprouts, but rapidly returned
into the spheroid (Movie 2). Together, these results suggest that IGF2 is necessary for
initiation of sprouting, and that its effects are significantly affected by the presence of
serum components.

Next, we determined the effects of exogenous IGF2 in the presence or absence of
serum on sprouting angiogenesis. Addition of IGF2 resulted in an increased number of
sprouts in the presence of serum (1.9-fold) and to a lesser extent in serum-free conditions
(1.2-fold) (Fig. 2d). Sprout length was significantly reduced in the presence of serum
and IGF2 (1.4-fold), whereas in the absence of serum sprouts were longer, independent
from exogenous IGF2 (Fig. 2e). IGF2 increased the number of sprouts per spheroid in
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the absence of serum in the presence of VEGF, without affecting sprout length (Fig. 2f).
No cytotoxicity was observed after different periods in the presence of IGF2 in serum-free
conditions (Supplemental Fig. 1d).

Figure 1. Knockdown of IGF2 results in a reduced number of CD34* tip cells in a 3D angiogenic
sprouting model. HUVECs were transfected with non-targeting (siNT) siRNA (a-d) or siRNA against
IGF2 (silGF2) (e-l). Angiogenic sprouts are stained for CD34 (green), F-actin (red) and nuclei
(blue). Note the absence of CD34+ tip cells in silGF2 treated cells. Magnifications are shown and
indicated in the corresponding overview images. Long filopodial extensions are present in siNT
treated cells (d'), whereas filopodia-like extensions in silGF2 treated cells were much shorter (h’,
I"). Representative images of triplicate experiments are shown. Scale bars, 100 um (overview a) and
20 pm (magnification d’).
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Figure 2. Angiogenic sprouting is dependent on the presence of IGF2 and serum._HUVECs were
cultured in the presence or absence of 20% serum and in the presence of either siNT or si/GF2 (a-c)
or in the presence or absence of IGF2 (d-f). a Number of sprouts and b average length of sprouts
(um) per spheroid after knockdown of /IGF2 in the presence or absence of serum; ¢ corresponding
representative images. Scale bars represent 200 um. d Number of sprouts and e average length of
sprouts (um) per spheroid cultured in the presence or absence of exogenous IGF2 in the presence
or absence of serum and f corresponding representative images. Scale bars represent 200 pm. Data
of sprout number and length are shown as the mean = standard deviation after factor correction.
Medium of spheroids cultured in the absence of serum was supplemented with VEGF to maintain
sprouting and to reduce EC apoptosis. * P<0.05, ** P<0.01, *** P<0.001 as compared to control
or siNT treatment using a Student’s t-test (n=3).
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Together, our results suggest that IGF2 is an important player in angiogenic sprouting
and that it seems necessary for sprouting initiation of HUVEC spheroids, but that this
depends on the presence of serum. Therefore, we suspected that serum components play
a regulating role in the effects of IGF2 on angiogenesis, and we attempted to identify
these serum components.

IGFBP4 is an inhibitor of IGF2-induced sprouting

To find possible interaction partners of IGF2 in angiogenesis, we determined mRNA
expression of IGF family members using microarrays in CD34+* tip cells and non-tip cells
(44).1GF1 is not expressed by HUVECs (Fig. 3), and will therefore be absent when HUVECs
are cultured in the absence of serum, which indicates that in our HUVEC model, IGF1 is
not necessary for sprouting angiogenesis. Expression of all receptors of the IGF family was
significantly higher in CD34* tip cells than in CD34 cells (Fig. 3), whereas expression of
IGFBP3 was similar in tip cells and non-tip cells, and expression of IGFBP4 was significantly
higher in tip cells (Fig. 3).

IGFBP4 is an IGF-binding protein that inhibits sprouting (110). To investigate whether
IGFBP4 interacts with IGF2 and affects sprouting from spheroids, we performed siRNA-
mediated knockdown of /IGFBP4 in the presence or absence of exogenous IGF2 under
serum-free conditions but in the presence of VEGF. Knockdown of /IGFBP4 increased
the number of sprouts but reduced the average sprout length both in the presence and
absence of exogenous IGF2 (Fig. 4a, b). Simultaneous knockdown of /GFBP4 and IGF2
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Figure 3. mRNA expression of IGF family members in tip cells and non-tip cells._Relative mRNA
expression levels of IGF1, IGF2, IGFIR, IGF2R, INSR, IGFBP3 and IGFBP4 in CD34+ HUVEC tip cells
and CD34  HUVECs. Data are presented as normalized intensity values of mRNA expression as
measured by microarray analysis as described previously (44). * P<0.05, ** P<0.01, *** P<0.001 as
compared to control or siNT treatment using a Student’s t-test (n=3).



greatly diminished the number of sprouts as compared to knockdown of /IGFBP4 alone,
but the number of sprouts was still slightly higher compared to knockdown of /IGF2
alone (Fig. 4c, d).

Exogenous IGFBP4 significantly reduced the number sprouts per spheroid (Fig. 4d).
Addition of exogenous IGF2 increased the number of sprouts by 1.4-fold in the absence
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Figure 4. IGFBP4 inhibits IGF2-induced sprouting angiogenesis. HUVECs were cultured in
the absence of serum and in the presence of either siNT or silGFBP4 and/or silGF2 (a-d) or in
the presence or absence of IGFBP4 and/or IGF2 (e-f). a Number of sprouts and b average length
of sprouts (um) per spheroid after knockdown of /GFBP4 in the presence or absence of exogenous
IGF2. ¢ Number of sprouts per spheroid after knockdown of IGFBP4 and/or IGF2. d Representative
images of spheroids cultured in the absence of serum, but in the presence of VEGF and either siNT,
silGF2 and/or silGFBP4. Scale bars represent 200 um. e Number of sprouts and f average length
of sprouts (um) per spheroid in the presence and absence of exogenous IGFBP4 and/or exogenous
IGF2. Medium of the spheroids was supplemented with VEGF to maintain sprouting and to reduce
EC apoptosis. Data of sprout numbers and length are shown as the mean + standard deviation after
factor correction. * P<0.05, ** P<0.01, *** P<0.001 as compared to control or siNT treatment
using a Sudent’s t-test (n=3).
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of IGFBP4, but not in its presence (Fig. 4e). Sprout length was not affected by exogenous
IGFBP4 or IGF2 (Fig. 4f).
Together, these results show that IGFBP4 inhibits IGF2-induced sprouting from spheroids.

IGFBP3 is involved in sprouting angiogenesis and maintenance of

the tip cell phenotype

IGFBP3 is a serum component that has been associated with angiogenesis, with both pro-
and anti-angiogenic roles reported (109). To test whether it is involved in IGF2-induced
sprouting, we performed siRNA-mediated knockdown of IGFBP3 in the absence of serum
but in the presence of VEGF, which resulted in a strong reduction in the number of sprouts
as compared with treatment with siNT and to some extent in sprout length, irrespective
of the presence of exogenous IGF2 (Fig. 5a-c). Addition of exogenous IGFBP3 did not
significantly change the number of sprouts and did not affect sprout length (Fig. 5d,e).
These results show that inhibition of /GFBP3 strongly reduces the number of sprouts per
spheroid, whereas exogenous IGFBP3 did not induce additional sprouting from spheroids,
similar to the effects of silencing IGF2 or addition of exogenous IGF2, respectively.

To study whether the effects of IGFBP3 on sprouting are due to direct effects on
tip cells, we performed siRNA-mediated knockdown of /GFBP3 in HUVEC cultures and
measured the percentages of CD34+ tip cells, which were significantly decreased upon
knockdown (Fig. 5f).

We conclude that IGFBP3 is an important co-factor in sprouting angiogenesis and tip
cell maintenance.

Inhibition of INSR, but not inhibition of IGF2R, reduces sprouting
angiogenesis
Previously, we have shown that knockdown of IGFTR reduces sprouting in vitro (90).
When studying the other receptors of the IGF family, we found that knockdown of INSR
significantly decreased the number of sprout per spheroid but not their length, whereas
knockdown of /IGF2R did not change the number or length of sprouts (Fig. 6a-c). HUVEC
spheroids were cultured in the absence of serum but in the presence of VEGF, after
treatment with siNT, siINSR or silGF2R.

The addition of exogenous IGF1 or INS also did not result in significant changes
in sprouting from spheroids, as neither the number nor length of the sprouts
changed (Fig. 6d, e).

DISCUSSION

This study confirms the previously identified crucial role of IGF2 in sprouting angiogenesis,
and shows that the IGF binding proteins IGFBP3 and IGFBP4 have positive and negative
regulatory roles in the function of IGF2 in sprouting angiogenesis, respectively. We have
summarized our results in graphical form in Supplemental Fig. 2.
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Figure 5. IGFBP3 is essential for IGF2-mediated sprouting angiogenesis. HUVECs were cultured
in the absence of serum and in the presence of either siNT, silGFBP3 or silGF1R (a-c, f) and in
the presence or absence of exogenous IGFB3 and/or IGF2 (d, e). a Number of sprouts and b average
length of sprouts (um) per spheroid after knockdown of /IGFBP3 in the presence or absence of
exogenous IGF2; c corresponding representative images. Scale bars represent 200 pm. d Number
of sprouts and e average length of sprouts (um) per spheroid in the presence and absence of
exogenous IGFBP3 and/or exogenous IGF2. f Flow cytometric analysis of the percentages of CD34+
tip cells in HUVEC cultures in the presence or absence of silGFBP3 and in the presence or absence
of exogenous IGF2. Medium of spheroids was supplemented with VEGF to maintain sprouting and
to reduce EC apoptosis. Data of sprout numbers and length are shown as the mean + standard
deviation after factor correction. Flow cytometric data are presented as average percentages of
CD34* HUVECs. * P<0.05, ** P<0.01 as compared to control or siNT treatment using a Student’s
t-test (n=3).
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Figure 6. Involvement of other receptors besides IGF1R on sprouting angiogenesis. HUVECs were
cultured in the absence of serum and in the presence of either siNT, silGF2R or silNSR and in
the presence or absence of exogenous IGF2. a Number of sprouts and b average length of sprouts
(um) per spheroid after knockdown of /GF2R or INSR; ¢ corresponding representative images. Scale
bars represent 200 um. d Numbers of sprouts and e average length of sprouts (um) per spheroid
in the presence or absence of IGF1 or INS. Medium of spheroids was supplemented with VEGF to
maintain sprouting and to reduce EC apoptosis. Data of sprout numbers and length are shown as
the mean + standard deviation after factor correction. * P<0.05 as compared to control or siNT
treatment using a Student’s t-test (n=3).

In a novel 3D angiogenesis model, we verified a role of IGF2 in sprouting angiogenesis.
For the first time, we have applied this model in combination with siRNA-mediated
knockdown. Previously we have reported this model in standard conditions (117),



showing CD34-specific staining of endothelial tip cells. In siNT treated cells, a similar
staining for CD34 was found, whereas in cells treated with silGF2, CD34-staining was
virtually absent. Although sprouting was still occurring after /GF2 knockdown, it was
reduced in number and length. Knockdown efficiency is difficult to check in this model,
but showed more than 80% reduction in /GF2 mRNA levels in parallel culture plates in
similar experimental conditions. Together these experiments show additional evidence for
the important role of IGF2 in sprouting angiogenesis.

The purpose of this study was to identify members of the IGF protein family other than
IGF2 and IGF1R that play a role in sprouting angiogenesis, based on experimental models
of angiogenesis in vitro. As serum contains significant levels of IGF1, IGF2 and IGFBPs
(85, 105, 106), we compared sprouting angiogenesis of HUVECs in vitro in the presence
or absence of 20% serum. We observed that in the absence of serum knockdown of
IGF2 affected sprouting more markedly than in the presence of serum, most likely due
to the presence of IGF2 in serum. Live-cell imaging showed that IGF2 is necessary for
the initiation of sprouting (90), and that in the absence of IGF2, tip cells emerge from
spheroids but do not have the capacity to maintain their phenotype for sprouting. These
findings indicate that local levels of IGF2, produced by the tip cells, are essential for
efficient sprouting.

The most likely other candidate proteins present in serum for local regulation of IGF2
signaling are the IGFBPs, which regulate IGF bioavailability, and of which IGFBP3 and
IGFBP4 have the highest affinities for IGF2 (118). In addition, IGFBP4 is highly expressed
in tip cells [28]. We indeed found that IGFBP3 and IGFBP4 expression in tip cells affected
IGF2 signaling, in a positive and negative fashion, respectively.

It has been hypothesized that IGFBP4 acts as an extracellular reservoir for IGF1 and
IGF2 (112). IGFBP4 binds and inhibits the activity of these IGF ligands. Local degradation
of IGFBP4 releases the IGF ligand, which then becomes available for receptor binding and
activation of downstream signaling (119). Our study is in agreement with this hypothesis,
as our interpretation of our data is that IGFBP4 is mainly produced by tip cells to regulate
local concentrations of IGF2, which by itself maintains the tip cell phenotype and enhances
sprouting angiogenesis. IGFBP3, on the other hand, forms a complex with ALS and either
IGF1 or IGF2, and acts as a carrier of these ligands to prevent their degradation (120,
121). It has been reported that IGFBP3 has pro- and anti-angiogenic roles (122), but
we have found a clear stimulatory role of IGFBP3 in sprouting angiogenesis. It has been
reported that IGFBP3 can bind to the cell surface, which induces conformational changes
that decrease the IGF-binding affinity to IGFBP3, but increases affinity of IGF ligands for
IGF1R (123, 124), thereby enhancing downstream signaling.

We also investigated whether the other ligands and receptors of the IGF family played
a role in sprouting angiogenesis. Since expression of IGF1 is barely detectable in HUVECs
and was absent in serum-free medium, we conclude that it did not contribute. This
is consistent with the literature, since it was found that addition of IGF1 to HUVECs
contributed to vessel maintenance and not to angiogenesis (87). This conclusion is also in
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agreement with the role of IGF1 in retinopathy of prematurity, which is a disease in infants
in which neovascularization of retinal vessels does not occur until serum concentrations
of IGF1 have reached a threshold (86, 125). Only when serum IGF1 levels are high, retinal
blood vessels are being formed and cause damage to the retina.

Exogenous INS also did not affect sprouting angiogenesis, but knockdown of INSR
reduced sprouting angiogenesis. INSR exists as two splice variants: INSR-A and INSR-B, of
which the INSR-A isoform has recently been shown to be important in tumor angiogenesis,
and preferably binds IGF2 (100). Our INSR knockdown experiments show reduced
sprouting and also reduced effects of IGF2 on sprouting angiogenesis. Our findings, in
combination with data in the literature, indicate that (1) INSR is involved in angiogenesis
in mice and chicken (51, 101) and (2) INSR and IGF1R can form heterodimers to mediate
downstream signaling (51, 126). Therefore, we conclude that INSR is involved in IGF2-
induced sprouting angiogenesis, together with or independent of IGF1R. On the other
hand, IGF2R acts as an extracellular sink for IGF2 (84, 92, 127). However, the lack of
effect of IGF2R knockdown on sprouting from spheroids indicates that its role in sprouting
angiogenesis is not strong.

Limitations of this study include the lack of in vivo experiments to support our in
vitro findings. It would be interesting to study tip cells in vivo in, for example, mouse
retinas to confirm our in vitro data. Experiments showing the presence of IGF2 around tip
cells with the use of in situ hybridization would add evidence to our hypothesis of IGF2
being locally produced to maintain the tip cell phenotype. We have so far not managed
to show the presence of IGF2 in vivo, which may be due to its very small molecular
size of 7.5 kDa. Another concern is the comparison of concentrations of growth factors
and binding proteins that we used in our experiments and their serum equivalents. For
VEGF, the concentration that we used in the serum-free experiments (25 ng/mL) was
similar to the concentration in medium supplemented with 20% human serum (22-45
ng/mL) (128-130). However, the concentrations of IGF2 and IGFBP3 were relatively low
in our experimental setup as compared to medium supplemented with 20% serum and
especially that of IGFBP3 (108, 131-133). A comparison of these concentrations can only
be performed with caution because of the interactions between these proteins and other
IGF family members (97). In the circulation, virtually all IGF1 and IGF2 is bound to IGFBP3
and ALS and to a lesser extent to IGFBP4 (85). This means that higher concentrations in
serum do not mean that more protein is available. Furthermore, production of IGF2 by
endothelial cells is limited, and thus the low concentrations of IGF2 and IGFBP3 that we
applied in our experimental setup should be sufficient. Others have shown significant
effects of IGFBP3 at the concentration that we used (109). We applied a high concentration
of exogenous IGFBP4 (40 ng/mL) when compared to medium with 20% serum (8 ng/mL
on average (132)) to show that IGFBP4 had no effects on sprouting.



CONCLUSION

Our findings suggest that the IGF family has a major role in sprouting angiogenesis and tip
cell maintenance, partly by autocrine mechanisms. Tip cells secrete IGF2, which maintains
their phenotype and allows sprouting angiogenesis by signaling via IGF1R and INSR, but
not via IGF2R, and tip cells secrete the IGF2 inhibitor IGFBP4, which acts as a negative
local regulator, while tip cells and non-tip cells secrete IGFBP3, acting as a positive
local regulator of the IGF2-induced tip cell maintenance and sprouting angiogenesis
orchestrated by tip cells.
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ABSTRACT

The insulin-like growth factor (IGF) family consist of the ligands IGF1 and 2, their receptors
IGF1R, IGF2R and insulin receptor (INSR), and 6 high-affinity and 4 low-affinity binding
proteins (IGFBPs). The crucial role of this growth factor family in angiogenesis has been
evident for decades, but the exact mechanisms involved have remained unexplored.
Recently, IGF2, IGF1R, INSR, IGFBP3 and IGFBP4 have all been shown to be involved in
endothelial tip cell and stalk cell differentiation and functioning during angiogenesis.
IGF2 is specifically produced by tip cells and appears to act as an autocrine factor for
these cells to maintain their specific phenotype through binding of IGF1R and, to a lesser
extent, INSR. Intracellular signaling of IGF2 occurs via PI3K-induced GSK-3B expression,
which is involved in regulation of the tip cell phenotype, and via GTPases which induce
cell migration, whereas FOXO1 is inhibited, increasing glycolysis which is known to be
necessary for angiogenesis. IGFBP4 is also produced specifically by tip cells and reduces
IGF2 signaling by binding IGF2, providing an additional regulatory mechanism. IGFBP3 is
the major carrier of IGF2 in the circulation, and promotes angiogenesis as it assists IGF2 in
binding to IGF1R. In summary, IGF family members have important roles in angiogenesis,
by local fine tuning of tip cell and stalk cell differentiation and their essential functions.
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INTRODUCTION

Recently, we reported that members of the IGF family are involved in maintenance
of the endothelial tip cell phenotype during angiogenesis (90, 134). Here, we review
the literature on the role of members of the IGF family, such as IGF ligands, IGF receptors
and IGF binding proteins (IGFBPs), in angiogenesis in general and the recent contributions
in tip cell and stalk cell biology specifically.

When metabolic needs of tissues exceed oxygen and nutrient levels that are supplied
by the existing vascular network, the tissues produce growth factors such as vascular
endothelial growth factor (VEGF). These induce differentiation of endothelial cells (ECs)
of existing blood vessels in the vicinity into specialized sub-phenotypes (39, 91). The first
EC phenotype that emerges is the tip cell, the leading cell of each newly-formed sprout
(Fig 1A,B)(39). Its key characteristics are limited proliferation, extension of filopodia to
aid migration (77), cell-specific metabolism (80, 117, 135) and regulatory effects on
following stalk cells (62, 136). Stalk cells proliferate and consequently elongate the vessel
sprout (39), and they form the vascular lumen, develop tight junctions to limit diffusion
out of and into the newly-formed vessel lumen, and recruit and interact with supporting
cells such as pericytes, which aid maturation of the new sprout (Fig 1)(91). The third
distinct EC phenotype identified is the phalanx cell, which is mainly involved in vessel
maturation (137). The differentiation into tip and stalk cells is reversible: tip cells can
become stalk cells and vice versa as the ECs compete for the tip cell position, aided by
stochastic differences in gene expression and varying concentrations of growth factors
which can cause a phenotypic switch (41, 81). Once an EC has taken on the tip cell
phenotype, it enhances its role by inhibiting the transition of stalk cells into a tip cell
phenotype via Delta-like ligand-4 (DLL4)-Notch signaling (138).

CD34 is a protein expressed on the luminal membrane of resting ECs throughout
the body, and on filopodia of angiogenic sprouts (45). In addition, it has been identified
as an in vitro marker of tip cells in EC cultures, as shown in Fig 1D (44, 45, 90, 114).
Expression of CD34 by EC tip cells in monolayer cultures has enabled the study of the role
of individual IGF family members in the regulation of the tip cell phenotype. Employing
this approach, we have demonstrated that IGF2, IGF1 receptor (IGF1R) and IGFBP3 and
4 are all regulators of the tip cell phenotype, and play a role in maintenance of this
phenotype (90, 134). Our studies showed that in the absence of IGF2, ECs are unable to
form persistent vascular sprouts, which greatly inhibits angiogenesis in vitro and in vivo
(90, 134). IGF1R was shown to be the main receptor involved in this process, whereas
IGFBP3 and 4 act as local regulators. Here, we present an overview of the IGF protein
family in the context of angiogenesis, and address different ways in which the IGF family
members play a role by their involvement in the regulation of the tip cell phenotype.
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Figure 1. Tip cell morphology. (A) Tip cells in an in vitro spheroid-based sprouting model after
F-actin (phalloidin, violet) staining and DAPI staining of nuclei (blue). Tip cells (arrow heads), stalk
cell (arrows) and filopodia (*) are indicated. Scale bar = 20 ym. (B) Tip cells in growing zebrafish
intersegmental vessels. Tg(flila-eGFP) zebrafish embryos 24 h after insemination, imaged with
confocal (left panel), phase contrast (middle panel) and combination microscopy. Tip cells are
indicated by asterisks (*). Scale bar is 100 um. (C) A single CD34* tip cell (green) in a monolayer
culture of human umbilical vein ECs that was stained for the VEcadherin (grey) staining and DAPI
staining of nuclei (blue). Scale bar = 30 ym.



IGF PROTEIN FAMILY

The IGF protein family comprises 2 ligands, IGF1 and IGF2, 3 receptors, IGF1R, IGF2R
and the insulin receptor (INSR), and 10 IGF-binding proteins (IGFBPs) (85, 139, 140).
The ligands IGF1 and IGF2 are essential pre- and postnatal growth factors that affect
cell differentiation, cell proliferation and growth of various tissues, amongst others
(85, 120). The three receptors play different roles in the regulation of tissue growth
and cellular metabolism (85, 120), although their downstream signaling pathways are
overlapping. The IGFBPs fine-tune IGF signaling, by prolonging the half-life of the ligands
in the circulation and/or by regulating their bioavailability (120, 139, 140).

IGF ligands

The IGF family consists of two single chain ligands with a structural overlap of 70%,
called IGF1 and IGF2. Insulin is also structurally related, and shares 50% similarity with
IGF2, but is not an official member of the IGF family (92, 141). The IGFs are small proteins,
both with a molecular mass of 7.5 kDa (84, 142). There are considerable levels of the IGF
proteins present in plasma, which originate from the liver and act in an endocrine manner.
In plasma, the IGFs are bound in a complex containing IGFBP3 or IGFBP5 and an acid-
labile subunit (ALS), in a 1:1:1 ratio (100, 118, 143). The function of these complexes
is to prevent uncontrolled efflux of IGFs from plasma into tissues, thereby regulating
bioavailability and prolonging protein half-life (143, 144). The most prominent IGF in
human serum is IGF2, which has concentrations that are several fold higher than that
of IGF1 (100). The IGF proteins are also produced locally in tissues, where they can acts
as autocrine or paracrine messengers (145). Examples of tissues and cell types that are
capable of IGF production are retinal cells, the ovarian tissue, fetal and uterine ECs,
chondrocytes and connective tissue (92, 118, 145). Local production of IGFs also occurs
in tumor tissue and consequently potentially render these tissues independent of plasma
growth factors for cell proliferation.

IGF1 and IGF2 have been found to be associated with angiogenesis in studies initiated
by observations in a patient suffering from pathological angiogenesis in the eye as a result
of proliferative diabetic retinopathy. The patient experienced a pituitary gland infarction
during pregnancy, causing loss of production of growth hormone, IGF1 and IGF2 that
coincided with spontaneous regression of the neovascularization in the retina (146). Since
then, the involvement of IGF1 and IGF2 in angiogenesis has been further elucidated and
the IGF family is now considered to be an important target for anti-angiogenic therapy
(98, 101), which is reflected by several clinical trials in which IGF2 or IGF1R are inhibited
by novel compounds designed to treat various types of cancer (Table 1).

In the eye, diseases with retinal angiogenesis, such as diabetic retinopathy and ROP,
have also been associated with IGF proteins. For example: vitreous levels of IGF1, IGF2,
IGFBP1 and IGFBP3 are elevated in patients with diabetic retinopathy (147), a retinal
disease characterized by neovascularization and vascular dysfunction. In retinopathy of
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Table 1. Clinical trials on IGF2 or IGF1R inhibition registered at the U.S. National Library of Medicine

Title

Effects of resveratrol on serum IGF2
among African American women

A trial of Dalotuzumab in
combination with Irinotecan versus
Cetuximab and Irinotecan for
participants with metastatic rectal
cancers (mRC)

Radiation therapy, Paclitaxel, and
Carboplatin in treating patients with
high-risk endometrial cancer

A study of Robatumumab (SCH
717454, MK-7454) in combination
with different treatment regimens in
pediatric participants with advanced
solid tumors

A dose-escalation study to evaluate
the safety, tolerability, and antitumor
activity of MEDI-573 in subjects with
advanced solid tumors

Intervention Phase

Inhibition of IGF2 by resveratrol N/A
in breast cancer

Dalotuzumab (MK-0646, 2
inhibition of IGF1R) treatment

in combination with Irinotecan
versus Cetuximab and Irinotecan
for patients with metastatic

rectal cancers (mRC) expressing
high IGF-1/low IGF-2 Levels

Combining radiation therapy, 2
paclitaxel, and carboplatin in
treating patients with high-risk
endometrial cancer with
secondary measurement of

the effects on serum IGF

protein levels

Safety, tolerability and dose- 1/1B
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prematurity (ROP), pathological angiogenesis develops in the eyes of premature infants.
After premature birth, IGF1 plasma levels fall since these depend on maternal production
in utero. It was shown that ROP does not occur when IGF1 plasma levels are below 30
ng/mL, but only develops when they rise after the initial decline post-partum (125, 148).
Further evidence gathered in vivo supports an important role of IGFs in angiogenesis. In
oxygen-induced retinopathy, a mouse model of hypoxia-induced retinal angiogenesis,
increased /gf2 mRNA expression levels were demonstrated in neovascular retinal tufts
(74), whereas mice treated with antagonists of growth hormone (GH) that reduced Igf1
and Igf2 plasma levels, were protected against pathological retinal neovascularization
(146). Zebrafish lacking Igf2 exhibited abnormal sprouting of the intersegmental vessels
as well as other vascular developmental disorders (52, 58). In vitro, effects of IGF2 on
angiogenesis were observed in tube-formation assays (87, 92, 149), as well as in spheroid-
based assays (90, 134).

We recently reported that these findings may be explained by specific functions of
IGF2, which may be especially important for the maintenance of the endothelial tip cell
phenotype during angiogenesis. We have shown that siRNA-mediated knockdown of
IGF2 gene expression reduced the percentage of CD34+ tip cells in EC cultures, as well
as angiogenic sprouting of EC spheroids (90). When the transcriptome of CD34* tip
cells in EC cultures is compared with CD34" non-tip cells (44), the IGF2 gene is one of
the most highly differentially expressed genes. On the other hand, /IGF17 is expressed at
very low levels in EC cultures and differences in expression levels between CD34* tip
cells and CD34 non-tip cells were not observed (44). Furthermore, IGF1 has no effect
on the sprouting of EC spheroids nor does it affect the fraction of tip cells in EC cultures
(134). Therefore, we concluded that IGF2 is essential for the tip cell phenotype, whereas
IGF1 does not play a significant role in tip cell biology. The pivotal role of IGF1 plasma
levels in patients with ROP seems to be contradictory in this case. However, experiments
using cultures ECs showed that IGF1 plays a role in stabilization of new vessels rather
than in their formation (87). In the context of ROP, it may mean that newly formed retinal
blood vessels regress in the absence of proper IGF1 plasma concentrations.

IGF receptors

IGF1 and IGF2 can both bind to IGF1R and INSR, whereas only IGF2 can bind to IGF2R (84).
IGF1R is the best studied IGF receptor, and generates most of the relevant downstream
signals after ligand binding, as is described below. It is highly expressed in sprouting retinal
vessels (150), and /gf1r knockdown in mice was shown to reduce pathological ocular
angiogenesis (51). As mentioned above, IGF1R has been identified as an important target
for anti-angiogenic therapy, and there are ongoing trials investigating novel inhibiting
compounds (Table 1) (98). INSR activates similar downstream pathways as IGF1R, partly
by forming heterodimeric IGF1R-INSR receptors (84, 122, 151). Knockdown of Insr in vivo
also inhibits pathological ocular angiogenesis in mice (51).
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The main role of IGF2R is reduction of the effects of IGF2 by binding and clearance
of extracellular IGF2 (84, 92, 127, 151). This role is supported by the finding that mice
lacking IGF2R grow faster and show lethal cardiac defects (152), which is consistent
with a human disease named Beckwith-Wiedemann, in which a lack of /IGF2 imprinting
induces excess levels of IGF2 (153). Typical features of this disease include organomegaly,
anterior abdominal wall defects, gigantism, facial malformations, hypoglycemia, capillary
naevus flammeus, neonatal hypoglycemia, cardiovascular defects. Patients also have
a higher prevalence of Wilms tumor, a highly vascularized kidney tumor. Vascularization
of the tumor is inversely correlated with patient survival (154). Excessively high I1GF2
levels are also found during the growth phase of infantile hemangioma, a benign, well-
vascularized vascular tumor (75). Together, these observations emphasize that poor
control of IGF2 levels leads to unbalanced angiogenesis in human diseases.

