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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.
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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

31



32

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
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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 r<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>