In cultured ECs, mRNA expression levels of all three receptors are significantly higher in
endothelial CD34~ tip cells than in non-tip cells (134). We have reported that knockdown
of IGFIR in vitro had similar effects as inhibition of IGF2, leading to a reduced fraction
of CD34~ tip cells in EC cultures, as well as reduced sprouting from EC spheroids (90).
Knockdown of INSR also causes a significantly reduced percentage of CD34* tip cells and
sprouting from EC spheroids (134). Knockdown of /GF2R increased the percentage of tip
cells, which is in line with its inhibitory role described above, but did not affect sprouting
from EC spheroids in vitro. Based on these data, we conclude that IGF2 binding to IGF1R
and to less extent INSR is involved in the maintenance of the tip cell phenotype (134).
It seems that IGF2R can regulate these effects of IGF2 on tip cell maintenance, without
affecting sprouting angiogenesis (134).

IGF-binding proteins

There are 6 high-affinity IGFBPs (IGFBP1-6) and at least 4 low-affinity IGFBPs (IGFBP7-10)
(96). IGFBPs regulate bioavailability of IGF ligands in a positive or negative fashion (151).
Little is known about the low-affinity IGFBPs. Of interest, IGFBP8 is also known as CTGF or
CCN2, and is involved in fibrosis and wound healing responses, and in the angio-fibrotic
switch in patients with diabetic retinopathy (155, 156). IGFBP3 and IGFBP4 are the most
critical members of this family in the regulation of angiogenesis and tip cell maintenance,
and are discussed here.

IGFBP3 is the main carrier of IGFs in the circulation, where it forms a complexes with
acid-labile subunit (ALS) in a 1:1:1 ratio that increases the half-life of IGFs in plasma,
but inhibits their bioavailability (120, 121). Mice lacking /gfbp3 do not show defects in
their phenotype (96), but the addition of IGFBP3 to Matrigel plugs transplanted in mice
increased vascular growth (157), which suggests a pro-angiogenic role. This is supported
by the fact that in human vitreous, levels of IGFBP3 are elevated in diabetic retinopathy
(147, 149). It has been shown that IGFBP3 can both decrease and increase binding to
IGF1R on the cellular membrane of ECs by the IGF ligands and that intracellular signaling
depends on cell surface binding of IGFBP3 (120). /n vitro studies have shown that IGFBP3



in combination with IGF2 maintains the tip cell phenotype, and that it induces sprouting
angiogenesis from EC spheroids (134, 157). Together, these data suggest that IGFBP3 is
pro-angiogenic by increasing IGF2-induced tip cell maintenance.

IGFBP4 appears to have an opposite role. Mice lacking Igfbp4 show mild growth
retardation (96). In vitro studies have shown that IGFBP4 inhibits IGF1-induced, but
not VEGF-induced angiogenesis (110), and we have shown that it specifically reduces
maintenance of the tip cell phenotype by IGF2 (134). IGFBP4 is expressed more abundantly
by CD34+* tip cells than by CD34 non-tip cells, and inhibits the effects of IGF2 on tip
cells, sprouting from spheroids and tube formation (134, 158). These data suggest that
IGFBP4 is produced by tip cells to act as a negative regulator of local IGF2 levels in order
to optimize sprouting.

IGF FAMILY MEMBERS AND TIP CELL PROPERTIES

Tip cells have functional and morphological characteristics that distinguish them from
the other EC subtypes, stalk cells and phalanx cells during angiogenesis. The characteristics
affected by IGF signaling include tip cell migration, regulation of the tip cell phenotype,
tip cell metabolism and signaling via the phosphatidylinositol 3-kinase (PI3K) pathway,
which are discussed below.

Tip cell migration

EC migration occurs through rearrangements of the cytoskeleton, initiated by GTPase
activation via several pathways (159). First, VEGF activates the GTPases cell division cycle
42 (CDC42) and Rac family small GTPase 1 (RAC1), which induce migration (160, 161).
Second, activation of Rho guanine nucleotide exchange factor 12 (ARHGEF12, also
known as LARG) induces activation of Rho GTPases through binding of IGF1 or IGF2 to
IGF1R to initiate the formation of stress fibers, which are necessary for migration (Fig 2)
(159, 162, 163). In line with this, we have shown that knockdown of /IGF2 and IGFIR
causes major cytoskeletal changes (90). The cytoskeletal changes were found in both
CD34+ tip cells and CD34 non-tip cells upon knockdown of /GFTR, but only in tip cells
upon knockdown of IGF2. Moreover, knockdown of IGF1R and /IGF2 decreased sprouting
from EC spheroids in vitro. These findings suggest that IGF2 and IGF1R are involved in tip
cell migration through cytoskeletal rearrangements.

Regulation of the tip cell phenotype

DLL4 and NOTCH1 suppress the tip cell phenotype in adjacent endothelial stalk cells (61,
62, 136, 164). A simplified representation is that tip cells express more DLL4 on their cell
membranes than stalk cells (91). Upon binding to DLL4, NOTCH1 in stalk cells is cleaved
and the NOTCH1 intracellular domain (NICD) is transported to the nucleus to initiate gene
transcription (91). Downstream signals initiated by binding of DLL4 to NOTCH1 include
increased expression of proliferation-associated genes and decreased expression of genes
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Figure 2. IGF2-induced tip cell maintenance. Overview of tip cell signaling by the IGF family. Binding
of IGF2 to its receptors is inhibited by IGFBP4. IGFBP3 is essential for tip cell signals induced by
binding of IGF2 to IGF1R. Binding of IGF2 to INSR induces similar signaling pathways as binding
of IGF2 to IGF1R and forms heterodimers with IGF1R. The main downstream effectors is PI3K.
Activated PI3K regulates GSK3p and GTPases and inhibits FOXO1. Activation of GSK3p prolongs
the half-life of the NOTCH1-intracellular domain to stabilize the tip and stalk cell phenotypes and
enhance sprouting efficiency. Activation of GTPases result in cytoskeletal changes necessary for
migration. Inhibition of FOXO1 is essential for cell metabolism. In concert, activation of these
pathways maintains a tip cell phenotype.



associated with the tip cell phenotype (62). This signaling cascade causes downregulation
of the tip cell phenotype to increase sprouting efficiency. Dysregulation of expression of
either DLL4 or NOTCH1 induces severely disrupted sprouting: mice lacking DIl4 die in
utero due to severe vascular defects (165, 166) and tumor growth in mice was severely
hampered by D/l4 blockade due to deregulated angiogenesis (77, 167, 168). The mice in
these studies exhibited excessive, non-productive angiogenesis.

GSK3p is a downstream effector of IGF2-IGF1R-PI3K signaling which has been shown
to prolong the half-life of NICD (169, 170), enhancing the effects of DLL4-NOTCH1
signaling. We observed that knockdown of IGF2 or IGF1R reduces the ability of tip cells
to maintain their phenotype (90). A plausible explanation is that knockdown of IGF2
and /GF1R reduces the IGF2-IGF1R-PI3K-GSK3p signaling cascade and thus decreases
the half-life of NICD, which subsequently causes tip cells to lose their dominance over
the adjacent stalk cells and failure to maintain the tip cell phenotype (Fig 2).

VEGEF is the most important inducer of angiogenesis and formation of tip cells (39).
Tip cells have higher expression of VEGFR2 and VEGFR3 (68, 171). Binding of VEGF to
one of these receptors increases tip cell percentages and sprouting (44, 171). IGF2 and
IGF1 are capable of inducing mRNA and protein expression of VEGF and vice versa (172-
174). Counter-intuitively, IGFBP3 and IGFBP4 are both capable of inhibiting VEGF-induced
angiogenesis (110, 175, 176), which contradicts the angiogenesis-inducing effects by
IGFBP3 found by us and others (121, 134, 157).

Tip cell metabolism

The importance of EC metabolism in angiogenesis has become clear in recent years:
glycolysis is increased in angiogenic ECs (80), and several metabolic genes have been
discovered that link EC metabolism to cellular processes. For example, pyruvate kinase M2
(PKM?2) induction by AKT regulates the glycolytic rate in cancer cells (177) and regulates
junction dynamics of retinal ECs during angiogenesis (178). It has been shown that IGF1-
IGF1R signaling induces PKM2 expression (177), but whether IGF2-IGF1R signaling also
induces PKM2 expression is unknown.

Recently, the differential metabolism of angiogenic EC subtypes was studied by our
group, and we showed that tip cells are less glycolytic than stalk cells, but instead respond
in a more flexible manner to metabolic stress. We hypothesized that such metabolic
flexibility allows rapid adaptation of tip cells to hypoxic or glucose-deprived environments
in tissues (117). In this context, an important transcription factor that inhibits glycolysis
is FOXO1 (179). When FOXOT1 is active, it reduces glycolysis and induces mitochondrial
respiration in ECs (180), a phenomenon opposite to the situation in angiogenesis, where
ECs are assumed to be dependent on glycolysis for their energy supply (80). Inhibition
of FOXO1 is therefore considered essential to enable ECs to form vessels sprouts (180).
Amongst the protein signaling pathways that can inhibit FOXO1 are the AKT, Sirtuin 1
(SIRT1) and PI3K pathways (179, 181, 182), and IGF2-IGF1R signaling was also reported
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to inhibit FOXO1 by activating this PI3K pathway (Fig 2) (183). However, the role of IGF2
in this context is still debated, since it has also been reported that IGF2 stimulates FOXO1
under certain circumstances (183, 184). The precise regulation of FOXO1 in tip cells has
yet to be uncovered, and whether IGF2 plays a role in its inhibition to allow tip cells to
maintain their flexible metabolism will have to be studied in future research.

Signaling via the PI3K pathway

The PI3K pathway is one of the major pathways activated by signaling via IGF1R, and
this may have an important role in tip cell biology in angiogenesis. PI3Ks are central
regulators in many intracellular signaling pathways resulting in, amongst others,
enhanced angiogenesis, metabolism and migration (83, 185). Many of the signaling
pathways that regulate the tip cell phenotype eventually converge in signaling through
PI3Ks. PI3Ks inhibit or induce other signaling pathways by phosphorylating various
types of phosphatidylinositol lipid substrates. The primary target of PI3K is AKT, which is
phosphorylated by pyruvate dehydrogenase kinase 1 (PDK1) after activation of PI3K (185,
186). Because of their essential role, specific PI3Ks have been selected as therapeutic
targets to inhibit pathological angiogenesis (186).

For IGF1 or IGF2, PI3K pathway activation is a major effect of signaling via IGF1R
binding (82, 84), and a systems biology study showed that PI3K is one of the main
pathways induced by IGF2 in chondrocytes (170). Many of the downstream signaling
pathways induced or inhibited by PI3K are essential for proper functioning of tip cells
(Fig 2). Inhibition of PI3K in mice results in chaotic angiogenic sprouting with reduced
EC motility and impaired junction formation (187). It has, therefore, been suggested that
PI3K serves as a hub for many pro-angiogenic signaling pathways (188).

IGF2-IGF1R-induced maintenance of the tip cell phenotype via PI3K has not been
directly shown yet. There are, however, several clues that PI3K is the key regulator of
IGF2-induced tip cell maintenance, and that it is involved in all three tip cell characteristics
described above. First, it has been shown that IGF2-induced activation of PI3K results in
induction of GTPases (170, 189). Second, GSK3p is a downstream effector of IGF1R-PI3K
signaling which has been shown to prolong the half-life of NICD (169, 190). And third, it
has been shown that IGF signaling inhibits FOXO1, although there are also contradictory
reports that IGF signaling enhances FOXO1 under certain circumstances, underlining
the complexity of IGF signaling (83, 184, 187).

Based on the described effects of PI3K in signaling, and the fact that activation
by IGF2-IGF1R binding has been confirmed, we conclude that it is likely that PI3K is
the central signaling pathway involved in IGF2-induced tip cell maintenance.



CONCLUSION

Taken together, IGF2 appears to be a major local autocrine regulator of the maintenance
of tip cell fate, and of essential functions of tip cells (Fig 2). The main effects involved
are induced via activation of PI3K by binding of IGF2 to IGF1R. The presence of IGFBP3 is
essential for transduction of this signal, whereas IGFBP4 acts as an inhibitor and regulator
of these IGF2 effects. This complex local regulation process may ensure maintenance of
the tip cell phenotype long enough for proper sprout formation.
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OPTIMIZATION OF DRUG
TIONS FOR THE OPTIMAL
TREATMENT OF CANCER




ABSTRACT

Drug combinations can improve angiostatic cancer treatment efficacy and enable
the reduction of side effects and drug resistance. Combining drugs is non-trivial due to
the high number of possibilities. We applied a feedback system control (FSC) technique
with a population-based stochastic search algorithm to navigate through the large
parametric space of nine angiostatic drugs at four concentrations, to identify optimal
low-dose drug combinations. This implied an iterative approach of in vitro testing of
endothelial cell viability and algorithm-based analysis. The optimal synergistic drug
combination, containing erlotinib, BEZ-235 and RAPTA- C, was reached in a small number
of iterations. Final drug combinations showed enhanced endothelial cell specificity and
synergistically inhibited proliferation (P<0.001), but not migration of endothelial cells, and
forced enhanced numbers of endothelial cells to undergo apoptosis (P<0.01). Successful
translation of this drug combination was achieved in two preclinical in vivo tumor
models. Tumor growth was inhibited synergistically and significantly (P<0.05 and P<0.01,
respectively) using drug doses that were reduced by 5- to 11-fold, as compared to optimal
single drug concentrations. At the applied conditions single drug monotherapies had
no or negligible activity in these models. We suggest that FSC can be used for rapid
identification of effective, reduced dose, multi-drug combinations for the treatment of
cancer and other diseases.

Published in angiogenesis



INTRODUCTION

Anti-angiogenic therapies are routinely used in the treatment of various cancers (1-3).
Their contribution to the prolongation of patient survival, however, is often limited mainly
due to disease and patient heterogeneity (4, 5), toxicity (6), induction of metastasis (7) and
drug resistance (8). Redundancy of growth factor signaling pathways makes angiogenesis
a robust physiological function (9, 10), where targeting multiple pathways with drug
combinations may be necessary for efficient therapy. Combination strategies may thus
lead to enhanced efficacy (11, 12) with limited side effects (13) and reduced probability
of developing drug resistance (14, 15).

Combinations of anti-angiogenic drugs have often resulted in significant clinical
toxicity (16), even when designed to target complementary pathways (17). This is
because drugs to be combined are frequently selected based on their success as single
agents (18) and tend to be used in combination at their maximum tolerated single agent
doses, thus increasing the risk of toxicity and resistance (19). When trying to identify
an optimal combination starting from, for instance 10 drugs at 5 doses, one will have
to test nearly 10 million (5'°) combinations. To overcome this challenge, we employed
a feedback system control (FSC) technique to rapidly identify the most powerful drug
combinations with minimal experimental effort (20) (Supplementary Methods). In
combination with the differential evolution (DE) algorithm (21) an iterative approach
of experimental testing in an endothelial cell viability assay and mathematical analysis
(a process of selection, where only the permutations which improve the system’s response
are maintained), drove the system to converge towards an optimal solution, i.e. maximal
inhibition of endothelial cell growth. Although others have tried to optimize drug
combinations (22-25), see Supplementary Methods, the advantage of our approach is
that FSC is phenotypically driven, i.e. no mechanistic information is required in order to
rapidly identify experimentally verifiable optimal drug combinations (20).

The aim of the present study was to find an optimal low-dose, synergistic anti-
angiogenic drug combination using the FSC technology, and to validate this drug
combination in preclinical tumor models. The FSC technique, together with a second-
order linear regression model to allow for elimination of less effective drugs, resulted in
the optimal low-dose combination containing erlotinib (EGFR inhibitor (26)), RAPTA-C
(histone inactivator (27)), and BEZ-235 (a dual PI3K/mTOR inhibitor (28)). This final drug
combination synergistically inhibited ECRF24 viability, while having minimal effects
on non-endothelial cell types. We successfully translated this in vitro optimized drug
combination to inhibit tumor growth in two preclinical tumor models.

MATERIALS AND METHODS

Cell viability, migration, and apoptosis assay.

Cell viability and migration assays were performed as previously described. Cells were
seeded in a 96-well culture plate at a density of 2.5-10 x 10° cells/well. Cells were
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incubated with drugs for 72 h (for drug acquisition and cells and culture conditions,
see Supplementary Methods). Drugs were premixed in culture medium and applied
at the doses provided in Table 1. Cell viability was assessed using the CellTiter-Glo
luminescence assay (Promega, Madison, WI, USA). For migration assays ECRF24 and
786-0 were seeded in 96-well cell culture plates (3 x 10* cells/well) 24 h prior to making
the scratch (Peira Scientific Instruments, Beerse, Belgium). Drugs were premixed in
culture medium and applied at doses indicated in Supplementary Fig. S2A. Images were
automatically captured on a Leica DMI3000 microscope (Leica, Rijswijk, Netherlands) at 5x
magnification with Universal Grab 6.3 software (DClLabs, Keerbergen, Belgium). Scratch
sizes were determined at t=0h and t=7h using Scratch Assay 6.2 (DClLabs), and values
reported represented the absolute closure of the scratch (initial subtracting the final
scratch area). Apoptosis was measured after drug exposure, trypsinization and incubation
with propidium iodide (PI, 20 pg/ml) in DNA extraction buffer (29), by flow cytometry.
Tip cells were flow cytometrically quantified by CD34 (30) staining and morphology was
studied in vivo using the CAM assay (31) (see Supplementary Methods).

The Feedback System Control (FSC) technique and data modeling

The feedback system control (FSC) technique was employed as previously described (32,
33). FSC was implemented using the differential evolution (DE) algorithm (34) and two
separate optimizations were performed with the cellular outputs of ECRF24 cell viability
(proliferation) and migration assays. Nineteen drug combinations were tested per iteration
and 10 iterations were performed in each optimization until a plateau in the best output
value was reached. For dilutions and culture conditions see Supplementary Methods.

Table 1. Drug dose values used in the in vitro cell viability assays.

Dose(uM)

Drug 3 (ED,,)* 2 (ED,)" 1 (ED,)
1. anginex 1.80¢ 0.76 0.13
2. bevacizumab 15.00 10.00 1.00
3. axitinib 1.00 0.30 0.01
4. erlotinib 2.00 0.50 0.10
5. anti-HMGB1 Ab 0.17 0.09 0.02
6. sunitinib 0.50 0.10 0.05
7. anti-vimentin Ab 0.26 0.17 0.09
8. RAPTA-C 5.00 1.00 0.05
9. BEZ-235 0.005 0.001 0.0005

°dose 3, representing ED,, is the dose where 10% of the maximal response was observed.

®dose 2, representing ED, is the dose where 5% of the maximal response was observed.

cdose 1, representing ED , is the dose representing half the maximal concentration where no effect was observed.
4 concentrations throughout the table are in pM.



The cells were incubated in 50 pl of each combination for 72h in the viability assay or for
7h in the migration assay.

Second-order linear regression models were generated using the data obtained
from each optimization. Data were modeled using real concentration values and both
concentration values and cell viability output data were transformed using the z-score
function in Matlab. For detailed description see Supplementary Methods.

Human ovarian carcinoma grown on the chicken chorioallantoic membrane (CAM)
Human ovarian carcinoma tumors were implanted on the CAM as previously described
(35). On embryo development day (EDD) 7, 1x10° A2780 carcinoma cells were prepared
as a spheroid in a 25 pl hanging drop and were transplanted onto the CAM surface
3 h after preparation. Treatment began 3 days after tumor implantation (EDD10)
when vascularized tumors were visible. Drug combinations were freshly prepared and
administered as a 20 pl intravenous injection. Treatment was performed twice and tumor
growth was monitored and measured daily, (volume = width? x length x 0.52).

Colorectal carcinoma xenograft model

Female Swiss nu/nu mice ages 6-8 weeks were obtained from Charles River (weight 20-30
grams). Mice were inoculated in the right flank with 100 pyl DMEM with 1 million LS174T
cells. LS174T cells were obtained from ECACC, Salisbury, UK where (authentication by
STR PCR) and were used within 6 months of resuscitation. Palpable tumors were present
within 3-5 days, at which time treatment was initiated. Mice were treated daily by oral
gavage and i.p. injection as indicated (Table 2), and were monitored daily for tumor size
and body weight (see Supplementary Methods).

Immunohistochemistry

CD31 stainings (SZ31, Dianova, Hamburg, Germany) were performed using donkey
anti-rat biotinylated secondary antibodies (Jackson, Suffolk, UK) and streptavidin-
HRP (Dako, Glostrup, Denmark), and visualized by 3,3'-diaminobenzidine (DAB, see
Supplementary Methods).

Statistical analysis

Values are given as mean values + standard deviation. Statistical analysis was performed
using a two-sided student’s t-test and the two-way ANOVA assay. *p<0.05, and **p<0.01
were considered statistically significant.

RESULTS

Selection of drug combinations by the FSC technique.
Nine drugs targeting a broad spectrum of endothelial cell signaling pathways
(Supplementary Fig. S1; Supplementary Methods) were selected for FSC-based screening
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Table 2. Drug dose values used for in vivo assays.

Compounds?

3 4 8 9
Treatment® (axitinib) (erlotinib) (RAPTA-Q) (BEZ-235) % CTRL = SEM¢

CAM (ug/kg)

| 0 29 615 0.04 41+9.0
I 0 29 307 0.04 51+14
VI 0 2.9 307 0.04 32+4.0
VIl 18 29 230 0.02 13+6.0
VIl 0 29 307 0 47x14
Mice (mg/kg)

VI 0 15 40 10 24x14
VIl 0 5 40 0 84+16
4, 0 5 0 0 102425
4, 0 15 0 0 94+34
4., 0 50 0 0 29:9.0
8, 0 0 40 0 90+17
8, 0 0 100 0 58+9.0
9, 0 0 0 10 77x12
9 0 0 0 30 33+14

2Corresponding dose of each compound for single drug and combination therapy. Compounds are represented
as numbers 3, 4, 8 or 9, representing axitinib, erlotinib, RAPTA-C or BEZ-235, respectively. Drug doses are
provided in pg/kg for the CAM model and mg/kg in the mouse model.

® Administered treatment, either a single drug represented by the drug number (3, 4, 8, 9) and the dosage level
indicated as a subscript, or drug combinations represented by the letters I-VIII.

¢The respective tumor growth inhibition efficacy represented as a percentage of the control (£SEM).

(Fig. TA): anginex (1), bevacizumab (2), axitinib (3), erlotinib (4), anti-HMGB1 Ab (5),
sunitinib (6), anti-vimentin Ab (7), RAPTA-C (8), BEZ-235 (9). Single drug dose-response
curves were generated for both cell viability (example for sunitinib provided, Fig. 1B) and
migration, using in vitro bioassays (Supplementary Fig.S 2A). The optimization was carried
out with each compound at four low doses. The highest concentration, dose 3 or ED,,
was the dose where 10% of the maximal response was observed, dose 2 or ED,, where
5% of the maximal response was observed, dose 1 or ED,, represented half the maximal
dose where no effect was observed, and dose O, where no drug was present (Table 1).
The boxplot in Fig. 1C provides the median and interquartile ranges of the output
results by the drug combinations identified by the end of each iterative cycle of the FSC
optimization. After 10 iterations of 19 drug mixtures, the optimization goal was reached,
i.e. no further improvement of the lowest output efficacy could be achieved, indicating
that the maximum activity (approx. 70% inhibition) had been reached.

The data obtained were used to build a second-order stepwise linear regression model
(36) (Supplementary Methods) to determine the relative importance of the individual
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Figure 1. Optimization of the inhibition of endothelial cell viability. (A) Schematic diagram of
the FSC technique loop (blue arrow loop) and modeling (green arrow loop) used for in vitro drug
optimization. FSC starts with randomly selected drug combinations (yellow arrow) and implements
an algorithm guided closed-loop feedback search to iteratively optimize the results of an in
vitro cell assay (blue arrows). Once a plateau in the output is reached, the data obtained from
the optimization is used to model the system, analyze drug interactions and eliminate certain drugs
(green arrows). Using a refined set of drugs, the drug combination is again optimized with FSC (blue
arrows). (B) Dose-response curve of sunitinib for cell viability bioassay. (C) Output results (in vitro EC
viability, represented as a percentage of the control) for the 10 iterations of the FSC optimization
performed. Box plots provide median and interquartile ranges of the cell response to the 19 best
drug combinations identified by the end of each iterative cycle of the FSC optimization. Dotted lines,
representing maximum and minimum (red) output values, showed no improvement of the best-
optimized combination over iterations 8-10. (D) Regression coefficients obtained from the stepwise
linear regression model generated with the data obtained from the optimization described above.
The coefficient of determination (R?) is provided in the bottom right of the graph. Green arrows
indicate single drug contributions which significantly inhibit EC viability. *indicates p-value < 0.05
and ** indicates p-value < 0.01.
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drugs. This model generated regression coefficients (Fig. 1D) corresponding to single
drug linear effects (left panel), two-drug pair-wise interaction effects (middle panel),
and single drug quadratic effects (right panel). Compounds with the largest negative
regression coefficients, i.e. axitinib, erlotinib, RAPTA-C and BEZ-235, inhibited ECRF24
viability most effectively (Fig. 1D, green arrows).

In a parallel approach, we also investigated the best drug combinations for ECRF24
migration inhibition. Even though single drugs generally showed a stronger response
in the cell migration assay (Supplementary Fig. S2A), the process of migration was
less affected, reaching a maximum effect of 40% inhibition (Supplementary Fig. S3B).
The optimization of EC migration inhibition was not further pursued. Yet, regression
analysis also revealed the strongest single drug linear and quadratic contributions for
erlotinib, RAPTA-C and BEZ-235.

Refined search leads to further optimized synergistic drug
combinations.

Subsequently, a second FSC-based optimization was performed with the above-selected
compounds, i.e. axitinib (3), erlotinib (4), RAPTA-C (8) and BEZ-235 (9), each now considered
at five drug doses with a maximum activity of 25% at the highest dose (Fig. 2A; single
drug effects in Supplementary Fig. S3). The strongest synergistic activity (i.e. combination
index (Cl) <1) was observed for combinations containing 4+8+9 (combinations labeled I,
I, 1V, V, VI, Fig. 2A (remaining results in Supplementary Fig. S4) or only 4+8 (labeled VIII).
Two of the effective combinations identified, 11l and VII, showed antagonism (CI>1), and
both contained axitinib (3).

Linear regression modeling of data showed the single drug linear contributions
of all compounds, as well as the single drug quadratic effect of 4, to be significant
(Fig. 2B, green arrows). Response surfaces (Fig. 2C) provide a visual representation of
the relationship between the system output (EC viability) and the varying dose of only
two drugs in the combination. Interestingly, surfaces containing 3 (bottom row) show
that 3 does not enhance the combination efficacy (red). Note that the response surfaces
are rather smooth, indicating that moderate changes in the doses of single drugs near
the optimal output in the range of experimental conditions investigated do not result in
significant output changes.

Selected optimized drug combinations exhibit enhanced endothelial
cell specificity.

The optimized drug combinations I-VIII (Fig. 2A) and corresponding single drugs were
tested for viability of different cell types and shown in comparison to ECRF24 (Fig. 3A and
Supplementary Fig. S5). The activity in ECRF24 was confirmed in primary ECs (HUVEC,
Fig. 3A), and was much stronger than that of non-malignant cell types (HDFa and PBMC)
and tumor cells, indicating an enhanced EC specificity. Combinations I-VIII only modestly
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Figure 2. Identification of the optimal four-drug combinations for the inhibition of ECRF24 viability.
(A) Efficacy of the best combinations identified to inhibit ECRF24 viability, using the concentrations
of each drug presented in the legend at the top right. Best performing combinations resulting
in 50% or more inhibition are shown, with their corresponding combination index (Cl) values
calculated using CompuSYN®, indicating synergistic (Cl<1), additive (Cl=1) or antagonistic (CI>1)
interactions. The square icons present the specific combinations, where each position in the square
and color corresponds to a specific drug (i.e. axitinib (3) in blue, erlotinib (4) in red, RAPTA-C (8) in
green, and BEZ-235 (3) in yellow) and the concentrations (in uM) of each compound are represented
by the different patterns. The most promising combinations, labeled I-VIII, represent a mean of at
least 2 independent experiments, with 3 replications each, and error bars represent the SEM. (B)
Regression coefficients for the second-order linear regression model generated based on the data
from the optimization of the refined four-drug combination. The green arrows indicate significant
regression terms which inhibit cell viability while the red arrow indicates terms which stimulates cell
activity. (C) Response surfaces show the effect on the system output of varying the concentration of
two drugs, while the concentration of the other two drugs remains fixed. Note the smoothness of
the curves, indicating that moderate changes in the dosing of a single drug do not result in major
output differences. * indicates significance p-value < 0.05 and ** p-value <0.01.
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affected cell motility (Fig. 3B). Several combinations (Il, Ill, V, VI, VII) induced apoptosis
in 20-30% of ECRF24 cells (Fig. 3C). Interestingly, optimal combination VI reduced
the number of CD34* tip cells in vitro(30), as well as the number of tip cells in an in vivo
angiogenesis model (31) (Fig. 3D)

Successful translation of optimal drug combinations into vivo cancer
models.

A2780 tumors, transplanted on the chorioallantoic membrane of the chicken embryo,
were treated with combinations I, Il, VI, VII and VIII. Doses (subsequently identified by
a subscript) were translated to this model maintaining the drug dose ratios and taking
into account the single drug efficacy in this model (Table 2, Supplementary Methods).
Drug combination VII (3,+4,+8,+9,) synergistically (Cl=0.66) inhibited tumor growth by
87% (*p<0.03, Fig. 4A). Based on results in Fig. 3a this activity could be due to the dual
action on both ECRF24 and A2780 cells. Combination VI (4,+8,+9,) synergistically
inhibited tumor growth by 68% (Fig. 4A and 4C, **p<0.002, CI=0.34) through mainly
anti-angiogenic activity (compare Fig. 3A). Of note, none of these doses inhibited tumor
growth significantly when applied individually (Fig. 4B). As group VII experienced weight
loss (Fig. 4D, **p<0.004), it was not further examined. Microvessel density (MVD)
assessment (Fig. 4E) revealed that control tumors were well vascularized. MVD was

Figure 3. Validation of the best drug combinations. The effects of the most promising drug
combinations (I-VIIl from Fig. 2) were tested on the viability of the following non-malignant
and cancerous cell lines: primary EC (HUVEC), adult human dermal fibroblasts (HDFa), human
peripheral blood mononuclear cells (PBMCs), and five human tumor cell lines, i.e. A2780
ovarian adenocarcinoma, 786-O renal cell carcinoma, MDA-MB-231 breast adenocarcinoma and
LS174T and HT-29 colorectal carcinomas and (A) on the migration of ECRF24 and 786-0 cells. Images
on the left show an example of migration assay, where a scratch is made in a cell monolayer at t=0
and the relative closure of this scratch is measured after 7 hours. (C) Effects of individual compounds
and combinations on ECRF24 apoptosis induction. Images show the analysis of the DNA content
by flow cytometry, after fixation of the cells in 70% ethanol, a DNA extraction step, and staining
with Pl for cells in the control (CTRL) and combination VI group. * indicates significance p-value
< 0.05 and ** indicates significance p-value <0.01 with student t-test. Values represent the mean
of at least 2 independent experiments with 3 replications each, and error bars represent the SEM.
(D) Combination therapy VI inhibits tip cells in vitro and in vivo. FACS analysis show the decrease
of CD34+ cells VI treated in HUVEC cultures, which is quantified in the bar graph and compared
to single drug treatments. CD34* tip cells treated with VI present with a clearly different cellular
organization of the actin fibers stained with phalloidin as compared to control cells, compatible with
decreased migratory activity. Bar stands for 25 pm. The FITC-dextran fluorescence (FITC-dextran,
20 kDA, 20 ml, 25 mg/ml, Sigma-Aldrich) angiographies below show the chicken chorioallantoic
membrane (CAM) capillary plexus at the edges of the Visudyne®-photodynamic therapy (V-PDT; 5
J/cm? and 35 mW/cm? at 420 £ 20 nm) treated zones 24 h post V-PDT, where the tip cells form
the leading edge of the sprouting vasculature (green arrows). A major lack of sprouting tip cells (red
arrows) is visible after treatment V-PDT with immediate of combination VI.
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Figure 4. Inhibition of A2780 tumor growth on the CAM by the optimal drug combinations.
Growth curves of A2780 tumors grafted on the CAM (n=10) showing tumor volume as a function
of treatment day for various drug combinations (A) and single drug treatments (B). ‘'S" indicates
synergy. Compounds were freshly premixed and administered i.v. on treatment days 1 and 2 (red
arrows in A). Data points represent the average tumor volume as a percentage of the final control
volume per experiment. (C) Representative images of vehicle (CTRL) and combination VI treated
tumors. (D) Mean embryo body weight on the last experiment day for selected treatment groups.
(E) Representative images of CD31 stained tumor sections are shown. The bar in the lower right of
the image represents 0.2 mm. The whole image was linearly adjusted for brightness and contrast.
(F) Microvessel density quantification measured as the number of vessels per mm? and represented
as a percentage of the control (CTRL). *indicates p-value < 0.05 and ** indicates p-value <0.01
student t-test. Error bars represent the SEM. N=3 for condition 4,. N=5-11 for all other groups.

50-60% lower in tumors treated with VI (**p<0.008) and VIII (*p=0.01, Fig. 4F). Based
on these data, VI was selected as the most promising combination.

Combinations VI and VIII were studied in athymic mice grafted with human LS174T
colorectal adenocarcinoma. Drug doses were adapted to this model based on single
drug tumor growth inhibition efficacy (Supplementary Methods). Mice were treated
with vehicle (CTRL), VI (42+82+94), and VIII (41+82) (Fig. 5A and Table 2). VI and VI
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Figure 5. Inhibition of LS174T tumor growth in athymic mice by the optimal drug combinations.
(A) LS174T tumors grafted subcutaneously in athymic Swiss nu/nu mice and treated daily with
the drug combinations as listed in Table 2. (B) Inhibition of tumor growth by single compounds
at indicated doses. Data points represent the average tumor volume as a percentage of the final
CTRL volume per experiment and error bars represent the SEM; N=3-9. *p<0.05 and **p<0.01
(two-way ANOVA). 'S" indicates synergy (Cl<1). (C) Representative images of vehicle treated (CTRL)
and tumors treated with drug combination VI on the last experiment day. (D) Representative images
of immunohistochemical staining for the EC marker CD31 and corresponding quantification of
microvessel density, measured as the number of vessels per mm? and presented as a percentage
of the CTRL. Results show significantly reduced microvessel density in tumors treated with VI.
The bar in the lower panel image represents 0.2 mm and is valid for both images. The whole images
were linearly adjusted for brightness and contrast. (b) Body weight change during the experiment.
*p<0.05 and **p<0.01 (student t-test). 4 (erlotinib), 8 (RAPTA-C) and 9 (BEZ-235). The error bars
represent the SEM.
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inhibited tumor growth significantly by 76%=+14 (**p<0.0001, Cl=0.56) and 16%=+16
(C1=0.73), respectively (Fig. 5A). Drugs applied individually inhibited tumor growth only
marginally, by 6% (4,), 10% (8,) or 23% (9,) (*p<0.013, Fig. 5B). Interestingly, since
the LS174T cell line was not sensitive to VI (Fig. 3A), effective tumor inhibition (Fig. 5A
and 5C) was attributed to the inhibition of angiogenesis. MVD assessment indicated that
VI suppressed angiogenesis by approximately 80% (**p<0.001), compared to control
tumors (Fig. 5D). No significant weight loss was recorded in either of the combinations
tested (Fig. 5E). In contrast, individual compounds administered at optimal monotherapy
doses, capable of effective tumor growth inhibition (Supplementary Fig. S6C) resulted in
considerable body weight loss.

DISCUSSION

The FSC technique was used to navigate through the large parametric space of nine
compounds, each considered at four doses, aiming for an optimal angiostatic drug
combination. Using a simple in vitro endothelial cell (EC) viability bioassay as the output,
an optimal low-dose drug combination containing axitinib (3), erlotinib (4), RAPTA-C (8)
and BEZ-235 (9) was found. The most efficient of these combinations was also effectively
inhibiting cancer in two in vivo animal models. We observed that (i) while some drugs
showed synergistic interactions, others showed additive or even antagonistic behavior, (ii)
the observed synergy was drug dose ratio dependent, (iii) the combination of angiostatic
drugs enhanced endothelial specificity, (iv) screening on EC migration did not identify
highly efficient drug combinations, and (v) in vitro optimized anti-angiogenic drug
combinations translated to anti-angiogenic anti-cancer effects in vivo.

We previously demonstrated that multi-drug effects can be expressed by a quadratic
relationship of the drug-drug interactions (37), which was confirmed in bacterial systems
(38). Here, we have further demonstrated that the response surface for the whole range
of drugs and drug doses applied can be expressed as a second-order equation that can
be used to formulate optimal drug combinations. The results of this regression modeling
(Supplementary Methods) permitted us to eliminate sunitinib (6) a compound which is
known to have a similar target profile as axitinib (3) (note that both inhibit signaling
of VEGF and PDGF (39)). The exclusion of sunitinib over axitinib appears justifiable, as
axitinib is known to be a more selective TKI with stronger affinity for the same targets
(39). Similarly, the exclusion of bevacizumab (2) was expected, as it is known that EC do
not use VEGF as an autocrine growth factor and tumor angiogenesis is mainly driven by
tumor produced VEGF.

The four drugs with significant inhibitory single drug linear contributions to cell
viability were compounds axitinib, erlotinib, RAPTA-C and BEZ-235 (Fig. 1D). In terms of
intracellular signaling, this combination of drugs appears to make sense in retrospect.
EGFR targeting by erlotinib and VEGFR targeting by axitinib result in inhibition of two
largely synergistic and widely used cellular signaling pathways, i.e. the PI3K/AKT/mTOR



and the ras/raf/MEK/MAPK(or ERK) signaling pathway, respectively. Since mTORC1
and mTORC2 belong to the PI3K/AKT pathway, one would expect that both signaling
pathways are inhibited by EGFR and VEGFR inhibitors. It is also expected that a drug that
targets histone proteins, such as RAPTA-C (40), can reinforce the angiostatic effect, as
intervention with histone-DNA interactions is known to be angiostatic from the many
reports on histone deacetylase inhibitors (41-43). mTOR and EGFR inhibitors have already
been identified as a synergistic combination in various cancer cell types (44, 45), despite
clinically observed toxicity (46, 47).

Based on the analysis of the response surfaces of the second order linear regression
model generated from the four-drug optimization data (Fig. 2C) and embryo weight loss
observed in the CAM model (Fig. 4D), axitinib was eliminated from further investigation.
Thus, the optimal drug combination containing erlotinib, RAPTA-C and BEZ-235 was
identified. It allowed for dose reductions of 5-, 11-, and 6-fold, respectively, as compared
to the equivalent single drug doses efficiencies. Interestingly, enhanced EC specificity
was observed for the combinations when compared to the individual compounds. This is
another indication that the parallel blocking of multiple angiogenesis pathways can result
in synergism for the angiostatic outcome. Simultaneous targeting of different signaling
pathways may limit the probability of cells to develop acquired resistance (14).

The migration-based optimization screen failed to reach effective combinations
(Supplementary Fig. S3B). This may suggest that proliferation is more dominant in
the process of angiogenesis than cell migration, which was also proposed by others (48).
The same may also be reflected by clinical trials, where proliferation inhibitors (such as
sunitinib and BEZ-235) were more successful than migration inhibitors (the o B, inhibitor
cilengitide (49) and the a.B, antibody voloxicimab (50)).

The optimal drug mixture inhibited tumor growth by approximately 80%, most likely
by an inhibitory effect on angiogenesis. Although the detailed mechanism of combination
therapy still needs to be understood, the induction of apoptosis as well as the inhibition
of tip cells show part of the effector mechanism. Targeting of tip cells may be another
attractive strategy as these cells are indispensable for sprouting angiogenesis. The results
provide a promising option for future clinical anti-angiogenic applications.

One might expect that the differences in pharmacokinetics between the components
of the drug mixture may interfere with obtaining good results in vivo. Our results imply
that (i) the best drug combinations found show smooth response surfaces (Fig. 2C, i.e.
moderate changes in drug ratios do not significantly change the output), (ii) response
surfaces, giving a mathematical description of the magnitude of the interaction for all
drug pairs, confirmed in vivo treatment outcome (compare Fig. 2C and Fig. 5A), and (iii)
EC viability observed in vitro seems to be a relatively good parameter for translation to
vascular density reduction and tumor growth inhibition in vivo.

The current study shows that FSC applied in vitro can be used for the fast and reliable
identification of potent, low-dose angiostatic drug combinations in vivo. It is likely that
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combining the optimal anti-angiogenic compounds with other treatment strategies may
lead to even better cancer treatment outcomes. The impact of the method also lies in
the fact that it can be applied, e.g. for finding drug mixtures directly targeting tumor
cells. In conclusion, designing effective, synergistic and specific multi-component drug
combinations may become a key approach in developing new therapies for cancer and
other diseases.
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ABSTRACT

Background

Crenolanib is a tyrosine kinase inhibitor targeting PDGFR-a, PDGFR-B and Fms related
tyrosine kinase-3 (FLT3) that is currently evaluated in several clinical trials. Although
platelet-derived growth factor receptor (PDGFR) signaling pathway is believed to play
an important role in angiogenesis and maintenance of functional vasculature, we here
demonstrate a direct angiostatic activity of crenolanib independently of PDGFR signaling.

Methods

The activity of crenolanib on cell viability, migration, sprouting, apoptosis and mitosis was
assessed in endothelial cells, tumor cells and fibroblasts. Alterations in cell morphology
were determined by immunofluorescence experiments. Flow-cytometry analysis and
mRNA expression profiles were used to investigate cell differentiation. In vivo efficacy
was investigated in human carcinoma implanted on the chicken chorioallantoic
membrane (CAM).

Results

Crenolanib was found to inhibit endothelial cell viability, migration, sprout length, and
to induce apoptosis independently of PDGFR expression. Treated cells had altered actin
arrangement and nuclear aberrations. Mitosis was affected at several levels including
mitosis entry and centrosome clustering. Crenolanib suppressed human ovarian carcinoma
growth and angiogenesis in the CAM model.

Conclusions

The PDGFR/FLT3 inhibitor crenolanib targets angiogenesis and inhibits tumor growth
in vivo unrelated to PDGFR expression. Based on our findings, we suggest a broad
mechanism of action of crenolanib.

Published in Br J Cancer



BACKGROUND

Targeting angiogenesis currently is a well-established approach in cancer therapy. Key
players in the process of angiogenesis include vascular endothelial growth factor receptor
(VEGFR)-, fibroblast growth factor receptor (FGFR)- and TIE2 receptor signaling (51).
The role of platelet-derived growth factor receptor (PDGFR) signaling in angiogenesis is
not fully defined although it has been reported to contribute to angiogenesis and other
mechanisms including cell growth, differentiation and migration (52, 53). Studies on
the effects of PDGFR signaling on angiogenesis in both in vivo and in vitro models, as well
as its contribution to the recruitment of pericytes in tumors (54), suggest an important
role in the development and maintenance of functional vasculature (55).

In order to improve anti-angiogenic therapy it is important to identify drugs that target
angiogenesis. For instance, combination of specific drugs that target angiogenesis via non-
parallel pathways may increase clinical efficacy (56). Furthermore, detailed knowledge of
the mechanism of action and identification of cell types that are affected by specific drugs
can help design more effective treatment approaches. Although most tyrosine kinase
inhibitors (TKIs) have been developed to target either one or a small number of signaling
pathways it is becoming more clear that such drugs have a significant amount of off-
target interactions (57). This may result in unexpected efficacy in less obvious tumor types
on the one hand and insight in mechanisms of drug toxicities on the other hand.

Crenolanib was designed as a specific and selective PDGFR inhibitor (58), though
more recently it was shown to also target FLT3 (59). It was first clinically tested in a phase |
dose escalation study in patients with advanced solid tumors in 2009 and was considered
safe and well tolerated (58). Currently, the efficacy of crenolanib is being evaluated
in clinical trials for several indications including gliomas with PDGFR-a amplifications
(NCT02626364), esophageal cancer (NCT03193918), relapsed/refractory FLT3 mutated-
positive acute myeloid leukemia (AML; NCT02298166) and gastrointestinal stromal
tumors (GIST; NCT02847429).

Given the proposed importance of PDGF(R) in vascular homeostasis, in this study, we
set out to investigate the effects of crenolanib on endothelial cells (EC) in comparison to
tumor cells and fibroblasts. We show that crenolanib strongly affects EC migration and
sprout length, partly by differentially affecting endothelial tip cells. In addition, crenolanib
affects mitosis and induced apoptosis. /n silico approaches provided supporting evidence
for these alternative pathways that crenolanib may act on to induce these effects. We
further show that crenolanib inhibits pericyte recruitment that hampers formation of
capillary like networks. In vivo, this resulted in inhibited tumor growth, accompanied by
a significant reduction in microvessel density (MVD).
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MATERIALS AND METHODS

Compounds

Crenolanib was purchased from Selleck Chemicals (Houston, Texas, USA) and was
dissolved in sterile DMSO at a concentration of 10 mg/ml. Aliquots were stored in -80°C
and thawed prior to each experiment. The maximum DMSO percentage was 0.1% and
showed negligible activity in the performed assays and was used as control (CTRL).

Cells

Immortalized human vascular endothelial cells (ECRF24) were cultured in flasks coated with
0.2% gelatin and grown in medium containing 50% DMEM and 50% RPMI-1640 (Life
Technologies, Carlsbad, CA, USA), supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin (Life Technologies). Human ovarian carcinoma cells (A2780)
and Human Dermal Fibroblasts adult (HDFa) were cultured in DMEM supplemented as
described above. Human umbilical vein endothelial cells (HUVEC) were harvested from
umbilical cords and cultured in RPMI-1640 medium supplemented with 10% human
serum, 10% FBS, 1% penicillin/streptomycin and 2 mM L-glutamine (60).

Cell viability and endothelial cell sprouting assay

For cell viability experiments, cells were seeded in 96-well cell culture plates at a density
of 5 x 10° cells/well (HUVEC) or 10 x 103 cells/well (ECRF24 and A2780) and grown for 24
hours (61). After the administration of test compounds, cells were allowed to grow for
72 hours. After that cell viability was assessed with the CellTiter-Glo luminescence assay
(Promega, Madison, WI, USA). Cell response to drug treatment was determined based on
normalizing the luminescence signal in the treated wells as compared to controls.

For the 2D sprouting assay, HUVEC were mixed in methylcellulose containing medium
(70% RPMI, 20% Methocel™/RPMI-1640 (Sigma-Aldrich, St. Louis, MO, USA) and 10%
human serum).'? Drops of 1000 cells in 25 pl were deposited on the lid of a petri dish,
which was then flipped to allow spheroid formation in hanging drops, and incubated
overnight. After 24 hours, a collagen gel mixture was prepared using PureCol® (Sigma),
0.2M NaOH and M199 medium (Sigma), new-born calf serum (NBCS), heparin and bFGF
(50ng/ml;). Spheroids were collected by flushing the lid with PBS, spun (400g for 5'),
gently mixed with the collagen gel solution and placed in pre-warmed Ibidi (Martinsreid,
Germany) culture slides. Images of spheroids were taken after overnight incubation using
a Leica DMI3000 microscope (Leica, Rijswijk, Netherlands). Image-based quantification
was preformed using ImageJ software (62).

Cell migration assay

ECRF24 (30 x 103 cells/well) or HUVEC (15 x 103 cells/well) were seeded in 96-well cell
culture plates and grown overnight to confluence. A uniform scratch was made using
a sterile scratch tool (Peira Scientific Instruments, Beerse, Belgium) and treatment was



administered immediately after. The wells were imaged using a Leica DMI3000 microscope
(Leica) at x5 magnification using Universal Grab 6.3 software (DClLabs, Keerbergen,
Belgium). Imaging was performed immediately (T=0) and 6 hours (T=6) after scratching.
The size of the scratch was automatically quantified and analyzed using Scratch Assay 6.2
(DClLabs) by calculating the absolute wound closure (initial minus final scratch surface)
and values were presented as the percentage normalized to the CTRL (0.1% DMSO in
cell culture medium).

Endothelial-Pericyte co-culture network formation assay

Adherent HUVEC and primary pericytes were labeled with 1 pM CellTracker Orange
CMRA548 (Thermo Fisher Scientific, Waltham, MA, USA) and 1 uM CellTracker Green
CMFDA488 (Thermo Fisher Scientific) dyes, respectively, in serum-free M199 medium
for 30 minutes at 37°C. When premixed with growth factor-reduced Matrigel (Corning,
New York, NY, USA) both HUVEC and pericytes were then harvested by trypsinization
and counted. 2.5 x 10® HUVEC and 5 x 103 pericytes were added to the polymerized
Matrigel in each well, and cultured in complete M199 for up to 10 hours. The co-cultures
were analyzed by live-cell time-lapse imaging using Nikon A1R confocal microscope (see
Supplementary Methods).

Flow cytometry

Analysis of cellular DNA content using propidium iodide was performed using flow
cytometry (63). Cells were seeded at 20-40 x 103 cells/well and incubated for 24 hours.
Medium with or without or crenolanib was applied and cells were incubated for an
additional 72 hours. Cells were harvested by trypsinization and fixated in 70% ethanol
for 2 hours at -20°C. Cell pellets were then resuspended in DNA extraction buffer (90
parts 0.05 M Na,HPO,, 10 parts 0.025 M citric acid, 1 part 10% Triton-X100, pH 7.4) and
incubated for 20 min at 37°C. Propidium iodide (PI, 20 pg/ml) was added and cells were
analyzed with a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).
DNA content was quantified with CellQuest Pro software (BD Biosciences).

Mitosis live-cell imaging

To visualize the effect of crenolanib on mitosis, live-cell imaging was performed for 24
hours at 37°C on a Ti widefield microscope (Nikon) equipped with an environmental
chamber (5% CO,) using a 60x 1.3 NA oil objective, a Cy5 filter, a CoolSNAP HQ camera
(Roper Scientific, Vianen, Netherlands) at a sampling rate of 3 min, recording at each
time point 9 z-stacks separated by 2 ym. ECRF24 were maintained as described above.
HUVECs were maintained in M199 medium (Thermo Fisher Scientific) supplemented with
10% fetal calf serum (FCS), 1% penicillin/streptomycin (Thermo Fisher Scientific), 1%
endothelial cell growth supplement (Millipore), 0.1 mg/mL heparin sodium salt (Sigma),
0.1 uM hydrocortisone (Sigma), and 10 pg/mL L-ascorbic acid (Sigma). The day before,
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the cells were seeded in an Ibidi y-Slide 8 Well culture plate (Vitaris, Baar, Switzerland). 4
hours prior to the start of imaging, 50 nM SiR-Tubulin (SpiroChrome AG, Switzerland) was
added on the cells to stain microtubules in addition with 10 uM Verapamil (SpiroChrome
AG, Stein am Rein, Switzerland) to keep the dye inside the cells. Neither treatment affected
mitosis, nor the efficacy of crenolanib. Crenolanib was added just before the start of
image acquisition. Time-lapse movies were analyzed using NIS Elements AR Software.

Immunofluorescence
In ECRF24, HUVEC, A2780 and HDFa F-actin and cell nuclei were visualized by
a combination of phalloidin-Alexa488 (A12379, Invitrogen) and DAPI (D9542,
Sigma). Separately, HUVEC were stained for VE-cadherin and DAPI (detailed in
Supplementary Material).

Human ovarian carcinoma grown and photodynamic therapy (PDT) on
the chicken chorioallantoic membrane (CAM)

Fertilized chicken eggs were incubated in a hatching incubator (relative humidity 65%,
37°C). On embryo development day (EDD) 8, 25 ulL hanging drops containing 106 A2780
cells in 20% Methocel™ (Sigma) and 80% serum free RPMI-1640 medium were prepared.
3 hours later the spheroids were transplanted onto the surface of the CAM (63, 64).
Vascularized three-dimensional tumors were visible and eggs were randomized on EDD
11. Crenolanib, freshly dissolved in 0.9% NaCl, was administered on EDD 11 and 12
(referred to as treatment day 1 and 2) in 100 pl i.v. injections. The injected doses (52
ug/kg/day and 260 pg/kg/day) were adjusted to the normalized embryo weight at EDD
11 and 12. Control tumors were treated with vehicle (0.1% DMSO in 0.9% NaCl).
Tumors were monitored daily for 8 days and tumor size was calculated with the formula:
volume = [large diameter] x [perpendicular diameter]? x 0.52. At the last experiment
day, embryos were sacrificed and weighed. Tumors were resected and fixed in zinc-
fixative for additional analysis. /n vivo angiogenic sprouting on the CAM was induced
by photodynamic therapy (PDT) as and visualised on EDD11 (65). Directly after PDT,
20 ul crenolanib at a dose of 25 uM (corresponding to 63.5 pg/kg) was administered
intravenously. Fluorescence images were taken 24 hours later using a pco.1300 12-bit
CCD camera (Gloor Instruments AG, Usler, Switzerland) run by Micro-Manager 1.4 (NIH,
Bethesda, MD, USA) (63, 66).

Immunohistochemistry

Immunohistochemical staining of A2780 CAM tumors was performed to detect blood
vessels (CD31) and proliferating cells (Ki67; Supplementary Methods). Microvessel density
(MVD; number of CD31+ structures per microscopic field) and the frequency of Ki67
positive cells in CAM tumors was assessed by Image) quantification of representative
images (20x objective) using the color deconvolution plugin, as previously described (67).



In silico analysis of crenolanib target proteins

Crenolanib target proteins were retrieved from proteomicsDB (www.proteomicsdb.org),
an online repository on the human proteome. Using the ‘Analytics Toolbox’ function,
dose-dependent protein-drug interactions can be mined. We used a concentration of
5 puM crenolanib to search for target proteins, and proteins reported with an effective
inhibition of > 50% with this concentration of crenolanib were subsequently included for
further analysis. More details are provided in Supplementary Methods.

Statistics and data correction

The data are presented as the mean of multiple independent experiments (£ SEM). In
the MVD analysis, statistical outliers were removed from the dataset using the modified
thompson Tau test. Statistical significance was determined using the one-way or two-way
ANOVA test with post-hoc Dunnett’s multiple comparison test or an unpaired t-test
(Graphpad Prism). * P values lower than 0.05 and ** P lower than 0.01 were considered
statistically significant and are indicated versus the control in unless noted otherwise.

RESULTS

Crenolanib inhibits cell viability, cell migration and sprouting in vitro
The activity of crenolanib was investigated in immortalized human endothelial cells
(ECRF24), freshly isolated primary human umbilical vein endothelial cells (HUVEC),
human A2780 ovarian carcinoma cells and adult human dermal fibroblasts (HDFa). Cell
viability was dose-dependently and significantly (ECRF24 2 - 10 yM; HUVEC 7.5 - 10
UM and A2780 5 - 10 uM) inhibited in ECRF24, HUVEC and A2780 cells after exposure
to crenolanib for 72 hours, with comparable IC, values (i.e. 5.1 uM for A2780, 4.6 uM
for ECRF24 and 8.4 uM for HUVEC, Fig. 1A). In contrast, crenolanib did not affect HDFa
cell viability.

Cell migration, evaluated using the wound-healing assay, was significantly and dose-
dependently inhibited in ECRF24, HUVEC and HDFa (Fig. 1B). Interestingly, crenolanib
administered at lower doses (0.5 — 2 uM) tended to stimulate (not significantly) rather
than inhibit EC migration, particularly in HUVEC (Fig. 1B). Of note, the inability of A2780
cells to form confluent monolayers precluded us to investigate this trait in these cells.
Furthermore, we confirmed absence of viability inhibition during the time frame of
the assay, indicating that a direct effect on cell migration was found (data no shown).

Strikingly, when we addressed the expression of the main targets of crenolanib, i.e.
PDGFR-a and PDGFR-B, we noted that their expression was almost undetectable in
A2780, ECRF24 and HUVEC (Fig. 1C and Suppl. Fig. 1), whereas HDFa showed marked
expression. This seemingly counterintuitive observation urged us to further investigate
the mode of action of crenolanib in these different cells.

In the next step, the effect of crenolanib was investigated in a collagen-based three-
dimensional endothelial cell sprouting model (Fig. 1D). Average sprout length and total
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Figure 1. Activity of crenolanib on cell viability, migration and sprouting. (A) Cell viability dose
response curves of crenolanib in endothelial cells (immortalized ECRF24 and primary human umbilical
vein endothelial cells (HUVEC), ovarian cancer cells (A2780) and adult human dermal fibroblasts
(HDFa). Cell viability was assessed after 72 hours of exposure to crenolanib and represented as
a percentage of untreated controls. Significance is indicated versus untreated cells. (B) Endothelial
cell migration in response to crenolanib. Cell migration was assessed after 6 hours drug treatment
using a scratch assay. (C) PDGFR-a and -P expression in ECRF24, HUVEC, A2780 and HDFa
determined by qPCR. (D) Activity of crenolanib on HUVEC sprouting. The number of sprouts and
the average sprout length were quantified. (E) Representative images of HUVEC (green) and human
pericyte (red) co-cultures. Co-cultures were established in 3D Matrigel matrices and allowed to
randomly co-assemble over 10 hours in the presence of DMSO or crenolanib (5 pM) at 0, 2.5, 5
and 10 hours. Scale bars represent 200 um. (F) Quantification of the network length of capillary-
like structures in HUVEC alone, pericyte alone and HUVEC/pericyte co-culture in the presence or
absence of crenolanib (5 uM) at 10 hours. All values shown are presented as percentage of the CTRL
and represent the mean of at least two experiments performed in triplicate. Cells treated with 0.1%
DMSO were used as a control (CTRL). Error bars indicate SEM. Significance (*P < 0.05, **P < 0.01)
is indicated as compared to control.



sprout length were decreased dose-dependently by crenolanib, whereas the number of
sprouts was only minimally affected and decreased only at a dose of 2 UM (16+2.7%
as compared to CRTL). These results suggest that a reduced sprout length is due to
inhibition of endothelial cell proliferation and sprout elongation. To further investigate
this, we analyzed the effect of crenolanib on the percentage of tip cells by flow cytometry
using CD34 as a marker in HUVEC (30, 68). Crenolanib administered at 5 uM for 72 hours
resulted in a significant increase in the number of CD34+tip cells (Suppl. Fig. 2A). Next,
to assess whether crenolanib acts differentially on CD34+* tip cells versus non-tip cells, we
immunolabeled cells with antibodies for Annexin-V (for apoptotic cells) and CD34 (for
tip cells) and analyzed the cells by FACS. No differences were found in the percentage of
apoptotic cells between CD34+ and CD34 cells (Suppl. Fig. 2B).

To investigate further the anti-angiogenic mechanism of action of crenolanib, gPCR
analysis was performed in HUVEC after crenolanib treatment (Suppl. Fig. 2C). A panel of
tip cell genes was included in the analysis to test if crenolanib stimulates the expression
of genes corresponding to the observed increase in tip cells. This panel included CD34,
vascular endothelial cell growth factor receptors (VEGFR2-3), the endothelial cell Notch
ligand DIl4, angiopoietin 2 (ANGPT2), CXC chemokine receptor 4 (CXCR4), netrin
receptor UNC5B and insulin like growth factor 2 (IGF2) (68). Administration of crenolanib
at 5 pM in HUVEC resulted in an increase in mRNA levels of 3 out of 8 tip cell specific
genes, including CD34 mRNA. This indicates that the effect of crenolanib may not be tip
cell specific. Expression of VEGFR2 and is significantly decreased as a result of crenolanib
treatment, whereas VEGFR3 mRNA levels are not affected.

Crenolanib regulates pericyte recruitment in vitro and affects cell
morphology

In angiogenesis, endothelial cells of newly formed blood vessels produce PDGF to
attract pericytes, a process that results in vessel stabilization and maturation (69). In
order to assess the role of crenolanib in pericyte recruitment, an in vitro endothelial-
pericyte co-culture assay was applied to mimic pericyte recruitment and attachment
to endothelial cells in vivo (70, 71). Human pericytes (labeled with red cell tracker) were
cultured with or without HUVEC (labeled with green cell tracker) on Matrigel (Fig. 1F
and Suppl. Fig. 3). During a 10-hour incubation, HUVEC alone aligned to form capillary-
like cords in the control condition while they did not efficiently align in the presence of
crenolanib (5 uM) (Suppl. Fig. 3A and Suppl. Videos 1, 2). Pericytes alone were not able
to align to form capillary-like cords in either control or crenolanib conditions (Suppl. Fig.
3B and Suppl. Videos 3, 4). Time-lapse imaging of capillary-like assembly revealed that
after 10 hours of co-culture, pericytes were tightly associated with endothelial cells in
the control conditions (Fig. 1E and Suppl. Video 5). Strikingly, pericytes that were co-
cultured with HUVEC in the presence of crenolanib did not closely associate and extended
away from the cords in certain regions (Fig. 1E and Suppl. Video 6). Measurement of
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the length of the capillary-like networks confirmed the observed differences between
cultures of HUVEC and/or pericytes in the presence or absence of crenolanib (Fig. 1F.)

To further investigate the cellular morphology and integrity in response to crenolanib
treatment, ECRF24, HUVEC, A2780 and HDFa were stained for F-actin (phalloidin) and
DNA (DAPI; Suppl. Fig. 4A). The actin cytoskeleton consists of a membrane supporting
component, a cortical actin rim and actomyosin based stress fibers (72). In non-treated
cells, especially in ECRF24 and HUVEC, the stress fibres and cortical rim can clearly be
observed. Treatment with crenolanib 5 puM results in cell border retraction and gap
formation. In all cell lines, treatment with increasing crenolanib dose led to the formation
of micronuclei which may be indicative of genomic instability and chromosomal damage
(Fig. 2A) (73). In addition, undivided cell nucleus doublets can be observed that may
imply a halt in cell division and thus cell proliferation (Fig. 2A). Quantification revealed
a significant increase of the total number of micronuclei and undivided cell nucleus
doublets (Fig. 2B and 2C). Interestingly, this result was most profound in A2780 cells.

Next, HUVEC were also stained for the adherens junction molecule VE-cadherin
(VE-cad) and DNA (DAPI). Treatment with crenolanib resulted in a decrease of adherens
junctions that have a ruffled appearance and formation of intercellular gaps (indicated
by white arrowheads; Suppl. Fig. 4B) in accordance to the activity observed in F-actin
staining that suggests cell traction (Suppl. Fig. 4A).

Crenolanib induces apoptosis in both endothelial and ovarian cancer
cells before mitotic entry

To study the mechanism of crenolanib-induced suppression of cell viability in EC and
ovarian cancer cells, DNA profiles of crenolanib treated cells were assessed by flow
cytometry analysis of sub-diploid cells, after staining with propidium iodide (PI). Sunitinib
(10 uM) was used as a positive control in these assays (61). Crenolanib induced apoptosis
in ECRF24, HUVEC and A2780 (Fig. 2D-E and Suppl. Fig. 5). Ovarian cancer cells were
more sensitive to apoptosis induction by crenolanib than EC.

To investigate in more detail how crenolanib affects cell proliferation and induces
apoptosis in endothelial cells, we performed live-cell imaging of ECRF24 and HUVEC cells
treated with increasing doses of crenolanib. To monitor mitotic events in particular, and
the behaviour of the mitotic spindle, cells were stained with the live-cell dye SiR-tubulin
that stains microtubules (74). Our analysis revealed that crenolanib affected the cell cycle
and mitosis at several levels. First, crenolanib prevented mitotic entry, as with increasing
doses a smaller percentage of ECRF24 and HUVEC entered mitosis over the period of 24
hours (Fig. 3A). In particular, at 5 uM crenolanib, mitotic entry was completely blocked in
both cell types. Second, crenolanib significantly increased the duration between mitotic
entry and mitotic exit (mitotic timing) in both cell types (Fig. 3B-C). Since mitotic timing is
mostly determined by the ability of cells to attach all chromosomes on kinetochores and
satisfy the spindle assembly checkpoint (75), this implied that crenolanib partially impairs
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chromosome attachment by the mitotic spindle. Third, crenolanib has been previously
reported to prevent the clustering of spindle poles (centrosome clustering) in cancer cells
in the presence of multipolar spindles (76). Consistent with this study, 2 uM crenolanib
prevented centrosome clustering in ECRF24 cells, as we observed an increased percentage
of mitotic cells with multipolar spindles; HUVEC cells had much fewer multipolar spindles
to start with and we did not see a significant increase after crenolanib treatment (Fig.
3D). Finally, despite these mitotic defects, we observed that crenolanib induced cell death
mostly independently of mitosis, as the occurrence of cell death did not correlate with
any mitotic outcome. In particular, 5 pM crenolanib induced massive cell death in ECRF24
cells (O uM = 4.5% = 2.0 vs. 5 uM = 46.5% = 15.6%) despite the absence of mitosis
(Fig. 3A). We further note that in this assay, HUVEC cells appeared to be less sensitive to
crenolanib induced cell-death (Fig. 3A).

Taken together, we show that crenolanib induces apoptosis at increasing dose levels.
Furthermore, despite partial impairment of mitotic progression, crenolanib mostly affects
ECRF24 and HUVEC cells before cell division by preventing mitotic entry and inducing
a cell division-independent cell death.

Crenolanib inhibits tumor growth, microvessel density and vascular
sprouting in the CAM model

Finally, the vascular and anti-tumor activity of crenolanib was investigated in the CAM
model. First, the activity of crenolanib was assessed on human A2780 ovarian carcinoma
grown on the CAM. Crenolanib treatment was performed once daily for two days
(EDD11-12) at doses of 52 pg/kg/day and 260 pg/kg/day (corresponding to 5 pM and
25 puM of crenolanib in 100 pL saline, respectively). Daily injections were performed
mimicking the clinical use of crenolanib considering its short in vivo half-life of 8 hours
(77). A 2-day treatment of i.v. administration of crenolanib resulted in significant tumor
growth inhibition up to 57.4+9.4% (260 pg/kg/day; Fig. 4A-B).

During tumor growth of A2780 ovarian carcinoma on the CAM, the endothelial MRNA
levels of PDGFR-ac and B were considerably increased (Suppl. Fig. 6), consistent with
on-going angiogenesis. To investigate the effect of crenolanib treatment on the tumor
vasculature, microvessel density (MVD) was quantified by staining for the endothelial cell
marker CD31 in tumor sections (Fig. 4E). Administration of crenolanib (260 pg/kg/day)
resulted in a significant decrease in MVD up to 55.6+7.0%. Additionally, tumor sections
were also stained for the proliferation marker Ki67. Quantification revealed a significant
decrease in the amount of Ki67 positive cell nuclei in crenolanib (260 pg/kg/day) treated
tumors (Fig. 4F).

Next, in vivo vascular sprouting was assessed following vaso-occlusive Visudyne™-
photodynamic therapy (PDT) (65). Application of PDT to the CAM vasculature leads to
occlusion of blood vessels, which subsequently induces an angiogenic switch leading
to the revascularization of the treated CAM areas.' The administration of crenolanib
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Figure 4. Crenolanib inhibits A2780 tumor growth and PDT-induced sprouting in the CAM model.
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directly after PDT on EDD11 resulted in a decrease of the average sprout length, but not
the number of sprouts, 24 hours after PDT as compared to the control (Fig. 4G). Strikingly,
this result strongly resembles the effect of crenolanib seen in EC sprouting in vitro where
the number of sprouts was not affected in contrast to the average sprout length (Fig. 1C).
In summary, crenolanib inhibits tumor growth in a dose dependent manner, which, at
least in part, is caused by MVD inhibition. Furthermore, a decrease in the length of vascular
sprouts is observed while the number of sprouts is not affected. These results in the CAM
model confirm the strong anti-angiogenic activity observed in previous experiments.

In silico analysis of alternative mechanism of action of crenolanib

In order to explain the observed phenotypic effects of crenolanib in cells that do not
express the target receptors, we mined ProteomicsDB repository for additional protein
targets of crenolanib. Using a drug concentration of 5uM and an effective inhibition
score of >50%, 63 proteins were retrieved. Pathway enrichment analysis of these proteins
clearly demonstrate their involvement in cell division organization (Fig. 5A and Suppl.
Fig 7). Furthermore, protein interaction analysis using STRING identifies tight clustering
and multi-level interactions between cell cycle related proteins, whereas the main targets
of crenolanib (i.e. PDGFR-B and FLT3) are present in an unconnected cluster (Fig. 5B). As
such, these data support and explain our observations on the predominant effects on
mitosis and apoptosis by crenolanib.

DISCUSSION

Angiogenesis inhibition is currently a widely used treatment strategy for patients with
cancer. Although many angiogenesis-targeted drugs are currently limited in their ability
to prolong overall patient survival, many novel therapeutic targets and combination-
based strategies are being developed with the aim of improving angiogenesis suppression
and overcoming limitations associated with angiogenesis inhibition, such as toxicity and
resistance (78, 79).

The results presented in this study show that crenolanib exerts strong anti-angiogenic
activity in both in vitro and in vivo angiogenesis models, as well as direct anti-cancer
activity. Analysis of PDGFR expression in the included cell lines (ECRF24, HUVEC, A2780)
revealed that PDGFR expression barely exceeded detection levels as compared to positive
control cell line HDFa. Thus, crenolanib appears to act on both endothelial cells and
cancer cells independent of PDGFR expression. It should be noted that crenolanib is a type
I inhibitor which means the drug only acts on active receptor conformations (i.e. binding
of PDGF to its receptor). Consequently, PDGF ligand must be present for crenolanib
to exert its effect. In our assays however we did not evaluate conditions with excess
PDGF ligand.

Since the activity of crenolanib cannot be explained as a result of PDGFR receptor
targeting in EC, it is likely that there are other mechanisms at play that account for
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Figure 5. In silico analysis of crenolanib target proteins. Crenolanib target proteins with an
effective inhibition (E1%) of >50% with 5uM crenolanib were retrieved from proteomicsDB (https://
www.proteomicsdb.org) and subject to network analysis via STRING (A) and enrichment analysis
using DAVID (B) as described in materials and methods. (A) Protein-protein interaction data from
STRING were visualized in Cytoscape where the node colors reflect the EI% and the thickness of
the edges indicate confidence levels of the interaction. (B) Enrichment of functional clusters for
the Reactome database.
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the activity of crenolanib. First, we showed that crenolanib reduces cell viability and cell
migration of HUVEC and ECRF24 cells in a dose-dependent manner (Fig. 1A and 1B).
Studying the effect of crenolanib on HUVEC sprouting in a 3D collagen-based model
revealed that only the sprout length was affected and not the number of sprouts (Fig.
1D). This was confirmed by analysis of vascular sprouting in the CAM model after PDT
induced angiogenesis (Fig. 4G). In our previous work we have demonstrated that the PDT
CAM angiogenesis is much more sensitive (10-fold as compared to the angiogenesis
inhibitors used in the cited study) than the developmental CAM model and resembles
better the tumor microenvironment (65).

The observation that EC viability, migration and sprout length, but not sprout
initiation was inhibited prompted us to study variable activity of crenolanib on different
EC phenotypes. Specifically, ECs can differentiate into tip cells and non-tip cells (mainly
existing of stalk cells, but also phalanx cells and quiescent cells). The EC tip cell phenotype
is characterized by long filopodia and migratory activity whereas the stalk cell phenotype
is characterized by proliferative activity and sprout stabilization (80). Thus, the strong
anti-proliferative effect of crenolanib may be primarily due to activity on the proliferative
stalk cells, accounting for a significant decrease in sprout length without a reduction in
the overall number of sprouts (30).

Studying cellmorphology in response to crenolanib revealed that crenolanib significantly
affects the actin cytoskeleton resulting in cell contraction and ultimately gap formation
(Suppl. Fig. 4A). Staining for adherens junction molecule VE-cadherin revealed a decrease
and loosening of adherens junctions which may contribute to the observed gap formation
(Suppl. Fig. 4B). Both a loss of adherens junctions and actin cytoskeleton structure may
lead to increased vascular permeability (81). Furthermore, after visualization of cell
nuclei with DAPI we observed the appearance of micronuclei and undivided doublets.
The appearance of micronuclei may be indicative of genomic instability, chromosomal
damage and apoptosis (Fig. 2B-C) (73). We described this phenomenon previously as
a result of an angiostatic combination therapy (82).

Due to the observation of micronuclei and undivided doublets we hypothesized that
crenolanib may halt or affect mitosis. Crenolanib was found to increase mitotic timing
in ECRF24 and HUVEC and to prevent centrosome clustering in ECRF24 cells (Fig. 3).
Crenolanib was previously described to prevent centrosome clustering in cancer cells
but this has not been described for other cell types (76). The authors demonstrated
that crenolanib induced ‘activation of the actin-severing protein cofillin, leading to
destabilization of the cortical actin network’ and found that this activity was unrelated to
PDGFR-P expression (76). Nevertheless, here we find that crenolanib mostly affected cell
viability and cell proliferation of endothelial cells before or independently of cell division,
as we observed a dose-dependent block in mitotic entry, and an increase in apoptosis
independent of mitotic events.
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To further assess the mechanism of action of crenolanib we searched for crenolanib
target proteins in an online proteomics database and found a total of 63 proteins (Suppl.
Table 1) that were reported to have an effective inhibition of >50% by 5 uM of crenolanib.
Subsequent gene ontology analysis showed considerable enrichment for cell cycle and cell
division related proteins, in line with the results presented here (Fig. 5B and Suppl. Fig.
7). Various proteins of the Hippo pathway were also identified as targets of crenolanib.
Together, these data point to a more complex mechanism of action of crenolanib that is
not only mediated by inhibition of PDGFR and FLT3, but which is also heavily relying on
disruption of normal cellular proliferation.

The anti-angiogenic activity of crenolanib observed in various in vitro assays described
here was confirmed in vivo in tumors grown on the CAM. Here we report that crenolanib
inhibits tumor growth at doses of 52 pg/kg/day and 260 pg/kg/day (Fig. 4A-B). Tumor
growth inhibition was found to correlate to a decrease in MVD based on CD31 staining
(Fig. 4E) and to a decrease in the density of proliferating cells, assessed by quantification
of Ki67 staining (Fig. 4F).

In summary, we present a thorough analysis of the anti-angiogenic activity of
the crenolanib. Since the effects of crenolanib presented in this study appear unrelated to
PDGFR expression, we propose several other mechanisms that account for the observed
activity. Based on our findings, we propose crenolanib for further investigations in other
solid tumor types and application against solid cancers in clinical studies.
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ABSTRACT

Angiogenesis involves the formation of new blood vessels by sprouting or splitting of
existing blood vessels. During sprouting, a highly motile type of endothelial cell, called
the tip cell, migrates from the blood vessels followed by stalk cells, an endothelial cell
type that forms the body of the sprout. To get more insight into how tip cells contribute
to angiogenesis, we extended an existing computational model of vascular network
formation based on the cellular Potts model with tip and stalk differentiation, without
making a priori assumptions about the differences between tip cells and stalk cells. To
predict potential differences, we looked for parameter values that make tip cells (a) move to
the sprout tip, and (b) change the morphology of the angiogenic networks. The screening
predicted that if tip cells respond less effectively to an endothelial chemoattractant
than stalk cells, they move to the tips of the sprouts, which impacts the morphology of
the networks. A comparison of this model prediction with genes expressed differentially
in tip and stalk cells revealed that the endothelial chemoattractant Apelin and its receptor
APJ may match the model prediction. To test the model prediction we inhibited Apelin
signaling in our model and in an in vitro model of angiogenic sprouting, and found that
in both cases inhibition of Apelin or of its receptor APJ reduces sprouting. Based on
the prediction of the computational model, we propose that the differential expression
of Apelin and APJ yields a “self-generated” gradient mechanisms that accelerates
the extension of the sprout.

Published in Plos One



INTRODUCTION

Angiogenesis, the formation of new blood vessels from existing vessels, is important
in numerous mechanisms in health and disease, including wound healing and tumor
development. As a natural response to hypoxia, normal cells and tumor cells secrete
a range of growth factors, including vascular endothelial growth factors (VEGFs) and
fibroblast growth factors (FGFs). These activate quiescent endothelial cells to secrete
proteolytic enzymes, to migrate from the blood vessel and organize into an angiogenic
sprout. Angiogenic sprouts are led by tip cells, a highly migratory, polarized cell type that
extends numerous filopodia (1). Tip cells express high levels of the VEGF receptor VEGFR2
(1), Delta-like ligand 4 (Dll4) (2) and, in vitro, CD34 (3). The tip cells are followed by stalk
cells (1), a proliferative and less migratory type of endothelial cell, which expresses low
levels of DII4 (2) and, in vitro, have undetectable levels of CD34 (3).

The behavior of tip and stalk cells during angiogenic sprouting has been well
characterized in mouse retina models and in endothelial spheroids (4, 5). From a mechanistic
point of view, however, it is not well understood why two types of endothelial cells
are involved in angiogenesis. Experimental and computational lines of evidence suggest
that in absence of tip and stalk cell differentiation, endothelial cells can form blood-
vessel like structures, albeit with abnormal morphological parameters. In cell cultures,
endothelial cells organize into network-like structures, without obvious differentiation
into tip and stalk cells (6, 7), although the individual endothelial cells were found to vary
in other aspects of their behavior, e.g., their tendency to occupy the nodes of vascular
networks (8). Computational models have suggested a range of biologically-plausible
mechanisms, by which populations of identical endothelial cells can self-organize into
vascular network-like structures (9-15) and sprout-like structures can form in endothelial
spheroids (11, 12, 16). Experimental interference with tip and stalk cell differentiation
modifies, but does not stop the endothelial cells’ ability to form networks. In mouse
retinal vascular networks, inhibition of Notch signaling increases the number of tip cells
and produces denser and more branched vascular networks (17-19), while in gain-of-
function experiments of Notch the fraction of stalk cells is increased, producing less
extensive branching (17). In vitro, similar effects of altered Notch signaling are observed
(20-22). Taken together, these observations suggest that differentiation between tip and
stalk cells is not required for vascular network formation or angiogenic sprouting. Instead
they may fine-tune angiogenesis, e.g., by regulating the number of branch points in
vascular networks.

The exact mechanisms that regulate the differentiation of tip and stalk cell fate are
subject to debate. Activation of the VEGFR2 by VEGF-A, which is secreted by hypoxic
tissue, upregulates DIl4 expression (19, 23-25). DIl4 binds to its receptor Notch in
adjacent endothelial cells, where it induces the stalk cell phenotype (26), which includes
downregulation of Dll4. The resulting lateral inhibition mechanism, together with
increased VEGF signaling close to the sprout tip, may stimulate endothelial cells located
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at the sprout tip to differentiate into tip cells “in place”. Detailed fluorescent microscopy
of growing sprouts in vitro and in vivo shows that endothelial cells move along the sprout
and “compete” with one another for the tip position (4, 5). Endothelial cells expressing
a lower amount of VEGFR2, and therefore producing less DIl4, are less likely to take
the leading tip cell position, while cells that express less VEGFR1, which is a decoy receptor
for VEGFR2 (27, 28), are more likely to take the tip cell position (4). These results suggest
that the VEGF-DII4-Notch signaling loop is constantly re-evaluated and thereby tip cell
fate is continuously reassigned. A series of recent observations, however, support an
opposing view in which tip cells differentiate more stably. Tip cells express the sialomucin
CD34, making it possible to produce “tip cell” (CD34+) and “stalk cell” (CD34") cultures
using fluorescence-activated cell sorting (FACS) (3). CD34* cells have a significantly
lower proliferation rate than CD34 cultures during the first 48 hours, suggesting that
during this time they do not redifferentiate into stalk cells. In cultures of CD34-negative
endothelial cells (stalk cells), the wild-type ratio of tip and stalk cells reestablishes only
after around ten days. Thus within the time frame of in vitro vascular network formation
of around 24 to 48 hours (29) cross-differentiation between tip and stalk cells is relatively
rare. These data suggest that the differentiation between tip and stalk cells depends on
a balance between (a) lateral inhibition via the DIl4-Notch pathway (17-19, 30), and (b)
a stochastically “temporary stabilized” tip or stalk cell fate, potentially correlated with
CD34 expression (3).

To develop new hypotheses on the role of tip and stalk cell differentiation during
angiogenesis, we developed an explorative approach inspired by Long et al. (31) who used
a genetic algorithm to identify the transition rules between endothelial cell behaviors that
could best reproduce in vitro sprouting. Here we use a cell-based, computational model
of angiogenesis (11) that is based on the Cellular Potts model (CPM) (32, 33). We extend
the model with tip and stalk cell differentiation, and systematically vary the parameters
of the tip cells to search for properties that make the “tip cells” behave in a biologically
realistic manner: i.e., they should move to the sprout tip and affect the overall branching
morphology. We consider both a “pre-determined” model in which ECs are stably
differentiated into tip and stalk cells throughout the simulation time of the model, and
a "lateral inhibition” model, in which tip and stalk cells cross-differentiate rapidly via
Dll4-Notch signaling. We compare the tip cell properties that our model predicts with
differential gene expression data, and perform initial experimental tests for the resulting
gene candidate in vitro.

RESULTS

To develop new hypotheses on the role of tip cells during angiogenesis, we took
the following “agnostic” approach that combines bottom-up modeling, bioinformatical
analysis and experimental validation. We started from a previously published
computational model of de novo vasculogenesis and sprouting angiogenesis (11). Briefly,



the model simulates the formation of sprouts and vascular networks from a spheroid of
identical “endothelial cells”, driven by an autocrine, diffusive chemoattractant that drives
endothelial cells together (see Ref. (11) and methods section for details). In the first step,
we assumed that a fraction of the cells are “tip cells” (tip cell fraction) and the remaining
cells are “stalk cells”, hence assuming that cross-differentiation between tip and stalk
cells does not occur over the course of the simulation. We next systematically varied
the model parameters of the tip cells to look for cell behavior that (a) takes the tip cells
to the sprout tips, and (b) changes the morphology of the simulated vascular networks
formed in the model. The predicted differences between tip cell and stalk cell behavior
were then expressed in gene ontology terms, so as to compare them with published
gene expression differences between tip and stalk cells (3). The analysis yielded a gene
candidate that was further tested in an in vitro model of spheroid sprouting.

As a computational model for angiogenesis, we used our previous cell-based model
of de novo vasculogenesis and sprouting angiogenesis (11). The model assumes that
endothelial cells secrete an autocrine, diffusive chemoattractant to attract one another.
Due to the resulting attractive forces between the endothelial cells, the cells aggregate
into a spheroid-like configuration. If the chemoattractant sensitivity of the endothelial
cells is restricted to the interfaces between the endothelial cells and the surrounding
ECM by means of a contact inhibition mechanism, the spheroids sprout in microvascular-
network-like configurations. Although our group (12, 15, 34) and others (9, 10, 13, 35-37)
have suggested numerous plausible alternative mechanisms for de novo vasculogenesis
and sprouting, in absence of a definitive explanatory model of angiogenesis we have
selected the contact inhibition model for pragmatic reasons: It agrees reasonably well
with experimental observation (11, 38), it focuses on a chemotaxis mechanism amenable
to genetic analysis, and it has a proven applicability in studies of tumor angiogenesis (39),
age-related macular degeneration (40), and toxicology (41).

The computational model is based on a hybrid, cellular Potts and partial differential
equation model (32, 33, 42). The cellular Potts model (CPM) represents biological cells
as patches of connected lattice sites on a finite box Aof a regular 2D latticeZ A c Z?
with each lattice site X e A containing a cell identifier o € Z** that uniquely identifies
each cell. Each cell o is also associated with a cell type r(cr) IS {tip,stalk,ECM}. To mimic
amoeboid cell motility the method iteratively attempts to move the interfaces between
adjacent cells, depending on the amplitude of active membrane fluctuations (expressed
as a "“cellular temperature” (43) ,u(r)) and on a force balance of the active forces
the cells exert on their environment (e.g. due to chemotaxis or random motility) and
the reactive adhesive, cohesive and cellular compression forces. Assuming overdamped
motility, the CPM solves this force balance as a Hamiltonian energy minimization problem
(see Methods section for details).

The angiogenesis model includes the following endothelial cell properties and
behaviors: cell-cell and cell-matrix adhesion, volume conservation, cell elasticity, and
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chemotaxis at cell-ECM interfaces. To describe cell-cell adhesion we define a contact
energy J(7,7") that represents the interfacial tension between cells of type 7 and 7’
. This term lumps contributions due to cell-cell adhesion (44) and cortical tensions (45).
We assume that cells resist compression and expansion by defining a resting area A(z).
In practice the cells fluctuate slightly around their resting area depending on the elasticity
parameter A(7). The cells secrete a diffusive chemoattractant € at a rate a(t), with
gj:DVZz—e (t)c+a(r), where D is a diffusion coefficient, € is a degradation rate, which
is zero inside cells, and a(ECM)=0. Chemotaxis at cell-ECM interfaces is incorporated
by biasing active cell extension and retractions up chemoattractant with a factor %(T)
which is the chemoattractant sensitivity.

We start the analysis from the set of nominal parameters listed in Table 1; these yield
the nominal collective cell behavior shown in Figure 1A. The parameters are set according
to experimental values as far as possible. The cross-sectional area of the endothelial cells
in the cell cultures was 360+100um* (see Methods for detail), based on which we set
the target area of the cells, A(fip) and A(stalk), to 100 lattice sites, corresponding
with 400 um’>. The diffusion coefficient, secretion rate and degradation rate of
the chemoattractant were set equal to those used in our previous work (11); note that
the diffusion coefficient is set to a value lower than the one, e.g., reported for VEGF in
watery conditions (107" m? /s ; see Ref. [36]) because of its binding to ECM proteins (46).
In absence of detailed experimental data on EC cell-cell and cell-ECM adhesive forces,
cell stiffness, and the chemotactic response, for the corresponding parameters we used
the values from Ref. (11); the exact values of these parameters do not qualitatively affect
the results of the model, and have modest quantitative impact; for a detailed sensitivity
analysis see Refs. (11, 47).

Table 1. Parameter values for the angiogenesis and tip cell selection model. Underlined parameters
are varied in the screen for tip cell behavior

Symbol Description value
/.l(tip)'y(stalk) cell motility 50
J(tip,stalk) J (tiptip) ~J (stalk,stalk) cell-cell adhesion 40
J (tip, ECM) J (stalk, ECM) cell-ECM adhesion 20
(tlp) A(stalk) target area 400 pm?
(np) A (stalk) elasticity parameter 25
(llp) x (stalk) chemoattractant sensitivity 500
(tzp) o (stalk) chemoattractant secretion rate 107 5™
€ (ECM) chemoattractant decay rate in ECM 10° st
€ (tip)’ € (stalk) chemoattractant decay rate below cells 0s™
D chemoattractant diffusion coefficient 1072 m?s™
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Figure 1. Overview of the angiogenesis model and the parameter search. A Time-lapse of
angiogenesis model behavior B For each parameter P that is tested in the parameter search
a morphospace is created to compare the different parameter values for different tip cell fractions.
C Each morphology is studied in detail to see if the sprout tips are occupied by tip cells (red). D Each
row of morphologies is studied to find rows in which the morphologies change, indicating that
network formation depends on the tip cell fraction.
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Computational screening for putative tip cell behavior

We set up a screen for differences in the parameters of tip cells and stalk cells that
affect the outcome of the model. In particular, we looked for parameters for which
the tip cells lead sprouts in such a way that it affects the network morphology. In
the angiogenesis model, a fraction (F,,) of the endothelial cells is assumed to be the “tip
cell”, 7(o)=1tip, and the remaining fraction 1-F,, is set to 7(c)=stalk . We assigned
the nominal parameters shown in Table 1 to both “tip cells” (T(G):tip) and “stalk cells”
(T(G)zslalk). We varied the underlined parameters in Table 1 to change the behavior of
“tip cells” and ran the simulation for 10 000 time steps for a series of tip cell fractions
and a series of parameters. The behavior of “stalk cells” was fixed because the nominal
parameters, which were thoroughly studied in our previous work (11), are based on in
vitro experiments in which no stalk cells were observed.

To keep this initial analysis computationally feasible, we tested only one parameter
at a time instead of searching through the complete parameter space (see Ref. (47) for
more systematic parameter study of the initial, single-cell-type model, based on a SOBOL-
analysis). Also, in this initial screening we have limited the analysis to parameters that
we could possibly associate directly with differentially expressed genes in tip and stalk
cells. For this reason, we have omitted cell size differences, and we fixed the tip-tip cell
adhesion strength. Figure 1B illustrates a typical range of morphologies, or morphospace,
that we obtained in this way. We analyzed the position of tip cells in each morphology
(Figure 1C) and analyzed the morphology of the vascular network in function of the tip
cell fraction, £,

To evaluate whether tip cells occupy sprout tips, we simulated the model with a tip
cell fraction of F,,=0.2, in accordance with published observations: 11.9% in a HUVEC
monolayer (3) and ~30% in the growing of the retinal vasculature (17). Because we
assume that tip cell fate is strongly inhibited in a monolayer and tip cells are overexpressed
in the growing front, we set the tip cell fraction at 20%, which is roughly the average
of the two. At the end of each simulation we detected sprouts with tip cells on the tip
using an automated method, as detailed in the methods section. We then counted
the percentage of sprouts with at least one tip cell at the sprout tip. If more sprout tips
were occupied by a tip cell than in the control experiment with identical tip and stalk cells,
the parameter values were retained for further analysis.

Figure 2 shows the percentage of sprout tips occupied by one or more tip cells for
all parameters tested. More sprouts are occupied by tip cells that: (a) are less sensitive
to the autocrine chemoattractant than stalk cells ((¢ip) < x (stalk)), (b) adhere more
strongly to the ECM than stalk cells (J(tip, ECM < J (stalk, ECM)), (c) adhere stronger
to stalk cells than stalk cells to stalk cells (J(zip,stalk)<J (stalk,stalk)), (d) secrete
the chemoattractant at a lower rate than stalk cells (e (#ip) < a (stalk) ), or (e) have a higher
active motility than stalk cells (u(zip)> u(stalk)). For the parameters associated with
cell-cell and cell-ECM adhesion, we observed a non-monotonic trend in Figure 2. A slight
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Figure 2. Differences in cell properties can enable cells of one type to occupy sprout tips.
The percentage of sprout tips occupied by at least one tip cell was calculated at 10 000 MCS and
averaged over 50 simulations (error bars depict the standard deviation). In each simulation 20%
of the cells were predefined as tip cells. For each simulation one tip cell parameter was changed,
except for the control experiment where the nominal parameters were used for both tip and stalk
cells. p-values were obtained with a one sided Welch's t-test for the null hypothesis that the number
of tip cells at the sprout tips is not larger than in the control simulation.

change in an adhesion parameter would affect the relative positions of tip and stalk
cells, whereas a larger change can completely change the morphology of the network.
For example, if the tip cells adhere slightly more strongly to the ECM than the stalk cells,
the tip cells tend to be pushed to the sprout tip (A). The stalk cells surround the tip cells
if they adhere much more strongly to the ECM than the tip cells do (B), an effect that
differential chemotaxis counteracts. In these simulations, the tip cells tended to cluster
together. Because tip cells do not cluster together (1), we excluded reduced stalk-ECM
adhesion from further analysis.

Out of the cell behaviors that turned out to make cells move to the sprout tips,
we next selected cell behaviors that also affect network morphology. We quantified
network morphology using two measures. The compactness, C=4,,.,..
of the area of the largest cluster of connected cells, 4,,,,.., and the area of the convex
hull enclosing the connected cluster, 4,, (11). It approaches C =1 for a disk and tends
to C — 0 for a sparse network. We also counted the number of “gaps” in the network,
or lacunae, Ny .- For details see the Methods section.

Figures 3A-F takes a selection of the tip cell parameters identified in the previous
section, and then plots the compactness C (black curves) and the number of lacunae
N (blue curves) as a function of the tip cell fraction. The results for the remaining

| 4,,, is the ratio

lacunae

parameter value are shown in (S1 Fig). For each tip cell fraction tested, the outcome is
then compared with simulations in which the tip cells were identical to the stalk cells
(i.e., as in Figure 1A). Closed symbols indicate a significant difference with the respective
reference simulation (Welch's t-test, p<0.05, n=10). Tip cell parameters that affected
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network morphologies for at least half of the tip cell fractions tested were kept for
further analysis.

The screening selected three ways in which tip cells could differ from stalk cells to
change network morphology: reduced chemoattractant sensitivity (x(rip)< x (stalk)
; see Figure 3A), reduced chemoattractant secretion by tip cells («(tip)<a(stalk)
; see Figure 3E), and increased tip-ECM adhesion (J(stalk,ECM)>J(tip,ECM); see
Figures 3B-C). It turned out that increased ECM adhesion by tip cells was best modeled
by reducing the adhesion of stalk cells with the ECM instead (J(stalk,ECM)), because
for J(tip,ECM)zS (Figure 3C) networks could not form with too many tip cells (see ).

The results of the screening held for the other parameter values tested (S1 Fig) with
two exceptions: (1) the networks disintegrated if tip cells did not respond sufficiently
strongly to the chemoattractant (x(tip)<100 (J), and (2) the tip cells spread out over
the stalk cells to cover the whole network for J(stalk, ECM > 70) (K). Also, the conclusions
were confirmed in a screening relative to three additional nominal parameter sets ( and ).

Altogether, the computational screening presented in this section identified three tip cell
parameters that affect tip cell position in the sprout and the morphology of the networks
formed in our computational model: reduced secretion of the chemoattractant, reduced
sensitivity to the chemoattractant, and increased tip-ECM adhesion. It is possible,
however, that these effects are due to spatial or temporal averaging of tip and stalk
cell parameters, not due to interaction of two different cell types. The next section will
introduce a control for such effects.

Comparison with control model selects “reduced chemoattractant
sensitivity” scenario for further analysis

The computational screening highlighted three tip cell parameters that affected both
the position of tip cells in the sprouts and the morphology of the networks: (1) increased
tip-cell ECM adhesion, (2) reduced chemoattractant secretion by tip cells, and (3) reduced
chemoattractant sensitivity of tip cells. Because it was unsure whether these effects were
due to (a) the differential cell behavior of tip and stalk cells, or (b) due to temporal
or spatial averaging of the parameters differentially assigned to tip and stalk cells, we
compared the results against a control model that had only one cell type with “averaged”
parameters: P(cell)=(1-F,, ) P(stalk)+F,, - P(tip), with P(tip) the tip cell parameter
value and P(stalk) the stalk cell parameter value.

For each of the three parameters identified in the first step of the computational
screening, we compared the morphologies formed in the control model after 10000
MCS with the morphologies formed in the original model with mixed cell types (Figure 4).
Figures 4A,F, and K show example configurations formed in the original model, in
comparison with example configuration formed in the corresponding “averaged”
model (Figures 4B,G, and L). In the “mixed” model the tip cells (red) tend to move to
the periphery of the branches, in contrast to the “averaged” model in which all cells have
the same parameter values.
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Figure 3. Effects of different tip and stalk cell properties on network morphology. A-F Trends of
compactness (black rectangles) and number of lacunae (blue circles) calculated with the morphologies
at 10 000 MCS. For each data point 10 morphologies were analyzed and the error bars represent
the standard deviation. p-values were obtained with a Welch’s t-test for the null hypothesis that
the mean of the sample is identical to that of a reference with the nominal parameters listed in Table
1. For B this reference is the data for tip cell fraction 1 and for all other graphs this is the data for tip
cell fraction 0. G-L Morphologies after 10 000 MCS for each tested parameter value with Fﬁp =0.2.

We next tested if networks formed in the “mixed” model differed from those formed
in the corresponding “averaged” model for tip cell fractions ranging from 0 (no tip
cells) to 1 (only tip cells). Although the measures differed for individual morphometrics
and tip cell fractions in all three scenarios (Figure 4C-E, H-J, M-0), only in the model
where tip cells had reduced chemoattractant sensitivity all morphometrics differed
significantly for practically all tip cell fractions tested (Figure 4M-O). The analysis was
repeated for three additional parameter values per scenario (S5 Fig); although in all three
scenarios the morphometrics differed between the “mixed” and “averaged” models for
a number of tip cell fractions, only in the “reduced chemoattractant sensitivity” scenario
the differential behavior of tip and stalk cells consistently affected the morphometrics.
We thus retained only this model for further analysis.

Heterogeneous chemoattractant sensitivity increases direction
persistence of migrating tip and stalk cell pairs

The parameterscreeningindicated that tip cells that are less sensitive to the chemoattractant
than stalk cells tend to move to the front of the sprouts, affecting in this way the network
morphology. To better understand now such differential chemoattractant sensitivity can
affect angiogenic sprouting, we analyzed the migration of a cell pair consisting of one
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Figure 4. Comparison of networks formed with mixed cells and cells with average properties. A, F,
and K morphologies for mixed tip (red) and stalk (gray) cells (F b= 0.5). B, G, and L morphologies

ti
for averaged cells (F, = 0.5). C-E, H-J, and M-O morphometrics for a range of tip cell fractions for

’
both the control and mixed model. The morphometrics were calculated for 50 simulations at 10 000
MCS (error bars represent the standard deviation). p-values were obtained with a Welch’s t-test for

the null hypothesis that the mean of mixed model and the control model are identical.

tip cell and one stalk cell. As shown in Figure 5A-C, cell pairs with a large difference
in the chemoattractant sensitivity migrated much further than cell pairs with a smaller
or no difference in chemoattractant sensitivity. To quantify this observation, we used
the McCutcheon index (48), which is the ratio of the distance between the initial and
final position, and the total path length. As shown in Figure 5D, the McCutcheon index
decreases as the tip cell's chemoattractant sensitivity approaches that of the stalk cell.
Indicating that a strong difference in chemotaxis causes the cell pair to move along
a straighter path. These results suggest that, in a self-generated gradient, heterogeneous
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Figure 5. Migrating cell pair consisting of a stalk cell and a tip cell with a reduced chemoattractant
sensitivity. A-C Trajectories of the tip and stalk cell during 10 000 MCS with x(stalk)=500 and
respectively y (tip) =0, x(tip)=250, and y(tip)=5000. D McCutcheon index as a function of
the tip cell chemoattractant sensitivity. The values were averaged over 100 simulations and error
bars depict the standard deviation.

chemoattractant sensitivity improves migration speed and persistence. In the context of
angiogenesis, this effect speeds sprouting and sprout elongation.

Local tip cell selection regularizes network morphology
In the parameter screenings presented in the previous sections, to a first approximation
we assumed that a subpopulation of endothelial cells are “predetermined” to become
tip cells, e.g., due to prior expression of CD34 (3). It is likely, however, that tip cell fate
is continuously “re-evaluated” in a DIll4-Notch-VEGFR2 signaling loop (17-19, 30). Tip
cells express Dll4 on their cell membranes (2), which binds to the Notch receptor on
adjacent cell membranes. This leads to the release of the Notch intracellular domain
(NICD), activating the stalk cell phenotype (17, 30). Via this lateral inhibition mechanism,
cells adjacent to tip cells tend to differentiate into stalk cells. To simulate such “dynamic
tip cell selection”, a simplified genetic regulatory network (GRN) model of DIll4-Notch
signaling was added to each simulated cell, as described in detail in section Methods.
Briefly, the level of NICD in each cell is a function of the amount of DIl4 expressed in
adjacent cells, weighed according to the proportion of the cell membrane shared with
each adjacent cells. If the concentration of NICD N (o) of a tip cell o exceeds a threshold
N(cr)>G)N,CD, the cell cross-differentiates into a stalk cell; conversely, if in a stalk cell
N(0)<®,,, it differentiates into a tip cell (17, 18, 30).

Figure 6 shows the behavior of the initial ‘static model’ (Figures 6A-F) in comparison
with the ‘dynamic tip cell selection” model (Figures 6G-L). In the dynamic model the tip

cell fraction was set using the values of ©® such that the exact tip cell fractions

NICD '
depended on the local configurations. In comparison with the initial, ‘static’ model
(Figure 6A-F), the model with ‘dynamic’ selection (Figure 6G-L and ) seems to form more
compact and regular networks. To quantify this difference in network regularity, we
determined the variation of the areas of the lacunae of the networks at the final time step
of a simulation. Figure 6M shows this measurement averaged over 50 simulations for

a range of tip cell fractions. Lacunae in networks formed from mixtures of stalk cells and
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10% to 60% ‘static’ tip cells have more variable sizes than lacunae in networks formed
by the ‘dynamic tip cell’ model.

To further analyze how dynamic tip cell selection regularized network morphologies
in our model, we studied in detail how tip cells contributed to network formation in
the ‘static’ and ‘dynamic’ tip cell models. Figure 6N-Q shows the evolution of a part of
anetwork formed with 20% ‘static tip cells’. At first, some tip cells locate at sprout tips and
others are located adjacent to or within the branches (Figure 6N). The chemoattractant
gradually accumulates ‘under’ the branches, with a curvature effect producing slightly
higher concentrations at the side of the lacunae. This attracts the stalk cells (Figure 60),
‘squeezing’ the tip cells out of the branch and away from the lacuna, due to their reduced
chemoattractant sensitivity (Figure 6P and ). The resulting layered configuration with
tip cells at the outer rim drives a drift away from the lacuna (Figure 6Q): Due to their
stronger chemoattractant sensitivity, the stalk cells attempt to move to the center of
the configuration, pushing the tip cells away, thus leading to directional migration driven
by the mechanism outlined in the previous section (see also Ref. (49)).

In the ‘dynamic tip cell selection’ mechanism, the persistent migration will be confined
to the sprout tips. The model thus suggests that tip cells could assist in producing a local,
self-generated gradient mechanism that directs the migration of sprouts, a mechanism
that requires tip cells to differentiate only at sprout tips. For tip cells to “drag” just
the sprouts, only a limited number of tip cells must be present in the network. To test
this idea, we compared network morphologies for the ‘dynamic’ and the ‘static’ tip cell
models for a range of tip cell fractions (Figure 6R-T). Indeed, the network morphologies
were practically identical for high tip cell fractions, whereas they differed significantly for
all three morphometrics for tip cell fractions between 0.1 and 0.3: In the dynamic selection
model the networks become more disperse (Figure 6R) and formed more branches (Figure
6S) and lacunae (Figure 6T) than in the ‘static’ model.

To validate the ‘dynamic’ tip cell model, we compared the effect of the tip cell
fraction on network morphology with published experimental observations. The in vivo,
mouse retinal angiogenesis model is a good and widely used model for tip/stalk cell
interactions during angiogenesis (4, 5, 17-19, 23, 44, 50, 51). Networks formed with
an increased abundance of tip cells become more dense and form a larger number of
branches (17-19, 23) than wild type networks. Our computational model is consistent
with this trend for tip cell fractions between 0 and up to around 0.2 (Figure 6R-T),
but for tip cell fractions >0.2 the vascular morphologies become less branched (Figure
6S-T). To investigate in more detail to what extent our model is consistent with these
experimental observations, we tested the effect of the tip cell fraction in the ‘dynamic’ tip
cell selection model in more detail. In particular we were interested in how the difference
in chemoattractant sensitivity between tip and stalk cells affected network morphology.
Figure 7 shows the effect of the NICD threshold (increasing the NICD threshold is
comparable to inhibiting DIl4 expression or Notch signaling, and hence controls the tip
cell fraction) for a range of tip cell chemoattractant sensitivities. When the difference
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Figure 6. Effects of tip cell selection on network formation. A-F Networks formed with varying
fractions of predefined tip cells (Fﬁp) with x(tip):400 at 10 000 MCS. G-L Networks formed
with the tip cell selection model for varying NICD thresholds (~ NICD) at 10 000 MCS. M Standard
deviation of lacuna area in a network after 10 000 MCS. N-Q Close up of the evolution of a network
with 20% predefined tip cells (marked area in B). R-T Comparison of the morphometrics for
networks formed with predefined and selected tip cells with reduced chemoattractant sensitivity
(x(tip) =400) and network at 10 000 MCS. For the simulations with tip cell selection, the average
tip cell fraction was calculated for each NICD threshold. For all plots (M and R-T) the values were
averaged over 50 simulations and error bars depict the standard deviation.

in the chemoattractant sensitivity between tip and stalk cells is relatively small
(x(tip)=300)), increasing the NICD threshold results in the formation of denser network
with fewer lacunea. In contrast, when the difference in chemoattractant sensitivity
between tip and stalk cells is larger ( y(tip <200), there exists an intermediate state
in which the networks are both compact and have a large number of branch points
(Figure 7A4 and 7B4). This intermediate state resembles the dense, highly connected
networks that are observed when tip cells are abundant in the mouse retina (17-19,
23). Thus, when the difference in the chemoattractant sensitivity of tip and stalk cells is
sufficiently large, the model can reproduce both normal angiogenesis and the excessive
angiogenic branching observed for an abundance of tip cells (17).
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Survey for chemoattractant receptors reduced in tip cells suggests
Apelin as candidate

The comparative, computational model analysis of the role of tip cells in angiogenesis,
predicted that-among the models tested—a model where tip cells show reduced sensitivity
to an autocrine chemoattractant best matches tip cell phenomenology: The tip cells lead
the sprouts, and facilitate the formation of vascular networks of regular morphology for
tip cell fractions of up to around 0.2. Could a chemoattractant with these, or very similar
properties be involved in vascular development? To answer this question, we evaluated
four comparative studies of gene expression in tip and stalk cells (3, 52-54). These studies
identified three receptors involved in endothelial chemotaxis that were differentially
expressed in tip cells and stalk cells: VEGFR2, CXCR4, and APJ. VEGFR2 is upregulated in
tip cells (3, 44, 52). VEGFR2 is a receptor for the chemoattractant VEGF that is secreted
by hypoxic tissue (55). Whether or not VEGF is secreted at sufficiently high levels to act
as an autocrine chemoattractant between ECs has been under debate (11, 56, 57), with
the emerging being that it is most likely a long-range guidance cue of angiogenic sprouts
secreted by hypoxic tissues ((1); reviewed in Ref. (58)). The chemokine CXCL12 and its
receptor CXCR4 (59) are both upregulated in tip cells (3, 52, 54), suggesting that tip cells
would have higher, not lower sensitivity to CXCL12 signaling than stalk cells. Interestingly,
CXCL12 and CXCR4 are key components of a self-generated gradient mechanism for
directional tissue migration in the lateral line primordium mechanisms (49). Because of
the key role of CXCL12/CXCR4 in angiogenesis (see, e.g., (60)) it is therefore tempting
to speculate that CXCL12/CXCR4 may be part of a similar, self-generated gradient
mechanism during angiogenesis.



However, because CXCL12 expression is upregulated in tip cells relative to stalk cells, not
downregulated, we will focus here on a third receptor/ligand pair differentially expressed
in tip and stalk cells: APJ and Apelin. APJ is a receptor for the endothelial chemoattractant
Apelin (61-63) that is secreted by endothelial cells (62, 63). Apelin expression is upregulated
in tip cells (3, 53, 54), whereas its receptor APJ is not detected in tip cells (53). Thus
the expression pattern of Apelin and its receptor APJ fits with our model prediction:
Apelin is an endothelial chemoattractant that is secreted by endothelial cells and tip cells
are less responsive to Apelin than stalk cells. In our model the chemoattractant is secreted
at the same rate by tip and stalk cells, whereas Apelin is preferentially expressed in tip
cells. The next section will therefore add preferential secretion of Apelin by tip cells to
the model, and test if and how this changes the predictions of our model.

Model refinement to mimic role of Apelin/APJ more closely

The computational analyses outlined in the previous sections suggest that Apelin and
its receptor APJ might act as an autocrine chemoattractant in the way predicted by our
model: Both stalk cells and tip cells secrete Apelin and APJ (62, 63) and the tip cells
do not express the APJ receptor (53). Gene expression analyses (3, 53) also suggest
that tip cells secrete Apelin at a higher rate than stalk cells. We therefore tested if
the simulation results still held if we changed the model assumptions accordingly: In
addition to a reduced chemoattractant sensitivity in tip cells ( x(7ip) =100), we assumed
tip cells secrete chemoattractant at a higher rate than stalk cells: «(tip)>a(stalk).
Although the absence of APJ expression in tip cells suggests that tip cells are insensitive
to the chemoattractant, y(7ip)=0, to reflect the phenomenological observation
that ECs are attracted to one another, we set y(stalk)> y(tip)>0. Such intercellular
attraction could, e.g., be mediated by cell-cell adhesion, by alternative chemoattractant-
receptor pairs (e.g., CXCR4-CXCL12 (64)), or by means of mechanical EC interactions
via the extracellular matrix (65). Figure 8 shows how the Apelin secretion rate in tip
cells (a(tip)) affects the morphology of the vascular networks formed in our model, as
expressed by the compactness. For tip cell secretion rates of up to around « (tip)=0.01
the model behavior does not change. The networks became more compact and exhibit
thicker branches for tip cell chemoattractant secretion rates of a(zip)>0.01. This result
does not agree with the observation that Apelin promotes vascular outgrowth (62, 66).
The increased compactness for a (¢ip) > 0.01 is a model artifact: stalk cells were so strongly
attracted to tip cells that they engulfed the tip cells and thereby inhibited the tip cell
phenotype. A similar increase in compactness and branch thickness is observed in a model
where tip cells are not sensitive to the chemoattractant (56 Fig), which indicates that a too
large Apelin secretion rate of tip cells destabilizes sprout elongation. Altogether, these
results suggest that, if the Apelin secretion rate of tip cells does not become more than
ten times larger than that of stalk cells, our model produces similar results independent
of the tip cell secretion rate of Apelin.
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Figure 8. Effects of increasing tip cell Apelin secretion rate for varying levels of tip cell chemotaxis.
Compactness of the final network (10 000 MCS) with the morphologies for X(tip):lOO
for tip cell Apelin secretion rates of a(tip):1.6-10’3, a(tip)=4.0~1073, a(tip)zl-lOfZ,
a(tip)=2.5-107 and a(tip) =6.3-107 as insets. Except for a(tip), all parameters have the values
listed in Table 1. Data points show average values for n=50 simulations with error bars giving
the standard deviation.

Apelin or APJ silencing inhibits sprouting in vitro and in silico
Previous studies have shown that Apelin promotes angiogenesis of retinal endothelial cells
seeded on Matrigel (62), as well as in in vivo systems such as the mouse retina, Xenopus
embryo, and chick chorioallantoic membrane (66). Furthermore, in vivo inhibition of
Apelin or APJ reduced sprouting in Xenopus embryos (66), zebrafish (67), and the mouse
retina (53, 68). To assess the relation between tip-stalk cell interaction and Apelin
signaling, we inhibited Apelin signaling in an in vitro model of angiogenic sprouting in
which the fraction of CD34- (“stalk”) cells could be controlled. Spheroids of immortalized
human microvascular endothelial cells (HMEC-1s) were embedded in collagen gels and
in collagen enriched with VEGF. After culturing the spheroids for 24 hours at 37 degrees
Celsius under 5% C0,, the cultures were photographed (Figure 9A-F and ). The spheroids
did not form network structures within the culturing time, whereas the computational
model simulated both angiogenenic sprouting and subsequent vascular plexus formation
(Figure 1A). In order to assess the effect of Apelin and APJ silencing on sprouting in the in
vitro and in silico models, we assess the morphologies formed by the in silico model after
750 MCS. For each model the degree of sprouting was assessed by counting the number
of sprouts using the semi-automated image analysis software Image). We compared
sprouting in a “mixed” spheroid of HMEC-1s with a population enriched in “stalk cells”,
e., a population of CD34" HMEC-1s sorted using FACS. To inhibit Apelin signaling,
the spheroids were treated with an siRNA silencing translation of Apelin (siAPLN) or of its
receptor (siAPJ).

Figures 9A-F and K-L show how the number of sprouts per spheroid changes, relative
to the treatment with non-translating siRNA (siNT), due to the silencing RNA treatments.
To determine significance, ANOVA was performed on each data set, one for the “mixed”
spheroids and one the “stalk cell” spheroids, and followed up by pairwise comparisons
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Figure 9. Effects of Apelin or APJ silencing in spheroid sprouting assays. A-F Microscopy images
of the WT and CD34 spheroids in VEGF-enriched collage after 24 hours. G-H Number of sprouts,
relative to siNT treatment, after 24 hours for spheroids with mixed cells and CD34- spheroids. These
metrics are the mean of the normalized, average number of sprouts of each replicate with the error
bars depicting standard deviation. The * denotes p < 0.05, see the methods section for details of
the normalization and statistical analysis. I-L Example morphologies formed in the computational
angiogenesis model (750 MCS); (I-J) model including tip cells (8., in absence (I) and 6,.,=0
in presence (J) of chemoattractant inhibition; (K-L) model with reduced tip cell number (0,,.,=0)
in presence (K) and in absence (M) of chemoattractant inhibition. M Number of sprouts after 750
MCS for n=20 simulations; error bars show the standard deviation; asterisks denote p < 0.05 for
p-values obtained with Welch’s t-test in comparison with controls (no inhibition).

using Tukey's range test (see Methods for detail). Relative to a control model with non-
translating siRNA (siNT), “mixed” spheroids in VEGF enriched collagen formed fewer
sprouts (Figure 9 A-C and G, ) when treated with siAPJ or siAPLN. Interestingly, when
the collagen gels are not enriched with VEGF, siAPJ or siAPLN did not significantly affect
the number of sprouts. Since VEGF can induce tip cell fate (51, 69), this may suggest that
without VEGF there are too few tip cells present to observe the effects of inhibiting Apelin
signaling. In “stalk cell” spheroids siRNA treatments interfering with Apelin treatments
slightly improved sprouting in some replicates and had no clear effect in others (S5 Fig).
Thus these results suggest that Apelin signaling requires a mix of sufficient CD34* (“tip")
and CD34- (“stalk”) cells, in support of our hypothesis that differential chemotaxis of
stalk and tip cells to Apelin drives the sprout forward.
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We next asked if the observed reduction of sprouting associated with inhibition of
Apelin-signaling also occurred in the computational model. To mimic application of
SIAPLN in the computational model, we reduced the secretion of the chemoattractant
both in tip and stalk cells to a(#ip)=10" and a(stalk)=10" To mimic wild-type
spheroids we used @,,., =0.2, which yields a mix of CD34* and CD34 cells. To mimic
spheroids enriched in stalk cells, we reduced the NICD-levels to ®,,., =0 in which case
all ECs became stalk cells. Figure 9I-L and show how the model responds to the inhibition
of Apelin-signaling, showing reduced sprouting after inhibiting the chemoattractant. To
quantify these observations, we repeated the simulations ten times for 750 MCS. We
converted the resulting images to gray scale images (see ) and counted the number of
sprouts using ImageJ, thus using the same quantification procedure as that used for
the in vitro cultures. In both the in silico “wild type"” spheroids (®,,., =0.2) and in the in
silico “stalk cell” spheroids (©,,., =0), inhibition of Apelin-signaling reduced sprouting.
However, the simulations did not reproduce the experimental observation that in “stalk
cell” spheroids silencing of Apelin signaling had little effect in absence of VEGF and
slightly promoted sprouting in VEGF-treated CD34- cultures.

DISCUSSION

In this work we asked how and by what mechanisms tip cells can participate in
angiogenic sprouting. We employed a suitable computational model of angiogenic
network formation (11), which was extended with tip and stalk cell differentiation. In
the extended model, the behavior of tip and stalk cells could be varied independently by
changing the model parameters. Instead of testing preconceived hypotheses on tip and
stalk cell behavior, we took a “reversed approach” in which we could rapidly compare
series of alternative parameter settings, each representing different tip cell behavior: We
systematically searched for parameters that led tip cells to occupy the sprouts tips, and
that changed the morphology of the angiogenic networks relative to a nominal set of
simulations in which tip and stalk cells have identical behavior. We studied two cases,
reflecting the two extremes in the range of known molecular mechanisms regulating
tip and stalk cell differentiation. In the first case, we assumed that endothelial cells are
differentiated stably between a tip and stalk cell phenotype within the characteristic time
scale of angiogenic development (approximately 24 to 48 hours). In the second case,
we assumed a much more rapidly-acting lateral inhibition mechanism, mediated by Dll4
and Notch. Here endothelial cells can switch back and forth between tip and stalk cell
fate at time scales of the same order of cell motility. Our analysis showed that in a model
driven by contact-inhibited chemotaxis to a growth factor secreted by ECs, tip cells that
respond less to the chemoattractant move to the tips of the sprouts and speed up sprout
extension. Under the same conditions, more regular and more dense networks formed if
ECs switched between tip and stalk cell fate due to lateral inhibition. This limits tip cells
to growing sprouts; due to their stronger chemoattractant sensitivity the stalk cells push



the tip cells forwards leading to faster sprout extension in a mechanism reminiscent of
a "self-generated gradient mechanism” (49).

We next asked if a growth factor with the predicted properties is involved in angiogenic
sprouting. To this end we looked for matching, differential gene expression patterns in
published data sets of gene expression in tip and stalk cells. In particular the Apelin-APJ
ligand-receptor pair turned out to be a promising candidate: Apelin is a chemoattractant
for endothelial cells that is secreted by endothelial cells and the receptor APJ is only
detected in stalk cells. In agreement with our simulations, in vitro experiments on
endothelial spheroids showed that inhibition of Apelin or its receptor APJ reduced in vitro
spheroid sprouting. Thus the reversed bottom-up simulation approach employed in this
study helped identify a candidate molecule mediating the interaction between tip and
stalk cells during angiogenesis.

Our approach was inspired by a recent study that used a computational model to
identify what cell behavior changed when endothelial cells were treated with certain
growth factors (31). This study used an agent-based, 3D model of angiogenesis in which
sprouts extend from a spheroid. With a genetic algorithm the parameters for which
the model reproduces experimental results are derived. In this way Long et al. (31) could
hypothesize what changes in cell behavior the growth factors caused and successfully
derived how certain growth factors affect cell behavior in 3D sprouting assays. Here,
we used a similar approach to study what behavior makes tip cells lead sprouts and
affect network formation, using high-throughput parameter studies instead of objective
optimization approaches. Tip-stalk cell interactions have been studied before with several
hypothesis-driven models where specific behavior was assigned to the tip cells based on
experimental observations, and tip cells were either defined as the leading cell (70-75) or
tip cell selection was modeled such that the tip cell could only differentiate at the sprout
tip (41, 76, 77). These models have been used to study how extracellular matrix (ECM)
density (70), ECM degradation (70), ECM inhomogeneity (71, 72), a porous scaffold (73,
74), cell migration and proliferation (75, 76), tip cell chemotaxis (77) and toxins (41)
affect sprouting and angiogenesis. Thus these studies asked how a specific hypothesis of
tip cell behavior and tip cell position affected the other mechanisms and observables in
the simulation. Our approach aims to develop new models for the interaction between
tip and stalk cells that can reproduce biological observation. These new hypotheses can
be further refined in hypothesis-driven model studies, as we do here, e.g., in Figure 8.

In order to make this “reversed’ approach possible, we have simplified the underlying
genetic regulatory networks responsible for tip-stalk cell differentiation. These molecular
networks, in particular DIl4-Notch signaling, have been modeled in detail by Bentley
et al. (78, 79). Their model describes a strand of endothelial cells, and was used to
study how lateral inhibition via DIl4-Notch signaling in interaction with VEGF signaling
participates in tip cell selection. With this model Bentley and coworkers predicted that
the shape of the VEGF gradient determines the rate of tip cell selection, and that for very
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high levels of VEGF the intracellular levels of DIl4 and VEGFR2 oscillate. Based on their
experimental observations that tip cells migrate within a sprout, cell movement has been
added to the model by allowing cells to switch positions along the sprout (4). Bentley
and coworkers reproduced tip cell migration in the sprout and showed that the VEGFR2
levels in a cell determine the chance of that cell to become a tip cell. The migration of
tip cells in a sprouts was further studied using a model that included a cell migration
model (44). Bentley and coworkers (44) thus showed that the differences in VE-cadherin
expression between tip and stalk cells could cause tip cell migration to the sprout tip.
Altogether, these models gave useful insights in the role of DIl4-Notch signaling and
VEGEF signaling in tip cell selection in a growing sprout. Here, instead of focusing at single
sprouts, we focused on the scale of a vascular network. By combining a tip cell selection
model with a cell based model of angiogenesis, we showed that tip cell selection can aid
the development of dense networks by limiting the destabilizing effects of tip cells.

The model prediction that tip cells respond less to a chemoattractant secreted by all
endothelial cells fits with the expression pattern of the chemoattractant Apelin, which is
secreted by all endothelial cells and of which the receptor is not detect in tip cells. Previous
studies indicated that Apelin induces angiogenesis in vitro (62, 63). Apelin-APJ signaling
is necessary for vascular development in in vivo systems such as in the mouse retina (68),
frog embryo (63, 66), and chicken chorioallantoic membrane (66). Furthermore, high
levels of vascularization in human glioblastoma are correlated with high expression levels
of Apelin and APJ (63). Based on these observations Apelin is considered to be a pro-
angiogenic factor. Similar to other pro-angiogenic factors such as VEGF (80), Apelin is
expressed near areas where blood vessels develop and Apelin expression is induced by
hypoxia (67). The pro-angiogenic role of Apelin is linked to its role as a chemoattractant
[66,67] and mitogenic factor (66, 67). However, the role of Apelin in proliferation may
be disputed because Apelin did not promote proliferation in a series of sprouting assays
with human umbilical vein endothelial cells, human umbilical arterial endothelial cells,
and human dermal microvascular endothelial cells (63). Our models propose a scenario
where Apelin can promote angiogenesis as an autocrine chemoattractant, in contrast to
the previous studies where the source of Apelin was external. Such a mechanism would
fit with the observation that the Apelin receptor APJ is only expressed in stalk cells.

Inhibition of sprouting is manifested as a decrease in the number of sprouts. As
mentioned previously, Apelin may promote proliferation, and thus inhibition of Apelin
signaling may results in a reduced proliferation rate. A reduced proliferation rate could
result in a reduced sprouts length, but, a reduced number of sprouts is an unlikely
effect of a decreased proliferation rate. This indicates that the mechanism that drives
sprouting is affected by the inhibition of Apelin signaling. However, whereas in the model
inhibition of Apelin signaling inhibits sprouting for all tested cases, in the experimental
assays the effects of Apelin or APJ inhibition depended on the fraction of tip cells and
the environment. In mixed spheroids, Apelin and APJ inhibition reduced sprouting in
spheroids embedded in VEGF-enriched collagen. In CD34" spheroids, i.e., spheroids



enriched with stalk cells, Apelin or APJ inhibition has no effect in plain collagen and
slightly enhances sprouting in a VEGF rich environment. This suggests that, in a VEGF rich
environment, Apelin-APJ signaling inhibits sprouting by stalk cells. VEGF has been shown
to induce tip cell fate (51, 69), as well as APJ expression (81, 82). However, it remains
unclear how the combination of a VEGF rich environment and Apelin signaling could
inhibit sprouting and therefore further experiments studying the interaction between
VEGF and Apelin signaling in vascular sprouting are needed. Further in vitro experiments
are also needed to study the effects of Apelin signaling on network formation, that follows
the initial sprouting phase. Our model predicts that inhibition of Apelin signaling would
also block the network formation. However, because the 3D sprouting assay does not
mimic vascular network formation, this prediction could not be verified experimentally.

The importance of VEGF in our validation experiments suggests that we cannot ignore
VEGF in our tip cell selection model. As mentioned above, VEGF may interact with Apelin-
APJ signaling. Furthermore, VEGF (55) and Apelin (66, 67) are both involved in endothelial
cell proliferation. Besides the link between VEGF and Apelin, VEGF is also involved in tip
cell selection. DIl4-Notch signaling and VEGF signaling interact directly in two ways. First,
DIl4 is upregulated by signaling between VEGF and VEGF receptor 2 (VEGFR2) (50, 69).
Second, Dll4-Notch signaling downregulates VEGFR2 (18, 21, 52, 83) and upregulates
VEGF receptor 1 (VEGFR1) (52, 84), which acts as a decoy receptor for VEGF (85). Because
in vivo VEGF acts as an external guidance cue for angiogenesis, the interplay between
VEGF signaling and DIl4-Notch signaling could promote tip cell selection in the growing
sprouts. The expression levels of VEGFR2 also directly reduce adhesion between cells
because VEGFR2-VEGF binding causes endocytosis of VE-cadherin (86). This reduced
adhesion may enable cells with high VEGFR2 levels, such as tip cells, to migrate to
the sprout tip (44). Because of this complex interplay between between cell behavior
and DIl4, Notch, VEGF, and the VEGF receptors, future studies will replace the simplified
tip cell selection model for a tip cell selection model with explicit levels of DIl4, Notch,
VEGF, VEGFR1 and VEGFR2, and link those levels directly to tip and stalk cell behaviors.
Furthermore, future studies should include explicit levels of Apelin and APJ to study if and
how VEGF-induced Apelin secretion affects network formation. Such an extended model
will provide more insight into how the interaction between stalk cell proliferation (1, 87),
ECM association of VEGF (88), and pericyte recruitment and interaction (87, 89), which
all have been linked to Apelin signaling and/or VEGF signaling, affects angiogenesis.

MATERIALS AND METHODS

Cellular Potts model

In the cellular Potts model (32, 33) cells are represented on a finite box A = Z? within
a regular square lattice. Each lattice site Xe A represents a 2umx2um portion of a cell
or the extracellular matrix. They are associated with a cell identifier cezZ™  Lattice
sites with o =0 represent the extracellular matrix (ECM) and groups of lattice sites with
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the same o >0 represent one cell. Each cell ¢ has a cell type 7 (o) e{ECM,tip,stalk}
. The balance of adhesive, propulsive and compressive forces that cells apply onto one
another is described using a Hamiltonian,

H=Y, /() (1-6(0.0)+ T A(r(0))(a(0) - 4(z (o)) .

with (5(’, 7<) a set of adjacent lattice sites, 7 =7 (o (X)) and r'=r(c(>”(')), o =oc(%X)and
cr’:cr()”('), J(z,7") the contact energy, the Kronecker delta: §(x,y)={l,x=y;0,x# y},
the elasticity parameter A(r), and the target area A(r). To mo(X)imic random
pseudopod extensions the CPM repeatedly attempts to copy the state of a randomly
chosen lattice site X, into an adjacent lattice site X selected at random among the eight

nearest and next-nearest neighbors of X. The copy attempt is accepted with probability,

—AH

Paccepe (AH ) = {1if AH <03 ") if AH > 0;

with
f(%,%)={min(u(r),u(r"))if o >0and ' > 0;max(u(r), u(z'))otherwise.

Here is u(z) is the cell motility and 7=7(c(X)) and t'=t(c(X')) are shorthand
notations. One Monte Carlo step (MCS)—the unit time step of the CPM—consists of \A\
random copy attempts; i.e., in one MCS as many copy attempts are performed as there
are lattice sites in the simulation box.

The endothelial cells secrete a chemoattractant at rate a(r) that diffuses and decays
in the ECM,

ac(f,t)

> =DV’e(%,1)+a(t (o (%)))(1-6 (0 (%),0)) &8 (o (¥),0)c(%.1),

with ¢ the chemoattractant concentration, D the diffusion coefficient, and ¢ the decay
rate. After each MCS equation [eq:diffusion] is solved numerically with a forward Euler
scheme using 15 steps of Ar=2s and a lattice spacing coinciding with the Cellular Potts
lattice of Ax=2um with absorbing boundary conditions (¢ =0 at the boundaries of A);
thus one MCS corresponds with 30 seconds. Chemotaxis is modeled with a gradient
dependent term in the change of the Hamiltonian [42] associated to a copy attempt from
X to X :



et 2Lt

with 2(7,7") the chemoattractant sensitivity of a cell of type r towards a cell of type
" and vice versa, and <<Egn00148.eps>> the receptor saturation. In the angiogenesis
model we assumed that chemotaxis only occurs at cell-ECM interfaces (contact-inhibited
chemotaxis; see (11) for detail); hence we set x(r):O if t#ECM and 7'#ECM .
For the remaining, non-zero chemoattractant sensitivities we use the shorthand
notation (7).

Tip cell selection model

The differentiation between tip and stalk cells is requlated by a simplified tip and stalk
cell selection model. The model is based on lateral inhibition via DIl4-Notch signaling:
If DII4 binds to Notch on a adjacent cell it causes the dissociation of Notch, resulting in
the release of Notch intracellular domain (NICD) (90). We assume that tip cells express
Notch at a permanent level of N(zip) and Delta at a level of D(rip); stalk cells express
Delta and Notch at permanent levels of N(stalk) and D(stalk). The level of NICD in
acell, I(o), is given by,

I(o)= ﬁznene;gm’j (7 (7)) Zoron

in which N(zr)and D(r) are the levels of Notch and Delta in a cell of type 7, and __
is the length of the interface between cells ¢ and n. To model differentiation between
the stalk and tip cell type in response to the release of NICD [17,30] the cell type is
a function of the cell’s NICD level,

(o) ={tipif 1 (0) <Oy cp;stalkif 1 (o) > Ocp,

with @,,., threshold representing the NICD-level above which the cell differentiates into
a stalk cell. To prevent rapid cell type changes, we introduced a hysteresis effect by setting
the Notch levels to: N(tip)=0.3 and N(stalk)=0.5. The DIl4 levels are set according to
the experimental observation that tip cells express more membrane bound DII4 than stalk
cells 2)[2]: D(tip)=4 and D(stalk)=1.
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Morphometrics

To quantify the results of the sprouting simulations we calculated the compactness of
the morphology and detect the lacunae, branch points and end points. The compactness
C isdefinedas C=4,,1/4,,, with 4., the total area of a set of cells and 4,,, the area
of the convex hull around these cells. For the compactness we used the largest connected
component of lattice sites with o >0. This connected component was obtained using
a standard union-find with path compression (91). The convex hull around these lattice
sites is the smallest convex polygon that contains all lattice sites which is obtained using
the Graham scan algorithm (92).

Lacunae are defined as connected components of lattice sites with a()‘():o (ECM)
completely surrounded by lattice sites with o' (X) > 0. These areas are detected by applying
the /label function of Mahotas on the binary image {X EAJJ(X)ZO} ,i.e., the image obtained
if medium pixels are set to 1 and all other pixels are set to 0. The number of labels areas
in this image is the number of lacuna, and the number of lattice sites in a labeled area is
the area of a lacuna.

To identify the branch points and end points, the morphology is reduced to a single
pixel morphological skeleton (93). For this, first the morphology is obtained as the binary
image {)”(eA,lg().()>o}. Rough edges are removed from the binary image by applying
a morphological closing (94) with a disk of radius 3. Then, 8 thinning steps are performed
in which iteratively all points that are detected by a hit-and-miss operator are removed
from the image (94). In the skeleton, pixels with more than two first order neighbors are
branch points and pixels with only one first order neighbor are end points. The skeleton
may contain superfluous nodes. Therefore, all sets of nodes that are within a radius of
10 lattice units are collected and replaced by a single node at: fiy, gy =<X> (ycnodesis<10y-

All morphological operations are performed using the Python libraries Mahotas (95)
and Pymorph (96). Mahotas implements standard morphological operations, except
for the closing and thinning operations required for skeleton generation. For these we
use Pymorph, that implements a more complete set of morphological operation than
Mahotas. However, as it is implemented in pure Python it is computationally less efficient
than Mahotas.

Tip cell detection

Cells at the sprout tips were automatically detected in two steps: (1) detection of
the sprouts in the network; (2) detection of the cells on the sprout tip. For the first
step, detecting sprouts, a sprout is defined as a connection between a branch point, B,
and an end point, E. To find the branch point B that is connected to end point E,
all nodes, except E, are removed from the morphological skeleton (Figure 10B). In
the resulting image one part of the skeleton is still connected to E, this is the branch.
Then, all nodes are superimposed on the image with the branch (Figure 10C) and
the node connected to E is the branch point B. Next, we search for the cells at the tip
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Figure 10. Detection of cells at the tips of sprouts. A-C detection of sprouts in a network. A Skeleton
with branch points and end points. B Skeleton from which all nodes except E are removed. C
The union of the nodes and the connected component in B that contains E. The node that, in
C, is part of the same connected component as E is the branch point B. D detection of cells at
the sprout tip (red vertices), which are farthest away from the branch point v, (black vertex).

of the sprout, which are the cells in the sprout furthest away from &, . To find these cells
we use a graph representation of the morphology. In this graph, G(v,r), each vertex v
represented a cell and vertices of neighboring cells shared an edge (Figure 10D). Now, we
calculate the shortest path between each vertex v and the vertex belonging to the cell at
the branch pointv, using Dijkstra’s algorithm (97). Then, we iteratively search for vertices
with the longest shortest path to v, starting at the vertex associated to o, (v,). To
limit the search to the a single sprout, the search is stopped when v, is reached. When
the search is finished, the node or nodes with the longest shortest path to v, represent
the cells or cells that are at the sprout tip.

Model implementation and parameter sweeps

The simulations were implemented using the cellular Potts modeling framework
CompuCell3D (98)
The simulation script is deposited in . File also includes two extensions to CompuCell3D,
called steppables, which we developed for the simulations presented in this paper.
Steppable RandomBloblnitializer is used to initialize the simulations with a blob of cells,
and steppable TCS contains the tip cell selection model. To efficiently set up, run and
analyze large parameters sweeps including the ones presented in this paper, we have
developed a pipeline to set up, run, and analyze large numbers of simulations of cell-
based models on parallel hardware using software like CompuCell3D, described in detail
elsewhere (99). Briefly, the pipeline automatically generate simulation scripts for a list
of parameters values, run the simulations on a cluster, and analyze the results using
the morphometric methods described in sections Morphometrics and Tip Cell Detection.

which can be obtained from http://www.compucell3D.org.

In vitro sprouting assay

Immortalized human dermal endothelial cells (HMEC-1s) were cultured in 2% gelatin-
coated culture flask at 37 °C under 5% CO, with a M199 medium (Gibco, Grand Island,
NY, USA) supplemented with 10% foetal calf serum (Biowhittaker, Walkersvillle, MD,
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USA), 5% human serum and 1% Penicillin-streptomycin-glutamine (Gibco). The HMEC-1
cells used in this study were a kind gift of Prof. Dr. P. Hordijk (Sanquin, Amsterdam,
the Netherlands). Cell suspensions were obtained from the cultures by TrypLE (Gibco)
treatment of adherent endothelial cell monolayers. After the cells were extracted from
the culture they were seeded in methylcellulose (Sigma-Aldrich) containing medium to
allow spheroid formation(100). After 18 hours, the spheroids were embedded in a collagen
gel containing human serum. In the period that these experiments were performed, the lab
had to change collagen gels because of availability issues. Therefore, the following three
gels were used: Purecol bovine collagen (Nutacon, Leimuiden, the Netherlands), Nutacon
bovine collagen (Nutacon, Leimuiden, the Netherlands), and Cultrex rat collagen | (R&D
Systems, Abingdon, United Kingdom). The gels may be supplemented with VEGF-A (25
ng/ml). After 24h images of the sprouts were obtained using phase-contrast microscopy.
Using ImageJ (100) with the NeuronJ plugin (101) the number of sprouts and the length
of the sprouts in the image were counted. To compare the in silico simulations with the in
vitro experiments, in silico morphologies at 750 MCS were analyzed following the same
method. To prevent biases in this manual analysis due to prior knowledge, black and
white images in which tip and stalk cells were indistinguishable (see ) were counted by
a technician.

To study sprouting in absence of tip cells, CD34 negative HMEC-1s (3) were extracted
using Fluorescence-activated cell sorting (FACS). For this the cells were washed in
PBS containing 0.1% bovine serum albumin. Cells were incubated with anti-CD34-
phycoerythrin (anti-CD34-PE; clone QBend-10) and analyzed by flow cytometry on
a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA) with FlowJo 6.4.7 software
(Tree Star, San Carlos, CA, USA).

To inhibit Apelin signaling HMEC-1s were transfected with a silencing RNA (siRNA)
against Apelin (SIAPLN) or against the Apelin receptor APJ (siAPJ), and a non-translating
SiRNA (siNT) was used as a control. For each siRNA the HMEC-1s were transfected with 25
nM siRNA (Dharmacon, Lafayette, CO, USA) final concentration and 2.5 nM Dharmafect
1 (Dharmacon) for 6 hours using the reversed transfection method (102). Transfection
efficiency was evaluated with gPCR and a knockdown of RNA expression above 70% was
considered as an effective transfection.

For both the unsorted HMEC-1s and the CD34 negative HMEC-1s the experiments
were repeated several times, resulting in 4 biological replicates for the unsorted HMEC-1s

and 5 biological replicates for the CD34 negative HMEC-1s. To combine the results of

the biological replicates, the number of sprouts n, of spheroid i in replicate R was

normalized: Ny =nn—2m with n T the average number of sprouts formed with the non-

translating siRNA treatment in biological replicate R. Next, we computed the average
R

number of sprouts per replicate: N- = sz , with m, the number of spheroids in replicate

R. This resulted in four data points for the unsorted HMEC-1s and five data points
for the CD34 negative HMEC-1s. Then, significance of each treatment was analyzed



in a two-step procedure. First, groups in which the means differ significantly were
identified with analysis of variance (ANOVA). Second, to identify which means in a group
differ, we used Tukey's range test (103, 104) to compare the results of the treatments
in plain collagen with the siNT treatment in plain collagen and the treatments in VEGF-
enriched collagen with the siNT treatment in VEGF-enriched collagen. All experimental
measurements are included in S1 Dataset together with the python script used to perform
the statistical analysis. An archive containing the photographs of the HMEC spheroids
used for the image analysis is included as .

Estimation of endothelial cell cross-sectional area

The spheroid assay was performed as described above. Gels were fixed with 4%
paraformaldehyde for 15 min at room temperature and blocked with blocking buffer
containing 1% FBS, 3% triton x-100 (sigma), 0.5% tween-20 (sigma), 0.15% natriumazide
for 2 hours. Cells where incubated with antibodies directed against F-actin (Phalloidin,
Life technologies, Carlsbad, CA, USA). Three-dimensional image stacks were recorded
using confocal microscopy. Within those, images containing the largest cross-section
were selected visually, and measurements were obtained using the Image) polygonal
selection tool. The image stacks and measurements are include as .
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ABSTRACT

Background

During angiogenesis, vascular endothelial growth factor A (VEGFA) regulates endothelial
cell survival, tip cell formation and stalk cell proliferation via VEGF receptor 2 (VEGFR2).
VEGFR2 can interact with VEGFR2 co-receptors such as heparan sulfate proteoglycans
(HSPGs) and neuropilin 2 (NRP2), but the exact roles of these co-receptors, or of sulfatase 2
(SULF2), an enzyme that removes sulfate groups from HSPGs and inhibits HSPG-mediated
uptake of very low density lipoprotein (VLDL), in angiogenesis and tip cell biology, are
unknown. In the present study we investigated whether modulation of binding of VEGFA
to VEGFR2 by knockdown of SULF2 or NRP2 affects sprouting angiogenesis, tip cell
formation, proliferation of non-tip cells and EC survival, or uptake of VLDL, employing in
vitro models of angiogenic tip cells and vascular sprouting

Methods

In cultured human umbilical vein endothelial cells (HUVECs), tip cells were distinguished
from non-tip cells using CD34 as a marker. HUVECs were stimulated with VEGFA, ,
which has a HS-binding domain, VEGFA ., which lacks this domain, and VLDL. Effects on
the CD34+ tip cell fraction were studied by flow cytometry and proliferation and apoptosis
were measured. Effects on sprouting angiogenesis were analyzed using the spheroid-
based sprouting model. Confocal microscopy was used to study effects on uptake of
fluorescently-labeled VLDL. mRNA expression of SULF2 and NRP2 were knocked down in
HUVECs to study their roles in VEGFA-induced sprouting and tip cell formation.

Results

Stimulation of HUVECs with VEGFA, , increased the fraction of tip cells and the number
of sprouts per spheroid, whereas stimulation with VEGFA ,, was less effective. Expression
of both SULF2 and NRP2 was higher in tip cells. Knockdown of SULF2 did not affect
the VEGFA,-induced increase in tip cell fraction or sprouting from spheroids, but
increased the uptake of VLDL by non-tip cells. VLDL uptake was limited to non-tip cells,
and increased sprouting but not the fraction of tip cells. Knockdown of NRP2 inhibited

VEGFA-induced sprouting.

In preparation for Cells



Conclusion

We conclude that VEGFA . is a more potent inducer of tip cells and sprouting than
VEGFA,,. However, this was probably not due to the binding to HSPGs in the extracellular
matrix, as knockdown of SULF2 did not alter these effects. Co-binding of NRP2 appears
to regulate VEGFA-VEGFR2-induced sprout initiation, but not tip cell formation. VLDL
increased sprouting but not tip cell formation, and VLDL uptake was limited to non-tip
cells, suggesting that VLDL has a role in sprouting by providing biomass for stalk

cell proliferation.
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INTRODUCTION

Sprouting angiogenesis is the complex process of blood vessel growth from the existing
vasculature. It is characterized by differentiation of endothelial cells (ECs) into subtypes
with distinct functions: tip cells are non-proliferating and highly migratory, and lead
the growing vessel sprout towards a source of growth factors. Tip cells induce the adjacent
cells into the proliferative phenotype of the stalk cell that starts forming a lumen, and
further down the sprout are phalanx cells that initiate vessel maturation (1, 105)
Vascular endothelial growth factor isoform A (VEGFA) is the main initiator of sprouting
angiogenesis (1). The main receptor for angiogenic signaling by VEGFA is VEGFR2, and
its stimulation induces tip cell migration, expression of tip cell genes, proliferation of
stalk cells, EC survival and more (1, 106). Binding of VEGFA to VEGFR2 is affected by
a number of factors, which include binding to extracellular matrix (ECM) components
such as heparan sulfate proteoglycans (HSPGs), or simultaneous binding of VEGFA to one
of its neuropilin (NRP) co-receptors (NRP1 or NRP2) (107-109).

HSPGs are present in the extracellular matrix (ECM), in particular in the basal lamina
(110). Binding of VEGFA to the HSPGs in the ECM is essential for vascular network
development. This is illustrated by the lack of complexity in vascular networks in mice
that only express VEGFA isoform 121 (VEGFA, ), which lacks the heparan sulfate (HS)-
binding domain of the most common VEGFA isoform VEGFA, (88). The importance of
VEGFA binding to extracellular proteins in the ECM has also been investigated using in
silico modeling (111), which showed that vascular networks, in which an ECM-binding
signal was present, were more stable over time, and that binding of VEGFA to the ECM
allowed cells to elongate towards a source of VEGFA (111). HSPGs are also located in
the glycocalyx on the apical membrane domain of ECs, including human umbilical vein
endothelial cells (HUVECs) in vitro. The glycocalyx is a negatively charged, organized
mesh of membranous glycoproteins, proteoglycans and glycosaminoglycans (112-114)
which affects internalization of VEGFR2 after VEGFA binding, thus modulating VEGF
signaling outcome (115).

The specific types of sulfate groups in HS molecules are important for the degree of
VEGFA,, binding. It has been shown that ECs surrounded by HSPGs in the glycocalyx
that selectively contain 6-O sulfate groups on their HS molecules are less angiogenic,
and that binding to and subsequent phosphorylation of VEGFR2 by VEGFA,
(116). Moreover, zebrafish with genetic defects in specific 6-O sulfotransferases have
defective vascular development (117). Sulfatase 2 (SULF2) is an extracellular enzyme that
selectively removes 6-0 sulfate groups from HS chains on HSPG molecules (118). A major
role of SULF2 in post-prandial regulation of serum triglycerides has been described,
whereas a role of SULF2 in angiogenesis via alteration of VEGFA binding to HSPGs has
been proposed (119), but not reported as far as we know. SULF2 has also been shown
to inhibit HSPG-mediated uptake of very low density lipoprotein (VLDL) by ECs (120).
This may affect angiogenesis, since VLDL cargo is used for biosynthesis by proliferating

is reduced



cells, and VLDL has been shown to activate several pro-angiogenic pathways such as
phosphatidylinositol 3-kinase (PI3K) and PPAR-y (121-125). Taken together, the literature
suggests a role of HSPGs in regulating angiogenesis, but exact mechanisms and possible
differential regulation of tip cells and non-tip endothelial cells are unknown.

In addition to binding to HSPGs, binding to VEGFR2 co-receptors may also affect
the outcome of VEGFA signaling in specific subtypes of ECs during angiogenesis. Since
microarray data showed that mRNA expression of NRP2 was significantly higher in CD34+
tip cells than in CD34 non-tip cells in an in vitro model of tip cells (3), NRP2 may have
a differential role in such regulation.

Therefore, in the present study we investigated whether modulation of binding of
VEGFA to VEGFR2 by knockdown of SULF2 or NRP2 affects sprouting angiogenesis,
tip cell formation, proliferation of non-tip cells and EC survival, and uptake of VLDL,
employing in vitro models of angiogenic tip cells and vascular sprouting.

MATERIALS & METHODS
Cell cultures

Primary HUVECs were isolated from umbilical cords (obtained from the Department
of Gynecology, Amsterdam University Medical Center (Amsterdam UMC), location
Academic Medical Center (AMC), Amsterdam, The Netherlands), as described previously
(126). Subjects gave informed consent for the use of tissues and/or serum and samples
were stored anonymously. HUVECs were cultured in M199 basal medium (Gibco, Grand
Island, NY, USA) supplemented with 10% heat-inactivated human serum (obtained
from the Department of Oncology, Amsterdam UMC, location AMC, Amsterdam,
The Netherlands), 10% fetal bovine serum (Gibco), and 1% penicillin-streptomycin-
glutamine (Gibco). HUVEC cultures were incubated with antibodies directed against
CD31/PECAM-1 (1:100; eBioscience, Vienna, Austria) to check the purity of the ECs.
HUVECs were cultured in 2% gelatin-coated (Millipore, Billerica, MA, USA) T75 culture
flasks at 37°C and 5% CO,. Experiments were performed with confluent HUVECs at
passage 3 of at least 3 donors. HUVECs were treated for 24 h with VEGFA, _ (R&D Systems,
Minneapolis, MN, USA), VEGFA ,, (Prospec, Rehovot, Israel) in a final concentration
of 25 ng/mL, or insulin-like growth factor 1 (IGF1; Prospec) in a final concentration of
50 ng/mL.

Flow cytometric analysis

Cell suspensions were obtained after treatment of adherent HUVEC monolayers with
TrypLE (Gibco). Cells were fixed in 2% paraformaldehyde in PBS for 15 min at room
temperature and incubated with anti-CD34-phycoerythrin antibody (anti-CD34-PE;
clone QBend-10, Thermo Scientific, Waltham, MA, USA) without permeabilization of
the cells. Cells were analyzed using a FACSCalibur (Becton Dickinson, Franklin Lakes,
NJ, USA) and FlowJo 6.4.7 software (Tree Star, San Carlos, CA, USA). Non-stained, non-
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treated cells were used as negative controls. Cell proliferation was assessed by measuring
incorporation of 5-ethynyl-2"-deoxyuridine (EdU) and propidium iodide (PI) using flow
cytometry, following manufacturer’s instructions (Molecular Probes, Eugene, OR, USA).

Spheroid-based in vitro angiogenesis assay

Seven hundred and fifty cells per spheroid were seeded in methylcellulose (Sigma-Aldrich,
Buchs, Switzerland)-containing medium in the presence of 2% human serum to allow
spheroid formation using the hanging drop method (100, 127). After 18 h, the spheroids
were embedded in collagen gels containing IGF1 (50 ng/mL) and when indicated VEGFA, .
(25 ng/mL), VEGFA,,, (25 ng/mL), or VLDL (25 pg/mL), and were allowed to sprout for 24
h. Images were taken using a phase-contrast microscope and the number of sprouts and
average sprout length per spheroid were analyzed using the Neuron-J plug-inn package
for Image-J software (128). For siRNA experiments, HUVECs were transfected with siRNA
as described below at 48 h before spheroids were made.

siRNA knockdown experiments

HUVECs were transfected with 25 nM SULF2 and/or NRP2 siRNA or a non-targeting
control siRNA (Dharmacon, Lafayette, CO, USA), in the presence of 2.5 pg/mL Dharmafect
1 (Dharmacon). The cells were transfected for 6 h using the reversed transfection method
as described by the manufacturer. The transfection efficiency was verified by measuring
mRNA levels of the target genes and considered acceptable when expression was reduced
by at least 70% after 72 h.

VLDL isolation and labeling

VLDL was isolated from human plasma using gradient ultracentrifugation as described
(129). VLDL-Apo B was analyzed in the VLDL fraction using a nefelometric assay (Diasys,
Wixom, MI, USA) on a Selectra system (Sopachem, Ochten, The Netherlands). VLDL was
labeled with DyLight 680 according to the manufacturer’s protocol (Thermo Scientific)
and dialyzed extensively and stored at 4 °C.

Immunohistochemistry

Cells were treated with siNT or siSULF2 as mentioned above and cultured on gelatin-
coated coverslips (Thermo Scientific) for 72 h before treatment with Dylight-680-labeled
VLDL (25 pg/mL) for 120 min in the presence or absence of heparanase (7.5 mU/mL
Sigma Aldrich, St Louis, MO, USA). Heparanase hydrolyses HS selectively whereas
heparins are poor substrates for heparanases (110). Cells were fixed in freshly-prepared
4% paraformaldehyde in PBS for 15 min at room temperature, and then nonspecific
binding was blocked and cells were permeabilized in PBS containing 10% bovine serum
albumin (BSA; Sigma-Aldrich, St. Louis, MO, USA) and 0.5% Triton X-100 (Sigma)
for 1 h at room temperature. Next, cells were incubated with a monoclonal primary



antibody against CD34 (clone MD34.2; Sanquin, Amsterdam, The Netherlands) and
a rabbit anti-early endosome antibody (EEA1, 1:500 dilution; Thermo Scientific) for 2 h
and a secondary anti-mouse Alexa488-conjugated antibody and anti-rabbit Alexa568-
conjugated antibody (Life Technologies, Carlsbad, CA, USA) for 1 h. Cells were mounted
in Vectashield containing DAPI (Vector Laboratories, Burlingame, CA, USA). Images were
captured using a Leica confocal microscope (Leica Microsystems, Wetzlar, Germany) using
a 63x objective. Quantification was performed using Matlab (MathWorks B.V., Eindhoven,
The Netherlands) and images of EEA1-positive endosomes were compared with images of
VLDL staining to assess endosomal uptake of VLDL using a custom script.

RNA isolation and quantitative PCR

Total RNA was isolated from cells using the TRIzol method (Invitrogen, Carlsbad, CA,
USA). A total amount of 1 ug total RNA was used for DNAse-I treatment (amplification
grade; Invitrogen, Carlsbad, CA, USA) and reversed transcribed into first strand cDNA
using the Maxima First Strand cDNA Synthesis Kit (Thermo Scientific). Primer details are
available in Supplemental Table 1. NCBI BLAST confirmed the specificity of the primers.
The presence of a single PCR product was verified by both the presence of a single
melting temperature peak and detection of a single band of the expected size on agarose
gels. Non-template controls were included as control. Real-time quantitative PCR was
performed using a CFX96 real-time PCR detection system (Bio-Rad Laboratories, Hercules,
CA, USA) as described previously (3). Expression data were normalized to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) mRNA levels for PCR data after SULF2 knockdown
or tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta
(YWHAZ) mRNA levels after siNRP2 knockdown. Microarray data were obtained from
a previous study (3).

Statistics and data correction

To correct for differences between donors, data from flow cytometry and spheroid
experiments were corrected using factor correction as described previously (130). For
single column comparisons an unpaired T-test was used, for multiple comparisons
a Two-way ANOVA was used. A P value of <0.05 was considered to indicate statistically
significant differences.

RESULTS

Differential effects of VEGFA, and VEGFA  on tip cell formation and
sprouting vessel formation

VEGFA, ., hasaHS-binding domainwhich VEGFA |
in HS-binding of these two VEGFA variants lead to differences in tip cell formation and
sprouting of new vessels in vitro. Flow cytometric analyses showed that stimulation of
HUVECs with VEGFA, ,, and VEGFA, resulted in a 1.5- and 1.6-fold increased percentage

lacks. We tested whether the differences
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Figure 1. Effect of VEGFA ,, and VEGFA  on tip cell formation and sprouting. HUVECs were

cultured in the presence of VEGFA  or VEGF,, or untreated as a control. a Flow cytometric analysis

of CD34+ cells (% of total number of cells). Average number (b), average length in um (c) and total
length in um (d) of sprouts per HUVEC spheroid. e Representative images of sprout formation from
HUVEC spheroids. Results are presented as mean + standard deviation (n=5). One-way ANOVA
with multiple comparison was used to calculate statistical differences (* P < 0.05, ** P < 0.01, ***
P < 0.001, **** P<0.0001).

of tip cells, respectively (Fig. 1a). The number of sprouts per HUVEC spheroid increased
1.8-fold after stimulation with VEGFA,,,, and 2.1-fold after stimulation with VEGFA,
(Fig. 1b). Sprout length increased modestly more with VEGFA . than with VEGFA ,,
(P<0.05) (Fig. 1c). For total sprout length, VEGFA ,, and VEGFA, , showed a 2.0- vs.
a 2.8-fold increase (p<0.05) (Fig. 1d). All together, these results show a clear trend that
the effects of VEGFA,; on tip cell formation and sprouting are more pronounced than

that of VEGFA ,, .

Role of SULF2 in VLDL uptake by HUVECs

VLDL uptake, which is regulated by SULF2, mainly occurred in CD34" non-tip cells rather
than in CD34* tip cells (Fig 2a). We further investigated whether HSPGs had an effect
on VLDL uptake by CD34 cells. Figs 2 b-d show that siSULF2 treatment stimulated
endosomal but not non-endosomal uptake of VLDL in non-tip cell HUVECs. The effect of
siSULF2 treatment was annihilated by heparanase activity that cleaves HS. These findings
suggest that VLDL is specifically needed by proliferating stalk cells during angiogenesis,
and that VLDL uptake may be a marker for CD34- stalk cells in vitro.
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Figure 2. Knockdown of SULF2 leads to increased uptake of VLDL. a Analysis of endosomal uptake
of fluorescently-labeled VLDL by CD34 but not CD34+ cells. Staining of CD34 (green), VLDL (light
blue), endosomes (EEA, pink) and nuclei (DAPI, blue) in HUVECs and overlay images at low (bar =
50 pym) and higher (bar = 20 ym) magnification. b-d Quantification of total, endosomal and non-
endosomal uptake of fluorescently-labeled VLDL by HUVECs after siRNA-mediated knockdown of
SULF2. Heparanase was used as a control as it removes all HS chains from HSPG proteins. Cells
were stained with DAPI and EEAT for nuclei and endosomes. Number of VLDL particles per cell
were counted using Matlab and overlap with EEA1 staining was considered as endosomal uptake.
Students’ T-tests were used to calculate statistical differences (** P < 0.01, *** P < 0.001).

Role of SULF2 in VEGFA . and VEGFA_ . stimulation of HUVECs

SULF2 gene expression was twice as high in CD34+ tip cells than in CD34- cells (Fig. 3a).
SULF2 siRNA-mediated knockdown resulted in a 90% decrease in SULF2 mRNA levels
(Fig. 3b). Knockdown of SULF2 did not affect the percentage of tip cells in untreated
HUVECs or in HUVECs treated with VEGFA , or VEGFA  (Fig. 3¢). In HUVEC spheroids,
inhibition of SULF2 did not affect the number of sprouts of spheroids in the presence or
absence of VEGFA ,, or VEGFA ,, and sprout length was marginally reduced by 1.2-fold
(p=0.02) (Fig. 3d-e). Specific assays were performed to exclude major effects of apoptosis
or proliferation confounding the final percentage of tip cells in these experiments (131,

132). No significant differences in proliferation were found in HUVECs treated with
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Figure 3. Effect of SULF2 knockdown on VEGFA ,, 165~ induced tip cell formation and
sprouting. a Microarray analysis showed enrichment of SULF2 mRNA in CD34+ cells as compared
to CD34 cells. HUVECs were cultured in the presence or absence of VEGFA . or VEGF,,, after
treatment with siNT or siSULF2. b Treatment of cells with siSULF2 resulted in a significant reduction
in MRNA levels of more than 70% as compared to treatment with siNT. ¢ Flow cytometric analysis
of CD34* cells (% of total number of cells). Average number (d) and length in um (e) of sprouts
per HUVEC spheroid. f Representative images of sprout formation from HUVEC spheroids. Results
are presented as mean + standard deviation (n=3). Unpaired T-tests (a,b), two-way ANOVA (c) or
two-way mixed ANOVA (d,e) were used to calculate statistical differences (* P < 0.05, ** P < 0.01,
**x P<0.001, **** P<0.0001).

siSULF2 as compared to HUVECs treated with siNT (Fig. 4a-c). Addition of VEGFA,
and, to a lesser extent, VEGFA ,,, reduced apoptosis in CD34* tip cells but not in CD34
HUVECs (Fig. 4d,e). siSULF2 treatment did not affect apoptosis in both CD34* and CD34-
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Figure 4. Effect of SULF2 knockdown on VEGFA .. and VEGFA . induced cell proliferation and

121 165
apoptosis. HUVECs were cultured in the presence or absence of VEGFA . or VEGF.. or no VEGF

165 121
(Control) after treatment with siNT or siSULF2. Flow cytometric analysis determined the percentage

of cells in GO/G1 phase (a), S-phase (b) and in G2/M phase (c). FACS analysis with anexin-5 and
CD34 labeling determined the percentage of CD34 non-tip cells (d) and CD34+ tip cells (e). Results
are presented as mean + standard deviation (n=3). Two-way ANOVA was used to calculate statistical
differences (* P < 0.05, *** P < 0.001).

HUVECs. Taken together, although SULF2 is preferentially expressed by tip cells, it does
not seem to have a major role in their formation, survival or function as leading cells
of sprouts.

NRP2 is a VEGFR2 co-receptor involved in VEGFA-induced sprouting,

but not in tip cell formation

NRP2 promotes EC survival, and plays a role in angiogenesis (133, 134). NRP2 is mainly
expressed in tip cells (Fig 5a). Therefore, we tested whether siRNA-mediated knockdown
of NRP2 affects VEGFA .-induced tip cell formation and vessel sprouting. An efficient
reduction of 78% in NRP2 mRNA levels was found after siRNA-mediated knockdown of
NRP2 (Fig. 5b). Knockdown of NRP2 did not affect the percentage of CD34* tip cells in
the presence or absence of VEGFA (Fig. 5¢). The VEGFA ,, and VEGFA .-induced increase
in the number of sprouts was abolished after knockdown of NRP2 (Fig. 5d). There was no
change in sprout length after knockdown of NRP2 in the presence or absence of VEGFA ,,
and VEGFA . (Fig. 5e). Together, we found that NRP2, which is mainly expressed by tip
cells, plays a role in sprout initiation, but not tip cell formation.
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Figure 5. Effect of NRP2 knockdown on VEGF-induced tip cell formation and sprouting. a Microarray
analysis showed enrichment of NRP2 mRNA in CD34* cells as compared to CD34" cells. HUVECs
were cultured in the presence or absence of VEGFA_, and/or VEGFA  or after treatment with siNT
or siNRP2. b Treatment of cells with siNRP2 resulted in a significant reduction in mRNA levels of
more than 70% as compared to treatment with siNT. ¢ Flow cytometric analysis of CD34+* cells (%
of total number of cells). Average number (d) and length in pm (e) of sprouts per HUVEC spheroid.
f Representative images of sprout formation from HUVEC spheroids. Results are presented as mean
+ standard deviation (n=3). Unpaired T-tests (a,b) or Two-way ANOVA analyses (c-e) were used to
calculate statistical differences (* P < 0.05, ** P < 0.01).

VLDL uptake does not affect the tip cell percentage but enhances

the number of sprouts

VLDL uptake is involved in angiogenesis as provider of biomass for proliferating stalk
cells, and is inhibited by SULF2 (Fig 2) (135). We tested the possible consequences of
VLDL uptake on tip cell percentage and on vessel sprouting. There was a modest but
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Figure 6. Effect of VLDL on tip cell formation, sprouting and apoptosis. HUVECs were cultured in
the presence or absence of VEGFA, and/or VLDL or after treatment with siNT or siSULF2. a Flow
cytometric analysis of CD34* cells (% of total number of cells). Average number (b) and length in
um (c) of sprouts per HUVEC spheroid. Relative amount of apoptotic CD34- (d) and CD34* cells (e).
Results are presented as mean + standard deviation (n=3). Two-way ANOVA was used to calculate
statistical differences (* P < 0.05, ** P < 0.01, *** P< 0.001, **** P < (0.0001).

significant inhibitory effect of exogenous VLDL on VEGFA-induced tip cell formation,
whereas the addition of VLDL did not affect the percentage of tip cells after siSULF2
treatment (Fig. 6a). Addition of VLDL to HUVEC spheroids resulted in an increased
number of sprouts per spheroid (Fig. 6b), but did not change sprout length (Fig. 6¢),
whereas siSULF2 inhibited sprout length to some extent (Fig 6¢). Apoptosis of CD34 or
CD34+* cells was not changed upon addition of VLDL or knockdown of SULF2 (Fig 6d-e).
Taken together, we found that exogenous VLDL induces sprouting in cultured HUVECs
but does not induce tip cell formation.
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DISCUSSION

This study shows that VEGFA_ , is a stronger inducer of tip cell formation and angiogenesis
in vitro than VEGFA,,,, by an unknown mechanism, as modulation of VEGFA-HSPG
binding by knockdown of SULF2 only modestly reduces sprout length, and does not
affect the number of sprouts in spheroids, or tip cell formation. Uptake of VLDL, which is
regulated by SULF2, is limited to non-tip cells. It increases upon knockdown of SULF2 and
induces sprouting but not tip cell formation. Finally, sprout initiation by VEGFA is affected
by simultaneous binding of the VEGFR2 co-receptor NRP2.

VEGFA is the main driving force for sprouting angiogenesis (1). Its binding to VEGFR2
induces a cascade of signaling processes resulting in increased migration of tip cells,
increased proliferation of stalk cells (3, 136), and inhibition of apoptosis in both tip and
stalk cells (1, 106). We have shown that VEGFA
tip cell formation, whereas VEGFA ,, has less potent effects. One of the main differences
between VEGFA .. and VEGFA,  is HS binding. It has been reported that binding of
VEGFA, ., to extracellular HSPGs alters the activation of downstream signaling pathways
in ECs in vitro: extracellular protein binding of VEGFA, . caused elevated activation of AKT
serine/threonine kinase 1 (AKT), whereas unbound VEGFA, . mainly activated p38 (137).
Activation of p38 induces migratory signals, whereas activated AKT causes proliferative

consistently induces sprouting and CD34+

and survival signals in ECs (138-140). The migratory signaling cascade is relevant for tip
cells during angiogenesis, whereas the latter signaling cascade is relevant for stalk cells.
Moreover, excessive amounts of 6-O sulfate groups on HSPGs have been shown to reduce
binding of VEGFA to VEGFR2 (116). As SULF2 removes 6-O sulfate groups, knockdown
of SULF2 is expected to result in an excess of 6-O sulfate groups on HSPGs and reduced
sprouting. This is in agreement with the results shown in Fig 3e and 6a, which suggest
that binding to HSPGs by VEGFA . has a modest enhancing effect on sprout elongation.
In transgenic mice expressing only VEGFA ., which does not bind to HSPGs, this may
also be the underlying mechanism of disturbed vascular development leading to irregular
vascular networks (88).

Binding of the VEGFR2 co-receptor NRP2 only affected VEGFA-induced sprouting
in vitro, and not tip cell formation. NRP2 has mainly been associated with EC survival
(133), but has been less studied than its family member NRP1, which is involved in tip
cell regulation during angiogenesis, and in neuronal development (141, 142). NRP1 and
NRP2 have been shown to bind VEGFA, ,, but whether they also bind VEGFA,,, has been
subject of debate (108, 143, 144). Since we found that NRP2 is mainly expressed in
CD34+ tip cells, it may play a role in tip cells during initiation of sprouting. Here, we show
that knockdown of NRP2 affects VEGF,,,- as well as VEGF,,-signaling during sprouting,
indicating that there is a functional interaction between NRP2 and VEGF ,,. It seems
that NRP2 is not involved in induction of the tip cell phenotype by VEGFA, but supports
formation of new vessel sprouts by VEGFA in another manner.

Besides altering growth factor binding to ECM, SULF2 also regulates uptake of VLDL
particles by endothelial cells (119). VLDL provides fatty acids as a source for energy



and biomass for proliferating cells and is therefore important for sprout elongation by
proliferation of stalk cells. Angiogenesis is mainly driven by glycolysis (145-147), whereas
tip cells have a flexible energy metabolism, which fits with their role as pioneers moving
into tissues during angiogenesis, where availability of substrates and oxygen may vary
greatly (146, 147). We show here that tip cells do not take up VLDL particles, whereas
non-tip cells do. This process is regulated by SULF2-induced alteration of HSPGs, as was
shown by abolition of these effects by heparanase which removes all extracellular HS
chains (110). Our in vitro experiments show that VLDL itself affects sprouting: addition
of exogenous VLDL does not induce stalk cell proliferation or sprout elongation, but it
increases the number of sprouts. This is consistent with previous studies which have
shown that VLDL can elicit activation of several pro-angiogenic pathways such as PI3K
and PPAR-y (125, 148). The inhibitory effects on VEGF-induced formation of tip cells
seem to be contradictory in this case but could be the result of a decreased number of
HSPG molecules on the cell surface because they are endocytosed along with the VLDL
molecules (149).

Our study is limited because the in vitro environment is different from angiogenic
sprouting in vivo. In our experiments, HUVECs are seeded on gelatin-coated plastic, and
are covered by medium supplemented with VEGFA or VLDL which is probably mainly in
contact with the ECs on the side of the medium, which could be interpreted as the luminal
side of ECs. During sprouting in vivo, tip cells, which lack a luminal side or glycocalyx,
penetrate the ECM. The ECM consists of a large number of proteins, including HSPGs. In
our experiments, we cannot discriminate between effects of our interventions on HSPG
in the glycocalyx of the cultured ECs (114), which is present in vivo on the luminal side
(112, 150), versus HSPGs in the ECM, i.e in the basal lamina deposited by the cells on
the plastic. Nevertheless, since we have shown that expression of SULF2 is stronger in
these CD34* tip cells compared to CD34- cells, a finding recently confirmed by others
(151), sulfation of HSPGs in the ECM may well play a role in vessel sprouting during
angiogenesis in vivo.

CONCLUSION

We conclude that co-binding of the VEGFR2 co-receptor and HSPGs by VEGFA , plays an
only marginal role in the elongation of angiogenic sprouts, and does not affect the initiation
of the sprouts or tip cell formation. Uptake of VLDL is limited to non-tip cells, regulated by
HSPG binding, and induces sprouting but not tip cell formation, all suggesting that VLDL
has a role in sprouting by providing biomass for stalk cell proliferation. Finally, the other
VEGFA-VEGFR2 co-receptor NRP2 plays a role in sprout initiation by tip cells.
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>ULFATASE 2 IN LIPOPR
BOLISM AND ANGIOG




ABSTRACT

The purpose of this review is to summarize the current evidence to support a role of
Sulfatase 2 (SULF2) in Triglyceride-rich lipoprotein (TRL) metabolism and angiogenesis.

Heparan Sulfate Proteoglycans (HSPG) are involved in the hepatic clearance of
triglyceride-rich lipoproteins in mice as well as in humans. Different genetically modified
mouse models have been instrumental to provide evidence that not only syndecant,
the core protein of HSPG, but also the degree of sulfation of the HS chain, attached
to syndecan, is important for hepatic TRL metabolism. Studies in humans demonstrate
the regulating role of SULF2 in the hepatic uptake of TRL by HSPG and demonstrate
the importance of 6-O-sulfation for HSPG function.

The role of SULF2 in angiogenesis is illustrated by showing that SULF2 mRNA is mainly
expressed in the stalk cells that use fatty acids derived from TRL as source for biomass
production. Interestingly, SULF2 interferes with HSPG-VEGF binding which impacts upon
the angiogenic properties of stalk cells.

SULF2 is a multifaceted protein involved in TRL homeostasis and angiogenesis. Future
investigations should focus upon the benefits of targeting SULF2 in atherosclerosis as
well angiogenesis.

Published in Curr Opin Lipidol



INTRODUCTION

Subject with type 2 diabetes and the metabolic syndrome frequently have the atherogenic
dyslipidemic phenotype, reflected by increased levels of fasting plasma very low density
lipoprotein (VLDL) particles and elevated postprandial levels of triglyceride-rich lipoproteins
(TRL) remnants (152). The increased prevalence of obesity, the metabolic syndrome and
Type 2 Diabetes in Western Societies has further emphasized the need of understanding
the pathophysiology underlying this atherogenic phenotype, since plasma TRL-cholesterol
levels were causally associated with increased risk for coronary vascular disease (CVD) in
the population (153, 154). Important determinants in TRL homeostasis are LPL-mediated
lipolysis and hepatic TRL clearance. A key role has been proposed for Heparan Sulfate
Proteoglycans (HSPGs), macromolecular components of the extracellular matrix that
are involved TRL uptake and are as such indispensable for lipid metabolism. HSPGs also
influence growth factor signaling, enabling them to influence pathological processes like
atherosclerosis and angiogenesis in multiple ways (155). Concomitantly, endothelial cells
excessively exposed to TRL are prone to abnormal behavior underlying pathologies like
atherosclerosis, but also abnormal blood vessel growth (angiogenesis), which has recently
become evident (155).

This review will highlight current evidence for the role of SULF2, an extracellular
sulfatase that targets the 6-O-sulfate residue of HSPG, in TRL metabolism and growth
factor signaling, providing arguments for how these pathways may be involved in
the pathophysiology of atherosclerosis and angiogenesis.

HEPARAN SULFATE PROTEOGLYCANS AND SULF2

Heparan Sulfate Proteoglycans (HSPGs) are large molecules that are present on the cell
surface of mammalian endothelial cells and, together with other macromolecules, form
the extracellular matrix. HSPGs operate in a large number of different organs such as
the heart, pancreas, liver and the vascular system and participate in pathophysiological
processes such as angiogenesis and TRL metabolism. HSPGs are structurally different
between tissues as represented by unique disaccharide repeats and modifications of
heparan sulfate chains (HS chains) (149, 156). These structural changes are necessary to
enable HSPGs to differentially bind proteins and lipoprotein particles in order to perform
varied functions including: 1) co-receptors for growth factor signaling 2) allow adhesion
of cells to the extracellular matrix (ECM) and consequently aiding migration of cells 3)
binding of microbial pathogens and 4) uptake of triglycerides (TG) for energy use or
storage (109).

The HSPG are composed of a “backbone” core protein consisting of either syndecans,
which are transmembrane proteins or glypicans, which are attached to the cellmembrane by
a glycosyl-phosphatidyl-inositol anchor. The HS chains are covalently attached to the serine
residues present in the core proteins and consist of large unique polysaccharides of up to
200 repeating disaccharides units consisting of N-acetyl glucosamine and D-glucuronic
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acid (149, 156). The synthesis of HS chains involves a plethora of different proteins, such
as Exostosin Glycosyltransferase 1 and 2 (EXT1 and EXT2) involved in chain elongation,
Heparan Sulfotransferases involved in the sulfation of the carbon at the position 2, 3 and
6 and N-deacetylase/N-Sulfotransferase 1 (NDST1) involved in the sulfation of N residue.
Altogether, more than 25 different proteins are involved (109).

A number of proteins, such as Heparanase and Sulfatase 1 and 2 (SULF1 and SULF2),
are involved in the extracellular remodeling of HSPGs, which interferes with the biological
functions of HSPG. In this respect it has been shown that SULF2 can greatly diminish binding
of Vascular Endothelial Growth Factor A (VEGF-A) and Fibroblast Growth factor 1 (FGF-1)
(157). Interestingly, SULF2 can also actively interfere with proteins already immobilized to
HSPG. In diabetes, cancer or dysregulation of the coagulation system, uncontrolled HSPG
remodeling is therefore expected to partly underlie the pathobiology (158). Heparanase
cleaves HSPG at the cell surface and in the ECM (for review see (158)). SULF1 and SULF2
modify the 6-O-sulfate group on tri-sulfated glucosamine residues in an environment of
neutral pH (156, 158, 159). SULF1 and SULF2 share 60% sequence identity. They are
synthesized as pre-pro-protein with a molecular weight of 125 kDa. The signal peptide is
removed and the pro-protein is then cleaved by a furin-type proteinase into 2 fragments
of 75 and 50 kDa which both exhibit extracellular sulfatase activity (160). The gene for
SULF2 is located on chromosome 20 and for SULFT on chromosome 8.

HSPG AND LIPOPROTEIN METABOLISM

TRL metabolism involves a sequence of steps involving hydrolysis of triglycerides (TG) and
subsequent uptake of the remnant particles in the liver (161, 162). The first rate-limiting
step is the hydrolysis of triglycerides by the enzyme Lipoprotein Lipase (LPL) facilitating
uptake of free fatty acids for energy use or storage as TG in adipose tissue, muscle and
heart. Lipoprotein Lipase is synthesized in parenchymal cells. Upon maturation by Lipase
Maturation Factor 1(LMF1) LPL is secreted and then transported to the surface of vascular
endothelial cells (163). To date, how LPL reaches the cell surface is still under investigation.
It was thought that LPL was anchored to the endothelial cell surface by binding to HSPG
(164). Interestingly, patients with a mutation in Collagen XVII (COL18AT), an HSPG present
in basement membranes, have increased plasma TG levels and decreased LPL activity and
mass, endorsing a role for HSPG in LPL translocation (165). However, the identification
of GPIHBP1 as the platform for LPL-mediated triglyceride lipolysis at the endothelial cell
surface has fundamentally changed this concept (166). In the heart LPL is synthesized by
the cardiomyocytes. After reaching the myocyte cell surface, LPL binds to HSPG and is
transported across the interstitial space where LPL binds to glycosyl-phosphatidyl-inositol
HDL binding protein 1 (GPIHBP1) which facilitates further transport of LPL across the cell
to the apical endothelial cell surface where LPL will hydrolyze TG (167, 168). To date,
patients with a complete loss-of function of GPIHBP1 have a severe hypertriglyceridemic
phenotype comparable to that observed in patients with LPL or APOC2 deficiency (169).



Hepatic TRL clearance in mice involves, to date, 3 different receptors, Low-density
lipoprotein receptor (LDLR), LDLR-related protein 1 (LRP1) and HSPG, which are expressed
on the cell surface of the hepatocytes and are able to bind TRL particles. Early evidence
was obtained by generation of a murine model with a hepatic deletion of Syndecan 1
(Sdc1), which invariably showed delayed TRL clearance (170). Concomitantly, the role
of syndecan-1 was further elucidated using human primary hepatocytes showing that
syndecan-1 mediates the binding and uptake of TRL (171, 172). Shedding of syndecan-
1 from human hepatocytes using phorbol myristic acid (PMA) leads to impaired TRL
clearance which further establishes the concept of HSPG involvement in hepatic TRL
metabolism. To date, injection of lipopolysaccharide (LPS) results in the shedding of
hepatic Sdc1, resulting in impaired TRL clearance and hypertriglyceridemia (171). The role
of different receptors in TRL clearance was further addressed in studies using different
genetically modified mouse models i.e. Ldlr", liver-specific Ndst1* and Lrp1”, showing
that the LDL receptor and the sulfation pattern of HSPG are fundamental in the clearance
of TRL by the liver, whereas Lrp1 only plays an essential role in the absence of the Ld/r and
validated the concept that sulfation of both syndecan-1 and specific sulfation patterns
of the HS chain are crucial for TRL binding and uptake (173). The importance of HSPG
chain length was illustrated using mice deficient in Ext7, which also exhibited moderate
increased plasma TG levels (174).

The interplay between Low-density lipoprotein receptor (LDLR), LDLR-related protein 1
(LRP1) and HSPG in hepatic TRL metabolism in humans is not fully elucidated. Patients with
a homozygous complete loss-of-function mutation in LDLR (Familial Hypercholesterolemia,
FH) have at best moderately elevated plasma TG levels (175, 176). Interestingly, genetic
variations (SNPs) in glucuronic acid epimerase (GLCE), an enzyme involved in the synthesis
of the HS chain were associated with increased plasma TG levels in Turkish families (177).
To further address this issue we measured postprandial TRL clearance in subjects with
heterozygous FH and matched controls and were able to confirm an important contribution
for the LDLR in postprandial hepatic TRL clearance reflected by increased incremental
area under the curve (iIAUC) for both TG and retinylesters, a marker for intestinal lipid
uptake (174). However, postprandial TRL clearance in subjects with a heterozygous loss-
of-function mutation in EXT1 or EXT2, who have a defect in HSPG chain length, was not
different from that in matched controls, suggesting that HSPG chain length in human,
unlike mice, only has a marginal impact in human TRL metabolism and that a second hit
(like LDL deficiency) is needed (174).

SULF2 AND HEPATIC CLEARANCE OF TRL

SULF2 modifies the HS chain sulfation in vivo and may influence TRL uptake and clearance.
This was demonstrated in a murine model of diabetes (db/db mice), where hepatic Sulf2
expression was strongly upregulated and was associated with decreased HSPG sulfation
and increased plasma TG levels (178). Inhibition of hepatic Sulf2 expression with an
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allele-specific oligo (ASO) was able to correct the fasting and postprandial TG levels and
normalizes postprandial TRL metabolism by improving the 6-O-sulfation of the HS chain
(120). Hepatocytes isolated from db/db mice exhibited impaired VLDL binding and uptake
which could be reversed by Sulf2-ASO, and was a proof of concept that 6-O-sulfation of
HSPG plays an essential role in HSPG mediated TRL metabolism in mouse hepatocytes.

In humans it was demonstrated that liver SULF2 mRNA expression levels were
significantly associated with fasting plasma TG in obese subjects (135). Next, 7
tagging SNPs in SULF2 were analyzed for association with fasting and postprandial
plasma TG levels in subjects with type 2 diabetes. SULF2 rs2281279 reproducibly
associated with TRL parameters. Individuals with the minor allele predispose for
significant lower postprandial TRL levels but also improved HbalC and plasma
glucose, which may suggest that regulation of SULF2 depends upon the insulin
resistant state. In accordance, Matikainen et al (179) demonstrated that in healthy
individuals the minor allele of rs2281279 was associated with lower hepatic SULF2
MRNA levels and improved postprandial TRL clearance. Collectively, these data
support an important role for HSPG 6-O-sulfation in human TRL metabolism and
indicate that SULF2 may be an attractive target for therapeutic intervention to
decrease the atherogenic lipoprotein phenotype in type 2 diabetes.

SULF2 AND ANGIOGENESIS

Atherogenic dyslipidemia affects vascular endothelium and may also modulate other
endothelial processes like angiogenesis (180). Angiogenesis is the highly coordinated
process of vessel sprouts originating from the pre-existing vasculature, which can
exacerbate many diseases including cancer and proliferative retinopathies (105).
Endothelial cells receiving pro-angiogenic signals will differentiate into angiogenic
phenotypes. The tip cells are leading the newly formed vessel sprout towards the source
of pro-angiogenic growth factors. The proliferating, lumen-forming stalk cells are
elongating the sprout, and further down the sprout are the Phalanx cells, which stabilize
cell junctions and recruit supporting cells such as pericytes (105, 181). Tip and stalk cells
each depends on different metabolic pathways. Tip cells that migrate towards tissues
with low oxygen concentrations use anaerobic glycolysis for ATP production which allows
the tip cells to generate a large amount of ATP molecules within a short time frame
resulting in a vast sprouting process (155, 182). Stalk cells, on the other hand, stimulate
fatty acid oxidation pathways to supply carbon sources for synthesis of intermediates
necessary for proliferation (180). HSPGs have been implicated in angiogenesis since they
bind most of the angiogenic growth factors, wherein the sulfation patterns of HSPG
are important to allow binding of the different molecules. SULF2 has been identified in
a microarray comparing mRNA transcriptome in tip cells to that of other endothelial cells
(3). Herein, it was found that tip cells, in contrast to stalk cells, do not express SULF2
mRNA, implying a role for SULF2 in stalk cells rather than tip cells. As mentioned above,



stalk cells are very proliferative, and require fatty acids to supply biomass for cell division.
TRL are an important source for fatty acid supply to the endothelial cells and HSPGs
facilitates binding and uptake. SULF2, by regulating the 6-O sulfation of HSPG, could
therefore be essential for sprouting stalk cells by facilitating TRL uptake. Alternatively,
SULF2 can interfere with angiogenesis by influencing growth factor-HSPG-interactions.
Many pro-angiogenic growth factors such as vascular endothelial growth factor (VEGF)
and fibroblast growth factor (FGF) have an HSPG-binding site, which can be influenced
by SULF2 (157). Interaction of growth factors with HSPGs can modify receptor binding
and induce differential signals for cells. A recent study shows that SULF2 influences
growth factor signaling in a highly vascularized malignancy (glioblastoma) and reveals
its role in Pericyte-derived Growth Factor Receptor-a (PDGFR-o) signaling. Ablation of
SULF2 in mouse models resulted in a reduction in PDGFR- « signaling and consequently
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Figure 1. SULF2 on HSPGs. Schematic representation of the action of SULF2 on cell membranes.
A. SULF2 removes negatively charged 6-O-sulfate groups from the HS chains linked to
the transmembrane Syndecan-1 core protein. Removal of sulfate groups prevents binding of TRL
(left), hereby preventing uptake into the cell. Growth factor binding to the HS chains is prevented
by SULF2-mediated removal of sulfate groups (right) which alters receptor binding and consequent
downstream signaling. B. Absence of SULF2 allows binding of TRLs to the negatively charged HS
chains, which enables uptake into the cell for storage and processing of TRL content (left). Growth
factors also bind negatively charged HS chains, which influences receptor binding and consequent
downstream signaling.
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a reduction in cell and tumor growth (183). Whether these reductions could be due to
changes in the growth of the tumor vasculature remains unclear.

VEGF signaling, which is essential for vessel growth, is also modified by SULF2
mediated changes of the HSPGs. It has been shown that SULF2 can impede in binding
of VEGF to immobilized heparin (157). Furthermore, downstream signaling of VEGF-
receptor 2 (VEGFR2) is influenced by the binding-state of VEGF (178). Binding of VEGF
results in more migratory downstream signaling through the phosphorylation of P38,
whilst unbound VEGF stimulated a more proliferative signal through Akt phosphorylation
(178). These modifications, influenced by SULF2, may be essential for differential tip and
stalk cell signaling, enabling them to perform their angiogenic role. In summary, whilst
SULF2 is necessary for normal angiogenesis, whether this effect is established through
modifications of growth factor-HSPG-interactions or an effect on stalk cell fatty acid
metabolism has yet to be revealed.

In summary, HSPGs are instrumental for normal TRL metabolism but also play an
essential role in angiogenesis by facilitating TRL uptake and allowing VEGF-mediated
cell signaling. SULF2 , by removing the 6-O- sulfation group, is an important regulator
of HSPG function in TRL homeostasis and angiogenesis. Future studies are required to
Investigate whether SULF2 can be used as antisense based therapeutic target.
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SUMMARY AND DISCUSSION

The aim of this thesis was to use CD34 as a marker for tip cells in vitro to further characterize
growth factors and pathways involved in regulation of the tip cell phenotype. The use of
three different approaches to study tip cells resulted in the following conclusions:
» CD34+ tip cells in vitro can be used to identify novel tip cell-specific genes.
» The effects of anti-angiogenic compounds on CD34+* tip cells in vitro provide
valuable information about their effectiveness and mechanisms of action in vivo.
» CD34* tip cells express specific proteins that regulate interactions with stalk cells
and extracellular matrix to enhance sprouting.

This discussion provides a review of the results in a broader pathophysiological and
clinical perspective.

Tip cell-specific genes as therapeutic targets

Targeting tip cell-specific proteins may increase efficacy and reduce side effects of anti-
angiogenic therapies used to treat blinding retinal diseases and cancer. To study tip cells,
we used CD34, which was previously shown to be a specific marker for tip cells in vitro. In
vivo, CD34 is not only expressed on tip cells but also on the luminal side of blood vessels,
and we investigated if CD34 has a role in angiogenesis in vivo. We found that CD34 is
not essential for physiological angiogenesis, but plays a role in pathological angiogenesis
in the hypoxic mouse retina (chapter 2.1). We then compared mRNA expression of
CD34+* tip cells and CD34 cells using a microarray to identify candidate tip cell-specific
genes. The success of this microarray-based approach, highlighted by the identification
of IGF2, IGF1R, and IGFBP3 and 4 (chapter 2.2 and 2.3), provides evidence that in vitro
research on tip cells forms a platform to screen for novel tip cell-specific genes without
the need of animal models. IGF2 was identified as an essential growth factor that allows
tip cells to maintain their phenotype. Inhibition of IGF2 protein levels led to a dramatic
decrease in sprouting in the models that we studied, which highlights the robustness of
the results. Live cell imaging of sprouting EC spheroids showed that proper maintenance
of the tip cell phenotype is essential for sprouting, since both spheroids lacking IGF2 as
well as spheroids cultured in the presence of excess IGF2, exhibit disturbed sprouting. We
observed strong inhibition of sprouting occurs when IGF2 is inhibited, whereas inhibition
of sprout persistence, and lack of sprout elongation occur when there is excess IGF2.
A current hypothesis is that the best fitted cell takes on the tip cell phenotype and leads
the growing vessel sprout (1, 2). We can now state that not only the best fitting cell takes
on the tip cell phenotype, but that tip cells also express proteins that serve to maintain
the phenotype for long enough to ensure proper sprouting. This mechanism highlights
the challenge of angiogenesis inhibition: inhibition of one cell type often leads to
a phenotypic switch that enables the other, “better suited”, cell to take over and continue
guiding the growth of the vessel sprout. Inhibition of the IGF2-IGF1R signaling axis
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provides an alternative approach, and would allow cells to take on the tip cell phenotype
but would inhibit their efficacy, because of failure to maintain the phenotype. There are
several clinical trials ongoing that are studying the effects of IGF/IGF1R inhibitors, as
described in chapter 2.4 (3, 4). Further studies are required to elucidate more details of
the cellular and molecular mechanisms of IGF2 signaling in angiogenesis and to establish
the therapeutic efficacy of IGF2 inhibition.

Implications of differential effects of anti-angiogenic compounds on tip
cells

Anti-angiogenic treatment of retinal diseases currently relies on intra-ocular injection
of compounds that inhibit a single growth factor, VEGF. Although the treatment has
successfully prevented blindness in many patients, it still needs improvement: reduction
of the number of injections is needed, and longer-acting compounds may greatly reduce
infection risks for patients and improve their quality of life. Furthermore, there is a need
for alternative treatments for patients that do not respond to VEGF-inhibitors (5-8). Our
studies of several anti-angiogenic compounds that inhibit a number of pro-angiogenic
proteins and receptors revealed a variable effect on the percentage of CD34+* tip cells in vitro
(chapter 3). In chapter 3.1, we present an algorithm to rapidly optimize combinations of
anti-angiogenic compounds. Chapter 3.2 describes our study on a specific drug designed
to inhibit PDGFR, in which we show that it has a broader mechanism of action independent
of PDGFR. This drug reduces angiogenesis by inhibiting stalk cell proliferation rather than
tip cell migration, amongst other effects. In these studies, we used several models to
study angiogenesis and tip cells in particular, including CD34 as a marker for tip cells
and to measuring changes in their numbers as a model for tip cell formation. Since no
other markers of tip cells in vitro than CD34 have been identified as yet, we are aware
that the results need to be interpreted with caution. Therefore, we combined as much
as possible different methods, including assays that measure proliferation, migration and
apoptosis, and methods to detect effects on tip cell-specific target genes, to exclude
confounders which may affect the measured percentages of tip cells in this model.
Recently, indirect support was reported for the validity of our in vitro model by Goveia et
al., who demonstrated that the markers of the tip cell phenotype were conserved across
species in tumor endothelial cells and in in vivo and in vitro models, in contrast to other
tumor endothelial cell phenotypes (9). Our studies show that there are many alternative
angiogenic pathways that induce ECs to become tip cells, as supported by van Beijnum
and colleagues (10). It also shows the importance of the phenotype for angiogenesis, as
only combinations of drugs were capable of reducing tip cell activities such as migration
and sprout formation in spheroid assays. Since the emergence of tip cells to lead growing
vessel sprouts is the common final pathway of many pro-angiogenic pathways, we
hypothesize that inhibition of tip cells may dampen the effects of multiple pro-angiogenic
pathways and that this approach may therefore be more effective as a therapeutic



strategy in cancer and retinal diseases. Furthermore, since the effects of these theoretical
anti-tip cell compounds would be specific for tip cells, the existing vasculature should
remain unaffected, thereby limiting side effects. Screening of candidate compounds for
their effects on CD34+* tip cells is, therefore, a valuable additional assessment tool of their
potential therapeutic efficacy in patients.

Tip cell microenvironment

Interactions between ECs and their microenvironment are vital for cell differentiation
and angiogenic sprouting efficiency. The ECM provides a reservoir of growth factors,
such as IGF2 and VEGF, and regulates the downstream effects of these growth factors. In
addition, communication between tip cells and stalk cells is crucial for proper sprouting
(11-14). The use of CD34~ tip cells to study these interactions are presented in chapter
4. Initial in silico modeling of cell-cell adhesion revealed that tip cells are less adherent
to other cells than stalk cells, which allows them to reach the leading tip of the growing
vessel sprout. An analysis of mRNA expression data identified cell adhesion molecule
apelin (APLN) and its receptor APJ (15), which are differentially expressed in CD34* tip
cells and CD34 cells, as candidate proteins involved in this phenomenon (chapter 4.1).
Subsequent in vitro experiments confirmed that reduced expression of APJ by tip cells
allowed them to migrate to the sprout tip to lead the growing sprout.

Tip cells also interact with the extracellular matrix in their microenvironment.

Experiments using 2 different VEGFA splice variants revealed that VEGFA, ., the most

1657
common variant that has a HSPG-binding domain, is a stronger inducer of tip cells and
angiogenesis than VEGFA, ,,, a variant lacking the HSPG-binding domain. Knockdown of
VEGFR2 co-receptor NRP2 demonstrated that it has a role in sprouting but not in tip cell
formation (chapter 4.2). Knockdown of SULF2, an extracellular modifier of HSPGs which
alters its growth factor-binding capacity, revealed that binding of VEGF to HSPGs is not
pivotal for angiogenesis, but may play a marginal role in sprout elongation, suggesting
that the observed differential effects of the two VEGF isoforms on tip cell induction and
angiogenesis may be regulated by other mechanisms than HSPG binding. Furthermore,
we found that uptake of very low-density lipoproteins (VLDL) is limited to non-tip cells
and enhances angiogenesis without affecting tip cell formation. These intercellular
and cell-matrix interactions are crucial for proper signaling during angiogenesis, and
numerous genes and proteins have been described that affect angiogenesis through
these interactions. Examples are signaling via DLL4 and NOTCH1 that allows tip cells
to induce the stalk cell phenotype in their neighboring cells (11-13), binding of VEGF
to HSPG s that alters its signaling outcome and thus its pro-angiogenic effects (16, 17),
and altered binding of growth factors to HSPGs that has been proposed as an attractive
therapeutic strategy because pro-angiogenic pathways often rely on extracellular binding
of pro-angiogenic growth factors (18). Future research may reveal whether inhibition
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or alteration of the pro-angiogenic ECM created by tip cells affect sprouting and thus
disease outcome.

CONCLUDING REMARKS

Studying tip cells in culture has enabled us to identify new aspects of this highly specialized
endothelial phenotype without the use of animal models. The results shown in this thesis
have given many new insights into the cellular and molecular mechanisms involved in tip
cell biology in vitro and in vivo. One of the main findings is that the tip cell phenotype is
induced and maintained by specific proteins and by cell-cell and cell-matrix interactions.
Future efforts should make the translational step to the clinic and show whether these
efforts could lead to the development of new therapies. Hopefully, tip cell-inhibitory
drugs will lead to improved therapeutic outcomes and better quality of life for patients
with retinal diseases and cancer.
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SAMENVATTING

Groei van bloedvaten vanuit een bestaand bloedvatnetwerk, ofwel angiogenese, is
een fysiologisch proces dat overal in het lichaam plaats kan vinden als onderdeel van
een wondgenezingsreactie, maar ook in specifieke processen, zoals in het ovarium en
endometrium als onderdeel van de menstruele cyclus. Aangezien het oog het orgaan is
met de hoogste zuurstofvraag en de hoogste bloeddoorstroming per hoeveelheid weefsel
is het niet verbazingwekkend dat ziektes die bloedvaten beschadigen, bijvoorbeeld in het
netvlies (retina), tot verlies van zicht kunnen leiden. Voorbeelden hiervan zijn diabetische
retinopathie, leeftijdsgebonden maculadegeneratie en prematurenretinopathie. Als
de retinale bloedvaten de benodigde zuurstof niet kunnen leveren ontstaat hypoxie, ofwel
zuurstoftekort. De retina reageert hierop door groeifactoren aan te maken die angiogenese
stimuleren zodat de bloedtoevoer kan worden hersteld. Dit is een fysiologisch reactie om
het weefsel te doen herstellen, maar het heeft vaak negatieve consequenties omdat onrijpe
nieuwe bloedvaten voor langere tijd lekkage van stoffen uit het bloed veroorzaken, en tot
de vorming van littekenweefsel leiden. Hierdoor wordt de functie van de retina aangetast
en ontstaat verlies van gezichtsvermogen. Rijpe bloedvaten zijn gevoerd met een enkele
laag endotheelcellen die stevig aan elkaar vast zitten door intercellulaire verbindingen.
De endotheelcellen worden ondersteund door andere celtypes zoals pericyten, gliale
cellen en door extracellulaire matrix. In de gezonde retina vormt dit samen de bloed-
retina barriére. In tegenstelling tot deze rijpe bloedvaten zijn angiogene vaatspruiten
onrijp en aangepast aan het wondgenezingsmilieu, zonder intercellulaire verbindingen,
maar omgeven door geactiveerde pericyten en een aangepaste extracellulaire matrix. Dit
stelt de vaatspruiten in staat om te groeien en het wondhelingsproces te stimuleren.

Angiogene vaatspruiten bestaan uit specifieke subtypes van endotheelcellen. Een
gedetailleerde introductie van deze endotheliale subtypes is te vinden in hoofdstuk 1.2.
In het kort: een vaatspruit wordt geleidt door een “tipcel”, gevolgd door “stalk” cellen
en “phalanx” cellen. De tipcellen hebben uitsteeksels die filopodia worden genoemd
die helpen bij migratie richting de zuurstofarme (hypoxische) gebieden. De stalkcellen
delen en zorgen zo voor verlenging van het vaatspruitje, terwijl phalanxcellen zorgen
voor rijping van het vat. Door hun leidende rol en specifieke functies tijdens angiogenese,
en door hun unieke eiwitexpressie vormen tipcellen een aantrekkelijk doelwit voor
selectieve anti-angiogenese therapie. Het gevolg hiervan is dat tipcellen onderwerp zijn
van preklinische studies om nieuwe specifieke eiwitten of mechanismen te ontdekken
waartegen therapeutica ontwikkeld kunnen worden om ziektes van het netvlies en
aandoeningen met angiogenese buiten het oog, zoals kanker, te behandelen.

Tot nu toe werd onderzoek naar tipcellen vooral uitgevoerd in diermodellen, maar
deze dienen zo veel mogelijk te worden vermeden vanwege ethische bezwaren. Onze
onderzoeksgroep heeft voor het eerst aangetoond dat tipcellen ook voorkomen in
gekweekte endotheelcellen, en dat deze te herkennen zijn omdat ze het eiwit CD34 op
hun oppervlak dragen. Een uitgebreide introductie over deze onderzoeksmethode wordt
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gegeven in hoofdstuk 1.3. In dit proefschrift hebben we drie aspecten van tipcellen in
gekweekte endotheelcel populaties onderzocht:
» Identificatie van tipcel-specifieke eiwitten
» Effecten van bestaande angiogeneseremmers op tip cellen
» Interacties tussen tipcellen en andere celtypen en extracellulaire eiwitten in
hun omgeving.

Tipcel-specifieke eiwitten

Een eiwit dat specifiek in een tipcel tot expressie komt, en tegelijkertijd ook essentieel is
voor het fenotype van de tipcel, of het gen dat voor dit eiwit codeert, kunnen aantrekkelijk
zijn als therapeutisch doelwit zijn om angiogenese te remmen. Aangezien andere cellen
het eiwit niet, of in mindere mate, tot expressie brengen, worden bijwerkingen zo veel
mogelijk vermeden. In het eerste deel van dit proefschrift hebben we een aantal van
dergelijke tipcel-genen bestudeerd. In Hoofdstuk 2.1 onderzochten we de rol van het
eiwit CD34, in een model van door hypoxie gedreven retinale angiogenese in muizen.
We vonden dat dit eiwit, dat tot expressie komt aan de binnenzijde ( luminale kant) van
alle bloedvaten in het lichaam, en op de filopodia van tipcellen, zelf niet essentieel is
voor angiogenese. In Hoofdstuk 2.2 beschrijven we de identificatie van insuline-achtige
groeifactor 2 (insulin-like growth factor 2, IGF2) en IGF-1 receptor (IGF1R) als tipcel-
specifieke eiwitten. Beide eiwitten komen sterk verhoogd tot expressie in tipcellen in
verhouding tot andere endotheelcellen. We vonden dat IGF2 er via binding aan IGF1R
voor zorgt dat de tipcel zijn fenotype kan behouden. Dit is essentieel voor angiogenese
in vivo, zoals we hebben aangetoond in zebravissen en kippen embryo’s: bij remming
van Igf2 was angiogenese in zebravissen verstoord. In hoofdstuk 2.3 onderzoeken we
de rol van IGF2 en IGF1R tijdens het onderhouden van het tipcel-fenotype in vitro en laten
we zien dat andere leden van de IGF eiwit familie waaronder de IGF bindingseiwitten
(IGF binding proteins 3 en -4, IGFBP3 en -4) ook een rol spelen in angiogenese. IGFBP3
faciliteert binding van IGF2 en IGF1R en stimuleert zo angiogenese. IGFBP4 daarentegen is
een remmer van IGF2 die waarschijnlijk door tipcellen wordt geproduceerd om te zorgen
voor regulering van de lokale concentraties van IGF2. Hoofdstuk 2.4 is een review van
de bestaande literatuur over de IGF familie waarin we beschrijven dat IGF2 via meerdere
signaaltrajecten zorgt voor behoud van het tipcel-fenotype.

Angiogeneseremmers

Angiogenese is een van de voorwaarden voor de groei van kanker en is uitgebreid
onderzocht als therapeutisch doelwit om kanker te bestrijden. Als een tumor groter wordt
dan één a twee mm is de toevoer van zuurstof en nutriénten en afvoer van koolstofdioxide
en afvalproducten via diffusie in en uit de tumor niet meer voldoende. Hierdoor ontstaat
hypoxie en wordt angiogenese geinduceerd om dit op te heffen door middel van het
creéren van een bloedvatnetwerk in de tumor. Het idee om deze angiogenese te remmen



zodat de tumor niet verder kan groeien is geintroduceerd door Judah Folkman en zijn
collega’s als een aantrekkelijke behandelingsstrategie in de oncologie. Helaas heeft
deze strategie niet de therapeutische impact gehad die was verwacht en zijn er met
angiogeneseremmers slechts marginale successen behaald in de kliniek. Mogelijk komt
dit door compensatoire mechanismen zoals vasculaire mimicrie door kankercellen en
gebruik van alternatieve angiogene signaaltrajecten. Angiogenese remmers zijn vaak
uitgebreid getest om hun effecten op het gehele angiogenese proces te analyseren, maar
hun directe en specifieke effecten op tipcellen zijn tot nu toe onderbelicht gebleven door
gebrek aan adequate experimentele modellen. Hoofdstuk 3 van dit proefschrift richt
zich op de effecten van angiogenese remmers op tipcellen in vitro. In hoofdstuk 3.1
wordt een algoritme beschreven om optimale combinaties van angiogenese remmers
te bepalen. We vonden dat de optimale combinatie wat betreft remming van angiogenese
ook een krachtige remming van het tipcel-fenotype gaf. Hoofdstuk 3.2 beschrijft een
preklinische studie naar crenolanib, een nieuwe angiogeneseremmer. We vonden dat
crenolanib niet de tipcellen maar juist de non-tipcellen remt. Remming van celdeling
van stalkcellen zorgt er dus waarschijnlijk voor dat de vaatspruit niet langer kan worden,
waardoor angiogenese verstoord raakt.

Interacties tussen tipcellen en hun omgeving

De tipcel en stalkcel fenotypes zijn dynamisch, reversibel en onderling uitwisselbaar.
De best uitgeruste cel dirigeert de vaatspruit als tipcel en deze dwingt de volgende
endotheelcellen om stalkcel te worden. Dit maakt het hele angiogenese-proces efficiénter,
omdat er te veel kleine vaatspruiten zouden worden gemaakt als er te veel tipcellen
zouden zijn. Interacties tussen de endotheliale subtypes en hun omgeving spelen dus
een belangrijke rol bij het bepalen welk fenotype een cel aanneemt. Door gebruik
te maken van gekweekte endotheelcellen kunnen we tipcellen en stalkcellen scheiden,
om eiwitten in de omgeving en op het celoppervliak te bestuderen die differentiatie
in endotheliale subtypes of eigenschappen van subtypes bewerkstelligen. Dit wordt
beschreven in Hoofdstuk 4. Hoofdstuk 4.1 beschrijft een gecombineerde in vitro en in
silico studie naar de aantrekking tussen tipcellen en andere cellen via het eiwit apeline
en de receptor ervan. Apeline is een signaaleiwit dat de onderlinge aantrekkingskracht
van cellen vergroot als het bindt aan de receptor. We vonden dat tipcellen minder
gevoelig zijn voor Apeline door verminderde expressie van de Apeline receptor. Hierdoor
zijn ze minder aangetrokken tot andere cellen en kunnen ze gemakkelijker de groei van
de vaatspruit dirigeren. In Hoofdstuk 4.2 worden de effecten van binding van de pro-
angiogene groeifactor vasculaire endotheliale groeifactor (vascular endothelial growth
factor, VEGF) op tipcellen en non-tipcellen beschreven. Door expressie van co-receptor
neuropiline 2 (NRP2) en Sulfatase 2, een modulator van heparan sulfaat proteoglycanen
(HSPGs), te remmen vonden we dat binding aan co-receptoren de signalering van
VEGEF in tipcellen en stalkcellen door complexvorming met VEGFA en VEGF receptor 2
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(VEGFR2) stimuleert. Hoofdstuk 4.3 is een review over het eiwit Sulfatase 2, een enzym
dat extracellulaire matrix eiwitten zoals heparan sulfaat moduleert en zo de binding van
groeifactoren beinvioedt.

Concluderend: dit proefschrift beschrijft ons onderzoek naar CD34-positieve
tipcellen in vitro. Het laat zien dat onderzoek naar tipcellen in celkweken van
menselijke endotheelcellen verschillende belangrijke voordelen heeft boven het
gebruik van diermodellen, en aanvullend is op deze diermodellen. Voordelen zijn
onder andere: 1) lagere kosten en grotere efficiéntie, 2) superieure vergelijkbaarheid
met menselijke ziektes, en 3) ontbreken van de ethische bezwaren die gelden voor
het gebruik van proefdieren. Het bestuderen van tipcellen in vitro heeft onze kennis
van tipcel-regulatie vergroot. Voortzetting van het onderzoek dat beschreven is
in dit proefschrift kan resulteren in tipcel-specifieke doelwitten voor toekomstige
anti-angiogenese therapieén bij patiénten, en daardoor hopelijk een betere en
effectievere behandeling van ziektes van het oog en daarbuiten waarbij angiogenese
een rol speelt.
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DANKWOORD

8 jaar, dat is best lang voor promotieonderzoek, zeggen ze. Vind ik ook wel. Maar het
verhaal is compleet en mijn proefschrift is af. In 2012 begon het allemaal. Als broekie,
vers uit de geneeskunde opleiding en geinspireerd door mijn wetenschapsstage in het lab
in Los Angeles wilde ik promotie onderzoek doen. Liefst in een lab, lekker bezig zijn. In
het AMC was een plekje en daar ging ik, op zoek naar de werking van tipcellen. Cellen
kweken, proefjes doen, resultaten bekijken en weer nieuwe proefjes bedenken. Zonder
specifieke opleiding stond ik in het lab, alleen pipetteer-les gehad van Han. En toch heb
ik heb het kunnen doen allemaal. Maar niet zonder hulp natuurlijk.

Ingeborg, jij eerst. Co-promotor en mentor in het lab, we bespraken elke week mijn
plannen voor de experimenten, we keken naar de resultaten en probeerden te bedenken
wat het zou kunnen betekenen. Geduldig als ik iets niet begreep, enthousiast als jij ook
de waarde van een bevinding zag, en liefde voor het vak en voor de tipcellen. Maar ook
de verbinder van ons kleine groepje en degene die iedereen even goed leek te begrijpen.
Reinier en Ron boffen maar met jou erbij.

Reinier, de grote baas. Jij bent degene die het zag zitten om mij onderzoek naar de tip
cellen te laten doen. Jij bent ook degene die de kleinste details altijd weer naar een groter
mechanisme weet te vertalen. Heel knap en onmisbaar in het geheel van de groep.

Ron, ook de grote baas, maar dan anders. Het celbiologisch brein in de groep. Anders
dan Reinier weet jij juist weer de details die de experimenten met elkaar verbinden.
De eigenschappen van cellen en eiwitten waar anderen niet aan denken. Jij bent dan ook
degene die in de teksten de meeste eisen stelt en de details eruit pikt die niet kloppen. En
dat zullen we weten ook, anders wordt het nooit beter. De laatste promotor in Nederland
die teksten met de hand corrigeert?

Dan mijn lieve paranimfen. Richelle: eerst student, daarna collega, wat was ik blij dat jij na
je stage bij de groep mocht blijven als analist. Alle experimenten die je hebt gedaan. Alle
cellen die je hebt geisoleerd. Het blinderen van de spheroid-experimenten was altijd een
hoogtepunt. Ik heb ze nog eens even teruggekeken: acteurs, Nederlandstalige muziek,
sprookjes, alle categorieén kwamen voorbij. En dan achteraf raden wat wat was, altijd
fout natuurlijk. We leven voort als team van Nieuwland. Ik vind nog steeds dat je oogarts
moet worden, dan kunnen we mooi weer samenwerken. Meta: vriendin, de beste net-niet
olympische keepster van Nederland en voorbeeld wat je promotie betreft. Jij moest ook
je promotie nog afmaken toen je contract klaar was. maar dat kwam wel, net als bij mij.
Eerst die andere baan beginnen. Jou is het ook gelukt. Toen dacht ik: dan kan ik het ook,
moet gewoon lukken. En nu is het voor ons beide klaar en kunnen we lekker op pad met
de kindjes en naar de bios-met-bediening. Allebei heel erg bedankt voor jullie steun.
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Op de afdeling celbiologie bestaan we als de OAG, de Ocular Angiogenesis Group.
Behalve Ingeborg als rots in de branding is er het nodige veranderd. Promovendi komen
en gaan, natuurlijk, maar ook llse, onze vast analist en skyradio-fan is inmiddels lekker
met pensioen. [k denk nog altijd aan je als ik smeerkaas zie, vaste prik bij de lunch. Zonder
jou had onze groep het nooit zo goed gedaan. Martin, grondlegger van het hele project
door het identificeren van de tipcellen en het uitvoeren van de microarray waardoor ik
veel kandidaat-genen had om te bestuderen. Dank voor je hulp bij het opstarten! Bahar,
Anne-Eva en Joanna, de andere promovendi in de OAG: dank voor de gezelligheid en
hulp. Kosyo en Maik, stagiairs, zeldzame mannen in onze vrouwenclub op het lab. Ook
jullie erg bedankt voor je hulp en succes met wat jullie verder allemaal gaan uitspoken in
de toekomst.

ledereen van de vasculaire: Bedankt dat ik als “dochter-van-Geesje” mocht aansluiten
bij het jaarlijkse bowling toernooi en de gezellige borrels. En fijn dat ik jullie apparaten
mocht gebruiken als de onze stuk waren, ideaal!

Mike and Marcus at the institute of ophthalmology in London. Thanks so much for your
help and allowing me to visit your lab. It's been a real eye-opener and I've had a great
time. Alle co-auteurs en iedereen met wie ik heb samengewerkt: bedankt, ik vond het
heel leuk om bij jullie allemaal in het lab te kijken en met jullie samen te werken.

AIOS oogheelkunde: jullie zijn geweldig! Ann-Sofie: nu jij! Minions: nu hebben we tijd
voor onze cornea-kliniek.

Musketiers: Sinds de eerste dag van de introductie van geneeskunde hebben we elkaar
vast en laten we niet meer los. Bedankt voor de mentale support en bezoekjes aan
de sauna etc. ter afleiding.

Mam, pap, Onne, Wiecher: Zonder familie wordt het niets. Mam: bedankt voor het
nakijken van de manuscripten. Hoe makkelijk is het als je moeder precies begrijpt waar je
tegenaan loopt en waar je mee bezig bent. En nog leuker dat we 2 mooie papers in dit
boekje samen hebben kunnen maken. Bedankt voor je hulp. Pap: als ik het boekje af kan
maken kun jij het ook!

En natuurlijk als laatste mijn liefdes thuis: Arnoud en Fiene. Arnoud, jij begon ongeveer
tegelijk met mij begonnen met je promotie en we kwamen elkaar tegen in het begin. lk
ben zo blij dat ik je tegenkwam bij de pubquiz in Utrecht en ik hou van je. Kleine Fiene,
jij snapt er nog niet veel van, maar je vrolijke schaterlach kan iedereen smelten en vrolijkt
me zo weer op als iets tegen zit. Kus van mama.



Alle typefouten in dit proefschrift wijdt ik aan onze kat, Japie, die tijdens zijn liefdevolle
ondersteuning over het toetsenbord loopt.
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